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Preface to ”Advanced Blood-Brain Barrier Drug
Delivery”

This Special Issue of Pharmaceutics, “Advanced Blood-Brain Barrier Drug Delivery“, comprises

17 articles, which cover five areas of brain drug delivery, including receptor-mediated transport

(RMT), carrier-mediated transport (CMT), active efflux transport (AET), Trojan horse lipid

nanoparticles (LNP), and the in vivo measurement of drug transport across the blood–brain barrier

(BBB). The articles on RMT describe the genetic engineering of IgG fusion proteins, wherein the IgG

domain targets an endogenous peptide receptor at the BBB. The IgG domain of the fusion protein

acts as a molecular Trojan horse to ferry the fused biologic agentinto the brain, which alone does not

cross the BBB. Endogenous CMT systems for the brain drug delivery of small molecules include the

GLUT1 glucose transporter, the LAT1 large neutral amino acid transporter, and others. AET systems

at the BBB cause the active efflux of small-molecule drugs from brain to blood, and include carriers in

the Solute Carrier (SLC) and the ATP binding cassette (ABC) transporter super-families. Trojan horse

LNPs are formulated to access RMT systems at the BBB for the brain delivery of mRNA or plasmid

DNA. Articles in this Special Issue critically evaluate the in vivo measurement of drug transport into

brain.

William M. Pardridge

Editor
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Editorial

Advanced Blood–Brain Barrier Drug Delivery
William M. Pardridge

Department of Medicine, University of California, Los Angeles (UCLA), Los Angeles, CA 90095, USA;
wpardrid@ucla.edu

This Special Issue of Pharmaceutics, “Advanced Blood–Brain Barrier Drug Delivery,”
comprises 16 articles or reviews, which cover a cross-section of brain drug delivery for
either small-molecule or large-molecule therapeutics. The areas covered include (i) receptor-
mediated transport (RMT); (ii) carrier-mediated transport (CMT); (iii) active efflux transport
(AET); (iv) lipid nanoparticles (LNP); and (v) in vivo methods for the measurement of blood–
brain barrier (BBB) drug transport. Many areas of brain drug delivery are not covered in
a designated article but are reviewed in this issue [1]. These areas include drug delivery
into the cerebrospinal fluid (CSF) via an intrathecal injection into either the lumbar or
ventricular CSF; trans-nasal drug delivery; intra-cerebral brain drug delivery with either
intra-cerebral implants or convection enhanced diffusion; BBB disruption via the intra-
carotid arterial infusion of noxious agents or the intravenous injection of micro-bubbles in
association with focused ultrasound; exosomes; stem cells; or the lipidization of polar small
molecules. These latter brain drug delivery technologies have specific limitations, which,
to date, have prevented the scalable translation to human neurotherapeutics, as reviewed
in this volume [1].

The RMT of biologics across the BBB requires attachment of the biologic to a peptide or
peptidomimetic monoclonal antibody (MAb) that binds to a specific endogenous receptor
expressed on the luminal membrane of the brain capillary endothelium that forms the
BBB. The targeted receptor normally serves to mediate the transport of an endogenous
peptide from blood to brain, such as the insulin receptor (IR), transferrin receptor 1 (TfR1),
insulin-like growth factor (IGF) 1 receptor (IGF1R), or leptin receptor (LEPR) [1]. The
peptide or MAb acts as a molecular Trojan horse to ferry the biologic agent across the BBB
via RMT on the endogenous peptide receptor at the brain endothelium. This Special Issue
includes seven articles that describe the use of MAb-based Trojan horses targeting the IR,
TfR1, IGF1R, or an orphan receptor [2–8], and one article on the use of peptides as a BBB
Trojan horse [9].

The review by Boado [2] describes the genetic engineering of IgG fusion proteins
that target either the murine TfR1 for mouse investigations, or the human insulin receptor
(HIR) for either brain uptake studies in Old World primates such as the Rhesus monkey,
or in human clinical trials. Boado [2] describes the genetic engineering, expression, and
validation of TfRMAb and HIRMAb fusion proteins for all four classes of protein biologic
drugs: lysosomal enzymes, neurotrophins, decoy receptors, and therapeutic antibodies.
In the case of the BBB delivery of a therapeutic antibody, the transporter antibody and
the therapeutic antibody are combined to produce a bispecific antibody (BSA) [2]. The
first clinical trial of a BBB Trojan horse was reported in 2018, which described the 52-week
treatment of children with MPSI with weekly intravenous (IV) infusions of a fusion protein
of the HIRMAb and the lysosomal enzyme that is mutated in MPSI, α-L-iduronidase
(IDUA), and this HIRMAb-IDUA fusion protein is designated valanafusp alfa [2].

The review by Sonoda et al. [3] describes the genetic engineering of a fusion protein,
designated pabinafusp alfa, which is formed by a fusion of the mature human iduronate
2-sulfatase (IDS) lysosomal enzyme to the carboxyl terminus of the heavy chain (HC) of a
TfRMAb specific for the human TfR1. IDS is mutated in MPS II (Hunter syndrome), where
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the accumulation of glycosaminoglycans (GAG) in the brain leads to cognitive impairment
early in the life of subjects with mutations in the human IDS gene. Pabinafusp alfa treatment
of humans with MPSII results in a decrease in GAG levels in CSF [3]. Pabinafusp alfa
received regulatory approval in Japan in 2021 [3] and is the first Trojan horse fusion protein
to be granted market approval for the treatment of a human disease of the brain.

Decoy receptor therapeutics, such as etanercept, are engineered by fusion of the
carboxyl terminus of a soluble extracellular domain (ECD) of a membrane receptor to the
amino terminus of a human IgG Fc. Etanercept binds, sequesters, and suppresses the action
of the pro-inflammatory cytokine, TNFα. TNFα plays a pro-inflammatory role in AD, but
etanercept cannot be used to treat AD because it does not cross the BBB [2]. However,
the human TNFR ECD can be re-engineered for BBB penetration and for the treatment of
AD with the genetic engineering and application of an IgG-TNFR fusion protein [4]. Ou
et al. [4] describe the chronic treatment of 1-year-old double transgenic APP/PS1 AD mice
with 2–3 mg/kg of either etanercept or the TfRMAb-TNFR fusion protein administered
by intra-peritoneal injection three times a week for 10 weeks. The TfRMAb-TNFR fusion
protein, but not etanercept, reduced the Aβ peptide content, thioflavin-S positive Aβ

plaques, and insoluble oligomeric Aβ in the brain, in parallel with an increase in Aβ

plaque-associated phagocytic microglia [4]. Chronic treatment of the AD mice with the
TfRMAb-TNFR fusion protein caused no abnormalities in either hematologic parameters
in blood or iron dysregulation in the brain [4].

PD is associated with the deposition in the brain of insoluble aggregates derived from
the α-synuclein (SYN) protein, and a MAb that disaggregates SYN plaque is a potential
treatment of PD. However, therapeutic antibodies do not cross the BBB [1]. In order to
produce a new treatment for PD, a BSA was engineered from the 8D3 mouse TfRMAb
and the Syn-02 antibody, as described by Roshanbin et al. [5]. The Syn-02 antibody binds
SYN aggregates but not soluble SYN monomers [5]. A single chain Fv (ScFv) form of the
8D3 TfRMAb was fused to the carboxyl terminus of each light chain (LC) of an engineered
form of the Syn-02 antibody [5]. L61 transgenic mice that over-express the human SYN
protein develop aggregates in the brain by 3 months of age [5]. L61/SYN transgenic mice
were treated with 10 mg/kg of either the Syn-2 antibody alone or the 8D3-Syn-02 BSA on
days 1, 2, and 4, and then euthanized on day 5. This short course of treatment resulted in a
modest decrease in the brain levels of SYN oligomers. Future studies describing a longer
duration of treatment are warranted for this novel approach to the reduction in insoluble
SYN aggregates in the brain in PD.

The works of Boado [2], Sonoda et al. [3], Ou et al. [4], and Roshanbin et al. [5]
developed classical dual-domain antibodies comprised of both an HC and an LC, each with
a variable region. In contrast, single-domain antibodies (sdAb)—also called a nanobody
owing to their small size of 15 kDa—are formed only by a variable region of the heavy
chain (VH). The two sources of sdAbs are sharks, where the shark VH is designated as
a variable new antigen receptor (VNAR) antibody, and camelids (e.g., llama), where the
camelid VH is designated a VHH. In this Special Issue, the study of Clarke et al. [6] describe
the genetic engineering of a BSA comprising a therapeutic antibody and a shark VNAR.
Yogi et al. [7] describe the genetic engineering of a fusion protein derived from a camelid
VHH and the neuroactive peptide, neurotensin.

Clarke et al. [6] describe the genetic fusion of the 29D7 TrkB agonist antibody and a
single-domain shark VNAR antibody against the TfR1, and designated TXB4. The TXB4-
TrkB BSA retained high-affinity binding (low nM KD) to both the transporter target, the
TfR1, and to the therapeutic target, TrkB [6]. The therapeutic efficacy of the TXB4-TrkB
BSA was assessed in a murine 6-hydroxydopamine model of PD. Mice were treated with
phosphate buffered saline (PBS) or 2.5–5 mg/kg of the TXB4-TrkB BSA at days −1 and
+7 relative to toxin administration. This dose of toxin in the mouse produces a partial
lesion, and the number of cells in the substantia nigra immunoreactive with an antibody
against tyrosine hydroxylase (TH) was reduced by 27% on the lesioned side compared to
the non-lesioned side in the PBS treated mice. However, there was only a 3% reduction
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in striatal TH on the lesioned side, relative to the contralateral or non-lesioned side, in
the PD mice treated with the TXB4-TrkB BSA [6]. Since the BSA was administered 24 h
before neurotoxin injection, future work can examine the neuroprotective effects of delayed
treatment with the TxB4-TrkB fusion protein following toxin administration.

Yogi et al. [7] describe the isolation of a camelid VHH following llama immunization
with the human IGF1R ECD. The optimal VHH was isolated and designated IGF1R5, and
humanized following standard protocols [7]. Humanization of the IGF1R5 VHH resulted
in several amino acid substitutions across all four of its framework regions (FR), and its hu-
manized form was designated IGF1R5-H2 [7]. This humanization had a significant impact
on the affinity of the VHH binding to the IGF1R, which was measured by surface plasmon
resonance. The in vivo transport was measured in the rat model for the non-humanized
IGF1R5:Fc. The CSF/serum ratio of the antibody was 0.3%, and the brain concentration of
the antibody was 11 nM at 24 h following the IV administration of 15 mg/kg of the fusion
protein [7]. After the intravenous injection of 5–20 mg/kg of the VHH-Fc fusion protein, a
fusion protein of neurotensin and the IGF1R5-human Fc produced a reduction in core body
temperature [7].

The work of Boado [2], Sonoda et al. [3], Ou et al. [4], Roshanbin et al. [5], Clarke
et al. [6], and Yogi et al. [7] targeted known RMT systems at the BBB, e.g., the IR, TfR1,
or IGF1R. To discover orphan RMT systems at the BBB, in this Special Issue, Georgieva
et al. [8] describe their work with the 46.1 antibody. This antibody was generated following
screening of a human single chain Fv (ScFv) phage library with cultured brain microvascular
endothelial cells, which were produced following the retinoic acid differentiation of induced
pluripotent stem cells. The lead candidate ScFv antibody, designated 46.1, was isolated
and fused to the amino terminus of rabbit IgG Fc [8], which produces a bivalent antibody
of ~100 kDa in size. In a pharmacologic application of the 46.1 orphan receptor antibody,
Georgieva et al. [8] describe the genetic engineering of a fusion protein of 46.1 ScFv-Fc and
mature neurotensin, which is a 13 amino acid (AA) neuropeptide released from a larger
precursor. The biologic activity of the fusion protein in vivo was measured by a core body
temperature assay and a phencyclidine-induced hyper-locomotor activity assay [8]. The
46.1 ScFv-Fc-neurotensin fusion protein was pharmacologically active in both assays in
mice following the IV injection of 20 mg/kg into the retro-orbital vein. The pharmacologic
effect in either assay was reduced or not observed following tail vein injection [8].

The articles in this Special Issue used a monoclonal antibody as the BBB molecular
Trojan horse to shuttle the fused biologic agent from blood to brain via endogenous RMT
systems at the BBB. Peptides that target RMT systems at the BBB can also be used as
drug delivery vectors, and Sanchez-Navarro and Giralt [9]—also in this issue—provide
a comprehensive review of BBB shuttle peptides. Two classes of peptide are reviewed:
synthetic peptides and peptides isolated from phage display [9]. The most widely studied
synthetic peptides include (a) peptides with sequences overlapping with AA 130-152
of human apolipoprotein E (apoE), which are low-affinity ligands for the low density
lipoprotein receptor (LDLR) or the LDLR-related protein 1 (LRP1); (b) a peptide overlapping
with AA 3371-3409 of human apolipoprotein B (apoB), which is a low-affinity ligand
for LDLR; (c) angiopep-2, a 19 AA peptide that is a low-affinity ligand for LRP1; and
(d) a 29 AA peptide corresponding to a sequence from the rabies virus glycoprotein
(RVG), which is a ligand for the nicotinic acetylcholine receptor (nAChR) [9]. However,
the immunohistochemical detection of LDLR, LRP1, or the nAChR in the brain shows
that these receptors are expressed on brain cells beyond the BBB and not on the brain
endothelium in vivo [1]. Therefore, ligands targeting the LDLR, LRP1, or nAChR are
unlikely to mediate RMT across the BBB, and alternative transport pathways should be
evaluated. Since all of these peptides are strongly cationic with isoelectric points (pI) of
9–10, they may undergo cationic charge-dependent absorptive-mediated transport (AMT)
across the BBB [1]. Potential peptide shuttles derived from screening phage peptide libraries
are reviewed in this Special Issue [9]. In a typical peptide phage display library, a 15-mer
random AA sequence is incorporated in the amino terminus of the bacteriophage P3 minor
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coat protein [9]. The phage coat protein is a large protein of >400 AA in length, and the
activity of the 15 AA sequence that is embedded in the large p3 protein may differ from the
shuttle activity of the 15 AA sequence as a free peptide [1].

Small molecules are often assumed to penetrate the BBB owing to the small size of the
drug. However, ~98% of all small molecules do not cross the BBB [1]. Small molecule drugs
that penetrate the BBB have a MW < 400 Da, form <8 hydrogen bonds with water, and lack
an affinity for a BBB active efflux transporter (AET), such as p-glycoprotein. In the past,
medicinal chemists have attempted to increase the BBB transport of drugs by blocking polar
functional groups on the drug, a process referred to as ‘lipidization.’ However, lipidization
of polar drugs by medicinal chemistry rarely leads to new BBB penetrating drugs, since
this increases the MW of the drug and renders it unstable in the blood. An alternative
approach to the use of medicinal chemistry to enhance the BBB transport of small-molecule
drugs is to modify the drug so that it both (a) retains pharmacologic activity, and (b) has
a modest to high affinity for transport via one of several CMT systems at the BBB. In
this Special Issue, the article by Huttunen et al. [10] is the most comprehensive review,
to date, on the use of medicinal chemistry for designing drugs that reach the brain via
CMT across the BBB. All of the CMT systems reviewed by the authors [10] are members
of the Solute Carrier (SLC) gene family. The problem lies in the complexity of the SLC
family of transporters, as there are >400 genes in >60 families of SLC transporters [1].
Therefore, it is crucial to identify which SLC transporter functions at the luminal membrane
of the brain capillary endothelium. Based on the available literature data, Huttunen
et al. [10] recommend targeting certain SLC transporters, including ASCT1; the alanine-
serine-cysteine transporter (SLC1A); the GLUT1 glucose transporter (SLC2A); the CAT1
cationic amino acid transporter, the LAT1 large neutral amino acid transporter (SLC 7A); the
MCT1 and MCT8 monocarboxylic acid transporters (SLC16A); the OATP2B1 and OATP1A2
organic anion transporters (SLC21A/SLCO); the OCT1-3 and OCTN1-2 organic anion and
organic cation transporters (SLC22A); and the SNAT3 glutamine transporter (SLC38A). In
addition, certain vitamins undergo CMT across the BBB via other members of the SLC gene
family [1] and are potential targets for medicinal chemists [10].

The SLC transporters at the BBB may be up- or down-regulated in disease, and in
this Special Issue, Latif and Kang [11] review the changes in certain SLC transporters at
the BBB in motor neuron disease. They review changes in amyotrophic lateral sclerosis
for certain SLC transporters, including the ASCT1/2, LAT1, CAT1, MCT1, the carnitine
carrier, OCTN2, and the high-affinity choline transporter (CHT1). Regarding BBB choline
transport, the more important transporter at the BBB is shown to be the lower affinity
choline transporter-like protein 1 (CTL1, SLC44A1) [11].

Not all small-molecule transporters at the BBB may be members of the SLC gene
family. In this Special Issue, Kurosawa et al. [12] use new methodology to identify poten-
tial candidates for the protein-coupled organic cation (H+/OC) transporter. To identify
potential candidates for the BBB organic cation transporter, the authors [12] develop a
new methodology, the proteomics-based identification of transporters by crosslinking sub-
strate using the keyhole (PICK) method. This new methodology identified the TM7SF3
transmembrane 7 superfamily member 3 and the LHFPL tetraspan subfamily 6 proteins as
potential candidates for the H+/OC transporter. Human TM7SF3 is a widely expressed
glycosylated membrane protein comprising seven transmembrane regions and 570 AA,
including a 21 AA signal peptide (NP_057635). Human LHFPL is a membrane protein
comprising four transmembrane regions and 236 AA, with no predicted signal peptide
sequence, no predicted N-linked glycosylation sites, and an alanine-rich amino terminus
(NP_945351).

Certain BBB transporters mediate the transport of endogenous ligands or drugs in
the brain-to-blood direction, and they are active efflux transporters (AET). In this Special
Issue, Ronaldson and Davis [13] review the major AETs at the BBB—which are transporters
derived from both the SLC and ATP-binding cassette (ABC) gene families—and emphasize
the differential expression of transporters in the multiple cells that comprise the neuro-
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vascular unit, including the capillary endothelium, capillary pericyte, the astrocyte endfeet
or neuronal endings that contact the capillary basement membrane, and peri-vascular cells
such as microglia [13]. There are seven ABC gene families, ABCA through ABCG, which
encompass ~50 transporters. The most widely studied ABC transporters at the BBB are
p-glycoprotein (ABCB1), breast cancer resistance protein, BCRP (ABCG2), and multidrug
resistance protein MRP1-6 (ABCC1-C6) [13]. SLC transporters also contribute to the active
efflux from the brain to blood of ligands and drugs, including members of the SLC21
family (now named the SLCO family), and include OATP1A2, and the mouse homologue,
Oatp1a4 [13].

Nanoparticles comprise the sector in the field of brain drug delivery with the great-
est number of publications [1]. Nanoparticles are a diverse group of formulations and
include lipid nanoparticles (LNP)—which include cationic polyplexes (also called cationic
liposomes)—and pegylated liposomes [1]. A review of the literature shows that nanoparti-
cles, per se, do not cross the BBB, unless the nanoparticle is modified by conjugation of a
Trojan horse ligand to its surface [1]. In this Special Issue, Thomsen et al. [14] describe the
BBB transport of Trojan horse gold nanoparticles or Trojan horse LNPs, where the Trojan
horse that mediates BBB transport is a TfRMAb. The BBB transport of Trojan horse LNPs
in vivo is monitored using 2-photon microscopy [14].

Trojan horse LNPs are particularly suited to the BBB delivery of large nucleic acids
such as mRNA or plasmid DNA. In this Special Issue, Sakurai et al. [15] describe the
delivery of mRNA to cultured brain endothelial cells with LNPs, formulated without
a Trojan horse, and encapsulating mRNA encoding for green fluorescent protein. The
production of the LNPs described by the authors [15] is very similar to the production of
the COVID-19 mRNA vaccines, which uses the ethanol dilution method for nucleic acid
encapsulation within LNPs. The delivery of mRNA to cells with the pegylated liposome
type of LNPs produced by Sakurai et al. [15] was only tested in cell culture, not in vivo, as
these LNPs were formulated without a surface Trojan horse. However, when a TfRMAb
or HIRMAb Trojan horse is conjugated to the surface of the LNP, the Trojan horse LNPs,
also called Trojan horse liposomes (THL), enable the delivery of plasmid DNA to the brain
in vivo [1]. Plasmid DNA encoding either reporter genes or therapeutic genes has been
encapsulated in Trojan horse LNPs and administered IV in rats, mice, and monkeys [1].
THLs encapsulated with plasmid DNA encoding specific genes exert therapeutic effects
in vivo in rodent models of brain cancer, PD, and Niemann-Pick type C1 disease [1].

BBB drug delivery is frequently measured in vitro with models of cultured endothe-
lium, and these BBB models are discussed in detail in this Special Issue [1]. A critical
examination of the in vitro models shows that they should supplement, not replace, in vivo
measurements of BBB drug delivery. The in vitro BBB models are leaky owing to the
marked down-regulation of BBB-specific gene expression when the brain endothelium
is cultured in vitro [1]. The in vivo methods for the measurement of BBB drug delivery,
compartmental model approaches, and the Kp,uu parameter are reviewed in this Special
Issue by Bickel [16]. In a steady state, the Kp,uu parameter is the ratio of unbound drug
concentration in brain interstitial fluid, relative to the unbound (bioavailable) drug concen-
tration in plasma, which is equal to the ratio of the unidirectional clearance (CL) of influx,
relative to the unidirectional clearance of efflux [16].

Continued progress in the field of brain drug delivery is important because of the
rate-limiting role played by the BBB in the development of new drugs to treat diseases of
the brain and spinal cord. Only ~2% of small molecules cross the BBB, and biologic drugs
(recombinant proteins, RNA and DNA therapeutics) do not cross the BBB in the absence
of a BBB delivery technology. Owing to the difficulty in the development of scalable BBB
delivery technology that can be successfully translated to clinical medicine, the majority
of brain drug delivery approaches either avoid the BBB (e.g., drug delivery to CSF, intra-
cerebral drug delivery, trans-nasal drug delivery), or disrupt the BBB [1]. BBB disruption
leads to the brain uptake of plasma proteins and to a sterile inflammatory reaction in the
brain [1]. The alternative approach to brain drug delivery is to target the endogenous small
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and large-molecule transport pathways that normally function at the BBB. RMT pathways,
which serve to deliver certain peptides to the brain (e.g., insulin or transferrin), can be
targeted with molecular Trojan horses and IgG fusion proteins for the brain delivery of
biologics. CMT pathways, which serve to deliver nutrients and vitamins to the brain, can be
targeted for the brain delivery of small-molecule drugs. An understanding of the molecular
and cellular biology of the endogenous transport pathways at the BBB is the key to the
future development of brain drug delivery technologies.
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Abstract: The history of brain drug delivery is reviewed beginning with the first demonstration, in
1914, that a drug for syphilis, salvarsan, did not enter the brain, due to the presence of a blood–brain
barrier (BBB). Owing to restricted transport across the BBB, FDA-approved drugs for the CNS have
been generally limited to lipid-soluble small molecules. Drugs that do not cross the BBB can be
re-engineered for transport on endogenous BBB carrier-mediated transport and receptor-mediated
transport systems, which were identified during the 1970s–1980s. By the 1990s, a multitude of brain
drug delivery technologies emerged, including trans-cranial delivery, CSF delivery, BBB disruption,
lipid carriers, prodrugs, stem cells, exosomes, nanoparticles, gene therapy, and biologics. The
advantages and limitations of each of these brain drug delivery technologies are critically reviewed.

Keywords: blood–brain barrier; endothelium; receptor-mediated transport; carrier-mediated transport;
genetic engineering; IgG fusion proteins; nanoparticles; liposomes
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1. Introduction

The driving force in the evolution of brain drug delivery technology is the blood–brain
barrier (BBB) and the limitation this barrier creates in the development of new drugs for
the brain. More than 98% of small molecule drugs do not cross the BBB [1], as illustrated
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in Figure 1, which shows the selective organ uptake in the mouse of histamine, a small
molecule drug with a molecular weight (MW) of just 111 Daltons (Da).

Figure 1. The blood–brain barrier to small molecules. Whole body autoradiography of mouse
following the IV injection of [14C]-histamine shows the lack of transport of this small molecule drug
into brain and spinal cord. Reprinted with permission from [2], Copyright© 1986 American College
of Physicians.

Following intravenous (IV) administration, histamine penetrates all of the organs of
the body except for the brain and spinal cord (Figure 1). The fraction of large molecule
biologics that do not cross the BBB is essentially 100%. Therefore, brain drug development,
in the absence of brain drug delivery technology, is limited to the <2% of small molecules
that penetrate the BBB via lipid-mediated free diffusion [1]. In order to develop new
drugs for brain disease from either water-soluble small molecule drugs, or from biologics
(recombinant proteins or nucleic acid pharmaceuticals), a multitude of brain drug delivery
technologies have emerged over the last 40 years. These technologies can be broadly
classified as:

• Invasive brain drug delivery: the BBB is circumvented by drug injection into either the
cerebrospinal fluid (CSF) following intrathecal or trans-nasal administration, or by
trans-cranial direct injection of drug into brain tissue by either intra-cerebral implants
or convection-enhanced diffusion (CED).

• BBB disruption brain drug delivery: the brain capillary endothelial tight junctions that
form the BBB are disrupted by either the intra-arterial infusion of noxious agents, or
by the intravenous injection of micro-bubbles followed by sonication of brain.

• Trans-vascular brain drug delivery: the non-disrupted brain capillary endothelial barrier
is traversed following the re-engineering of the pharmaceutical so as to gain access
to multiple carrier-mediated transporters (CMT) for small molecules, or receptor-
mediated transporters (RMT) for biologics. This category also includes the devel-
opment of co-drugs that inhibit active efflux transporters (AET) at the BBB, such as
p-glycoprotein (P-gp), as well as the free diffusion of lipid-soluble small molecules.

Within each of these 3 spheres, different parallel approaches have emerged to the point
where brain drug delivery science has now evolved into a complex maze of competing
technologies. This maze is nearly impenetrable by the artisan who practices outside the
field of brain drug delivery, or even within a competing brain delivery area. The complexity
of modern brain drug delivery science is illustrated by the outline in Figure 2.

Prior to an analysis of each of the brain drug delivery technologies shown in Figure 2,
the different anatomic locations of the BBB, at the brain capillary endothelium, and the
blood–CSF barrier, at the choroid plexus, are reviewed. The presence of a barrier between
blood and brain was discovered in 1900, and the limitation this barrier plays on brain drug
delivery can be dated to 1914.
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Figure 2. Overview of brain drug delivery technologies. These multiple delivery technologies
can be broadly classified into 3 categories: (i) invasive brain drug delivery, which includes trans-
cranial intra-thecal drug delivery into CSF, intra-cerebral implants, or convection-enhanced diffusion;
(ii) BBB disruption brain drug delivery, which includes either the intra-carotid arterial infusion of
noxious agents, or the intravenous injection of microbubbles coupled with focal external sonication
of the brain; (iii) trans-vascular brain drug delivery, which includes receptor-mediated transport,
carrier-mediated transport, active efflux transport, and lipid-mediated transport.

1.1. Blood–Brain Barrier and Blood–CSF Barrier

The BBB and the blood–CSF barrier are functionally and anatomically distinct barriers
within the brain. The different anatomical locations of the BBB and the blood–CSF barrier
are viewed in Figure 3. The BBB, at the brain microvascular endothelium, is shown in the
left panel, and the blood–CSF barrier, at the choroid plexus, is shown in the right panel
of Figure 3. The BBB at the brain capillary is formed by endothelial high resistance tight
junctions that eliminate any paracellular pathway of solute movement from blood-to-brain
extracellular space (ECS) [3]. Minimal pinocytosis within brain capillary endothelium
removes any non-specific transcellular pathway of solute transport from blood to brain [4].
The blood–CSF barrier is formed by the epithelial cells of the choroid plexus [5], which
lines the floor of each of the 4 cerebral ventricles, including both lateral ventricles shown
in Figure 3 (right panel). The blood–CSF barrier is leaky relative to the BBB, as reflected
by the electrical resistance across these two barriers. The electrical resistance across the
choroid plexus epithelial barrier is only 26 ohm·cm2 [6]. In contrast, the electrical resistance
across pial vessels on the surface of the brain is 1600 ohm·cm2 [7]. However, pial vessels
express tight junctional complexes less developed than those in parenchymal vessels,
and pial vessels are more permeable than parenchymal capillaries [8,9]. The electrical
resistance across the endothelium of capillaries within brain parenchyma is estimated to
be 8000 ohm·cm2 [10], which is 300-fold higher than the resistance across the blood–CSF
barrier [11]. Owing to the relative leakiness of the blood–CSF barrier, serum proteins
readily move from plasma to CSF, as reflected by the high CSF/plasma ratio of IgG, which
is ~0.2% [12]. In contrast, the brain/plasma IgG ratio in for the parenchyma of brain is
<0.01% [13].
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Figure 3. Blood–brain barrier vs. blood–CSF barrier. (Left) Inverted India ink labeling of microvas-
culature of human cerebral cortex, which is from [14] with permission, Copyright© 1981 Elsevier.
(Right) Coronal section of human brain showing the choroid plexus lining the floor of both lateral
ventricles. Adapted from [15], Copyright© 2020 licensed under Creative Commons Attribution
License (CC-BY).

The brain capillary endothelium, which forms the permeability barrier between blood
and brain parenchyma, is buttressed on the blood side by the endothelial glycocalyx, and on
the brain side by the capillary basement membrane and the astrocyte endfeet that terminate
on the basement membrane [16]. The thickness of the endothelium is 300 nm from the
luminal to the abluminal endothelial membranes [17]. The thickness of the glycocalyx
ranges from 100 nm, as measured by electron microscopy [18], to 400 nm, as measured by
two-photon microscopy [19]. The glycocalyx covers about 40% of the surface area of the
endothelial luminal membrane [20]. The capillary basement membrane covers the entire
abluminal endothelial membrane and has a thickness ranging from 20 nm to 200 nm [21].
The basement membrane invests both the abluminal surface of the endothelium and
the pericyte, which sits on the abluminal surface of the endothelium. Astrocyte endfeet
terminate on the capillary basement membrane [21]. Electron microscopy of cryo-fixed
brain shows the astrocyte endfeet cover about 63% of the basement membrane surface [22].
As discussed below, electron microscopy of brain shows that horseradish peroxidase (HRP),
a 40 kDa protein, after injection into the brain, moves freely through the brain extracellular
space (ECS), through the astrocyte endfeet, and through the capillary basement membrane
to reach the abluminal surface of the capillary endothelium [3].

1.2. History of the Blood–Brain Barrier

The first known recognition of a restrictive permeability of the blood vessels in brain
was reported by Ridley in 1695, as reviewed by Liddelow [23] and Thakur et al. [24].
The restricted uptake of acidic vital dyes by brain as compared to peripheral organs was
demonstrated by Ehrlich in the 19th century [23]. Acidic vital dyes were systemically
injected in rabbits and all the organs were stained by the dye with the exception of the
central nervous system (CNS). However, these observations were attributed to lack of
adsorption of the dyes to brain tissue, and not to any barrier between blood and brain. In
1900, Lewandowsky reported experiments on the intravenous and intrathecal injection of
sodium ferrocyanide, as reviewed by Liddelow [23] and Macinowski [25]. Lewandowsky
observed ferrocyanide effects on the CNS following intrathecal injection but not after
intravenous administration, and first used the term, blut-thirn-schranke, or blood–brain
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barrier, to characterize the selective permeability properties of the cerebral capillaries. In
1913, Goldman repeated Ehrlich’s observations that the brain was not stained by acidic
dyes following intravenous injection in rabbits, but observed the brain was stained by
the dye following intrathecal administration, and Goldman’s findings were summarized
in the English literature by Mott in 1913 [26]. At this time, the prevailing view was that
nutrients in blood passed first into the CSF and then into brain. Within this view, any
barrier between blood and brain must necessarily lie at the choroid plexus, as reflected by
Mott’s commentary on Goldman’s experiments:

• “Vital stains possess an affinity for the nervous system, and specially for the ganglion
cells. If they are introduced by means of subcutaneous or intravenous injections, they
are kept back by the plexus.”

• “From the plexus choroideus the cerebro-spinal fluid receives important metabolic
products, which are carried to the nerve substance by the fluid.”

However, in 1916, McIntosh and Fildes [27] reported their findings on the intravenous injec-
tion of basic vital dyes, methylene blue and neutral red, which do cross the BBB. They observed
the brain stained with no parallel staining of the CSF, and made the following conclusions:

• “Certain dye substances can pass directly from the blood to the brain substance proper
without being found in the cerebrospinal fluid, while others fail to penetrate into
the brain.”

• Certain substances “do not possess the necessary solubility to allow them to pass from
the blood-vessels into the brain substance. Their relative inefficiency has nothing to
do with their absence from the cerebrospinal fluid”.

By 1916, McIntosh and Fildes [27] clearly localized the BBB to the brain capillary,
not the choroid plexus, and recognized that CSF was not an intermediate compartment
between blood and brain.

The ambiguity in regard to location of the BBB, i.e., brain capillary vs. choroid plexus,
was reinforced by Stern working in the 1920s, who used the term, barrier-hemato-encephalique,
or BBB, but concluded the BBB was localized to the choroid plexus [28]. However, by
the 1940s, workers such as Broman in 1941 [29], and Friedemann in 1942 [30] observed
that the location of the BBB was clearly at the brain capillary wall, and not the choroid
plexus. Friedemann [30] wrote, “this paper deals exclusively with the distribution of
substances between blood and CNS. As will be shown, distribution between blood and
CSF is an entirely different problem and remains outside the scope of this review.” In
1946, Krough [31] observed that Broman had shown the BBB was localized to the brain
capillary endothelium.

Consensus on the location of the BBB was elusive, as Hassin [32] wrote in 1948 that
“the cerebrospinal fluid represents the tissue fluids of the brain”, and that the “hemato-
encephalique barrier (if one must consider such) is the Virchow-Robin spaces”. Hassin, in
1948, reinforced the 1913 view of Mott [26] that CSF was an intermediate compartment as
nutrients passed from blood to brain. The reluctance to even accept a specific location of
the BBB was presented by Dobbing in 1961 [33], who disputed the concept of a specific BBB,
and proposed the use of the term, “brain barrier system”. This concept of ‘brain barrier
systems’ is still used today [34], so as to lump together the BBB and blood–CSF barrier as a
single system.

The anatomical location of the BBB was unambiguously localized to the brain capillary
endothelium by the 1969 work of Brightman and Reese [3]. The brain was examined with
electron microscopic histochemistry following the intravenous or intrathecal administration
of horseradish peroxidase (HRP), a protein of 40 kDa, or lanthanum, an electron dense
trivalent cation [3]. Following intravenous injection, the transport of lanthanum from blood
to brain was blocked by the endothelial tight junctions on the luminal side of the brain
capillary endothelium, as shown in Figure 4 (left panel).
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Figure 4. Brain capillary endothelial tight junctions. (Left) Electron microscopy of mouse brain
following the intravenous injection of lanthanum, which is retained in the blood volume of brain
at the top of the figure. (Right) Electron microscopic histochemistry of mouse brain following the
intrathecal injection of HRP. This 40 kDa protein moves freely through the brain ECS, through the
astrocyte endfeet, through the capillary basement membrane (BM), and into abluminal clefts formed
between adjacent endothelial cells. Reproduced from [3], Copyright© 1969 under Creative Commons
Attribution License (Share Alike 4.0 Unported).

The endothelial tight junctions eliminated any para-cellular pathway for solute-free
diffusion across the endothelium. In addition, no lanthanum was observed within intra-
cellular vesicles, indicating the pinocytotic transcellular pathway found in endothelia of
peripheral tissues is nearly eliminated within the brain capillary endothelium [4]. Follow-
ing the intrathecal administration of HRP, the 40 kDa protein was observed to move freely
through the brain ECS, and to traverse the microvascular astrocyte endfeet and capillary
basement membrane (Figure 4, right panel). However, further passage of HRP was blocked
by the endothelial tight junction at the abluminal side of the capillary (Figure 4, right panel).
After decades of controversy, this seminal work finally clarified unequivocally the location
of the BBB as residing in the capillary endothelial cells, as suggested by several authors
decades before. The anatomic basis of the endothelial barrier was the presence of high
resistance tight junctions between endothelial cells. A total of 98% of all listings in PubMed
under the search term, ‘blood–brain barrier,’ has been generated since the 1969 publication
of Brightman and Reese [3].

1.3. History of Brain Drug Delivery

The first indication that the BBB would be a problem in brain drug development
occurred in 1914, at the beginning of the synthetic pharmaceutical era. In 1913, Ehrlich
described the production of salvarsan and neosalvarsan, which were the first commercial
anti-microbial agents, and were marketed by Hoechst for the treatment of syphilis [35].
Salvarsan was a mixture of dimer and trimer complexes of neosalvarsan, which was a
polar organic arsenical compound [36]. The first organo-arsenical compound, atoxyl,
was synthesized in 1859, and used to treat trypanosomiasis [37]. Ehrlich determined
the structure of atoxyl, and he and his colleague, Hata, synthesized salvarsan, and the
more soluble, less toxic neosalvarsan, for the treatment of syphilis [37]. However, the
syphilitic spirochete invades the brain to cause neurosyphilis, as described by Wile in
1916 [38]. Within a year of Ehrlich’s publication, McIntosh and Fildes [39], in 1914, showed
that salvarsan and neosalvarsan do not enter brain from blood in the rabbit following IV
administration. They made the following observations:

• “After intravenous injections of salvarsan and neosalvarsan in man and animals no
arsenic can be found in the brain.”

• “This phenomenon is not due to a lack of affinity between the brain and the drugs, but
to an inability on the part of the drugs to penetrate into the substance of the brain.”
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Therefore, in 1914, the problem of the blood–brain barrier and brain drug delivery
was born. The most serious effect of syphilis, neurosyphilis, could not be treated by
neosalvarsan, owing to the lack of transport of this drug across the BBB.

By the 1950s, drugs such as tricyclic antidepressants and chlorpromazine were de-
veloped for affective disorders of the brain [40,41]. These drugs crossed the BBB by free
diffusion owing to high lipid solubility and low MW, in the range of 280–320 Da, as dis-
cussed in Section 6.1. The role of lipid solubility in BBB transport of small molecules was
demonstrated by Oldendorf, in 1972, with the description of the comparative brain uptake
of heroin, codeine, and morphine [42]. While lipid-soluble, low-MW drugs crossed the BBB
and could be developed for certain brain disorders; drugs that lacked these characteris-
tics were not effective, owing to lack of penetration of the BBB. This was exemplified by
methotrexate, which was developed as a treatment for leukemic infiltration of the meninges.
Methotrexate was not effective in the CNS following IV administration, so the drug was
delivered directly into the CSF compartment by lumbar CSF injection [43].

The first brain drug delivery technology was developed by Ommaya in 1963 [44],
which was an implantable reservoir for catheter infusion of drug into the CSF of a lateral
ventricle. Ommaya developed the reservoir to facilitate chronic treatment of bacterial
meningitis with intrathecal antibiotic [44]. However, the Ommaya reservoir was not widely
adopted, owing to the technical issues related to device implantation and maintenance. The
next brain drug delivery system that was developed, albeit inadvertently, was the treatment
of Parkinson’s disease (PD) with L-DOPA, as reviewed by Hornykiewicz in 1966 [45]. It
was known that PD was associated with striatal dopamine deficiency, and that treatment of
PD with dopamine, per se, was not effective. However, the dopamine precursor, L-DOPA,
which is a large neutral amino acid, was effective in the treatment of PD. L-DOPA acted as
a prodrug, as it was converted into dopamine in brain following the enzymatic action of
aromatic amino acid decarboxylase (AAAD). The use of L-DOPA was an ‘accidental’ brain
drug delivery approach, as the efficacy of L-DOPA was not immediately linked to a BBB
transport mechanism [45]. Nearly 10 years later, in 1975, Wade and Katzman [46], using the
Brain Uptake Index (BUI) technique of Oldendorf [47,48], demonstrated that brain uptake
of L-DOPA was mediated by a BBB neutral amino acid transport system. BBB transport of
L-DOPA was saturable, and was inhibited by other large neutral amino acids [46]. The next
brain drug delivery technology was introduced in 1979, which aimed to deliver drugs to
brain following BBB disruption. The intra-carotid arterial infusion of hyperosmolar 25%
(1.4 M) mannitol enhanced brain uptake of methotrexate in dogs [49]. Trans-nasal drug
delivery to CSF was introduced as a means to bypass the BBB in 1982. Progesterone was
administered to monkeys by intra-nasal or IV administration, and CSF levels of the steroid
were reported to be higher following intra-nasal administration [50].

Over the 20-year period of 1980–2000, multiple brain drug delivery approaches were
developed. Trans-cranial approaches were developed by 1994, and used intra-cerebral
implants, including polymers [51] or genetically engineered fibroblasts [52], or convection-
enhanced diffusion [53]. Cationic vectors were developed including cationized albu-
min [54], and cationic cell-penetrating peptides (CPP), such as tat [55] or penetratin [56].
Lipid carriers, such as docosahexaenoic acid (DHA), were developed [57]. Receptor-
mediated transcytosis of receptor ligands through the BBB was proposed in 1986 [58],
followed by the development of monoclonal antibodies (MAbs) targeting either the BBB
transferrin receptor [59,60] or insulin receptor [61]. The model active efflux transporter
(AET) is p-glycoprotein (Pgp), and the high expression of Pgp at the brain capillary was
demonstrated in 1989 [62]. Nanotechnology for the brain was introduced with liposomes in
1990 [63], nanoparticles in 1995 [64], and dendrimers in 2004 [65]. BBB disruption with the
IV administration of microbubbles coupled with focused ultrasound (FUS) was developed
in 2001 [66], and exosomes were introduced for brain drug delivery in 2011 [67].
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A literature search in PubMed, using the keyword, ‘brain drug delivery’ yielded a
total of 19,087 citations, and over 80% of these citations cover the 20 areas in Table 1.

Table 1. Brain drug delivery citations in PubMed.

No. Delivery Technology Keyword a Citations No. Delivery Technology Keyword a Citations

1 Nanoparticles (1995) 4169 11 Cationic (1987) 437
2 Ultrasound (2001) 1472 12 p-glycoprotein (1989) 382
3 Cerebral implant (1994) 1417 13 Transferrin receptor (1991) 373
4 Liposomes (1990) 1285 14 Dendrimers (2004) 364
5 Nasal (1982) 1024 15 Carrier-mediated transport (1975) 327
6 Lipid carrier (1996) 814 16 Cell-penetrating peptide (2000) 263
7 Cerebrospinal fluid (1963) 666 17 Exosomes (2011) 224
8 BBB disruption (1979) 627 18 Tat (1994) 155
9 Small molecules (1954) 598 19 Insulin receptor (1995) 134
10 Receptor-mediated transport (1986) 566 20 Convection-enhanced diffusion (1994) 124

a PubMed search term is ‘brain drug delivery and keyword’, and each of the 20 keywords is listed in Table. The first
year of publication of the brain drug delivery technology is given in parenthesis next to the technology keyword.

The PubMed search was refined with the search term, ‘brain drug delivery and key-
word’, where 20 different keywords were used, as listed in Table 1. The brain drug delivery
technologies are ranked according to the number of citations in PubMed, and range from
124 citations for CED, to 4160 citations for nanoparticles (Table 1). These top 20 keywords
account for 81% of the 19,807 citations for brain drug delivery. Nanoparticles, ultrasound,
cerebral implants, and nasal delivery account for 42% of all brain drug delivery citations.
The remainder of this review will discuss these 20 brain drug delivery technologies listed
in Table 1. The relative efficacy and toxicity of each technology will be reviewed, as well as
the extent to which, despite decades of experimentation, the technology has failed to lead
to FDA approval, or even clinical trials for brain diseases in humans.

2. Invasive Drug Delivery to Brain
2.1. CSF Delivery
2.1.1. CSF Macrocirculation and Microcirculation

There is 140 mL of CSF in the human CNS, and this fluid is produced at the choroid
plexus that lines the four cerebral ventricles (four lateral ventricles, third ventricle, fourth
ventricle) [11]. The CSF is absorbed into the peripheral blood, primarily across the arach-
noid villi into the superior sagittal sinus of the venous system [68]. This ‘macrocirculation’
of the CSF is relatively rapid and turns over every ~5 h or ~5 times each day in the human
brain [11]. The CSF production rate in the 2 g rat brain is 3.4 uL/min [69], and in the 1400 g
human brain, it is 350 uL/min [70]. There is also a ‘microcirculation’ within the interstitial
fluid (ISF) of brain, as originally described by Cserr et al. [71]. Following the intra-cerebral
injection of either 900 Da polyethylene glycol (PEG) or the 68 kDa albumin, both molecules
exited the brain at a flow rate of 0.2 uL/min in the rat [71]. Since the rate of clearance
was independent of MW, the mechanism of exodus was convection via peri-vascular path-
ways [71]. Ultimately, the tracers were transferred to blood via intermediate compartments
composed of either CSF or the lymphatics. Qualitatively, the ISF microcirculation could
provide a conduit for drug entry into brain parenchyma from the CSF. However, quantita-
tively, the ISF microcirculation is slow compared to the CSF macrocirculation. The rate of
fluid flow in brain via the CSF macrocirculation, 3.4 uL/min in the rat [69], is nearly 20-fold
higher than the rate of fluid flow via the ISF microcirculation, 0.2 uL/min, in the rat [71].
The comparative kinetics of the CSF microcirculation and the ISF microcirculation comport
with the results of many studies that show solutes move from CSF to brain parenchyma
slowly by diffusion, and not via more rapid convection pathways, as discussed below.

Transfer of solute between CSF and brain parenchyma via fluid convection is also
called the glymphatic pathway. Early work in support of the convection pathway was
reported by Wagner et al. in 1974 [72] and Rennels et al. in 1985 [73], and these investiga-
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tions suggested the ISF microcirculation may proceed at high rates such that this pathway
could provide for rapid transfer of solutes in CSF to the deep parenchyma of brain. In
these studies, HRP was injected into the lateral ventricle of a rat [72] or cat [73], and brain
was removed just 10 min after the intra-cerebroventricular (ICV) injection. Histochemistry
showed broad distribution of the HRP deep into brain parenchyma. However, these find-
ings appear to be artifacts following the ICV injection of very large volumes of the HRP
solution. In the rat study [72], a volume of 35 µL of 7% HRP was injected into one lateral
ventricle as a bolus. This volume is 300% greater than the volume of the lateral ventricle
in the rat, which is 12 µL [74]. In the cat study [73], a volume of 1000 µL of 4% HRP was
injected. This volume is 800% greater than the volume of the lateral ventricle in the cat,
which is 130 µL [75]. In both studies, it was necessary to cannulate either the contralateral
ventricle [72], or the cisterna magna [73], to reduce the high pressure introduced by these
high-volume injections. As discussed below, multiple studies on the passage of drugs from
CSF to brain parenchyma do not support a quantitatively significant role of the convection
pathway under conditions of normal pressure in the CSF compartment.

In support of the convection pathway for drug delivery from CSF to brain parenchyma,
extensive distribution of a therapeutic MAb into brain parenchyma of the primate was
observed following ICV administration of the antibody [13]. However, this study actually
supports the classical diffusion pathway. The MAb against the beta secretase-1 was con-
tinuously infused 24/7 for 42 consecutive days into the left lateral ventricle of a primate
at a rate of 0.4 mL/day. At the end of the 42-day continuous infusion, the brain was
removed and the MAb concentration was measured in multiple regions of brain by ELISA.
Immunohistochemistry (IHC) showed the MAb was distributed to both sides of the brain,
but MAb entry into brain parenchyma was confined to gray matter, with no MAb visible
in white matter [13]. The lack of MAb penetration into white matter is inconsistent with a
convection pathway, as perivascular flow occurs preferentially in white matter [76]. The
MAb concentration in the contralateral motor cortex, which is near the CSF surface, is
nearly 30-fold greater than the MAb concentration in the contralateral putamen, a deep
parenchyma structure. If convection into brain was the prominent pathway, then the con-
centration in motor cortex and putamen should be comparable. Quantitative considerations
indicate that diffusion, not convection, is the principal mechanism of MAb distribution
from CSF to brain parenchyma following ICV infusion for 42 consecutive days. Given a
MAb diffusion coefficient in brain of 0.6 × 10−6 cm2/s [77], and a time for diffusion of
42 days (3.6 × 106 s), the diffusion diameter is 30 mm. The width of the primate brain is
40 mm [11]. Therefore, diffusion alone would be expected to cover 75% of the primate brain
following a 42-day constant ICV infusion.

Support for the classical diffusion pathway of solute movement from CSF to brain
comes from a variety of studies. In 1969, Brightman and Reese [3] injected HRP into the
lateral ventricle of the mouse brain, and removed the brain at either 10 min or 90 min for
histochemistry. The use of different fixation protocols showed the movement of HRP into
brain tissue occurred in vivo, and was not a post-mortem artifact. The distribution of HRP
at 10 min and 90 min is shown in Figure 5A.
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Figure 5. Limited drug delivery to brain via the ventricular CSF. (A) Peroxidase histochemistry of
mouse brain removed at either 10 min (left) or 90 min (right) after ICV administration of HRP. The
magnification bar is 0.7 mm. Reproduced from [3], Copyright© 1969 under Creative Commons Attri-
bution License (Share Alike 4.0 Unported). (B) Brain concentrations of hydroxyurea (MW = 76 Da),
methotrexate (MW = 454 Da), and thiotepa (MW = 189 Da) at 1–4 mm, removed from ependymal
surface at 60 min following drug injection into the lateral ventricle of the Rhesus monkey. Reproduced
with permission from [78], Copyright© 1975 Am. Soc. Pharm. Exp. Ther. (C) Film autoradiography
of a coronal section of rat brain removed 24 h after injection into one lateral ventricle (LV) of [125I]-
BDNF. The magnification bar is 2 mm; 3V = third ventricle. Reproduced with permission from [79],
Copyright© 1994 Elsevier.

The HRP diffused 0.2 mm and 0.7 mm into peri-aqueductal brain at 10 min and 90 min,
respectively (Figure 5A). Given a brain diffusion coefficient for HRP of 0.6 × 10−6 cm2/s,
it is expected that HRP would diffuse 0.2 mm and 0.7 mm in 10 min and 90 min, re-
spectively [11]. Therefore, the distribution of HRP into brain shown in Figure 5A can
be accounted for solely on the basis of diffusion. In 1970, Levin and colleagues showed
the concentration of inulin was decreased 10-fold at just 1–2 mm from the CSF surface in
rabbits, cats, dogs, and monkeys [80]. In 1975, Blasberg et al. [78] injected small molecules
(thiotepa, hydroxyurea, methotrexate) into the lateral ventricle of the Rhesus monkey,
and removed the brain 60 min after ICV injection. Drug concentration was measured at
1 mm intervals removed from the CSF surface. Drug concentration in brain decreases
logarithmically, and is just 1% of the CSF concentration at 1–2 mm removed from the
ependymal surface (Figure 5B). The logarithmic decline in brain drug concentration is
consistent with a diffusion model, not a convection model, of drug distribution from CSF to
brain. Moreover, diffusion is inefficient as a drug delivery mechanism, and the drug concen-
tration in brain is decreased 99% at just 1–2 mm from the ependymal surface (Figure 5B). In
1994, Yan et al. [79] injected [125I]-brain-derived neurotrophic factor (BDNF) into the lateral
ventricle of the rat. The brain was removed 24 h later, and coronal sections were analyzed
with film autoradiography. The study shows that BDNF distributes only to the ependymal
surface of the lateral ventricle ipsilateral to the injection and to the third ventricle. BDNF
diffusion into brain parenchyma from the CSF compartment is limited to a distance of only
0.2 mm. The failure to observe BDNF in the contralateral brain is due to the unidirectional
flow of CSF from the lateral ventricle to the third ventricle to the fourth ventricle and into
the spinal canal and over the convexities of the cerebrum. The only path for distribution to
the contralateral ventricle following a ICV injection in one lateral ventricle is reflux through
the foramen of Monro from the third ventricle to the contralateral lateral ventricle. There
may be minimal reflux during diastole [81], but this does not result in significant drug
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distribution to the contralateral ventricle as shown in Figure 5C. The distribution in brain
of [125I]-insulin-like growth factor (IGF)-1 following an ICV injection of the peptide was
also determined by film autoradiography, and a result identical to that shown in Figure 5C
was reported [82]. In summary, the data in Figure 5 show that drug movement from CSF
to brain parenchyma is limited by diffusion, which is fundamentally incompatible with a
quantitatively significant role for the convection or glymphatic pathway.

2.1.2. Drug Transfer from CSF to Blood

The paradox of intrathecal drug delivery to brain, i.e., drug injection into the CSF
compartment, is that this route delivers drug to blood, not to brain parenchyma. The
studies described in Figure 5 show that the ICV route only delivers drug to the ependymal
surface of brain lining the CSF flow tracts. In parallel with the slow entry of drug into brain,
there is a rapid movement of drug from CSF to blood following ICV drug administration.
This fast CSF-to-blood transfer occurs as the entire CSF volume is absorbed into the venous
blood ~5 times per day. In 1965, Fishman and Christy [83] studied the distribution of corti-
costeroids in blood following an intrathecal injection, and they concluded, “the intraspinal
route of administration of free steroid is, in effect, equivalent to no more than a prolonged
intravenous injection”. Additionally, in the 1960s, Reed and Woodbury [84] showed the
plasma profile of iodide in rats was identical within 5 min of administration either as an
IV injection or as an intrathecal injection in the cisterna magna. In 1984, Aird [85] showed
that the dose of barbiturate that induced anesthesia in dogs was identical whether the drug
was administered by injection into the blood or the CSF of the cisterna magna. After CSF
injection, the drug rapidly moved to the blood, and then entered brain following transport
across the BBB. Aird [85] concluded, “the relative effectiveness of intrathecal agents should
be evaluated by comparing maintenance doses for a given central effect, when produced
by both intrathecal and IV route”. That is, a clinical trial testing the CNS efficacy of a
drug following intrathecal injection should include a control group wherein the drug was
administered by IV injection. This point is illustrated for an Ommaya reservoir clinical trial
discussed in Section 2.1.4. Other examples of the rapid movement of drug from CSF to
blood include:

• The intrathecal injection of an interferon resulted in drug distribution to the surface of
the brain, and to the blood, but not into brain parenchyma [86].

• The effect of intrathecal cholecystokinin (CCK) on food intake was found to be caused
by CCK action in peripheral organs following CCK transfer from CSF to blood [87].

• Drug was injected into CSF in rats implanted with an intra-cerebral dialysis fiber;
however, the drug did not appear in the dialysate of brain following ICV administra-
tion [88].

• Liver glycosaminoglycans (GAG) were reduced in the Type IIIB Mucopolysaccharido-
sis (MPSIIIB) mouse following the intrathecal injection of N-acetyl-α-glucosaminidase
(NAGLU), the enzyme that is mutated in MPSIIIB [89], owing to enzyme movement
from CSF to liver via the blood.

• The rapid movement of a monoclonal antibody (MAb) from CSF to liver, via the blood,
was demonstrated by positron emission tomography (PET) in humans following the
administration of the [124I]-8H9 MAb via an Ommaya reservoir. Whole body PET
scans at 24 h after intrathecal injection showed the antibody was present in liver, but
not within the parenchyma of brain [90].

2.1.3. Lumbar CSF Drug Delivery

Some drugs are FDA approved for CNS conditions following drug injection into the
lumbar CSF. As noted by Aird [85], intrathecal drug delivery can be effective for conditions
that affect the surface of the brain or spinal cord, which is contiguous with the CSF flow tract.
Intrathecal morphine is effective for pain [91], because opioid receptors are expressed on
the surface of the spinal cord [92]. Intrathecal baclofen is used to treat spinal spasticity [93],
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as gamma aminobutyric acid (GABA)-B receptors are expressed on the surface of the spinal
cord [94].

Lumbar injection of nusinersen is FDA approved for treatment of spinal muscu-
lar atrophy (SMA) [95]. Nusinersen is a 2′-O-methoxyethyl phosphorothioate antisense
oligodeoxynucleotide (ASO), which modulates alternative splicing of the survival motor
neuron (SMN)-2 gene [96]. SMA is a disease of spinal cord motor neurons, and these
neurons lie near the surface of the spinal cord [97]. Nusinersen is not representative of drug
distribution in the spinal cord following intrathecal administration. Nusinersen has a very
long residence time in CSF with a T1/2 of 191 days in the mouse [96]. The molecular basis for
this long residence time in CSF is not clear but appears to be related to the sulfur moiety of
the phosphorothioate ASO. A phosphorodiamidate ASO, which is a sulfur-free ASO, is less
effective in vivo, although both the phosphorothioate ASO and the phosphorodiamidate
ASO are equally effective in cell culture [96]. Based on the FDA approval of intrathecal
nusinersen for a disease of the surface of the spinal cord, other ASOs entered CNS clinical
trials for treatment of the parenchyma of brain or spinal cord by drug injection into the
lumbar CSF. Tominersen is an ASO targeting the huntingtin mRNA of Huntington’s disease
(HD), and tofersen is an ASO targeting the superoxide dismutase 1 (SOD1) mRNA of SOD1
dependent amyotrophic lateral sclerosis (ALS) [98]. Since these ASOs do not cross the BBB,
and since no antisense BBB delivery technology was developed by the drug sponsors, both
tominersen and tofersen were delivered to brain by intrathecal injection into the lumbar
CSF [98]. The phase 3 trials of both tominersen and tofersen ended in clinical failures,
which is attributed to the poor penetration of drug into brain parenchyma following drug
injection into CSF. The nusinersen model for treatment of the surface of the spinal cord by
lumbar CSF injection could not be replicated for treatment of the parenchyma of brain by
lumbar CSF injection.

In an effort to treat the brain in genetic lysosomal storage disease, the recombinant
lysosomal enzyme was delivered to brain by intrathecal injection into the lumbar CSF.
Injection of recombinant iduronate 2-sulfatase (IDS), the enzyme that is mutated in MPSII
(Hunter syndrome), into the lumbar CSF resulted in a reduction in CSF GAGs, but had
no improvement on cognitive function [99]. Chronic injection of N-sulfoglucosamine
sulfohydrolase (SGSH), the enzyme mutated in MPSIIIA (Sanfilippo A syndrome), caused
a reduction in CSF heparan sulfate [100], but had no effect on cognitive function in this
disease, and the clinical trial was terminated [101].

Drug development for a brain disease, which is not restricted to the surface of the
brain or spinal cord, by intrathecal drug delivery to brain is a futile effort, because drug
is only distributed to the surface of the brain following drug injection into CSF (Figure 5).
The futility arises not from the process of CNS drug discovery, but rather from the use of
an ineffective brain drug delivery technology.

2.1.4. Ventricular CSF Drug Delivery

The Ommaya reservoir was developed in 1963 [44] as an alternative to repeat intrathe-
cal injections. A reservoir is implanted in the subcutaneous tissue of the skull and a catheter
connects the reservoir to the CSF compartment of one lateral ventricle. An Ommaya reser-
voir delivery approach can be expected to treat diseases of the surface of the brain, which
are contiguous with the CSF flow tract, such as meningitis, or meningeal infiltration in acute
leukemia, and the first application of the Ommaya reservoir was the treatment of crypto-
coccal meningitis [44]. In 1975, Shapiro et al. [102] compared the CSF concentration of the
chemotherapeutic agent, methotrexate, in CSF following IV administration, injection in the
lumbar CSF, or injection in the ventricular CSF using an Ommaya reservoir. Administration
of methotrexate via an Ommaya reservoir connected to the lateral ventricle provided for a
more consistent delivery of methotrexate to the ventricular CSF than was afforded by drug
injection into the lumbar CSF [102]. Previously, in 1962, Rieselbach et al. [103] showed in
primates that the lumbar injections of large volumes, e.g., 10% of the CSF volume, were nec-
essary in order to achieve consistent drug distribution into the subarachnoid space around
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both cerebral hemispheres. The injection of chemotherapeutic agents into the ventricular
CSF with an Ommaya reservoir is still current practice, particularly for childhood brain
tumors [104].

The Ommaya reservoir was originally designed to treat acute diseases of the surface of
the brain following injection of the antibiotic or chemotherapeutic agent into the ventricular
CSF. However, given the legacy misconception that CSF is equivalent to the ECS of brain, as
discussed in Section 1, it was natural to broaden the application of the Ommaya reservoir
to the treatment of chronic disease of the brain parenchyma. Setting aside the invasive
nature, and clinical complications of this delivery system [105], the physiology of drug
transfer from CSF to brain would argue against the viability of treating intra-parenchymal
brain disease by chronic ICV drug administration. First, investigations over many decades
show that drug in CSF distributes only to the CSF surface of the brain as illustrated in
Figure 5, and discussed in Section 2.1.1. Second, drug injected into the CSF rapidly moves
to the peripheral blood, where the drug can exert pharmacologic actions in peripheral
organ, which could be falsely attributed to a CNS site of action, as discussed in Section 2.1.2.
As originally emphasized by Aird [85] in 1984, any examination of the pharmacologic
effect of intrathecal drug administration should include a side-by-side evaluation of drug
effects following IV infusion. Predictably, with one exception discussed below, ICV drug
administration has not achieved FDA approval for the treatment of brain parenchyma of
chronic disease. Patients with acquired immune deficiency syndrome (AIDS) and multi-
focal leukoencephalopathy were treated with cytarabine, a highly polar small molecule,
by weekly injections into the ventricular CSF with an Ommaya reservoir, but without a
clinical benefit [106]. Glial-derived neurotrophic factor (GDNF) was administered to PD
patients by the ICV route, but without a clinical effect on the disease [107]. A potential
toxicity may arise from the ICV administration of neurotrophic factors. This mode of brain
drug delivery produces a very high drug concentration at the ependymal surface of brain,
as shown in Figure 5C. The repeat ICV injection of basic fibroblast growth factor (bFGF)
causes a reactive astrogliosis along the ependymal surface [108]. The chronic ICV infusion
of nerve growth factor (NGF) stimulates axonal sprouting and Schwann cell hyperplasia
within the pial-arachnoid surface of brain [109].

In 2017, the FDA approved the first, and only, treatment of parenchymal brain disease
where the drug is administered with a chronically implanted Ommaya reservoir in a lateral
ventricle. Recombinant tripeptidyl tripeptidase 1 (TPP1, cerliponase alfa) was approved for
the treatment of Ceroid Lipofuscinosis 2 (CLN2) disease following ICV enzyme infusion in
a lateral ventricle [110]. CLN2 disease is a lysosomal storage disorder caused by mutations
in the TPP1 gene, and is characterized by childhood neurodegeneration, language delay,
motor abnormalities, seizures, blindness, and early death [111]. The cDNA encoding for
human TPP1 was cloned and expressed in CHO cells in 2001 [112]. However, intravenous
Enzyme Replacement Therapy (ERT) with recombinant TPP1 was not initiated for CLN2
disease, because TPP1 does not cross the BBB [113]. So as to develop a treatment of the
brain in CLN2 disease, the TPP1 proenzyme was infused in children with CLN2 disease
into a lateral ventricle with a chronically implanted Ommaya reservoir every 2 weeks
at a dose of 300 mg of enzyme in a volume of 10 mL over a 4 h period [110]. This
infusion volume exceeds the entire volume of the lateral ventricle, which is 8.5 mL in
adult humans, as discussed in Section 10.1.4. The control group in this pivotal clinical
trial was not intravenous ERT, but rather historical controls [110]. The trial should have
been designed with an intravenous ERT treatment group, because the TPP1 enzyme in CSF
rapidly is exported to blood [114]. TPP1, similar to other lysosomal enzymes, is mannose
6-phosphorylated (M6P), and is a ligand for the M6P receptor (M6PR) [112], which is
widely expressed in peripheral tissues [115]. Owing to the high expression of the M6PR
in peripheral tissues, recombinant TPP1 is rapidly taken up by peripheral tissues, and is
cleared from plasma with a T1/2 of just 12 min [113]. Lipofuscin granules, the lysosomal
inclusion bodies that accumulate in CLN disease, are formed in peripheral organs including
skeletal muscle [116]. Therefore, following the ICV injection, the TPP1 enzyme moves from
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CSF to plasma followed by uptake into peripheral organs via the M6PR. This process could
contribute to the improved motor function of children with CLN2 disease as compared
to historical controls that expressed no TPP1 enzyme [110]. Such speculation would have
been obviated by a clinical trial design that compared ICV drug delivery with intravenous
drug delivery, as opposed to historical controls [110]. The admonitions of Fishman and
Christy in 1965 [83], and of Aird in 1984 [85], that an intrathecal drug injection is similar to
an IV infusion, were not heeded in the trial design of TPP1 in CLN2 disease [110]. To date,
recombinant TPP1 for CLN2 is the only treatment that is FDA approved for any chronic
CNS disease of brain parenchyma wherein the drug is infused in a chronically implanted
Ommaya reservoir in a lateral ventricle [117].

2.2. Intra-Cerebral Delivery
2.2.1. Intra-Cerebral Implants

An alternative to intrathecal drug delivery to brain is a trans-cranial intra-cerebral
injection of drug encapsulated in a polymer or released from a genetically engineered cell
line. However, similar to intrathecal drug delivery, the limiting factor in intra-cerebral
delivery is diffusion. The brain concentration of drug that enters the parenchyma via
diffusion decreases logarithmically with each mm of diffusion distance [118], as illustrated
in Figure 5. The maximal effective diffusion distance for small or large molecules in
brain is 0.2–2 mm, and this is irrespective of the mechanism of delivery including intra-
cerebral implants, ICV administration, intra-cerebral micro-dialysis or intra-cerebral micro-
infusion [118].

There is an FDA-approved treatment for brain cancer, carmustine or Gliadel®®, which
is an intra-cerebral implant form of brain drug delivery. Carmustine is a dime-sized wafer
of a water-soluble polymer embedded with a small molecule chemotherapeutic alkylating
agent, 1,3-bis(2-chloroethyl)-1-nitroso urea (BCNU) [51,119]. The polymer is 20% 1,3-bis(p-
carboxyphenoxy) propane and 80% sebacic acid, which is a C-8 dicarboxylic acid found
in castor oil. The carmustine polymeric/BCNU wafer is placed in the brain cavity created
by the neurosurgical extirpation of the bulk of the cancer, and was first tested in recurrent
malignant glioma [120], followed by trials that placed the wafer in the brain cavity at
the first surgical resection for malignant glioma [121,122]. Statistical analysis showed the
carmustine wafer increases survival in malignant glioma by 10 weeks from 11.6 months
to 13.9 months [123]. Subsequent to the 1996 FDA approval of carmustine, no similar
intra-cerebral implants for brain cancer, or any other brain disease, have reached regulatory
approval. This intra-cerebral implant approach to brain drug delivery cannot escape the
physical limitations of diffusion, and the fact that brain 2 mm or more away from the
implant is exposed to very little drug released from the wafer [118,119].

The intra-cerebral implant method of brain drug delivery has also been tested follow-
ing the intra-cerebral injection of genetically modified cells. Rat fibroblasts permanently
transfected with a lentivirus encoding for prepro brain-derived neurotrophic factor (BDNF)
were implanted in the substantia nigra of rats 1 week prior to the intra-striatal injection
of the neurotoxin, 1-methyl-4-phenylpyridinium (MPP+) [52]. MPP+ injection creates an
experimental model of PD, which involves neurodegeneration of the nigral-striatal tract
in brain. The intra-cerebral implant of the BDNF secreting cells doubled the number of
surviving neurons in the nigral-striatal tract [52]. The C2C12 mouse myoblast line was
permanently transfected with a gene encoding for human GDNF and encapsulated in a
5 mm rod composed of poly(ethyl-sulfone), followed by implantation in the striatum of the
rat, and the diffusion of GDNF from the rod was followed by immunohistochemistry [124].
GDNF was detected within 2 mm of the rod [124]. This distance, 2 mm, may be significant
for the 2 g rat brain, but would not cover much volume in the 1400 g human brain. Neural
stem cells have been permanently transfected with a variety of neurotrophic factors, and
intra-cerebral cell-mediated drug delivery to brain has been reviewed [125].

In an attempt to counter the limited drug distribution in brain following diffusion
from a single intra-cerebral injection depot, multi-pronged catheter bundles were described
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in 1988 [126]. A bundle of four catheters was developed, and 17–25 such bundles were
implanted in the brain of patients with malignant glioma for infusion over 10–14 days of
the alkylating agent, cisplatin. With this approach, a total of 68–100 sites of infusion in the
brain was created [126]. There has been renewed interest in the multiple catheter approach
to intra-cerebral brain drug delivery, as reviewed below for convection-enhanced diffusion.

2.2.2. Convection-Enhanced Diffusion

Convection-enhanced diffusion (CED) was developed to overcome the limitations
imposed by diffusion on intra-cerebral drug delivery [53]. A catheter is implanted in
the brain and fluid flow through the catheter is driven by an external pump, which is
implanted in the abdomen. The intent was for drug to move through the brain ECS by
convection, rather than diffusion. In the initial evaluation, [111In]-transferrin (Tf) was
infused bilaterally by CED in the corona radiata in the cat [53]. The catheter was placed in
the white matter of the corona radiata as it was believed that bulk flow in brain would take
place preferentially in parallel to the myelin tracts of white matter. Film autoradiogaphy
showed a mean radial spread of the Tf though brain of 3 mm [53], which would be
equivalent to a volume of ~100 mm3. In contrast, the volume of the putamen of the human
brain is 6000 mm3 on each side of the brain [127]. These early findings with CED foretold
a potential problem in adequate drug distribution to brain in human clinical trials using
CED to deliver neurotrophins to the striatum, as discussed below.

CED was used for brain delivery of cationic liposomes encapsulating herpes simplex
virus (HSV)-1 encoding thymidine kinase in patients with recurrent glioblastoma multi-
forme (GBM) [128]. Patients were administered IV ganciclovir for 2 weeks starting 4 days
after the HSV1 administration by CED. This small open label trial of eight patients did not
advance to a phase 3 trial [129]. A phase 3 double-blind, placebo-controlled randomized
clinical trial (RCT) was performed with the bilateral administration of recombinant GDNF
to the putamen of patients with PD [130]. A total of 34 patients were randomized to CED
groups that received either GDNF or placebo. The pump was placed in the abdomen and
a subcutaneous catheter terminated in the posterior dorsal putamen on both sides of the
brain [130]. The trial was unblinded after determining the Unified Parkinson Disease Rating
Scale (UPDRS) in all patients after 6 months of CED. There was no significant difference
between the UPDRS scores of the GDNF or placebo treated subjects with CED brain drug
delivery [130].

A Rhesus monkey study using CED delivery of GDNF to brain illustrated the lim-
itations of the CED approach for brain drug delivery [131]. GDNF (14 µg/day) was
infused into the right putamen of adult Rhesus monkeys at a rate of 144 µL/day for
7 consecutive days. The CED catheter was connected to a pump implanted subcutaneously
in the abdomen [131]. After 7 days of CED, the brain was removed, and the distribution
of GDNF in brain was determined by immunohistochemistry (IHC) and by ELISA. The
IHC was performed on serial sections of brain to compute the volume of distribution of
GDNF in brain following CED in the primate. These results showed the neurotrophin
distributed in a brain volume ranging from 87–360 mm3 [131]. This volume of distribution
is comparable to the volume of distribution of transferrin following CED in the cat, which
was ~100 mm3 [53]. As discussed above, this distribution volume is small compared to the
volume of the putamen, which is 6000 mm3 on each side of the human brain [127]. The
brain concentration of GDNF was measured by ELISA for each mm of distance removed
from the CED catheter [131]. The brain concentration of GDNF decreases exponentially
with each mm of distance removed from the CED catheter, which indicates the neurotophin
is penetrating brain tissue by diffusion, not convection. The brain GDNF concentrations
are shown in Figure 6A.

23



Pharmaceutics 2022, 14, 1283

Figure 6. Brain drug delivery by convection-enhanced diffusion. (A) Concentration of GDNF
in primate brain at 1–7 mm removed from the CED catheter. Derived from data reported by
Salvatore et al. [131] and reproduced with permission from [132], Copyright© 2010 Taylor and Fran-
cis. Original GDNF concentrations, in pg per mg protein, were converted to ng per gram brain, based
on 100 mg protein per gram brain [133]. (B,C) Glial fibrillary acidic protein (GFAP) immunohisto-
chemistry of monkey brain following CED administration of GDNF. Magnification bar is 1 mm in (B)
and 50 microns in (C). Reproduced with permission [134], Copyright© 2003 John Wiley & Sons.

The data in Figure 6A show the region of brain most proximal to the catheter is
exposed to GDNF concentrations that are log orders higher than the endogenous concen-
tration of GDNF. High concentrations of GDNF may cause aberrant neuronal sprouting
in brain [135]. CED of GDNF in the primate brain causes a local astrogliosis, as shown by
GFAP immunohistochemistry (Figure 6B,C). It is not clear if this astrogliosis is due to the
high local GDNF concentration, or if it is due to the CED delivery system.

CED was evaluated in a multi-centered randomized clinical trial of recurrent GBM
treated with either a post-operative placement of carmustine wafer or the post-operative
CED administration of cintredexin besudotox, which is a fusion protein of interleukin-13
and a mutated truncated form of the Pseudomonas aeruginosa exotoxin A [136]. CED of
the toxin provided no clinical benefit and the target of a 2 cm penumbra around the CED
catheter was met in only 20% of the patients [136]. The majority of infusions in the patients
did not produce a significant coverage of the affected area [137]. A total of 15 CED clinical
trials have been performed as of 2019 [129] without any advancement to drug approval.
In an attempt to increase drug distribution in brain following CED, a variety of new
approaches have been proposed, including the use of CED together with ultrasound [138],
CED with newly designed catheters to enable the infusion of high volumes [139], the use of
special catheters that infuse fluid simultaneously through 4 parallel ports [140], and the
concurrent use of CED with pulsed electric currents applied to brain [141]. Real time MRI
has been useful for the identification of reflux along the cannula, leakage of the infusate,
and ventricular compression associated with CED [142].

3. Trans-Nasal Drug Delivery to Brain

The first report of drug movement from the nasal cavity to CSF was described 40 years
ago [50]. Since then, over 1000 publications have evaluated drug delivery to brain and CSF
via the nasal route (Table 1). However, to date, there is not a single FDA-approved drug
for treatment of the brain parenchyma that is administered by the intra-nasal route [143].
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To understand why 40 years of research on nasal delivery in animals has not translated to
humans, it is useful to consider species differences in the anatomy of the nasal-cribriform
plate. Species differences in the nasal cavity anatomy are consistent with the much greater
role of olfaction in animals as compared to humans, as reflected in the number of olfactory
receptor (OR) genes. OR genes comprise the largest multi-gene family in the mammalian
genome, and constitute 4–5% of the mammalian proteome [144]. There are about 2000 OR
genes in the rat [145], about 1000 OR genes in the mouse, but only about 400 OR genes
in humans [144]. The olfactory region of the nasal mucosa, which is the site where drug
must penetrate the nasal mucosa to enter olfactory CSF, constitutes 50% of the nasal cavity
surface area in the rat, but only 3% of the nasal cavity surface area in humans [146]. Another
factor limiting the translation of nasal drug delivery from animals to humans is the fact that
the vast majority of preclinical investigations on nasal drug delivery to brain are performed
with experimental designs that produce local nasal injury and membrane disruption, owing
to the nasal instillation of very large volumes of drug. The introduction of >100 µL in
the human nostril causes local injury to the nasal mucosa [147,148]. The volume of the
nasal cavity in humans is 20 mL, but is only 0.4 mL in the rat, and only 0.03 mL in the
mouse [148]. Therefore, by extrapolation, the nasal administration of a volume greater
than 1% of the volume of the nasal cavity can induce local injury. A nasal administration
volume of 1% of the nasal cavity volume would be 4 µL in the rat and 0.3 µL in the mouse.
A review of the literature discussed below shows that the nasal administration volumes in
preclinical nasal drug delivery research are 1–2 log orders higher than these injury related
volume thresholds.

3.1. Drainage of CSF from Brain to Nose

There is evidence from animal models that CSF drains from the subarachnoid space
of brain into the nasal mucosa, and then to the lymphatic system. The anatomy of the
olfactory nerves and arachnoid, cribriform plate, and nasal mucosa is shown in Figure 7A.

Figure 7. Anatomy of the cribriform plate separation of the cranial and nasal cavities. (A) The
bipolar olfactory sensory neurons, which express the olfactory receptors, pass from the olfactory bulb
to the nasal mucosa through the fenestrations of the cribriform plate. Reproduced with permission
from [149], Copyright© 2003 JNS Publishing Group. (B) Magnetic resonance imaging (MRI) of the
human head between 3–6 h following the injection into the lumbar CSF of gadobutrol, a macrocyclic
gadolinium contrast agent. The gadolinium is visualized throughout the cerebral subarachnoid space
within the convexities of the cerebrum, around the spinal cord, and is observed to penetrate into
the superior regions of the fenestrations of the cribriform plate, which is magnified in the inset. No
gadolinium passes into the inferior regions of the cribriform fenestrations, or into the nasal mucosa
in humans (inset). Reproduced from [150], Copyright© 2020 licensed under Creative Commons
Attribution License (CC-BY).

The evidence for the existence of a pathway of fluid flow from the CSF compartment
of brain to the nose is less convincing for living humans. In 1937, Faber [151] observed in
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rabbits the movement of radiographic contrast agent from the CSF of the cisterna magna
to the nasal cavity. The mechanism of this transfer was clarified by the injection of radio-
iodinated albumin into the lateral ventricle of the rabbit [152]. A fraction of the radioactivity
was recovered in the peripheral lymph, and this transfer to lymph was blocked by sealing
the cribriform plate. Albumin, or at least the radioactivity, was demonstrated to pass
from the CSF compartment of brain through the cribriform plate to the interstitial space
of the olfactory submucosa or lamina propria [152]. The anatomical features enabling
movement of olfactory CSF from above the cribriform plate to below the cribriform plate
were examined at autopsy for the post-mortem human brain [149], as shown in Figure 7A.
The olfactory CSF within the subarachnoid space of the olfactory bulb moves in parallel
with the invaginations of the olfactory arachnoid membrane and dura around the olfactory
nerves, which pass from the olfactory bulb to the nasal mucosa through the fenestrations of
the neural foramina of the cribriform plate. The arachnoid membrane peels away from the
olfactory nerve at 1–2 mm into these foramina, where the dura becomes continuous with
the periosteum of the cribriform plate [149].

In the late embryonic rat, there are ‘olfactory bulb holes’, or disruptions of the arach-
noid membrane at the cribriform fenestrations, which allow for drainage of olfactory CSF
into the nasal mucosa [153]. However, the ultrastructural details of the junctions between
the arachnoid, dura, and olfactory nerve at the proximal part of the cribriform fenestrations,
and confirmation of holes in the olfactory arachnoid are not available for humans. The
arachnoid membrane has high resistance tight junctions [149], similar to the endothelial
junctions that form the BBB (Figure 4). The extent to which tight junctional complexes exist
within the proximal part of the cribriform fenestrations is not known. An MRI study [150]
in humans shows a gadolinium contrast agent that is injected into the CSF enters the
proximal part of the cribriform fenestrations, but does not complete passage though these
fenestrations, nor enter into the nasal submucosa (Figure 7B). This recent study in living
humans does not confirm the hypothesis generated in animal investigations that CSF passes
from the olfactory CSF into the nasal mucosa. Such passage of CSF from the olfactory
region to the nasal submucosa would be a form of chronic subclinical CSF rhinorrhea, a
condition associated in humans with local trauma to the cribriform plate [154].

3.2. Drug Delivery from Nose to Brain

Drug transport from nose to olfactory CSF involves drug transfer across 2 epithelial
barriers, both of which are membrane barriers with tight junctions, and these barriers are
the nasal epithelium and the arachnoid membrane. Therefore, drug delivery from nose
to olfactory CSF is governed by the same principles that determine BBB transport. As
discussed below is Section 6.1, lipid-soluble small molecules with a MW < 450 Da traverse
these barriers by free diffusion. Any drug with a MW > 450 Da can only traverse the barrier
by either (a) carrier- or receptor-mediated transport, or (b) membrane disruption, e.g.,
by local injury to the nasal mucosa. Similar to the BBB, the transport of small molecules
from the nasal cavity to CSF is proportional to lipid solubility [155]. In 1982, progesterone
was administered trans-nasally in primates, and the area under the concentration curve
(AUC) in CSF was about twice as high as the AUC in CSF following IV administration [50].
These results were interpreted as evidence for a pathway of drug delivery from nose
to CSF. However, the diluent injected in the nose in this study was 30% ethanol/30%
propylene glycol [50], which may have had a solvent effect at the nasal mucosa. In a study
in the rat, progesterone was administered via the nasal route in a saline diluent, and the
AUC in CSF of progesterone was identical after IV or intra-nasal delivery [156]. Similarly,
melatonin [157] and vitamin B12 [147] were administered via the intra-nasal and IV routes,
and the AUC in CSF was identical for either form of delivery. If the drug passed directly
from the nose to the olfactory CSF, then the AUC in the CSF should be higher after the nasal
route as compared to the IV route. Conversely, the finding of a comparable AUC in CSF
after either the IV or the nasal route indicates the drug passes across the nasal epithelium,
enters blood, and then traverses the choroid plexus at the blood–CSF barrier, to enter the
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CSF compartment. A 1990 study on the potential delivery of a novel cognitive enhancer
for Alzheimer’s disease (AD) via the trans-nasal route showed the brain AUC of the drug
was the same following either IV or trans-nasal administration [158]. In 1991, the brain
concentration of dextromethorphan was shown to be the same whether this drug was
administered by the IV or the trans-nasal route [159]. In 2008, it was shown that the ratio of
brain AUC/plasma AUC for diazepam was comparable following drug administration via
either the IV or the trans-nasal routes [160].

Despite the early work showing the trans-nasal route conferred no selective delivery
of drug to CSF, the number of investigations of the trans-nasal route grew exponentially,
and 98% of the 1024 publications on trans-nasal brain drug delivery (Table 1) were pub-
lished after 2000. Trans-nasal drug delivery to CSF succeeded once large volumes of drug
were applied to the nasal cavity, particularly in rats and mice, where the olfactory region
constitutes 50% of the nasal cavity surface area [146]. These large volumes induced local
injury and disruption of the nasal barriers, similarly to the attempts to enhance brain drug
delivery via BBB disruption as reviewed in Section 4. The instillation of drug volumes
greater than 100 µL per naris in humans causes local injury [147] and the preferred volume
for nasal administration in humans is as low as 25 µL per naris [161]. These volumes are
<1% of the nasal cavity in humans. However, in studies in rats and mice the volume of
drug introduced into the nose is typically 25–50 µL, which is very large compared to the
volume of the nasal cavity in the rat, 400 µL, or the mouse, 30 µL [148]. The introduction of
large volumes into the naris can lead to drug loss into the oral cavity via drainage through
the naso-palatine duct in rodents, although this duct is a vestigial organ in adult humans.
Therefore, the naso-palatine duct was blocked prior to the nasal introduction of 50 µL in
the rat [162]. In this 1999 study, the intra-nasal administration of a volume of 50 µL in
the rat, which is 12% of the nasal cavity volume, produced a higher CSF concentration of
5-fluorouracil than the CSF drug concentration produced by IV administration [162].

The administration of 5 µL in the naris of the mouse, which is a volume that is 15%
of the nasal cavity in the mouse, resulted in the delivery of dopamine to the olfactory
bulb of brain [163]. In a similar study, a 5 µL volume of picolinic acid in the naris of the
mouse resulted in drug delivery to the olfactory bulb [164]. Drug delivery to brain of either
dopamine or picolinic acid was measured by film autoradiography, which showed the
olfactory bulb was the only region of brain penetrated by the drug following the instillation
of large volumes into the mouse nose [163,164]. In a recent study, insulin was injected into
the naris of a mouse in a volume of 25 µL [165], which is nearly equal to the entire nasal
cavity in the mouse. Conversely, no delivery of IGF-1 to brain was produced following
the intra-nasal administration of the peptide in a large volume, 35 µL, in the mouse [166].
In addition to the introduction of large volumes into the nasal cavity, other means of
membrane destabilization have been employed to enhance drug delivery across the nasal
barriers. Carbamazepine was administered by either the IV or trans-nasal routes in the
rat; for nasal administration the drug was co-administered in an unspecified volume with
50 mg of a gel composed of the Carbopol 974P bioadhesive [167]. Other nasal enhancers
that have been employed include 0.5% peppermint oil [168] and 2% polysorbate-80 [169].

In keeping with the analogy of drug delivery across the nasal barrier and the BBB, a
preferred approach is not membrane disruption, but rather modification of the drug so
that the drug becomes a ligand for endocytosis. As discussed in Section 7, cationic agents
may undergo endocytosis into the brain capillary endothelium via absorptive-mediated
endocytosis. Lectins, such as wheat germ agglutinin (WGA), can also undergo absorptive-
mediated endocytosis into the brain endothelium [170]. A conjugate of WGA and HRP,
but not unconjugated HRP, distributes to the olfactory lobe in rats following the intranasal
administration of 25–50 µL into each naris of a 1% solution [171]. Cationization of a
biologic also facilitates entry into CSF following intra-nasal administration. The lysosomal
enzyme, iduronidase (IDUA), was cationized by conjugation of guanidinylated neomycin
(Gneo) to the enzyme [172]. Guanidinylation of neomycin converts all 6 amino groups
to positively charged guanidine moieties. Gneo is endocytosed by cells via absorptive-
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mediated endocytosis, similar to other polycations, such as poly-arginine [173]. Gneo-IDUA
was infused into the nose in a volume of 50 µL in IDUA-null mice, and CSF enzyme activity
was measured [172]. Gneo-IDUA entered the CSF, which peaked at 1 h and over 90% of the
enzyme was cleared from CSF by 4 h after injection [172]. IDUA was also detected in the
olfactory bulb, and the enzyme activity in this region of brain was >10-fold higher than any
other region of brain [172].

Drug distribution following trans-nasal administration has been investigated by PET.
The glucose analog, [18F]-fluorodeoxyglucose (FDG), was administered in the rat in volumes
of 5 µL [174]. FDG entered only the inferior part of the turbinates of the cribriform plate
and did not reach the superior part of the turbinate, and did not enter into the olfactory
bulb [174]. In another PET study in the rat, [11C]-orexin A, a 33-amino acid peptide that
is a potential treatment of narcolepsy, was injected in the nose in an unspecified volume
using a Precision Olfactory Delivery system [175]. PET imaging showed the only part of
brain exposed to the peptide was the olfactory bulb ipsilateral to the injected naris [175].

In summary, when low volumes of drug are instilled into the nose, and local injury
to the nasal mucosa is not produced, then there is little evidence for drug delivery to the
olfactory CSF, much less the brain following trans-nasal drug delivery. Predictably, clinical
trials in humans of trans-nasal drug delivery have failed to demonstrated selective drug
distribution into CSF via the nasal route, as discussed in the next section.

3.3. Clinical Trials of Trans-Nasal Drug Delivery to Brain

The peptide, oxytocin, was administered by the nasal route in patients with autism,
in a double-blind placebo-controlled randomized clinical trial (RCT), and this treatment
showed no clinical efficacy in either autism [176] or early psychosis [177]. In a second
autism trial of intra-nasal oxytocin, there was a significant effect on overt emotion salience,
but the drug had no dose response effect on this symptom [178]. After these negative
clinical trials, the distribution of oxytocin into the CSF of primates was measured, and
identical distribution of peptide into CSF was observed with either the IV or trans-nasal
route of administration [179]. A follow-up RCT of nasal oxytocin in autism showed
no clinical benefit [180]. A RCT of trans-nasal delivery of insulin for AD showed no
clinical benefit [181]. In this trial, the insulin was delivered as a nebulized stream through
a nosepiece left in the nostril for 20 s, and 40 units of insulin was delivered daily for
12 months. Treatment caused no increase in CSF insulin [181]. To date, no RCT has shown
a clinical benefit in a CNS disease using the trans-nasal route of brain drug delivery. A
recent review of the literature shows the trans-nasal route results in no consistent increase
in brain delivery of small molecules in animal models [182].

4. Brain Drug Delivery with Blood–Brain Barrier Disruption (BBBD)
4.1. BBBD Following Intra-Carotid Arterial Infusion
4.1.1. BBBD with Intra-Arterial Hyper-Osmolar Solutions

The disruption of the BBB following the intra-arterial infusion of hypertonic solutions
was first demonstrated by Broman in 1945 [183] and by Rapoport in 1970 [184]. In 1973,
Brightman et al. [185] showed the disruption of the BBB following the intra-carotid arterial
infusion of hypertonic urea caused the shrinkage of brain endothelial cells in association
with opening of endothelial tight junctions. In 1979, three groups used hyperosmolar BBBD
to enhance brain uptake of therapeutics such as methotrexate [49,186], or an enzyme [187],
following the intra-arterial infusion of a poorly diffusible hypertonic monosaccharide,
mannitol or arabinose. BBB delivery of a drug across the disrupted BBB was shown
to be dependent on MW, which is consistent with a pore mechanism associated with
opening of tight junctions [188]. Hypertonic BBBD caused an increase in brain ornithine
decarboxylase (ODC) activity and increased brain polyamines, and the disruption of the
BBB was blocked by an ODC inhibitor, α-difluoromethylornithine (DFMO) [189]. BBBD
mediated by arterial hyperosmolarity requires an intact BBB to establish the osmotic
gradients across the endothelium. Consequently, the BBB in normal brain is disrupted to a
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greater extent than in a brain tumor, where there may be a pre-existing disruption of the
BBB [190]. This reduces the therapeutic index of the BBBD, as the toxic effect in normal
brain is greater than the therapeutic effect in the brain tumor [190]. These findings in an
experimental rat brain tumor model [190] were replicated in humans with a malignant
glial tumor [191]. The BBB permeability–surface area (PS) product, also called the K1, was
measured for 82-rubidium with PET scans of the brain. Intra-carotid arterial infusion of
25% (1.4 M) mannitol was performed for 30 s at high flow rates (360–720 mL/min) under
anesthesia and seizure prophylaxis with phenobarbital or phenytoin. The rubidium K1
increased 17-fold in normal brain, but was unchanged in the tumor brain. The T1/2 for
return to normal BBB permeability was 8 min [191]. In contrast to hyper-osmolar BBBD,
which preferentially effects normal brain, as compared to brain tumor, the intra-arterial
infusion of vasoactive agents, such as bradykinin analogues, preferentially opens the BBB
in tumor as compared to normal brain [192], as discussed in the next section.

Hyperosmolar BBBD, in combination with intra-arterial methotrexate, was demon-
strated to enhance survival in patients with primary CNS lymphoma (PCNSL) [193]. At
that time, PCNSL was known to be treatable with high dose methotrexate (HD-MTX) with
leucovorin (folinic acid) rescue [194]. The efficacy of BBBD with hypertonic mannitol and
intra-arterial methotrexate for PCNSL was confirmed in a larger cohort of patients [195],
and is still in practice today [196]. There still is no FDA market approval for this ap-
proach, as a controlled clinical trial comparing intra-arterial mannitol/methotrexate vs.
intra-arterial methotrexate has apparently not been performed in PCNSL.

Intra-carotid arterial hyperosmolar mannitol (ICAHM) administration is an aggressive
intervention that is not without toxic sequelae. When the BBB is disrupted for the purpose
of chemotherapeutic delivery to brain, virtually all substances in plasma, at least up to the
size of the 420,000 Da fibrinogen, may also escape from blood to the brain ECS. Albumin
is toxic to astrocytes, which can trigger a glial scar [197], and is pro-inflammatory [198].
Fibrinogen activates oligodendrocyte progenitor cells, which can lead to suppression of
myelin production [199]. ICAHM induces a sterile inflammatory response (SIR) in brain,
which is associated with activated astrocytes and microglia, an up-regulation of cytokines,
chemokines, and trophic factors, and these changes are observed in the contralateral
hemisphere, as well as the cerebral hemisphere ipsilateral to the infusion [200]. A similar SIR
is observed with ultrasound-induced BBBD [201], as discussed below. Hyperosmolar BBBD
causes vascular changes in brain [202], and chronic neuropathologic changes [203], owing to
the brain uptake of plasma proteins that are normally excluded from brain by the BBB [204].
Peri-operative effects occur following ICAHM with a 13% incidence of seizures [205],
despite pre-operative administration of anticonvulsants [206]. Electroencephalogram (EEG)
abnormalities are used to monitor BBBD intra-operatively [207].

4.1.2. BBBD with Intra-Arterial Bradykinin Analogs

The topical application of bradykinin (BK) to the pial surface of brain causes BBBD
to small molecules such as fluorescein but not to large molecules such as albumin [208].
Since topical application of BK to the surface of the brain induces a pharmacologic effect,
it is inferred that the BK receptor is expressed on the abluminal side of the BBB. It is not
practical to use BK as an agent to induce BBBD as this peptide is rapidly degraded and has
a plasma T1/2 of about 15 s, owing to first pass inactivation in the lung by angiotensin con-
verting enzyme (ACE) [209]. A more metabolically stable analogue of BK was developed,
RMP-7 [210], as an agent to induce biochemical BBBD, where RMP = receptor-mediated
permeabilizer. Intra-carotid arterial administration of RMP-7 caused selective BBBD in
an experimental brain tumor, as compared to normal brain [211]. This effect is opposite
of hyperosmolar BBBD, which opens the BBB in normal brain to a much greater extent
than in a brain tumor [191]. Capillaries perfusing the core of brain tumors are often leaky,
which enables intra-arterial BK analogues to access the BK receptors on the abluminal side
of the BBB in brain tumors. The carotid arterial infusion dose of RMP-7 was 0.1 µg/kg,
as higher doses, 1 µg/kg, caused hypotension [211]. In humans with malignant glioma,
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intra-arterial RMP-7, at a dose of 10–300 ng/kg, caused an increase in the PS product of
[68Ga]-EDTA of 46 ± 42% as determined by PET [212]. The cause of the wide variability in
the opening of the blood–tumor barrier (BTB) is not clear, but may be related to differences
in the degree of disruption of the BTB in brain tumors. Intra-arterial RMP-7 caused no
BBBD in normal brain in humans [212], which is consistent with an abluminal expression
of the BK receptor. Intravenous administration of RMP-7 caused no BBBD in dogs [213]
or rats [214]. Intravenous RMP-7 did not increase the clinical efficacy of carboplatin in a
RCT of malignant glioma [215]. The applications of RMP-7 proved to be limited to the
intra-carotid arterial infusion route in conditions with a pre-existing BBBD, e.g., malignant
gliomas. Given this limited scope of clinical applications, the drug development of RMP-7
was terminated in the 1990s.

4.2. BBBD Following Intravenous Microbubble/Focused Ultrasound

Focused ultrasound (FUS) of the brain was described by Lynn et al. in 1942 in cats and
dogs [216]. In 1960, Ballantine et al. [217] reviewed FUS of the brain and concluded that
BBBD may be introduced without lesions of the surrounding parenchyma. However, high
intensity FUS of brain was shown in 1968 to cause focal lesions in the CNS including vascu-
lar occlusion [218]. In 1995, attempts were made to modulate the sonication parameters so
as to separate BBBD from parenchymal damage in brain [219]. FUS was combined with
the IV administration of an ultrasonic contrast agent, which is composed of 2–4.5 micron
microbubbles (MB) of Optison [66]. The Optison microbubble, as well as Definity microbub-
ble, contains a gaseous interior of octafluropropane. The FUS-MB treatment produced
BBBD in rabbits [66]. The anatomical basis of the BBBD caused by microbubbles/FUS
was shown by electron microscopy to be both opening of tight junctions and enhanced
vesicular transport [220,221]. The BBBD caused by the FUS-MB method enabled brain
penetration of 3 kDa and 70 kDa dextran, but not 2000 kDa dextran, and the brain penetra-
tion of 3 kDa dextran exceeded that for 70 kDa dextran [222]. The brain uptake of 3 kDa,
70 kDa, 500 kDa, and 2000 kDa dextran was measured following the administration of
3 different FUS-MB protocols that varied the acoustic power from 0.31 Mpa, 0.51 Mpa,
and 0.84 Mpa, where Mpa = mega Pascals [223]. There was minimal entry of any dextran
with an acoustic pressure of 0.31 mPa. At an acoustic pressure of 0.51 mPa, the 3 kDa
dextran entered the brain to an extent greater than the 70 kDa dextran, and the 500 kDa and
2000 kDa dextrans did not enter brain. At the acoustic pressure of 0.84 Mpa, all dextrans
entered the brain, although the entry of the 500 kDa and 2000 kDa dextrans was nearly
background [223]. The gyration radii of 4 kDa, 70 kDa, 500 kDa, and 2000 kDa dextran are
2.2 nm, 9 nm, 10.5 nm, and 58 nm, respectively [224]. Therefore, the diameter of the pore
created by FUS-MB treatment at an acoustic pressure of 0.51 Mpa is about 20 nm, which
is of sufficient size for entry of plasma proteins and therapeutic antibodies, which have a
diameter of 10–11 nm [225]. The opening of the BBB following FUS-MB is on the order of
hours, and the BBBD is resolved by 6–24 h [226]. The extent to which the BBB is disrupted
is a function of both the acoustic power applied to brain, and the injection dose (ID) of the
microbubbles. The higher the acoustic power, and the higher the ID of the microbubble, the
greater the disruption of the BBB [227]. If the acoustic power is increased from 0.53 Mpa to
0.64 Mpa, and the ID of the microbubbles is increased from 0.1 to 0.5 mL/kg, then even a
200 nm pegylated liposome enters the brain [227]. However, as the ID of the microbubble
is increased from 0.15 mL/kg to 0.4 mL/kg, neuropathologic effects on brain are observed
including neuronal apoptosis and intra-cerebral hemorrhage [228], and the neurotoxicity of
FUS-MB treatment is discussed below.

Th FUS-MB approach to BBBD has entered into phase 1–2 clinical trials. Patients
with recurrent GBM were treated with a FUS dose escalation from 0.5 mPa to 1.1 Mpa, in
conjunction with an ID of 0.1 mL/kg of SonoVue microbubbles, which contain a hexaflu-
oride gas [229]. The FUS was administered by an ultrasonic transducer implanted in the
skull. No clinical efficacy was evaluated in this trial as no therapeutic was co-administered
with the BBBD. In a phase 1 trial of recurrent malignant glioma in 5 patients, the FUS-MB-
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induced BBBD was performed in conjunction with doxorubicin/pegylated liposomes in
1 patient and temozolomide in 4 patients [230]. The ID of the Definity microbubble was
up to 0.02 mL/kg. The FUS was administered by a helmet following shaving of the head
and in the presence of stand-by anesthesia. The sonicated area was determined by contrast
MRI of the head. The volume of the sonicated volume area of brain was about 0.5 mL,
and a biopsy was performed of the sonicated and non-sonicated peri-tumor tissue. BBBD
caused no increase in the brain concentration of either doxorubicin or temozolomide in this
pilot study [230]. A phase 1 trial of FUS-MB treatment was performed in 6 subjects with
recurrent glioblastoma [231]. In this acoustic power dose escalation study, the IV dose of
microbubbles was 0.1 mL/kg. No drug was co-administered in this trial [231]. Clinical
trials of the FUS-MB method of BBBD are being extended from life threatening focal disease
of brain, such as malignant glioma, to chronic neurodegenerative disease of brain including
Alzheimer’s disease (AD) [232] and amyotrophic lateral sclerosis (ALS) [233]. In these
phase 1 trials, no therapeutic was co-administered with the FUS-MB. To date, no clinical
trial has demonstrated any clinical efficacy of the FUS-MB method of BBBD in human
CNS disease.

The neuropathology of hyperosmolar BBBD is discussed in Section 4.1.1, and a similar
profile of neuropathology is caused by the FUS-MB method of BBBD. In both cases, the
brain parenchyma is exposed to serum protein, which enter brain following BBBD. The
FUS-MB treatment causes cell uptake of albumin, which is associated with activation of
astrocytes and microglia in brain [234]. Similar to the sterile inflammatory response (SIR)
caused by hyperosmolar BBBD [200], the FUS-MB form of BBBD also causes an SIR in
brain [201]. Albumin entry into the parenchyma of brain induces neuroinflammation
triggered by the NFκB pathway [201]. This SIR response, which is similar to that observed
in cerebral ischemia or traumatic brain injury [201], is associated with the up-regulation of
>1000 genes within 6–24 h of the FUS-MB treatment [235]. A recent review [236] suggests
that optimization of ultrasound parameters may allow for “safe” BBBD. However, the
FUS-MB method of BBBD seems to be an example of a therapy with a therapeutic index
of 1. If the BBB is disrupted, so as to allow the entry into brain of a therapeutic, the parallel
entry of plasma proteins, which are toxic to brain, is inescapable.

4.3. Miscellaneous Forms of BBBD

BBBD via intra-carotid arterial hyperosmolar mannitol (ICAHM), or via focused
ultrasound-microbubbles (FUS-MB), are aggressive approaches to brain drug delivery
that require treatment in the operating room either under anesthesia, in the case of IC-
AHM, or with standby anesthesia, in the case of FUS-MB. Attempts have been made to
produce BBBD biochemically, which gave rise to the development of RMP-7. However,
RMP-7 administration required an interventional radiologist for intra-carotid arterial ad-
ministration, and only worked in conditions with a pre-existing BBBD such as advanced
malignant gliomas [212]. A kind of ‘holy grail’ in brain pharmaceutics is the development
of a non-invasive form of BBBD following IV administration. The effort to disrupt the BBB
as a therapeutic intervention is paradoxical, because the BBB “allows for maintenance of
homeostasis of the CNS milieu” [237]. If this is true, then would not BBBD have serious
toxicity in the brain? Indeed, the most developed forms of BBBD, ICAHM and FUS-MB,
both cause a non-infectious inflammation in brain called a sterile inflammatory response
(SIR) [200,201,235]. ICAHM was demonstrated over 30 years ago to cause vascular pathol-
ogy in brain [202], and chronic neuropathologic effects in brain [203]. One of the earliest
forms of BBBD described was the intra-carotid artery injection of micellar forming con-
centrations of common neuropsychiatric drugs, nortriptyline and chlorpromazine [238].
However, this arterial drug-induced BBBD was clearly a toxicologic effect of very high
concentrations of these drugs. The miscellaneous forms of BBBD described below are also
toxicologic, not therapeutic, approaches to brain drug delivery.
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4.3.1. BBBD with Tight Junction Modulators

Both ICAHM and FUS-MB disrupt the BBB by opening tight junctions [185,221].
Alternative approaches to opening tight junctions have been proposed, and these can
be classified as to whether the agent is administered by the intravenous or the intra-
arterial route. The Ser-His-Ala-Val-Ser (SHAVS) pentapeptide includes the HAV tripeptide
sequence from the extracellular domain (ECD) of E-cadherin, a cell adhesion molecule
involved in tight junction formation. A cyclic version of the pentapeptide was more stable
in plasma [239]. The cyclic pentapeptide affected epithelial resistance in cell culture at high
peptide concentration of 0.5–1 mM, and IV administration of the cyclic peptide in mice
increased the brain uptake of gadolinium on MRI [239]. The co-administration of the linear
form of the SHAVS peptide and peroxiredoxin-1, an anti-oxidant enzyme, reduced tumor
growth in a mouse medulloblastoma tumor model [240]. The intra-arterial infusion of a
high concentration, 1 mM, of the linear form of the SHAVS peptide increases mannitol
uptake by brain [241].

A monoclonal antibody (MAb) against claudin-5 (CLDN5), a tight junction protein,
caused BBBD in a cell culture model [242]. IV administration of this MAb in primates at an
injection dose (ID) of 3 mg/kg caused increased uptake of fluorescein in the CSF. However,
the MAb has a narrow therapeutic index, as a dose of 6 mg/kg of the CLDN5 MAb induced
convulsions in monkeys [243].

Angubindin-1 is a 200-amino acid fragment derived from the Clostridium perfrin-
gens iota-toxin, and it binds tricellulin, a component of tricellular tight junctions [244].
Angubindin-1 was expressed as a glutathione S-transferase (GST) fusion protein, and was
administered IV to mice at an ID of 10 mg/kg. This treatment increased the brain uptake of
an antisense oligodexoynucleotide [244].

The intra-carotid arterial infusion of membrane active agents can also induce BBBD
by interference with tight junctions. Arterial infusion of 30 mM caproic acid, a 10-carbon
monocarboxylic acid, for 30 s causes enhanced transport of mannitol across the BBB;
however, 45–90 s infusions of caproic acid caused brain edema [245]. An emulsion of
triolein, a neutral triglyceride, causes BBBD following a 3 min manual carotid arterial
infusion over 60 s in the rat [246]. If BBBD enables the entry of plasma proteins into brain
parenchyma, this produces, by definition, the vasogenic form of brain edema [247].

4.3.2. BBBD with Adenosine Analogues

Regadenoson is an adenosine analogue that is FDA approved for cardiac stress tests,
and is administered as an IV dose of ~5 µg/kg [248]. Regadenoson is an adenosine receptor
(AR) agonist, and the IV injection of 1 µg/kg in rats produces only a marginal increase
in the brain uptake of 10 kDa dextran [249]. This may be due to the very rapid plasma
clearance of regadenoson, which has a plasma T1/2 of only 2–4 min [250]. The IV injection
of 3 sequential doses of regadenoson enhances brain uptake of 10 kDa dextran [249]. It is
not clear how regadenoson causes BBBD, since this drug, 5′-N-ethylcarboxamide adenosine
(NECA), has a MW of 390 Da and forms 12 hydrogen bonds with water. As discussed
in Section 6.1.2, small polar molecules with these properties do not cross the BBB. An
adenosine transporter is expressed on the BBB, as discussed in Section 6.2.5, but it is not
clear if NECA is a ligand for the adenosine transporter. Regadenoson, like RMP-7, may be
effective in the treatment of brain tumors that have a pre-existing leakage of the BBB. Rats
with an F344 experimental brain tumor were treated with oral temozolomide, 50 mg/kg,
in conjunction with an IV dose of Regadenoson of 0.5 µg/kg, and the BBBD increased the
tumor/plasma temozolomide ratio by 55% [250].

4.3.3. BBBD with Anti-Bacteria Antibodies

A MAb, designated 13.6E1, against the filamentous hemagglutin of Bordetella pertussis
was injected intravenously in rabbits at a dose of 30 µg/kg, and this produced BBBD,
as measured by the increased brain uptake of penicillin [251]. Immunohistochemistry
showed the MAb bound to the vasculature of human and rabbit brain [251]. Complete
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Freund’s adjuvant (CFA), which is composed of inactivated mycobacteria, causes BBBD in
mice, manifested by brain uptake of circulating IgG for 2–3 weeks, following a subcuta-
neous (SQ) injection of CFA [252]. The primary antigen of the mycobacterial cell wall is
lipoarabinomannan, and an IgM anti-mannan MAb was generated [253]. Following the
IV injection of 2 mg of the anti-mannan MAb in the rat, BBBD and vasogenic edema were
observed, in parallel with global brain uptake of gadolinium by MRI [253]. The BBBD
resolved within 24 h. BBBD is observed in experimental autoimmune encephalomyelitis
(EAE), which is produced following the SQ injection of guinea pig brain extract mixed in
complete Freund’s adjuvant [254]. The BBBD is this model is nearly eliminated by either
neuro-intermediate pituitary lobectomy or an arginine vasopressin (AVP) receptor blocker,
conivaptan [254]. This study implicates the role of the V1a or V2 AVP receptors in the
BBBD associated with EAE. Similarly, the vasogenic brain edema and BBBD that follows
permanent occlusion of the middle cerebral artery in experimental stroke was reduced by
conivaptan administration [255].

4.3.4. BBBD with Intra-Arterial Polycations

The carotid arterial infusion of 50–500 µg/mL protamine sulfate for 1–2 min in the rat
results in BBBD, associated with increase brain uptake of HRP in parallel with opening of
brain endothelial tight junctions [256]. A similar finding was observed in rabbits following
the carotid arterial infusion of protamine sulfate, and the BBBD to albumin caused by the
arterial infusion of protamine was attenuated by the co-infusion of the anionic heparin,
which neutralizes the cationic protamine [257]. No BBBD was induced by protamine if
the polycationic agent was administered by the intravenous route. The arterial infusion
of other polycationic agents, including poly-arginine, poly-lysine [258] or histone [259]
similarly caused BBBD. The BBBD induced by the intra-arterial infusion of polycations
is toxic, as the intra-arterial protamine infusion led to spongiotic shrunken nerve cells in
brain [260].

4.3.5. BBBD with Intra-Arterial Amphipathic Agents

Amphipathic agents form micelles at concentrations above the critical micellar con-
centration (CMC), and can disrupt the permeability of membranes [261], including the
BBB [238]. The intra-carotid arterial infusion of dehydrocholate, an oxidized bile salt,
causes BBBD to albumin [262]. Similar to hyperosmolar BBBD, which causes changes in
the EEG [207], BBBD due to dehydrocholate administration also causes changes in the
EEG [262]. The carotid arterial infusion of 20 µM oleic acid, an 18-carbon omega-9 free
fatty acid (FFA), causes BBBD to albumin [263]. The BBBD caused by the administration
of alkylglycerols was developed as a new brain drug delivery strategy [264]. However,
alkylglycerols, such as 1-O-hexyldigylcerol or 1-O-heptyltriglycerol, cause BBBD only after
carotid arterial infusion, and not after IV administration [265]. Only high 80 mM concen-
trations of alkylglycerols in the arterial infusate caused BBBD to small molecules. These
concentrations exceed the CMC and cause the formation of vesicles, which appear to be the
mechanism of increased BBB permeability [265]. Melittin, a 26 amino acid anti-microbial
peptide from bee venom, has recently been suggested as a new brain drug delivery strategy,
as intra-carotid arterial infusion of 3 µM melittin causes BBBD [266]. However, melittin
is unlikely to have an acceptable safety profile, as this peptide is known to alter mem-
brane permeability by inducing the formation of membrane holes [267]. These holes form
when the concentration of the peptide reaches a threshold ratio of peptide to membrane
lipid [267]. Other membrane active agents that have been proposed as new brain drug de-
livery strategies are L-borneol [268] and NEO100 [269], which have similar organic alcohol
amphipathic structures. The oral administration of 1200 mg/kg of L-borneol causes BBBD
to Evans blue/albumin [268]. However, this dose is near the 50% lethal dose (LD50) of
L-borneol, which is 300–5800 mg/kg in rodents [270]. NEO100 is perillyl alcohol, and the
intra-carotid arterial infusion of 20 mM NEO100 causes BBBD to albumin [269]. NEO100
produces no BBBD following IV administration [269], similar to the alkylglycerols [265].

33



Pharmaceutics 2022, 14, 1283

4.3.6. BBBD and Free Radicals

Methamphetamine causes BBBD in association with the formation of free radicals,
and the effect on the BBB is attenuated by Trolox, an anti-oxidant water-soluble analogue
of vitamin E [271]. The effect of methamphetamine on BBBD is not observed in the
caveolin-1 knockout mouse [272]. Methamphetamine, a highly addictive drug of abuse,
has been recently suggested as a new brain drug delivery strategy [272], which follows
the original suggestion of this idea made by Kast in 2007 [273]. The methamphetamine-
induced formation of reactive oxygen species in cultured endothelium is blocked by the
anti-oxidant, N-tertbutyl-α-phenylnitrone (PBN) [274]. PBN was originally tested in a
failed phase 3 clinical trial in stroke [275], and the drug development of PBN for stroke was
terminated [276]. PBN has a very low BBB PS product of only 0.1 µL/min/g [277], which
approximates the BBB PS produce for sucrose [278], which indicates there is minimal, if
any, BBB transport of PBN. More recently, PBN, also called OKN-007, has been shown to
cause BBBD to gadolinium in the rat following the IV administration of 18 mg/kg. BBBD
peaked at 2 h and returned to baseline at 4 h [279].

4.3.7. BBBD and Electromagnetic Radiation

The strength of an electric field can vary widely depending on the source, e.g., televi-
sion, cell phone, microwave, or radar. Exposure of male rats to ~1 GHz of radio-frequency
radiation, which is comparable to the radiation emitted by a cell phone, causes BBBD [280].
The emission from a 5G cell phone is even higher [281]. Recently, the BBBD caused by
exposure to pulsed electric fields (PEF) has been proposed as a new approach to brain
drug delivery, which is considered to have advantages over FUS-MB, as no administra-
tion of microbubbles is required. BBBD in tumor-bearing rats was caused by repetitive
electromagnetic pulses of 2.5 kV/m [282]. Focal BBBD was produced by the placement of
an intra-cerebral probe that generated PEFs of ~1 kV/m [283]. Presumably, the requisite
preclinical toxicologic evaluations of The PEF technology will be performed prior to human
clinical trials.

In conclusion, BBBD, by any means, is a drug delivery technology that likely has a
therapeutic index of 1. If the BBB is disrupted, for the purpose of brain drug delivery, then
BBB is also disrupted to plasma proteins, or other agents in blood, that induce neurotoxicity.

5. Cell-Mediated BBB Transport
5.1. Stem Cells for Brain Drug Delivery

Mesenchymal stem cells (MSC), such as those derived from bone marrow, are said to
cross the BBB and, therefore, to offer the potential as a conduit for brain drug delivery [284].
However, the studies cited [285,286] as evidence for BBB transport of MSCs do not support
the hypothesis that stem cells cross the intact BBB. In one study of a spinal cord lesion model,
the stem cells were injected directly into the spinal cord, thus bypassing the BBB [285]. In the
other cited study, stem cells were injected intravenously at 1–6 weeks following a contusion
spinal cord injury (SCI) model [286]. However, the blood-spinal cord barrier is disrupted
for weeks in contusion SCI models [287]. These findings show there is no evidence that
stem cells cross the BBB as discussed in a recent review [288]. Early work examined the
distribution of stem cells in brain after IV injection, and observed that no stem cells were
detected in brain parenchyma, although stem cells invade the meninges of brain [289],
where there is no BBB. The delivery of stem cells for the treatment of recovery from cerebral
ischemia requires BBBD with intra-arterial mannitol [290]. Stem cell transplant (SCT) with
MSCs is a primary form of treatment of infants with MPSI or Hurler syndrome, which is
caused by mutations in the IDUA gene [291]. SCT in MPSI reduces hydrocephalus [291],
which is consistent with meningeal infiltration by the stem cells [289]. However, SCT
in MPSI causes no reduction in CSF GAGs [292]. MSCs were permanently transfected
with a cDNA encoding IDUA by lentiviral transfection, and injected in IDUA null MPSI
mice [293]. The stem cells were transfected with lentivirus to a vector copy number (VCN)
of 5–11. This VCN is considered high, whereas the FDA requires a VCN < 5 for human
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therapeutics, as the lentivirus is potentially mutagenic [294]. Despite the high VCN, the
stem cell-lentiviral genome in brain was at the background level and log orders lower than
in peripheral tissues [293]. Future forms of stem cell therapy will likely evolve toward the
use of human-induced pluripotent stem cells (iPSC), which are reviewed in Section 11.7.2.
However, at present, there is no evidence that iPSCs selectively cross the BBB relative
to MSCs.

5.2. Exosomes for Brain Drug Delivery

The lack of success in brain drug delivery with stem cells has led to the development
of exosomes as a brain drug delivery vehicle [295,296]. Exosomes are naturally occurring
extracellular vesicles, which are released from the plasma membrane of cells, and may be
taken up by neighboring cells. Exosomes are isolated from cultured cells. The cell debris is
removed by centrifugation at 12,000× g, and the exosomes are harvested at 120,000× g [67].
For brain drug delivery, exosomes need a targeting mechanism so as to trigger receptor-
mediated transcytosis (RMT) across the BBB. RMT is discussed below in Section 8.1. In the
absence of a targeting mechanism built into the exosome, then BBB transport is minimal,
unless the exosome naturally expresses a targeting ligand, as discussed below. In an
early study on the brain drug delivery of short interfering RNA (siRNA), exosomes were
prepared from bone marrow dendritic cells that had been permanently transfected with a
cDNA encoding a fusion protein of lysosomal associated membrane protein 2b (Lamp2b)
and a 29-amino acid peptide derived from the rabies virus glycoprotein (RVG). The RVG
peptide is believed to trigger RMT across the BBB via the nicotinic acetylcholine receptor
(nAChR) [297]. However, as discussed in Section 8.1.7, the IHC of brain shows no expression
of the nAChR at the brain endothelium. The yield of exosomes from these transfected
cells was 30 µg protein from 3 × 106 cells [67]. Since the protein content of 106 cells is
0.2 mg protein [298], the yield of exosomes from the cells was about 5%. The siRNA was
encapsulated in the exosomes by electroporation [67]. The problem of encapsulating drugs
into exosomes is the same as drug encapsulation in cells, and electroporation is required
for a large molecule drug such as siRNA. The siRNA encapsulated in the RVG-targeted
exosomes was injected into mice at a relatively large dose of siRNA of 6 mg/kg [67].

A limiting problem in exosome drug delivery is the encapsulation of the drug in the
exosome. A hydrophobic small molecule can be passively encapsulated, but even a small
molecule that is hydrophilic must be incorporated in the exosome by electroporation [299].
An alternative approach is to bind the drug to the surface of the exosome. This was
performed for a siRNA therapeutic by engineering a fusion protein of the G58 domain of
glyceraldehyde dehydrogenase, which binds the surface of exosomes and a RNA binding
protein, trans-activation-responsive RNA-binding protein 2 (TARBP2), which binds double-
stranded RNA, such as siRNA [300]. A three-way complex was then formed by mixing
the exosomes derived from either mesenchymal stem cells or human embryonic kidney
293T cells, the G58-TARBP2 fusion protein, and the siRNA. IV administration in mice
resulted in rapid clearance from the blood and a 10-fold higher uptake in peripheral organs
as compared to brain [300]. The rapid clearance of exosomes from blood is the same
pharmacokinetic (PK) problem that confounded early drug development of liposomes.
After the IV administration of liposomes, the surface of the vesicles was coated by plasma
proteins, which triggered uptake by cells lining the reticulo-endothelial system in liver and
spleen. This problem of rapid clearance of liposomes was diminished by incorporation
of polyethyleneglycol (PEG) in the surface of the liposome [301], which is discussed in
Section 9. A post-insertion method for introducing PEG-lipids in pre-formed liposomes
was developed [302], and presumably could be used with exosomes.

An alternative to the engineering of cell lines that produce targeting ligands on the
exosome surface is the production of exosomes that naturally express a surface ligand that
binds a receptor on the BBB. Exosomes derived from the SK-Mel-28 breast cancer cell line
target the CD46 receptor [303]. CD46 is an inhibitory complement receptor that is expressed
at the BBB and astrocyte foot processes [304]. Exosomes isolated from fresh mouse blood
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express the transferrin receptor (TfR), and loading of brain endothelial cells in culture
with transferrin triggered uptake of the Tf-coated exosomes [305]. Exosomes were isolated
from bone marrow macrophages, and the therapeutic, the recombinant TPP1 proenzyme, a
70 kDa lysosomal enzyme, was incorporated into the exosomes by sonication [306]. With
no exosome targeting ligand, it was necessary to bypass the BBB, and to administer these
exosomes by intrathecal injection [306].

Exosomes have generated considerable enthusiasm as a brain drug delivery system,
and multiple review articles have been published on exosomes and brain delivery in just
the last 3–4 years. However, it is not clear how this technology can be translated to human
therapeutics, nor is it clear how exosomes offer advantages over synthetic nanocontainers,
such as targeted pegylated immunoliposomes discussed in Section 10.2. Translation of
exosome brain drug delivery technology to human therapeutics will require solutions to
multiple problems including:

• Low yield of exosomes from the starting cell line. These yields are generally not pro-
vided in exosome publications, but may be on the order of only 5%, as discussed above.

• Poor PK properties, and rapid exosome removal from blood, similar to non-pegylated
liposomes [301].

• Drug encapsulation in the exosomes requires procedures such as electroporation [67]
or sonication [306], which is difficult to scale up for manufacturing. Passive loading
will work only for hydrophobic small molecules [299]. Many therapeutics may leak
out of exosomes on storage, similar to the drug leakage from liposomes [307].

• Exosomes will generally require a targeting ligand on the surface of the vesicle, so as
to promote RMT across the BBB. The incorporation of such ligands will require genetic
modification of the cell line used to produce the exosomes.

• The stability of exosomes is unknown. A 2-year shelf life at 4 ◦C typically needs to
be established for biologics, and it is not clear if exosomes, which are composed of
multiple membrane elements, have any significant degree of stability on storage. To
what extent exosomes can be lyophilized and then re-solubilized with both high drug
retention and BBB transport is not known.

6. Brain Drug Delivery of Small Molecules
6.1. Lipid-Mediated Transport of Small Molecules
6.1.1. Approved Small Molecule Drugs for the CNS

A review of the 200 most-prescribed drugs in the United States shows that CNS drugs
comprise 19% of these pharmaceuticals [308]. Of these 38 most-prescribed CNS drugs, 66%
are for psychiatric conditions, including depression, psychosis, anxiety, and hyperactivity,
and 21% are for epilepsy. Therefore, 87% of the most-prescribed CNS drugs cover only two
classes of CNS disorders, neuropsychiatric conditions and epilepsy. The MW of these CNS
active drugs ranges from 135 Da to 448 Da, with a mean ± SD of 276 ± 77 Da. Only 2 of
the 38 drugs have a MW between 400–450 Da. The number of hydrogen bonds formed
by these 38 drugs ranges from 2–6, and only 2 drugs form 6 hydrogen bonds with water.
CNS drug development in 2022 has not really advanced beyond the post-World War II
era of the 1950s, when the prototypes of present-day CNS pharmaceutics were developed,
such as phenothiazines [40], tricyclic antidepressants [41], benzodiazepines [309], and
phenytoin [310], i.e., treatments only for neuropsychiatric conditions and for epilepsy.

Only about 2% of small molecule drugs are active in the CNS [1]. This conclusion is
drawn from the following reviews on small molecule CNS drugs. A survey of >6000 drugs
in the Comprehensive Medicinal Chemistry database shows that only 6% of drugs are
active in the CNS, and these drugs are generally confined to the treatment of psychiatric
conditions and insomnia [311]. In another review of drugs, 12% were found to be active
in the CNS, but if psychiatric disorders were excluded, only 1% of all drugs are active in
the brain [312]. The 2% figure is a compromise between the fraction of all drugs active
in the brain, 6–12%, and the fraction of drugs active in non-psychiatric conditions of
brain, 1%. The reason that so few drugs are active in the CNS is that the type of small
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molecule that crosses the BBB via free diffusion must exhibit two necessary properties: (a) a
MW < 450 Da [313], and (b) a structure that forms less than eight hydrogen bonds [314].
The vast majority of small molecule drug candidates lack these molecular properties and
cannot be developed for CNS conditions.

6.1.2. Mechanism of Small Molecule Diffusion through the BBB

The mechanism of small molecule diffusion through the BBB is the same as that
which governs solute-free diffusion through biological membranes. For many years, it was
believed that membrane permeability was proportional to lipid solubility, as reflected in
the partition of the drug in a model solvent such as 1-octanol. Thus, measurement of the
octanol partition coefficient (K) should predict membrane permeability as governed by the
model of solute diffusion developed by Overton in 1901 [315]. The Overton model makes
no allowance for solute size or MW. In 1980 Levin [316] observed that BBB permeability
of drugs was proportional to lipid solubility providing the MW of the drug was <400 Da.
This finding indicated that there was a threshold of MW governing BBB transport via
free diffusion. The role of molecular size and MW in solute-free diffusion through lipid
bilayers, as opposed to diffusion through a solvent, was formulated by Lieb and Stein [317].
The diffusion coefficient (D) of drug within a membrane was exponentially and inversely
related to the size of the drug. The mechanism by which drug permeation through a
biological membrane could be a function of solute size was put forward by Trauble in
1970 [318]. In this model, solutes penetrate a biological membrane by jumping through
transitory holes in the membrane that are caused by the kinking of mobile fatty acyl side
chains of membrane phospholipids, as depicted in Figure 8.

Figure 8. Overton vs. Stein models of solute diffusion through membranes. (A) Overton model
of solute diffusion through biological membranes. Membrane permeability is independent of solute
molecular size [315]. (B) Stein model of solute diffusion through membranes [317]. Membrane
permeability is exponentially related to the molecular volume of the drug (Vd) relative to the volume
(Vh) of transitory holes formed in the membrane. These membrane holes are formed by kinking of
phospholipid fatty acyl side chains, as depicted in the model. Adapted from [15], Copyright© 2020
licensed under Creative Commons Attribution License (CC-BY).

Solutes are hypothesized to traverse a biological membrane through a process of
molecular “hitch-hiking”, through neighboring holes within the phospholipid bilayer until
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the solute traverses the membrane. The MW dependence of solute or drug free diffusion
through a biological membrane is not predicted by the Overton model (Figure 8A), but is
predicted by the Stein model (Figure 8B). If the MW or size of the drug is too large to fit into
the membrane holes, then membrane permeation is decreased in proportion to molecular
size. BBB permeability is decreased 100-fold when the cross-sectional area of the drug is
increased from 52 Å2 to a cross-sectional area of 105 Å2 [319]. This exponential decrease in
BBB permeation as the size of the drug increases comports with the models of Stein [317]
and Trauble [318], as reviewed recently [320].

Apart from the molecular volume of the drug, as reflected in the MW, the other
important factor limiting small molecule movement through membranes is polarity of the
drug, as reflected in the number of hydrogen bonds formed between the drug and solvent
water [317,321]. BBB permeation decreases by 1 log order for each pair of hydrogen bonds
formed by functional groups on the drug as exemplified by either steroid hormones [322]
or peptides [323]. The effect of hydrogen bonding on BBB transport is illustrated by the
1972 study of Oldendorf et al. [42]. The BBB transport of heroin, which is diacetylmorphine,
is >10-fold faster than the BBB transport of morphine [42]. The acetylation of the 2 hydroxyl
groups converts morphine to heroin, and removes a total of 4 hydrogen bonds from the
parent drug.

In summary, the likelihood of BBB transport of a given small molecule can be estimated
from the MW and structure of the drug. If the MW > 450 Da, and/or the structure of the
drug includes polar functional groups that form >7 hydrogen bonds, then the BBB transport
of the drug will be low, in the absence of carrier-mediated transport. Conversely, if the
MW < 450 Da and the drug forms ≤7 hydrogen bonds with water, then the BBB transport
of the drug may be significant, assuming the drug is not a substrate for an active efflux
transporter, such as p-glycoprotein, as reviewed in Section 6.3.2.

6.1.3. Lipid-Soluble Pro-Drugs

The BBB transport of morphine is increased nearly 100-fold by acetylation of both
hydroxyl groups on morphine to form heroin [42]. Heroin is a morphine prodrug. However,
the development of CNS prodrugs has proven to be difficult, and there are few FDA-
approved CNS drugs wherein medicinal chemistry was used to convert a hydrophilic CNS
drug, that does not cross the BBB, to a lipid-soluble prodrug that does cross the BBB [324].
The ‘lipidization’ of the hydrophilic drug by blocking hydrogen bond forming functional
groups can increase the BBB permeability–surface area (PS) product, assuming the MW of
the prodrug is <450 Da. However, lipidization also increases drug uptake by peripheral
tissues, which reduces the plasma AUC of the drug. The increase in PS product is offset by
the reduced plasma AUC, which results in only minor changes in the brain uptake of the
drug, or % injected dose (ID)/g brain. The relationships between brain drug uptake, BBB
PS product, and plasma AUC are given by Equation (1),

%ID/g = (BBB PS product) × (plasma AUC) (1)

Equation (1) is an approximation of Equation (7) in Section 11.4.4 (Methods), where
the volume of distribution (VD) of the test drug is much greater than the brain plasma
volume [1]. Equation (1) shows that drug lipidization that enhances BBB permeability, or
PS product, does not translate to a parallel increase in brain uptake, or %ID/g, if there is a
corresponding decrease in plasma AUC.

Xamoterol is a beta-1 adrenergic receptor agonist that is a potential treatment for
AD [325]. Medicinal chemistry was used to replace a hydrogen bond forming amide
functional group with a less polar ether group, and this xamoterol prodrug is designated
STD-101-01 [325]. However, the oral bioavailability of the drug is low, which requires
IV administration of the drug. The prodrug is rapidly removed from plasma, and the
peak brain concentration of the prodrug in the rat is only 0.04%ID/g at 20 min after an IV
injection of 10 mg/kg [325].
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One of the few FDA-approved prodrugs for the CNS is dimethylfumarate for multiple
sclerosis (MS) [326]. Monomethylfumarate activates the nuclear factor E2-related factor-2
pathway involved in oxidate stress [326]. Fumarate is a dicarboxylic acid, which do not cross
the BBB [327]. Methyl esterification of both carboxyl groups reduces the hydrophilicity of
the parent fumarate and enables BBB transfer. Other FDA-approved prodrugs, gabapentin
enacarbil, and eslicarbazepine acetate [324], increase the oral bioavailability of drugs that
already cross the BBB.

6.1.4. Conjugation of Hydrophilic Drugs to Hydrophobic Carriers

A number of hydrophobic carriers have been used in an attempt to deliver hydrophilic
drugs across the BBB. An early hydrophobic carrier was dihydropyridine (DHP) [328].
A hydrophilic drug, which did not cross the BBB, was conjugated to the DHP carrier.
Once in brain, the DHP moiety was oxidized to a quaternary ammonium salt, which
sequestered the conjugate in brain, since quaternary ammonium compounds do not cross
the BBB. However, this approach does not block the hydrogen bond forming functional
groups on the pharmaceutical agent, and BBB transport may not be enhanced by DHP
conjugation [329]. The primary advantage of the DHP system is the sequestration in brain
of a drug that is already hydrophobic such as estradiol (E2). The E2-DHP conjugate has a
long residence time in brain compared to E2 alone [330]. However, the E2-DHP conjugate
is highly hydrophobic and is administered IV in 100% dimethylsulfoxide (DMSO) [330].
The IV administration of 0.25 mL of 10–15% DMSO in the mouse causes BBBD to a 40 kDa
protein, HRP [331]. Certain drug diluents, such as DMSO or sodium dodecylsulfate, may
enable drug penetration through a BBB that is permeabilized by the detergent co-injected
with the drug. Another problem with DHP conjugation is that the DHP modified drugs are
labile, owing to oxidation [332].

Docosahexaenoic acid (DHA), a C22:6 essential free fatty acid (FFA), was proposed as
a lipid carrier for brain drug delivery [57]. Interest in DHA as a lipid carrier was renewed
by the finding that DHA is transported across the BBB via the major facilitator superfamily
domain containing 2a (Mfsd2a) transporter [333], and DHA has been proposed as a ligand
for the Mfsd2a-mediated transport of DHA-conjugated nanoparticles [334]. However,
Mfsd2a does not transport unesterified DHA, but rather the lysolecithin form of esterified
DHA [333]. Brain uptake of free DHA is not reduced in the Mfsd2a knockout mouse, and
liver uptake of free DHA is 50-fold greater than the brain uptake of free DHA [333]. The
brain uptake of DHA esterified as lysolecithin is nearly 10-fold greater than the unesterified
form of DHA [333]. Nevertheless, the brain uptake of esterified DHA is still quite low,
<<0.001%ID/g [333]. A contributing factor to the poor BBB transport of DHA is the avid
binding of this FFA to albumin [335]. Owing to the very low BBB transport of DHA, it was
necessary to employ BBB disruption by focused ultrasound to produce a significant brain
level of LDL nanoparticles conjugated with DHA [336].

Other FFAs, such as the C18 unsaturated stearic acid, have been proposed as lipid
carriers, even for large proteins such as the 40 kDa HRP [337]. HRP was conjugated with
stearate and radio-iodinated by chloramine T [337]. Conjugation of a FFA to a protein
such as HRP would not be expected to mediate free diffusion through the BBB, owing to
the 450 Da MW threshold discussed in Section 6.1.2. Stearate conjugation of HRP had no
effect on the brain uptake of the protein, measured as %ID/g, over a 3 h period after IV
administration [337].

In summary, neither the use of medicinal chemistry to block polar functional groups
on hydrophilic drug candidates, nor the conjugation of hydrophilic drugs to lipid carriers,
has led to a significant number of new drug candidates for CNS disease that cross the BBB
and can enter CNS clinical trials. An alternative approach, discussed in Section 6.2, uses
medicinal chemistry to target endogenous carrier-mediated transporters (CMT) expressed
at the BBB.
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6.2. Carrier-Mediated Transport of Small Molecules

BBB carrier-mediated transporters (CMT) are members of the Solute Carrier (SLC)
gene superfamily, which is the second largest gene family of membrane proteins behind G
protein-coupled receptors. There are >400 genes, and >60 families of the SLC transporter
gene super-family, often with extensive redundancy [338]. For example, there are >10 GLUT
glucose transporters. Owing to the presence of multiple transporters for any given class
of nutrients, it is necessary to confirm that the substrate transporter profile (STP) that
is observed in vivo at the BBB is the same as the STP that is observed following in vitro
expression of the SLC transporter that is said to function at the BBB [339]. This correlation
of the in vivo/in vitro STP is especially crucial if BBB-penetrating small molecule drugs
are developed to traverse the BBB via a specific CMT member of the SLC gene superfamily.

6.2.1. GLUT1 Glucose Carrier

BBB glucose transport is stereospecific for D-glucose, and shows no affinity for L-
glucose or fructose [48]. Multiple hexoses are transported via the BBB glucose transporter
and the Km values for 2-deoxyglucose, D-glucose, 3-O-methylglucose (3OMG), D-mannose,
and D-galactose, are 6 mM, 9 mM, 10 mM, 22 mM, and 42 mM, respectively [340]. The
Vmax is constant for all hexoses, which means the Km is a true affinity constant for hexose
binding to the carrier, and the rate-limiting step is glucose mobility through the transporter
cavity [340]. The BBB glucose transporter is sodium-independent and is inhibited by
phloretin, Ki = 16 µM, and phlorizin, Ki = 400 µM [340]. There are at least 14 different
sodium independent glucose transporter (GLUT) genes, and at least 5 GLUT genes are
expressed in brain including GLUT1, GLUT3, GLUT6, GLUT8, and GLUT13 [341]. The
GLUT1 transporter (SLC2A1) is responsible for >95% of BBB glucose transport. This
was demonstrated by showing the concentration of immunoreactive GLUT1 in a bovine
brain capillary plasma membrane fraction, quantified with purified human erythrocyte
GLUT1 as an assay standard, was identical to the concentration of D-glucose displaceable
cytochalasin B binding sites in the brain capillary membrane fraction [342]. The equivalence
of total glucose transporter sites and total GLUT1 sites at the BBB was confirmed with
intact microvessels isolated from 70-day-old rabbits [343]. The concentrations of total D-
glucose displaceable cytochalasin B binding sites, and total immunoreactive GLUT1, were
102 ± 25 pmol/mg protein and 111 ± 3 pmol/mg protein, respectively [343]. Cytochalasin
B binds to all GLUTs, so the equivalence of the total GLUT1 and total glucose transporter
levels at the brain capillary excludes a significant role for GLUTs other than GLUT1 as a
BBB glucose carrier [342]. The concentration of GLUT1 mRNA at the brain capillary is at
least a log order higher than the concentration of GLUT1 mRNA in the parenchyma of
bovine brain [344], a finding confirmed with qPCR for rat brain [345].

The crystal structure of the human GLUT1 glucose transporter has been determined
by X-ray crystallography [346]. The formation of GLUT1 crystals was facilitated by two
point mutations: N45T and E329Q. The N45T mutation removes the single N-linked
glycosylation site, and the E329Q mutation locked the transporter in an inward facing
orientation [346]. The three-dimensional structure of the GLUT1 transporter shows the
transporter protein forms a trans-membrane cavity that can be alternately accessed by
the substrate from either side of the plasma membrane. The transporter cavity may exist
in either an inward closed conformation, to mediate transport of D-glucose from blood
or brain ECS to the intra-endothelial compartment, or may exist in an outward closed
conformation, to mediate sugar transport from the intra-endothelial compartment to the
plasma or brain ECS [346]. The GLUT1 carrier is composed of 12 transmembrane regions
(TMR), which form a carboxyl terminal domain and an amino terminal domain. TMRs 1–6
form the amino terminal domain, and TMRs 7–12 form the carboxyl terminal domain TMR.
The outward open conformation is largely coordinated by Aas in the carboxyl terminal
domain (C), whereas the inward open conformation is largely determined by AAs in the
amino terminal domain (N) [346]. The carboxyl terminal and amino terminal domains
are connected by a short intracellular (IC) helical bundle. The structure of the GLUT1
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transporter was also visualized by a surface electrostatic model [346]. This model reveals
the central transporter cavity through which D-glucose, but not L-glucose, and certain other
hexoses move to traverse the endothelial membrane. This transporter cavity is small, with
dimensions of 0.8 × 1.5 nm [347], which is sufficiently large to accept D-glucose, which
has a long axis of only 1 nm (10 angstroms). Therefore, as discussed below, it is dubious
to expect that a conjugate of D-glucose and a drug, which does not cross the BBB, can be
expected to move through the narrow, stereospecific gated cavity of the GLUT1 transporter.
The TMR structure of the GLUT1 glucose transporter is shown in Figure 9A (left side), and
the electrostatic model of the GLUT1 glucose transporter is shown in Figure 9A (right side).

Figure 9. Structure of GLUT1 and LAT1 carrier-mediated transporters. (A) (Left) Model of crystal
structure of human GLUT1 showing orientation of 12 transmembrane regions (TMR) in four 3-helical
repeat domains composed of TMRs 1,4,7,10 (blue), TMRs 3,6,9,12 (green), and TMRs 2,5,8,11 (purple);
the extracellular and intracellular helices are shown in dark blue and orange, respectively. (Right)
Surface electrostatic potential model shows a central transporter cavity. Reproduced with permission
from [346], Copyright© 2014 Springer-Nature. (B) Inward-facing and outward-facing models of the
LAT1-4F2hc heteroduplex. LAT1 is composed of 12 TMRs, which form scaffolding and gating do-
mains. The 4F2hc is formed by an extracellular domain (ECD), a transmembrane (TM) domain, which
binds to TMR4 of LAT1, and an intracellular loop (H1′). Reproduced with permission from [348],
Copyright© 2019 Springer-Nature.

Drugs that are designed to cross the BBB via the GLUT1 transporter, or for any BBB
CMT system, fall into two categories: glucose-mimetic drugs or glucose-drug conjugates.
A glucose-mimetic drug retains the basic structure of the D-glucose molecule, but certain
substituents are added to the hexose that both (a) confer a pharmaceutical property on the
glucose analogue, and (b) retain sufficient affinity for GLUT1 so that the glucose-mimetic
drug traverses the BBB. Examples of glucose-mimetic drugs that are transported via GLUT1
include 2-deoxy [340] and 6-deoxy-6-chloro [349] analogues of D-glucose, both of which
have a higher affinity for the BBB glucose carrier than D-glucose. The conjugation of a
methylsulfonyl moiety to the 4-O and 6-O, but not the 3-O, hydroxyls was possible and a
reasonable affinity of the glucose-mimetic for GLUT1 was retained [350].

The glucose-drug conjugate approach to brain drug delivery via GLUT1 involves
the conjugation of a drug or peptide, which normally does not cross the BBB, to one of
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the hydroxyl groups on D-glucose. Glucose conjugates have been prepared for peptides
and small molecules. Glucose was conjugated to the serine hydroxyl group of enkephalin
peptides, and brain delivery of the hexa- or heptapeptide glucose conjugate was hypoth-
esized to be mediated via GLUT1 at the BBB [351], although subsequent carotid arterial
perfusion studies showed the conjugate had no affinity for GLUT1 [352]. Venlafaxine,
which is a hydrophobic small molecule that crosses the BBB, was conjugated to D-glucose
via an extensive linker, and this construct produced a new agent four times the size of
D-glucose [353]. Studies demonstrating affinity of the conjugate for GLUT1 were not per-
formed. A carboranylmethyl-glucose conjugate was synthesized to enable GLUT1 delivery
of the boron agent for boron neutron capture therapy of cancer [354]. The borocaptate
moiety conjugated to D-glucose was larger than the D-glucose molecule alone. Although
the conjugate was taken up by a human cancer cell line in culture, no study showing this
uptake was mediated via GLUT1 was performed [354].

6.2.2. LAT1 Large Neutral Amino Acid Carrier

Large neutral amino acids (LNAA) traverse the BBB via a saturable transporter [48] that
is characterized by high affinity (low Km) for the LNAAs ranging from a Km of 0.12 mM for
L-phenylalanine to a Km of 0.73 mM for L-threonine [355]. These Km values approximate
the LNAA plasma concentrations [356], which makes the brain selectively vulnerable to
the high plasma concentrations of hyper-aminoacidemias, such as phenylketonuria, as
discussed further in Section 11.4.1. The initial cloning of the major LNAA transporter,
designated LAT1 (SLC7A5), from a C6 rat glioma line was enabled by the co-expression
of 4F2hc (SLC3A2), which forms a hetero-duplex within the membrane with LAT1 [357].
The LNAA transporter at the BBB was cloned using frog oocyte expression of synthetic
RNA produced from a bovine brain capillary cDNA library, and was shown to have an
89% amino acid identity with rat LAT1 [358]. Northern blotting showed the LAT1 mRNA
was selectively expressed in brain capillary endothelial cells in vivo, and the LAT1 mRNA
was at least 100-fold higher at the BBB as compared either to C6 rat glioma cells or to brain
parenchyma [358]. The LAT1 mRNA was not detected in liver, heart, lung, or kidney [358].
Transport of tryptophan into oocytes expressing the cloned BBB LAT1 was characterized
by high affinity with a Km of 32 µM [358], which correlates with the Km of tryptophan
transport across the BBB in vivo [355].

The 3D structure of the human LAT1/4F2hc hetero-duplex has been determined by
cryo-electron microscopy [348], and is depicted in Figure 9B. The 4F2hc protein is composed
of an extracellular domain (ECD), a transmembrane (TM) domain and an intracellular
H1′ loop (Figure 9B). The LAT1 protein is formed by 12 TMRs, and TMR4 of LAT1 has
hydrophobic interactions with the TM domain of 4F2hc to stabilize the complex [348].
This interaction between LAT1 and 4F2hc occurs away from the transporter-gated cavity
(Figure 9B). The narrow substrate cavity of LAT1 is adjacent to TMR1 and TMR6 (Figure 9B).
BBB transport of LNAAs via LAT1 is sharply stereospecific for some amino acids [359]. The
affinity of D-leucine is reduced about three-fold compared to L-leucine, but the affinity of
D-tryptophan is >100-fold lower than the affinity of L-tryptophan, and the D-isomers of
L-DOPA, isoleucine, valine, and threonine have no affinity for LAT1 [359]. The stereospeci-
ficity of BBB transport of LNAAs comports with the narrow-gated cavity through which
amino acids traverse the membrane via LAT1 (Figure 9B).

There are major differences in the kinetics and transporter expression at the BBB
for GLUT1 and LAT1 CMT systems. The Km and Vmax values for GLUT1 and LAT1
differ by more than two log orders of magnitude [339]. The brain capillary endothelial
concentration (Ccap) of a BBB CMT system was first determined for GLUT1 using quan-
titative Western blotting, and cytochalasin B Scatchard plots, which showed the Ccap
of GLUT1 was 100–110 pmol/mg protein [343]. Subsequently, the Ccap of GLUT1 was
determined by quantitative targeted absolute proteomics (QTAP). In this approach, iso-
lated brain capillaries were combined with liquid chromatography/mass spectrometry
(LC-MS), along with sequence specific peptide standards, to measure the mass of GLUT1 at
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the brain capillary [360]. The concentration of GLUT1 in human brain capillaries (Ccap)
is 139 ± 46 pmol/mg protein [360], which correlates with the Ccap of immunoreactive
GLUT1 [343]. The QTAP technology has produced measurements of the Ccap for many
different CMT, RMT, and AET systems, as discussed below. The Ccap values for LAT1,
the cationic amino acid transporter 1 (CAT1), and the monocarboxylic acid transporter 1
(MCT1) have been measured by QTAP, and the Ccap of LAT1, CAT1, and MCT1 is much
lower than the Ccap of GLUT1. The lower Ccap values for LAT1, CAT1, and MCT1, as
compared to GLUT1, parallels the Vmax values of substrate transport through these CMT
systems at the BBB in vivo [361]. The Vmax/Ccap ratio provides a measure of the trans-
porter turnover rate, or number of substrate molecules transported per second at maximal
velocity. The Km, Vmax, Ccap, and transporter turnover rate for GLUT1, MCT1, LAT1, and
CAT1 are shown in Table 2.

Table 2. Blood–brain barrier carrier-mediated transport system.

Carrier SLC Gene Substrate Km (µM) Vmax (nmol/min/g) Ccap (pmol/mgp) Molecules per S *

Hexose (GLUT1) 2A1 D-glucose 11,000 ± 1400 1420 ± 140 139 ± 46 600

Monocarboxylates
(MCT1) 16A1 L-lactate 1800 ± 600 91 ± 35 2.3 ± 0.8 2300

Large neutral AAs
(LAT1) 7A5 L-phenylalanine 26 ± 6 22 ± 4 0.43 ± 0.09 3000

Cationic AAs
(CAT1) 7A1 L-arginine 40 ± 24 5 ± 3 1.1 ± 0.2 270

AA = amino acid; Km, Vmax and molecules/s from [361]; brain capillary transporter concentration (Ccap) from [360];
calculation of number of molecules transported per s derived from Vmax/Ccap ratio, assuming 0.14 mg capillary protein
per gram brain, and that 50% of the capillary transporter is distributed to the luminal endothelial membrane [361].
* Molecules/s is the number of substrate molecules that flux through the transporter per second at maximal veloc-
ity (Vmax).

The number of substrate molecules transported per second at maximal velocity, as
determined from the Vmax/Ccap ratio [361], varies from 270–3000 substrates per second
(Table 2). Thus, the transporter turnover rate can vary over a log order of magnitude, which
explains why there is only an approximate correlation between the Vmax of the transporter
in vivo, and the Ccap as measured by QTAP (Table 2).

There are a number of FDA-approved CNS drugs that penetrate the BBB via LAT1,
although in all cases, this was a serendipitous finding. The first LAT1 drug developed was
L-dihydroxyphenylalanine (L-DOPA) for PD, which was approved in 1970. L-DOPA crosses
the BBB via LAT1 and is converted in brain to dopamine via the action of aromatic amino
acid decarboxylase (AAAD). In 1959, Holtz [362] reviewed the conversion of L-DOPA
into dopamine by AAAD. In 1963, Yoshida et al. [363] reported experiments showing the
uptake of L-DOPA by brain slices was inhibited by LNAAs, but not by a small neutral
amino acid, alanine, or an acidic amino acid, glutamate. In 1966, Hornykiewicz [45]
reviewed the low production of dopamine in the striatum of PD, and the ability of L-DOPA
administration to increase brain dopamine, but did not mention either the BBB or how
L-DOPA gains access to the CNS. In 1975, Wade and Katzman [45], using the Oldendorf
BUI technique [46], demonstrated L-DOPA crosses the BBB on an amino acid transport
system, and in 2000, Kageyama et al. [364] showed that L-DOPA is a substrate for LAT1.
Phenylalanine mustard (melphalan), a chemotherapeutic alkylating agent, was shown to be
therapeutic in mice with experimental brain cancer [365], and subsequent arterial infusion
experiments demonstrated that melphalan crossed the BBB via the LNAA transporter [366].
Melphalan was subsequently shown to be a ligand for LAT1 [367]. Gabapentin, a γ-amino
acid, was developed as a new anti-convulsant in the 1990s, and cerebral microdialysis
showed gabapentin crossed the BBB, although no mention was made as to mechanism
of transport [368]. Using the frog oocyte expression system, the LAT1-mediated uptake
of [14C]-phenylalanine was blocked by amino acid-like drugs, and the Ki for melphalan,
L-DOPA, and gabapentin was 49 µM, 67 µM, and 340 µM, respectively [367]. The transport
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of gabapentin, a γ-amino acid, by LAT1 is unexpected, since LAT1 transports α-amino
acids, not γ-amino acids. However, gabapentin is a cyclic compound wherein the amino
and carboxyl moieties sterically resemble an α-amino acid. A perplexing example of
a drug that is said to be transported by a LNAA transporter is paraquat, which is a
quaternary ammonium salt, and such molecules do not cross the BBB. Paraquat is a widely
used herbicide, and there is inconclusive evidence that paraquat neurotoxicity can be
associated with PD [369]. Paraquat is structurally similar to the neurotoxin, 1-methyl-4-
phenylpyridinium (MPP+), and MPP+ does not cross the BBB [370]. However, the SQ
administration of 5–10 mg/kg paraquat results in drug distribution to brain via a process
that is inhibited by a LNAA, L-valine, but not by a cationic amino acid, L-lysine [370].
Paraquat transport via LAT1 has not been tested. While the cyclic structure of gabapentin
provides an explanation for gabapentin transport via LAT1, the structure of paraquat has
no resemblance to an α-amino acid, and paraquat transport at the BBB may be mediated by
a transporter other than LAT1.

The development of drugs that mimic the structure of a LNAA, and which are trans-
ported via LAT1, is the most advanced area of CNS drug development that targets a BBB
CMT system. This work has evolved in two parallel pathways. First, LAT1 structure-based
ligand discovery was initiated following the stable transfection of HEK293 cells with the
full length human LAT1 cDNA, followed by screening drugs that inhibit the uptake of
[3H]-gabapentin [371]. Subsequent to the elucidation of the 3D structure of the human
LAT1/4F2hc heterocomplex [348,372], this structural information was used to assess the
docking of LNAA-type drugs into the LAT1 transporter cavity [373]. To be effective in
the CNS, a LNAA-type drug must not only bind to LAT1, but also undergo translocation
through the membrane [373]. The second approach to the development of LNAA-type
drugs that cross the BBB via LAT1 is executed without knowledge of the LAT1 binding site.
Modifications to the LNAA structure are made and the affinity of the drug for LAT1 is then
determined. An early example of the types of modifications to a neutral amino acid drug
that can be made, and still retain LAT1 affinity, was the synthesis of 6-mercaptopurine-L-
cysteine [374]. L-cysteine is a small neutral amino acid, which has a low affinity for the BBB
LNAA transporter [48]. However, conversion of the free sulfhydryl group on L-cysteine to
a disulfide linked therapeutic group converts L-cysteine to a LNAA, which has appreciable
affinity for the BBB LNAA transporter in vivo [374]. An alternative approach to the use of
medicinal chemistry to generate CNS drugs that penetrate the BBB via transport on LAT1
is the coupling of a pharmaceutical agent, ketoprofen, to the phenolic para-hydroxyl of
L-tyrosine to form an ester compound [375]. The tyrosine-ketoprofen traversed the BBB
in vivo via the LNAA transporter [375]. Subsequent work showed that higher affinity for
LAT1 was achieved if the drug was linked to the meta position of the benzene ring of
L-phenylalanine [376–378].

6.2.3. CAT1 Cationic Amino Acid Carrier

BBB transport of the cationic amino acids (arginine, lysine, ornithine) is mediated by a
saturable carrier [48] with high affinity and Km values ranging from 90 µM to 230 µM [355].
The original Rec-1 locus, which is a murine ecotropic retrovirus receptor, was shown to be a
mammalian cationic amino acid transporter [379], now named CAT-1 (SLC7A1). The rat or
mouse brain Rec-1 cDNA was cloned by reverse transcription of brain-derived RNA using
oligodeoxynucleotides derived from the Rec-1 gene, and an RNase protection assay was
used to demonstrate expression of the mRNA for CAT1 in isolated brain microvessels [380].
The crystal structure of mammalian CAT1 has not been reported, but hydropathy plots pre-
dict 14 transmembrane regions [381]. A novel use of medicinal chemistry to develop a BBB
penetrating prodrug involved the conjugation of the carboxylic acid group of ketoprofen to
the ε-amino acid moiety of lysine [382]. This converted the lysine into a large neutral amino
acid, and the ketoprofen-lysine conjugate was transported through the BBB by LAT1 [382].
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6.2.4. MCT1 Monocarboxylic Acid Carrier

Monocarboxylic acids (MCA), such as pyruvate, lactate, the ketone bodies (β-hydroxyb
utryate and acetoacetate), are transported across the BBB by a specific MCA carrier [327,383].
The initial MCA carrier was cloned in 1994 and designated MCT1 (SLC16A1) [384]. The
MCT1 mRNA was detected by PCR in rat brain microvessels [385], and MCT1 was localized
to brain microvessels by immunohistochemistry [386]. MCT1 exists in the membrane
as a hetero-duplex with the 60 kDa basigin protein (Bsg, CD147) [387], similar to the
LAT1/4F2hc hetero-duplex (Figure 9B). The 3D structure of the MCT1-Bsg complex has
recently been elucidated by cryoelectron microscopy [388]. The Bsg protein is formed by
an ECD, which is composed of 2 immunoglobulin-like domains, a transmembrane (TM)
domain, and a short intracellular loop. The MCT1 is composed of 12 transmembrane
regions (TMR) with 6 TMRs forming the amino terminal domain (NTD) of MCT1, and
6 TMRs forming the carboxyl terminal domain (CTD) of MCT1 [388]. The TM domain of
Bsg stabilizes the NTD of MCT1. Substrate translocation is proton dependent and rotation
of the NTD and CTD expose the substrate binding site on each side of the membrane [388].
A prodrug transported by MCT1 was formed with an amide linkage between the ring
nitrogen of 5-fluorouracil (5FU) and the carboxylic acid group of either adipic acid or
suberic acid [389].

6.2.5. CNT2 Purine Nucleoside Carrier and Adenine Carrier

Purine nucleosides (adenosine, guanosine), but not pyrimidine nucleosides (uridine,
thymidine), traverse the BBB by a saturable carrier that is distinct from a nucleobase
carrier [390]. BBB transport of adenosine is sodium-dependent and is not inhibited by
nitrobenzylthioinosine (NBTI) [391]. The BBB adenosine carrier is characterized by a Km
of 25 ± 3 µM and a Vmax 0.75 ± 0.08 nmol/min/g [361], which is 100-fold lower than
the Vmax of MCT1 (Table 2). The substrate transporter profile (STP) of the BBB adeno-
sine transporter in vivo, e.g., lack of affinity for pyrimidine nucleosides and sodium-
dependency, is consistent with the STP of the concentrative nucleoside transporter (CNT)2
or SLC28A1 [392]. The molecular identity of the BBB adenosine transporter has been
ascribed to the equilibrative nucleoside transporter (ENT)2 or SLC29A2 [393], because the
abundance of CNT2 is below the limit of quantitation (LOQ) using QTAP methodology
and human CMEC/D3 cultured endothelium [394]. However, the abundance of LAT1 is
also below the LOQ in this cell line [394]. A low abundance of the nucleoside transporter at
the BBB is expected given the 100-fold lower Vmax of the adenosine transporter compared
to the MCT1 transporter [361]. Molecular cloning of the BBB adenosine transporter was
performed with the frog oocyte system following oocyte injection of cloned RNA derived
from a rat brain capillary cDNA library [395]. A clone was identified and DNA sequencing
showed the BBB adenosine transporter was CNT2 [395]. The identification of the BBB
adenosine transporter as CNT2 was consistent with the known properties of BBB adeno-
sine transport, e.g., sodium dependency and NBTI insensitivity. The Km of adenosine
transport into the oocytes expressing CNT2, 23 ± 4 µM [395], is identical to the Km of BBB
transport of adenosine in vivo [361]. Adenosine transport into the oocytes was inhibited
by adenosine, guanosine, and uridine, but not by cytidine or thymidine [361], and this
STP of the cloned CNT2 parallels the STP of purine nucleoside transport across the BBB
in vivo [390]. The sodium concentration required to produce maximal transport via the
adenosine transporter expressed in frog oocytes, i.e., the K50, is 2.4 ± 0.1 mM, and the
Hill coefficient is 1, indicating adenosine and sodium are co-transported in a 1:1 ratio via
CNT2 [395].

The 3D structure of CNT2 has not yet been elucidated, but the structure of CNT3 has
been reported using cryo-electron microscopy [396]. CNT3 has a high degree of sequence
homology with CNT2 [396], although the sodium Hill coefficient for CNT2 is 2 [392]. CNT3
exists in the membrane as a homo-trimer [396]. If CNT2 also exists within the membrane
as a homo-trimeric structure, this could explain the asymmetry of nucleoside transport via
the BBB CNT2 expressed in frog oocytes [397]. Adenosine is transported via the BBB CNT2
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on a high Vmax site, whereas dideoxyinosine (DDI) and thymidine are transported on a
second low Vmax site on the CNT2 transporter [397].

The availability of the 3D structure of CNT3 enables the rational design of adenosine-
based drugs that cross the BBB. One drug that may cross the BBB via CNT2 transport
is cladribine, an immune-suppressive used in the treatment of multiple sclerosis [398].
Cladribine is a form of deoxy-chloro adenosine, and is transported by CNT2 [398].

An important consideration in the design of adenosine-based drugs that cross the
BBB via CNT2 is the enzymatic barrier to adenosine. Although topical application of
adenosine to pial vessels causes enhanced brain blood flow, the intra-arterial infusion of
adenosine in dogs does not increase cerebral blood flow [399]. The lack of a pharmacologic
effect of arterial administration of adenosine is due to an enzymatic BBB to adenosine
transport. [3H]-adenosine was administered by internal carotid artery infusion for 15 s
followed by microwave irradiation of the brain to cause immediate cessation of brain
metabolism [391]. After 15 s of infusion, only 10 ± 3% of brain radioactivity resided in the
unmetabolized adenosine pool, with 34% of radioactivity in non-adenosine nucleosides
(inosine, hypoxanthine), and 32% in various nucleotide pools [391]. Therefore, adenosine-
based drugs that cross the BBB must be designed not only for CNT2 affinity, but also must
be resistant to the enzymatic BBB to adenosine.

In addition to the CNT2 purine nucleoside transporter, purine bases, particularly ade-
nine, traverse the BBB via a saturable carrier that is distinct from the adenosine carrier [390].
To date, no nucleobase transporter (NBT) has been identified at the BBB.

6.2.6. CTL1 Choline Carrier

BBB transport of choline, a quaternary ammonium compound, was measured with
the BUI method, and found to be saturable consistent with a carrier-mediated mecha-
nism [400]. BBB transport is inhibited by hemicholinium (HC)-3, also a quaternary am-
monium molecule, and by 2-(dimethylamino) ethanol (deanol), which is a tertiary amine
compound [400]. The BBB choline carrier was subsequently examined with the internal
carotid artery perfusion method, and these studies reported a choline transport Km of
40 µM and a Vmax of 2.7 nmol/min/g [401]. The HC-3 Ki was 57 ± 11 µM [401]. The
BBB choline carrier tolerates a number of substitutions on the choline nucleus as N-n-
octylcholine and N-n-octylnicotinium both inhibit choline transport, although no inhibition
is observed for N-methylpyridinium [402]. One caveat is that a given molecule may inhibit
a CMT transporter, but not actually be transported by the CMT system. The BBB choline
carrier could be used as a brain drug delivery system [403], and early 3D-quantitative
structure activity relationships (3D-QSAR) were initiated [404]. Different 3D-QSAR models
were developed to predict drugs that cross the BBB on the choline carrier [405,406]. Such
models would be aided by knowledge on the molecular properties of the BBB choline
carrier. Choline transporters include the choline high affinity transporter (CHT)-1, which
is a member of the sodium dependent glucose transporter gene family, and is designated
SLC5A7. However, CHT1 can be excluded as the BBB choline transporter, as BBB choline
transport in vivo is not high affinity [400,401]. Choline transporter-like (CTL) protein-1
(SLC44A1) and CTL2 (SLC44A2) exhibit transport properties consistent with BBB choline
transport in vivo, e.g., choline Km = 10–200 µM, HC-3 Ki = 10–100 µM [407]. The mRNA
encoding both CTL1 and CTL2 are detected in cultured human brain endothelium [408].
However, the abundance of both CTL1 and CTL2 is <LOQ in QTAP studies of rat brain
capillaries [409], similar to other CMT systems at the BBB with a low Vmax. More defini-
tive evidence is needed that CTL1 or CTL2 mediates transport at the BBB of choline and
choline-like drugs.

6.2.7. Vitamin Carriers

The transport of the B vitamins across the BBB is carrier-mediated via members of
the SLC transporter family. BBB transport of vitamin B1 (thiamine) is saturable [410],
and the thiamine transporter (THTR)2 (SLC19A3) is expressed in brain [411]. Thiamine
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deficiency leads to CNS morbidity [412]. Transport of vitamin B2 (riboflavin) is saturable at
the BBB in vivo [413] and in cultured endothelium [414]. The riboflavin vitamin transporter
(RFVT)2 is expressed in brain, and is SLC52A2. Mutations in either RFVT2 (SLC52A2) or
RFVT3 (SLC52A3) lead to neurodegeneration [415]. Vitamin B3 (niacin, nicotinic acid) is
a monocarboxylic acid transported by MCT1 [416]. However, niacin is amidated to form
niacinamide, which is the major form of vitamin B3 in plasma, and niacinamide traverses
the BBB by non-saturable free diffusion [417]. Vitamin B4 refers alternatively to choline,
adenine, or carnitine, which are no longer considered vitamins, although adenine and
choline are essential nutrients, and carnitine is a conditionally essential nutrient. Vitamin
B5 (pantothenic acid) traverses the BBB via a saturable process with a Km of 19 µM [418].
Both pantothenic acid and biotin (vitamin B7 or B8) are monocarboxylic acids which are
transported via the sodium dependent multivitamin transporter (SMVT, SLC5A6) [419], as
listed in Table 3.

Table 3. Vitamin transporters at the blood–brain barrier.

Vitamin MW Polarity Transporter SLC

Thiamine (B1) 265 charged THTR2 19A3
Riboflavin (B2) 376 hydrophilic RFVT2 52A2
Niacin (B3) 123 carboxylate MCT1 16A1
Pantothenic acid (B5) 219 carboxylate SMVT 5A6
Pyridoxine (B6) 169 hydrophobic THTR2 19A3
Biotin (B7, B8) 244 carboxylate SMVT 5A6
Folic acid (B9, B11) 441 hydrophilic FOLR1 receptor
Cobalamin (B12) 1355 hydrophilic TCBLR receptor

SMVT is expressed in brain capillary endothelium [420]. Brain biotin uptake is sat-
urable [421], and the brain uptake of biotin in the rat is 0.28 ± 0.03%ID/g [422]. Biotin may
be transported either by MCT1 or SMVT [423]. Vitamin B6 (pyridoxine) is a small molecule
with a MW of 169 Da which forms six hydrogen bonds with water, and should traverse
the BBB via free diffusion. However, the brain uptake of pyridoxine is saturable [424], and
transfection of cells encoding the THTR thiamine transporter (SLC19A3) leads to increased
pyridoxine uptake [425]. Vitamin B9/B11 (folic acid) is transported by the folate receptor
(FOLR)1, the reduced folate carrier (RFC, SLC19A1), and the intracellular proton-coupled
folate transporter (PCFT, SLC46A1) [426]. The active metabolite of folic acid (FA) is 5′-
methylenetetrahydrofolic acid (MTFA). The RFC has a higher affinity for MTFA than for
FA, whereas the affinity of FOLR1 for MTFA and FA is comparable. The BBB transport
of MTFA was equally inhibited by FA and MTFA, which suggests the major BBB folate
transporter is FOLR1 [427]. Folate delivery to brain is suppressed in the FOLR1 knockout
mouse [426]. However, the mRNA level of RFC exceeds the level for FOLR1 mRNA in
isolated brain microvessels, which points to an important role for the RFC in BBB transport
of folic acid [426]. Vitamin B10 is p-aminobenzoic acid, which is no longer considered a
vitamin. Vitamin B12 (cobalamin) is transported in blood bound to the transcobalamin (TC)
binding protein [428]. The B12/TC complex is endocytosed into cells via the TC receptor
(TCblR), also known as CD320, and the three-dimensional structure of the B12/TCblR
complex has been determined [428]. Knockout of the CD320 gene in the mouse is not lethal,
although the brain concentration of B12 is >90% reduced, and metabolites associated with
vitamin B12 deficiency are selectively increased in brain in the CD320 knockout mouse [429].
Expression of the TCblR/CD320 at the BBB has been confirmed [430].

The vitamin transporters are potential conduits for drug delivery to brain. In an effort
to deliver neuropeptide YY to brain, this peptide was conjugated to vitamin B12 [431]. An
ampakine compound was conjugated to thiamine via a disulfide bridge, which resulted in
increased brain uptake of the ampakine [432].

All of the SLC transporters for nutrients or vitamins described in Sections 6.2.1–6.2.7
are potential conduits to brain of drugs that mimic the structure of the nutrient or vitamin
transported by the respective SLC transporter. These numerous SLC transporters recognize
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a broad universe of molecular structures that can guide the medicinal chemist in creating
nutrient-mimetic or vitamin-mimetic pharmaceuticals that cross the BBB via CMT.

6.2.8. Thyroid Hormone Carriers

The saturable transport of the thyroid hormones, L-triiodothyronine (T3) and L-
thyroxine (T4), across the BBB in vivo in the rat was demonstrated with the BUI method in
1979 [433]. The Km of T3 transport was 1.1 µM and the Ki of T4 inhibition of T3 transport
was 2.6 uM. T3 transport was not inhibited by high concentrations of LNAAs, leucine or
tyrosine. The Vmax of T3 transport was 0.2 nmol/min/g [433], which is 100-fold lower than
the Vmax of transport via LAT1 (Table 2). Subsequently, MCT8 (SLC16A2) was shown to
transport both T3 and T4 to a comparable degree [434]. The low Vmax of BBB T3 transport is
consistent with the inability to detect MCT8 in brain endothelial cells by QTAP proteomics
method [435], but immunohistochemistry with an antibody against MCT8 illuminated
microvessels in human, rat, and mouse brain similarly to the immune staining obtained
with an anti-Pgp antibody [436]. The knockout of the MCT8 gene in the mouse does not
result in CNS impairment or CNS hypo-thyroidism [437], which suggests the mouse has
an alternative pathway for thyroid hormone transport across the BBB, as discussed below.
However, mutations in the MCT8 gene in humans causes impaired neurodevelopment, a
condition known as the Allan–Herndon–Dudley syndrome [437], which indicates humans
may not have an active alternative to the MCT8 pathway of thyroid hormone transport
across the BBB, as discussed below.

A second thyroid hormone transporter is organic anion-transporting polypeptide
(Oatp)1c1, also known as oatp14, and now designated Slco1c1. This gene was originally
cloned as part of a BBB genomics investigation [438]. The new gene was named BBB-
specific anion transporter 1 (BSAT1) because of a distant sequence homology with a liver
specific anion transporter. The BSAT1 mRNA was not detected by Northern blotting in
rat heart, lung, liver, kidney, or total brain, but was highly expressed in isolated rat brain
capillaries [438]. The sequence of the full length 2736 nucleotide cDNA of rat BSAT1 was
deposited in GenBank in 2001 (AF306546), and this sequence encoded for a 716-amino acid
protein. Expression of the mouse oatp14 cDNA in HEK293 cells showed this transporter
mediated uptake of the estradiol β-glucuronide (E2G) anion, but also mediated the uptake
of T4 and T3 [439]. Expression of the rat BSAT1/oatp14/Slco1c1 in HEK293 cells showed
the Km of transport of T4 and E2G via BSAT1 was 0.72 ± 0.10 µM and 6.1 ± 0.5 uM, re-
spectively [440]. T3 inhibited the transport of T4 and E2G with a Ki of 50 ± 17 µM and
4.2 ± 0.7 µM, respectively. Transport of T4, T3, and E2G via BSAT1 (Slco1c1) was asym-
metric and consistent with transport via two sites [440]. Site 1 transported T4, but not T3
or E2G, and site 2 transported T4, T3, and E2G. Using a prealbumin trap technique, the
efflux of intracellular T4 was enhanced by the presence of E2G in the extracellular compart-
ment [440]. Prealbumin binds T4 with high affinity and prevented reuptake of T4 following
efflux from the preloaded cell [440]. Immunohistochemistry with an antibody against
Slco1c1 illuminated the microvessels in rat and mouse brain, but not in human brain [436].
The absence of expression of immunoreactive Slco1c1 in microvessels of human brain
was confirmed by qPCR analysis measuring the Slco1c1 mRNA in total brain and brain
microvessels. The Slco1c1 mRNA was highly enriched at the brain microvessel compared to
total brain for rat and mouse, but there was no enrichment of the Slco1c1 mRNA in human
microvessels [436]. Similarly, the Slco1c1 gene was repeatedly isolated in rat brain vascular
genomic studies [438,441], but was not detected in a similar genomics investigation using
microvessels isolated from fresh human brain obtained at neurosurgery [442]. These species
difference in Slco1c1 expression at the BBB in rodents vs. humans suggest that Slco1c1 may
not be a suitable target for brain drug delivery in humans. The high expression of Slco1c1
at the rodent BBB, but not the human BBB, explains why MCT8 mutations cause cerebral
hypo-thyroidism in humans, but not in mice [437].
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6.2.9. Organic Cation Carrier

Carnitine is essential to brain metabolism as a mediator of free fatty acid delivery to mi-
tochondria [443]. Carnitine is an amino acid betaine with a quaternary ammonium terminus.
Carnitine is transported via the organic cation (OCTN)2 transporter (SLC22A5) [443]. The
transport of carnitine across the BBB in vivo is very low and comparable to sucrose [444], al-
though OCTN2 mediates carnitine uptake in human brain endothelium in cell culture [445].
The SLC22 gene family includes both the organic cation transporter (OCT) and OCTN
organic cation transporters as well as the organic anion transporters (OAT) [446]. A re-
cent proteomics study of OCT expression at the human brain microvessel showed that
OCT-3 (SLC22A3) is the most abundant OCT transporter at the human BBB, with an ex-
pression level of 0.15 pmol/mg capillary protein [447], a level that is about one-third the
expression of LAT1 (Table 2). OCT-1 (SLC22A1) and OCT-2 (SLC22A2) were not detectable
at the human BBB [447]. HEK293 cells transfected with human OCT-3 were used in a
high throughput screen of over 2000 compounds that are potential OCT-3 substrates by
measuring the inhibition of the cell uptake of a model OCT-3 fluorescent substrate, 4-(4-
(dimethylamino)styryl)-N-methylpyridinium iodide (pinaflavol), which is a quaternary
ammonium compound [447]. The investment of such a significant effort to find drugs that
penetrate the BBB via transport on OCT-3 assumes that this transporter mediates the influx
of drugs from blood to brain. This may not be the case as the striatal neurotoxin, MPP+, is
transported via OCT-3 [448], but MPP+ does not cross the BBB [370].

In summary, multiple CMT systems are expressed at the BBB that mediate the transport
of nutrients, vitamins, thyroid hormones, and organic cations from blood to brain. The ex-
periments demonstrating saturable BBB transport of nutrients were conducted largely in the
1970s using the BUI method [48,327,340,355,383,390,400,433]. Since then, BBB transporters
are now classified on a molecular basis within the context of the SLC gene superfamily. The
molecular biology of the BBB CMT systems is now complex as there are >400 members of
the SLC transporter family. Therefore, it is crucial to show that the substrate transporter
profile (STP) of the cloned SLC transporter mirrors the STP observed at the BBB with
in vivo transport investigations. The expanded knowledge base of BBB transport via SLC
carriers provides targets for solving current day brain drug delivery problems for small
molecules. Solutions to the problem of BBB delivery of hydrophilic small molecules has, in
the past, focused on the use of medicinal chemistry for the conversion of hydrophilic small
molecules into lipid-soluble prodrugs. However, this had led to few FDA-approved drugs
for the CNS, as reviewed above in Section 6.1. Instead, CNS drug developers can elucidate
the STP of the individual BBB CMT systems both in vivo and with cloned transporters,
and then use medicinal chemistry to convert hydrophilic small molecules into drugs that
mimic the structure of endogenous ligands transported by the BBB CMT systems. Such
work is ongoing in academic labs, particularly for LAT1, as reviewed above in Section 6.2.2.
However, the pharmaceutical industry has yet to adopt this approach, as the industry
continues to focus on the development of lipid-soluble small molecules that treat primarily
only psychiatric disorders and epilepsy, as reviewed in Section 6.1.1

6.3. Active Efflux Transport of Small Molecules
6.3.1. Brain-to-Blood Efflux

The carrier-mediated SLC transporters reviewed in Section 6.2 enable the influx from
blood to brain of specific classes of nutrients or vitamins. Brain-to-blood efflux across the
BBB also takes place for excitatory neurotransmitters, such as the acidic amino acids, L-
glutamate and L-aspartate, and for neurotransmitter metabolites, such as homovanillic acid
(HVA), which is derived from catecholamine degradation. These molecules are polar and
require access to specific efflux transporters in order to undergo exodus from brain-to-blood.
Drugs may also be recognized by the endogenous BBB efflux transporters, which would
adversely affect drug distribution to brain. An early study of drug efflux across the BBB was
performed with the BUI technique, which showed the BBB permeability of valproic acid
(VPA) in the brain-to-blood direction was several-fold greater than in the blood-to-brain
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direction [449]. However, the saturability, or cross-competition of drug efflux, cannot be
accessed with the BUI method. Terasaki and colleagues developed the Brain Efflux Index
(BEI) method for the study of solute efflux from brain following the direct intra-cerebral
injection under stereotaxic guidance [450]. While the BEI method is generally used to study
the efflux of small molecules, this method can also be used to examine the brain-to-blood
transport of large molecules, such as IgGs or transferrin [451,452]. The BEI method is
particularly useful to assess the BBB efflux of drugs. The brain efflux of two drugs used
for HIV infection, azidothymidine (AZT) and dideoxyinosine (DDI), was measured with
the BEI method [453]. Both drugs effluxed from brain with a T1/2 of 22–28 min, and AZT
and DDI efflux was inhibited by organic anions, probenecid and p-aminohippuric acid
(PAH). Other organic anions, such as the bile salt, taurocholate (TC), were demonstrated
to undergo efflux across the BBB, and the TC efflux was inhibited by cholic acid and
probenecid, but not by PAH [454]. Acidic amino acids, glutamate and aspartate, have
the lowest rate of influx from blood to brain of any of the amino acids [455]. The high
rate of efflux of the acidic amino acid from brain to blood was demonstrated with the BEI
method [456]. Similarly, the BEI method characterized the efflux from brain of endogenous
organic anions, such as estrone 3-sulfate (E3S), as well as the neutral estrogen, estrone (E1).
The T1/2 of efflux of either E3S or E1 from brain was about 10 min [457]. The efflux of E3S
across the BBB via free diffusion is nil, owing to the highly polar sulfate group. Therefore,
efflux of the E3S would require access to a transporter, and this was demonstrated by the
inhibition of E3S efflux by another endogenous organic anion, dehydroepiandrosterone
sulfate (DHEAS) [457]. E1 is a hydrophobic estrogen, and such unconjugated estrogens
rapidly cross the BBB via free diffusion [322], but are reversibly sequestered in brain owing
to binding to cytoplasmic proteins [458]. In the absence of this sequestration, E1 should
efflux from brain with a T1/2 comparable to water, which is 1.1 min [450]. However, the
cytoplasmic binding of E1 in brain results in the prolonged brain residence time [457], as
discussed further in Section 11.5.2. The brain efflux and influx of DHEAS was assessed
with the BEI and internal carotid artery perfusion (ICAP) methods, respectively [459]. The
rate of efflux of DHEAS was more than 10-fold faster than the rate of influx. The influx
from blood to brain was restricted by the polar sulfate moiety of DHEAS, as the sulfate
group converted the DHEA steroid to an organic anion and a substrate for organic anion
transporters. The carrier-mediated efflux of DHEAS from brain to blood was inhibited by
other organic anions, TC and E3S [459]. An organic anion generated in the degradation of
catecholamines is HVA, and HVA efflux from brain to blood is inhibited by other organic
anions, probenecid and PAH [460]. Anticonvulsants may undergo active efflux from brain
to blood, as demonstrated for phenytoin [461]. Frog oocyte expression studies implicated
MCT8 as the principal efflux transporter at the BBB for phenytoin [461]. Active efflux
transporters play an important role in the distribution to brain of anticonvulsants [462].

The assignment of nutrient or vitamin CMT systems to specific members of the SLC
gene superfamily is discussed above in Section 6.2. The comparable assignment of the BBB
efflux transporters to specific transporter genes is more difficult owing to the large number
of transporter candidates. Active efflux transporters (AET) at the BBB may arise from either
the ATP-binding cassette (ABC) gene superfamily or the SLC gene superfamily. The SLC
gene family includes nearly 460 genes divided over 65 sub-families [463]. The ABC gene
family is composed of nearly 50 genes divided over 7 sub-families [464,465].

6.3.2. ABC Efflux Transporters

ABCA1 and ABCG1 are cholesterol transporters, which mediate the efflux of choles-
terol metabolites from brain to blood. Astrocytes and neurons synthesize cholesterol de
novo [466]. Excess cholesterol is removed from brain by hydroxylation of cholesterol
to form 24(S)hydroxycholesterol (24S-HC) [467], and 24S-HC is exported to blood via
transport on ABCA1 and ABCG1 [466]. Brain capillary proteomics shows that ABCA1 is
primarily expressed on the abluminal endothelial membrane [468]. The loss of ABCG1
leads to a toxic accumulation of 24S-HC and other oxysterols in brain [469]. All of choles-
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terol in blood is bound to lipoproteins, and lipoprotein-bound cholesterol does not cross
the BBB [466]. The BBB transport of free cholesterol in the blood-to-brain direction was
measured with the internal carotid artery perfusion (ICAP) method. BBB transport of
free cholesterol was rapid, and the BBB PS product was 0.64 mL/min/g in the wild-type
mouse and 1.3 mL/min/g in the abca1 knockout mouse [470]. However, these studies
are difficult to interpret, because free cholesterol does not exist in plasma. The BUI of
free [3H]-cholesterol following the carotid artery injection in either saline or serum is high
63 ± 8% [471]. However, simply mixing cholesterol with serum does not lead to incorpora-
tion of cholesterol into lipoproteins, unless the serum is incubated overnight at 37C [471].
When this is performed, the BUI of [3H]-cholesterol in human serum is at the background
level of brain uptake [471]. The absence of transport of lipoprotein bound cholesterol from
blood to brain is consistent with the absence of expression of the low-density lipoprotein
receptor (LDLR) at the BBB, as discussed below in Section 8.1.6.

ABCB1, also known as p-glycoprotein (Pgp), or the multi-drug resistance (MDR) gene
product, was shown, in 1989, to be expressed at the BBB with immunohistochemistry
of human brain and antibodies specific for human Pgp, although no PgG was detected
at the epithelium of the choroid plexus [62]. A Pgp knockout mouse was developed
in 1993 [472]. Quinidine is a lipid-soluble small molecule with a MW of 324 Da, and
should cross the BBB. However, quinidine is a substrate of Pgp. The brain uptake of
quinidine was increased nearly 30-fold in the Pgp knockout mouse [473]. Verapamil is a
lipid-soluble small molecule that should cross the BBB, but is a substrate of Pgp. Brain
uptake of [11C]-verapamil in the rat was measured by PET, and brain uptake was increased
by the co-administration of cyclosporine A (CsA), a Pgp modulator [474]. CsA has a MW of
1203 Da, and has minimal BBB transport [475]. The effect of CsA on Pgp-mediated transport
suggests the Pgp is expressed at the luminal membrane of the endothelium. Proteomics
studies of brain capillaries show that Pgp is exclusively expressed at the luminal endothelial
membrane [468].

A total of 42 small molecules were examined for Pgp regulated brain uptake [476].
This group was composed of both “CNS drugs”, which had a mean MW of 297 Da and a
mean polar surface area of 48 Å2, and “non-CNS drugs”, which had a mean MW of 468 Da,
and a mean polar surface area of 80 Å2. The brain:plasma ratio of Pgp ligands, such as
metoclopramide and risperidone, in the Pgp knockout mouse relative to the brain:plasma
ratio in the wild-type mouse, was 7–10-fold [476]. No change in the CSF:plasma ratio
was observed [476], which is consistent with the lack of Pgp expression at the choroid
plexus, as originally reported in 1989 [62]. A similar finding of lack of Pgp expression at the
choroid plexus was made in the primate for the HIV protease inhibitor, nelfinavir, which is
a substrate for Pgp. The co-administration of nelfinavir and a Pgp-inhibitor, zosuquidar,
resulted in an increase in uptake of nelfinavir into brain, but not into CSF [477]. The
absence of immunoreactive Pgp at the choroid plexus has been confirmed in the rat [478]
and human [479]. Brain capillary proteomics shows the level of Pgp at the brain capillary
is 6.7 pmol/mg protein, which is 45-fold higher than the Pgp level at the choroid plexus,
0.15 pmol/mg protein, which is near the limit of quantitation [480]. Pgp expression in brain
is generally believed to be confined to the vasculature. However, immunoreactive Pgp is
expressed on astrocyte foot processes in the brain of humans [481] and primates [482].

The multi-drug resistance-associated proteins (MRP)-1 to MRP-6 are encoded by the
ABCC1-ABCC6 genes. MRP1 is expressed at both the BBB and at the choroid plexus [478].
Confocal microscopy of brain shows MRP1 and MRP5 are primarily expressed at the
abluminal endothelial membrane, whereas MRP4 is primarily expressed at the luminal
membrane [345]. Of the MRPs, the mRNA encoding MRP6 is the most highly enriched at
the microvasculature of human brain [483].

The breast cancer resistance protein (BCRP) is encoded by the ABCG2 gene, and is an
important efflux transporter at the BBB [484]. Confocal microscopy of human brain and
glioma shows co-localization of BCRP with GLUT1 [485]. Brain vascular proteomics shows
high expression of BCRP at the BBB across multiple species [360,435,480,486]. BCRP is
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7-fold enriched at the luminal capillary endothelial membrane as compared to the abluminal
membrane [468]. The BCRP mRNA is highly enriched at the human brain microvasculature,
relative to total brain [483]. Ivermectin is not a substrate for BCRP as the brain uptake of
ivermectin is not increased in the bcrp knockout mouse [487]. Ivermectin is a Pgp substrate,
and brain ivermectin uptake is increased in the Pgp knockout mouse [472,487]. However,
ivermectin is a highly polar drug macrocyclic lactone with a MW of 875 Da, which are not
the molecular properties of a small molecule that penetrates the BBB via free diffusion, as
reviewed in Section 6.1. The high brain uptake of ivermectin in the Pgp knockout mouse
suggests ivermectin traverses the BBB via an unknown transport system.

6.3.3. SLC Efflux Transporters

SLC efflux systems at the BBB include transporters for both amino acids and organic an-
ions. The acidic amino acids, glutamate and aspartate, are also excitatory amino acids [488],
and CNS homeostasis is maintained by preventing changes in plasma concentrations of
these amino acids causing similar changes in brain levels of the excitatory amino acids.
A saturable carrier for L-glutamate and L-aspartate was identified at the BBB by the BUI
method [455]. However, the rate of influx of glutamate or aspartate from blood to brain was
lowest of any of the amino acids [455]. In parallel with this low rate of influx, the rate of ef-
flux of the acidic amino acids from brain to blood was high [489]. These observations led to
the hypothesis that the BBB acidic amino acid transporter was an active efflux system [490].
The active efflux of glutamate from brain to blood was confirmed with the BEI method [456].
The principle acidic amino acid transporters are the sodium-dependent excitatory amino
acid transporter (EAAT)1 (SLC1A3), EAAT2 (SLC1A2), and EAAT3 (SLC1A1) [491], and
these transporters are localized to the abluminal membrane of the BBB [492]. At the human
brain capillary, the expression of EAAT1 is relatively high, 5.0 pmol/mg protein [409].
Small neutral amino acids may also play a role in neurotransmission. Serine is a neurotrans-
mitter modulator, and alanine is a ligand for glycine neurotransmission [488]. Small neutral
amino acids, such as alanine or serine are transported via the alanine (A)-system [493].
The A-system amino acid transporter was cloned, and this sodium dependent transporter
was designated amino acid transporter 2 (ATA2, SLC38A2) [494]. ATA2 was subsequently
localized to the BBB and identified as an active efflux system [495]. ATA2 is exclusively
localized to the abluminal endothelial membrane [468,492].

Organic anion transporters also operate as BBB active efflux systems. The SLC22
gene family, which includes 28 transporters, comprises two parallel clades encoding for
organic anion transporters (OAT) and organic cation transporters (OCT, OCTN) [446]. The
mRNA encoding for OAT3 (SLC22A8) is highly expressed at the rat brain capillary [345].
Proteomics studies show species differences in the expression level of the OAT3 transporter
protein as the level is 2.0 pmol/mg protein in mouse brain capillaries [435], but is less
than the limit of quantitation (LOQ) for human or monkey brain microvessels [360,435].
The rodent organic anion transporting polypeptide (Oatp)1a4 is most homologous with
the human OATP1A2 (SLCO1A2, previously named SLC21A3) and is expressed at the
BBB [496], as well as retinal capillaries that form the blood–retinal barrier (BRB) [497].
Oatp1a4 is highly expressed at the rat arachnoid membrane [498], which is an important
barrier system in brain that separates the CSF from the dura mater. Recent studies show
that solute transport from CSF to the peripheral blood may take place via active transport
across the arachnoid membrane. A fluorescent Oatp1a4 ligand, sulforhodamine (SR)-101,
is actively transported out of CSF to blood at a rate much faster than inulin [498]. This
efflux of SR-101 from CSF is blocked by taurocholate, which has broad specificity for the
anion transporters, and by digoxin, which is specific for Oatp1a4 [498]. Oatp1a4 at the BBB
is expressed on both luminal and abluminal endothelial membranes [499]. Unlike OAT3,
which is highly expressed at the arachnoid membrane, OATP1A2 and OATP3A1 are not
detectable at the arachnoid [500]. OATP1C1 (Slco1c1) is a BBB thyroid hormone transporter
that can protect mouse brain deficient for MCT8 [437], although OATP1C1 expression at the
human BBB is minimal [436], as discussed in Section 6.2.8. OATP3A1 is said to be another
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alternative thyroid hormone transporter [501]. However, OATP3A1 protein expression is
<LOQ at the primate BBB [486].

In summary of Section 6 on CNS drug development of small molecules, present day
efforts in the pharmaceutical industry are still largely entrenched in a 20th century model
that is restricted to the development of small molecules that cross the BBB via free diffusion.
Only drugs with a MW < 400–450 Da that form <8 hydrogen bonds with water can cross
the BBB by free diffusion, and such drugs invariably only treat psychiatric disorders
or epilepsy. Future small molecule CNS drug developers should consider re-directing
medicinal chemistry away from the production of lipid-soluble pro-drugs, and toward
the synthesis of drugs that mimic the structure of nutrients or vitamins that are substrates
for SLC transporters expressed at the BBB. The SLC transporter family is complex and is
composed of >400 transporters among >60 families [338]. Only a small fraction of the SLC
transporters is expressed at the BBB. Therefore, the selection of an SLC transporter to be
targeted for small molecule CNS drug delivery should consider the following:

• The substrate transporter profile (STP) that characterizes BBB transport in vivo should
be replicated by the STP of the cloned transporter that is expressed in vitro. STPs
determined with in vitro BBB models should not be used as a primary method, owing
to the marked alteration of gene expression within brain endothelial cells grown in
cell culture, as discussed in Section 11.7.2. The STP should be determined in vivo with
methods discussed in Section 11.4.

• Evidence should be available that the targeted SLC transporter is expressed on both
luminal and abluminal endothelial membranes in the human brain. As discussed
above, there are species differences in the expression of certain transporters at the
human vs. the animal BBB. Some SLC transporters are only expressed on the abluminal
endothelial membrane, and these abluminal transporters would not be available to
transport drug from blood to brain.

• The BBB CMT systems form trans-membrane cavities, as illustrated for GLUT1 and
LAT1 in Figure 9, and these cavities can be sharply stereospecific with low tolerance
for bulky structural changes to the substrate. As an example, if the GLUT1 carrier is
targeted for brain drug delivery, the drug should be modified, not by conjugation of
the drug to D-glucose, but rather by alteration of the drug structure so as to mimic the
structure of the endogenous substrate, D-glucose.

• If the lead CNS drug candidate is a ligand for Pgp, or one of the other active efflux
transporters at the BBB, then a co-drug needs to be developed that inhibits the BBB
efflux transporter.

7. Absorptive-Mediated Transport of Cationic Proteins or Lectins
7.1. Cationic Proteins
7.1.1. Cationized Proteins

Cationization of proteins raises the isoelectric point (pI) to the alkaline range, and
this modification enhances cell uptake of the protein via a charge or absorptive-mediated
endocytosis. A protein can be cationized either by conjugation of a polycation, such
as poly-L-lysine (PLL) [502], or diamino agents such as ethylenediamine [503] or hex-
amethylenediamine [504], to surface carboxyl groups using 1-ethyl-3-(3-dimethylamino-
propyl) carbodiimide (EDAC). Conjugation of PLL to either albumin or HRP enhances
protein uptake into cultured fibroblasts [502]. Cationization with amine reagents and
EDAC is a pH-controlled reaction, and the lower the pH of the chemical conjugation,
the higher the degree of cationization. Hexamethylenediamine was conjugated to bovine
serum albumin with EDAC at a pH of either 7.8 or 6.8 to produce moderately cationized
bovine serum albumin (cBSA) of pI of 8.5–9 and highly cationized cBSA with a pI > 10,
respectively [54]. Highly cationized albumin or IgG, with a pI > 10, is nephrotoxic [503].
Moderately cBSA, pI = 8.5–9, was both bound, and endocytosed, by isolated bovine brain
microvessels via a saturable process that was 50% inhibited at a cationized albumin con-
centration (ED50) of 10.8 ± 0.1 µM [54]. The binding of cBSA to brain capillaries was
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competed by other polycations such as protamine or 70 kDa PLL. [125I]-cBSA was infused
in the carotid artery for 10 min and the brain was removed and sectioned on a cryostat
for thaw-mount emulsion autoradiography [54]. This showed the cBSA was localized to
the brain microvasculature with measurable distribution into the brain parenchyma. The
first use of cationized albumin for brain drug delivery was tested with the opioid peptide,
β-endorphin, which was conjugated to the cBSA [54]. There was minimal uptake of the
unconjugated β-endorphin by brain microvessels, but the β-endorphin was both bound
and endocytosed by brain microvessels following conjugation of the peptide to the cBSA
delivery system [54]. These in vitro investigations were confirmed with in vivo studies
measuring the brain distribution of a metabolically stable and peptidase-resistant opioid
peptide, [D-Ala2]–β-endorphin (DABE), which was conjugated to cBSA (pI = 8.5–9) with
a disulfide cleavable linker using N-succinimidyl 3-(2-pyridyldithio(propionate)] [505].
The internal carotid artery perfusion (ICAP) method, coupled with the capillary depletion
method [506], demonstrated transport of the DABE-cBSA conjugate through the BBB into
brain parenchyma, whereas there was no BBB transport of the unconjugated DABE [505].
The DABE-cBSA conjugate was incubated with brain homogenate followed by gel filtration
fast protein liquid chromatography (FPLC) to show cleavage in brain of the disulfide linker
joining the DABE and the cBSA delivery vector [505]. This early study demonstrated that a
pharmaceutical, such as an opioid peptide, could be chemically conjugated to a molecular
Trojan horse, cBSA, for delivery across the BBB in vivo in confirmation of the earlier in vitro
study [54].

Cationization of a protein enhances cell uptake, in general, including uptake into
immune cells. Cationization of a heterologous protein enhances the immunogenicity
and nephrotoxicity of the heterologous protein [503]. However, mild cationization of a
homologous protein was shown to exert no toxicity in rats with chronic administration [507].
Rat serum albumin (RSA) was cationized at a pH of 7.8 to a pI of 8.5. The cationized RSA
(cRSA) was bound and endocytosed by isolated rat brain microvessels with an ED50 of
2.5 ± 1.1 µM [507]. The cRSA was cleared from plasma in rats with a T1/2 of 2.5 ± 0.4 h,
and the organ uptake in rats of the cRSA was compared to the organ uptake of native RSA
(nRSA). The spectrum of organ uptake of the cRSA was kidney > brain > liver, with no
enhanced uptake in heart or lung [507]. The cRSA was administered chronically to rats at a
dose of 1 mg/kg subcutaneous (SQ) 5 days a week for 8 weeks. The treatment produced no
changes in organ histology, body weight, or clinical chemistry, and produced a low titer
anti-drug antibody (ADA) response [507].

Enhanced cell uptake of IgG is also enabled by protein cationization. Bovine IgG was
cationized with hexamethylenediamine to a pI > 10 [508]. The cationized bovine IgG (cIgG)
was both bound and endocytosed by isolated bovine brain capillaries. The ED50 of binding
was 0.90 ± 0.37 uM. The cIgG was radioiodinated and perfused via the internal carotid
artery for 10 min followed by removal of brain, sectioning with a cryostat in the darkroom
and emulsion autoradiography. The darkfield microscopy of the developed slides showed
high sequestration of the cIgG around the brain microvessels, but also distribution into
brain parenchyma. The [125I]-cIgG sequestration at the brain microvessels and the transport
into brain parenchyma was completely inhibited by the co-infusion 25 mg/mL cationized
IgG [508].

Therapeutic antibodies do not cross the BBB, and an early approach to brain delivery
of a therapeutic monoclonal antibody (MAb) employed cationization of the antibody [509].
The concern with cationization of a monoclonal antibody (MAb) is the loss of affinity of
the MAb for the target antigen following cationization. Different antibodies are expected
to have different degrees of loss of antigen affinity following cationization. In the case of
a potential therapeutic MAb for the treatment of AiDS, a MAb directed against the rev
protein of the human immunodeficiency virus-1 (HIV1) was developed and designated
MAb111 [510]. However, the HIV virus invades the CNS to cause neuroAIDS, and an anti-
rev MAb would not cross the BBB. In an effort to enhance brain delivery of the therapeutic
antibody, the pI of the MAb111 was raised from 6.6 to 9.5 by cationization [509]. The
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native MAb111 and the cationized MAb111 bound to the recombinant rev protein with
comparable affinity. Incubation of [125I]-native MAb111 and [125I]-cationized MAb111 with
human peripheral blood lymphocytes (PBLs) showed the native MAb111 did not enter
the cells over the course of a 3 h incubation. However, the cationized MAb111 showed
robust binding and endocytosis into the PBLs [509]. Incubation of PBLs with 25 µg/mL
concentrations of the cationized MAb111 had no effect on thymidine incorporation over a
24 h period [509]. A potential therapeutic MAb for Alzheimer’s disease (AD) is an antibody
against the amino terminal region of the Abeta peptide of AD, and one such antibody is
the AMY33 antibody [511]. The pI of native AMY33 was 7.0, and this was raised to a pI of
~8 or a pI of ~9 by adjusting the molar ratios of hexamethylenediamine and EDAC, and the
pH of the cationization reaction [512]. The binding of the native AMY33 and the cationized
AMY33 to the Aβ1−28 amyloid peptide showed the dissociation constant (KD) of binding
of the native and cationized antibodies was 1.4 ± 0.3 nM and 4.2 ± 0.7 nM, respectively.
The cationized AMY33 also retained high affinity for binding Abeta amyloid in autopsy
AD brain as shown by immunohistochemistry using either the native or cationized AMY33
antibody [512]. The use of cationized antibodies, and absorptive-mediated transcytosis
for brain antibody delivery, have been reviewed [513,514]. Since these early studies on
antibody cationization, a preferred method of therapeutic antibody transport into brain
has emerged, which is the engineering of a bispecific antibody (BSA) that enters brain via
receptor-mediated transport (RMT), as discussed in Section 8.3.4.

7.1.2. Endogenous Cationic Proteins

Protamines are endogenous arginine-rich proteins with a MW of 4–7 kDa and a pI~10.
Early studies showed the internal carotid artery infusion of 0.3–1.5 mg/kg of protamine over
a 1–2 min period caused BBB disruption to HRP, and electron microscopy showed the BBB
disruption was due to opening of tight junctions [256]. The administration of protamine
via the IV route did not cause BBB disruption [257]. However, IV protamine can still
enhance the delivery of macromolecules across the BBB by absorptive-mediated transport.
Protamine binds anionic domains on the luminal surface of the brain endothelium. Electron
microscopy shows the luminal membrane of the brain endothelium is rich in anionic sites
composed of sialic acid residues on glycoproteins [515]. In parallel, protamine binds anionic
domains on proteins such as albumin with a KD of 6–22 µM [516]. Therefore, protamine
can act as a molecular Trojan horse for albumin delivery to brain via the non-covalent
electrostatic interactions between protamine and both albumin and the luminal membrane
of the BBB. Protamine enhances the binding and endocytosis of native rat serum albumin
(nRSA) by isolated bovine brain capillaries with an ED50 of 70 µM protamine, but has no
effect on uptake of sucrose by the microvessels [516]. The co-injection of 1.5 mg/kg of
histone free protamine base and nRSA IV in rats causes a 34-fold increase in RSA uptake by
liver, an 11-fold increase in RSA uptake by lung, a 3-fold increase in RSA uptake by kidney,
and a 2-fold increase in RSA uptake by brain and heart [516].

Histones are endogenous lysine/arginine-rich proteins with a MW of 11–15 kDa
and a pI of ~10. Early work by Ryser [517] showed that polycationic substances such as
protamine or histone can acts as mediators for the cellular uptake of proteins. More recently,
histones have been proposed as agents for drug delivery [518]. Similar to protamine,
histones are endocytosed at the BBB in vivo, but also have toxic effects on the endothelial
membrane [259]. Histone is bound and endocytosed by isolated brain microvessels with
a KD of binding of 15 ± 3 µM, via a process that is inhibited by protamine and poly-L-
lysine [259]. Following IV administration, histone is cleared rapidly from plasma with a
T1/2 of 13 ± 5 sec, and is cleared primarily by kidney, lung, liver, and spleen. The volume
of distribution (VD) of histone in brain is 10-fold greater than the VD for albumin at 60 min
after IV injection in the rat [259]. Following 10 min of internal carotid artery perfusion in
the rat, the brain VD of histone is 9-fold greater than the VD of albumin in the homogenate
fraction of brain. However, capillary depletion analysis shows all of the histone taken
up by brain is sequestered within the capillary endothelium without transcytosis into the
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post-vascular compartment of brain. The internal carotid artery infusion of a low dose of
histone cause leakiness of the BBB and a seven-fold increase in the brain VD of albumin,
which should be confined to the brain blood volume [259]. The toxicity of polycations such
as histone at the BBB is discussed below in Section 7.3.1.

7.1.3. Cell-Penetrating Peptides

The prototypic cell-penetrating peptide (CPP) is a portion of the tat protein of HIV1,
which encompasses an 11-amino acid (AA) sequence enriched in arginine (Arg) and lysine
(Lys) residues. In an early study, a 36-mer peptide derived from the HIV1 tat protein
was conjugated to β-galactosidase, which resulted in increased cellular uptake of the β-
galactosidase [55]. Following IV injection of the tat-β-galactosidase conjugate, the enzyme
uptake was enhanced for heart, liver, and spleen, and to a lesser extent for lung and
skeletal muscle, but there was no enzyme uptake by brain mediated by the tat peptide [55].
Subsequently, a fusion protein was engineered that was composed of β-galactosidase
and the tat peptide domain, (GGGG)4YGRKKRRQRRR, which included the 11-AA tat
peptide sequence following the glycine (G)4 linker [519]. At 4–8 h after IV administration,
enzyme activity was visible histochemically in the brain parenchyma [519]. This delayed
appearance of the tat-enzyme fusion protein in brain is difficult to resolve with other results
showing complete inactivation of bacterial β-galactosidease enzyme in mouse brain by
4 h after IV injection of a TfRMAb–β-galactosidease conjugate [520]. Subsequent studies
failed to show any enhancement of protein uptake by brain using the tat peptide. A fusion
protein of tat and lysosomal enzymes, beta-glucuronidase (GUSB) [521] or arylsulfatase A
(ASA) [522], showed no enzyme uptake by brain in vivo. Brain uptake of the tat peptide
alone could not be detected using radiolabeling methods including PET scanning in the
mouse [523].

Another early CPP was the 16-AA highly cationic penetratin, which is derived from a
Drosophila protein [524]. However, following radiolabeling of penetratin with 111-indium,
the brain uptake of the peptide was very low, 0.1%ID/g, in the mouse [523]. The penetratin,
and other CPPs, including tat, were conjugated with (1,4,7,10-tetraazacyclododecane-
1,4,7,10-tetraacetic acid), also known as DOTA or tetraxetan, for chelation of the 111-indium.
This is the preferred mode of radio-labeling of rapidly cleared peptides, as opposed to
radio-iodination. The small molecular metabolites generated by peripheral degradation
of peptides labeled with 111-indium are sequestered in peripheral tissues. In contrast, the
radio-tyrosine generated by peripheral degradation of the iodinated peptide, can cross the
BBB, and lead to artifactually high brain radioactivity [525], as discussed in Section 11.4.4.

SynB1 was an 18-AA highly cationic CPP that was taken up by brain following internal
carotid artery perfusion via a saturable process with an ED50 of 5.5 µM [526–528]. The BBB
transport after internal carotid artery perfusion was inhibited by another cationic peptide,
poly-L-lysine [528]. However, the addition of serum to the perfusate suppressed brain
uptake [527]. The brain uptake of SynB1, labeled with 111-indium, after IV administration is
at the background level, 0.1%ID/g, similar to tat or penetratin [523]. The lack of significant
BBB transport of the CPPs following IV administration necessitated the brain delivery of
the CPP by ICV administration [529,530].

7.2. Lectins

Wheat germ agglutinin (WGA) is a 36 kDa glycoprotein that is a lectin, i.e., a sugar-
binding protein, with affinity for N-acetyl D-glucosamine and sialic acid [531]. The luminal
membrane of the BBB expresses sugar sites including sialic acid [515], and WGA binds
the luminal membrane of the brain endothelium as demonstrated by lectin-gold electron
microscopy [532]. A conjugate of WGA and HRP bound to cells, which triggered absorptive-
mediated endocytosis [533]. Electron microscopic histochemistry of brain following the
IV administration of 50 mg/kg of an HRP–WGA conjugate in the mouse demonstrated
labeling of the luminal endothelial membrane as well as some endothelial vesicles. Vesicles
within vascular pericytes were also labeled, which indicates the HRP–WGA conjugate
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transcytosed through the endothelial barrier [170]. WGA has been used as a surface ligand
on liposomes for brain delivery [534]. Apart from WGA, another lectin used for drug
delivery is the ricinus communis agglutinin (RCA) [535]. RCA, which binds D-galactose
groups on surface glycoproteins, avidly binds both the luminal and abluminal membranes
of the brain capillary endothelium [532]. RCA is a product of Ricinus communis seeds, which
also express a toxin, ricin. RCA and ricin are distinct proteins [536]. While there is evidence
that RCA binds the BBB [532], there is no direct evidence to date that the ricin toxin binds
the BBB. Ricin is composed of an A chain, which is the toxic domain, and an B chain, which
binds cell surface carbohydrates to mediate endocytosis. Working on the assumption that
the ricin B chain binds the luminal membrane of the brain endothelium to trigger transport
into brain, ricin toxin B chain (RTB) fusion proteins were engineered for the treatment of
the brain in lysosomal storage disease. A fusion protein of RTB and iduronidase (IDUA),
the enzyme mutated in MPSI, or RTB and beta galactosidase 1 (GLB1), the enzyme mutated
in GM1 gangliosidosis, were engineered and expressed in plants [537,538]. No evidence
that the RTB fusion proteins cross the BBB in vivo was presented [537,538]. The RTB-IDUA
fusion protein was administered to MPSI mice, which produce no IDUA [539]. However,
brain IDUA enzyme activity was barely above background after the IV administration of
2 mg/kg of the RTB-IDUA fusion protein [539].

7.3. Toxicity of Cationic Proteins and Lectins
7.3.1. Toxicity of Cationic Proteins

The intra-arterial infusion of protamine causes BBB disruption [258], owing to en-
hanced trans-endothelial vesicular transport [540]. This treatment produces toxic effects
in brain including shrunken spongiotic neurons and reactive astrogliosis [260]. The IV
administration of polycationic peptides can lead to death, which was demonstrated in the
case of the K16ApoE peptide [541]. The K16ApoE peptide is a 36-mer composed of 16
lysine residues (Lys or K) followed by a 16-AA sequence derived from human ApoE [542].
Of the 36 AAs in this peptide, 24 are cationic amino acids (Lys, Arg). The Lys-rich domain
of the peptide is intended to bind anionic domains of therapeutic proteins, which alone
do not cross the BBB. The apoE peptide domain was intended to bind the ApoE receptor,
to trigger receptor-mediated transcytosis through the BBB via the low-density lipoprotein
receptor (LDLR). However, as discussed in Section 8.1.6, the LDLR is not expressed on
the microvascular endothelium of brain. Given the highly cationic charge of the K16ApoE
peptide, the likely mechanism of BBB transport is either AMT via a charge mechanism,
or BBB disruption caused by the highly cationic peptide. Similar to other cationic import
peptides, the K16ApoE peptide is rapidly removed from plasma in <5 min [543]. In an
attempt to deliver the TPP1 enzyme to brain in TPP1 null mice, the enzyme was co-injected
with the K16ApoE peptide at a dose of 40–120 nmol of the peptide. The 120 nmol dose
of K16ApoE was lethal in all animals [541]. A dose of 40 nmol of the K16ApoE peptide
increased brain uptake of Alexa Fluor 647-conjugated TPP1. However, fluorescent mi-
croscopy of brain revealed a highly punctate distribution of the enzyme in brain [541].
This punctate pattern was identical to that reported by Brightman in 1977 [544] following
BBB disruption with intra-arterial hyperosmolar solutions. This suggests the K16ApoE
peptide delivers enzyme to brain via BBB disruption, not RMT on a presumptive LDLR at
the BBB. Neurotoxicty of CPPs may be a general property of these highly cationic agents.
The intra-cerebral injection of 10 µg of penetratin in rat brain produces neurotoxic cell
death and neuroinflammation [56]. Cellular toxicity has been reported for cells exposed to
cationic CPPs [545,546].

7.3.2. Toxicity of Lectins

WGA is toxic to Caco-2 epithelial cells in culture at concentrations of 0.25–2.5 µM [547,548].
Cell electrical resistance is diminished in parallel with increased permeability of the monolayer
to mannitol and 3 kDa dextran. In another study, human peripheral blood mononuclear cells
(PBMC) were treated with low concentrations, 14 nM, of WGA. The supernatants from these cells
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were toxic to Caco-2 cell monolayers, resulting in increased permeability. The toxic effects of the
WGA treated PBMC supernatant were reduced with interleukin blocking antibodies [549]. These
findings corroborate early results from the 1970s that WGA at concentrations of 1–5 µg/mL are
toxic to cells [550]. Despite the toxicity of WGA, this molecule continues to be developed as a
brain drug delivery vector [534].

In summary, delivery of drugs via absorptive-mediated transport (AMT) is problem-
atic, particularly when compared to receptor-mediated transport (RMT) that is reviewed in
the next section. First, ligands that traverse the BBB via AMT have dissociation constants
(KD) of binding to the targets on the BBB in the µM range, which is up to 3 log orders
of magnitude lower than the affinity of ligands that traverse the BBB via RMT. Second,
ligands that cross the BBB via AMT are largely sequestered within the endothelium with
minimal exocytosis into brain parenchyma. A polycationic protein, histone, was nearly
completely sequestered within the vascular compartment [259]. Cationized albumin is
largely sequestered in the vascular compartment of brain [54]. WGA is said to undergo
transcytosis through the BBB [170], but inspection of the micrographs shows the lectin is
largely sequestered within the endothelium. Third, polycationic proteins or lectins are
toxic with narrow therapeutic indices. A dose of 40 nmol of the K16ApoE peptide was
necessary to mediate brain uptake a K16ApoE/enzyme complex, but a dose of 120 nmol
of K16ApoE peptide was lethal in all animals [541]. WGA is cytotoxic at concentrations
of 1–5 µM [548,550], and generates toxins in cells at concentrations at low as 14 nM [549].
The next section will review the delivery of biologics to brain via receptor-mediated trans-
port (RMT).

8. Receptor-Mediated Transport of Peptides and Monoclonal Antibodies
8.1. Receptor-Mediated Transporters at the Blood–Brain Barrier
8.1.1. Insulin Receptor

The insulin receptor (INSR or IR) is a hetero-tetrameric structure formed by two alpha
chains, which bind insulin, and two beta chains, which are the tyrosine kinase domains,
and the three-dimensional structure revealed by cryo-electron microscopy is shown in
Figure 10A.

Figure 10. Structure of human insulin receptor and human transferrin receptor. (A) Complex of the IR
tetramer and insulin is shown as determined by cryo-EM. The abbreviations of the domains are defined
in the text. The structure shows a complex of 2 alpha chains, 2 beta chains, and 4 bound insulin molecules,
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two of which are encircled. Reproduced with permission from [551], Copyright© 2021 Elsevier, as
originally reported in [552]. (B) 2-dimensional structure of IR monomer and dimer. The inter-chain
and intra-chain disulfides are shown. Carboxyl terminus of alpha chain shown by red asterisk.
Reproduced from [553], Copyright© 2011 licensed under Creative Commons Attribution License
(CC-BY). (C) The complex of human TfR1 ECD and human holo-Tf is formed from 2 receptors and
2 holo-Tf molecules. The membrane surface is at the bottom and the apical domain (blue) is at the
top. The regions shown in brown are the protease-like domains; the regions shown in brown/tan
are the helical domains. The N-lobe and C-lobe of holo-Tf are shown in gray/black and purple,
respectively. An Fe+3 atom buried in each N-lobe is red, and the N-lobe and C-lobe linker is shown in
cyan. Reproduced with permission [554].

The long form (B form) of the human IR (HIR) is translated as a 1382-AA polypeptide,
which includes a 27-AA signal peptide [555]. The receptor is cleaved into separate alpha
and beta chains at the furin cleavage site, RKRR, at AA 732–735 [556]. The domains of
the alpha chain include the first leucine-rich domain (L1), the cysteine-rich (CR) domain,
the second leucine-rich (L2) domain, the first fibronection III domain (FnIII-1), the first
part of the second FnIII domain (FnIII-2), and the first part of the insert domain (IDα); the
final 12 amino acids of the alpha chain form the αCT domain, which is the high affinity
insulin binding site. The beta chain is composed of the second part of the IDβ domain, the
second part of the FnIII-2 domain, the third FnIII domain (FnIII-3), the transmembrane
(TM) domain, the juxta-membrane (JM) domain, the tyrosine kinase (TK) domain and the
carboxyl terminus (Figure 10B, top). The furin cleavage produces the ECD of the IR, which
is about 900 AA in length [555]. The cryo-EM of the IR/insulin complex shows insulin
binding at 2 sites: the L1/αCT interface and the FnIII-1/FnIII-2 interface [552].

Insulin is synthesized as a 110-AA prepropeptide, which includes a 24-AA signal pep-
tide and an 86-AA propeptide (AAW83741). The 35-AA C-peptide is formed by AA 31–66.
Preproinsulin is cleaved internally to release the C-peptide, as well as a separate 30-AA B
chain and a 21-AA A chain. Following cleavage, the A and B chains are joined by two disul-
fide bonds [551]. There are two tyrosine (Tyr) residues, which are sites of radio-iodination,
in both the A chain and the B chain. The fasting plasma insulin concentration is ~0.3 nM in
primates and humans [557,558], which is ~100-fold lower than the IR concentration at the
brain capillary, 24 nM [559].

The characterization of insulin binding to the IR at the BBB was performed with radio-
receptor assays and isolated brain microvessels, as first reported in 1981 for bovine brain
capillaries [560], and in 1985 for human brain capillaries [561]. Insulin binding at the human
brain capillary was saturable with a KD of the high affinity binding site of 1.2 ± 0.5 nM.
The saturable binding site for insulin at the human BBB was shown to be the IR, as affinity
cross-linking of [125I]-insulin to the saturable binding site showed the MW of this site
was 127 kDa, which is the size of the alpha subunit of the IR [561]. Insulin was rapidly
endocytosed by the brain microvessels, and was metabolically stable over the course of a
60 min incubation at 37 ◦C [561]. The enrichment of the IR at the microvasculature of brain
was demonstrated by immunohistochemistry for primate brain [61] and mouse brain [562].
The IR is also widely expressed in brain parenchyma, particularly in neurons [563].

Insulin is exocytosed into the brain post-vascular compartment following binding
and endocytosis at the BBB. This was demonstrated with a 10 min carotid artery infusion
of [125I]-insulin in the rabbit, followed by removal and freezing of the brain [564]. Thaw-
mount autoradiography showed the distribution of insulin into brain parenchyma, and
HPLC analysis of acid-ethanol extracts of brain showed the radioactivity in brain was unme-
tabolized insulin. The transcytosis of insulin across the BBB was completely suppressed by
the co-infusion of high concentrations of unlabeled insulin [564]. Selective transport of in-
sulin into brain, as compared to CSF, following IV administration was demonstrated in the
rat using [125I-Tyr-A14]-insulin [565]. The latter is HPLC purified mono-iodinated insulin
and is considered ‘receptor grade’ iodinated insulin [566]. [125I-Tyr-A14]-insulin was 95%
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cleared from plasma within 5 min of IV injection [565], which indicates the T1/2 of plasma
clearance of insulin is ~2 min. Following IV administration, [125I-Tyr-A14]-insulin entered
brain rapidly within 5 min. The brain uptake of insulin in vivo, as well as by cultured rat
brain microvascular endothelial cells, was blocked by the IR antagonist, S961, which indi-
cates that brain uptake of insulin is mediated by the BBB IR [565]. An alternative pathway
of insulin transport into brain has been proposed based on studies with the EndoIRKO
mouse [567], which has a targeted deletion of the IR in endothelial cells [568]. However,
the study of [125I]-insulin transport in this mouse model was performed over a 20 min
period after IV administration of radio-iodinated insulin [567]. The brain uptake of radioac-
tivity is most likely artifact, because (a) the plasma T1/2 of insulin is only ~2 min [565],
and (b) the insulin was labeled with 125-iodine and chloramine T, which is an oxidative
reaction that iodinates insulin at multiple tyrosine residues. This form of insulin is subject
to rapid degradation in vivo, which produces free [125I]-tyrosine that may enter brain via
transport on BBB LAT1. Artifacts in the brain uptake of radio-iodinated peptides following
IV administration are discussed in Methods, Section 11.4.4. Insulin transport across the
BBB has also been investigated with in vitro BBB models in cell culture. As discussed
in Section 11.7.2, in Methods, in vitro BBB models should be used to support primary
in vivo studies, as in vitro BBB models are leaky compared to the BBB in vivo, as recently
reviewed [569]. In one in vitro BBB model, insulin transport is non-saturable and occurs
through the leaky para-cellular route [570]. The same model also reports non-saturable
transport of transferrin through the in vitro BBB [571]. In contrast, another in vitro BBB
model using primary cultures of brain microvascular endothelial cells, and receptor-grade
[125I-Tyr-A14]-insulin, shows insulin transcytosis through the monolayer is mediated via
the insulin receptor as transfer from the apical surface to the basolateral surface is blocked
by the IR antagonist, S961 [572]. Heat-denatured labeled insulin was used as a control for a
paracellular leak [572].

8.1.2. Transferrin Receptor

There are two human transferrin receptors (TfR), TfR1 and TfR2 [573], which have
39% AA identity [574]. The TfR isoform expressed at the BBB was identified with a BBB
genomics investigation as TfR1 [438]. Northern blot studies with the cloned rat TfR1 cDNA
showed a primary transcript of 5.0 kb encoding the TfR1 in both brain parenchyma, and
at the BBB. In addition, a BBB-specific TfR1 transcript of 6.6 kb was detected by Northern
blotting of brain capillary-derived RNA [438]. The three-dimensional structure of the
complex of human holo-Tf and the human TfR1 ECD has been determined [554]. The
tetrameric complex is formed by a dimer of TfR1s and two molecules of holo-Tf as shown
in Figure 10C. The TfR1 is synthesized as a 760-AA protein that includes an intracellular
domain, AA 1–67, the transmembrane domain, AA 68–88, the stalk domain, AA 89–120,
which forms two disulfide inter-chain bonds, two protease-like domains, AA 121–188 and
AA 384–606, an apical domain, AA 189–383, and a helical domain, AA 607–760 [554]. The
ECD is formed by AA 121–760, which is a monomeric structure that lacks the stalk domain
forming the inter-chain disulfide linked dimer. Transferrin (Tf) exists in plasma in three
forms: about 40% is apo-Tf, which does not bind the TfR1 at physiologic pH, about 30% is
monoferric holo-Tf, and about 30% is diferric holo-Tf [554]. The affinity of diferric holo-Tf
for the TfR1 is 8- to 9-fold higher than the affinity of mono-ferric Tf for the receptor [575].
The Tf concentration in plasma is about 45,000 nM [576], and the concentration of holo-Tf
is about 25,000 nM. This plasma concentration of holo-Tf is nearly 1000-fold greater than
the TfR1 concentration at the brain microvasculature, which is 40 nM [559].

The high expression of the TfR at the brain microvasculature was shown in 1984 by
immunohistochemistry of rat brain using the murine OX26 MAb against the rat TfR [577].
In 1987, the BBB TfR was shown to mediate the transcytosis of Tf [578], and the TfR at
the human BBB was characterized by radio-receptor assays and isolated human brain mi-
crovessels [579]. Subsequent work questioned whether Tf underwent transcytosis through
the BBB, as opposed to a model of endocytosis of holo-Tf into the brain endothelium fol-
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lowed by retro-endocytosis of apo-Tf from the brain endothelium back to blood [580,581].
The evidence for this retro-endocytosis model was two-fold. First, the IV administration
of dual labeled [59Fe, 125I]-Tf in rats showed that the 59Fe radioactivity accumulated in
brain to a greater extent than the 125I radioactivity [580]. However, this observation is also
consistent with a model of Tf transcytosis into brain followed by uptake of holo-Tf by brain
cells, release of iron and reverse transcytosis of apo-Tf to blood. Support for this reverse
transcytosis model was produced with the BEI method, which showed that both apo-Tf
and holo-Tf undergo reverse transcytosis from brain to blood in vivo [452]. In addition
to reverse transcytosis of [125I]-apo-Tf, any 125I-iodide released from [125I]-Tf in brain is
rapidly exported from brain to blood [582]. The second line of evidence used to support
the reverse-endocytosis model was pre-embedding immune electron microscopy, which
identified the TfR only on the luminal endothelial membrane, and not on the abluminal
membrane [583]. However, abluminal receptors are not detected with pre-embedding meth-
ods, and post-embedding techniques are required to visualize abluminal receptors [515].
Confocal microscopy of unfixed rat brain capillaries identified the TfR on both luminal and
abluminal brain capillary endothelial membranes [584]. The Tf transcytosis model was
further supported by electron microscopy of rat brain following a 10 min carotid artery infu-
sion of the OX26 MAb conjugated with 5 nm gold particles [585]. The gold-labeled antibody
was observed bound to the luminal membrane, packaged within 100 nm intra-endothelial
transcytotic vesicles, and exocytosed into the brain interstitial space [585]. The transcytosis
model was also confirmed with the internal carotid artery infusion of [125I]-rat holo-Tf in
rats, followed by removal of the brain for thaw-mount emulsion autoradiography. This
worked showed that holo-Tf penetrates well into brain parenchyma within just 5 min of
arterial infusion [586]. Holo-Tf distribution into the post-vascular brain was completely
suppressed by infusion of the labeled Tf in 10% rat serum, which contains 2500 nM of
holo-Tf [586].

The TfR is also highly expressed at the choroid plexus epithelium, which forms the
blood–CSF barrier. Proteomics studies show the TfR1 is expression at the choroid plexus is
16-fold greater than the expression of the insulin receptor at the blood–CSF barrier [480].
The high expression of the TfR1 at the choroid plexus correlates with the high distribution of
an MAb against the TfR1 into the CSF. A high affinity MAb against the human TfR1, which
cross reacts with the TfR1 of Old World primates, distributes into CSF of Rhesus monkeys
following IV administration with a 23 h CSF/serum ratio of 4.8% at an injection dose of
3 mg/kg [587]. The TfR1 is widely expressed in the brain parenchyma, as demonstrated by
film autoradiography of rat brain with [125I]-ferrotransferrin [588].

8.1.3. IGF Receptor

The insulin-like growth factors (IGF)-1 and IGF-2 both bind with high affinity to the
IGF1 receptor (IGFR), which is similar in structure to the IR [589]. IGF1 and IGF2 binding
to the IGFR expressed at the human brain microvessel was reported in 1988 [590]. Both
peptides are 7.5 kDa and both bind with high affinity to the BBB IGFR. The binding affinity
for IGF2, KD = 1.1 ± 0.1 nM, is about twice the affinity for IGF1, KD = 2.1 ± 0.4 nM, and
insulin is a very weak inhibitor of IGF1 or IGF2 binding to the human BBB IGFR [590]. The
binding of either peptide to the BBB receptor is strongly inhibited by serum [590] which
contains high affinity IGF binding proteins (IGFBP) [591]. Both peptides are endocytosed
into the capillary endothelium [590]. Affinity cross-linking studies with either [125I]-IGF1
or [125I]-IGF2 show the MW of the saturable binding site of the human BBB IGFR is
141 kDa [590], which corresponds to the size of the alpha subunit of the IGFR [589]. Carotid
arterial infusion of [125I]-IGF1 or [125I]-IGF2, in the absence of serum, shows that both
peptides traverse the BBB and enter brain parenchyma via saturable process [592].

IGF-2 also binds with high affinity to the cation independent mannose 6-phosphate
receptor (CI M6PR). However, the size of the CI M6PR is ~300 kDa, and the affinity cross-
linking of IGF2 to the human brain microvessel shows no binding of IGF2 to a receptor
larger than 141 kDa [590]. The absence of the CI M6PR on the BBB is the reason that
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mannose 6-phosphorylated lysosomal enzymes do not cross the BBB, as discussed in
Section 8.3.1. A fusion protein of IGF2 and NAGLU, a lysosomal enzyme, does not cross
the BBB in vivo, and must be administered to brain by ICV injection [89]. Unlike insulin,
IGF1 and IGF2 are avidly bound by IGFBPs [591], and this is the presumptive reason for
the lack of transport of an IGF2 fusion protein into brain via the BBB IGFR. The expression
of the IGFR at the luminal membrane of the brain endothelium has been confirmed by
pre-embedding electron microscopic histochemistry of rat brain [593]. As discussed above,
detection of abluminal receptors at the brain endothelium requires a post-embedding
labeling method [515]. The IGFR is also expressed in brain on both neurons and glial
cells [594]. The gene expression of IGF-2, but not IGF-1, at the brain capillary endothelium
was discovered with a rat brain capillary genomics program [438].

8.1.4. Leptin Receptor

A high affinity binding site for leptin was identified with radio-receptor assays and
isolated human brain microvessels [595]. The KD of leptin binding was 5.1 ± 2.8 nM.
Leptin binding was not inhibited by insulin or IGF-1, and leptin was endocytosed by the
human brain microvessels. The Bmax of binding, in pmol/mg protein, was comparable
to the Bmax of binding of insulin, Tf, or the IGFs to the human brain capillary [595].
PCR shows the predominant leptin receptor (LEPR) expressed at the BBB is the short
form of the receptor [596], which has a truncated intracellular domain [597]. [125I]-leptin
transport across the BBB in vivo in the rat has been confirmed with a carotid artery infusion
method, and BBB leptin transport was saturable [598]. Leptin was also actively cleared by
the choroid plexus, although there was a delay in leptin delivery into CSF [598]. Leptin
distributes to CSF in humans and the CSF leptin parallels the plasma leptin concentration
with a CSF/plasma ratio of 1.4–2.0% [599]. Leptin activation of cells leads to an increase in
the STAT3 transcription factor, and leptin responsive cells were detected in brain in vascular
endothelium, choroid plexus epithelium, and neurons [600]. Immunohistochemistry of rat
or human brain showed the LEPR was highly expressed at the brain microvasculature [596],
as shown in Figure 11A.

Figure 11. Identification of BBB RMT targets by immunohistochemistry of brain. (A) Immunohisto-
chemistry of rat brain with an antibody to all isoforms LEPR. Reproduced with permission from [596],
Copyright© 1998 John Wiley & Sons. (B) Expression of INSR, TfR1, IGFR, and LEPR on both the brain
endothelium and on brain cells. In contrast, immunohistochemistry shows receptors such as LRP1,
LDLR, NMDAR, and nAChR are expressed on brain cells but not endothelium. Reproduced from [525],
Copyright© 2020 licensed under Creative Commons Attribution License (CC-BY).
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The continuous immune staining of the microvasculature in brain in Figure 11A is
evidence for an endothelial origin of the microvascular LEPR.

8.1.5. LRP1 Receptor

The LDL receptor related protein 1 (LRP1) has been targeted for brain drug delivery
with a number of peptide-based Trojan horses, as reviewed in Section 8.2.1. Targeting LRP1
for brain drug delivery assumes this receptor is expressed on the brain capillary endothelial
membrane, including the luminal endothelial membrane. Early work used an in vitro BBB
model to investigate LRP1-mediated transport [601,602]. As discussed in Section 11.7.2,
in vitro models of the BBB should not be used as a primary line of investigation of BBB
transport, owing to the loss of multiple BBB functions when brain endothelial cells are
grown in cell culture. The in vivo evidence is that LRP1 is expressed in brain, but not
at the microvascular endothelium. Early immunohistochemistry (IHC) of human brain
found LRP1 expression in neurons and astrocytes, but not in endothelium [603]. In situ
hybridization of rat brain shows LRP1 mRNA in neurons and astrocytes, but not in endothe-
lium [604]. Endothelial LRP1 was originally suggested as the mechanism of clearance from
brain of the Abeta amyloid peptide of AD [605]. The intra-cerebral injection of [125I]-Abeta
in brain results in rapid decline of brain radioactivity, and this was attributed to LRP1-
mediated efflux of the Abeta peptide across the BBB [605]. However, subsequent work
showed that LRP1 ligands, such as α2-macroglobulin, do not efflux from brain following
intra-cerebral injection [606]. When Abeta peptide content in brain was measured not by
radioactivity, but by liquid chromatography mass spectrometry (LC-MS), the decline in
brain Abeta after intra-cerebral injection was shown to be due to peptide metabolism in
brain, not peptide efflux across the BBB [607]. It is not possible to quantify Abeta efflux
from brain across the BBB using [125I]-Abeta and radioactivity measurements. The labeled
peptide is rapidly degraded in brain to either [125I]-tyrosine, which can efflux to blood via
transport on LAT1, or to [125I]-iodide, which is rapidly exported from brain to blood [582].
More recent work implicates the role of LRP1 on astrocytes [608] or pericytes [609]. In the
schematic of receptor localization in brain, LRP1 is localized to brain cells, not the brain
endothelium (Figure 11B). Expression of LRP1 at brain cells beyond the BBB explains the
lack of brain uptake of a MAb against LRP1 following IV antibody administration [430].

8.1.6. LDL Receptor

The low-density lipoprotein (LDL) receptor (LDLR) transports lipoprotein-bound choles-
terol. Protein components of lipoproteins, such as apolipoprotein B-100 (ApoB), bind to the cell
surface LDLR to trigger transport of lipoprotein-bound cholesterol into the cell. As discussed
in Section 8.2.1, a number of peptide Trojan horses have been developed for brain targeting
of the presumptive LDLR on the luminal surface of the BBB. Expression of the LDLR at the
BBB was identified in an in vitro BBB model [610]. However, in vitro models may not predict
BBB function in vivo as discussed in Section 11.7.2. IHC of brain does not detect the LDLR
at the microvascular endothelium, although LDLR expression is observed in neurons [562].
In this same study, the insulin receptor is highly enriched at the brain microvasculature [562],
which serves as a positive control for the IHC of the LDLR. Lack of expression of the LDLR,
at least at the luminal membrane of the endothelium, is consistent with the lack of transport
of LDL-bound cholesterol from blood to brain [611–613]. An early study shows that plasma
cholesterol equilibrates with brain cholesterol over a time-frame of months [614]. In the adult
brain, all cholesterol in brain is synthesized de novo [613].

8.1.7. Nicotinic Acetylcholine Receptor

The rabies virus gains access to the CNS via the binding of a rabies virus glycoprotein
(RVG) to the nicotinic acetylcholine receptor (nAChR) in skeletal muscle [615,616]. Working
on the assumption that the nAChR was also expressed at the BBB, a truncated 29-AA
peptide derived from the RVG was tested as a BBB Trojan horse [297]. However, the studies
cited as evidence for expression of the nAChR at the brain microvascular endothelium
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were only cell culture investigations [617]. IHC of brain with an antibody to the nAChR
shows receptor expression in astrocytes and neurons, but not on endothelium [618–620].
IHC was performed on isolated rat brain microvessels with an antibody to the nAChR, but
the immune staining was discontinuous suggesting the antibody was labeling abluminal
elements such as remnants of astrocyte foot processes [621]. Abluminal immune staining
of some microvessels was also observed in human cerebellum, and was attributed to peri-
vascular astrocyte endfeet or nerve endings [622]. In contrast, there was robust expression
of immunoreactive nAChR in brain parenchyma [622].

8.1.8. Basigin/CD147

Basigin, also known as extracellular matrix metalloproteinase inducer, HT7, neurothelin, or
CD147, is encoded by the BSG gene, and is a relatively small trans-membrane protein of 251 AA
(BAC76828). A panel of MAbs against human CD147 has been produced as potential MAb BBB
Trojan horses for brain drug delivery [623,624]. It is difficult to evaluate the utility of these BSG
MAbs, because the only testing of BBB transport was performed with in vitro BBB models in
cell culture [623,624]. As discussed in Sections 6.2.2 and 6.2.4, BSG forms a hetero-dimer with
the MCT1 lactate transporter in a manner similar to the hetero-dimer formed between the 4F2hc
(CD98hc) and the LAT1 large neutral amino acid transporter. BSG facilitates the insertion of
the MCT1 transporter into the plasma membrane [625]. BSG is the receptor for the malaria
parasite, Plasmodium falciparum [626]. However, BSG does not mediate the BBB transport of
P. falciparum [627]. It is unclear how the intra-vascular parasite triggers the CNS manifestations
of cerebral malaria [628]. BSG, like 4F2hc, participates in CMT transport at the BBB, not RMT.
Nevertheless, antibodies against either Bsg [623,624] or 4F2hc [430] have been proposed as
BBB molecular Trojan horses. A MAb against 4F2hc was developed as a RMT candidate and
the activity was said to be greater than a TfRMAb [430], although this lead was not pursued.
A cryo-electron microscopy study shows the three-dimensional structure of the LAT1/4F2hc
hetero-dimer bound by a Fab directed against the 4F2hc subunit [372]. However, the MCT1 and
LAT1 CMT systems are trans-membrane cavities that do not undergo endocytosis into the cell.
Since neither the LAT1/4F2hc complex nor the MCT1/BSG complex undergoes endocytosis, it
is not clear how developing a MAb against either 4F2hc or BSG can enable transcytosis across
the endothelium. One caveat in developing BSG MAbs for RMT drug delivery to brain is the
species differences in BSG expression at the BBB. Proteomics studies show high expression of
BSG at the rat brain capillary, 30 pmol/mg protein [409]. In contrast, BSG at the human brain
capillary is undetectable [360].

8.1.9. Miscellaneous Receptors

The cross-reacting material (CRM)-197 is a 58 kDa mutated, non-toxic form of the
diptheria toxin (DT), which was proposed as a BBB Trojan horse [629]. The DT receptor
(DTR) is the heparin binding epidermal growth factor (EGF)-like growth factor (HB-EGF).
The use of CRM197 as a BBB Trojan horse assumes that the HB-EGF is expressed at the
brain capillary endothelium. Early work on the IHC of brain shows expression of HB-
EGF in neurons and glial cells with minimal, if any, expression in endothelium [630].
Liposomes were conjugated with CRM197, but this ligand provided no enhancement in the
brain uptake of the liposomes in vivo in mice [631]. However, such in vivo studies with
CRM197 should not be performed in mice, as the DTR in rats and mice is a variant. The
rat DTR has low affinity for the DT or CRM197, and the mouse DTR has no affinity for
DT or CRM197 [632]. Therefore, in vivo work with CRM197 must be performed in guinea
pigs [629]. However, CRM197 is quite toxic in guinea pigs, as the IV administration of
50–500 µg/kg of CRM197 to guinea pigs causes BBBD and neuropathological changes to
brain endothelium [633].

Iron is sequestered in the intracellular compartment by binding to ferritin (Ft) and Ft
is a 24 sub-unit hetero-polymer composed of heavy chains (HFt) and light chains (LFt). In
rodents, HFt, but not LFt, is endocytosed by cells via the T cell immunoglobulin and mucin
domain (Tim)-2 receptor [634]. However, Tim-2 is not expressed in humans [635], although
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HFt binds the human Tim-1 receptor [635]. HFt also binds the human TfR1 at a site that is
spatially removed from the binding site for holo-Tf [636–638]. Surface plasmon resonance
(SPR) shows the KD of HFt binding to the human TfR1 is 7.1 ± 0.2 nM [638]. Ft is present
in plasma, although most of the circulating Ft is the light chain [639]. The use of HFt as a
BBB Trojan horse was evaluated with the use of iron magnetic nanoparticles [640]. HFt or
LFt shells were loaded with iron oxide at 65C to form the nanoparticles (NP). The HFt-NPs,
relative to the LFt-NPs, were preferentially transported across a monolayer of cultured
human hCMEC/D3 endothelial cells, and preferentially taken up by rat brain vivo based
on external fluorescence imaging [640]. The extent to which the brain uptake of HFt is
mediated by the BBB TfR1 or BBB Tim-2 receptor in rodents is not known. There is little
evidence that Tim-2 is expressed at the rodent BBB. Fluorescent microscopy of mouse brain
shows expression of Tim-2 in neurons and glial cells, but not at the microvasculature [641].
The IV administration of 59Fe-labeled HFt to rats resulted in very high uptake in liver and
spleen, moderate uptake in kidney, heart, and lung, and very low uptake by brain [642].
The brain uptake of 59Fe-HFt was 100-fold lower than the uptake by liver or spleen [642].

The TCblR (CD320) mediates brain uptake of the vitamin B12/cobalamin complex
(Table 3 and Section 6.2.7). The mRNA encoding CD320 is enriched at the brain cap-
illary [430]. However, a MAb against CD320 was not taken up by brain following IV
administration [430]. It is possible other MAbs may undergo transport across the BBB via
RMT on CD320, as not all receptor-specific antibodies are endocytosing antibodies. A panel
of MAbs against human CD320 was prepared, and most antibodies did not inhibit cell
uptake of the TCblR [643], and would be potential candidates for RMT across the BBB via
CD320. However, some anti-CD320 antibodies inhibit the endothelial transcytosis of the
B12/TC complex [644], and would not be suitable candidates for RMT delivery.

8.2. Trojan Horse Delivery via Blood–Brain Barrier Receptor-Mediated Transport (RMT)
8.2.1. Peptide-Based RMT Trojan Horses

Insulin receptor peptides. Insulin was the first BBB Trojan horse developed. As
described in a U.S. patent issued in 1989 [645], a neuropeptide, somatostatin, which does
not cross the BBB, was covalently conjugated to insulin, a ligand for the BBB insulin receptor,
which resulted in enhanced uptake of somatostatin by isolated brain capillaries. Insulin
is composed of two disulfide linked chains, as discussed in Section 8.1.1. This dual chain
structure is not amenable to fusion protein technology. The A and B chains of insulin were
connected by a dodecapeptide linker, which converted insulin into a single chain [646]. The
single chain form of insulin was genetically fused to albumin to form an insulin–albumin
fusion protein, albondin. The insulin domain of albondin retained high affinity binding to
the insulin receptor. The ED50 of binding to the HIR was 1.1 nM and 7.4 nM for insulin and
albondin, respectively. This technology could be replicated for BBB delivery by fusion of
the single chain form of insulin to another biologic that does not cross the BBB. A potential
problem with such a fusion protein is that the insulin domain of the fusion protein would
bind the insulin receptor in peripheral tissues, which may cause hypoglycemia.

Transferrin receptor peptides. Transferrin (Tf) has been used as a Trojan horse for
nanoparticle delivery across the BBB, as discussed below in Section 9.5.3. The problem
with using Tf as a Trojan horse is the exogenous Tf Trojan horse must compete with the
endogenous holo-Tf in plasma for binding to the BBB TfR. The concentration of holo-Tf
in plasma, 25,000, is nearly 1000-fold higher than the concentration of the TfR1 at the
BBB [559]. Therefore, the BBB TfR1 is >99.9% saturated with endogenous holo-Tf [647]. Tf
was conjugated to lysozyme in an effort to deliver this enzyme across the BBB, although no
testing of the Tf-enzyme conjugate in vivo was reported [648]. Tf-mimetic peptides that
bind the TfR at a site spatially removed from the Tf binding site have been developed [649].
One such peptide, designated 2DS25, bound to the human TfR1 ECD with a KD of 20 nM.
However, the BBB transportability of the peptide was only tested in an in vitro model [649].
An alternative strategy to the development of Tf-mimetic peptides is the discovery of
cysteine rich peptides (CDP) that have an affinity for the TfR [650]. Databases were searched
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for peptides of 30–50 Aas in length with 6–10 cysteine residues. Lead candidates, of 6 kDa
in size, and designated TfRB1G2 and TfRB1G3, had a KD of binding to the TfR1 of 8.7
and 0.22 nM, respectively. After IV injection in the mouse, the CDP was cleared by organs
with liver > kidney > spleen >> brain. The brain uptake of the CDP was 100-fold lower
than the liver uptake, and measurable uptake by brain was not observed with whole body
autoradiography [650]. Nevertheless, the study concluded that the low brain uptake was
pharmacologically significant, and a fusion protein of the 13-AA neuropeptide, neurotensin,
and the CDP was observed to activate a cyclic AMP response element in brain following IV
administration of 100 nmol/mouse [650]. This is a relatively large injection dose (ID), and
is equal to an ID of 24 mg/kg of the 6 kDa CDP.

LRP1 peptides. LRP1 binds multiple peptides, at different domains of the receptor [651],
and LRP1 ligands have been proposed as a peptide-based BBB Trojan horse [652,653]. Melan-
otransferrin (MTf) was said to cross the BBB via LRP1 based on an in vitro BBB model [601].
However, subsequent in vivo work showed that MTf does not cross the BBB [654,655]. Angiopep-
2, a 19-AA cationic peptide, was said to cross the BBB via LRP1 based on an in vitro BBB
model [602]. However, the angiopep-2 peptide has little to no affinity for LRP1. The ECD of
LRP1 is composed of four domains, I, II, III, and IV. The KD of angiopep-2 binding to domains II
or IV was >1000 nM [656]. In another study, binding of angiopep-2 to domains II or IV was not
detectable [657]. Angiopep-2 failed to increase brain uptake of either a lysosomal enzyme [522]
or liposomes [631]. Lactoferrin (Lf) was said to cross the BBB via transport on LRP1 based on a
cell culture model of the BBB [658]. However, when Lf transport across the BBB was measured
in vivo, the brain uptake of this protein is very low in the rat, 0.016%ID/g brain [659], which is a
level of brain uptake expected for a protein trapped in the brain plasma volume. In contrast, the
brain uptake of the OX26 TfRMAb in the rat after IV administration is 0.44± 0.02%ID/g [660].
Another ligand of LRP1 is receptor associated protein (RAP), which was said to cross the BBB
following IV administration of RAP labeled with 125I and chloramine T [654]. Based on the hy-
pothesis that LRP1 was a RMT system expressed at the BBB, and that RAP was an endogenous
ligand for this receptor, RAP-lysosomal enzyme fusion proteins were engineered for RMT deliv-
ery across the BBB [661]. The fusion proteins were only validated by cell culture models, and
there was no subsequent development of the RAP-lysosomal enzyme fusion proteins. Another
ligand of LRP1 is apolipoprotein E (ApoE), a 34 kDa protein associated with lipoproteins. In
an effort to develop apoE peptidomimetics that are bound by LRP1, certain domains of apoE
were synthesized as 15–20-AA peptides. Using an AA numbering system that does not include
the signal peptide, ApoE(130–149) and ApoE(141–155) were synthesized [662]. ApoE(130–149)
bound to domains II and IV of LRP1 with a KD of 51 and 129 nM, respectively; ApoE(141–155)
bound to domains II and IV of LRP1 with a KD of 118 and 190 nM, respectively [662]. Both
ApoE(130–149) and ApoE(141–155) are strongly cationic peptides and most likely enter cells
via absorptive-mediated endocytosis, and not by RMT on LRP1. A peptide named COG-133
corresponds to ApoE(133–149) [631]. Liposomes were targeted with angiopep-2, COG-133,
CRM197, and the RI7–217 TfRMAb, but only the TfRMAb Trojan horse mediated delivery to
brain in vivo in the mouse [631]. The RI7-217 MAb is a rat antibody against the mouse TfR1,
and is actively taken up by mouse brain in vivo [663]. The failure of the LRP1-targeted peptide
Trojan horses to effectively deliver cargo to brain is consistent with the absence of expression of
LRP1 on the endothelial luminal membrane (Figure 11B), as discussed in Section 8.1.5.

LDLR peptides. Apolipoprotein B100 (ApoB) binds the LDLR to trigger endocytosis
of LDL into cells, and the LDLR is said to function at the BBB, based on cell culture
studies [610]. To develop a peptide-based Trojan horse targeting the LDLR, a phage
peptide library was screened for candidates [664], which led to the development of an
8-AA peptide, CMPRLRGC, designated VH434, that binds the LDLR with low affinity
and a KD of 196 nM [665]. This peptide was fused to the carboxyl terminus of a human
IgG1 Fc and the VH434-Fc injected intravenously at 8 mg/kg in either wild-type or ldlr-/-

knockout mice [665]. The brain/plasma ratio at 24 h was 2.2% and 1.1% in the wild-type
and ldlr-/- mice, respectively. However, the brain plasma volume is 10–30 µL/g [666],
which is 1–4% of the brain volume. Any Fc-peptide conjugate confined to the blood
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volume of brain has not crossed the BBB. As discussed in BBB Methods (Section 11.4.4), it is
important to correct brain uptake, especially for biologics, for the brain plasma volume. The
primary lipoprotein that binds the LDLR is apolipoprotein B-100 (ApoB), which is a 500 kDa
4536-AA protein not counting the 27-AA signal peptide (NP_000375). An LDLR binding
domain lies at AA 3371–3409, and this sequence was fused to the carboxyl terminus of
a lysosomal enzyme, and this fusion gene was incorporated in a lentivirus transfection
vector [667]. Subsequently, this apoB-mimetic peptide was fused to the amino terminus of
secretory neprilysin, an endopeptidase that degrades the Abeta amyloid peptide of AD,
and this fusion protein is designated ASN12 [668]. The ASN12 fusion protein was injected
intravenously at a dose of 1 mg/kg in the mouse and the brain fusion protein was measured
by ELISA. The brain fusion protein concentration at 24 h was 210 ng/g [668], which is
equal to a brain concentration of 0.3%ID/g. It is difficult to attribute this low level of brain
uptake to RMT via the LDLR at the BBB, since IHC shows the LDLR is not expressed at the
brain microvasculature in vivo [562]. The sequence of the apoB-mimetic peptide domain of
the ASN12 fusion protein is SSVIDALQYKLEGTTRLTRKRGLKLATALSLSNKFVEGS [669].
This is a highly cationic peptide with a pI of 10.2. It is likely that any BBB penetration that
is achieved with this peptide is via absorptive-mediated endocytosis of a cationic peptide,
as discussed in Section 7.1.

Glutathione. Glutathione (GSH) is a tripeptide that is said to cross the BBB to mediate
the brain uptake of pegylated liposomes conjugated with GSH [670]. The basis for the use
of GSH as a BBB Trojan horse is early work describing the enhanced uptake of GSH by frog
oocytes injected with RNA isolated from SV40 transformed mouse brain endothelial cells
in culture [671]. The presumptive sodium dependent GSH transporter was never identified.
GSH is a low affinity ligand for the sodium dependent dicarboxylic acid transporter [672],
but dicarboxylic acids do not cross the BBB [327]. GSH is a ligand for the N-methyl D-
aspartate (NMDA) receptor (NMDAR) [673,674]. The NMDAR was localized to the brain
microvasculature using a monoclonal antibody designated Glunomab [675]. This antibody
was raised against synthetic peptides corresponding to the amino terminal domain of the
GluN1 subunit of the NMDAR, which is a hetero-trimeric membrane protein. Fluorescent
microscopy of the Glunomab immunoreactivity in brain microvessels is discontinuous [675],
which is consistent with expression in either endothelium or astrocyte endfeet. The absence
of the NMDAR at the brain endothelium is supported by several studies showing that
brain endothelial cells lack a functional NMDAR [676]. Irrespective of what transporter or
receptor GSH might access, early work on GSH transport at the BBB shows this tripeptide
does not cross the BBB [677], as recently reviewed [678]. The lack of BBB transport of the
GSH tripeptide is similar to the absence of BBB transport of another tripeptide, thyrotropin
releasing hormone [677].

Phage peptides. In 1996, phage display libraries were first used to isolate peptides
that bind the luminal membrane of the brain capillary endothelium [679]. Phage libraries
encoding random CX7C octapeptide sequences were injected intravenously in mice and
the brain harvested for phage recovery. After three rounds, a single phage was identified of
known AA sequence. Subsequent use of the technology identified peptides that overlapped
with domains of human Tf [680]. An f3 phage library with random 15-mer sequences were
infused in the carotid artery of mice, which resulted in identification of a 15-AA peptide,
designated the GLA peptide [681]. The GLA was conjugated to pegylated liposomes
for delivery to cultured hCMEC/D3 endothelial cells, but uptake was low [682]. It was
reasoned that the conformation of the 15-mer peptide differed from the conformation
adopted by this sequence within the p3 phage coat protein. The 15-mer sequence was
incorporated in a peptide encompassing 240 AA of the amino terminal domain of the p3
coat protein, and this new peptide was designated, p3-GLA [682]. Pegylated liposomes
were targeted with either the GLA peptide or the p3-GLA peptide and incubated with
cultured hCMEC/D3 endothelial cells followed by fluorescence-activated cell sorting.
Liposomes targeted with the GLA peptide were not bound to the cells, whereas binding
was detected with the p3-GLA peptide. It has been over 25 years since peptide phage
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display methods have been used to identify peptides that target the BBB. The problems
with this approach are (a) the receptor targeted by the peptide is generally not known,
(b) the BBB binding site identified has to be a RMT system, (c) the synthetic peptide may
not have the same binding activity as the peptide sequence presented as part of the phage
coat protein, and (d) oligopeptides invariably have low affinity for the targeted receptor.

In summary, peptide-based RMT Trojan horses typically work well in vitro in cell
culture models, but are difficult to translate to in vivo brain delivery. The peptide may have
minimal activity in vivo owing to competition with the endogenous peptide ligand, or have
a poor plasma pharmacokinetics profile owing to rapid clearance by peripheral tissues.
Many RMT-based peptides used for brain drug delivery are highly cationic peptides.
Cationic peptides are toxic with poor safety profiles, as reviewed in Section 7.3.1. In
several instances, peptides that target a presumptive BBB RMT system, such as LRP1,
LDLR, nAChR or NMDAR, are ligands for receptors that are not expressed on the brain
endothelium, as depicted in Figure 11B.

8.2.2. Monoclonal Antibody-Based RMT Trojan Horses

Work in the early 1980s, using either isolated brain capillaries and radio-receptor
assays [560], or immunohistochemistry [577], showed that the IR or TfR was highly ex-
pressed at the brain microvascular endothelium. By 1985, experiments with human brain
capillaries showed the BBB IR mediated the endocytosis and exocytosis of insulin at the
BBB [561]. This led to the chimeric peptide hypothesis, wherein a peptide drug, which
normally does not cross the BBB, could be linked to a ligand that normally undergoes RMT
across the BBB [58]. By 1987, the RMT of insulin and Tf across the BBB via the IR and TfR,
respectively, was demonstrated in vivo [564,578]. In addition to endogenous ligands, early
work with the LDLR showed that a monoclonal antibody (MAb) that bound an exofacial
epitope on the receptor could also be endocytosed into the cell via receptor-mediated
endocytosis [683]. Monoclonal antibodies (MAb) were then shown to undergo RMT across
the BBB via binding to either the rat TfR [59,60] or primate IR [61]. The hypothesis that
biologics could have pharmaceutical effects in the brain following linkage of the biologic to
a BBB RMT ligand [58], was confirmed by in vivo pharmacologic studies using the OX26
TfRMAb [684,685]. In one model, vasoactive intestinal peptide (VIP) was conjugated to the
OX26 TfRMAb with an avidin–biotin linker [684]. VIP is a potent cerebral vasodilator when
applied topically to brain surface vessels. The carotid arterial infusion of VIP had no effect
on cerebral blood flow (CBF) [684], because VIP does not cross the BBB. However, infusion
of the OX26-VIP conjugate resulted in a 65% increase in CBF in the parenchyma of brain,
whereas there was no change in CBF following the infusion of VIP alone or OX26 alone [684].
In another model, nerve growth factor (NGF) was chemically conjugated to the OX26 MAb
and exerted trophic effects in an extra-cranial anterior eye transplant model [685]. The
83–14 MAb against the human insulin receptor (HIR) cross-reacted with the IR of Old World
primates such as the Rhesus monkey, and was rapidly transported across the primate BBB
in vivo as the brain uptake of the HIRMAb was 2.5–3.8%ID/brain [61]. The use of the
HIRMAb as a BBB Trojan horse was initially tested in Rhesus monkeys with the goal of
developing a BBB-penetrating peptide radiopharmaceutical for imaging the brain amyloid
of AD. The Aβ1–40 amyloid peptide is a potential peptide radiopharmaceutical for imaging
amyloid content in brain of AD [686], but the Aβ peptide does not cross the BBB [687].
[125I]-biotinyl Aβ1–40 was conjugated to the HIRMAb with a streptavidin linker [688]. Both
the unconjugated [125I]-biotinyl Aβ1–40 and the HIRMAb conjugated [125I]-biotinyl Aβ1–40

avidly bound the amyloid plaques in autopsy AD brain [688]. Following IV injection of the
unconjugated [125I]-biotinyl Aβ1–40 alone, no brain uptake could be detected by ex vivo
brain imaging of the primate brain. In contrast, high resolution brain scans were observed
following IV administration of the [125I]-biotinyl Aβ1–40 conjugated to the HIRMAb [688].
Brain radioactivity declined with a T1/2 of 16 h in the primate [688].

The OX26 TfRMAb is a species-specific antibody for the rat TfR and does not recognize
the mouse TfR [663] or the human TfR [689]. The TfR in the mouse can be targeted with
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the 8D3 antibody, which is a rat MAb against the mouse TfR [690], or the RI7-217 antibody,
which is a rat MAb against the mouse TfR [691]. Both the 8D3 and the RI7-217 antibodies are
taken up by brain at a level of 1.6–3.1%ID/g following IV administration in the mouse [663].

Biologics can be delivered to brain following the genetic fusion of the biologic and the
MAb targeting an RMT system on the BBB. The engineering and expression of recombi-
nant forms of the antibodies targeting the TfR or IR were enabled by the determination
of the AA sequence of the variable region of the heavy chain (VH) and the variable re-
gion of the light chain (VL) for the OX26 TfRMAb [692], the 8D3 TfRMAb [693], and the
83-14 HIRMAb [694]. The availability of these sequences allows for the genetic engineering
of TfRMAb or HIRMAb fusion protein, as reviewed in the next section.

Valency of TfRMAbs. The valency of the TfRMAb domain of the fusion protein has
been both bivalent and monovalent. The first monovalent TfRMAb engineered was part
of a bispecific antibody (BSA) composed of one monovalent arm as the TfRMAb domain,
and another monovalent arm targeting the beta secretase 1 as the therapeutic domain [695].
Engineering the TfRMAb domain in a monovalent form was obligatory since the BSA was
engineered with a knob-in-hole technology [695]. In contrast, the first BBB-penetrating BSA
engineered was a tetravalent BSA, where both the transporter domain targeting the HIR was
bivalent, and the therapeutic domain targeting the Abeta amyloid of AD was bivalent [696].
The tetravalent BSA was engineered by fusion of a single chain form of the first antibody
to the carboxyl terminus of each heavy chain of the second antibody [696]. Engineering a
BSA where both the therapeutic antibody domain and the transporter antibody domain are
bivalent allows for retention of high avidity binding of the BSA at both the BBB receptor
and the therapeutic antibody target in brain. Conversely, in the monovalent BSA, the
monovalent TfRMAb had the expected reduced binding affinity for the TfR as compared
to the bivalent TfRMAb [695]. This reduced affinity was then considered advantageous
and gave rise to the hypothesis that low affinity TfRMAbs were preferred BBB Trojan
horses. The basis for this hypothesis was the observation that the uptake of the low affinity
TfRMAb by brain was higher following the IV administration of a very high injection
dose (ID) of 20–50 mg/kg of the TfRMAb. This high ID selectively saturates binding
of the high affinity TfRMAb at the BBB, while not affecting binding of the low affinity
TfRMAb. In another monovalent format of the TfRMAb domain of a BSA, a single chain
TfRMAb was fused to the carboxyl terminus of a bivalent anti-Abeta antibody using the
knob-in-hole technology [697]. In this design of the BSA, the high-affinity bivalent structure
of the therapeutic antibody is retained, whereas the transporter antibody is engineered
as a moderate affinity monovalent antibody. The rationale for engineering the TfRMAb
domain of the BSA in a monovalent format was that the bivalent TfRMAb would trigger
dimerization of the TfR, which would redirect the receptor to the lysosome resulting in
reduced expression of the TfR at the cell membrane [697]. This hypothesis is curious since
the TfR1 normally exists as a dimer (Figure 10C). If chronic administration of a TfRMAb
led to down-regulation of the BBB TfR, then the rate of brain clearance of the antibody, as
reflected by the permeability–surface area (PS) product, would be decreased after chronic
treatment. This is not observed. Mice were chronically treated for 12 weeks with 2 mg/kg
IV twice weekly with a fusion protein of the chimeric form of the 8D3 TfRMAb and glial-
derived neurotrophic factor (GDNF), designated cTfRMAb–GDNF [698]. The BBB PS
product of the cTfRMAb–GDNF fusion protein was unchanged from the start of treatment
to the end of 12 weeks of treatment [698]. In addition, the rate of plasma clearance of
the fusion protein was unchanged with 12 weeks of treatment [698], which indicates the
TfR is not down regulated in peripheral tissues. In yet another monovalent format of a
TfRMAb, the CH3 region of the antibody heavy chain was engineered by mutagenesis of
multiple amino acids to create a new TfR binding site in the CH3 region [699]. A lysosomal
enzyme was fused to the amino terminus of a second antibody chain, and the two chains
were combined by knob-in-hole technology [699]. The monovalent format of the TfRMAb
was said to be advantageous so as to avoid intracellular clustering and degradation of the
TfR, which is observed following exposure of cultured hematopoietic cells to a bivalent
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TfRMAb [700,701]. However, these cell culture studies purporting to show intracellular
clustering of a bivalent TfRMAb did not use a bivalent TfRMAb, per se, but rather a bivalent
TfRMAb–avidin fusion protein. Such IgG–avidin fusion proteins form 400 kDa tetramers,
owing to the dimerization of the avidin domain [700,702]. The apoptosis induced by the
tetrameric TfRMAb–avidin fusion protein was not observed with the bivalent TfRMAb
alone [700]. Chronic administration to mice with a high affinity bivalent TfRMAb causes
no down-regulation of brain TfR or brain iron [703].

Apart from antibodies that target the TfR or IR, antibodies that target other BBB RMT
systems, such as the LEPR or IGFR (Figure 11B), are also potential new BBB MAb-based
Trojan horses. Recently, single domain VHH antibodies against the ECD of the human
IGF1R were isolated following Llama immunization [704]. The VHH was fused to mouse
Fc to generate either a monovalent or a bivalent format. Affinity for the human IGF1R was
determined by SPR and the KD values ranged from 0.3 nM to 1.3 nM. BBB transcytosis was
measured with an in vitro culture model as the primary model, although transcytosis was
confirmed with carotid artery infusion and capillary depletion [704]. The IGF1R antibody
cross reacted with the antibody in rats and mice and IV administration of the bivalent
form of the antibody showed distribution into both CSF and post-vascular brain [704].
Leptin receptor (LEPR) antibodies are yet to be tested as BBB RMT agents. A panel of
antibodies against the human LRPR ECD was isolated by panning a single chain Fv (ScFv)
phage library with the human LEPR ECD [705]. For isolation of a LEPR antibody that does
not inhibit leptin binding to the LEPR, panning of phage libraries can be performed with
complexes of the LEPR ECD and leptin so as to eliminate capture of antibodies that bind
the leptin binding site on the LEPR.

In summary, receptor-specific MAbs are more effective BBB RMT Trojan horses than are
peptides. Virtually any research lab can custom order their own lot of recombinant 8D3 TfRMAb
for brain delivery in mice, recombinant OX26 TfRMAb for brain delivery in rats, or recombinant
83-14 HIRMAb for brain delivery in Old World primates or human cells, because the sequences
of the VH and VL for these antibodies have been published [692–694]. The production of
recombinant antibodies based on these sequences has recently been described for a recombinant
8D3 TfRMAb [706] or recombinant 83-14 HIRMAb [707].

8.3. IgG Fusion Proteins for Blood–Brain Delivery of Biologics

All four classes of biologics have been reduced to practice as either TfRMAb and
HIRMAb fusion proteins, including therapeutic antibodies, lysosomal enzymes, neu-
rotrophins, and decoy receptors [708]. In the case of delivery of a therapeutic antibody to
brain, the problem is engineering of a bispecific antibody (BSA), which includes a trans-
porter antibody domain and a therapeutic antibody domain. There are multiple approaches
to the genetic engineering of BBB-penetrating BSAs, as discussed in Section 8.3.4. In the
case of brain delivery of a lysosomal enzyme, it is necessary to deliver the enzyme across
both the BBB and the brain cell membrane, followed by triage of the IgG-lysosomal enzyme
fusion protein to the lysosomal compartment [709]. A lysosomal enzyme can be delivered
across both the BBB and the brain cell membrane (BCM) with an antibody targeting the
IR, TfR, LEPR, or IGFR, as these receptors are expressed on both the BBB and the BCM, as
depicted in Figure 11B. The engineering of bi-functional HIRMAb or TfRMAb lysosomal
enzyme fusion proteins is discussed in Section 8.3.1. In the case of neurotrophin delivery to
brain, the neurotrophin receptor (NTR) is generally expressed on the plasma membrane of
brain cells, so the IgG–neurotrophin fusion protein need only traverse the BBB to access
the target neurotrophin receptor in brain. The engineering of bi-functional HIRMAb or
TfRMAb neurotrophin fusion proteins is discussed in Section 8.3.2. In the case of decoy
receptor delivery to brain, the cytokine target of the decoy receptor is generally secreted
to the extracellular space of brain, so the IgG-decoy receptor need only cross the BBB to
come in contact with the target inflammatory cytokine. The engineering of bi-functional
HIRMAb or TfRMAb decoy receptor fusion proteins is discussed in Section 8.3.3. The
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delivery of therapeutic antibodies, lysosomal enzymes, neurotrophins, or decoy receptors
to brain with an HIRMAb Trojan horse is depicted in Figure 12.

Figure 12. BBB receptor-mediated transport of IgG fusion proteins of lysosomal enzymes, neu-
rotrophins, decoy receptors, and therapeutic antibodies. Model of RMT of 4 classes of biologics
(lysosomal enzyme, neurotrophin, decoy receptor, or therapeutic antibody) across the BBB following
fusion of the biologic to a BBB Trojan horse such as the HIRMAb. The IgG domain of the fusion
protein targets the insulin receptor (IR) on the BBB and, if necessary, as in the case of lysosomal
enzymes, on the brain cell membrane. In the examples depicted in this figure, the therapeutic domain
is fused to the carboxyl terminus of each heavy chain of the HIRMAb. Reproduced with permission
from [708], Copyright© 2015 John Wiley & Sons.

8.3.1. Lysosomal Enzymes

There are over 70 lysosomal storage diseases and over 50 of these affect the CNS [710,711].
The principal treatment for these conditions is Enzyme Replacement Therapy (ERT) with weekly
IV infusions of the recombinant enzyme. However, ERT does not treat the brain because the
enzymes do not cross the BBB, owing to the absence of the cation independent mannose-6
phosphate (M6P) receptor (M6PR) on the BBB [709]. Mucopolysaccharidosis (MPS) Type I
(MPSI), also called Hurler syndrome, is caused by mutations in the gene encoding the lysosomal
enzyme, α-L-iduronidase (IDUA). The cDNA encoding human IDUA was cloned [712], and
Chinese hamster ovary (CHO) lines expressing recombinant IDUA [713] were developed over
30 years ago. However, in 2022, the primary treatment of infants <16 months of age diagnosed
with neuronopathic MPSI, also called Hurler syndrome, is stem cell transplant [291]. The
problem with stem cell transplant as a treatment of the brain, as discussed in Section 5.1, is that
stem cells do not cross the BBB.

In an effort to develop a treatment of the brain in MPSI, the IDUA lysosomal enzyme
was re-engineered to enable BBB transport via RMT on the brain capillary insulin receptor.
A fusion protein of human IDUA and the chimeric HIRMAb was engineered, wherein the
IDUA enzyme, minus the enzyme signal peptide, was genetically fused to the carboxyl
terminus of each heavy chain of the chimeric HIRMAb [714]. The structure of the HIRMAb–
IDUA fusion protein, now named valanafusp alfa [715], is shown in Figure 12. The
HIRMAb–IDUA fusion protein retained high affinity binding to the HIR and high IDUA
enzyme activity [714]. The fusion protein was triaged to the lysosomal compartment of
Hurler fibroblasts based on confocal microscopy and co-localization of the fusion protein
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with lysosomal associated membrane protein-1, a lysosome marker [714]. Treatment
of Hurler fibroblasts with the HIRMAb–IDUA fusion protein normalized intracellular
IDUA enzyme activity, and caused a decrease in the intracellular content of sulfated
glycsoaminoglycans [714]. The impact on brain uptake of fusion of IDUA to the BBB-
penetrating HIRMAb was examined in the adult Rhesus monkey. The recombinant IDUA
(laronidase) and the HIRMAb–IDUA fusion protein (valanafusp alfa) were separately
radio-iodinated with the [125I]-Bolton–Hunter reagent, and injected intravenously into
separate Rhesus monkeys. The plasma concentration of each protein was determined
over a 2 h period, followed by euthanasia of the primates, freezing, and determination
of the organ distribution of each protein by whole body imaging of radioactivity using
a phosphorimager. The brain was processed by sagittal sectioning. The impact of the
IDUA fusion to the HIRMAb on the brain uptake of the lysosomal enzyme is shown in
Figure 13A,B.

Figure 13. Brain delivery in the primate of lysosomal enzymes fused to the HIRMAb. Phospho-
rimager scans of sagittal sections of Rhesus monkey brain removed 2 h after the IV administration of
[125I]-Bolton–Hunter labeled HIRMAb–IDUA fusion protein (A) or IDUA alone (B). Reproduced with
permission from [716], Copyright© 2017 American Chemical Society. Film autoradiograms of coronal
sections of Rhesus monkey brain removed 2 h after the IV administration of [125I]-Bolton–Hunter
labeled HIRMAb-IDS fusion protein (C) or IDS alone (D). Reproduced with permission from [717],
Copyright© 2013 American Chemical Society.

These ex vivo brain scans show (a) that IDUA does not cross the BBB (Figure 13B), and
(b) that global distribution of IDUA to brain is possible after fusion of the enzyme to the
HIRMAb BBB Trojan horse (Figure 13A). HIRMAb–IDUA and IDUA were radio-iodinated
with the [125I]-Bolton–Hunter reagent [716]. This is the preferred method of radiolabeling
biologics for the study of BBB transport in vivo, because Bolton–Hunter radiolabeled
metabolites do not cross the BBB [717], as discussed in Methods, Section 11.4.4.

The pharmacologic efficacy of Trojan horse–IDUA fusion proteins was tested in the
MPSI Hurler mouse. The HIRMAb cannot be tested in the mouse, because the HIRMAb
does not recognize the murine insulin receptor [709]. Therefore, for treatment of the brain of
the Hurler mouse, the murine IDUA was fused to the carboxyl terminus of each heavy chain
of the recombinant 8D3 TfRMAb [718]. Aged MPSI mice were treated intravenously with
1 mg/kg of the TfRMAb–IDUA fusion protein weekly for 8 weeks. This treatment reduced
lysosomal inclusion bodies in brain by 73% [718]. The safety pharmacology of chronic
treatment with an IgG–IDUA fusion protein was evaluated in primates. Chronic treatment
of Rhesus monkeys with weekly IV infusions of 3, 9, or 30 mg/kg of the HIRMAb–IDUA

72



Pharmaceutics 2022, 14, 1283

fusion protein for 6 months showed the only adverse effect was hypoglycemia following
rapid IV infusion of the high dose, 30 mg/kg, of the fusion protein in saline [709]. The
hypoglycemia was eliminated by the addition of 5% dextrose to the infusion solution [709].
Chronic treatment of primates had no effect on glycemic control [709]. The HIRMAb–
IDUA fusion protein was the first BBB Trojan horse pharmaceutical to enter human clinical
trials, and a 1-year phase I-II trial was performed in children with MPSI [715]. Treatment
stabilized the decline in cognitive impairment and cerebral atrophy. Over the course of
1 year, >500 IV infusions of the fusion protein were administered, and adverse events
included a 1.7% incidence of infusion related reactions, treated with diphenhydramine,
and a 2.1% incidence of mild hypoglycemia reversed with a snack [715]. The formation
of anti-drug antibodies (ADA) against the valanafusp alfa was comparable to the ADA
response to recombinant IDUA, laronidase [715].

In addition to IDUA, eight other lysosomal enzymes have been re-engineered for BBB
transport by enzyme fusion to the HIRMAb or the TfRMAb, as recently reviewed [709],
and these are listed in Table 4.

Table 4. IgG fusion proteins for blood–brain barrier delivery of biologics.

Class Biologic Disease Reference

Lysosomal enzyme

IDUA MPSI [714,715]

IDS MPSII [699,719–722]

SGSH MPSIIIA [723,724]

NAGLU MPSIIIB [725]

ASA MLD [726]

PPT1 CLN1 [727]

ASM NPDA [727]

HEXA TSD [727]

GLB1 GM1 gangliosidosis [727]

Neurotrophin

BDNF Neurodegeneration [728]

GDNF PD, stroke [729–732]

EPO PD, AD [733–735]

Decoy Receptor TNFR2 PD, AD, stroke [736–738]

Therapeutic antibody

Abeta amyloid MAb AD [696,697,739–741]

BACE1 MAb AD [695,742,743]

α-synuclein MAb PD [744]

In the case of the nine IgG-lysosomal enzyme fusion proteins listed in Table 4, high
affinity binding of the fusion protein to the insulin or transferrin receptor and high lysoso-
mal enzyme activity was retained.

MPSII, also known as Hunter syndrome, is caused by mutations in the gene encoding
the lysosomal enzyme, iduronate 2-sulfatase (IDS). The cDNA encoding human IDS was
cloned in 1990 [745], and recombinant IDS was produced in HT-1080 fibrosarcoma cells
for clinical trials [746]. About two-thirds of MPSII subjects have CNS disease [747], and
ERT with recombinant IDS does not treat the brain because the enzyme does not cross
the BBB. Human IDS was re-engineered for BBB transport by fusion of the enzyme to the
carboxyl terminus of each heavy chain of the HIRMAb [722] (Table 4). The HIRMAb–IDS
fusion protein retained high affinity binding to the human insulin receptor and high IDS
enzyme activity [722]. The impact of fusion of the IDS to the HIRMAb BBB delivery agent
is demonstrated in Figure 13, which shows the film autoradiograms of coronal sections of
Rhesus monkey brain removed 2 h after the IV injection of either the HIRMAb–IDS fusion
protein (Figure 13C), or IDS alone (Figure 13D). The HIRMAb–IDS and IDS were radio-
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iodinated with either the [125I]-Bolton–Hunter reagent or with 125-iodine and Iodogen
for comparison of these different protein radio-labeling methods [717]. The data showed
that low-MW metabolites formed by the degradation of the fusion protein in peripheral
tissues, and released to blood, do not cross the BBB and enter brain when the protein is
labeled with the [125I]-Bolton–Hunter reagent, whereas such metabolites do enter brain
following Iodogen radiolabeling [717]. Labeling with the [125I]-Bolton–Hunter reagent is
a non-oxidative process that conjugates the Bolton–Hunter reagent to ε-amino groups of
surface lysine residues [748,749], and this modified lysine does not cross the BBB [717].
Labeling with 125-iodine and Iodogen is an oxidative process that places the iodine atom
on tyrosine residues, and the iodo-tyrosine does cross the BBB [717]. To eliminate artifacts
of brain uptake caused by peripheral metabolism, biologics should be iodinated with the
Bolton–Hunter reagent or chelation of 111-indium, as discussed in Methods, Section 11.4.4.
The safety pharmacology of chronic treatment with the HIRMAb–IDS fusion protein was
evaluated in primates, and no adverse events were observed in a 6-month chronic GLP
dosing study in 42 juvenile Rhesus monkeys [721].

The human IDS enzyme has also been fused to a TfRMAb that targets the human
TfR1 [719]. This TfRMAb-IDS fusion protein, now designated pabinafusp alfa, has com-
pleted a successful phase 3 clinical trial [720]. As discussed in Section 13, pabinafusp alfa
(IZCARGO®®) is the first BBB Trojan horse fusion protein to receive market approval, as
this TfRMAb–IDS fusion protein was approved in 2021 by the Ministry of Health, Labor,
and Welfare (MHLW) in Japan for treatment of the brain in MPS-II.

8.3.2. Neurotrophins

Nerve growth factor (NGF) was discovered in 1951 [750]. Over the next 40 years,
more than 30 neurotrophic factors were identified as potential new treatments of CNS
disease [751], and in 1994, Science magazine hailed the entry of neurotrophic factors into
clinical trials for CNS disorders, although the issue of how neurotrophins crossed the
BBB was not discussed [752]. Nearly 30 years later, in 2022, and 70 years after the NGF
discovery, there is not a single neurotrophin that is FDA approved for CNS disease. This
lack of neurotophin approval is not for the lack of trying. However, neurotrophin drug
development for brain proceeded down a path that either ignored or avoided the BBB.
The first neurotrophin clinical trials tested the effects of either brain-derived neurotrophic
factor (BDNF) or ciliary neurotrophic factor (CNTF) for amyotrophic lateral sclerosis (ALS),
wherein the neurotrophin was administered by subcutaneous (SQ) administration. The
issue of BBB delivery of the neurotrophin was in absentia. Both trials failed, since neither
neurotrophin reached the brain. In the report of the failed trial, the issue of BBB transport
of the neurotrophin was not discussed for BDNF [753] or CNTF [754]. Having discovered
that SQ administration of neurotrophins may not lead to clinical success in a CNS disease,
the next neurotrophin to enter clinical trials, glial-derived neurotrophic factor (GDNF), was
administered by ICV injection for the treatment of PD [107]. The ICV delivery route was
used, even though the sponsor’s own data demonstrated very limited penetration into
brain following ICV administration [79], as shown in Figure 5C. For the reasons discussed
in Section 2.1.4, the failure of the ICV trial of GDNF for PD was expected. Following the
failure of the ICV delivery for PD, the next clinical trial for GDNF therapy of PD used
convection-enhanced diffusion (CED) for brain drug delivery [130]. The limitations of
CED for brain drug delivery are reviewed in Section 2.2.2. The CED clinical trial failed for
GDNF in PD [130], and subsequent to the CED trial failure, a primate study showed that
GDNF entry into brain tissue following CED was very limited [131], as shown in Figure 6A,
and discussed in Section 2.2.2. Some 14 years after the failed CED trial of GDNF in PD,
a panel discussed the future of GDNF therapy in PD [755]. Not much had changed in
30 years, as the role of the BBB in neurotrophin drug development for brain disorders was
not mentioned in either 1994 [752] or in 2020 [755]. CNS drug developers are reluctant to
discuss the BBB if they have no solution to the intractable problem of brain drug delivery.
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Apart from chronic disease such as ALS or PD, neurotrophins could also be potent
drugs for acute brain disease, such as acute stroke. Neurotrophins can rescue dying
neurons if the neuroprotective agent is administered to the ischemic brain within 5 h
after the stroke event [756,757]. Therefore, the neurotrophin stroke trials were designed
to administer the neurotrophin by IV injection within 5 h of the stroke. The problem with
this approach is that the BBB is intact in the early hours after acute cerebral ischemia in
either experimental stroke [758,759] or human stroke [757,760]. Since no attempt was made
to re-engineer the neurotrophin for BBB delivery, the trials met with the expected failed
results for either the intravenous fibroblast growth factor (FGF)-2 stroke trial [761] or the
intravenous erythropoietin (EPO) stroke trial [762]. The rationale for the EPO trial was
that the IV administration of EPO results in EPO delivery to CSF, which was taken as
evidence that EPO crosses the BBB [763]. However, EPO does not cross the BBB [733].
As discussed in Section 1.1, drug entry into CSF is evidence for drug transfer across the
choroid plexus, which forms the blood–CSF barrier, but is not evidence for drug transfer
across the brain endothelium, which forms the BBB (Figure 3). The use of biologic entry
into CSF as confirmation of BBB transport, and as a rationale for a CNS clinical trial, leads
predictably to clinical trial failure [762]. An approach to CNS drug development that relies
on drug entry into CSF as a measure of BBB transport is reminiscent of concepts from over
100 years ago. As reviewed in Section 1.2, the prevailing view in 1913 was that CSF is an
obligatory compartment between blood and brain [26].

Working on the hypothesis that neurotrophin drug development requires re-engineering of
the neurotrophin for BBB transport, BDNF was conjugated to the OX26 TfRMAb. To optimize
plasma pharmacokinetics, the cationic BDNF was pegylated on carboxyl groups [764]. The
PEG-BDNF-TfRMAb conjugate was neuroprotective in both transient forebrain ischemia [765]
and middle cerebral artery occlusion (MCAO) [766] following delayed IV administration. The
reduction in stroke volume in the MCAO model correlated with a functional motor improvement
using the rotarod test [767]. A BDNF–HIRMAb fusion protein was engineered, which retained
high affinity binding to both the BDNF trkB receptor and the HIR [728]. A HIRMAb–GDNF
fusion protein was engineered, which retained high affinity binding for the GDNF receptor and
the HIR [730]. For preclinical studies in a mouse PD model, a TfRMAb–GDNF fusion protein was
engineered [768], and this fusion protein was neuroprotective in both experimental PD [731], and
experimental stroke following delayed IV administration in the mouse [732]. The HIRMAb-GDNF
produced no adverse events in a GLP toxicology evaluation in 56 Rhesus monkeys that were
administered up to 50 mg/kg of the fusion protein over 60 h [729].

A HIRMAb–EPO fusion protein was engineered that retained high affinity binding to
both the HIR and the human EPO receptor (EPOR) [733]. The brain uptake and plasma
pharmacokinetics of either EPO or the HIRMAb–EPO fusion protein was measured in
the Rhesus monkey following radiolabeling of either EPO or the HIRMAb–EPO fusion
protein with the [125I]-Bolton–Hunter reagent [733]. Fusion of the EPO to the HIRMAb had
2 beneficial effects. First, fusion to the HIRMAb enabled EPO to enter the primate brain
with a brain uptake of 2.1 ± 0.1%ID/brain. Conversely, the brain uptake of EPO alone was
comparable to a brain plasma volume marker, an IgG1 isotype control antibody, which
indicated EPO is retained in the brain plasma volume and does not cross the BBB [733].
Second, fusion of EPO to the HIRMAb resulted in a 13-fold reduction in the plasma AUC of
EPO [733]. Since the hematopoietic effect of EPO is proportional to the plasma AUC [769],
EPO fusion to the HIRMAb reduces the hematopoietic effect of the EPO domain by 13-fold.
For preclinical studies in a mouse PD or AD model, EPO was fused to the 8D3-derived
TfRMAb, and the TfRMAb–EPO fusion protein retained high affinity binding for the
mouse EPOR and mouse TfR1 [770]. Chronic treatment of mice with experimental PD
with the TfRMAb–EPO fusion protein was neuroprotective and had only a minor effect
on hematocrit [734]. Sumbria and colleagues have demonstrated the therapeutic effects of
chronic treatment of AD transgenic mice with the TfRMAb–EPO fusion protein [735].
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8.3.3. Decoy Receptors

The leading decoy receptor pharmaceutical, etanercept, is a biologic formed by fusion of
the ECD of human TNFR2 to the amino terminus of human IgG1 Fc, as originally described
in 1991 [771]. Etanercept is a biologic tumor necrosis factor (TNF)-α inhibitor (TNFI). Other
widely used biologic TNFIs are MAbs including adalimumab and rituximab. The global annual
revenue for adalimumab in 2019 was USD 19 billion [772], and the combined revenues for
etanercept and rituximab were comparable. The biologic TNFIs are only used for systemic
disease of chronic inflammation, and none of these agents are FDA approved for treatment of
CNS disease. The biologic TNFIs are not approved for the brain because these agents do not
cross the BBB. This is an unfortunate situation, since TNFα plays a pro-inflammatory role in
both acute brain disease, such as stroke [773,774], and chronic brain disease, such as AD [775]
and PD [776,777]. In experimental models of brain disease, the intra-cerebral injection of the
TNFR2 ECD is neuroprotective in experimental stroke [778]. The intra-cerebral, but not the
intravenous, injection of etanercept is neuroprotective in traumatic brain injury (TBI) [779]. The
use of the biologic TNFIs for brain disease will require re-engineering of these biologics as
BBB-penetrating drugs. In the case of adalimumab and rituximab, these therapeutic antibodies
can be fused to transporting antibodies for the engineering of new bi-specific antibodies (BSA)
as discussed in the next section.

A BBB-penetrating form of etanercept was engineered by fusion of the human TNFR2
ECD to the carboxyl terminus of each heavy chain of the HIRMAb [736]. The IgG-decoy
receptor orientation of this HIRMAb-TNFR fusion is opposite that of etanercept. With
etanercept, the TNFR2 is fused to the amino terminus of the IgG Fc. In contrast, with
the HIRMAb–TNFR fusion protein, the TNFR2 ECD is fused to the carboxyl terminus
of the HIRMAb. This design of the fusion protein fixes the TNFR2 in a dimeric con-
figuration (Figure 12), which enables high affinity binding for TNFα [780]. A dimeric
configuration is the preferred orientation of the TNFR2, which crystallizes as a dimer [781].
The HIRMAb–TNFR fusion protein retained high affinity binding for both the HIR and
TNFα [736,782]. The HIRMAb–TNFR fusion protein and etanercept were radiolabeled with
the [125I]-Bolton–Hunter reagent and injected intravenously in the Rhesus monkey [782].
The brain uptake of etanercept was comparable to the IgG1 isotype control, which in-
dicates etanercept is retained in the blood volume of brain without transport across the
BBB. However, the HIRMAb–TNFR fusion protein rapidly crossed the BBB with a brain
uptake of 3.0 ± 0.1%ID/brain [782]. For treatment in preclinical models of stroke or PD
in the mouse, an 8D3-derived TfRMAb–TNFR fusion protein was engineered and ex-
pressed, and this fusion protein retained high affinity binding to both the mouse TfR1
and TNFα [783]. The therapeutic effect of the TfRMAb–TNFR fusion protein was eval-
uated in experimental Parkinson’s disease (PD) induced by the intra-cerebral injection
of 6-hydroxydopamine [737]. PD mice were treated with saline, 1 mg/kg etanercept, or
1 mg/kg TfRMAb–TNFR fusion protein IV every other day for 3 weeks. Treatment with the
TfRMAb–TNFR fusion protein resulted in an 83% reduction in apomorphine-induced rota-
tion behavior, an 82% increase in vibrissae-elicited forelimb placing, and a 130% increase
in striatal tyrosine hydroxylase enzyme activity. In contrast, neither saline nor etanercept
treatment had any therapeutic effect in the PD mice [737]. Chronic treatment of mice with
the fusion protein induced only a low titer ADA response [737].]. The TfRMAb–TNFR
fusion protein was also neuroprotective in experimental stroke, which was induced with a
reversible middle cerebral artery occlusion (MCAO) method [738]. The mice were treated
with delayed IV administration of either 1 mg/kg etanercept or 1 mg/kg TfRMAb-TNFR
fusion protein. Neuroprotection was assessed at both 1 and 7 days after the 60 min MCAO.
Treatment with the TfRMAb–TNFR fusion protein caused a 45%, 48%, 42%, and 54% reduc-
tion in hemispheric, cortical, and subcortical stroke volume, and neural deficit, respectively.
Conversely, treatment with etanercept had no therapeutic effect [738]. The neuroprotective
effects in the reversible MCAO model of combined treatment with the TfRMAb-GDNF and
TfRMAb-TNFR fusion proteins were additive, illustrating the advantages of combination
biologic therapy in a brain disease [732]. Similar to etanercept alone [738], GDNF alone
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had no neuroprotective effect in experimental stroke [732]. IV etanercept or GDNF are not
neuroprotective in experimental stroke because these biologics do not cross the BBB, and
because the BBB is intact in the early hours after stroke [758,759], when neuroprotection in
stroke is possible [756,757].

8.3.4. Bispecific Antibodies

Biologic drugs, which are mainly monoclonal antibodies, are increasingly receiving
FDA approval for non-CNS indications, and in 2019, biologics accounted for 43% of total
prescription drug revenues [772]. The development of therapeutic antibodies, particularly
for AD, has accounted for significant investment in clinical trials by the pharmaceutical
industry. These trials involved the monthly IV infusion of anti-Abeta amyloid antibodies
(AAA) on the assumption that a small amount of the antibody in blood would penetrate
the BBB to enter brain tissue. It was, and is, commonly assumed that about 0.1–0.2% of the
injected antibody reaches the brain [784,785]. This assumption is derived from the observa-
tion that the CSF concentration of IgG is about 0.1–0.2% of the plasma concentration [12].
However, as discussed in Section 1.1, it is expected than any antibody in plasma will enter
into the CSF compartment owing to the leakiness of the choroid plexus, which forms the
blood–CSF barrier, and that antibody penetration into CSF provides no information on
BBB transport of the antibody. The important predictor of success in a CNS trial is not
whether the biologic enters CSF, but whether the biologic crosses the BBB to enter brain,
as demonstrated by in vivo methods reviewed in Section 11. When the brain uptake of a
therapeutic antibody is measured in vivo, the brain/plasma ratio of a therapeutic antibody
is <0.01%, not 0.1–0.2% [786].

The first AAA to fail in a large phase 3 trial in AD was bapineuzumab [787,788].
Bapineuzumab entered clinical trials even though the preclinical data showed the brain
uptake of the antibody in the mouse was no higher than 0.07%ID/g [789], which indicates
the antibody is confined to the blood volume of brain [739]. Following the failure of the
bapineuzumab trial, another AAA, aducanumab, was developed [790]. Aducanumab was
said to cross the BBB because the brain concentration increased as the injection dose (ID)
was increased. However, this is expected for an antibody that is confined to the brain blood
volume. The measurement of aducanumab in brain was determined after washout of the
brain vasculature [790]. However, the brain/plasma ratio of aducanumab was 1 µL/g,
which is 5–10% of the brain blood volume, and is indicative of incomplete washout of the
brain [786]. Nevertheless, in clinical trials of AD subjects, the entry of aducanumab into the
brain of these patients could be inferred, because antibody treatment reduced the amyloid
plaque in brain [790]. The mechanism of aducanumab entry into the brain of AD subjects
appears to be BBB disruption. A known side effect of AAA therapy in AD is amyloid related
imaging abnormalities of edema (ARIA-E) as determined by MRI [790]. ARIA-E is a form
of vasogenic edema that follows BBB disruption. In the aducanumab clinical trial, there
is a direct relationship between the reduction in amyloid plaque and the ARIA-E, which
suggests the aducanumab enters brain through a disrupted BBB [786]. The hypothesis that
ARIA-E is required to cause a reduction in amyloid plaque is consistent with the clinical
effects of another AAA, crenezumab, which does not cause ARIA-E [791] and does not
reduce brain amyloid plaque [792]. Reduction in brain amyloid, as shown by PET, is a
surrogate marker. The primary endpoint in the two large aducanumab phase 3 trials was
the Clinical Dementia Rating-Sum of Boxes (CDR-SB) [793]. Although neither trial met the
endpoint, a post hoc analysis showed a statistically significant improvement in CDR-SB in
one of the trials [793]. On the basis of this post hoc analysis, the FDA-approved aducanumab
in 2020 for treatment of patients with AD despite the near unanimous rejection of the
aducanumab application by the FDA Advisory Committee [793]. Aducanumab was denied
approval by the European Medicines Agency (EMA) in late 2021 and in early 2022 the
Centers for Medicare and Medicaid Services (CMS) restricted aducanumab reimbursements
only for patients in clinical trials. The road to FDA approval of the AAAs for AD proved to
be as tortuous as the road to approval of neurotrophins, as reviewed in Section 8.3.2. Both
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AAAs and neurotrophins, as well as lysosomal enzymes or decoy receptors, need to be
re-engineered for BBB transport prior to entry into costly human clinical trials.

When the BBB Trojan horse is a MAb and the neurotherapeutic is a MAb, the re-
engineering of the therapeutic antibody requires the production of a bi-specific antibody
(BSA). The first BSA engineered for BBB transport was reported in 2007 and involved
production of a tetravalent BSA [696]. An AAA was re-engineered as a single chain
Fv (ScFv) antibody, and this ScFv was fused to the carboxyl terminus of each heavy
chain of the HIRMAb. The HIRMAb-ScFv retained high affinity binding to both the
HIR and to soluble Aβ1–40 as well as amyloid plaque in brain and amyloid fibrils [696].
The HIRMAb–ScFv fusion protein entered the brain of the Rhesus monkey following IV
administration, whereas the AAA alone was confined to the brain blood volume [696].
To enable preclinical studies in AD transgenic mice, the anti-Abeta ScFv was fused to
the carboxyl terminus of each heavy chain of the 8D3-derived TfRMAb, and this BSA
retained high affinity binding to both the mouse TfR and Aβ1–40 [794]. The brain uptake of
the TfRMAb-ScFv BSA in the mouse was 3.5 ± 0.7%ID/g following IV administration of
[125I]-Bolton–Hunter radio-labeled TfRMAb–ScFv fusion protein [794]. Double transgenic
APPswe, PSEN1dE9 mice at 12 months of age were treated for 12 weeks with daily SQ
injections of saline or 5 mg/kg of the TfRMAb–ScFv BSA [739]. Abeta fibrils in brain were
measured by immunohistochemistry with the 6E10 MAb and total amyloid plaque in brain
was measured by thioflavin-S fluorescent microscopy. Treatment reduced total plaque in
cortex and hippocampus by 49% and 43%, respectively, and reduced Abeta fibrils in cortex
and hippocampus by 57% and 61%, respectively [739]. The ARIA-E in AD subjects treated
with an AAA [790] is equivalent to the cerebral microhemorrhage in mice treated with an
AAA [795]. Mice treated chronically with the TfRMAb-ScFv BSA did not develop cerebral
microhemorrhage based on Prussian blue staining of brain, and developed only a low titer
ADA response [739].

Subsequent to the description of the BBB-penetrating BSA derived from either with the
HIRMAb [696] or the TfRMAb [794], a variety of BBB-penetrating BSAs were engineered
that used a multitude of formats for BSA design. A BSA was engineered that targeted
both the TfR and BACE1 as a treatment for AD [695,742]. This BSA was engineered with
the knob-in-hole technology which placed both the TfRMAb transporting antibody and
the BACE1 therapeutic antibody each in a monovalent format. A BSA that targeted both
the TfR and the Abeta amyloid peptide was engineered with knob-in-hole technology by
fusion of a single chain Fab form of the TfRMAb to the carboxyl terminus of one heavy
chain (HC) of a hetero-tetrameric antibody against Abeta [697]. This design placed the
TfRMAb in a monovalent form and the AAA in a bivalent format. In a modified tetravalent
BSA format, the 8D3 TfRMAb was engineered as a ScFv, which was then fused to the
carboxyl terminus of each light chain (LC) of the AAA, mAb158 [796], or an α-synuclein
MAb [744]. The mAb158 is the murine precursor to the BAN2401 AAA for AD [797].
Several therapeutic antibodies were re-engineered as a TfRMAb-based BSA using a dual
variable domain format where the VH and VL for each antibody was placed in tandem
at the amino terminus of each HC and LC [798]. Owing to steric hindrance by the outer
domain antibody, the affinity of the inner domain antibody was reduced [798]. A similar
tetravalent tandem BSA was engineered with a TfRMAb and an AAA that targeted the
protofibrillar form of the Abeta peptide [740]. In another monovalent TfRMAb format,
a BSA was engineered that targeted the TfR as a monovalent antibody and BACE1 as a
bivalent antibody using knob-in-hole technology [743]. The TfR binding site was created
in the CH3 region of one heavy chain by mutagenesis of multiple amino acids [743]. In
yet another format for BSA engineering, a single domain shark variable domain of new
antigen receptor antibody with high affinity binding to the TfR was fused to the amino
terminus of the heavy chain of the bapineuzumab antibody [741].

In summary, since the initial report of the engineering of a tetravalent BSA that targets
either the insulin receptor [696] or transferrin receptor [794], at least eight different formats
have been used for engineering a BBB-penetrating BSA [695,697,740–744,796,798]. The
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antibodies range from monovalent for both arms of the BSA, to bivalent for both arms of
the BSA, and to monovalent for one arm and bivalent for the other arm. The affinity of
the BBB transporting arm of the BSA ranges from high affinity to moderate affinity to low
affinity [559,647]. The final test of these BSAs is whether the BSA goes all the way to FDA
approval for treatment of AD or another CNS disease. The one BBB-penetrating BSA that
is currently in clinical trials is the Roche BSA [697], designated RO7126209, which is in a
phase 2 clinical trial for AD [NCT04639050].

8.4. Avidin-Biotin Technology

There are classes of biologics that cannot be delivered across the BBB with fusion
protein technology, and these include small peptide drugs and nucleic acid pharmaceuticals.
Oligopeptides may no longer bind the cognate receptor after fusion to a BBB Trojan horse
even if a long linker is employed. Nucleic acid pharmaceuticals cannot be fused to a
polypeptide. It is possible to deliver oligopeptides or antisense agents across the BBB with
RMT technology that is combined with a linker system, such as avidin–biotin technology.
In this approach, the pharmaceutical is formulated in two vials. The first vial contains the
mono-biotinylated peptide or antisense agent. The second vial contains a fusion protein
of avidin and the IgG RMT Trojan horse, which is generated by the genetic engineering
of an IgG–avidin fusion protein. The use of RMT Trojan horse–avidin fusion proteins and
peptide or antisense radiopharmaceuticals is particularly amenable to the development of
neuro-diagnostics using positron emission tomography (PET) or single photon emission
computed tomography external brain imaging.

8.4.1. Peptide Radiopharmaceuticals for Brain Imaging

The first peptide radiopharmaceutical used as a diagnostic agent and external scanning
was [111In]-octreotide, an 8-AA somatostatin (SST) analogue with a MW of 1395 Da, which
enabled the external imaging of neuroendocrine tumors [799]. SST receptors (SSTR) are
over-expressed in such tumors [800]. The SSTR is expressed in the CNS, as are receptors for
>100 other neuropeptides [801]. However, since neuropeptides do not cross the BBB [802],
the development of peptide radiopharmaceutical neuro-diagnostic agents is not possible
in the absence of a BBB delivery technology. Epidermal growth factor (EGF) was used to
develop a prototype of a BBB-penetrating peptide radiopharmaceutical. The EGF receptor
(EGFR) is over-expressed in primary brain cancer [803]. The use of a targeted EGF peptide
radiopharmaceutical as an imaging agent in experimental brain cancer was evaluated with
an experimental intra-cranial U87 human glioma in nude rats [804].

The EGF was re-formulated for BBB delivery in a two-vial approach. Vial A contained
EGF that was both radiolabeled and biotinylated. Vial B contained a conjugate of the
OX26 TfRMAb specific for the rat TfR and streptavidin (SA). Prior to IV administration in
EGFR expressing brain-tumor-bearing rats, the two vials were mixed. Owing to the very
high affinity binding of biotin to SA, there was immediate formation of a complex of the
EGF peptide radiopharmaceutical and the TfRMAb BBB Trojan horse [804]. The EGF was
radiolabeled with 111-indium, which was chelated by a diethylenetriamine pentaacetate
(DTPA) group attached to the peptide. In addition, the EGF was conjugated with 3400 Da
polyethyleneglycol (PEG3400)-biotin. The placement of the PEG3400 linker between the EGF
and the biotin was necessary to eliminate steric hindrance on EGF binding to the EGFR
caused by EGF capture by the OX26/SA conjugate [805]. When a 14-atom linker was placed
between the EGF and the biotin, the high affinity binding of the 6 kDa biotinyl-EGF to
the EGFR was sterically hindered by the 60 kDa SA [805]. The use of the PEG3400 linker
created a spacer >200 atoms in length between the EGF and the biotin/SA complex and
this extended linker removed the steric hindrance of the SA complex on EGF binding to the
EGFR on human glial tumor cells [805]. The [111In-DTPA, PEG3400-biotinyl]-EGF/SA-OX26
was injected intravenously in nude rats bearing an intracranial human U87 glioma, which
over-expresses the EGFR [804]. As a control, the tumor-bearing rats were also injected with
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the [111In-DTPA, PEG3400-biotinyl]-EGF without attachment to the TfRMAb Trojan horse.
The design of the BBB-penetrating EGF radiopharmaceutical is shown in Figure 14A.

Figure 14. Imaging brain cancer with peptide or antisense radiopharmaceuticals and BBB drug
delivery technology. (A) Structure of [111In]-DTPA-EGF-PEG3400-biotin bound to the OX26/SA
conjugate. (B) Film autoradiogram of coronal section of nude rat brain bearing a U87 glioma removed
2 h after IV injection of the BBB-targeted EGF peptide radiopharmaceutical. (C) A section parallel to
that shown in (B) was examined by immunohistochemistry using the 528 MAb against the human
EGFR. Panels B and C reproduced with permission [804], Copyright© 1999 American Association
Cancer Research. (D) Structure of [111In]-DTPA-O2-18-mer PNA antisense to nucleotides 20–37 of
the rat GFAP mRNA. The carboxyl terminus of the PNA incorporates a lysine (Lys) residue and
biotin is conjugated to the ε-amino group of the Lys; O = 9-atom linker. The biotinyl PNA is bound
by the OX26/SA conjugate. (E) Confocal microscopy of an intra-cranial RG-2 tumor in rats that is
immune-stained with an antibody to caveolin-1α (red) and an antibody to GFAP (green). (F) Film
autoradiogram of coronal section of tumor-bearing rat brain removed 6 h after the IV injection of
the biotinyl GFAP-PNA-OX26/SA conjugate. (G) Film autoradiogram of coronal section of tumor-
bearing rat brain removed 6 h after the IV injection of the biotinyl CAV-PNA-OX26/SA conjugate.
Panels (E–G) reproduced with permission [806], Copyright© 2004 SNMMI.

The BBB-targeted EGF peptide radiopharmaceutical shown in Figure 14A enabled
brain imaging of an intra-cranial human glial tumor in the nude rats, as shown in Figure 14B.
The over-expression of the tumor EGFR was confirmed by immunohistochemistry of the
tumor at post-mortem (Figure 14C). No imaging of the tumor was possible following the IV
injection of the [111In-DTPA, PEG3400-biotinyl]-EGF not bound to the OX26 TfRMAb [804].
Recent reviews have discussed the use of peptide radiopharmaceuticals for either therapeu-
tic [807] or diagnostic [808] agents for brain disease. Peptides have the potential for many
medical applications in the CNS as there are >100 peptide systems in the brain [801,809].
Such therapeutic and diagnostic applications of peptide radiopharmaceuticals for the brain
will require the re-engineering of the peptides with BBB peptide delivery technology.

8.4.2. Antisense Radiopharmaceuticals for Brain Imaging

Over 20 years ago, there was promise for imaging CNS gene expression with sequence
specific antisense radiopharmaceuticals [810,811]. Antisense agents are either phosphodi-
ester antisense oligodeoxynucleotides (ASO), phosphorothioate ASOs, or peptide nucleic
acids (PNA). Phosphodiester ASOs are not suitable agents for in vivo use, owing to the
rapid degradation of phosphodiester ASOs by endo- and exo-nucleases in vivo. Phospho-
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rothioate ASOs are more resistant to nucleases, but are not suitable imaging agents because
binding of a phosphorothioate ASO to a target mRNA forms a DNA:RNA heteroduplex,
which triggers mRNA degradation by RNase H [812]. PNAs are the preferred antisense
imaging agents, as the PNA polypeptide backbone is not degraded by nucleases, and
PNAs do not activate Rnase H [813]. However, PNAs are highly polar molecules that do
not cross the BBB [814]. PNAs can be re-formulated to cross the BBB and retain affinity
for the target mRNA sequence using BBB RMT and avidin–biotin technology. An 18-mer
PNA was synthesized with a nucleobase sequence that was antisense to either nucleotides
(nt) 10–27 of the rat caveolin (CAV)-1αmRNA (AF439778) or to nt 20–37 of the rat GFAP
mRNA (NM_017009) [806]. The sequence of the GFAP PNA is shown in Figure 14D. The
amino terminus of the PNA was conjugated with DTPA, which chelates the 111-indium
radiotracer. A double 9-atom linker (O) was placed at both the amino terminus between
the DTPA and the PNA, and at the carboxyl terminus between the PNA and the termi-
nal lysine (Lys) as shown in Figure 14D. The ε-amino group of the Lys amino acid was
biotinylated, which allowed binding of the biotinyl PNA to a conjugate of SA and the
OX26 rat TfRMAb (Figure 14D). Northern blotting with synthetic GFAP or LAT1 mRNA,
produced by in vitro transcription, showed the GFAP PNA bound to the GFAP mRNA, but
not the LAT1 mRNA, despite being bound by the OX26/SA conjugate [806]. Fischer CD344
rats bearing an intra-cranial RG-2 tumor were studied for brain imaging with either the
CAV PNA or the GFAP PNA. Confocal microscopy showed the experimental brain tumor
over-expressed the CAV protein and under-expressed the GFAP protein (Figure 14E). Loss
of GFAP expression is typical in high grade glial tumors [815]. GFAP mRNA in the RG-2
glioma cells in culture was not detectable by Northern blotting even after over-exposure of
the film [806]. In vivo brain imaging of the RG-2 intra-cranial tumors with the CAV PNA
or the GFAP PNA antisense radiopharmaceutical demonstrated the under-expression of
the GFAP mRNA (Figure 14F) and the over-expression of CAV mRNA (Figure 14G) in
the intra-cranial brain tumor, providing the PNA was conjugated to the TfRMAb Trojan
horse [806]. Only blank brain scans were produced when the GFAP PNA alone or the CAV
PNA alone were injected intravenously in the tumor-bearing rats [806]. Antisense agents
had been proposed as new approaches to the in vivo imaging of gene expression in the
brain [816]. This is still possible, providing the antisense agents are re-formulated with a
BBB Trojan horse brain delivery technology [806].

8.4.3. IgG–Avidin Fusion Proteins

TfRMAb–avidin fusion proteins were generated from the OX26 rat TfRMAb as either
a ScFv-SA fusion protein produced in E. coli [692], or as a bivalent TfRMAb–avidin fusion
protein produced in myeloma cells [817]. However, the problem with production of IgG–
avidin fusion proteins in mammalian expression systems is the high concentration of biotin
in tissue culture medium [818], coupled with the very slow dissociation of biotin from
avidin. Biotin binding to avidin is characterized by a KD of 10−15 M, and a dissociation T1/2
of 3 months [819]. The IgG–avidin fusion protein produced with standard expression media
is fully loaded with biotin [702], and only harsh denaturing conditions can separate the
avidin and biotin [819]. An IgG–avidin fusion protein that is saturated with biotin has little
utility for brain drug delivery of biotinylated agents. Therefore, it was necessary to develop
culture conditions that produce a gradual depletion of medium biotin. In standard culture
medium, the biotin concentration is 800 nM, which greatly exceeds the concentration of
the avidin fusion protein. The CHO cells stably transfected with the HIRMAb–avidin
fusion protein were re-suspended in custom biotin-free medium supplemented with 20 nM
biotin. The medium biotin concentration was reduced to 10 nM, 3 nM, 1 nM, and 0.3 nM,
at days 8, 14, 18, and 21 of growth in serum free medium [702]. The HIRMAb–AV fusion
protein produced under these conditions retained 1 unoccupied biotin binding site per
hetero-tetrameric IgG–avidin fusion proteins, which is composed of 2 avidin monomeric
chains fused to the carboxyl terminus of each HIRMAb heavy chain [702].
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An 8D3-derived TfRMAb–avidin fusion protein was produced in stably transfected
CHO cells under conditions of biotin depletion, and the fusion protein retained high affinity
binding for the mouse TfR and 1 biotin binding site per tetramer [820]. The biologic activity
of the fusion protein was tested in vivo in mice with respect to brain delivery of [125I,
biotinyl]-Aβ1–40, a potential peptide radiopharmaceutical for imaging the brain amyloid
burden of AD [686,687]. Currently, the brain amyloid burden in AD is imaged with small
molecules such as florbetapir [790], which has a brain uptake of 2–3%ID/g at 60 min after
IV administration in the mouse [821]. However, lipid-soluble small molecules such as
florbetapir are subject to rapid efflux from brain to blood [822], and a significant amount of
florbetapir can efflux from brain during a 2 h scanning period. A peptide radiopharmaceu-
tical, such as Aβ1–40, may be a preferred imaging agent owing to a longer brain residence
time [688], should the peptide be made transportable through the BBB. Aβ1–40 alone does
not cross the BBB [687,820]. The delivery of N-biotinyl Aβ1–40 to mouse brain was assessed
following radio-iodination of the peptide with the [125I]-Bolton–Hunter reagent, and conju-
gation to the 8D3-derived TfRMAb–avidin fusion protein [820]. The brain uptake of [125I,
biotinyl]-Aβ1–40 conjugated to the TfRMAb–avidin fusion protein is 2.1 ± 0.2 %ID/g in the
mouse following IV injection [820]. Therefore, the use of BBB RMT delivery technology
increases the brain uptake of a large molecule peptide radiopharmaceutical to the same
level of brain uptake observed with a lipid-soluble small molecule such as florbetapir [820].

9. Nanoparticles
9.1. Nanoparticle Formulations

There are three broad classes of nanoparticles (NP) [823]:

• Polymer-based nanoparticles, which include polymeric NPs (PNP), dendrimers, mi-
celles, and protein nanoparticles, such as albumin nanoparticles;

• Lipid-based nanoparticles, which include liposomes, which have an aqueous interior,
and solid lipid nanoparticles (SLN), which lack an aqueous interior; exosomes, which
are reviewed in Section 5.2, can be considered natural liposomes;

• Non-polymeric nanoparticles, which include carbon nanotubes (CNT), graphene
oxide (GO) fullerenes or quantum dots, and metallic nanoparticles produced from
metals such as iron, gold, silver, or silica. Iron nanoparticles are magnetic.

Nanoparticles may be functionalized by conjugation of ligands on the surface of the
nanoparticle, where such ligands are intended to mediate endocytosis of the nanoparticle
following binding to either a carrier-mediated transporter (CMT) or a receptor-mediated
transporter (RMT). Nanotechnology, which includes nanoparticles, liposomes, dendrimers,
and exosomes, constitute 32% of all brain drug delivery research (Table 1). Despite the
development of nanoparticles over the last 30 years, there have been few nanoparticle
formulations to enter into CNS clinical drugs, and there have been no FDA approvals
of nanoparticles for brain disease [824], as reviewed below. Nanoparticles are complex
structures that can exert toxic effects in brain with neuropathologic changes, as discussed
below. However, owing to the very few Investigational New Drug (IND) applications to the
FDA for brain-targeted nanoparticles, these agents have not been subjected to the rigorous
preclinical GLP safety pharmacology and toxicology studies in two species required for
an IND. An IND application also requires a proven and scalable plan for manufacturing
of the drug product under Good Manufacturing Practice (GMP). A PubMed search for
‘nanoparticle GMP manufacturing’ lists no entries (January 2022).

9.2. Polymer-Based Nanoparticles
9.2.1. Polymeric Nanoparticles

The first use of polymeric nanoparticles (PNP) to deliver drug across the BBB was
reported in 1995 [64]. The opioid hexapeptide, dalargin, was adsorbed to the surface
of PNPs prepared from poly(butyl cyanoacrylate) or PBCA. The dalargin was added to
the PBCA and the suspension was sonicated and either 0 or 1% polysorbate-80 (PS80,
Tween-80), a non-ionic detergent, was added, and the suspension immediately injected
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intravenously in mice. Analgesia was measured with the tail-flick method [64]. Analgesia
was not induced by the peptide alone, the peptide adsorbed to the PNPs, or the peptide
plus the PS80, but was induced by the combination of the peptide, the PNPs, and PS80 [64].
Subsequently, it was shown that plasma proteins are adsorbed to the surface of the PS80-
coated PNPs, including apolipoprotein B (apoB) and apolipoprotein E (apoE), and it was
hypothesized that apoB or apoE on the NP surface acted as ligands and attached the NP
to the LDLR on the BBB to trigger transport of the PNP into brain [825]. However, as
discussed in Section 8.1.6, the LDLR is not localized to the BBB by immunohistochemistry.
The absence of the LDLR on the BBB is consistent with the lack of transport across the
BBB of LDL cholesterol [611–613]. The model of BBB transport of the PNP was revised
following the demonstration of binding of apoA-I to the surface of the nanoparticle, and
it was then hypothesized that the apoA-I triggered transport not via the LDLR, but via
the scavenger receptor (SR)-B [826], which is also known as CD36. CD36 is localized to
the microvasculature in brain by immunohistochemistry [827]. The SR-B is a ligand for
oxidized LDL, such as acetylated LDL [828]. Acetylated LDL is endocytosed, but not
transcytosed, across the BBB in vivo as demonstrated by internal carotid artery infusion
with capillary depletion [506]. Therefore, the BBB SR-B is only an endocytosis system,
and does not mediate transcytosis through the BBB [506]. The microvascular SR-B/CD36
is believed to participate in phagocytosis at the neurovascular unit [829]. The presence
of PS80, or other surfactants, in the PNP formulation is essential for BBB transport [830].
Given that the SR-B is only an endocytosis system at the BBB, the mechanism is unclear by
which PS80 enables PBCA PNPs to cross the BBB in vivo. Toxic effects of the PS80-coated
PBCA PNP at the BBB are discussed below in Section 9.7 on nanoparticle toxicity.

PNPs are also stabilized by the addition of a corona of polyethyleneglycol (PEG) on
the surface of the nanoparticle [831]. PNPs were prepared from 45 kDa poly(lactic acid)
(PLA) and PEG conjugated poly(lactic coglycolic acid) (PLGA). The size of the PEG varied
from 2 to 20 kDa [831]. Pegylation of PNPs minimizes adsorption of plasma proteins to the
surface of the PNP. In the absence of the PEG surface coating, this serum protein adsorption
triggers rapid uptake by the reticulo-endothelial system in vivo and accounts for very rapid
plasma clearance of the non-pegylated PNP [832].

9.2.2. Dendrimers

Dendrimers are tree-like branching structures that can vary in MW from ~1 kDa to
~1000 kDa, and can have a net neutral or cationic charge. A poly(amidoamine) (PAMAM)
dendrimer was tritiated and injected intravenously in mice [65]. The cationic dendrimer
had a higher organ uptake than the neutral dendrimer. The organ with the highest uptake
was the lung and the organ with the lowest uptake was the brain. Dendrimers alone
do not cross the intact BBB [833]. Therefore, dendrimers need to be targeted to brain. A
PAMAM-PEG-Tf or PAMAM-PEG-Lf conjugate was prepared and injected intravenously
in mice [834]. The organs with the highest uptake were liver, lung, spleen, and kidney and
uptake by heart and brain was low. Exogenous Tf is not expected to act as a TfR-directed
Trojan horse at the BBB in vivo, because the concentration of endogenous Tf fully saturates
the BBB TfR [647], as discussed in Section 8.2.1. Lf, a ligand for LRP1, is not expected to act
as a BBB Trojan horse, since the LRP1 is not expressed on the endothelium, as discussed
in Section 8.2.1. The ultimate utility of amine-terminated dendrimers may be limited
by the cytotoxicity of these agents and the aggregation of the cationic dendrimers when
mixed with serum [834]. The serum aggregation of cationic dendrimers is similar to the
saline-induced aggregation of cationic liposome/DNA complexes [835], which is discussed
in Section 10.2.

9.2.3. Micelles

Amphiphilic sodium alginate cholesterol derivatives were synthesized and self-assembled
into 200 nm micelles, which were loaded with a polar neuroprotective oxysteroid [836]. The mi-
celles alone did not cross the BBB, so the micelles were targeted with lactoferrin (Lf). However, Lf
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is not a useful ligand for brain targeting. Although Lf is a ligand for the LRP1, this receptor is not
localized to the brain endothelium as discussed in Section 8.1.5. Additionally, Lf is not a ligand
for the TfR [837]. The brain uptake of the Lf-targeted micelles was very low, 0.05%ID/g [836],
which indicates the micelles are confined to the blood volume of brain. In another applica-
tion, micelles were formed with distearoylphosphatidylethanolamine (DSPE)-PEG2000-CREKA,
where CREKA is a pentapeptide that binds fibrin deposits at the tumor vasculature [838]. The
micelles were formed at 80 ◦C, cooled and injected intravenously in mice. The micelles were
primarily cleared by liver and kidney and demonstrated minimal, if any, transport across the
BBB [838]. Micelles were formed by 24 h incubation in water of GM1 monosialogangliosides,
which formed micelles with a mean diameter of 226 nm [839]. It was hypothesized that the GM1
gangliosides form a complex with serum albumin, which then mediates RMT across the BBB
via the gp60 albumin receptor expressed in cultured endothelium [840]. However, the albumin
receptor is not expressed on brain microvessels [841].

9.2.4. Albumin Nanoparticles

Human serum albumin (HSA) is converted into nanoparticles by an ethanol desol-
vation/glutaraldehyde cross-linking method [842]. In an effort to deliver the HSA NPs
across the BBB, apoE3 was chemically cross-linked to the HSA NPs [843]. As discussed in
Section 9.2.1, PBCA NPs coated with PS80 were said to bind apoE to trigger RMT across
the LDLR on the BBB [825]. However, the BBB transport of the apoE3-HSA NPs was only
evaluated by electron microscopic identification of 200–250 nm electron dense particles in
selected fields of mouse brain, and it is difficult to interpret this small sampling. Endocytosis
was demonstrated by electron microscopy of bEND.3 brain endothelium in cell culture [843].
There is a rationale for endocytosis in the cultured endothelium, because cultured cells
express the LDLR [610]. However, the LDLR is not expressed in brain in vivo at the brain
microvasculature [562]. Lipid-free ApoE does bind the SR-B scavenger receptor [844], but
this receptor at the BBB only mediates endocytosis, not transcytosis, across the BBB [506].
HSA NPs were produced by the ethanol desolvation/glutaraldehye method as well as by
an ethanol desolvation/thermal (90 ◦C) denaturation method. No coupling of lipoprotein
or use of PS80 was used in this investigation [845]. BBB transport was estimated in rats by
fluorescent microscopy following the IV injection of a large dose, 50 mg/kg, of the HSA NPs.
On the basis of this qualitative microscopy method, the HSA NP was said to cross the BBB
by a proposed mechanism of absorptive-mediated transport [845]. However, these HSA
NPs were neither cationic or conjugated with lectins, which are the primary mechanisms of
BBB absorptive-mediated transport (Section 7).

9.3. Lipid-Based Nanoparticles
9.3.1. Liposomes

Liposomes are nanoparticles formed from lipids with an aqueous interior. In contrast,
solid lipid nanoparticles (SLN) have a solid lipid interior. The first investigation of drug de-
livery to brain with liposomes was reported in 1990 [63]. Phosphatidylcholine/cholesterol
liposomes were prepared and injected in the carotid artery of Fisher 344 rats with an
intra-cranial 9 L glioma. The liposomes did not enter the hemisphere of brain contralateral
to the tumor, which indicated liposomes do not cross the BBB in normal brain. There
was uptake of the liposomes by the tumor and the brain adjacent tumor [63], because
the blood–tumor barrier is leaky in the 9 L glioma model [846]. In this early study, the
liposomes were infused into the carotid artery. It was not possible to use the IV route
of administration, because liposomes are rapidly cleared from the blood similar to PNPs
in the absence of a PEG corona [847]. Stealth liposomes have a PEG corona which pro-
duces a longer blood residence time, and Doxil®® stealth liposomes were evaluated for
brain uptake in 1995 [847]. Doxil is doxorubicin encapsulated in liposomes prepared from
phosphatidylcholine/cholesterol/PEG1900, and was injected intravenously in rats with an
intra-cranial glioma [847]. The Doxil liposomes were delivered to the experimental glioma,
as this tumor was shown to have a leaky BBB, but the Doxil liposomes were not taken up
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by the contralateral brain [847]. This study shows that pegylated liposomes do not cross
the intact BBB, similar to the lack of BBB transport of pegylated HSA NPs [843].

9.3.2. Solid Lipid Nanoparticles

Solid lipid nanoparticles (SLN) have a solid lipid interior, as opposed to liposomes,
which have an aqueous interior. The drug loading capacity of SLNs is not high, and the load-
ing capacity is higher for nano-structured lipid carriers (NLC) [848]. Lipid nanoparticles
(LNP) is a generic term that includes liposomes, SLNs, NLCs, and cationic lipoplexes [849].
The early work on SLNs for brain tested BBB transport only in cell culture models [848].
SLNs are particularly suited for drugs with low aqueous solubility. In one SLN application,
a drug that is insoluble in water, camptothecin, was incorporated in cetyl palmitate SLNs
with and without stabilization by PS80 [850]. The SLNs were formed by heating at 60 ◦C
followed by homogenization and sonication. Brain uptake of the SLN/camptothecin was
low unless the PS80 was added to the formulation. The explanation for the PS80 effect
was taken from prior work with PBCA NPs [825,826], and it was assumed lipoproteins are
bound to the PS80, which triggers uptake via the presumptive LDLR on the BBB. However,
in this SLN study [851], as in the PBCA NP work [825,826], no evidence was provided that
the LDLR is expressed at the BBB. SLNs require targeting agents to mediate delivery of the
particles across the BBB [850], as reviewed below.

9.4. Non-Polymeric Nanoparticles
9.4.1. Carbon Nanotubes

Carbon nanotubes (CNT) are needle-like structures and may be single walled nan-
otubes (SWNT) or multi-walled nanotubes (MWNT), which have diameters of 0.4–2 nm and
10–100 nm, respectively, and can be 50 nm to >1000 nm in length [852]. CNTs are allotropes
of carbon; CNTs have a tube structure, fullerenes have a cage structure, and graphene is
flat. CNTs are produced by electric arc discharge and laser ablation or by passage of carbon-
containing vapors in a furnace with a metal catalyst [852]. CNTs are insoluble in water and
have to be functionalized by chemical modifications to the carbon lattice for biomedical
applications. The ‘needle’ structure of CNTs is believed to facilitate the piercing of cell
membranes so that CNTs may gain access to the intracellular compartment [852]. CNTs are
toxic to cells [852,853]. SWNTs were loaded with acetylcholine by adsorption of the drug
to the walls of the SWCNT and injected intravenously into mice at a dose of 20–50 mg/kg
of SWNT, which corresponds to an acetylcholine dose of 4–10 mg/kg [853]. The SWCNTs
were said to cross the BBB based on an improved performance by AD transgenic mice in a
shuttle box test [853]. SWCNTs were said to cross the BBB based on experiments performed
solely in cell culture [854]. MWCNTs were functionalized with surface cationic, anionic, or
non-ionic groups and transport across the monolayer of cultured hCMEC/D3 endothelial
cells was determined [855]. Cationic and non-ionic MWCNTs were largely confined to the
cell glycocalyx. Anionic MWCNTs had the highest rate of transport in cell culture, and no
in vivo studies of BBB transport of CNTs were performed [855]. Similar to PNPs and SLNs,
CNTs must incorporate surface ligands to stimulate endocytosis without cell damage [856].

9.4.2. Graphene Oxide, Fullerenes, and Quantum Dots

Graphene is a two-dimensional carbon nanosheet, which is oxidized to form graphene
oxide (GO), where the graphene surface is decorated with carboxyl or hydroxyl groups.
Certain drugs, such as doxorubicin (Dox), were bonded non-covalently to the to GO sheet
by π-π stacking [857]. The GO surface was also conjugated with PEG, and the Dox-GO-
PEG, as well as free Dox, were injected intravenously in rats. Binding of the Dox to the
GO-PEG had no effect on the brain uptake of the Dox [857]. The authors concluded that
GO nanosheets need to be modified with receptor ligands to facilitate BBB transport, as
discussed below.

Fullerenes are 60-carbon caged carbon structures, which are not water soluble. Chem-
ical linking of water soluble groups such a tris-malonic acid produces a water soluble
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fullerene designated C3, which is a superoxide dismutase (SOD)-mimetic [858]. The C3
fullerene was injected intravenously in mice, and the brain uptake of the fullerene appeared
confined to the blood volume of the mouse, although no corrections for blood volume were
performed [858].

Graphene oxide quantum dots are spherical structures with a diameter of about
10 nm [859]. GO carbon dots were conjugated to glucose to facilitate CMT across the BBB
on the GLUT1 glucose carrier [860]. The carbon dot was also conjugated with fluorescein,
and the glucose/GQD/fluorescein structure was designated GluCD-F. The complex was
injected intravenously and BBB transport assessed qualitatively by fluorescent microscopy.
It is difficult to confirm BBB transport of the GlutCD-F in this small field sample. The
GluCD-F dots had a mean diameter of 3.8 nm [860]. However, as shown in Figure 9A, the
glucose cavity in the GLUT1 transporter is a highly confined space that has a diameter of
only 1.2 nm [347]. Therefore, the GlutCD-F structure has a diameter >3-fold greater than
the diameter of the GLUT1 cavity, so it is difficult to see how this complex can traverse the
BBB via GLUT1. The GLUT1 carrier can be expressed in transfected cells or frog oocytes
for direct examination of whether the GlutCD-F is transported via GLUT1, but this has not
been performed.

9.4.3. Metallic Nanoparticles

Nanoparticles have been produced from several metals including gold (Au), iron
oxide (FeO), silver (Ag), and silica.

Gold nanoparticles (AuNP). AuNPs of 15 nm diameter were coated with albumin
and poly(allylamine), a highly cationic polymer, and injected intravenously in mice [861].
The AuNPs were said to cross the BBB based on fluorescent microscopy, but the fluorescent
signal may have been due to the aggregation of the AuNPs at the microvascular surface.
In another study, AuNPs did not cross the BBB in the absence of BBB disruption caused
by external laser irradiation of the brain [862]. Severe combined immune-deficient (Scid)
mice with intra-cranial U87 human gliomas were treated with 13 nm AuNps conjugated
with siRNA, and the AuNPs were observed to cross the leaky blood–tumor barrier but not
the BBB in normal brain [863]. A recent review of nearly 40 studies on the use of AuNPs
for brain delivery showed an average brain uptake of 0.06%ID/g [864], which is very low
and could be explained on the basis of AuNPs residing in the brain blood volume. AuNPs
were hypothesized to cross the BBB via calcium or potassium channels [865]. Even very
small AuNPs with a diameter of 2.5 nm are large compared to the diameter of the pore
size of calcium or potassium channels, which is 0.9–1.5 nm [866–868]. Moreover, AuNPs
conjugated with siRNA have a diameter of 19–34 nm [863].

Silver nanoparticles (AgNP). AgNPs were combined with PLGA polymeric nanopar-
ticles (PNP), which produced AgPNPs of 191 nm in diameter [869]. The AgPNPs were
conjugated with chlorotoxin, a 36-AA scorpion toxin that binds the matrix metallopro-
teinase 2 (MMP2) of glioma cells, and was sequestered in a flank glioma in mice after
IV administration [869]. No studies of AgPNP transport across the intact BBB in brain
were performed.

Silica nanoparticles (SiNP). SiNPs were prepared from tetraethylorthosilicate [870],
which is (CH3CH2O)4-Si. The SiNPs were infused in the carotid artery of rats, and the
brain was stained with a silica selective fluorescent compound used to detect silica in soils.
Based on fluorescent microscopy [870], the SiNPs were said to cross the BBB, although the
micrographs suggest the SiNPs are largely sequestered within the vasculature. In another
study [871], SiNPs were produced from tetraethylorthosilicate and the surface was coated
with PEG-poly(ethyleneimine), or PEI, which is a cationic polymer. The functionalized
SiNPs were injected in the mouse and brain uptake visualized by two-photon microscopy
through a cranial window. The SiNPs were said to cross the BBB [871], although inspection
of the micrographs suggest the SiNPs are largely sequestered within the vasculature.

Magnetic iron nanoparticles. Iron NPs (FeNP) are magnetic and designated super-
paramagnetic iron oxide nanoparticles or SPION [872]. SPIONs were functionalized by
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adsorption of PEG and PEI to the surface and stabilized by the addition of PS80. The
SPIONs were injected intravenously in the rat, which was subjected to an external magnetic
field (EMF) by fixation of a magnet over the skull. In the absence of either the EMF or
the PS80, there was no brain uptake of the SPIONs; however, brain uptake of the PS80-
stabilized SPIONs was observed in the rats subjected to an EMF [872]. This work was said
to provide the basis for therapeutic applications of Tween-SPIONs under EMF [872]. Iron
oxide NPs were mixed with a complex of PEI and DNA to form FeNPs. These were added to
cultured cells for the assessment of gene expression, a process named magnetofection [873].
However, exposure of cultured cells to a magnet did not enhance gene expression with the
FeNPs. The diameter of the FeNPs in water was ~150 nm. However, when the FeNPs were
added to tissue culture medium, the FeNPs aggregated to a diameter >1 micron [873]. Such
aggregation stimulates phagocytosis [874], which appears to be the principal mechanism
for cell entry of the FeNPs coated with PEI/DNA.

In summary, despite the diversity of nanoparticle formulations that have evolved over
the last 25 years, the data reviewed above show that nanoparticles do not cross an intact
BBB. The one exception to this rule may be PBCA polymeric nanoparticles that are coated
with the surfactant, PS80 [825,833]. An early study of PS80-coated PBCA nanoparticles
and brain delivery showed pharmacologic effects could be attributed to the toxic effects of
the PBCA polymer, which were augmented by the PS80 detergent [875], and the toxicity
of PS80/PBCA PNPs is discussed further in Section 9.7. Given the lack of nanoparticle
transport across the BBB, nanoparticles need to be re-formulated to access endogenous
transport systems within the BBB, similar to classic small or large molecules discussed in
Sections 6–8. As reviewed in Section 9.5, nanoparticles have been functionalized in a variety
of ways so as to undergo transport through the BBB via CMT, AMT, or RMT mechanisms.
In addition, nanoparticles have been delivered to brain with BBB avoidance strategies,
such as BBBD with focused ultrasound, intra-cerebral delivery with convection-enhanced
diffusion, or trans-nasal delivery.

9.5. Mediated Blood–Brain Barrier Delivery of Functionalized Nanoparticles
9.5.1. Carrier-Mediated Transport of Nanoparticles

To facilitate nanoparticle transport across the BBB, micelles were produced with
a PEG2000-poly(α,β-polyaspartic acid) co-block polymer, which included a terminal D-
glucose moiety, so as to enable BBB passage via the GLUT1 glucose transporter [876].
Fluorescent microscopy showed the micelles were largely trapped in the intra-vascular
compartment of brain and no quantitative measurement of brain uptake was reported.
Pegylated PLGA nanoparticles were conjugated with ascorbic acid to facilitate transport
of the PNPs across the BBB via the sodium dependent vitamin C (SVCT) carrier [877].
However, ascorbic acid does not cross the BBB; instead dehydroascorbate, the oxidized form
of vitamin C, crosses the BBB via the GLUT1 transporter [878]. Similarly, dehydroascorbate,
rather than ascorbate, is the form of vitamin C that crosses the blood–retinal barrier (BRB)
on the GLUT1 carrier [879]. Transport of the ascorbate-targeted PEG-PLGA nanoparticles
was demonstrated only in a cell culture model or with neurobehavior tests, without in vivo
measurements of BBB transport [877]. AuNPs were targeted with L-DOPA to enable
transport via the LAT1 large neutral amino acid carrier at the BBB, and BBB transport was
only assessed with cell culture models [880]. Dendrimer-based micelles encapsulating
doxorubicin (DOX) were conjugated with choline to enable transport on the BBB choline
carrier, which is presumed to be CTL1, as discussed in Section 6.2.6. Whereas DOX uptake
in a leaky experimental brain tumor was increased, the uptake of DOX across the intact BBB
was negligible [881]. Pegylated liposomes were conjugated with the tripeptide, glutathione
(GSH), on the assumption that a GSH transporter is expressed at the BBB [882]. However,
as discussed in Section 8.2.1, GSH does not cross the BBB [677], and a GSH transporter at
the BBB has not been identified [678].

The available data show that targeting CMT systems at the BBB for nanoparticle deliv-
ery is not advisable. Nutrients traverse the SLC CMT systems via narrow, stereospecific
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cavities, as illustrated for the GLUT1 or LAT1 carriers in Figure 9. The width of these
cavities is about 1 nm, as discussed in Section 6.2.1. There is no direct evidence that even
small nanoparticles can fit through these CMT cavities. The SLC carriers do not mediate en-
docytosis, as is the case for the RMT systems, which means there is no plausible mechanism
by which nanoparticles can be transported by the CMT systems. The counter argument
is that certain viruses, which have a size comparable to a nanoparticle, enter cells by first
binding a CMT system. As discussed in Section 6.2.3, the murine ecotropic retrovirus binds
CAT1 [379], as does the bovine leukemia virus (BLV) [883]. The human T cell leukemia
virus binds GLUT1 [884]. However, virus endocytosis into cells is a two-step process of
binding to a cell membrane receptor, e.g., a CMT system, followed by membrane fusion,
which then triggers endocytosis. This two-step process is illustrated with the Severe Acute
Respiratory Syndrome Coronavirus 2 [885]. The S1 domain of the virus spike protein binds
the cell membrane receptor, angiotensin converting enzyme 2 (ACE2). Binding to ACE2
alone does not trigger endocytosis of the virus. After ACE2 binding, the spike protein is
cleaved by furin into the separate S1 and S2 subunits, and the cleaved S2 subunit fuses
with the cell membrane to enable virus endocytosis [885]. Nanoparticles targeting a CMT
system would need to be further functionalized with a membrane fusion domain.

9.5.2. Absorptive-Mediated Transport of Nanoparticles

Nanoparticles have been modified by the addition of cationic agents, such as pro-
tamine or cationized albumin to facilitate BBB transfer via the AMT mechanism reviewed
in Section 7. Cisplatin loaded PLGA PNPs were cationized by loading protamine to the
surface of the nanoparticle [886]. However, BBB transfer was only evaluated in cell cul-
ture. Pegylated poly(lactic acid) (PLA) PNPs were prepared and surfaced conjugated with
cationized bovine serum albumin (cBSA) with a thio-ether bond [887]. However, BBB
transport was only assessed with an in vitro model, where transport of the cBSA-PNPs
moved across the endothelial monolayer faster than PNPs conjugated with native bovine
serum albumin [887]. Pegylated liposomes were covalently conjugated with cBSA, and
brain uptake was assessed in vivo [888]. However, after IV injection in rats, the cBSA-
liposomes were confined to the vascular wall without significant transport into brain
parenchyma [888]. Cationized bovine serum albumin was conjugated to a PAMAM den-
drimer, which was mixed with a DOX loaded PLGA PNP so as to enhance BBB transport of
the DOX chemotherapeutic agent. However, BBB transport was only assessed in vitro [889].
As discussed in Section 7, AMT at the BBB can also be mediated by lectins such as WGA.
This lectin was conjugated to PEG-PLA PNPs and cell uptake and toxicity was assessed in
cell culture. The higher the WGA content of the nanoparticle, the higher the cell uptake,
but the greater the cell toxicity [890]. The toxicity of the WGA nanoparticle is not unex-
pected given the known toxicity of this lectin as discussed in Section 7.3.2. In summary,
the delivery of nanoparticles across the BBB via AMT pathways used by cationic proteins
or lectins is not promising, owing to the sequestration of the complex in the endothelial
compartment and to the toxicity of cationic proteins or lectins (Section 7.3).

9.5.3. Receptor-Mediated Transport of Nanoparticles

The RMT delivery of nanoparticles across the BBB is similar to the delivery of large
molecule biologics. Nanoparticles alone do not cross the non-disrupted BBB, as reviewed in
Sections 9.2–9.4. Similar to biologics, the BBB transport of nanoparticles is not possible using
CMT systems, as these transporters generally do not undergo endocytosis. Additionally,
similar to biologics, the re-formulation of nanoparticles to access RMT systems within the
BBB provides greater brain uptake as compared to nanoparticles that access AMT systems.
As reviewed below, both peptides and receptor-specific MAbs have been used as Trojan
horses to enable RMT of nanoparticles across the BBB.

Transferrin receptor antibody-targeted nanoparticles. The first nanoparticle formu-
lated for RMT across the BBB was reported in 1996 in the form of pegylated immunolipo-
somes [891], also called Trojan horse liposomes (THL). Pegylated liposomes were surface
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conjugated with the mouse OX26 MAb against the rat TfR, and BBB transport was demon-
strated in vivo in the rat [891]. The optimal use of THLs is the brain delivery of plasmid
DNA for non-viral brain gene therapy, as discussed in Section 10.2. Subsequent to the
description of BBB-penetrating pegylated immunoliposomes, pegylated PLA nanoparticles
conjugated with the OX26 TfRMAb for brain delivery was described in 2002 [892]. The
PNPs were produced from methoxy-PEG2600-PLA40000 and maleimide-PEG3500-PLA40000

with an emulsion/solvent evaporation method with 1% sodium cholate as a surfactant.
The diameter of the pegylated PLA nanoparticles was 121 ± 5 nm, based on dynamic
light scattering. Transmission EM showed most of the PNPs had a diameter of ~100 nm,
although a few were 200–300 nm in size, as shown in Figure 15A.

Figure 15. Pegylated immuno-nanoparticles. (A) Transmission EM of pegylated PLA nanoparticles
counter-stained with phosphotungstic acid. Magnification bar = 100 nm. (B) Transmission EM of the
complex of the OX26 antibody-pegylated immunonanoparticles bound by a 10 nm gold conjugated
secondary antibody. Magnification bar = 15 nm. Reproduced with permission [892], Copyright© 2002
Springer-Nature.

The OX26 antibody was thiolated with 2-iminothiolane in parallel with production of the
pegylated nanoparticles. The thiolated OX26 antibody was conjugated to the PEG-extended
maleimide group on the surface of the nanoparticle to form a stable thio-ether linkage. The
conjugation of the OX26 antibody to the surface of the pegylated nanoparticle is shown in
Figure 15B. The relationship of the OX26 antibody and the nanoparticle surface was examined
by binding a 10 nm gold conjugated secondary antibody to the pegylated immunonanoparticle,
followed by washing and electron microscopy (Figure 15B). The number of OX26 antibodies
conjugated per pegylated immunonanoparticle was 67± 4 [892].

The OX26 TfRMAb is specific only for the rat TfR, and is not active in mice [663]. TfR
antibodies that react with the mouse TfR that could be used for BBB delivery in the mouse
were described in 2000, as it was shown the rat 8D3 MAb against the mouse TfR, or the
rat RI7-217 MAb against the mouse TfR, penetrated the BBB in the mouse [663]. Just as
the OX26 antibody is active in the rat, but not the mouse [663], the RI7-217 antibody is
active in the mouse, but not in other species [691]. The species specificity of the TfRMAbs
has not been considered in several studies of NP targeting to brain with a MAb against
the TfR. For example, the BBB transport of OX26-targeted liposomes was evaluated in
a human endothelial hCMEC/D3 culture model [893], but the OX26 TfRMAb does not
recognize the human TfR [689]. If human cells are used as a model system, then a TfRMAb
specific for the human TfR should be used, such as the 128.1 TfRMAb against the human
TfR [894]. Pegylated chitosan nanoparticles were conjugated with the OX26 antibody [895].
However, these in vivo transport studies are difficult to interpret, since the studies were
conducted in the mouse [895], and the OX26 antibody is not active in the mouse [663]. In
another report confounded by species specificity of the TfRMAbs, pegylated PLA PNPs
were conjugated with the OX26 antibody, and BBB transport was tested in cell culture
with human cells, and in vivo in the mouse [896]. The OX26 antibody is not active in
humans [689] or mice [663]. OX26-targeted pegylated immunoliposomes were prepared
and the TfRMAb was bound to the surface of the liposome with a biotin-streptavidin
bridge [893], as originally described by Huwyler and colleagues [897]. However, the BBB
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transport of the OX26-targeted liposomes was then evaluated in the human CMEC/D3
endothelial line in cell culture [893], where the OX26 antibody does not react with the
human TfR [894].

If the TfRMAb is matched to the correct species, then successful RMT delivery of
NPs to brain is possible. PLGA PNPs encapsulating the opioid tetrapeptide, endomor-
phin, were conjugated with the OX26 antibody, and the effect on analgesia was tested
in rats [898]. Pegylated PLA PNPs were conjugated with the OX26 antibody and BBB
transport was demonstrated by cerebral microdialysis in rats [899]. Pegylated mesoporous
silica nanoparticles were conjugated with the rat RI7-217 antibody against the mouse TfR,
and BBB transport was demonstrated in cell culture using the mouse bEND5 cells and
in vivo in the mouse using fluorescent microscopy [900]. BBB transport of nanoparticles in
the mouse was investigated with AuNPs conjugated with the rat 8D3 antibody against the
mouse TfR [901]. The AuNPs could be visualized by electron microscopy at the luminal
endothelial membrane, within intra-endothelial vesicles, and at the abluminal endothelial
membrane [901]. It was hypothesized that the 8D3 conjugated AuNPs were not released
by the abluminal TfR into the brain parenchyma [901]. However, it is not expected that
gold particles in the post-vascular brain could be visualized at the EM level, owing to
the volumetrics of the brain. As discussed in an early 1994 study on the EM of rat brain
following carotid arterial infusion of a 5 nm gold-OX26 conjugate [585], the volume of the
brain extracellular space, 200 µL/g, is 250-fold greater than the volume of the brain en-
dothelial compartment, 0.8 µL/g. Therefore, the gold particles undergo a 250-fold dilution
subsequent to exocytosis at the abluminal membrane.

Insulin receptor antibody-targeted nanoparticles. THLs were targeted with a MAb
against the human insulin receptor (HIR), which cross reacts with the insulin receptor
of Old World monkeys, and the HIRMAb-targeted THLs were encapsulated with a β-
galactosidase expression plasmid. IV administration of these THLs produced widespread
expression of the transgene in Rhesus monkey brain [902], as discussed in Section 10.2. The
same HIRMAb was conjugated to polymersomes produced from an amphiphilic diblock
copolymer, and endocytosis of the nanoparticles was followed by fluorescent microscopy in
human hCMEC/D3 endothelial cells [903]. Another antibody against the HIR, the 29B4 an-
tibody, was incorporated in albumin nanoparticles, and the 29B4 conjugated nanoparticles
produced analgesia following IV administration in mice [904]. These results are difficult to
interpret, because the 29B4 antibody is directed against the tyrosine kinase (TK) domain of
the beta subunit of the HIR [905], and this TK domain is localized within the intracellular
region of the HIR (Figure 10B). An antibody in plasma cannot access the epitope on the
receptor that is localized within the intracellular compartment. Antibodies used as BBB
RMT Trojan horses bind exofacial epitopes on the extracellular domain of the receptor,
which are accessible to the blood-born antibody. The extracellular domains of either the
HIR or the human TfR1 are shown in Figure 10.

Transferrin- and lactoferrin-targeted nanoparticles. Nanoparticles have been conju-
gated with transferrin (Tf) for brain drug delivery [906–909]. The problem with using Tf
as a Trojan horse is that the exogenous Tf, conjugated to the nanoparticle, must compete
with the endogenous Tf in plasma. The concentration of holo-Tf in plasma, 25,000 nM,
is nearly 1000-fold greater than the concentration, 40 nM, of the TfR1 at the BBB [559].
Therefore, the BBB TfR is >99.9% saturated with endogenous Tf. For this reason, a TfRMAb
Trojan horse, which binds the apical region of the TfR (Figure 10C), a site spatially removed
from the holo-Tf binding site, is the preferred type of TfR Trojan horse. The other factor to
consider in the use of Tf as a Trojan horse is the iron content of the Tf. Apo-Tf does not bind
the TfR at physiological pH, and mono-ferric Tf binds the TfR with an 8- to 9-fold lower
affinity than the di-ferric form of Tf [575]. Iron loading of Tf to produce di-ferric Tf has
been described [586]. Lactoferrin (Lf) has been conjugated to polymeric nanoparticles for
brain drug delivery [908]. The problem with using Lf as a Trojan horse is that Lf is a ligand
for LRP1, and LRP1 is not expressed at the luminal endothelial membrane, as discussed in
Section 8.2.1.
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Folic acid-targeted nanoparticles. Stearic acid SLNs were incorporated with a conju-
gate of stearic acid and folic acid [910]. The folate conjugated SLNs incorporated docetaxel
and ketoconazole, both highly water insoluble chemotherapeutic agents, which are favored
agents for SLN delivery. The use of folic acid as a BBB Trojan horse assumes the folate
receptor (FOLR1, Table 3) is the principal folate transporter at the BBB. Folate is also trans-
ported by the reduced folate carrier (FRC). There is evidence for expression at the BBB of
both the FOLR1 [427], which is an RMT system, and the FRC [426], which is a CMT system,
as discussed in Section 6.2.7. If FOLR1 is the primary folate transporter at the BBB, then
folate conjugated nanoparticles may undergo RMT across the BBB. However, the FRC is a
CMT system, and if FRC is the primary BBB transporter for folic acid, then it is unlikely
that folate conjugated nanoparticles may traverse the BBB via very narrow cavity of a CMT
system, as discussed in Section 9.5.1.

Dual receptor targeting of nanoparticles. The dual receptor targeting of pegylated
liposomes was reported in 2002 using both the 8D3 antibody, for targeting the mouse TfR,
and the 83-14 antibody, for targeting the HIR in an experimental intra-cranial human glioma
model in the mouse [911]. These dual targeted THLs are discussed further in Section 10.2.
Subsequently, sphingomyelin/cholesterol liposomes were dual targeted with the RI7-217
rat antibody against the mouse TfR, and phosphatidic acid, which targets the Abeta amyloid
peptide of AD [912]. However, BBB transport of the liposomes was evaluated in culture
with human hCMEC/D3 endothelial cells, which express the human TfR, and the human
TfR is not recognized by the RI7-217 antibody [691]. Pegylated liposomes were dual
targeted with the OX26 antibody against the rat TfR and the 19B8 antibody against the
Abeta amyloid peptide of AD [913]. One antibody was thiolated and conjugated to a PEG
terminal maleimide moiety, and the other antibody was biotinylated and conjugated with a
streptavidin bridge to a PEG terminal biotin group [913].

Peptide targeting of nanoparticles. The 29AA rabies virus glycoprotein (RVG) pep-
tide was conjugated to PLGA nanoparticles [914], based on the assumption the RVG peptide
targets the nAChR on the BBB as suggested by Kumar et al. [297]. However, CNS uptake of
the PLGA nanoparticles was not enhanced by the RVG peptide [914], which is consistent
with the lack of expression of the putative RVG receptor, the nAChR, at the brain endothe-
lium as discussed in Section 8.1.7. Pegylated SLNs were targeted with the apoE141-150
peptide, which corresponds to AA 141-150 of the human apolipoprotein E (P02649), on the
assumption this ligand would trigger RMT across the LDLR at the BBB [915]. However,
fluorescent microscopy showed the apoE-targeted SLNs did not cross the BBB [915], which
is consistent with the lack of expression of the LDLR at the BBB in vivo, as discussed in
Section 8.1.6. The same apoE141-150 peptide was conjugated to PLGA nanoparticles, and
brain uptake of the nanoparticles was monitored by fluorescent microscopy [916]. The
sequence of the apoE141-150 peptide is LRKLRKRLLR, which has a pI of >10. To the extent
this peptide mediates BBB transport, the mechanism is most likely not RMT via a LDLR,
but rather AMT owing to the highly cationic charge of the peptide.

In summary, NP functionalization with ligands that trigger RMT across the BBB is
necessary because NPs alone do not cross the BBB, as reviewed in Sections 9.2–9.4. The
importance of functionalization of nanomedicines for transport across vascular barriers has
been recently reviewed [917]. Functionalization with ligands that promote NP transport
via CMT is not effective, as the NPs cannot fit within the narrow transport cavities of a
CMT, as reviewed in Section 9.5.1. Delivery of NPs via AMT is not optimal, owing to
the high degree of sequestration of the NP within the endothelial compartment of brain
following endocytosis via an AMT process, as reviewed in Section 9.5.2. The optimal
approach to NP functionalization for brain drug delivery is the incorporation on the NP
surface of receptor-specific MAbs that trigger RMT of the NP across the BBB. However,
the TfR-specific MAbs, e.g., the rat 8D3 MAb against the mouse TfR, the rat RI7-217 MAb
against the mouse TfR, or the mouse OX26 MAb against the rat TfR, are species-specific.
The OX26 TfRMAb does not recognize either the mouse TfR [663] or the human TfR [689].
The RI7-217 TfRMAb does not recognize the human TfR [691], and has not been shown
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to bind with high affinity to the rat TfR. Therefore, it is important to match the species
specificity of the TfRMAb with the species of the animal model or the species of origin of
cells in culture.

9.5.4. Brain Delivery of Nanoparticles with BBB Avoidance Strategies

Nanoparticles do not cross the BBB in the absence of a BBB delivery technology
(Sections 9.2–9.4). In the absence of re-formulating the nanoparticles with a receptor-
specific ligand to enable RMT at the BBB, one of the BBB avoidance strategies must be
employed. These include convection-enhanced diffusion (CED) (Section 2.2.2), trans-nasal
delivery (Section 3), and BBBD with focused ultrasound (Section 4.2). In an early study of
CED and nanoparticles, camptothecin loaded PLGA PNPs were infused into the brain for
30 min by CED 7 days after implantation of a 9 L intra-cranial glioma in Fischer CD344
rats [918]. The infusion of a dose of 0.25 mg of the camptothecin had no effect on survival,
although the infusion of a dose of 0.5 mg camptothecin in the PNPs increased median
survival from 17 to 22 days. As reviewed in Section 2.2.2, clinical trials with the CED
delivery system for brain conditions have failed. Therefore, in an effort to enhance drug
distribution into the brain following CED, PLGA nanoparticles, with or without pegylation,
were infused in the brain via CED in either isotonic (0.9%) or hypertonic (3%) saline [919].
The combination of pegylation of the PLGA PNPs, drug administration via CED, and the
infusion of 3% hypertonic saline increased the distribution of the infusate in brain. This
effect is presumed to be due to shrinkage of brain cells owing to osmotic fluid shifts in
brain caused by the hypertonic saline infusion. Brain delivery of nanoparticles via the
trans-nasal route was examined in mice following the nasal instillation of 5 µL/nostril of a
microemulsion of clobazam [920]. However, clobazam is a lipid-soluble small molecule
with a MW of 301 Da and low hydrogen bonding, and is a benzodiazepine that crosses the
BBB [921]. As reviewed in Section 3, such molecules may gain access to brain following
nasal instillation by first passing from the nose to the blood compartment and then entry
into brain across the BBB. In another study of nasal delivery of nanoparticles, paclitaxel
was formulated in PLGA PNPs and infused into the nose in large volumes of 25 µL in
each nostril in the mouse with a pressurized olfactory device [922]. This volume of drug
instilled is equal to the entire nasal volume in the mouse [148]. As reviewed in Section 3.2,
this instillation of such a large volume causes local injury to the nasal mucosa. AuNPs were
administered to mice in conjunction with BBBD induced by focused ultrasound (FUS) [923].
The size of the AuNPs varied from 3 nm to 15 nm to 120 nm. The dose of the microbubbles
was 8 × 107 per mouse IV, and the acoustic pressure used was 0.5–0.7 MPa. The highest
distribution of AuNPs in brain was produced with the 15 nm AuNPs and an acoustic
pressure of 0.7 MPa [923]. As discussed in Section 4.2, the FUS/microbubble form of BBBD
creates pores at the BBB owing to opening of tight junctions. The 120 AuNPs may have
a diameter that exceeds the transitory pores in the BBB caused by the FUS/microbubble
procedure. BBBD caused by the FUS/microbubble treatment can lead to neuropathology
(Section 4.2). As discussed below, nanoparticle administration is not without toxicity, as
discussed below. Therefore, the NP toxicity would be additive with a toxicity profile
of the BBB avoidance strategy, such as CED, nasal administration of large volumes, or
FUS/microbubble BBB disruption.

9.6. Nanoparticle Clinical Trials for the Brain

The NP-based pharmaceuticals that are FDA approved are nearly all liposomal formu-
lations, and none are approved for the CNS [924]. FDA-approved formulations include:

• Pegylated and non-pegylated liposomes encapsulating cancer chemotherapeutic agents
including doxorubicin, cytarabine/daunomycin, vincristine, irinotecan;

• Liposomes encapsulating amphotericin B for fungal infections;
• Liposomes encapsulating verteporfin for macular degeneration;
• Cremophor-free paclitaxel re-formulated as albumin nanoparticles for cancer;
• siRNA in cationic pegylated liposomes for hereditary transthyretin amyloidosis;
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• Iron replacement therapies;
• Imaging agents.

Additional liposomal agents are in clinical trials as reviewed recently [924]. However,
few of these clinical trials are designed for CNS indications, with some exceptions [925]:

• SGT-53 was developed as a treatment for brain cancer [926]. SGT-53 is a plasmid
DNA encoding the p53 tumor suppressor gene that is adsorbed to cationic liposomes
conjugated with a ScFv antibody against the human TfR [926]. This ScFv was derived
from the 5E9 antibody [927], also known as the HB21 antibody [928]. The ScFv against
the human TfR was chemically conjugated to the liposomal lipids with a thio-ether
linkage. SGT-53 was administered to patients with recurrent glioblastoma multiforme
(GBM) concurrent with temozolomide treatment (NCT02340156). Only one patient
was enrolled and the trial was terminated. The SGT-53 formulation is a cationic
lipoplex of DNA, and such agents demonstrate aggregation problems, as discussed in
Section 10.2.

• MTX-110 is a complex of panobinostat, a histone decarboxylase inhibitor, and hydrox-
ylpropyl β-cyclodextrin [929]. MTX-110 is a soluble form of panobinostat, which is
poorly soluble in water. MTX-110 does not cross the BBB, and this formulation has
been administered to rats by CED [929] and to primates by infusion in the fourth
ventricle [930]. MTX-110 was administered to patients with a pontine glioma by CED;
the phase 1 trial in 7 patients concluded in February 2022, with no advancement to
phase 2 (NCT03566199).

• ARCT-810 is a mRNA encoding ornithine transcarbamylase (OTC) formulated in a
LNP for the treatment of late onset OTC deficiency. This condition can lead to seizures,
brain edema, and death [931]. The ARCT-810 clinical trial was initiated in 2020 and is
ongoing (NCT04442347). The details of ARCT-810 manufacturing are not available,
and it is not clear if this was formulated as a lipoplex/RNA mixture or if the mRNA
was fully encapsulated in the LNPs.

• CNM-Au8 is a preparation of gold nanocrystals which are daily administered orally
at a dose of 30 mg, and were tested in a phase 2 trial for ALS [932]. The trial was
completed in 2022 and no results were yet reported (NCT04098406). It is not clear how
such AuNPs, which are not functionalized, can cross the BBB in ALS. The BBB is intact
in ALS [933].

• ABI-009 is a preparation of albumin NPs complexed with the macrolide antibiotic,
rapamycin, an anti-tumor agent, which is administered to patients with newly diag-
nosed GBM (NCT03463265). The trial was first posted in 2018, and no results have
been reported. Since the albumin NPs are not functionalized, no transport across the
intact BBB is expected. The BBB may be leaky in the tumor area of GBM to small
molecules [191]. However, much of the GBM tumor retains an intact BBB, and tumor
eradication is not possible unless all cancer cells within the tumor are exposed to
the therapeutic [934]. Therefore, new treatments for GBM need to be formulated or
engineered to enable transport across an BBB.

• NU-0129 is an AuNP conjugated with siRNA and designated a spherical nucleic acid
(SNA) [935]. The siRNA targets the Bcl1Like12 oncogene [935]. NU-0129 is said to
be BBB-penetrating, but the AuNP is not functionalized. Only the gold part of this
NU-0219 was tested for brain penetration, not the siRNA part. The siRNA was simply
adsorbed to the surface of the AuNP, and there is immediate separation of the AuNP
and the siRNA following IV administration [935]. The plasma T1/2 of the siRNA is
5.4 ± 5.1 min, whereas the plasma T1/2 of the gold is 17 ± 6 h [935]. A phase 1 trial in
recurrent GBM was initiated for NU-0129 in 2017 with the last posting in 2020 and no
study results are available (NCT03020017).

In summary, there are no nanoparticle formulations FDA approved for CNS diseases,
and based on the ongoing clinical trials reviewed above, this situation is not likely to change
in the near future. The challenge with nanoparticles for the brain is the same as that for
biologics for the brain—FDA approval is unlikely unless the biologic, or the nanoparticle,
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is re-engineered to enable transport across an intact BBB, preferably via an endogenous
BBB RMT pathway.

9.7. Nanoparticle Neurotoxicology

There are several reviews on the neurotoxicology that follows from the accumulation
of nanomaterials in the brain [936–940]. The greatest toxicity is observed with the chronic
administration of either metallic NPs or CNTs/fullerenes. With respect to metallic NPs, tox-
icity is found after the administration of AuNPs [941–943], AgNPs [944,945], iron NPs [946],
silica NPs [947], and titanium NPs [948]. Pregnant mice were fed AgNPs orally from the
first to last day of gestation [944]. The silver content of brain increased 14-fold and 22-fold
following the feeding of 30 nm and 10 nm AgNPs, respectively, which was associated with
increased gene expression of inflammatory cytokines and impaired cognition [944]. Similar
findings were made in rats fed AgNPs [945]. Silver ions may gain access to brain from
blood similar to mechanisms that mediate the brain uptake of copper ions. Internal carotid
perfusion studies show that copper gains access to brain via carrier mediated transport at
the BBB of the free copper ion [949]. The SLC31 sub-family encodes for copper transporters
(CTR) [950].

Pegylated graphene oxide (GO) nanosheets are toxic to cells following partial insertion
in the cell membrane, which triggers an inflammatory response [951]. The intra-cerebral
injection of C60 fullerenes into the hippocampus reduces neurotrophic factors and causes
neuro-behavioral changes [952]. CNTs, including SWCNTs or MWCNTs, are particularly
toxic to vascular cells both in brain and peripheral tissues [938]. Reduced graphene oxide
NPs with an average diameter of 340 nm caused BBB disruption following an IV injection
of 7 mg/kg in rats, and electron microscopy showed leaky tight junctions [953].

In addition to metallic NPs, and CNT/fullerene/GO nanoparticles, polymeric NPs
may also cause toxicity in brain. PBCA NPs coated with polysorbate-80 (PS80) were the first
NPs to be shown to cross the BBB [64], as reviewed in Section 9.2.1. The PBCA NPs were
said to cross the BBB on the basis of analgesia induced by dalargin loaded nanoparticles [64].
Nanoparticle administration induced dalargin analgesia only if PS80 was added to the
formulation. Subsequently, it was shown that the addition of PS80 causes rapid desorption
of the opioid peptide from the PBCA NPs [875]. The impact of PS80-coated PBCA NPs
on BBB integrity was examined with an in vitro BBB model [954]. The addition of PS80-
coated PBCA NPs to the endothelium caused a dose-dependent disruption in the BBB,
as measured by trans-endothelial electrical resistance (TEER). BBB disruption induced
by the PS80-coated PBCA NPs caused enhanced flux across the endothelial monolayer
of sucrose or albumin, which do not cross an intact BBB [954]. Significant toxicity was
observed following the IV administration of PS80-coated chitosan NPs [955]. The PS80-
coated chitosan NPs were demonstrated to cross the BBB by external fluorescent microscopy.
Daily administration of 3–30 mg/kg of the NPs caused a dose-dependent decrease in body
weight in rats [955]. A microscopic examination of the brain showed apoptotic and necrotic
neurons and reduced GFAP reactive cerebellar astrocytes [955].

In summary, both polymeric and non-polymeric NPs may prove to have a significant
toxicity profile with chronic administration. The toxicity of a pharmaceutic following
long-term, e.g., 6 months, administration is generally not examined in detail until an
Investigational New Drug (IND) application is submitted to the FDA to seek approval for
a human phase 1 clinical trial [956]. The safety pharmacology and toxicology performed
under Good Laboratory Practice (GLP) procedures in either a primate, or two lower species,
is a required component of an IND. Only a few nanoparticle formulations for the brain
have been tested in a clinical trial, as reviewed in Section 9.6. Therefore, few GLP safety
pharmacology and toxicology evaluations of long-term nanoparticle administration have
been performed.

An IND application also requires demonstration of a scalable manufacturing process
under Good Manufacturing Practice (GMP) or ‘clean room’ conditions [957]. Few nanopar-
ticle formulations for the brain have passed the rigors of a scalable GMP manufacturing
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process, or the demonstration of long term, e.g., 2-year stability with storage. The chal-
lenges in scalability, process development, fill/finish, in-process testing, and release testing
required for human pharmaceutics will also have to be mastered for nanoparticle drugs
for the brain, as recently reviewed [958]. A limiting problem for nanoparticles, which also
limits development of liposomal formulations, is both (a) poor loading of the nanoparticle
with drug, and (b) leakage of loaded drug from the nanoparticle on storage [959]. Doxoru-
bicin is one of the few small molecules to be commercialized as a liposomal formulation,
and a reason for this is that doxorubicin precipitates inside the liposome [960], which
eliminates leakage on long term storage. Doxorubicin forms covalently bonded dimers
in aqueous solution, which causes precipitation of the drug in the aqueous interior of the
liposome [961].

10. Gene Therapy of the Brain
10.1. Viral Gene Therapy of Brain
10.1.1. Lentiviral-Transfected Stem Cells

The lentivirus (LV) is a retrovirus, which permanently integrates into the host genome.
Therefore, there is a risk of long-term cancer with this virus [962]. Following introduction
of the expression cassette encoding the therapeutic gene into the LV genome, hematopoietic
stem cells (HSC) are permanently transfected ex vivo, and this transfection is quantified
by determination of the vector copy number (VCN), which is the number of LV genomes
inserted into the HSC. So as to reduce the risks of insertional mutagenesis, the FDA requires
a VCN < 5 [294]. Mutations in the gene encoding the lysosomal enzyme, arylsulfatase
A (ASA), causes metachromatic leukodystrophy (MLD), and nine MLD patients were
treated with the LV-HSC-ASA gene therapy [963]. Long term follow-up showed normal
ASA enzyme activity in peripheral blood lymphocytes and in CSF [964], as measured
with an enzymatic fluorometric assay using 4-methylumbelliferyl sulfate (4-MUS) as the
substrate [965]. These enzyme activity results are difficult to evaluate, because 4-MUS
is hydrolyzed by arylfulfatase B and other O-sulfatases, and is not specific for ASA. A
preferred surrogate marker would be immunoreactive ASA as determined by ELISA or
similar methodology. The CSF data are difficult to assess, as any sulfatase in plasma would
be expected to pass the blood–CSF barrier to enter CSF, as discussed in Section 2.1.2. The
underlying difficulty with the HSC-LV approach is the lack of stem cell transport across the
BBB, as discussed in Section 5.1.

10.1.2. Adenovirus

Adenovirus (AV) is a common cold virus, and the majority of the human population
has a pre-existing immunity to AV [966]. AV was evaluated as a vector for delivery of a
transgene gene to the brain following intra-cerebral injection of the virus. In 1993, replica-
tion deficient AV encoding β-galactosidase was injected directly into rat brain, and gene
expression was followed by β-galactosidase histochemistry [967]. The β-galactosidase
transgene expression persisted for 45–60 days. However, by 1999, the AV virus was shown
to produce an inflammatory reaction in brain, including microglial activation, astrogliosis,
and demyelination in rats [968] and primates [969]. Additionally, in 1999, a patient with
partial ornithine transcarbamylase (OTC) deficiency received a high intravenous dose,
3.8 × 1013 particles, of AV encoding the OTC gene, and this treatment proved to be fa-
tal [970]. These events related to the toxicity of AV gene therapy suppressed the enthusiasm
for the use of the AV vector in gene therapy.

10.1.3. Herpes Simplex Virus

Herpes simplex virus type 1 (HSV1) is a common virus causing cold sores [971],
and the majority of humans have a pre-existing immunity to the virus [972]. In 1989, a
recombinant HSV-1 encoding the gene for human hypoxanthine-guanine phosphoribosyl
transferase (HPRT) was injected into mouse brain, and this resulted in human HPRT
expression in the brain [973]. However, by 1994, the toxicity of HSV1 administration to
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brain was demonstrated, as the intra-cerebral injection of a replication deficient HSV1
amplicon in the rat caused a robust neuro-inflammatory reaction [974]. This was confirmed
with intra-cerebral injections in either rats or mice of replication deficient HSV1, and the
neuro-inflammation was associated with systemic illness and significant weight loss [975].
Subsequently, HSV1 was engineered as an oncolytic virus, which selectively replicated in
tumor cells, but not normal cells, and this variant was designated the G207 HSV1 [976]. A
phase 1b clinical trial for recurrent GBM tested the tumoricidal effects of the G207 variant,
and in this application, the G207 virus carried no transgene [977]. A dose of 108 plaque
forming units (pfu) of the virus was injected in a volume of 1 mL in the cavity of brain
created by the tumor resection in patients with brain cancer [977]. The trial did not proceed
further, but a genomic analysis of tumor biopsies was recently reported [978]. A potential
problem with this approach is that the penetration of the virus into brain from the tumor
cavity is limited by diffusion. GBM is notorious for microscopic spread into normal brain
beyond the tumor cavity [979]. This microscopic extension to distant parts of brain, which
cannot be visualized by imaging methods, is a major reason for the dismal prognosis
of GBM.

10.1.4. Adeno-Associated Virus

Brain gene delivery via intra-cerebral injection. Adeno-associated virus (AAV) ex-
pressing the lacZ β-galactosidase gene was injected directly into the brain of rats and
expression persisted for about 4 months [980]. The problems pertaining to diffusion limita-
tion with the intra-cerebral (IC) route for brain drug delivery are discussed in Section 2.2.1.
The same problem pertains to brain gene delivery via intra-cerebral route, which is that
the transgene is only expressed at the injection site [980,981]. In an attempt to increase
transgene penetration into brain following intra-cerebral injection, the AAV was co-injected
in 1.1 M mannitol [981], which causes osmotic shrinkage of brain cells. This potentially
toxic formulation caused a modest improvement in the penetration of the transgene into
brain from the injection site [981]. The futility of the IC route was manifest in the design
of a 2010 clinical trial of CLN2 disease, where the AAV2 encoding the TPP1 enzyme was
injected into 12 sites of the cerebrum through 6 burr holes [982]. This multiple IC-injection
approach to brain gene delivery is reminiscent of the multiple catheter bundles proposed
for either IC [126] or CED [140] drug delivery to brain, discussed in Sections 2.2.1 and 2.2.2,
respectively.

Brain gene delivery via intra-thecal injection. In an attempt to achieve broader dis-
tribution of the transgene to brain, the intra-thecal injection into CSF was performed [983].
The CSF flow tracts in the brain are shown in Figure 16.

Figure 16. CSF flow and volume in humans and animals. (Left) CSF, shown in blue or brown, is produced
at the choroid plexus lining the ventricles (red) and flows around the surface of the brain or spinal cord, and
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is absorbed into the venous blood of the superior sagittal sinus at the arachnoid villi. The septum
pellucidum separates the 2 lateral ventricles into separate compartments. The cisterna magna is at the
base of the cerebellum next to the brain stem. Reproduced with permission from [984], Copyright©
2016, Elsevier. (Right) The brain weights, total CSF volume, and lateral ventricle (LV) volumes for
humans, monkeys, rats, and mice are shown. CSF volumes are from [985], and the LV volumes
are from [74], for the rat, from [986], for the mouse, from [987], for the monkey, and from [988],
for humans.

AAV injection via the intrathecal route was proposed so as to “inject viral vectors
directly into the cerebral lateral ventricles and allow the natural flow of the CSF to deliver
the virus throughout the CNS” [983]. One could draw support from this hypothesis from
the work of Mott 1913 [26], as the prevailing view over a 100 years ago was that nutrients
in blood passed first into CSF from blood and then to brain, as discussed in Section 1.2. It is
now known that drugs injected into the CSF do not flow throughout the CNS, as reviewed
in Section 2.1.1 and illustrated in Figure 5. For ICV brain gene delivery, an AAV2 vector
encoding GUSB was injected in a volume of 2 µL in both lateral ventricles of mice on the
day of birth [983]. The volume of the lateral ventricle of an adult mouse is 2.8 µL [986], as
shown in Figure 16. The brain weight of an adult mouse, 433 mg, is 6-fold greater than the
brain weight of a newborn mouse, 73 mg [989]. A conservative estimate of the volume of
the lateral ventricle in the newborn mouse is 0.6 µL. Therefore, the injection of 2 µL into
each lateral ventricle of a newborn mouse is >300% of the ventricular volume. As discussed
in Section 2.1.1, the injection of such large volumes of fluid in the lateral ventricle forces
fluid into the brain via perivascular spaces, which is an artifact of the high injection volume.

Intrathecal (IT) delivery of viral gene therapy vectors can access the CSF via a lumbar
injection, an ICV injection into a lateral ventricle, or injection into the cisterna magna (CM)
at the base of the brain (Figure 16). MRI in primates shows an ICV injection preferentially
delivers drug to the surface of the cerebrum with minimal distribution to the caudal portion
of the spinal cord [990]. Injection into the lumbar CSF compartment results in distribution
to the surface of the spinal cord with minimal distribution to the cerebrum [990]. Injection
into the CM produces maximal distribution to the surface of both the cerebrum and the
spinal cord [990]. However, an intra-cisternal injection in humans poses significant safety
considerations, owing to the proximity of the CM to the vital structures of the brain stem
(Figure 16). Another factor complicating the intra-cisternal route of brain gene delivery is
that the volume of the CM in humans varies depending on individual neuroanatomy, and
can range from near 0 to a maximal mean volume of 1.1 mL [991]. The CM volume in 60%
of humans is only 0.35 mL [991].

Intra-thecal delivery of a AAV8 or AAV9 encoding IDUA was performed in primates
via an intra-cisternal injection [992]. The injection volume, 0.5 mL, greatly exceeds the
volume of the CM of the primate, which has a brain weight <10% of the human brain. As
discussed in Section 2.2.1, drug injection into the CSF is akin to a slow IV infusion, and
it is expected that AAV will rapidly move from the CSF compartment to the blood. The
diameter of AAV is only 25 nm [993], and particles up to 7 microns pass the arachnoid villi
to move from CSF to blood [68]. Injection of AAV into the CSF results in the formation of
antibodies against both the AAV capsid protein, as well as to the protein product of the
transgene. Intra-thecal delivery of AAV-IDUA in monkeys caused the formation of anti-
IDUA antibodies that were found in both plasma and CSF [992]. The antibody formation in
the periphery follows from movement of the AAV from CSF to blood. The peripheral anti-
IDUA antibodies then move from plasma to CSF similar to any IgG in blood, as discussed
in Section 8.3.4. The percent of cells transfected with the IDUA gene in brain varied from
1% to 30% depending on the region of brain [992]. Intra-thecal gene delivery is said to
be advantageous over intravenous delivery of AAV9 to brain, as the injection dose of the
AAV is lower with the intra-thecal route as compared to IV administration [992]. The ID
of intravenous AAV9 for SMA is 1.1 × 1014 vg/kg in humans [994], and there is potential
hepatotoxicity from such a high dose, as discussed below. The ID used in an ongoing
clinical trial of MPS2 with intrathecal AAV-IDS is 6.5 × 1010 vg/g brain (NCT04571970).

97



Pharmaceutics 2022, 14, 1283

Given a 20 kg child with a 1000 g brain, this ID is equivalent to 3.3 × 1012 vg/kg, which
is more than a log order reduction in virus exposure to the patient, as compared to the IV
route. However, the problem with the CSF route of AAV delivery to brain is the same as
the CSF route for any pharmaceutical. The intrathecal route results in AAV delivery only
to the CSF surface of the brain, as discussed in Section 2.1 (Figure 5), and results in AAV
movement from CSF to the blood compartment, as discussed in Section 2.1.2.

Brain gene delivery via intravenous injection. In 2009, AAV9 was shown to penetrate
the BBB following IV administration in the 1-day-old and 70-day-old mouse [995]. The
form of AAV9 used in this study was the self-complementary AAV or scAAV. The ID
in the newborn mouse, which weighs 1–2 g, was 4 × 1011 vg, which is equivalent to
2.7 × 1014 vg/kg. Although neurons were transduced in brain of the newborn, astrocytes
were the principal site of transduction in the 70-day-old mouse [995]. These findings were
replicated in the primate following the IV injection of 1–3 × 1014 vg/kg of a scAAV9
encoding green fluorescent protein (GFP) [996]. GFP expression was higher in grey matter
as compared to white matter [996], which is consistent with the higher vascular density
in gray matter as compared to white matter [997]. The survival motor neuron 1 (SMN1)
gene is mutated in spinal muscular atrophy (SMA). An scAAV9 encoding SMN1, and
designated Zolgensma®®, or onasemnogene abeparvovec-xioi, was FDA approved in
2019 for treatment of SMA as a one-time IV administration of 1.1 × 1014 vg/kg of [994].
Zolgensma®® is a scAAV as opposed to a single stranded AAV or ssAAV. The size of
the expression cassette encoding the therapeutic gene, which includes the promoter, any
5′-untranslated region (UTR) and the 3′-UTR, is limited to <2.3 kb for scAAV, but is limited
to <4.7 kb for ssAAV [998]. The scAAV is more effective as a brain delivery vector than the
ssAAV [998]. An IV injection dose of 4 × 1013 vg/kg of scAAV or ssAAV transduces only
12% and 2% of neurons in brain, respectively [998]. These results indicate the transport of
AAV9 across the BBB is not very efficient, which is why a high ID of Zolgensma, 1014 vg/kg,
is required for the IV treatment of SMA. New variants of AAV9 are being developed, which
produce higher rates of transduction in brain following IV administration.

New AAV variants. AAV9 with mutated capsid protein, and designated ssAAV9-
PHP.B, produce higher rates of neuronal expression of a GFP transgene, as compared to
non-mutated ssAAV9 in the mouse [999]. The intravenous ID required for broad transgene
expression in brain is still high, at 4× 1013 vg/kg [999]. The new variants, PHP.B or PHP.eB,
gain access to the mouse brain via a novel AAV receptor, lymphocyte antigen 6 family
member a (Ly6a) [1000]. However, the injection dose of the new variants is still high at
2 × 1014 vg/kg [1000]. These new variants of AAV may be only effective in the mouse, as
humans lack the Ly6a receptor [1001]. Recently, the Ly6a human homologue, Ly6e, has
been proposed as a novel AAV9 receptor at the human BBB [1002], although this has yet to
be experimentally confirmed.

AAV immunogenicity. AAV is a small 25 nm DNA parvovirus, which is non-pathogenic,
but is infectious, and 60–70% of the human population has a pre-existing immunity to
AAV [1003,1004]. The anti-AAV antibodies in humans include neutralizing antibodies (NAb),
which can lead to rapid inactivation and clearance of the virus. A single injection of AAV in
humans produces a high titer NAb response with long-lasting immunity [1004]. The immune
response can cross react with the protein produced by the transgene inserted in the AAV
backbone, and this immune response against the therapeutic protein is observed following
intravenous or intrathecal administration of the AAV. Monkeys were injected intravenously
with AAV9 encoding human NAGLU, and an immune response against the viral capsid
protein developed over the ensuing weeks [1005]. A NAb response also developed against the
endogenous NAGLU enzyme, which caused a >10-fold decrease in serum NAGLU enzyme
activity in some animals [1005]. In another primate study, the AAV was administered by
intrathecal injection in the cisterna magna. If the AAV encoded a foreign protein, then a severe
immune response was generated, which resulted in ataxia and pathologic changes in the
nearby cerebellum [1006], which is contiguous with the cisterna magna (Figure 16). Conversely,
if a self-protein was encoded in the AAV, no immune response was observed [1006]. The AAV

98



Pharmaceutics 2022, 14, 1283

capsid protein is effectively acting as an immune adjuvant for the transgene product. This
could be a problem in the treatment of children with genetic disease secondary to nonsense
mutations, wherein no endogenous protein is ever produced. The immune response against
the AAV could trigger an immune response against the transgene product, which the immune
system recognizes as a foreign protein. The intrathecal injection of AAV encoding human
IDUA in monkeys produced an immune response against the IDUA enzyme, if the animals
were not pre-tolerized by prior exposure of a liver directed AAV8-IDUA [992]. IDUA enzyme
activity in CSF was reduced in the non-tolerized animals [992].

The issue of AAV immunity will become a primary concern when AAV-mediated gene
expression terminates at some period following the initial single administration of the AAV.
AAV exists within the cell as an episome, and while AAV gene expression may last for some
years, it is expected that the patient will need subsequent courses of treatment in future
years. Zolgensma®® is approved only for a single use in the treatment of SMA. Significant
questions remain in this area. When will a second and third dose be required? What type of
immune response will the second or third doses generate? Will long last immunity against
AAV result in prompt neutralization of future doses? Persistent T cell immunity against
the NAGLU enzyme, which is mutated in MPSIIIB, has been confirmed in subjects treated
with a single course of AAV-NAGLU by intra-cerebral injection [1007].

AAV hepatotoxicity. AAV is a hepatotropic virus [1008]. Patients treated with IV
Zolgensma®® develop abnormal liver function tests in 90% of subjects treated, and many
require corticosteroid treatment [1009]. Zolgensma®® is administered as a high injection
dose of 1014 vg/kg [994]. This dose, 1014 vg/kg, when administered to newborn mice,
produces hepatocellular carcinoma in about 70% of mice observed long term [1010]. These
findings confirm an early study describing the generation of hepatocellular carcinoma in
AAV-treated mice [1011].

AAV neurotoxicity. AAV induces an inflammatory response in the CNS as recently
reviewed [1012]. The injection of AAV9-IDUA into the cisterna magna of primates pro-
duces a mononuclear pleocytosis in CSF and degenerative changes in the dorsal root
ganglion [1013]. AAV8 was injected bilaterally in the thalamus in primates at a dose of
1011–1012 vector genomes, and this produced severe white matter and gray matter necrosis
along the injection track [1014]. In an important study pointing to the role of the inverted
terminal repeats (ITRs) of the recombinant AAV, cerebellar neurotoxicity was observed in
primates following AAV injection into this region of brain [1015]. This cerebellar toxicity
was not observed in rodents [1015], which points to the importance of primate studies in
the safety pharmacology and toxicology evaluation of new AAV gene products. The ITRs
are 145 bp elements placed at both the 5′- and 3′-ends of the expression cassette [1016].
The ITRs can exert promoter activity on cross-packaged material present in the AAV
formulation [1015,1016].

The use of AAV in brain gene therapy is a global enterprise with over 3000 citations
in PubMed using the search term, ‘adeno-associated virus and brain’ (March 2022). The
development of AAV serotypes that cross the BBB following IV administration is an advance
over intrathecal or intra-cerebral routes of administration. Nevertheless, this is a field
shadowed by potential long-term complications, including potential liver cancer, severe
immune reactions from future repeat treatments, and neuropathologic side effects. Given
these issues, it is important to develop, in parallel, non-viral plasmid DNA-based gene
therapy of the brain.

10.2. Non-Viral Gene Therapy of Brain
10.2.1. Cationic Liposomes and Cationic Polyplexes

Lipofection is the process of delivery of plasmid DNA into cultured cells following the
mixing of the anionic DNA with a cationic lipid, and this was first described in 1987 [1017].
The cationic liposomes were formed from a 1:1 mixture of a cationic lipid, N-[1-(2,3,-
dioleyloxy)propyl]-N,N,N-trimethylammonium chloride, also known as DOTMA, and a
helper lipid, dioleoyl phosphatidylethanolamine, also known as DOPE, and these agents,
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or variants, are still used today, and widely known as Lipofectamine®®. Lipofection is
performed in many labs to produced transgene expression in cultured cells. However, the
translation of in vitro lipofection to gene therapy in vivo proved to be difficult. Following
IV administration of a reporter gene complexed with cationic liposomes, the transgene was
effectively expressed only in the lung, as transgene expression in this organ was several log
orders greater than transgene expression in liver or other organs [1018–1021]. Plasmid DNA
lipoplexes are formulated in water, or saline-free buffered solutions of low tonicity, and
have a diameter of ~100 nm. However, when DNA lipoplexes are transferred to physiologic
saline, the structures aggregate into micron-sized particles, and precipitate overnight [835].
The saline-induced aggregation explains why lipofection is so successful in cultured cells,
and why lipofection is unsuccessful in vivo. The saline induced aggregation triggers uptake
by cultured cells via phagocytosis [1022]. Some cultured cell lines are difficult to lipofect
if the cell line has a low level of phagocytosis [1023]. While this aggregation of DNA
lipoplexes is useful for cell culture, the aggregation limits the utility of in vivo gene therapy
with cationic liposomes. Following the in vivo injection of the DNA lipoplexes, these
aggregate immediately and embolize in the first vascular bed encountered after an IV
administration, which is the pulmonary circulation [1018–1021]. A histological exam of
lung shows the transgene is only expressed in the pulmonary endothelium [1018]. The
IV administration of DNA lipoplexes produces an inflammatory response and elevated
cytokines [1024], which is due largely to the DNA component [1025]. Cationic liposomes do
not cross the BBB [1026], and must be injected directly into the brain to produce transfection
of brain cells [1027].

The cationic lipid can be substituted with cationic polymers, such as polyethylenimine
(PEI) [1028]. PEI DNA polyplexes have the same properties as lipid DNA polyplexes, and
transfect essentially only the lung after IV administration, where gene expression is 2–3 log
orders higher than in liver [1028]. In cell culture PEI-mediated transfection correlates with
the size of the aggregates formed when PEI/DNA complexes are added to physiologic
saline [874]. Aggregate size is larger if linear PEI is used as compared to branched PEI [874].

The first example of receptor-targeting of a DNA polyplex described the complexation
of a chloramphenicol acetyltransferase expression plasmid DNA to a polycationic polymer,
poly-L-lysine (PLL), which was conjugated to asialoorosomucoid (ASOR), a ligand for
the liver asialoglycoprotein receptor [1029]. A large dose of plasmid DNA, 5 mg/kg,
complexed to the PLL-ASOR was injected intravenously in rats, and chloramphenicol
acetyltransferase gene expression in liver was observed. However, as with all cationic
polyplex/DNA complexes, the PLL/DNA complex aggregated in physiologic saline [1030],
which aborted further development of this form of non-viral gene therapy for humans.

10.2.2. Pegylated Liposomes

A detergent dialysis method was used to encapsulated plasmid DNA in the interior
of pegylated liposomes, also called stabilized plasmid–lipid particles, or SPLP [1031]. The
SPLPs do not aggregate in vivo, and do not target the lung [1032]. However, SPLPs lack
any targeting ligand, and do not produce efficient gene expression in vivo. A luciferase
expression plasmid DNA was encapsulated in SPLPs and injected in mice bearing a Neuro-
2a flank tumor. Luciferase gene expression in the flank tumor was 2 log orders of magnitude
higher than in liver, spleen, or lung [1032], which is consistent with the known accumulation
of pegylated liposomes in mouse flank tumors. These tumors have a leaky vasculature with
open endothelial clefts and discontinuous basement membrane [1033]. Luciferase gene
expression in the flank tumor was 100 pg/g [1032], which is equivalent to 1 pg/mg protein,
given 100 mg protein per gram tissue [1034]. Luciferase gene expression in mouse organs
(lung, spleen, liver) was very low,≤0.01 pg/mg protein. In contrast, as discussed in the next
section, Trojan horse liposomes (THLs), which are receptor-targeted pegylated liposomes,
produce much higher levels of transgene expression in vivo following IV administration. A
THL, also called a pegylated immunoliposome, is a pegylated liposome, where the tips of
some of the polyethyleneglycol (PEG) strands are conjugated with a receptor-specific MAb.
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THLs targeted with a MAb against the human insulin receptor (HIR), and encapsulating a
luciferase expression plasmid, produced levels of luciferase enzyme activity in the liver,
brain, spleen, and lung of 16, 9, 3, and 2 pg/mg protein, respectively, in the Rhesus
monkey [902].

10.2.3. Trojan Horse Liposomes

The in vivo delivery and brain expression of a plasmid DNA was reported in 2000
using pegylated immunoliposomes, also called Trojan horse liposomes (THLs) [1035]. In
this approach, a plasmid DNA is encapsulated in the interior of a pegylated liposome,
and the tips of some of the PEG strands on the surface of the liposome are conjugated
with a MAb that targets a RMT system at the BBB such as the TfR or insulin receptor. The
incorporation of the receptor targeting ligand or MAb on the surface of the liposome is
essential for delivery into brain in vivo following IV administration, as non-functionalized
pegylated liposomes do not cross the BBB [891,1035].

Despite the requirement for a receptor targeting ligand on the surface of pegylated
liposomes for plasmid DNA delivery [1036], the field of liposome-mediated delivery of
nucleic acid therapeutics has evolved without a major emphasis on the incorporation of
a targeting ligand in the liposome. A recent review of nucleic acid delivery with lipid
nanoparticles (LNP), which is a generic term for pegylated liposomes, makes no reference
to the need for functionalization of the LNP with a targeting ligand to enable receptor-
mediated uptake into cells, apart from the presumed coating of the surface of the LNP with
apoE in plasma [1037]. The incorporation of short chain pegylated lipids on the surface
of the LNP is advocated, so as to facilitate rapid dissociation of this PEG-lipid in vivo in
plasma [1037]. The dissociation of the pegylated lipid from the surface of the liposome
is said to enable fusion of the liposome with the plasma membrane, which then initiates
endocytosis of the nucleic acid encapsulated in the liposome into the cell [1037]. This
approach of deploying short chain pegylated lipids, so as to enhance dissociation of the
PEG lipid in vivo, is opposite of the design of THLs, where long chain pegylated lipids
are incorporated on the surface of the liposome for conjugation of the targeting MAb at
the tip of the pegylated lipid [1036]. Early dissociation of the lipid-PEG-MAb from the
surface of the THL would eliminate RMT of the THL across the BBB. The incorporation of
the receptor targeting ligand or MAb on the surface of the liposome is essential for delivery
into brain in vivo following IV administration, as non-functionalized pegylated liposomes
do not cross the BBB [891,1035].

A THL is a 100–150 nm pegylated liposome that encapsulates a single plasmid DNA,
and is functionalized for RMT delivery to brain by conjugation of a receptor-specific MAb
on the surface PEG strands of the liposome (Figure 17A).

THLs are formed by first encapsulating the plasmid DNA in the interior of pegylated
liposomes, followed by conjugation of the targeting MAb to the surface of the liposome.
THLs were initially produced from 96% 1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC), 3% 1,2-distearoyl-sn-glycero-3-phosphoethanolamine (DSPE)-polyethyleneglycol
(PEG) 2000 Da (DSPE-PEG2000), 1% dimethyldioctadecylammonium (DDAB), and 0.15%
DSPE-PEG2000-maleimide [1035]. The DDAB has a cationic charge, but the DSPE-PEG2000

has an anionic charge, so the THL has a net negative charge. In parallel, the targeting MAb
is thiolated with a reagent such as 2-iminothiolane. The thiolated receptor-specific MAb
is conjugated to the maleimide group of the PEG2000 on the liposome surface to form a
stable thio-ether bond. Typically, each THL incorporates ~50 MAb molecules per liposome,
and each THL encapsulates a single double stranded plasmid DNA in the interior of the
liposome, such that the DNA is protected from nucleases. For dual receptor targeting, two
MAb molecules of different receptor specificity may be conjugated to the THL surface so as
to engage two different cell membrane receptors, as discussed below. Binding of the MAb
domain of the THL to the cell membrane receptor triggers receptor-mediated transcytosis
of the THL across the BBB, followed by receptor-mediated endocytosis into brain cells. As
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discussed in Section 8.1, certain receptors, such as the insulin or transferrin receptors, are
expressed at both the BBB and the brain cell membrane (Figure 11B).

Figure 17. Trojan horse liposomes and non-viral gene therapy of the brain. (A) Model of a THL
showing single plasmid DNA encapsulated in interior of pegylated liposome, where the tips of a small
fraction of the surface PEG strands are conjugated with a receptor-specific MAb. Reproduced with
permission from [1038], Copyright© 2002 Springer-Nature. (B) Electron micrograph of a THL co-incubated
with secondary antibody conjugated with 10 nm gold particles. Reproduced from [1039]. (C,D) Confocal
microscopy of U87 human glioma cells after 6 h (C) or 24 h (D) incubation with HIRMAb-targeted THLs
encapsulating fluorescein conjugated plasmid DNA. Reproduced with permission from [1040], Copyright©
2002 John Wiley & Sons. (E) Beta galactosidase histochemistry of coronal section of brain from Rhesus
monkey removed 48 h after the IV administration of 12 ug/kg of pSV-lacZ expression plasmid DNA
encapsulated in HIRMAb-THLs. (F–H) Beta galactosidase histochemistry of choroid plexus (F), occipital
lobe (G), and cerebellum (H) of brain shown in (E). (I–R) Beta galactosidase histochemistry of Rhesus
monkey eye (I), cerebrum (J), cerebellum (K), liver (L), and spleen (M) at 48 h after the IV administration
of HIRMAb-targeted THLs encapsulating a lacZ expression plasmid DNA under the influence of the
widely expressed SV40 promoter, and of Rhesus monkey eye (N), cerebrum (O), cerebellum (P), liver (Q),
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and spleen (R) at 48 h after the IV administration of HIRMAb-targeted THLs encapsulating a lacZ
expression plasmid DNA under the influence of the eye-specific opsin promoter. (E–M) reproduced
from [902], Copyright© 2003 licensed under Creative Commons Attribution License (CC-BY-NC-
ND 4.0); (I,N,O,Q,R) reproduced from [1041], Copyright© 2003 licensed under Creative Commons
Attribution License (CC-BY-NC-ND 3.0); (P) reproduced with permission from [1042], Copyright©
2007 Elsevier. (S) Intracranial U87 human glioma in the brain of a severe combined immunodeficient
(scid) mouse removed at autopsy and stained immunohistochemically with an anti-EGFR antibody.
Reproduced from [911], Copyright© 2002 licensed under Creative Commons Attribution License
(CC-BY-NC-ND 4.0). (T,U) Confocal microscopy of scid mouse intra-cranial U87 human glioma at
autopsy stained with antibodies against the mouse TfR (red) and the human EGFR (green); the mice
in (T) were treated with saline and the mice in (U) were treated with doubly targeted HIRMAb/8D3-
TfRMAb THLs encapsulating a plasmid DNA encoding a short hairpin RNA (shRNA) directed against
nucleotides 2525–2557 of the human EGFR mRNA. (T,U) reproduced from [1043]. (V,W) Coronal
sections of rat brain stained immunohistochemically with an antibody to tyrosine hydroxylase. Brains
removed 3 days after a single IV injection of THLs encapsulating a plasmid DNA encoding rat
tyrosine hydroxylase under the influence of a brain specific glial fibrillary acidic protein promoter
and conjugated with either the OX26-TfRMAb (V) or a mouse IgG2a isotype control (W). The THLs
were administered 7 days after the intra-cerebral injection of a neurotoxin, 6-hydroxydopamine,
in the right median forebrain bundle. (V,W) from [1044]. (X,Y) Confocal microscopy of striatum
ipsilateral to toxin lesion and double immune stained with antibodies against tyrosine hydroxylase
(red) and neuronal neuN (green). Confocal micrograph in (X) corresponds to histochemistry in (V),
and confocal micrograph in (Y) corresponds to histochemistry in (W). (X,Y) from [1044].

The PEG linked MAb extended from the surface of the THL is shown with electron
microscopy (EM) in Figure 17B. In this study a 10 nm gold conjugated secondary antibody
was mixed with the THL prior to EM. The size of the 10 nm gold is about the same size as
the MAb, and the micrograph shows there are multiple MAb molecules conjugated to the
surface of the THL [1039].

THLs target plasmid DNA to the nuclear compartment of cells. Lipofection of cells
with plasmid DNA bound to cationic liposomes is an inefficient process, as the majority of
the DNA that enters the cell is retained in the cytoplasm aggregated within pre-lysosomal
vesicles [1045]. However, in the case of THLs, the majority of the endocytosed plasmid
DNA is incorporated in the nuclear compartment. This was demonstrated with the confocal
micrographs shown in Figure 17C,D. In this study, a plasmid DNA encoding an antisense
RNA against the human epidermal growth factor receptor (EGFR) was labeled with fluo-
rescein by nick translation and fluorescein-12–2′-deoxyuridine-5′-triphosphate [1040], and
incorporated in THLs targeted with a MAb against the human insulin receptor, and desig-
nated the HIRMAb. The HIRMAb-THLs were incubated with human U87 glioma cells in
culture and confocal microscopy was performed at 6 h (Figure 17C), and 24 h (Figure 17D).
By 6 h, the majority of the DNA is in the cytosolic compartment, although transgene is
visible in the nucleolus of the nucleus at 6 h. By 24 h, virtually all of the cellular transgene
is localized to the nuclear compartment (Figure 17D). The insulin receptor is expressed on
both the BBB and the brain cell membrane as discussed in Section 8.1.1. Following RMT of
the THL across the BBB, and following insulin receptor-mediated endocytosis of the THL
into brain cells, the liposome cargo must then be delivered to the nuclear compartment
for gene expression. A MAb targeting the insulin receptor may be particularly suited to
nuclear delivery of plasmid DNA, because the insulin receptor normally serves to deliver
insulin to the nuclear compartment [1046,1047].

THL brain delivery of reporter genes. Plasmid DNAs encoding reporter genes such as
the lacZ and luciferase genes have been encapsulated in HIRMAb-THLs for gene expression
in the primate [902], in OX26 TfRMAb-THLs for gene expression in the rat [1035,1048], and
in 8D3 TfRMAb-THLs for gene expression in the mouse [1049]. The global expression of the
lacZ transgene in the Rhesus monkey brain following IV administration of HIRMAb-THLs was
confirmed by X-Gal histochemistry. Histochemistry of un-injected primate brain showed no
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reaction [1050]. However, global expression of the lacZ transgene was observed in the primate
brain at 48 h after the IV administration of the HIRMAb-targeted THLs encapsulating the lacZ
expression plasmid DNA as shown in Figure 17E. The injection dose (ID) of lacZ plasmid DNA
in this primate study, 12 µg/kg, is more than 2 log orders of magnitude lower than the ID,
5 mg/kg, of CAT plasmid DNA required for gene delivery to liver in the rat with the PLL-ASOR
conjugate [1029], or luciferase gene delivery in the mouse with SPLPs [1032]. In a primate study
with a luciferase reporter gene, the expression plasmid DNA was encapsulated in HIRMAb-
THLs for IV administration in the Rhesus monkey and the injection dose of the luciferase plasmid
DNA was also 12 µg/kg [902]. The brain luciferase gene expression at 48 h was 9–10 pg/mg
protein [902], and qPCR analysis showed the luciferase plasmid DNA content in primate brain
declined with a T1/2 of 1.3 ± 0.3 days, which correlated with the T1/2 of decline of brain
luciferase enzyme activity of 2.1± 0.1 days [1051]. The qPCR quantitation of luciferase plasmid
DNA content in brain at 2 days following the IV administration of the HIRMAb-THLs indicated
that ~3 plasmid DNA molecules was delivered to every cell in brain [1051]. This finding on
the global delivery to brain of a luciferase expression plasmid DNA correlates with the global
expression of the lacZ transgene expression in the primate brain (Figure 17E). Light microscopy
of regions of primate brain from the lacZ study showed transgene expression in the choroid
plexus epithelium and the capillary endothelium of white matter (Figure 17F), in the cortical
columns of the occipital cortex (Figure 17G), and in the molecular and granular layers and the
intermediate Purkinje cells of the cerebellum (Figure 17H). Similar findings of global expression
in brain of the lacZ gene were made in the mouse and rat following the IV administration of
8D3-THLs and OX26 TfRMAb-THLs, respectively [1048,1049]. Significant levels of lacZ gene
expression were visible by histochemistry at 6 days following IV administration of THLs in
the rat [1048]. The average number of HIRMAb, OX26 TfRMAb, or 8D3 TfRMAb antibodies
conjugated per THL can be computed [891], and in the primate, rat, and mouse studies was
35–50 [902,1048,1049]. In both the rat and mouse study, no lacZ expression was detected in brain
following the IV administration of THLs conjugated with the isotype control antibody, which is
mouse IgG2a for OX26, and rat IgG for 8D3 [1048,1049]. The absence of gene expression with
THLs targeted with the isotype control IgG shows that gene expression is determined by the
receptor specificity of the MAb domain of the THL.

Tissue-specific promoters and encapsulation of large sized plasmid DNA in THLs.
The lacZ gene encapsulated in the HIRMAb-THLs used for the primate study shown
in Figure 17E–H was under the influence of the widely expressed SV40 promoter [902].
HIRMAb-THLs encapsulated with the SV40-lacZ produced transgene expression in the
eye, the cerebrum and the cerebellum of the primate (Figure 17I–K), but also produced
lacZ expression in peripheral organs such as liver (Figure 17L) and spleen (Figure 17M)
in the primate [902,1041]. A lacZ expression plasmid under the influence of 2 kb of
the 5′-flanking sequence (FS) of the bovine opsin gene, and designated pLacF [1052],
was encapsulated in HIRMAb-THLs and injected intravenously in the Rhesus monkey.
This resulted in lacZ expression in the eye (Figure 17N), but no lacZ gene expression in
the cerebrum, cerebellum, liver or spleen (Figure 17O–R). IV administration of a lacZ
plasmid encapsulated in HIRMAb-THLs produced global expression of the transgene in
all layers of the retina (Figure 17I,N). There is greater expression of a lacZ transgene in the
multiple layers of the primate retina following IV administration of HIRMAb-THLs [1041],
as compared to lacZ expression in the layers of the retina of the mouse following IV
administration of 8D3 TfRMAb-THLs [1053], and this is attributed to the widespread
expression of the insulin receptor in human ocular tissues [1054].

An expression plasmid encoding the rat tyrosine hydroxylase (TH) cDNA under the
influence of the SV40 promoter was encapsulated in OX26 TfRMAb-THLs and injected in-
travenously in the rat. This treatment produced off-target TH expression in the liver [1044].
The SV40 promoter was replaced with a GFAP promoter [1044], which was taken from
the 2 kb of the 5′-FS of the human GFAP gene [1055]. IV administration of the GFAP-TH
plasmid encapsulated in OX26 TfRMAb-THLs in the rat produced no TH transgene expres-
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sion in the liver [1044], which is consistent with the lack of expression in liver of GFAP, a
brain-specific gene.

The 1.5 kb 5′-FS of the human platelet-derived growth factor B (PDGFB) gene is a
neuron specific promoter [1056]. An expression plasmid composed of the 4 kb cDNA
encoding for the human Niemann Pick disease type 1 (NPC1) cholesterol transporter, and
under the influence of the 1.5 kb human PDGF-B promoter, was engineered and this 8 kb
plasmid was encapsulated in 8D3 TfRMAb-THLs for treatment of the NPC1 mouse [773],
as described below.

Tissue-specific gene expression can be enabled by the administration of chromosomal-
derived transgenes, as compared to cDNA-derived transgenes. The largest size plasmid
DNA encapsulated in THLs is a 21 kb plasmid encoding the entire 18 kb rat TH gene, which
is composed of 8.4 kb 5′-FS, 7.3 kb coding region with 13 exons and 12 introns, and 1.9 kb of
3′-FS [1057]. Following encapsulation of this 21 kb plasmid DNA in OX26 TfRMAb-THLs,
the THLs were injected intravenously in the rat with experimental PD, and this treatment
produced a >10-fold increase in striatal TH enzyme activity [1057]. TH gene therapy in PD
only replaces the TH deficiency, but does nothing to abort the neurodegeneration of the
nigral-striatal tract in PD. GDNF is a potent nigral-striatal neurotrophin [1058]. So as to
restrict GDNF gene expression in the brain to the nigral-striatal tract, the cDNA encoding
human prepro GDNF was placed under the influence of the 8.4 kb 5′-FS of the rat TH gene,
and the size of the expression plasmid was 13 kb [1059]. This plasmid was encapsulated in
OX26 TfRMAb THLs for treatment of the rat with experimental PD [1059], as described
below. The expression in brain of the TH gene is restricted primarily to the nigral-striatal
tract that degenerates in PD, so the TH promoter allows for region-specific GDNF gene
expression in this region of brain.

In summary, tissue-specific gene expression following IV administration of plasmid
DNA is possible with the combined use of tissue-specific gene promoters and THL plasmid
DNA delivery technology. Some tissue-specific promoters are large, e.g., the 8.4 kb TH
promoter used to restrict GDNF expression to the nigral-striatal tract of brain [1059]. In
addition to the use of tissue-specific promoters, another goal in gene therapy is production
of high levels of expression of the transgene. Gene expression can be enhanced by insertion
of 5′-untranslated region (UTR) and 3′-UTR elements flanking the open reading frame of
the transgene. The interaction of the 5′-UTR and 3′-UTR elements can have synergistic
effects on gene expression. When a 171 nt 5′-UTR or a 200 nt 3′-UTR from the GLUT1
mRNA was inserted 5′ and 3′ in a luciferase expression cassette, transgene expression was
increased 10-fold and 6-fold, respectively [1060]. However, when the luciferase expression
cassette contained both GLUT1 mRNA 5′-UTR and 3′-UTR elements, transgene expression
was increased 59-fold [1060]. The more the therapeutic gene expression cassette is modified
with tissue-specific promoters or 5′-UTR or 3′-UTR elements, the greater the size of the
expression cassette. The construction of advanced expression cassettes of larger size is not
possible with AAV gene therapy, given the limited size of the expression cassette that can
be inserted in the AAV backbone, e.g., <4.7 kb for incorporation in ssAAV, and <2.1 kb for
incorporation in scAAV [998], as discussed in Section 10.1.4. In contrast, plasmid DNA up
to 21 kb in size is expressed in vivo in brain following encapsulation and brain delivery
with THLs [1057].

THL brain delivery of therapeutic genes for brain cancer. Human glial tumors over-
express the EGFR gene, which plays an oncogenic role in these tumors [1061]. Treatment
of glial tumors aim to suppress the expression of the tumor EGFR. To determine the
effect of EGFR suppression, a human intracranial experimental glioma was produced by
implantation of human U87 glioma cells in the caudate nucleus of scid mice [911]. The
size of the tumor at autopsy is shown by the EGFR immunohistochemistry (Figure 17S). A
plasmid DNA encoding an antisense RNA corresponding to nucleotides (nt) 2317–3006 of
the human EGFR mRNA was inserted in a 11 kb plasmid under the influence of the SV40
promoter, and encapsulated in THLs [911]. These THLs were dual conjugated with both
the HIRMAb, to target the HIR on the human glial cells, and the 8D3 TfRMAb, to target the
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mouse TfR on the tumor vascular endothelium, which originates from mouse brain. These
antibodies are species specific, and the HIRMAb does not recognize the mouse insulin
receptor on the tumor vascular endothelium, which originates from mouse brain, and the
8D3 TfRMAb does not recognize the tumor cell human TfR [911,1043]. Prior to treatment
of the tumor-bearing mice, the dual Mab-targeted THLs were produced that encapsulated
a luciferase expression plasmid DNA, which was injected intravenously in the mice with
the U87 gliomas. The luciferase enzyme activity in the human tumor, targeted by the
HIRMAb, was >10-fold higher than in normal mouse brain, targeted by the TfRMAb [911].
This greater degree of gene expression using the HIRMAb as compared to the TfRMAb
was also observed with comparison of luciferase gene expression in the primate, targeted
with the HIRMAb, as compared to luciferase gene expression in the rat, targeted with
the TfRMAb [902]. The higher gene expression with the HIRMAb is attributed to the
selective triage of the insulin receptor to the nucleus [1046,1047]. At 5 days following
implantation of 500,000 U87 glioma cells in the caudate-putamen, mice were treated weekly
by IV administration of (a) saline, (b) HIRMAb/TfRMAb-THLs encapsulating the luciferase
expression plasmid, or (c) HIRMAb/TfRMAb-THLs encapsulating the EGFR antisense
RNA expression plasmid. The time of 50% mortality, ED50, was 18 days for either the
saline treated mice or the mice treated with THLs encapsulated with the luciferase plasmid
DNA. However, the survival ED50 was increased 100% to 36 days for the mice treated with
the THLs encapsulated with the plasmid DNA encoding the EGFR antisense RNA [911].

RNA interference (RNAi) therapeutics can be either short interfering RNA (siRNA) or
short hairpin RNA (shRNA). The siRNA is administered as a short RNA duplex, and the
shRNA is produced in target cells following the delivery of an shRNA expression plasmid
DNA under the influence of a U6 promoter. Biotinylated siRNA is delivered to brain with
a MAb Trojan horse coupled with avidin–biotin technology [1062]. For shRNA therapy,
an expression plasmid was engineered that encoded a shRNA targeting nt 2529–2557 of
the human EGFR under the influence of the U6 promoter [1043]. The intracranial tumor
model used for the RNAi treatment was the U87/scid mouse model (Figure 17S) applied
previously for testing the therapeutic effects of THL-mediated antisense gene therapy [911].
Treatment of U87 cells in culture with the HIRMAb-THLs encapsulating the shRNA ex-
pression plasmid produced a >90% suppression of EGF-mediated intracellular calcium
flux [1043]. At 5 days following implantation of 500,000 U87 human glioma cells in the
caudate-putamen, mice were treated weekly by IV administration of (a) saline or (b) 5 µg
DNA per mouse of HIRMAb/TfRMAb-THLs encapsulating the anti-EGFR shRNA expres-
sion plasmid. The time of 50% mortality, ED50, was 17 days for the saline treated mice, and
the ED50 was increased 88% to 32 days for the mice treated with THLs encapsulating the
plasmid DNA encoding the shRNA [1043]. Confocal microscopy of the tumor at autopsy
for the saline treated mouse and the THL/RNAi treated mice is shown in Figure 17T and
17U, respectively, where the immunoreactive human EGFR is shown in green and the im-
munoreactive mouse TfR is shown in red [1043]. This study shows RNAi treatment against
the EGFR caused a knockdown in both the level of immunoreactive EGFR in the human
tumor and the vascular density of the tumor, as shown by the level of immunoreactive
mouse TfR at the vasculature. The capillary density, as assessed by immunohistochemistry
of vascular TfR, was 35 ± 1 capillaries/mm2 in either the saline or the RNAi treated mice
in the non-tumor mouse brain. However, the capillary density was reduced to 15 ± 2
and 3 ± 0 capillaries/mm2 in the center of the tumor in the saline and RNAi treated mice,
respectively. The capillary density was 29 ± 4 and 9 ± 1 capillaries/mm2 in the periphery
of the tumor in the saline and RNAi treated mice, respectively [1043]. The EGFR has a pro-
angiogenic effect in brain tumors [1063]. Therefore, the knockdown of the tumor EGFR by
the THL-mediated RNAi therapy caused a suppression of the vascular density of the tumor.
Since the RNAi therapeutic is delivered to the brain tumor via the tumor vasculature, the
knockdown of tumor EGFR has a self-limiting effect on the ultimate survival outcome. THL
delivery of plasmid DNA encoding either antisense RNA [911] or shRNA [1043] directed
against the EGFR has a therapeutic effect in brain cancer, but needs to be combined with
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other therapies that halt tumor progression before the sharp decline in tumor vasculature
that occurs in the terminal stages of the tumor growth.

THL brain delivery of therapeutic genes for Parkinson’s disease. Parkinson’s dis-
ease (PD) is caused by degeneration of the nigral-striatal tract, resulting in reduced TH
enzyme activity and dopamine production in the striatum. In an effort to develop a
non-viral gene therapy of PD, an expression plasmid encoding the rat TH cDNA was
engineered under the influence of either the widely expressed SV40 promoter [1039] or the
brain-specific GFAP promoter [1044]. Experimental PD was induced by the intra-cerebral
injection of 6-hydroxydopamine in the median forebrain bundle of one side of the brain in
rats. At 1 week after toxin injection, rats were treated with a single dose of OX26 TfRMAb-
THLs encapsulating 10 ug/rat of either the SV40-TH plasmid or the GFAP-TH plasmid.
As a control, THLs were targeted with the mouse IgG2a isotype control antibody instead
of the OX26 TfRMAb. PD rats were treated with 1 µg, 5 µg, or 10 µg of SV40-TH plasmid
DNA encapsulated in the TfRMAb-THLs. Treatment at the 1 µg DNA/rat dose had no
therapeutic effect; treatment at the 5 µg DNA/rat dose caused a partial restoration of
striatal TH enzyme activity, while treatment at the 10 µg DNA/rat dose caused a complete
normalization of the striatal TH enzyme activity. The therapeutic effect of the THLs was
due singularly to the TfRMAb targeting, as THLs targeted with the mouse IgG2a isotype
control antibody had no therapeutic effect [1039]. The striatal TH enzyme activity produced
with the single THL treatment of 10 µg DNA/rat dose declined with a T1/2 of 6 days [1039].
The normalization of striatal TH enzyme activity was correlated with an improvement in
motor function measured by the number of 360◦ rotations/min (RPM) induced by apomor-
phine treatment. In the study with the SV40-TH treatment, the apomorphine RPM was
reduced from 20 ± 5 to 6 ± 2 [1039], and in the study with the GFAP-TH treatment, the
apomorphine RPM was reduced from 22 ± 3 to 4 ± 3 [1044]. The increase in striatal TH
enzyme activity caused by THL treatment correlated with the immunoreactive TH in the
striatum. The treatment with the GFAP-TH plasmid encapsulated in OX26 TfRMAb-THLs
normalized the immunoreactive TH in striatum of the PD rats (Figure 17V,X), whereas
there was no therapeutic effect in PD rats treated with the GFAP-TH plasmid encapsulated
in IgG2a-THLs (Figure 17W,Y).

The therapeutic effect of THL-mediated TH enzyme replacement in experimental
PD lasts only 1 week [1039], owing to degradation of the plasmid DNA in brain [1051].
Therefore, treatment of brain with THL gene therapy requires chronic repeat administration.
However, TH replacement gene therapy of PD does not address the underlying problem in
PD, which is degeneration of the nigral-striatal tract. What is needed for PD is neurotrophin
gene therapy that reverses the degeneration of the nigral-striatal region of brain, and GDNF
is a potent neurotrophin for this region of brain. A human prepro GDNF expression
plasmid DNA under the influence of the 8 kb rat TH promoter was engineered [1059],
and encapsulated in OX26 TfRMAb-THLs and injected into PD rats at 1, 2, and 3 weeks
after toxin administration at a dose of 10 µg DNA/rat per injection [1064]. The rats were
then tested at 6 weeks after toxin administration, which was 3 weeks after the third and
final dose of THLs, for apomorphine-induced rotation, for amphetamine-induced rotation,
and for striatal TH enzyme activity. By 6 weeks after toxin administration, apomorphine-
induced 360◦ rotation was increased to 25 ± 2 RPM in the saline treated PD rats, but was
reduced 87% to 3 ± 1 RPM in the THL treated rats. Amphetamine-induced 360◦ rotation at
6 weeks after toxin injection was 11 ± 1 RPM in saline treated rats, and this was reduced
90% to 1.1 ± 0.2 RPM in the THL treated PD rats. The striatal TH enzyme activity was
reduced 99% at 6 weeks after toxin injection in the saline treated rats, but was reduced only
23% at 6 weeks after toxin injection in the THL treated rats [1064]. These results indicate a
more durable therapeutic effect in experimental PD is achieved with GDNF gene therapy as
compared to TH gene therapy. Placement of the GDNF transgene under the influence of the
TH promoter restricts GDNF expression only to sites where the TH gene is transcriptionally
active [1059].
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THL brain delivery of a therapeutic gene for Niemann-Pick C1 disease. Niemann-
Pick C1 (NPC1) disease is an inherited disorder caused by mutations in the NPC1 gene,
which encodes an intracellular membrane transporter of non-esterified cholesterol [1065].
The NPC1 cholesterol transporter is a large protein with an open reading frame of 3.9 kb.
Therefore, the NPC1 cDNA can only be inserted in a ssAAV and with a small promoter and
3′-UTR, so that the expression cassette is <4.7 kb. It would be desirable to place the NPC1
gene under a neuron-specific promoter, such as the 1.5 kb human PDGF-B promoter [1056].
However, such a construct would be too large to insert into an AAV vector. An 8 kb
expression plasmid was engineered, designated pPDGFB-NPC1, which placed the 3.9 kb
NPC1 open reading frame under the influence of the 1.5 kb PDGFB promoter and a bovine
growth hormone poly A sequence [706]. NPC1 mice replicate the neuropathology of human
NPC1 [1066,1067]. Owing to the severe neuropathology, NPC1 mice die young at about
10 weeks with reduced body weight [706]. So as to encapsulate the pPDGFB-NPC1 plasmid
in THLs active in the mouse, the recombinant 8D3 TfRMAb was expressed [706], based
on the previously reported amino acid sequence for the heavy and light chains of this
antibody [693]. THLs were produced from the recombinant 8D3 TfRMAb and encapsulated
the pPDGFB-NPC1 plasmid DNA. Weekly intravenous THL treatment of NPC1 mice began
at the age of 6–7 weeks. After euthanasia, the mass of the pPDGFB-NPC1 plasmid DNA
was measured by qPCR in brain, liver, and spleen removed at 4 days following the last
dose of THLs. The plasmid concentration in brain, liver, and spleen was 10.1 ± 3.1, 107 ± 9,
and 40 ± 8 pg plasmid DNA per mg wet tissue [706]. High plasmid DNA content in
spleen is attributed to the high expression of the TfR1 in spleen in the mouse [1068]. Based
on the number of brain cells per mg wet brain, these qPCR studies indicate ~4 plasmid
DNA molecules are delivered to each cell in brain [706]. The expression of the NPC1
mRNA in brain, spleen, and liver, relative to the mRNA of glyceraldehyde 3′-phosphate
dehydrogenase (GAPDH), was measured by reverse transcriptase PCR [706]. The ∆Cq
parameter is the difference in qPCR Cq value for NPC1 and GAPDH for brain, spleen, or
liver. The ∆∆Cq is the difference in ∆Cq for the vehicle treated mouse and the THL treated
mouse. The change in NPC1 mRNA abundance in the organs of the THL treated mouse
was computed from the base 2 antilog of the ∆∆Cq [706]. The ∆∆Cq values between THL
and vehicle treatment groups showed the NPC1 mRNA, relative to the GAPDH mRNA,
was increased 338-fold, 8192-fold, and 238-fold in brain, spleen, and liver, respectively [706],
which indicates THL treatment resulted in a significant increase in NPC1 transcript in brain
in the NPC1 null mice. THL treatment caused a reduction in cholesterol inclusion bodies
in brain, and peripheral organs, but did not increase lifespan in these mice [706]. The lack
of effect on lifespan was attributed to the delay in initiation of treatment until 6–7 weeks
of age. By this time, the NPC1 mice already have developed pathologic changes in brain
including autophagic lysosomal inclusion bodies, astrogliosis, microglia activation, and
suppressed myelin production [1069–1072]. Future treatment of the NPC1 mouse should
initiate THL gene therapy at birth.

Safety pharmacology of chronic THL administration. The safety of chronic admin-
istration of THLs was tested by treating rats with THLs encapsulated with a 7 kb TH
expression plasmid under the influence of the SV40 promoter and conjugated with either
the OX26 TfRMAb or its isotype mouse IgG2a control [1073]. A dose of 20 µg/kg of THL
encapsulated DNA was administered by weekly IV injections for 6 consecutive weeks. A
third group of rats were treated with weekly saline and served as a control. Delivery of
the TH expression plasmid to brain was confirmed by Southern blot. There was no change
in body weight, 14 serum chemistries or histology of brain and peripheral organs (liver,
spleen, heart, lung, kidney) following chronic THL administration. Immunohistochemistry
of brain using primary antibodies against multiple markers of inflammation showed no
inflammatory reaction in brain.

THL manufacturing. THLs described above were produced at scale of 1–5 mL using
sonication, extrusion, and purification by gel filtration chromatography [1036]. These pro-
cedures are not scalable for commercial manufacturing. A scalable manufacturing process
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for pegylated liposomes, which can be adapted to THLs, uses an ethanol dilution method,
which eliminates sonication, extrusion, and gel filtration [1074]. This scalable manufac-
turing approach, as recently reviewed [1037], adapts previously developed methods of
liposome production by an ethanol injection method [1075], and use of a T-shaped device
for rapid mixing of lipids and aqueous plasmid DNA [1076]. Ethanol dilution has two
favorable effects on the encapsulation of plasmid DNA in pegylated liposomes. First, the
ethanol dilution causes condensation of the plasmid DNA [1077], which is necessary to
enable encapsulation of the plasmid DNA within the 100–150 nm vesicles. The gyration
radius of 10 kb supercoiled plasmid DNA is 460 nm [1078], which greatly exceeds the
radius of the small vesicles. Second, ethanol dilution induces the conversion of large
multivesicular vesicles into small 100–150 nm vesicles [1079]. THL manufacturing at a
10 L level has been outlined using ethanol dilution and tangential flow filtration [525]. A
relatively small volume of THL manufacturing of 15 L could provide an amount sufficient
to treat an orphan disease with 50% market penetration for a year at a weekly IV infusion
dose of 10 µg/kg of THL encapsulated plasmid DNA [525]. The primary problem in the
manufacturing of THLs is product formulation to ensure a shelf life of 1–2 years, and this
is possible with THL lyophilization. Recent work shows that THLs fully conjugated with
MAb and encapsulating plasmid DNA can be lyophilized, stored, and re-hydrated pro-
viding the proper lyoprotectant is used [707]. Lyophilized and re-hydrated THLs passed
manufacturing specifications when hydroxypropyl-gamma-cyclodextrin is used as the
lyoprotectant [707]. The lyophilized, re-hydrated HIRMAb-THLs encapsulating a 5 kb
plasmid DNA was injected intravenously in Rhesus monkeys at injection doses of 12 and
58 µg/kg of THL encapsulated plasmid DNA. The pharmacokinetics (PK) of plasma clear-
ance of the plasmid DNA was determined by qPCR [707], and these PK parameters were
comparable to those reported previously for HIRMAb plasma clearance in the primate [61].
IV administration of the lyophilized, hydrated THLs to Rhesus monkeys produced no
adverse clinical events and no change in 25 serum chemistries [707].

Variety of THL formulations. Polymeric NPs (PNPs) were prepared with 45 kDa PLA
and PLA-PEG-maleimide [1080], similar to the PLA NPs shown in Figure 15. The PNPs
were mixed with an expression plasmid encoding TNF related apoptosis-inducing ligand
(TRAIL), which is cytotoxic in tumors. The PLA-PEG, PLA-PEG-maleimide, and plasmid
DNA were mixed and PNPs produced with an emulsion/solvent evaporation. The primary
and secondary emulsions were produced by sonication [1080]. There is concern about the
integrity of the DNA using such a procedure, since sonication can nick super-coiled plasmid
DNA [1081,1082], which would reduce or eliminate gene expression. The Trojan horse used
in these THLs was cationized bovine serum albumin (cBSA) and the thiolated cBSA was
conjugated to the PEG extended maleimide [1080]. The Trojan horse PNPs were tested
in vivo with a rat C6 intra-cranial glioma implanted in the striatum of BALB/c mice. Mice
were treated at 7 days following implantation of the rat glioma cells, and were treated every
2–3 days for 2 weeks with a large dose, 100 µg/kg, of PNP encapsulated plasmid DNA.
This treatment extended the median survival from 20 days to 42 days [1080]. In another
study, OX26 TfRMAb THLs encapsulated a LacZ expression plasmid under the influence
of either a cytomegalovirus or GFAP promoter, were injected intravenously in rats, and
THL-mediated transgene expression in brain was confirmed [1083]. THLs were prepared
by double conjugation with the OX26 TfRMAb, for delivery of liposomes across the rat BBB,
and with chlorotoxin (CTX), a 4 kDa peptide from scorpion venom, which binds glioma
cells [1084]. The plasmid DNA, pC27, encodes a 27 kDa carboxyl terminal peptide of human
telomerase reverse transcriptase, which suppresses glioma growth. For production of THLs,
the lipids, which included a PEG-maleimide, and plasmid DNA were initially sonicated
prior to liposome formation by extrusion. The thiolated OX26 and thiolated CTX were then
conjugated at the maleimide group on the THLs. Since sonication can damage super-coiled
DNA [1081,1082], it is not advisable to sonicate after addition of DNA to the preparation.
When DNA is exposed to sonication, the retention of the super-coiled conformation of the
plasmid DNA should be confirmed by agarose gel electrophoresis, which typically elutes as
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multiple bands [707]. The therapeutic effects of the double conjugated THLs encapsulating
the pC27 plasmid DNA were tested with a C6 intra-cranial glioma model in rats. The THLs
conjugated only with the OX26 TfRMAb extended median survival of the tumor-bearing
rats from 13 days to 29 days, and THLs double conjugated with the OX26 TfRMAb and
CTX extended median survival of the rats to 46 days [1084]. In another approach, THLs
were conjugated with an antibody against the IGF2 receptor (IGF2R), and encapsulated
a plasmid DNA encoding p11, a 10–12 kDa protein implicated in depression [1085]. The
results of these studies are difficult to interpret, since no information on the IGF2R MAb is
provided. There are two types of IGF2R, and only one of these is expressed at the BBB. The
IGF1R, which has high affinity for both IGF1 and IGF2, is expressed at the BBB, as discussed
in Section 8.1.3. IGF2 also binds the 300 kDa cation independent M6PR, but this receptor
is not expressed at the BBB, as discussed in Section 8.1.3, and recently reviewed [709].
Glutathione (GSH) has been conjugated to pegylated liposomes to trigger transport across
the BBB by a putative GSH transporter at the brain endothelium (672). A pharmacokinetic
analysis of brain transport of the GSH-pegylated liposome concluded the data did not
support a model of transcytosis through the brain endothelium [1086]. This finding is
expected for GSH conjugated THLs, since there is no known receptor for GSH at the BBB,
and GSH does not cross the BBB, as discussed in Section 8.2.1.

THL diffusion in brain. Pegylated immunoliposomes were conjugated with the
rat RI7-217 MAb against the mouse TfR [1087], as this ‘RI7’ TfRMAb undergoes RMT
across the mouse BBB in vivo [663]. The transport of the RI7 TfRMAb-THLs across pial
microvessels in mouse brain was investigated with two-photon microscopy through a
cranial window [1087]. The findings led to the conclusion that while receptor-mediated
endocytosis of the TfRMAb-THLs was an active process at the brain capillary, the exocytosis
of the THL from the capillary endothelium into brain ECS was limited, as compared to
a much higher rate of exocytosis into the brain ECS at post-capillary venules [1087]. The
differential transport of THLs across the endothelium of the capillary vs. the post-capillary
venule was said to be due to the lack of a peri-vascular space (PVS) at the capillary, and the
presence of a PVS at the post-capillary venule [1087]. The hypothesis of an absent capillary
PVS is derived from the assumption that the brain capillary is >90% invested by astrocyte
foot processes. Electron microscopy of rat brain removed following aldehyde perfusion
fixation shows an essentially complete ensheathment of the abluminal surface of the brain
capillary by astrocyte foot processes [1088]. Owing to this complete investment of the
capillary by astrocyte foot processes, it is assumed there is a fusion of the capillary basement
membrane and the separate basement membrane lining the glial limitans or astrocyte foot
processes, thus eliminating any PVS at the brain capillary [1089]. Conversely, at the post-
capillary venule, it is said there is a separation of the capillary basement membrane and the
glial limitans basement membrane, which creates a PVS at the post-capillary venule [1089].
The problem with this theory of complete investment of the capillary by the astrocyte
endfeet, thus obliterating a PVS at the capillary, is that the theory is based on an artifact
derived from electron microscopy of chemically fixed brain. A different picture of the brain
PVS and astrocyte endfeet emerges with cryo-fixation of brain, as shown in Figure 18 and
discussed below.
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Figure 18. Astrocyte endfeet and brain extracellular space in cryo-fixed and chemical-fixed brain.
(A,B) Brain capillary ultrastructure after cryo-fixation (A) and chemical fixation (B). The astrocyte
endfeet are pseudo-colored in orange. An erythrocyte is present within the capillary lumen in (A).
(C,D). Brain extracellular space after cryo-fixation (C) and chemical fixation (D). The extracellular
space is pseudo-colored in blue. Reproduced from [22], Copyright© 2015 licensed under Creative
Commons Attribution License (CC-BY).

Electron microscopy of chemically fixed brain performed in the 1950s found a very
small ECS in brain of only 3%, which did not comport with physiologic measurements of a
brain ECS of ~25% of brain, as reviewed by Van Harreveld and colleagues in 1965 [1090]. A
brain ECS volume of 24% was estimated by electron microscopy following cryo-fixation
of brain [1090]. More recently, the investment of the capillary by astrocyte endfeet has
been examined with electron microscopy following cryo-fixation of brain in comparison
with chemical fixation of brain [22]. Chemical fixation causes astrocyte swelling and ECS
shrinkage, which leads to an over-estimation of the capillary endothelial coverage by
astrocyte foot processes [22]. Following cryo-fixation, only 63% of the capillary abluminal
surface is invested by astrocyte foot process [22], whereas 94% coverage of the abluminal
surface of the brain capillary by astrocyte endfeet is found with chemical fixation of
brain [22]. The ECS volume of brain is estimated to be 15% following cryo-fixation, but
only 2.5% following chemical fixation [22]. The brain capillary ultrastructure and brain
ECS revealed by electron microscopy and cryofixation, which demonstrates the incomplete
investment of the brain capillary by astrocyte endfeet, and the expanded brain ECS, is
reproduced in Figure 18.

Following exocytosis at the abluminal membrane of the endothelium, the THL must
diffuse 5–20 microns through the brain ECS to the neighboring neuron or glial cell body.
The extent to which nanoparticles with a diameter of 100–150 nm can diffuse through the
porous structure of the brain ECS was examined in living mouse brain with fluorescent
microscopy through a cranial window following the intra-cerebral injection of pegylated
polystyrene nanoparticles [1091]. Diffusion of pegylated nanoparticles was also measured
with slices of fresh human brain removed at neurosurgery [1091]. Surface pegylation of
the nanoparticle enhanced nanoparticle diffusion through the brain ECS [1091]. Functional
pores in the ECS of human brain as large as 200 nm were observed, and 25% of human ECS
pores had a diameter ≥100 nm [1091]. A definitive proof that THLs transcytose through
the BBB, diffuse through brain ECS, and are taken up by brain cells is the histochemistry
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of brain showing global expression of a transgene in brain following IV administration of
THLs encapsulating the plasmid DNA, as illustrated in Figure 17E–H for primate brain.
Similar studies show global expression in brain of the transgene following THL delivery in
the rat [1048] and mouse [1049].

11. Blood–Brain Barrier Transport Methodology

Log BB. The BBB is the limiting factor in the development of small molecule drugs for the
CNS. In an effort to predict which small molecule drugs cross the BBB, the log BB parameter
has been used for decades [1092], where BB is the brain/blood ratio of total drug in each
compartment. A linear correlation between log BB and log P, where P = the drug partition
coefficient in 1-octanol and water, was observed [1092]. The log BB is still used today [1093],
despite the fact that the limitations of this parameter have been known for many years [1094].
The BB parameter, or brain/blood ratio, is a measure of the brain volume of distribution (VD),
which is driven largely by brain tissue binding of drug. Thus, two drugs could have comparable
rates of BBB transport, but widely disparate BB values, because one of the two drugs was
avidly bound by brain tissue binding proteins, which increase the brain VD or BB ratio. The log
BB parameter is being replaced by a new parameter, Kp,uu [1095], which is the concentration
of unbound drug in brain, designated here as LM, divided by the unbound drug in plasma,
designated here as LF. The problem with the Kp,uu parameter, i.e., the LM/LF ratio, relates
to how one experimentally measures the concentration of unbound drug in brain and the
concentration of unbound drug in plasma, and whether the in vitro methods used to compute
Kp,uu are reliable indices of the LM/LF ratio in brain in vivo. An understanding of the factors
controlling LM and LF in brain in vivo can be aided with a physiologic-based mathematical
model of free drug in brain and plasma in vivo.

11.1. Physiologic Model of Free Drug in Brain and Plasma

A physiologic partly flow/partly compartmental mathematical model of brain trans-
port of circulating drugs or hormones was developed to understand the relationship
between the free drug in brain in vivo and the free drug in the brain capillary plasma
compartment in vivo [1096], and this model is shown in Figure 19A.

Figure 19. Partly flow-partly compartmental model of drug influx and efflux at the BBB and drug
binding to plasma proteins and brain tissue proteins. (A) Drug in plasma may be bound to a
plasma globulin, such as α1-acid glycoprotein (AAG), which is GL◦ and GL in the arterial and
capillary compartments, respectively, or bound to albumin, which is AL◦ and AL, or may be free,
which is LF

◦ or LF, in the arterial and capillary compartments, respectively. The free drug in brain is
LM, and the tissue bound drug in brain is PL. The rate constant of drug metabolism is Kmet. The rate
constants of drug dissociation with AAG, albumin, and the tissue binding protein are K1, K7, and K6,
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respectively. The products of the rate constants of drug association and the concentration of the
respective protein are given by K2, K8, and K5, respectively, for AAG, albumin, and the tissue binding
protein. The rate constants of drug influx and efflux across the BBB are K3 and K4, respectively. The
brain capillary transit time is denoted as t. (B) Model predictions for testosterone concentrations in
plasma and brain pools shown in (A). Model simulation is based on plasma sex hormone binding
globulin and albumin concentrations of 28 nM and 640 µM, respectively. Reproduced with permission
from [1096], Copyright© 1985 American Physiological Society.

The mathematical model of Figure 19A was solved analytically, and yielded the
relationship for the ratio of free drug in brain (LM) and free drug in plasma (LF) given in
Equation (2),

LM

LF
= (K3·Vp)/[(K4 + Kmet)VT] (2)

where Vp is the plasma volume of brain, 10 µL/g, VT is tissue volume of brain, 700 µL/g, K3
is the rate constant of drug influx from blood to brain across the BBB, K4 is the rate constant
of drug efflux from brain to blood across the BBB, and Kmet is the rate constant of drug
metabolism in brain. Drug metabolism in brain may also take place within the endothelial
compartment, owing to an enzymatic BBB, such as in the case for adenosine [391]. Since
K3·Vp is equivalent to the permeability–surface area (PS) product of influx, PSinflux, from
plasma to brain across the BBB, and K4·VT is equivalent to the PS product of efflux, PSefflux,
from brain to plasma across the BBB, then in the absence of significant drug metabolism in
brain, where Kmet = 0, then Equation (2) reduces to,

Kp,uu =
LM

LF
=

PSinflux

PSefflux or, LM =

[
PSinflux

PSefflux

]
·LF (3)

The approximation of Kp,uu by the PSinflux/PSefflux ratio, given in Equation (3), has
been recently proposed by Huttenen and colleagues [1097]. A PSinflux/PSefflux ratio < 1
is indicative of active efflux transport at the BBB. A PSinflux/PSefflux ratio = 1 is indica-
tive of symmetric BBB transport, e.g., for a lipid-soluble drug that traverses the BBB via
free diffusion.

The complexity of the factors controlling LM and LF in brain in vivo arises from the
fact that many CNS drugs are bound by proteins in both plasma and in brain [1098].
Drug binding plasma proteins include albumin and globulins. The major drug binding
globulin is α1-acid glycoprotein (AAG) also called orosomucoid. The physiologic model
in Figure 19A accounts for the kinetics of drug binding to albumin and globulin plasma
proteins, drug binding to brain tissue proteins, drug influx and efflux across the BBB, and
drug metabolism in brain [1096].

The model in Figure 19A treats the brain interstitial and intracellular spaces as a single
extravascular pool, owing to a much greater brain cell membrane surface area as compared
to the surface area of the BBB, which is 120 cm2/g [11]. There are approximately 200 billion
neuronal and non-neuronal cells in the 1000 g human brain [1099]. Modeling each cell as a
10-micron cuboidal structure yields a total brain cellular surface area of 1200 cm2/g, which
is 10-fold greater than the surface area of the BBB.

The model in Figure 19A was evaluated for testosterone transport from blood to
brain, and the results of the model simulation for testosterone are shown in Figure 19B,
which gives the testosterone concentrations in the various pools of plasma and brain, as
reported previously [1096]. As discussed in the next section, there is enhanced dissociation
of testosterone from albumin within the brain capillary compartment in vivo [1100]. This
enhanced dissociation produces a 9-fold elevation in the concentration of free (bioavailable)
testosterone in the brain capillary in vivo (LF), 3.4 nM, relative to the concentration of free
(dialyzable) drug in vitro, 0.39 nM, which is represented by the drug concentration in the
arterial compartment (LF

◦) in Figure 19. The concentration of free drug in brain, LM, is
identical to the bioavailable drug in the brain capillary compartment, LF (Figure 19B). This
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identity between LM and LF is predicted by Equation (3) when drug transport across the
BBB is symmetrical, i.e., PSinflux = PSefflux, and the drug is not metabolized in brain [1096].

The sections below review the methods available for determination of the 4 principal
factors controlling in vivo Kp,uu, which are the free (bioavailable) drug in plasma (LF), the
free drug in brain (LM), PSinflux, and PSefflux, with the assumption that drug metabolism in
brain is nil, i.e., Kmet = 0.

11.2. Free Drug in Plasma In Vivo and Role of Plasma Protein Binding

The major drug binding plasma proteins are albumin and α1-acid glycoprotein (AAG),
also called orosomucoid. AAG is a 42 kDa heavily glycosylated plasma protein and the
3D structure of human AAG has been determined [1101]. AAG binds many drugs, and
together with albumin, plays a major role in plasma protein binding of drugs [1101]. AAG is
an acute-phase reactant, and the plasma AAG concentration can vary over 7-fold depending
on the clinical condition [1102]. The concentration of AAG in plasma, about 0.1 g/dl, is
50-fold lower than the plasma albumin concentration [1102]. However, the affinity of AAG
for many drugs can be 100-fold higher than the affinity of the drug for albumin binding.
Therefore, many CNS drugs are bound by both albumin and by AAG in plasma.

The number of drugs that are highly bound by plasma proteins, e.g., >95% bound, is
increasing. Before 2003, only about 30% of FDA-approved small molecules were classified
as highly bound, but this number has increased to 45% of all drugs by 2019 [1103]. Therefore,
it is important to develop a model of how plasma protein binding impacts the brain uptake
of small molecule CNS drugs. The free drug hypothesis posits that the fraction of drug
in plasma that is bioavailable for transport across the BBB, i.e., pool LF in Figure 19 and
Equation (3), is the same fraction that is free in plasma in vitro, as determined by a variety of
methods, one of which is equilibrium dialysis [1104]. The free drug hypothesis is equivalent
to the assertion that the dissociation constant, KD, governing the binding of drug to the
plasma protein that is measured in vitro, or KDin vitro, is identical to the KD of drug binding
to the plasma protein at the brain endothelial interface in vivo, or KDin vivo. If the guiding
principle is, “to measure is to know” [1105], then this assumption of the free hormone
hypothesis should be subjected to direct empiric testing in vivo. That is, the KD of the
drug–plasma protein binding should be measured in vivo. If the drug–plasma protein
KDin vivo is >> than the KDin vitro, then enhanced ligand dissociation from the plasma
protein occurs in vivo within the brain capillary compartment, relative to the dissociation
rates observed in vitro. Conversely, if the KDin vivo = KDin vitro, then the precepts of the free
drug hypothesis are upheld with in vivo testing of the hypothesis.

Enhanced drug dissociation from plasma proteins such as albumin or AAG would
be caused by conformational changes about the drug binding site on the plasma protein
that takes place in vivo at the brain endothelial surface. Surface-mediated conformational
changes have been documented for both albumin and AAG [1106,1107]. As plasma courses
through the cerebral microcirculation, plasma proteins such as albumin or AAG transiently
and reversibly bind the endothelial luminal glycocalyx [1108]. The brain endothelial
glycocalyx is shown in Figure 20.

The glycocalyx covers 40% of the luminal surface of the brain capillary endothe-
lium [20]. The thickness of the glycocalyx of the brain endothelial luminal membrane is up
to 400 nm based on two-photon microscopy [19], and this finding on the thickness of the
brain endothelial glycocalyx is confirmed by the electron micrograph in Figure 20. There-
fore, the thickness of the endothelial glycocalyx is actually greater than the thickness of the
brain capillary endothelium, 300 nm [17], as illustrated in Figure 20. Albumin binds re-
versibly to the glycocalyx surface of both the endothelium [1109] and the hepatocyte [1110].
The glycocalyx is composed of glycosaminoglycans (GAGs), which bind plasma proteins,
including albumin and AAG [1108].
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Figure 20. Glycocalyx at the blood–brain barrier. Brain capillary endothelial glycocalyx is visualized
with lanthanum nitrate staining in the mouse. Reproduced from [20], Copyright© 2018 licensed
under Creative Commons Attribution License (CC-BY).

Albumin conformational changes have been observed following albumin binding
either to GAGs [1107] or to the liver cell surface [1110]. The binding of AAG to GAGs [1111],
or to biomembranes [1112], triggers conformational changes within the AAG protein that
results in enhanced dissociation of drugs bound to AAG [1112]. If enhanced dissociation
does occur at the brain endothelial interface, then the plasma protein-bound drug is
operationally available for transport into brain, although there is no egress of the plasma
protein, per se, from the plasma compartment of brain.

The KDin vivo of drug binding to AAG, human serum albumin, or bovine serum
albumin within the brain capillary has been measured using the Brain Uptake Index (BUI)
carotid artery injection technique [1100], described below in Section 11.4.1. The KDin vivo

in brain, and the KDin vitro, as measured by equilibrium dialysis, is shown in Table 5 for
multiple drugs and hormones.

Table 5. Drug binding to plasma proteins in vitro and in vivo within the brain capillary.

Drug Plasma Protein KDin vitro (µM) KDin vivo (µM) Reference

propranolol bovine albumin 299 ± 25 220 ± 40
[1102]AAG 3.3 ± 0.1 19 ± 4

bupivacaine bovine albumin 141 ± 10 211 ± 107
[1113]AAG 6.5 ± 0.5 17 ± 4

piroxicam human albumin 10.9 ± 0.1 910 ± 105
[1114]AAG 29 ± 1 35 ± 3

diazepam bovine albumin 2 13,900 [1115]
human albumin 6.3 ± 0.1 156 ± 35

[1116]devazepide human albumin 8.2 ± 0.8 266 ± 38
imipramine AAG 4.9 ± 0.3 90 ± 9 [1117]

isradipine human albumin 62 ± 8 221 ± 7

[1118]
AAG 6.9 ± 0.9 35 ± 2

darodipine human albumin 94 ± 5 203 ± 14
AAG 2.5 ± 0.5 55 ± 7

domitroban bovine albumin 35 36 ± 4 [1115]
L-tryptophan bovine albumin 130 ± 30 1700 ± 100 [1119]
L-T3 bovine albumin 4.7 ± 0.1 46 ± 4 [1100]
testosterone bovine albumin 53 ± 1 2520 ± 710 [1100]

AAG = human α1-acid glycoprotein; assumes 1 drug binding site on each plasma protein.

The KDin vivo was measured with the Kety–Renkin–Crone equation of capillary physi-
ology, as described in Equation (4).

E = 1− e−f· PS
F , where f = (

KDin vivo

n
)/(A +

KDin vivo

n
) (4)

115



Pharmaceutics 2022, 14, 1283

The extraction (E) of unidirectional influx of drug across the BBB following the carotid
injection of the radiolabeled drug in the presence of different concentrations of the plasma
protein is fit to Equation (4), where F = cerebral blood flow, f = the fraction of bioavailable
drug in vivo in the brain capillary, A = the plasma protein concentration in the carotid
artery injection solution, and n = the number of binding sites on the plasma protein [1100].
Curve fits are performed with non-linear regression analysis to estimate two parameters:
the PS/F ratio and the KDin vivo/n. The ‘A’ parameter is technically the concentration
of unbound plasma protein (AF). However, the concentration of total albumin or total
AAG in the carotid artery injection solution is >10-fold greater than the drug concentration.
Therefore, the unoccupied plasma protein concentration is approximated by the total
plasma protein concentration in the carotid arterial injection solution. The extraction €
of the drug by brain is plotted on the y-axis, vs. the protein concentration (A) on the
x-axis, and non-linear regression analysis allows for computation of the PS/F ratio and the
KDin vivo/n, as described by Equation (4) [1100]. In parallel, the KDin vitro is determined by
equilibrium dialysis.

The KDin vivo at the brain capillary, as measured with the BUI technique, and the KDin vitro,
as measured by equilibrium dialysis, have been determined in several studies on the binding of
CNS drugs to AAG and to albumin, and these are summarized in Table 5. The experimental
findings show that several albumin-bound drugs do not undergo enhanced dissociation at
the brain capillary in vivo, and that the KDin vivo is equal to the KDin vitro, e.g., propranolol,
bupivacaine, and domitroban [1098]. However, drugs such as piroxicam, diazepam, devazepide,
isradipine, darodipine, the amino acid, L-tryptophan, L-triiodothyronine, and a steroid hormone
such as testosterone, do undergo enhanced rates of ligand dissociation from albumin in vivo
within the brain capillary, which is indicated by the finding of KDin vivo >> KDin vitro (Table 5).
With respect to drugs that bind AAG, propranolol, bupivacaine, imipramine, isradipine, and
darodipine undergo enhanced dissociation within the brain capillary in vivo, whereas the
binding of piroxicam to AAG in vivo within the brain capillary conforms to the binding of
this drug to AAG in vitro [1098]. The measurement of the KDin vivo with the BUI method can
confirm the predictions of the free drug hypothesis, i.e., KDin vivo = KDin vitro. However, in many
instances, the free drug hypothesis is not confirmed in vivo, and the KDin vivo is >> KDin vitro.

The finding of KDin vivo >> KDin vitro is evidence for enhanced dissociation of ligand
from the plasma protein binding site in vivo within the brain capillary, which nullifies
the key assumption of the free drug hypothesis. The only way to reconcile the in vivo
brain drug uptake results with a hypothesis that asserts the KDin vivo = KDin vitro is a
dissociation-limited model [1098]. The dissociation-limited model must posit that both
drug re-association with the plasma protein in vivo and drug dissociation from the plasma
protein in vivo are very slow compared to membrane permeation. Using the parameters in
Figure 19A, the dissociation-limited model assumes both K7 << K3 and K8AF << K3. Given
the parameters of drug binding to the plasma protein, membrane permeation (K3) would
have to be more than 2–3 log orders greater than the transit time of plasma through the
brain capillary [1098], which would be equivalent to a BBB PS product that is 2–3 log orders
higher than the rate of cerebral blood flow (F). The PS/F ratios for the drugs studied in the
reports cited in Table 5 ranged from 0.14–1.35 with a mean of 0.88. These PS/F ratios are
far too low to allow for a dissociation-limited mechanism of plasma protein-bound drugs
across the BBB in vivo.

The discordance between drug binding to a plasma protein in vitro vs. drug binding
in vivo within the capillary extends to organs other than brain. As an example, warfarin is
bound by albumin, and albumin-bound warfarin, similar to some other albumin-bound
drugs (Table 5), does not undergo enhanced dissociation at the BBB in vivo [1120]. How-
ever, warfarin undergoes enhanced dissociation from albumin in the microcirculation of
liver, where the KDin vivo of albumin binding of warfarin is 403 µM as compared to the
KDin vitro of albumin binding of warfarin, 20 µM [1121]. Therefore, warfarin undergoes
a 20-fold enhanced dissociation from albumin at the liver microcirculation [1121], but
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there is no enhanced dissociation at the warfarin binding site on albumin at the brain
microcirculation [1120].

Albumin bound steroid hormones, e.g., testosterone, albumin bound thyroid hor-
mones, e.g., L-triiodothyronine (T3), and albumin bound L-tryptophan are available for
transport across the BBB [322,433,1122], as exemplified by the high KDin vivo relative to
the KDin vitro (Table 5). Conversely, globulin-bound steroid and thyroid hormones are
generally not available for transport into brain, but are available for transport into liver
in vivo [322,1098,1122,1123]. The plasma protein, per se, does not undergo transport into
brain or liver. The plasma protein-bound drug or hormone is said to undergo transport
into the organ in vivo, because the fraction of drug or hormone that is free (bioavailable)
in the organ capillary in vivo is much greater than the free fraction of drug or hormone
measured in vitro, e.g., with equilibrium dialysis. The enhanced dissociation of drug or
hormone from albumin and/or globulin binding sites in vivo within the brain capillary
compartment increases the free drug in the brain capillary plasma compartment, LF, rel-
ative to the free drug measured in vitro, LF

◦ (Figure 19B). The fact that the KDin vivo is
often many-fold higher than the KDin vitro, as shown in Table 5, means the use of in vitro
measurements of free drug in plasma, e.g., with equilibrium dialysis, may not provide an
accurate representation of the drug–plasma protein binding interactions that take place
in vivo at the brain endothelial surface. Under these conditions, the free drug in plasma
in vivo within the brain capillary compartment, LF, is much greater than the free drug in
plasma in vitro in a test tube.

11.3. Measurement of Free Drug in Brain
11.3.1. CSF as a Measure of Free Drug in Brain

CSF is frequently used as a surrogate measure of drug transfer across the BBB, partic-
ularly in humans. This is based on ideas from the first half of the 20th century that CSF
represents brain interstitial fluid (ISF) [26,32]. However, early dialysis fiber experiments
showed that atenolol did not appear in the intra-cerebral micro-dialysate following ICV
injection [88], and subsequent reviews commented on the lack of suitability of use of CSF
drug penetration as an index of BBB transport [1124,1125]. In addition to the lack of equili-
bration between CSF and ISF, the CSF and ISF compartments are separated from blood by
different membrane systems. The ISF is separated from the blood by the BBB and the CSF
is separated from the blood by the choroid plexus. These anatomically distinct barriers are
also functionally distinct and transporters that exist at the BBB may not exist at the choroid
plexus and vice versa. As reviewed in Section 6.3.2, P-glycoprotein (Pgp) is expressed at
the BBB [62], but is not expressed at the choroid plexus [62,478,479]. Co-administration of a
Pgp inhibitor, zosuquidar, with nelfinavir, a Pgp substrate, produced an increase in brain
distribution into brain, but not into CSF [477]. While the use of CSF as a surrogate for BBB
transport has declined over the years for small molecule CNS drugs, developers of biologic
drugs for the CNS still use CSF as a surrogate measure of BBB penetration, as discussed in
Section 8.3.4. The CSF concentration of a therapeutic antibody is 0.1–0.2% of the plasma
concentration, and this is said to indicate a small, but significant passage of the antibody
across the BBB [784,785]. What is overlooked is that all IgG in plasma penetrates into CSF
via passage across a leaky choroid plexus, and that the ratio of any IgG in CSF/plasma is
normally 0.1–0.2% [12], which exists in the absence of any IgG transport across the BBB.

11.3.2. Free Drug in Brain with Cerebral Microdialysis

Brain ISF is a protein-free compartment, so drug concentration in brain ISF is con-
sidered a measure of the free drug concentration in brain. Brain ISF is experimentally
accessible with the implantation of an intra-cerebral dialysis probe [1126]. The experi-
mental limitations of cerebral microdialysis were recognized early [88], and they include
the lack of correlation of drug recovery across the dialysis membrane in vivo vs. in vitro,
role of infusate temperature, and changes in the local brain environment triggered by
what is effectively a stab wound of brain. The neuropathologic changes that are induced
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by insertion of a dialysis probe into brain was shown by an early study, which detected
BBB disruption to circulating albumin by immunohistochemistry of brain following probe
insertion [1127]. The entry of albumin into brain triggers an astrogliosis and microglia
reaction in brain following insertion of the fiber [1128]. Placement of the microdialysis fiber
in brain induces BBB disruption to small molecules as well as to albumin [1129,1130]. Film
autoradiography was used to follow the BBB disruption to sucrose following insertion of
the dialysis fiber. BBB permeability to sucrose was increased in a biphasic manner, and was
increased 19-fold immediately after fiber insertion, and then 17-fold at 2 days after fiber
insertion. BBB disruption persisted for at least 28 days after fiber implantation [1129].

11.3.3. Free Drug in Brain In Vitro with Brain Slices or Homogenates

An alternative to cerebral microdialysis was developed using brain slices or ho-
mogenates. Drug is mixed with either the brain slice or brain homogenate and the volume
of distribution of drug is measured from the ratio of drug concentration in the slice or
homogenate relative to the medium drug concentration [1095,1131]. Drugs may be avidly
bound by brain proteins, and this sequestration by brain can be examined with either brain
homogenate or brain slice preparations. However, many CNS drugs are lipophilic amines,
which are sequestered within the acidic intracellular lysosomal compartment, which can
have a pH of 4.5–5.5. This acidity will trap a drug with a high pKa, where pKa is the pH at
which 50% of the drug is ionized. The brain slice method is superior to the homogenate
method as intracellular organelles, as well as brain cell membrane transporters, are intact
in the brain slice preparation [1131]. The data provided with the brain slice or brain ho-
mogenate method is very useful in understanding the mechanisms by which drugs are
bound and sequestered in brain. The problem with this in vitro methodology is that the
free drug that is measured with a brain slice or homogenate in vitro, which is dominated
by brain binding/sequestration mechanisms, is said to represent the free drug in brain
in vivo [1095,1131]. However, the concentration of free drug in brain in vivo, which is
shown as LM in Figure 19A, is fully independent of brain binding/sequestration [1096]. As
shown in Equation (2), the concentration of unbound drug in brain, LM, is a function of
the PSinflux, PSefflux, Kmet, and the bioavailable drug in plasma (LF), and is independent of
tissue binding [1096]. The continuous flow of bioavailable drug in plasma, LF, acts as a
forcing function in vivo [1132], and this forcing function of the continuous flow of plasma is
non-existent with in vitro preparations of brain. The tissue bound drug in brain in vivo (PL,
Figure 19) contributes to the total brain drug concentration, and determines the brain VD or
brain/blood ratio or the log BB. However, the free drug in brain in vivo is independent of
tissue binding, and is controlled by bi-directional BBB transport (PSinflux and PSefflux), the
plasma bioavailable drug (LF), and brain drug metabolism, Kmet, as shown by Equation (2).

11.4. In Vivo Measurement of PSinflux

11.4.1. Brain Uptake Index Method

The BBB permeability–surface area (PS) product of influx from blood to brain can
be measured with the Brain Uptake Index (BUI) method of Oldendorf [46]. An ~0.2 mL
buffered solution of a [14C]-test molecule, and a [3H]-water reference is rapidly injected
into the common carotid artery of an anesthetized rat through a 27-gauge needle, followed
by decapitation at 15 s. The BUI is the ratio of extraction of the unidirectional influx
of the test molecule (Etest), divided by the extraction of the water reference (Eref), and
is computed from the ratio of 14C-DPM/3H-DPM in brain divided by the same ratio
in the injection solution. Since the BUI is a ratio of ratios, no measurements of brain
weight or volume of injection solution are required. Since the test solution is injected
into the common carotid artery, most of the injection solution is dispersed to organs
other than brain via the external carotid artery [46]. However, this does not impact the
measurement of Etest, because an identical fraction of the test and references molecules
are distributed to brain. The Etest = (BUI)·(Eref), and the PS product can be computed
from Etest using Equation (4), which is the Kety–Renkin–Crone equation, where f = 1
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when there is no plasma protein binding. If the test molecule is [3H]-labeled, then a
[14C]-butanol reference can be used [1133]. Alternatively, three isotopes (3H, 14C, 125I) can
be injected followed by triple isotope liquid scintillation counting [1133]. BUIs may be
performed in conscious rats by placement of a PE-10 catheter into the external carotid
artery a day before the study [1133]. The co-injection of [3H]-water, [14C]-butanol, and
[125I]-N-isopropyl-p-iodoamphetamine allows for computation of the Eref for either the
[3H]-water or [14C]-butanol reference, which is 0.55 ± 0.01 and 0.87 ± 0.01, respectively, in
the conscious rat [1133]. The cerebral blood flow (F) in the conscious, ketamine-anesthetized,
and pentobarbital anesthetized rat is 1.64 ± 0.11, 0.93 ± 0.03, and 0.81 ± 0.09 mL/min/g,
respectively [1133]. With the Eref value, the BUI is converted to Etest, and, the PSinflux is
computed from the Etest and F with the Kety–Renkin–Crone equation (4). The unidirectional
clearance (CL) from blood to brain is defined as CL = Etest·F, or CL = (BUI)·Eref·F. When
cerebral blood flow (F) is greater than the PSinflux, then the Kety–Renkin–Crone equation,
given in Equation (4) where f = 1.0, is approximated by E = PSinflux/F, and unidirectional
CL≈PSinflux [490].

Carrier-mediated transport. The Michaelis–Menten kinetics of carrier-mediated trans-
port across the BBB in vivo can be determined with the BUI method, and Km and Vmax
values for representative substrates of CMT systems are listed in Table 2. The relationship
between PS, Km, Vmax, and KNS, where KNS is the constant of non-saturable transport
(µL/min/g), is defined in Equation (5),

PS = [Vmax/(Km + S)] + KNS (5)

where Vmax is the maximal transport velocity (nmol/min/g), and Km (nmol/mL) is the
absolute Km, which is the concentration (µM) of substrate (S) that causes 50% inhibition
of transport. The Vmax, Km, and KNS are determined by non-linear regression analysis,
where the substrate clearance (CL) is plotted on the y-axis and the substrate concentration
in the injection solution (S) is plotted on the x-axis, and CL = (BUI)·(Eref)·(F).

In the case of a CMT system that transports multiple competing substrates, e.g., LAT1
or CAT1, then the Km is an apparent Km, or Kmapp, which is defined by Equation (6),

Kmapp = Km·
[

1 + ∑
(

Si

Ki

)]
(6)

The Kmapp is derived from the absolute Km of the substrate, which is determined
in the absence of competing inhibitors, the absolute Km for each inhibitor (Ki), and the
concentration of competing inhibitor, Si, as shown in Equation (6) [1134]. The affinity of
the CMT system is defined by the relationship between the absolute Km and the substrate
concentration (S) in plasma. If the plasma S approximates Km, then the CMT system is
high affinity, and Kmapp > Km, which indicates substrate competition effects take place
in vivo. If the plasma S << Km, then the CMT system is low affinity, and Kmapp = Km,
which indicates there are no competition effects in vivo. The transport of LNAAs across the
BBB via LAT1 is the classic high affinity system, as the plasma concentrations of LNAAs
approximate the absolute Km values for the individual LNAAs [355]. The high affinity
(low Km) of the BBB LAT1 system, and the approximation of LAT1 Km values by the
concentrations of the individual LNAAs in plasma, is the physical basis of the selective
vulnerability of the CNS to hyperaminoacidemias [356]. The hyperphenylalaninemia
of phenylketonuria (PKU) saturates the BBB LAT1 system with phenylalanine, and this
saturation inhibits the brain uptake of other LNAAs, which are needed in brain to sustain
cerebral protein synthesis. Conversely, LNAA transport in peripheral tissues is mediated
by low affinity transporters with high Km values, and peripheral tissues are not exposed
to LNAA starvation in the case of a hyperaminoacidemia such as PKU. Any drug, e.g.,
L-DOPA or gabapentin, that crosses the BBB via transport on LAT1 is subject to competition
effects for BBB transport by the LNAAs in plasma.
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In summary, the BUI technique is a versatile methodology that allows for quantitation
of the kinetics of substrate influx from blood to brain via a CMT system, as defined by
Equation (5). The BUI method also allows for the determination of the KD of binding
of drugs or hormones to plasma proteins in vivo within the brain microcirculation, as
defined by Equation (4). This is possible because the injection solution traverses the brain
microcirculation as a first pass bolus with only ~5% mixing with rat plasma [1134].

11.4.2. Internal Carotid Artery Perfusion Method

The BUI method is less sensitive when the Etest < 3–5%. In this case, BBB PSinflux

can be determined with an internal carotid artery perfusion (ICAP) method [1135]. A
PE-10 or PE-50 catheter is inserted in the external carotid artery, and the common carotid
and pterygopalatine arteries are closed by ligation. Buffered fluid is perfused at rates
of 1.2–5 mL/min for up to 5 min. At the end of the perfusion, the brain is removed for
determination of brain radioactivity. A brain volume of distribution of the test molecule
(VDtest) is computed from the ratio of (DPM/g)/(DPM/µL perfusate). The perfusate also
contains a second radiolabeled plasma volume (pv) marker, such as sucrose, and the VD
of the plasma volume, VDpv, is also determined [1135]. The PSinflux = (VDtest − VDpv)/T,
where T = the length of the perfusion. The ICAP method is more labor-intensive than the
BUI method.

11.4.3. Capillary Depletion Method

The ICAP method was modified to allow for study of the kinetics of AMT or RMT of
biologic large molecules [506]. In this approach, the perfusion rate was 1.0–1.2 mL/min and
the perfusion time was extended up to 10 min. For perfusion times >2.5 min, the rat blood
volume was maintained constant by withdrawal of blood from a femoral artery catheter
at the same rate as the infusion [506]. In the case of AMT or RMT of large molecules, it
is important to separate endocytosis at the endothelium from transcytosis through the
endothelial barrier, and this was performed with the capillary depletion method [506]. At
the end of the perfusion, the brain is homogenized in cold 13% 60 kDa dextran, followed by
centrifugation at 4 ◦C for 15 min at 5400× g in a swinging bucket rotor, and the post-vascular
supernatant is carefully separated from the vascular pellet. Radioactivity is measured in
each of the three fractions: total homogenate, post-vascular supernatant, and vascular
pellet. Measurement of the activity of vascular specific enzymes, γ-glutamyl transpeptidase
(γGTP) and alkaline phosphatase, showed the post-vascular supernatant was 94–95%
depleted of brain vasculature [506]. Therefore, test molecules that distributed to the post-
vascular supernatant had undergone transcytosis through the BBB during the perfusion
period. The capillary depletion method was validated by the perfusion of acetylated LDL, a
molecule that is only endocytosed into the capillary endothelium, and not transcytosed, as
discussed in Section 9.2.1. Acetylated LDL was recovered only in the vascular compartment
and not in the post-vascular supernatant [506]. During the homogenization of brain, the
acetylated LDL was retained in the vascular pellet owing to the high affinity binding of
this ligand to the scavenger receptor, which has a binding KD = 3 nM [1136]. Owing to
this high affinity binding of acetylated LDL to the scavenger receptor, and also to the
performance of the capillary depletion method at 4 ◦C at all steps, the acetylated LDL
stays retained in the vascular compartment despite the homogenization of brain. Since the
description of the capillary depletion method in 1990 [506], the method has been described
in >300 publications in PubMed. In several of these studies, the capillary depletion method
has not been used as originated, because the method has been applied to ligands with low
affinity binding to the putative receptor at the BBB. Such low affinity ligands have rapid
dissociation rates, and will most likely dissociate from the brain vasculature and appear
in the supernatant during the homogenization process. This ligand dissociation from the
BBB receptor during the homogenization will produce an artifact of ligand distribution to
the post-vascular supernatant, and this artifact will be ascribed to BBB transcytosis. The
capillary depletion method was developed only for ligands that bind to the target receptor
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on the BBB with high affinity, such that there is no dissociation from the capillary receptor
during the homogenization process.

11.4.4. Intravenous Injection Methods

The PSinflux can be determined following the IV co-injection of the labeled test molecule
and a radiolabeled plasma volume marker, such as albumin. The drug concentration in
brain (nmol/g), divided by the drug concentration in plasma (nmol/uL), is the brain VD
(µL/g) of the test molecule, VDtest. The brain VD of the plasma volume marker, VDpv, also
with units of µL/g, is measured in parallel. The terminal plasma concentration, Cp(T),
(nmol/µL), and the plasma area under the curve concentration (pAUC) (nmol·min/uL)
during the time period (min) between IV injection and removal of brain, are also measured,
as shown by Equation (7). The PSinflux is computed as follows [1094],

PSinflux =

[(
VDtest −VDpv)·Cp(T)

]

pAUC
. (7)

There are several caveats associated with determination of the PSinflux by IV injection
methods, and these include (a) limitation of the time period of the influx measurement
so that there is minimal efflux from brain back to blood; (b) measurement of the brain
plasma volume (VDpv); (c) elimination of artifacts of brain uptake caused by peripheral
degradation of the radiolabeled test molecule, and (d) determination of the plasma AUC
or pAUC.

Brain plasma volume. The brain plasma volume is visualized by the histochemistry
of mouse brain removed after the IV administration of HRP, as shown in Figure 21.

Figure 21. Brain plasma volume. Histochemistry of mouse brain following the IV administration of
horseradish peroxidase (HRP), a 40 kDa enzyme. The enzyme is retained in the plasma volume of
brain, except for the median eminence at the base of the third ventricle (V). Image provided as a gift
from Dr. Milton W. Brightman. Reproduced from [709], Copyright© 2022 licensed under Creative
Commons Attribution License (CC-BY).

It may seem paradoxical that a CNS drug, particularly a biologic drug, such as a thera-
peutic antibody, could be measurable in a homogenate of brain following IV administration,
yet have not crossed the BBB. This paradox is visualized by the HRP histochemistry in
Figure 21. The histochemistry shows the HRP in brain is confined to the brain plasma
volume, except for the median eminence at the base of the third ventricle. The median
eminence is a circumventricular organ (CVO), which are four tiny regions of brain that
have no BBB [1137]. If the brain shown in Figure 21 was homogenized and HRP enzyme
activity was measured, one might conclude that HRP crosses the BBB, when, in fact, the
HRP does not cross the BBB, but is confined to the plasma volume of brain.

It is necessary to determine both the VDtest of the test molecule and the brain plasma
volume (VDpv), which is explicitly included in Equation (7), as an experimental variable in
the measurement of drug uptake by brain. The brain plasma volume is determined with
either albumin or a non-specific IgG, neither of which cross the BBB. If the brain uptake
of the test molecule is low, and VDtest approximates VDpv, then (VDtest − VDpv) = 0, and
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there is no BBB transport of the test molecule, as described in Equation (7). When there is
no difference between VDtest and VDpv, then the BBB PSinflux = 0. In this setting, the test
molecule is solely retained in brain within the plasma volume, as illustrated in Figure 21.
The measurement of drug distribution in the brain plasma volume is particularly germane
to the determination of the brain uptake of biologics following IV administration. As
discussed in Section 8.3.4 for therapeutic antibodies for brain, antibodies have been injected
intravenously and antibody was detected in homogenates of brain. If the injection dose
of the antibody was increased, then a higher amount of antibody was detected in brain
homogenate, because the antibody in plasma is increased at the higher injection dose.
However, if no correction for brain plasma volume is made, then the higher antibody con-
centration in brain homogenate at the higher injection dose will be erroneously interpreted
as evidence that the therapeutic antibody crossed the BBB [786].

Artifacts caused by metabolism. The second confounding variable in the measure-
ment of the PSinflux using an IV injection technique is metabolism of the radiolabeled test
molecule following uptake by peripheral tissues. The metabolic degradation of the [125I]-
labeled test molecule leads to the release into the plasma of low molecular [125I]-metabolites
that can cross the BBB. This brain uptake of metabolites produces radioactivity in brain
that is not representative of the brain uptake of the test molecule. Instead, the brain uptake
of the radioactivity is an artifact of metabolism of the test molecule. Such artifacts are
exemplified in the case of the brain uptake of radioactivity following the IV injection of
[125I]-EGF or [125I]-BDNF. The standard method of radio-iodination of a biologic is an
oxidative reaction with 125-iodine and either chloramine T or Iodogen. This reaction places
the 125I radiolabel on the aromatic ring of tyrosine residues on the protein or peptide.
Following uptake and metabolism of the [125I]-peptide by peripheral tissues, there is a
gradual increase in the plasma concentration of TCA-soluble radiolabeled metabolites, such
as [125I]-tyrosine [1138]. The [125I]-tyrosine then enters the brain via CMT on BBB LAT1 to
give an artifactual picture of brain uptake of the original radio-iodinated biologic, such as
the [125I]-EGF (Figure 22A,B).

Figure 22. Peptide metabolism and artifacts of brain uptake of radiolabeled peptide. (A) Rapid a
of trichloroacetic acid (TCA)-precipitable plasma radioactivity following the IV injection of [125I]-EGF
in the rat. (B) Brain uptake of radioactivity is increased >10-fold following the IV injection of [125I]-
EGF as compared to brain uptake after the IV injection of [111In]-EGF. (A,B) drawn from data reported
in [805]. (C) The brain/plasma ratio of radioactivity is equal to the brain volume of distribution
(VD), and this is plotted against the plasma AUC for 3 forms of radio-iodinated BDNF: [125I]-BDNF,
[125I]-PEG2000-BDNF, and [125I]-PEG5000-BDNF. The progressive pegylation of BDNF with PEG2000

and then PEG5000 blocks the peripheral metabolism of BDNF, as reflected in the increasing plasma
AUC. As the BDNF metabolism is progressively inhibited, the brain VD of BDNF decreases. The
Vo, 13 ± 1 µL/g, shown by the horizontal bar is the brain plasma volume measured with [14C]-rat
albumin. The brain VD of BDNF following pegylation with PEG5000 completely suppresses peripheral
metabolism of the BDNF and the brain VD = Vo, which shows that BDNF does not cross the BBB.
Reproduced with permission from [1139], Copyright© 1997 Springer-Nature.

Conversely, when the EGF is conjugated with DTPA and chelated with 111-indium, the
amount of radioactivity that enters the brain is decreased >10-fold (Figure 22B). The [111In]-
EGF is taken up and metabolized by peripheral tissues to the same extent as the [125I]-EGF,
but the 111In radioactivity is sequestered in the intracellular compartment of peripheral
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tissues and is not released to plasma [1138]. In another example of brain uptake artifact
caused by peripheral metabolism of chloramine T/Iodogen labeled peptides, TCA-soluble
metabolites appear in plasma soon after the IV injection of [125I]-BDNF radio-iodinated
with chloramine T, and this produces a high brain uptake of radioactivity (Figure 22C).
However, the peripheral degradation of [125I]-BDNF is progressively blocked by pegylation
with either PEG2000 or PEG5000, as demonstrated by comparison of the plasma AUC for
[125I]-BDNF, [125I]-PEG2000-BDNF, and [125I]-PEG5000-BDNF shown in Figure 22C. The
pegylation of BDNF reduced the amount of TCA-soluble radiolabeled metabolites in
plasma and reduced the brain uptake of radioactivity to the extent that the radioactivity
was confined solely to the brain plasma volume following injection of [125I]-PEG5000-BDNF
(Figure 22C). The data in Figure 22B shows that the preferred form of radio-labeling of a
biologic is chelation of 111-indium. Alternatively, biologics can be radio-iodinated with the
[125I]-Bolton–Hunter reagent, which conjugates the radiolabeled reagent to surface lysine
residues in a non-oxidative reaction. Lysine conjugated with the [125I]-Bolton–Hunter
reagent that is released to plasma does not cross the BBB [717].

Plasma AUC. The third caveat in the quantitation of PSinflux with IV injection methods
is the need to determine the plasma AUC, pAUC, which is explicitly included in Equation (7)
as an experimental variable. The measurement of pAUC can be performed with standard
pharmacokinetic methods when the experimental study period is long, e.g., >30 min
between IV injection and harvesting of brain, which is typically the case for biologics. If
brain uptake is measured during short experimental time periods between IV injection
and organ harvesting, which is the case for small molecules, then the plasma AUC can be
measured with an external organ method. In this approach, a femoral artery is catheterized
and blood is withdrawn with a syringe pump during the experimental period [1140].
The plasma AUC (nmol·min/mL) is the drug concentration in the syringe (nmol/mL)
multiplied by the experimental time period (minutes).

11.5. Measurement of PSefflux

The PSefflux is the product of K4·VT, where K4 is the rate constant of drug efflux from
brain to blood across the BBB, as illustrated in Figure 19 and Equation (2), and VT is the
brain water space, 700 µL/g [1096]. The measurement of PSefflux is more challenging than
the estimation of PSinflux, because a number of variables contribute to the rate of efflux of
test molecules across the BBB from brain to blood. These variables include brain metabolism
of the test molecule, brain binding of the test molecule, or active uptake of the test molecule
by brain cells. Both the Brain Uptake Index (BUI) and Brain Efflux Index (BEI) methods can
be used to measure the rate constant (K4, Figure 19) of test molecule efflux across the BBB.

11.5.1. Brain Uptake Index Method

The Brain Uptake Index (BUI) method was first used to estimate solute efflux from
brain to blood in 1975 [340,1141]. To use the BUI method to measure efflux, the time
between carotid arterial injection and decapitation is prolonged from the usual 0.25 min
to 1, 2, and 4 min. The brain is pulsed with solute within 5 s of the arterial injection, and
efflux from brain to blood may then be monitored over the time period up to 4 min. Beyond
4 min, there is a loss of linearity of the efflux from brain owing to recirculation [1141]. Any
metabolism of the test molecule during the 4 min will prevent reliable estimates of efflux, so
studies are generally restricted to solutes not metabolized within 4 min of administration.
Both the influx and the efflux of the non-metabolizable glucose analogue, 3-O-methyl
D-glucose (3OMG), were measured with the BUI technique [340]. The PSinflux and PSefflux

were not significantly different, which indicated the BBB glucose carrier was a symmetrical
transporter [340], as originally suggested by Crone [1142]. The kinetic analysis of 3OMG
efflux from brain was based on the earlier theoretical analyses of solute efflux from skeletal
muscle [1143].
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11.5.2. Brain Efflux Index Method

The Brain Efflux Index (BEI) method has advantages over the BUI method for the
study of solute efflux from brain to blood. First, efflux of solute that has a low rate of
influx from blood to brain can be measured with the BEI method. The study of efflux with
the BUI method requires a significant influx of the test solute into brain from blood so
that efflux from brain can be measured. In the BEI method, the radiolabeled test solute
is injected directly into brain under stereotaxic guidance [450]. The second advantage
of the BEI method is that the effects of cross-competition between substrates or drugs
and the radiolabeled test solute can be measured, as reviewed in Section 6.3.1. Solute or
drug efflux from brain is typically measured over time periods of 20–60 min with the BEI
method. Under these conditions, it is important to confirm there is no metabolism of the
test solute during the experimental period. If the test molecule was metabolized in brain,
then efflux of the radiolabeled metabolite would produce an artifact, and lead to erroneous
conclusions about solute efflux from brain. The classic example of artifacts of solute efflux
caused by brain metabolism is the case of the Abeta amyloid peptide, as discussed in
Section 8.1.5. In the original study [1144], [125I]-Aβ1–40/42 was injected into brain, and
efflux of radioactivity from brain to blood was observed, and ascribed to LRP1-mediated
efflux of the Aβ1–40 peptide from brain to blood. This model had important implications
for the understanding of the formation of Aβ amyloid plaques in AD, and the extent to
which receptor-mediated efflux of Aβ peptides from brain to blood had on this process.
However, the efflux of radioactivity from brain was shown to be an artifact caused by rapid
degradation of [125I]-Aβ1–40/42 in brain following intra-cerebral injection of the amyloid
peptide [607]. The suppression of degradation of [125I]-Aβ1–40 in brain eliminates the efflux
of radioactivity [607], which indicates the Aβ amyloid peptide of AD does not efflux from
brain across the BBB.

In addition to metabolism, interpretation of BEI data is also confounded by brain
tissue binding/sequestration of the ligand. The rate constant of efflux (Keff) of estrone,
a highly lipid-soluble sex steroid that freely crosses the BBB [322], is only 0.069 min−1

as measured with the BEI method [457]. This Keff for estrone is not a measure of BBB
permeability on the brain side of the barrier, i.e., the K4 parameter in Figure 19A. The
Keff measured with the BEI method is much less than the K4 of estrone efflux from brain
to blood across the BBB, owing to sequestration by brain tissue binding proteins of sex
steroids such as estrone. A mathematical model, similar to that developed for analysis of
efflux across the BBB and brain tissue binding in vivo, for either steroid hormones [458] or
drugs [1145], must be developed to discern how both efflux across the BBB and brain tissue
binding/sequestration influences the Keff determined with the BEI method.

11.6. Measurement of Drug Sequestration in Brain In Vivo

The ratio of propranolol concentration in brain (B), relative to plasma (P), in humans
is high, e.g., the BP ratio is 17 [1145]. A BB or BP ratio greater than 1 is indicative of either
active transport of drug into brain, or more likely sequestration of the drug in brain, e.g., by
brain tissue binding. The BUI method was used to compute the rate constants of binding of
drugs, such as propranolol or lidocaine [1145], to brain tissue in vivo, as shown in Figure 23
for propranolol.

124



Pharmaceutics 2022, 14, 1283

Figure 23. Propranolol binding to brain tissue proteins. The BUI at 1, 2, or 4 min after injection, BUI(t),
relative to the BUI at T = 0, is plotted against the time after carotid artery injection. The data were
fit to a compartmental model of efflux and tissue binding similar to that shown in Figure 19, which
allowed for determination of the rate constant of drug association (K5) and the rate constant of drug
dissociation (K6) from tissue binding proteins. The closed circles are the experimentally determined
BUI values, and the open circles are the BUI values predicted from fitting these data to the model of
drug efflux and binding in brain. Reproduced in part with permission from [1145], Copyright© 1984
American Physiological Society.

Fitting BUI data to a mathematical model allowed for estimation of the rate constants of
drug association (K5) and dissociation (K6) of binding to brain tissue in vivo, where these rate
constants are defined in Figure 19A. The BUI of [3H]-propranolol, relative to [14C]-butanol,
was measured for up to 4 min after common carotid artery injection (Figure 23). Thin layer
chromatography of brain showed there was no metabolism of the [3H]-propranolol during
the 4 min experimental period [1145]. The differential equations and analytic solutions of the
mathematical model used to derive from BUI data the K5 and K6 parameters of propranolol
binding in brain in vivo have been reported previously [458,1145]. The increase in the BUI with
time after carotid arterial injection shown in Figure 23 is due to (a) binding/sequestration of [3H]-
propranolol by brain, and (b) the rapid efflux from brain of the freely diffusible [14C]-butanol
reference, which is not sequestered by brain. Similar to propranolol, sex steroid hormones are
also avidly sequestered by brain [458]. Unlike the sex steroid hormones, the corticosteroid,
corticosterone, is not sequestered in brain in vivo [458]. The selective sequestration of sex
steroids, but not corticosteroids, by brain in vivo explains the high brain VD, i.e., high BB ratios,
of the sex steroids relative to a much lower BB ratio for the corticosteroids [458]. Developmental
regulation of brain sequestration of sex steroid hormones is observed, as no brain tissue binding
is found in newborn rabbits [458]. The selectivity of the brain binding of sex steroid hormones,
but not corticosteroids, and the developmental regulation of this process for steroid hormones,
suggests that specific binding proteins are responsible for the sequestration in brain of hormones
and drugs. However, mechanisms other than tissue binding may account for a high BB or BP
ratio, particularly for lipophilic amine drugs such as propranolol or lidocaine, which may exist
in protonated forms. The effect of plasma pH on BBB transport of propranolol or lidocaine
in vivo was investigated with the BUI method [1145]. Influx of either drug across the BBB
in vivo was inhibited 40–50% when the pH of the injection solution was lowered from 7.5
to 5.5. The lower transport of the protonated form of the drug was attributed to preferential
transport of the unprotonated drug across the BBB in vivo. Similarly, CNS drugs with a high
pKa may be protonated in the acidic compartment of the lysosome, which would contribute to
the sequestration of the drug by brain, as demonstrated with the brain slice preparation [1131]
discussed in Section 11.3.3.
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11.7. In Vitro Models of BBB Transport
11.7.1. Isolated Brain Microvessels

Brain microvessels were first isolated in 1969 from bovine and human brain [1146],
and subsequently from rat brain [1147,1148]. The microvessels are isolated free of adjoining
brain tissue as shown in Figure 24.

Figure 24. Isolated brain microvessels. (A) Trypan blue stain of freshly isolated bovine brain
microvessels. (B) Scanning electron micrograph of bovine brain capillaries with attached nerve
endings. (C) Trypan blue stain of microvessels isolated from human autopsy brain. Reproduced
from [569], Copyright© 2020 licensed under Creative Commons Attribution License (CC-BY).

Isolated brain microvessels were originally proposed as models for the investigation
of brain endothelial metabolism [1148,1149]. The original methods for isolation of brain
microvessels used a mechanical homogenization technique. Subsequently, microvessels
were isolated with an enzymatic homogenization method, and it was said that brain
capillaries isolated with the enzymatic method excluded trypan blue, whereas capillaries
isolated with the mechanical homogenization method failed to exclude trypan blue [1150].
Microvessels stained with trypan blue are shown in Figure 24A,C for bovine brain or
human brain, respectively. The failure of cells to exclude trypan blue is an index of cellular
metabolic dysfunction. The cellular ATP levels of brain microvessels isolated with either
a mechanical or enzymatic homogenization procedure have ATP concentrations <10%
of normal [1151]. The cause of the metabolic dysfunction, and severe loss of cellular
ATP, in microvessels freshly isolated from brain has not been elucidated. Despite the
metabolic impairment of isolated brain microvessels, these structures have proven over
the last 50 years to be a versatile in vitro model for the study of the cellular and molecular
biology of the BBB and neurovascular unit [569], and the major areas of study include
(a) radio-receptor assays for characterization of BBB receptor-mediated transport (RMT)
systems; (b) ex vivo kinetic studies of the uptake of nutrients and vitamins via BBB carrier-
mediated transport (CMT) systems; (c) isolation of brain microvessel RNA, which allows
for BBB genomics and an analysis of the brain microvascular transcriptome; (d) quantitative
absolute targeted proteomics (QTAP) determinations of brain microvessel concentration
of RMT and CMT systems; (e) vascular pathology in human brain disease, as outlined in
Figure 24.

Radio-receptor assays, isolated brain capillaries, and BBB RMT systems. Several of
the RMT systems at the BBB discussed in Section 8.1 were identified with radio-receptor as-
says and microvessels isolated from human autopsy brain, including the human BBB insulin
receptor [561], the human BBB transferrin receptor [579], the human IGF receptor [590],
and the human leptin receptor [595].

Ex vivo kinetics of BBB CMT systems. Ex vivo kinetics of transport of nutrients via
BBB CMT systems, discussed in Section 6.2, have been determined with isolated brain
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capillaries. The isolated human brain capillary preparation was used in 1985 to describe the
kinetics of BBB transport of [3H]-phenylalanine, and the selective inhibition of phenylala-
nine transport by other LNAAs [1152]. The use of isolated brain capillaries to characterize
multiple BBB CMT and AET transporters has been recently reviewed [569], as have meth-
ods for experimental design of ex vivo transport with isolated brain capillaries [1153]. The
isolation of plasma membranes from brain capillaries was first reported in 1980 [1154], and
in 1992, these membrane vesicles were used to characterize luminal and abluminal amino
acid transport at the BBB [1155].

BBB genomics. The field of BBB genomics was first described in 2001 using RNA
purified from capillaries isolated from fresh rat brain [438] and in 2002 using RNA purified
from capillaries isolated from fresh human brain removed at neurosurgery [442]. The
microvessel-derived RNA was used to produce cDNA libraries, which facilitated the
molecular cloning of multiple BBB transporters, including GLUT1 [1156], LAT1 [358],
CNT2 [395], and BSAT1/Slco1c1 [440]. The BBB transcriptome has been characterized with
multiple experimental approaches [1157–1160], as recently reviewed [569].

BBB proteomics. The combined used of the isolated brain capillary preparation and
liquid chromatography-mass spectrometry (LC-MS) allowed for quantitative targeted
absolute proteomics (QTAP), which was first described in 2011 for the human brain cap-
illary [360]. The QTAP methodology subsequently was described for the hCMEC/D3
human cultured endothelium [394], the rat brain capillary [409], the monkey brain capil-
lary [435,486], the choroid plexus [480], the arachnoid membrane [500], and isolated luminal
and abluminal capillary membranes [468]. The QTAP programs allowed for quantitation of
the multiple CMT and RMT systems at the BBB discussed in Sections 6.2 and 8.1.

Vascular pathology in human neural disease. The brain microvasculature plays a primary
role in the pathogenesis of AD, as all extracellular amyloid plaques arise from the peri-vascular
surface [1161]. Cortical microvessels were first isolated from AD cortical brain in 1987, which
allowed for the purification and AA sequencing of the microvascular Aβ amyloid peptide of
AD [1162]. These studies confirmed earlier results on the sequence of the Aβ amyloid peptide
isolated from meningeal vessels of AD brain [1163]. Microvessels have since been isolated from
AD autopsy brain for a variety of experimental applications [1164–1167]. One of the earliest
lesions in brain in multiple sclerosis (MS) is a peri-vascular cuffing of lymphocytes [1168]. Mi-
crovessels were first isolated from human MS brain in 1989, which showed selective expression
of the class II histocompatibility DR antigen in microvascular pericytes in MS brain [1169], a find-
ing subsequently confirmed [1170]. Capillaries can be isolated from frozen human autopsy brain
stored in brain banks [1171]. The brain microvasculature plays a primary role in multiple neural
diseases, apart from AD or MS. The molecular analysis of capillaries isolated from brain bank
specimens of human neural disease represents a unique, yet currently under-developed, area of
the neurosciences. Caution should be used for any study that generates RNA from capillaries
isolated from brain bank specimens, as the time period between death, autopsy, and freezing of
the brain specimen is generally not known, and degradation of capillary RNA may take place.
For RNA work, it is preferable to isolate microvessels from fresh human brain. Methods for
isolation of microvessels from fresh human brain have been recently reviewed [1172].

11.7.2. In Vitro Models of BBB Transport in Cell Culture

History of in vitro BBB model development. The development of an in vitro model
of the BBB that was suitable for high throughput screening of multiple compounds for BBB
permeability has been long sought by the pharmaceutical industry, and the development of
such in vitro BBB models have a history covering the last 40 years. In 1983, bovine brain
microvessel endothelial cells were grown in tissue culture as “a model for the study of
blood-brain barrier permeability” [1173]. However, in vivo/in vitro BBB permeability com-
parisons showed the in vitro BBB model was leaky and over-estimated BBB permeability
for small molecules that crossed the BBB by free diffusion, and under-estimated BBB perme-
ability for small molecules that crossed the BBB by CMT [1174]. No specific CMT transport
of L-DOPA across the in vitro BBB could be measured [1174], which was due to the marked
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down-regulation of LAT1 gene expression when brain endothelial cells are grown in cell
culture. Detection of the LAT1 transcript by Northern blot using 2 µg polyA + RNA pu-
rified from either isolated brain capillaries or cultured brain endothelial cells required
development of the film autoradiogram for 2 h vs. 7 days, respectively [358,1175], which
indicates LAT1 gene expression is down-regulated ~100-fold when brain endothelial cells
are grown in culture. A similar level of down-regulation of GLUT1 gene expression was
observed when brain endothelial cells were grown in cell culture [1156]. Early studies
showed down-regulation of a BBB-specific enzyme, γGTP, in cell culture, and the partial
up-regulation of γGTP expression by co-culture of endothelial cells with astrocytes [1176].
In 1990, the transwell model was developed, where primary cultures of bovine brain en-
dothelial cells were grown on one side of a transwell, and primary cultures of newborn
rat brain astrocytes were grown on the other side of Millicell-CM filter with a pore size of
0.4 microns [1177]. The transwell model lacks the shear stress caused by capillary blood
flow. The shear stress on brain endothelial cells in vivo is 5–20 dyne/cm2 [1178]. This flow-
related shear stress was produced with an in vitro BBB model by co-culture of bovine aortic
endothelial cells and rat C6 glioma cells in a hollow fiber cartridge; fluid flow through the
cartridge at 4 mL/min produced a shear stress of 4 dyne/cm2 [1179]. This dynamic in vitro
BBB model was a precursor to a microfluidic ‘BBB on a chip’ models where a silicone chip
was fabricated to allow for fluid flow through an outer endothelial chamber with astrocytes
cultured in an inner chamber [1180]. The BBB-on-a-chip model was first described in 2005,
although this model had no fluid flow component [1181]. It is not clear that in vitro BBB
models require continuous flow of culture medium. The hypothesis that fluid flow induces
BBB properties in brain endothelial cells is at odds with the lack of barrier properties in
endothelia of non-brain organs, which are also exposed to flow induced shear stress [569].
In 2012, human-induced pluripotent stem cells (iPSC) were used to produce an in vitro
BBB model [1182], and expression of tight junction proteins in the iPSC in vitro models
was enhanced by the addition of 5 µM retinoic acid to the medium [1183]. Retinoic acid
increases tight junctions via the Wnt signaling pathway [1184], which plays a special role
in the differentiation of brain endothelium [1185]. The in vitro BBB model has undergone
significant improvements over the last 40 years [1186]. However, the central issue is the
extent to which even modern in vitro BBB models replicate the properties of the BBB in vivo.
The in vitro/in vivo comparisons address the trans-endothelial electrical resistance (TEER),
the permeability coefficient (Pe, cm/s) of sucrose, and the tissue-specific gene expression at
the BBB in vitro and in vivo.

Trans-endothelial electrical resistance. The TEER has been measured for pial vessels
on the surface of the brain and is 1600 ohm·cm2 [7], which is high compared to the TEER
across the choroid plexus, 26 ohm·cm2 [6]. However, pial vessels are not representative of
intra-parenchymal vessels in brain, as pial vessels lack an astrocyte ensheathment found in
parenchymal vessels [8]. The TEER across intra-parenchymal vessels has been estimated at
8000 ohm·cm2 [10]. The TEER is very low, <50 ohm·cm2, with a human vitro BBB model
using the hCMEC/D3 line [1187]. The TEER in the transwell co-culture model increases to
600–800 ohm·cm2 [1177,1188]. The TEER is 1700–3000 ohm·cm2 in cultures derived from
iPSCs exposed to 5 µM retinoic acid [1183]. TEER values approximate 8000 ohm·cm2 when
iPSC-derived endothelial cells are grown on transwells opposite co-cultures with pericytes
followed by neurons/astrocytes [1189]. Although TEER values in these advanced co-
culture models are approximating the TEER at intra-parenchymal vessels in brain in vivo,
the in vitro models are still leaky compared to the BBB in vivo, when Pe values for sucrose
are measured.

Sucrose permeability in the in vitro BBB models. The high and low ranges of BBB
permeability coefficients (Pe, cm/s) may be defined by diazepam and sucrose. Based
on the in vivo PS product for diazepam [1115], a brain capillary endothelial surface area
in vivo of 120 cm2/g [11], the in vivo diazepam Pe = 1.8 × 10−4 cm/s [569]. The in vivo
PS product for [13C]-sucrose is 0.04 uL/min/g [1190,1191], which corresponds to a sucrose
Pe of 5.5 × 10−9 cm/s, a value 5 log orders lower than the in vivo Pe for diazepam. The
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sucrose Pe value is 5× 10−6 cm/s in either a flow-based dynamic in vitro BBB model [1179]
or a transwell co-culture model [1188], which is 1000-fold higher than the sucrose Pe value
in vivo. The sucrose Pe, 5 × 10−7 cm/s, in a retinoic acid differentiated iPSC in vitro model
that produces a TEER up to 3000 ohm·cm2 [1183], is still 100-fold higher than the sucrose
Pe value in vivo [1190,1191].

BBB-specific gene expression in in vitro BBB models. BBB-specific gene expression
is down-regulated when brain capillary endothelial cells are grown in cell culture [1192].
The mRNA encoding BBB-specific transporters such as GLUT1 or LAT1 was decreased
at least 100-fold when transporter mRNA levels in freshly isolated brain capillaries was
compared to cultured endothelium [358,1156,1175]. Gene expression in freshly isolated rat
brain microvessels was up to 3 log orders of magnitude higher than expression of the same
BBB-related genes in primary cultures of rat brain endothelium [1193]. Gene expression
in primary cultures of human brain endothelium was down-regulated up to 6 log orders
of magnitude [1194], when compared to BBB gene expression in vivo [1158]. The cause
of the down-regulation of BBB specific gene expression in cell culture is not known, but
may be related to the breakdown of the neuro-vascular unit in cell culture. There is a close
apposition of astrocyte foot processes and the brain microvascular endothelium in vivo as
these cellular structures are separated by a distance of only 20 nm [1088]. Given this close
proximity of endothelial cells, astrocyte foot processes, and pericytes, which share the same
basement membrane with the endothelium, it may be that current co-culture models do
not replicate the proximity between these cells that exist in vivo.

Cellular proximity with the in vitro BBB model. Early work showed that the induc-
tion of BBB properties in cultured endothelium was observed only in mixed cultures, not
co-cultures of endothelium and astrocytes [1195]. BBB properties could be induced by co-
cultures of endothelium and astrocytes if the pore size of the transwell was 3.0 microns, but
not if the pore size was 0.45 microns [1196]. Similarly, if the channel size is only 0.4 microns
in a BBB-on-a-chip model, there is no spread of astrocyte processes into the endothelial
chamber [1181]. The larger pore size of 3 microns enabled astrocyte cellular processes
to extend through the pore to come in contact with the endothelium [1196]. The pore
size of standard in vitro BBB co-cultures is 0.4 microns [1177,1179,1197], which prevents
cell-to-cell contact between endothelium and the cells on the other side of the filter. The
close proximity of neurovascular unit cells is produced in spheroid mixed cultures [1198],
but transport through such cultures cannot be measured. In a more recent BBB-on-a-chip
model, the size of the channels connecting the inner and outer chambers is 3 microns [1199].
However, these channels are long, 100 microns, as compared to the thickness of transwell
chambers, 10 microns. Astrocyte processes do not extend over a distance of 100 microns in
the in vitro BBB-on-a-chip model [1199].

In summary of cell culture models of BBB transport, considerable progress has been
made in the development of in vitro BBB models since these were first introduced 40 years
ago. However, these models have not been fully validated with in vivo/in vitro compar-
isons of solute and drug permeability via either lipid-mediated free diffusion, carrier-
mediated transport, or receptor-mediated transport. Therefore, in vitro models should not
be used as a primary method of determining drug transport across the BBB. In vitro models
need to be validated and confirmed with in vivo measurements of BBB permeability. It
may be that the real value of in vitro BBB models is not for the screening of drug transport
across the BBB, but rather as a model that elucidates the mechanisms responsible for the
induction of tissue-specific gene expression at the brain capillary endothelium, and the
neuro-vascular unit.

11.8. BBB Transport Methods from Perspective of Pharmaceutical Industry

The methods reviewed above for the determination of the PS product of drug transport
across the BBB in vivo, in either the blood-to-brain or brain-to-blood direction, are not
widely employed within the pharmaceutical industry. Instead, industry seeks a unified
parameter of drug distribution into brain, such as the CSF concentration, for biologics, or
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the log BB for small molecules. The ‘BB’ parameter, which is the ratio of total drug in brain
divided by the total drug in blood (or plasma), has given way to the Kp,uu [1200], which is
the ratio of free drug in brain divided by the free drug in blood (or plasma), as defined in
Equation (3). Underlying the use of the Kp,uu is the likely supposition that the concentration
of drug in brain that drives receptor occupancy is the free drug in brain, not the tissue-
bound drug in brain. The problem with the interpretation of data on the Kp,uu parameter
relates to how the ‘free drug in plasma’, and the ‘free drug in brain’, are experimentally
determined. The ‘free drug’ methods advocated by industry allow for the measurement of
the free drug in plasma and brain with in vitro methods, such as equilibrium dialysis of an
aliquot of plasma in parallel with an aliquot of brain homogenate [1200].

Free drug in plasma. The measurement of free drug in plasma in vitro with equilib-
rium dialysis assumes the KD governing the binding of the drug to the plasma protein
in vitro in a test tube is the same as the KD of binding of the drug to the plasma protein
in vivo at the glycocalyx surface of the brain capillary endothelium. If this assumption is
never subjected to direct empiric testing in vivo, then there is no adherence to the principle
of “to measure is to know” [1105]. The KDin vivo can be measured with in vivo BBB methods
as described in Section 11.2. In many, although not all, instances the KDin vivo >> KDin vitro

(Table 5). In this case, the measurement of free drug in vitro with equilibrium dialysis
significantly underestimates the fraction of drug in plasma that is bioavailable for transport
into brain. The lack of a reliable measure of the bioavailable drug in plasma, or LF, impacts
on estimates of the free drug in brain in vivo, or LM, as the latter is directly related to the
former, as shown by Equation (3). The measurement of free drug in plasma in vitro with a
method such as equilibrium dialysis is a useful screen of the extent to which a given drug is
plasma protein bound. However, if the bioavailable drug in brain in vivo is not measured,
and in vitro free drug is extrapolated to the in vivo condition, then only confirmation bias
is supporting the free drug hypothesis.

Free drug in brain. The measurement of free drug in brain in vitro with equilibrium
dialysis of a homogenate of brain is useful in predicting the brain volume of distribution, or
total drug BB ratio. However, the use of in vitro equilibrium dialysis of brain homogenate
does not yield reliable estimates of the free drug in brain in vivo, because this in vitro
homogenate approach measures free drug in brain in the absence of the continuous flow
in vivo of bioavailable drug in plasma. The in vivo bioavailable drug in plasma, the LF
parameter in Figure 19, acts as a forcing function controlling the free drug in brain (LM),
along with PSinflux and PSefflux, as described in Equation (3). The concentration of free
drug in brain, which determines metabolic clearance and receptor occupancy in brain,
is independent of brain tissue binding [1096]. This is a re-statement of pharmacokinetic
principles, developed over 40 years ago, that tissue binding of drug affects tissue volume
of distribution, e.g., the BB ratio, but has no effect on the tissue concentration of free
drug [1201].

12. Summary

This review has covered the diverse array of brain drug delivery technologies that
have emerged over the last three decades, and which are outlined in Figure 2, and these are
highlighted below:

ICV drug delivery to brain:

• Drug injected into the CSF enters brain by diffusion, and diffusion decreases expo-
nentially with the diffusion distance. Consequently, following ICV delivery, drug
traverses a distance of only 1–2 mm from the CSF surface of the brain (Figure 5), as
reviewed in Section 2.1.1.

• An intrathecal injection of drug is akin to a slow intravenous infusion of drug, as noted
by Fishman and Christy in 1965 [83]. Therefore, the control group in a clinical trial of
a drug administered by ICV injection, e.g., with an Ommaya reservoir, should be a
cohort of patients administered the same drug by IV infusion, as suggested by Aird in
1984 [85], and reviewed in Section 2.1.4.

130



Pharmaceutics 2022, 14, 1283

Intra-cerebral implants:

• Drug enters brain from an intra-cerebral implant by diffusion, which decreases expo-
nentially with the distance from the implant. The maximal distance from the implant
covered by the drug is 0.2–2 mm [118].

• To overcome the limitations of diffusion, viral vectors have been delivered to brain via
multiple Burr holes drilled in the skull [982]. However, the virus penetration into the
brain is limited to the area around the tip of the injection needle [980,981].

Convection-enhanced diffusion:

• Convection-enhanced diffusion (CED) attempts to overcome the limitations of diffu-
sion in brain. A catheter inserted in the brain is connected to a pump [53]. A clinical
trial of GDNF delivery to brain with bilateral CED failed in PD [130]. A primate study
demonstrated the GDNF concentration in brain decreases exponentially with each mm
of distance from the catheter [131], as illustrated in Figure 6A. Such an exponential
decay in drug distribution in brain is indicative of diffusion, not convection.

• The maximum volume covered by CED in the cat brain was 100 mm3 [53], or 300 mm3

in the primate brain [120], which is only a fraction of the volume of the putamen in
the human brain, 6000 mm3, on each side of the brain [127].

Trans-nasal drug delivery to brain:

• There are >1000 publications in PubMed on trans-nasal delivery to brain (Table 1).
However, all clinical trials of drug delivery to brain via the nose have failed, as
reviewed in Section 3.3.

• The olfactory region covers 50% of the nasal mucosa in the rat, but only 3% in hu-
mans [146].

• Drug delivery to olfactory CSF following nasal administration in preclinical studies is
generally performed in rodents wherein large volumes are instilled in the nose, and
these large volumes cause local injury to the nasal mucosa. The volume of the nasal
mucosa in humans and mice is 20 mL and 0.03 mL, respectively [148]. Instillation of a
volume >100 µL in the human naris causes local injury [147,148].

Blood–brain barrier disruption (BBBD):

• BBBD has been induced by intra-carotid artery hyperosmolar mannitol (ICAHM), by
focused ultrasound with IV microbubbles (FUS-MB), and by a variety of methods such
as opening tight junctions with an anti-claudin-5 antibody, or even electromagnetic
radiation, as reviewed in Section 4.

• Disruption of the BBB to drugs also opens the BBB to plasma proteins, which are toxic
to brain [197,198].

• BBBD with either ICAHM or FUS-MB causes a sterile inflammatory response in
brain [200,201], vasculopathy [202], and chronic neuropathologic changes in the
brain [203,228].

Stem cell delivery to brain:

• Stem cells do not cross the BBB [288], nor enter brain parenchyma [289] as reviewed in
Section 5.1.

• Stem cells do invade the meninges of brain [289], where there is no BBB.
• Stem cells were permanently transfected with lentivirus (LV) and injected into mice,

but the LV genome in brain was near the background of the method and log orders
lower than in peripheral tissues [293].

Exosome delivery to brain:

• Exosomes are liposome-like membrane vesicles derived from cultured cells, as re-
viewed in Section 5.2.

• Similar to liposomes, exosomes do not cross the BBB in the absence of a surface ligand
that triggers RMT across the BBB.

• The future translation of exosomes to human neurotherapeutics is limited by low
encapsulation of drug in exosomes, drug efflux from exosomes on storage, the lack of
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stability of exosomes on long-term storage required for commercialization, the low
yield of exosomes from cultured cells, and the unfavorable pharmacokinetic profiles
of exosomes following IV administration.

Small molecule delivery to brain via free diffusion:

• All CNS drugs on the market have a MW < 450 Da and form <8 hydrogen bonds with
solvent water. Only about 2% of all small molecules have these molecular properties
of MW and hydrogen bonding, and these drugs typically treat only neuropsychiatric
conditions or epilepsy, as reviewed in Section 6.1.1.

• The model of MW dependence of small molecule diffusion through biological mem-
branes was developed by Stein decades ago [317], and is reviewed in Section 6.1.2,
and in Figure 8.

• Water-soluble drugs have been conjugated to lipid-soluble carriers, including dihy-
dropyridine, free fatty acid, or docosahexaenoic acid (DHA), but with little success as
reviewed in Section 6.1.4.

• The 20th century model of CNS drug development of lipid-soluble small molecules
needs to be expanded to include drugs that cross the BBB via carrier-mediated transport.

Small molecule delivery to brain via BBB carrier-mediated transport:

• Several carrier-mediated transporters (CMT) are expressed at the BBB for transport of
nutrients, including GLUT1, LAT1, CAT1, MCT1, CTL1, and CNT2.

• The genes encoding these CMT systems are members of the Solute Carrier (SLC)
superfamily, which includes >400 transporters and >60 families [338].

• There are >10 glucose transporters (GLUT) genes in the SLC superfamily. Therefore, if a
given CMT system is being targeted as a conduit for brain drug delivery, it is important
to first confirm the Substrate Transporter Profile (STP) of the CMT system that exists
in vivo at the BBB correlates with the STP of the cloned transporter expressed in vitro.

• In addition to the CMT systems for nutrients, there are also several SLC transporters
that mediate vitamin transport across the BBB, as reviewed in Section 6.2.7 and Table 3.

• The 3D structure of some CMT systems have been elucidated, as shown in Figure 9 for
GLUT1 and LAT1. The dimensions of the transporter cavity are only 0.8–1.5 nm [347].
Therefore, drugs, which do not cross the BBB, should not be conjugated to an endoge-
nous CMT substrate, as the transporter cavity will most likely reject the conjugate.

• Medicinal chemistry can be used to create a dual-purpose pharmaceutical that has
affinity for both the CMT cavity as well as for the drug receptor in brain.

Small molecule transport via active efflux transporters:

• Active efflux transporters (AET) mediate the transport of molecules in the brain-to-
blood direction and include members of both the SLC and the ATP-binding cassette
(ABC) gene families. There are ~50 genes and 7 families in the ATP superfamily, and
many of these AET systems are expressed at the BBB, as reviewed in Section 6.3.

• The model AET system is P-glycoprotein (ABCB1), but there are multiple other ABC
transporters expressed at the BBB.

• Drug efflux via either ABC or SLC transporters can be assessed with the Brain Efflux
Index (BEI) method, as reviewed in Section 11.5.2.

Absorptive-mediated transport:

• Cationic proteins or lectins traverse the BBB via absorptive-mediated transport (AMT),
as reviewed in Section 7.

• Cationic proteins include cationized proteins, endogenous cationic proteins, e.g.,
protamine or histone, and cell-penetrating peptides (CPP), such as the tat or penetratin
peptides. Wheat germ agglutinin (WGA) is the model lectin that undergoes AMT at
the BBB.

• AMT ligands are not preferred delivery systems, as these tend to have low affinity for
BBB binding sites, are largely sequestered within the brain endothelium, and have
unacceptable toxicity profiles.
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Receptor-mediated transport:

• Receptor-mediated transporters at the BBB include the endogenous receptors for
insulin, transferrin, leptin, and the IGFs, as reviewed in Section 8.1.

• Localization of a putative BBB RMT system should be confirmed by brain immuno-
histochemistry (IHC), as exemplified by Figure 11A. Brain IHC for several receptors
targeted for RMT shows these receptors are localized at brain cells, not at the capillary
endothelium, including LRP1, LDLR, nAChR, and the NMDAR (Figure 11B).

• Receptor-specific MAbs act as molecular Trojan horses to ferry across the BBB a biologic
drug that is genetically fused to the MAb. IgG fusion proteins for biologics drug
delivery to brain have been engineered and validated in vivo for lysosomal enzymes,
neurotrophins, decoy receptors, and therapeutic antibodies (Figure 12, Table 4).

• Avidin-biotin technology, and the engineering of IgG–avidin fusion proteins, allows
for the BBB delivery of peptide or antisense radiopharmaceuticals for neuro-imaging
as shown in Figure 14.

Nanoparticles:

• Nanoparticles (NP) are reviewed in Section 9, and they include polymer-based nanopar-
ticles (polymeric NPs, dendrimers, micelles, and protein NPs, such as albumin NPs),
lipid NPs (solid lipid NPs, liposomes), and non-polymeric NPs (magnetic NPs, car-
bon nanotubes).

• NPs do not cross the BBB without surface functionalization of the NP with a ligand
that triggers RMT across the BBB.

• NPs have been functionalized with ligands that target CMT systems, but the narrow
cavities of the CMT systems do not allow for transport of the 100 nm NP, as reviewed
in Section 9.5.1.

• Apart from vaccines, NP have been slow to enter clinical trials, and no successful
CNS clinical trials have been performed to date with NP formulations, as reviewed in
Section 9.6.

• NPs have significant toxicity profiles, particularly for magnetic NPs, carbon nanotubes,
and PBCA polymeric NPs, as reviewed in Section 9.7. Detailed safety pharmacology
and toxicology studies of the effects of long-term NP administration are lacking. Such
6-month GLP toxicology studies are required for an IND application, but few IND
applications have been submitted for CNS clinical trials with NPs.

Gene therapy of the brain:

• Viral gene therapy and non-viral gene therapy of the brain are reviewed in
Sections 10.1 and 10.2, respectively.

• Zolgensma®® is an intravenous AAV gene therapeutic, and was FDA approved in
2019 as a single-dose treatment for spinal muscular atrophy (SMA) at an IV dose
of 1.1 × 1014 vg/kg [994]. Zolgensma is a self-complementary (sc) form of adeno-
associated virus (AAV)-9, which undergoes BBB transport following IV administra-
tion [995].

• AAV is a hepatotropic virus [1008], and Zolgensma treatment causes abnormal liver
function tests in 90% of subjects [1009]. The IV injection of 1014 vg/kg of AAV to
newborn mice induces hepatocellular cancer in 70% of mice observed long-term [1010].

• AAV treatment induces a strong immune response against both the viral capsid protein,
as well as the protein product of the therapeutic gene [992,1005]. Long term T cell
immunity against the NAGLU lysosomal enzyme was observed in subjects receiving
an intra-cerebral injection of AAV-NAGLU [1007].

• Non-viral gene therapy of brain is possible with Trojan horse liposomes (THLs) as
described in Figure 17. THLs are produced by conjugation of a receptor-specific
MAb to the tips of polyethyleneglycol strands on the surface of 100–150 nm pegylated
liposomes. Both reporter genes and therapeutic genes have been delivered to mice, rats,
and monkeys with antibodies that target either the insulin receptor or the transferrin
receptor at the BBB.
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13. Perspective

Brain drug delivery science is important to the overall mission of CNS drug devel-
opment because ~100% of biologics do not cross the BBB, and ~98% of small molecules
do not cross the BBB. The absence of drug transport across the BBB is the singular rea-
son that CNS drug development is so difficult. Yet, CNS drug developers practice their
craft by adhering to two conflicting beliefs: (a) drugs for CNS disease can be developed,
and (b) CNS drug development can take place in the absence of any consideration of
the blood–brain barrier. These contradictory beliefs are illustrated by recent reviews of
drug development for AD [1202–1205], PD [755,1206], stroke [1207], brain cancer [1208],
Huntington’s disease [1209], ALS [1210], ataxia [1211], spinal cord injury [1212], traumatic
brain injury [1213], or addiction [1214]. In none of these reviews on drug development
for specific brain diseases was the BBB even mentioned, so the crucial issue of brain drug
delivery was uniformly in absentia in the CNS drug development process. If the drug does
not cross the BBB, and delivery to the target in brain is not possible, then drug development
will lead to clinical trial failure.

The futility of CNS drug development in the absence of BBB delivery technology over
the course of the last 25 years is illustrated by a review of failed clinical trials of biologics
for CNS disease. New drug approvals are increasingly biologics, and by 2019, 43% of all
prescription revenues were generated by biologics [772]. The earliest biologics to enter CNS
clinical trials were recombinant human BDNF or CNTF, which were developed as new
treatments for neuro-degeneration, such as AD, PD, or ALS. The initial neurodegenerative
condition targeted for clinical testing with neurotrophic factors was ALS. Both BDNF and
CNTF were administered by SQ injection to patients with ALS in large phase 3 clinical
trials [753,754]. Neither BDNF nor CNTF cross the BBB, and cannot reach the therapeutic
targets within the brain following SQ administration of the neurotrophin. Both the BDNF
and the CNTF clinical trials for ALS ended in failure [753,754], and are depicted in Figure 25
as the beginning of 25 years of CNS biologics drug development.

Figure 25. Biologics drug development for the CNS over the last 25 years. See Abbreviations section.

In neither the report of the failed BDNF clinical trial [753] nor the report of the failed
CNTF clinical trial [754] was the issue of BBB delivery discussed. Another neurotrophin,
GDNF, was developed as a new treatment for PD. Since GDNF does not cross the BBB, the
neurotrophin was administered in one phase 3 trial for PD by ICV injection, and in another
phase 3 trial for PD by CED. These BBB avoidance strategies do not result in adequate drug
delivery to brain, as reviewed in Sections 2.1.4 and 2.2.2, respectively, and both phase 3
trials ended in failure [107,130]. Neurotrophins were also developed as new treatments of
acute stroke, and FGF-2 and EPO were administered as IV infusions within the first 5 h
of the stroke. These neurotrophins do not cross the BBB, and the BBB is intact in the early
hours after stroke when neuroprotection is still possible, as reviewed in Section 8.3.2. Both
phase 3 clinical trials for neurotrophin treatment of acute stroke ended in failure [761,762].
Anti-Abeta amyloid antibodies (AAA) were developed as new treatments for AD, and the
first AAA developed for AD, bapineuzumab, was followed by over a half dozen AAAs
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that entered clinical trials for AD. Bapineuzumab does not cross the BBB, as reviewed in
Section 8.3.4, yet bapineuzumab was administered by IV infusion to AD patients. Since
the BBB is intact in AD [786], the therapeutic antibody could not reach the amyloid targets
in brain, and the bapineuzumab phase 3 trial ended in failure [787,788]. Aducanumab,
another AAA for AD, also does not cross the intact BBB [786]. However, aducanumab
reduces brain amyloid in AD [790]. The mechanism for aducanumab entry into brain of
AD subjects appears to be BBB disruption, since there is a linear correlation between plaque
reduction and ARIA-E [786], as discussed in Section 8.3.4. Aducanumab was approved
in 2021 for AD amid controversy [793], and its use has been rejected by the health care
community [1215]. Aducanumab is most likely a superior form of treatment for AD, should
the antibody be enabled to enter the brain without BBB disruption. Aducanumab, and other
AAAs, can be re-engineered with BBB Trojan horse technology to enable RMT across the
BBB, as reviewed in Section 8.3.4. Nusinersen, a phosphorothioate-ASO, was approved for
treatment of SMA by injection into the lumbar CSF [95]. As reviewed in Section 2.1.3, SMA
is amenable to lumbar intrathecal delivery, because the drug targets, spinal cord motor
neurons, lie near the surface of the spinal cord contiguous with the intra-lumbar injection.
Despite the unique spatial relationship of motor neurons in the lumbar spinal cord to a
lumbar CSF injection, attempts were made to replicate the nusinersen/SMA model for
brain diseases of the parenchyma of brain or spinal cord. Tominersen is a phosphorothioate-
ASO for Huntington’s disease (HD), and tofersen is a phosphorothioate-ASO for ALS, and
both drugs entered phase 3 trials where the phosphorothioate-ASO was administered by
monthly intrathecal injection in the lumbar CSF. As discussed in Section 2.1, this route of
brain drug delivery is not expected to deliver drug to the parenchyma of brain. The phase
3 trials for tominersen for HD and tofersen for ALS were terminated in 2021 [1216,1217].
Recombinant TPP1 (cerliponase alfa) was approved for treatment of the brain in CLN2
disease, an inherited lysosomal storage disorder, and the enzyme was infused into one
lateral ventricle bimonthly via an Ommaya reservoir [110]. The control group in the pivotal
clinical trial was historical controls, perhaps from a natural reluctance to subject young
patients to a chronically implanted Ommaya reservoir for the purpose of placebo infusion.
However, as emphasized over 40 years ago by Aird [85], the proper control group for
an ICV drug trial is IV administration of the study drug. This is because drug injected
into the CSF is rapidly exported to blood as noted by Fishman and Christy over 50 years
ago [83]. Therefore, the study drug may exert therapeutic effects owing to drug action in
peripheral organs, which are falsely attributed to a drug effect on the CNS, as discussed in
Section 2.1.4.

In all of the clinical trials outlined in Figure 25, and discussed thus far, the CNS drug
development program either was silent on the issue of BBB delivery, or employed a BBB
avoidance strategy. The first drug to be re-engineered with a BBB drug delivery technology
and receive market approval following a phase 3 clinical trial is the IgG-iduronate 2-
sulfatase fusion protein, pabinafusp alfa (IZCARGO®®) [720], which received MHLW
approval in Japan in 2021 for treatment of the brain with MPSII (Figure 25). The IgG
domain of this fusion protein is a TfRMAb, which enables RMT of the IgG-lysosomal
enzyme fusion protein across the BBB in vivo, followed by receptor-mediated endocytosis
into brain cells, as discussed in Section 8.3.1. This model of re-engineering biologics with
BBB Trojan horse antibodies for RMT across the BBB can be replicated for all classes of
biologics, including enzymes, neurotrophins, decoy receptors, and therapeutic antibodies.
However, the CNS drug developer must first engineer a BBB drug delivery technology.

The re-engineering of the biologic for BBB delivery must take place in the earliest
phases of preclinical drug development, and well before entry into clinical trials for brain
disease. Should the CNS drug developer choose to go forward with a drug for brain that is
not a lipid-soluble small molecule, and without BBB drug delivery technology, then the
clinical trial failures of the past 25 years will only be replicated. Such a decision would be
reminiscent of the choice of Fitzgerald’s Gatsby, “so we beat on, boats against the current,
borne back ceaselessly into the past”.
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ciency virus; HPRT, hypoxanthine-guanine phosphoribosyl transferase; HRP, horseradish
peroxidase; HSC, hematopoietic stem cells; HSV, herpes simplex virus; IC, intra-cerebral;
ICAHM, intra-carotid arterial hyperosmolar mannitol; ICAP, internal carotid artery perfu-
sion; ICV, intra-cerebroventricular; ID, injection dose; IDS, iduronate 2-sulfatase; IDUA,
α-L-iduronidase; IGF, insulin-like growth factor; IGFBP, IGF binding protein; IGFR, IGF
receptor; IHC, immunohistochemistry; IND, Investigational New Drug; INSR, insulin
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receptor; iPSC, induced pluripotent stem cells; IR, insulin receptor; ISF, interstitial fluid; IT,
intrathecal; ITR, inverted terminal repeat; IV, intravenous; KD, dissociation constant; lacZ,
bacterial β-galactosidase; LAT, large neutral amino acid transporter; LC-MS, liquid chro-
matography mass spectrometry; LDL, low-density lipoprotein; LDLR, LDL receptor; LEPR,
leptin receptor; Lf, lactoferrin; LFt, ferritin light chain; LNAA, large neutral amino acid;
LNP, lipid NP; LOQ, limit of quantitation; LRP, LDL related protein receptor; LV, lentivirus;
M6P, mono-6-phosphate; M6PR, M6P receptor; MAb, monoclonal antibody; MB, microbub-
ble; MCAO, middle cerebral artery occlusion; MCT, monocarboxylic acid transporter;
MHLW, Ministry of Health, Labor and Welfare; MDR, multidrug resistance; MPP, 1-methyl-
4-phenylpyridinium; MPS, mucopolysaccharidosis; MRI, magnetic resonance imaging;
MRP, multi-drug resistance protein; MS, multiple sclerosis; MSC, mesenchymal stem cell;
MTf, melanotransferrin; MTFA, 5′-methylenetetrahydrofolic acid; MUS, methylumbellif-
erone sulfate; MW, molecular weight; MWCNT, multi-walled CNT; NAb, neutralizing
antibody; nAChR, nicotinic acetylcholine receptor; NAGLU, N-acetyl-α-glucosaminidase;
NBT, nucleobase transporter; NLC, nano-structured lipid carriers; NMDAR, N-methyl
D-aspartate receptor; NP, nanoparticle; NPC, Niemann Pick disease, type C; nt, nucleotide;
NTD, amino terminal domain; NTR, neurotrophin receptor; OAT, organic anion transporter;
OCT, organic cation transporter; OCTN, organic cation/carnitine transporter; ODC, or-
nithine decarboxylase; OR, olfactory receptor; OTC, ornithine transcarbamylase; PAMAM,
poly(amidoamine); PBCA, poly(butyl cyanoacrylate); PBL, peripheral blood lymphocyte;
PBN, N-tertbutyl-α-phenylnitrone; PCNSL, primary CNS lymphoma; PD, Parkinson’s dis-
ease; PDGF, platelet-derived growth factor; Pe, permeability coefficient; PEF, pulsed electric
field; PEG, polyethyleneglycol; PEI, poly(ethyleneimine); PET, positron emission tomog-
raphy; Pgp, P-glycoprotein; pI, isoelectric point; PK, pharmacokinetics; PLA, poly(lactic
acid); PLGA, poly(lactic coglycolic acid); PLL, poly-L-lysine; PNA, peptide nucleic acid;
PNP, polymeric NP; PPT, palmitoyl protein thioesterase; PS, permeability–surface area;
PVS, peri-vascular space; QSAR, quantitative structure activity relationship; RAP, recep-
tor associated protein; RCA, ricinus communis agglutinin; RCT, randomized controlled
clinical trial; RFVT, riboflavin vitamin transporter; RMP, receptor-mediated permeabilizer;
RMT, receptor-mediated transport; RPM, revolutions per minute; RTB, ricin toxin B chain;
RVG, rabies virus glycoprotein; SA, streptavidin; scAAV, self-complementary AAV; ScFv,
single chain Fv; SCI, spinal cord injury; scid, severe combined immunodeficient; SGSH,
N-sulfoglucosamine sulfohydrolase; shRNA, short hairpin RNA; siNP, silica NP; SIR, sterile
inflammatory response; siRNA, short interfering RNA; SLC, solute carrier; SLN, solid lipid
NP; SMA, spinal muscular atrophy; SMVT; sodium dependent multivitamin transporter;
SOD, superoxide dismutase; SPION, superparamagnetic iron oxide nanoparticles; SPLP,
stabilized plasmid–lipid particles; SQ, subcutaneous; SR, scavenger receptor; ssAAV, single
stranded AAV; SST, somatostatin; SSTR, SST receptor; STP, substrate transporter profile;
SWCNT, single-walled CNT; TARBP, trans-activation-responsive RNA-binding protein; T3,
triiodothyronine; TBI, traumatic brain injury; TC, transcobalamin; TcBLR, transcobalamin
receptor; TEER, trans-endothelial electrical resistance; Tf, transferrin; TfR, Tf receptor; TH,
tyrosine hydroxylase; THL, Trojan horse liposome; THTR, thiamine transporter; TK, tyro-
sine kinase; TM, transmembrane; TMR, transmembrane region; TNF, tumor necrosis factor;
TNFI, TNF inhibitor; TNFR, TNF receptor; TPP, tripeptidyl tripeptidase; UPDRS, Unified
Parkinson Disease Rating Scale; VCN, vector copy number; VD, volume of distribution;
VIP, vasoactive intestinal peptide; VPA, valproic acid; Vp, brain plasma volume; VT, brain
water volume; WGA, wheat germ agglutinin.
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Abstract: The treatment of neurological disorders with large-molecule biotherapeutics requires that
the therapeutic drug be transported across the blood–brain barrier (BBB). However, recombinant
biotherapeutics, such as neurotrophins, enzymes, decoy receptors, and monoclonal antibodies (MAb),
do not cross the BBB. These biotherapeutics can be re-engineered as brain-penetrating bifunctional
IgG fusion proteins. These recombinant proteins comprise two domains, the transport domain and
the therapeutic domain, respectively. The transport domain is an MAb that acts as a molecular Trojan
horse by targeting a BBB-specific endogenous receptor that induces receptor-mediated transcytosis
into the brain, such as the human insulin receptor (HIR) or the transferrin receptor (TfR). The
therapeutic domain of the IgG fusion protein exerts its pharmacological effect in the brain once across
the BBB. A generation of bifunctional IgG fusion proteins has been engineered using genetically
engineered MAbs directed to either the BBB HIR or TfR as the transport domain. These IgG fusion
proteins were validated in animal models of lysosomal storage disorders; acute brain conditions,
such as stroke; or chronic neurodegeneration, such as Parkinson’s disease and Alzheimer’s disease.
Human phase I–III clinical trials were also completed for Hurler MPSI and Hunter MPSII using
brain-penetrating IgG-iduronidase and -iduronate-2-sulfatase fusion protein, respectively.

Keywords: blood–brain barrier; protein-based therapy; monoclonal antibody; insulin receptor;
transferrin receptor; lysosomal storage disorders; fusion proteins; Parkinson’s disease; Alzheimer’s
disease; neurotrophic factors; decoy receptors

1. Introduction

The hematoencephalic or blood–brain barrier (BBB) is the anatomical and molecular
barrier that separates in vivo the brain from the blood. This barrier evolved to prevent
the transport to the brain of peripheral neurotransmitters, cytokines, and microorganisms,
which may produce deleterious, if not lethal, effects in the central nervous system (CNS).
The characteristics of this barrier have been extensively reviewed, and it is basically only
permeable to lipophilic molecules of <400 Da [1–4]. Thus, histamine, a small polar molecule
of 110 Da does not cross the BBB [2]. Hydrophobic nutrients of low molecular weight
gain access to the brain through the BBB via facilitated transporters, as in the case of
GLUT1 for glucose and LAT1 for large neutral amino acids [5,6]. Proteins, in general,
do not cross the BBB; however, there are a few exceptions where proteins produced in
peripheral organs gain access to the brain via receptor-mediated transcytosis, as in the case
of insulin, transferrin, leptin, and insulin-like growth factor [7–10]. Targeting these BBB
endogenous transporters with monoclonal antibodies gained attention in the early 1990s,
and an in vivo demonstration of the efficacy of a brain-penetrating construct was published
using vasopressin intestinal peptide (VIP) conjugated to the OX26 monoclonal antibody to
the rat transferrin receptor using the avidin–biotin technology [11]. The administration of
the OX26-avidin-biotinylated-VIP produced a marked increase in the brain blood flow. On
the contrary, the biotinylated-VIP had no effect in the brain, as it does not cross the BBB [11].
The construction and efficacy of chemical conjugates targeting either the transferrin or the
insulin receptor in rodents and non-human primates have been reported [12–15].
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With the cloning of monoclonal antibodies to the mouse transferrin (TfRMAb) and
human insulin (HIRMAb) BBB receptors, respectively [16,17], the engineering of bifunc-
tional IgG fusion proteins was possible [18–20]. These fusion proteins comprise a transport
domain, i.e., TfRMAb or HIRMAb, and a therapeutic domain fused to the C-terminus
of either the heavy or light chain of the transporting MAb. Thus, any potential protein
therapeutic can be transported through the BBB into the brain in the form of a fusion
protein targeting a BBB-receptor-mediated transport (Figure 1). In this schematic represen-
tation, a protein therapeutic in fused to the C-terminus of the transporting MAb, which
binds to a BBB receptor, inducing the transport of the fusion protein through the BBB. The
binding of the MAb fusion protein to its BBB receptor does interfere with the binding of
its endogenous ligand, so both the ligand and the MAb fusion are transported through
the BBB and released into the brain interstitial fluid. Depending on the characteristics of
the therapeutic domain, the fusion protein can (i) target a receptor on the surface of brain
cells, as in the case of neurotrophic factors; (ii) bind and inactivate a target molecule, as in
the case of decoy receptors and bispecific MAbs; and (iii) be internalized in brain cells via
receptor-mediated endocytosis through the same transport systems used to cross the BBB,
as in the case of enzymes for the treatment of lysosomal storage disorders (LSD) and/or
bispecific MAbs. A detailed mathematical model of receptor-mediated transport across the
BBB was recently published [21]. A generation of IgG fusion proteins targeting both the
human and mouse BBB transport systems has been engineered (Tables 1 and 2). The aim of
this article is to review this generation of IgG fusion proteins.
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Figure 1. Receptor-mediated transport of IgG fusion proteins across the BBB. Biologicals (red circle)
do not cross the BBB and stay in circulation following IV administration, as in the case of enzymes,
MAbs, decoy receptors, and/or neurotrophic factors. These potential therapeutic agents for the
CNS can be re-engineered as fusion proteins with an MAb targeting a BBB receptor that induces
receptor-mediated transcytosis (R1), such as the human BBB insulin receptor (HIR) or the transferrin
receptor (TfR). The transport domain of the IgG fusion protein targets the BBB R1 endogenous
receptor to gain access to the brain. The transport MAb binds to an exofacial epitope of the receptor
without interfering with the normal transport of its endogenous ligand (green rectangle) to gain
access to the brain. Depending on the therapeutic domain of the IgG fusion protein, it can (i) bind to
its ligand in the brain interstitial compartment, as in the case of bispecific MAbs or decoy receptors;
(ii) target a brain cell membrane receptor (R2), such as neurotrophic factors; or (iii) be endocytosed via
the same targeted R1 receptor in brain cells as lysosomal enzymes to produce physiological and/or
neuropharmacological effect.
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Table 1. Brain-penetrating human IgG fusion proteins.

IgG Fusion Protein 1 Therapeutic Domain Indication Reference

HIRMAb-IDUA (valanafusp
alpha) Iduronidase (IDUA) Hurler syndrome (MPS I) [22]

HIRMAb-IDS Iduronate-2-sulfatase (IDS) Hunter syndrome (MPS II) [23]

TfRMAb-IDS (pabinafusp alfa) Iduronate-2-sulfatase (IDS) Hunter syndrome (MPS II) [24]

HIRMAb-ASA Arylsulfatase A (ASA) Metachromatic leukodystrophy * [25]

HIRMAb-SGSH Sulfamidase (SGSH) Sanfilippo A (MPSIIIA) * [26]

HIRMAb-NAGLU N-acetyl-alpha-D-glucosaminidase (NAGLU) Sanfilippo B (MPSIIIB) * [27]

HIRMAb-ASM Acid shingomyelinase (ASM) Niemann–Pick A/B * [28]

HIRMAb-HEXA Hexoaminidase A (HEXA) Tay–Sachs * [28]

HIRMAb-PPT1 Palmitoyl-protein thioesterase (PPT1) Batten Type 1 * [28]

HIRMAb-GLB1 β-galactosidase (GLB1) GM1-gangliosidosis * [28]

HIRMAb-Aβ bispecific antibody Anti-Aβ amyloid single-chain Fv
antibody (scFv) Alzheimer’s * [29]

HIRMAb-TNFR Tumor necrosis factor decoy receptor (TNFR) Parkinson’s, ALS, Alzheimer’s,
and/or stroke * [30]

HIRMAb-EPO Erythropoietin (EPO) Parkinson’s, Alzheimer’s, and/or
Friedreich ataxia * [31]

HIRMAb-GDNF Glial-cell-derived neurotrophic factor (GDNF)) Parkinson’s, stroke, and/or
drug/EtOH addiction * [32]

HIRMAb-BDNF Brain-derived neurotrophic factor (BDNF) Stroke, neural repair * [33]

HIRMAb-Avidin Any mono-biotinylated therapeutic Various [34]

1 The transport domain of these human fusion proteins is a monoclonal antibody directed to the human BBB
insulin receptor (HIRMAb) or the transferrin receptor (TfRMAb). The therapeutic domain of the fusion pro-
tein and its application are listed for the corresponding IgG fusion protein. * Indication has a primary CNS
disease burden.

Table 2. Brain-penetrating mouse IgG fusion proteins.

IgG Fusion Protein 1 Therapeutic Domain Indication Reference

TfRMAb-IDUA Iduronidase (IDUA) Hurler syndrome (MPS I) [35]

TfRMAb-IDS Iduronate-2-sulfatase (IDS) Hunter syndrome (MPS II) [36]

TfRMAb-SGSH Sulfamidase (SGSH) Sanfilippo A (MPSIIIA) * [37]

TfRMAb-Aβ bispecific antibody Anti-Aβ amyloid single-chain Fv antibody (scFv) Alzheimer’s * [38]

TfRMAb-TNFR Tumor necrosis factor decoy receptor (TNFR) Parkinson’s, Alzheimer’s, and/or stroke * [39]

TfRMAb-EPO Erythropoietin (EPO) Parkinson’s, Alzheimer’s, and/or stroke * [40]

TfRMAb-GDNF Glial-cell-derived neurotrophic factor (GDNF)) Parkinson’s, and/or stroke * [41]

TfRMAb-Avidin Any mono-biotinylated therapeutic Various [42]

1 The transport domain of these mouse fusion proteins is a monoclonal antibody directed to the mouse BBB-
transferrin receptor (TfRMAb). The therapeutic domain of the fusion protein and its experimental application are
listed for the corresponding IgG fusion protein. * Indication has a primary CNS disease burden.

2. Genetic Engineering of IgG Fusion Proteins

The genetic engineering of IgG fusion proteins has been performed using either indi-
vidual expression vectors for light- and heavy-chain expression genes or tandem vectors
carrying both light- and heavy-chain expression genes [22–42]. The cDNA corresponding to
the mature therapeutic domain (without the signal peptide) is ligated into the C-terminus
of the appropriate expression gene via designed restriction endonuclease sites, which pro-
vides a short linker composed of 2–4 serine residues. The therapeutic gene can be inserted
in either the heavy or light chain of the transport MAb, and a few examples are shown
in Figure 2. In particular cases, the short linker approach produces suboptimal levels of
enzyme activity and/or production, which may be restored by the introduction of a long
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31-amino-acid linker corresponding to the IgG3 hinge region [27,28]. The engineering of
IgG fusion proteins may be performed by fusing the therapeutic domain on the N-terminus
of the transport MAb, i.e., the heavy chain of the MAb. However, it was demonstrated
using a glucuronidase (GUSB) fusion protein that this construct had a marked reduction in
the affinity for the target receptor, to levels that would abolish its transport through the
BBB [43]. For studies in rodents, the engineering of IgG fusion proteins has been performed
targeting the mouse or rat transferrin receptor [17,19,20,44]. For studies in humans and
non-human primates, the IgG fusion proteins were initially produced with an MAbs di-
rected to the human insulin receptor, and lately the MAbs have been directed to the human
transferrin receptor as well [16,24]. The anti-human insulin receptor MAb cross-reacts with
the BBB insulin receptor of old-world primates, such as the rhesus monkey [45]. Targeting
the rodent transferrin receptor or the human insulin or transferrin receptors at the BBB
resulted in a comparable brain uptake of 1–3% of the injected dose. This relates to the
abundance of these receptors at the BBB, which is comparable in humans [46]. However, the
abundance of the mouse BBB transferrin receptor is approximately 7-fold higher than that
of the mouse BBB insulin receptor [46,47]. Therefore, targeting the mouse BBB insulin recep-
tor would produce lower levels of brain uptake. The manufacturing of IgG fusion proteins
presents advantages compared to chemical conjugation, including simplified downstream
purification due to protein-A capture [48]. IgG fusion proteins were engineered target-
ing both transferrin and insulin BBB receptors with high affinities in the low nM range
(Tables 1 and 2). The extensive number of peer-reviewed publications discussed below
validated the high-affinity approach for the transport across the BBB, targeting either the
insulin or the transferrin receptor.
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monoclonal antibody (MAb), in this case targeting the BBB human insulin receptor (HIR). The
indication for these IgG fusion proteins is: HIRMAb-PPT1, Batten disease type 1; HIRMAb-GLB1,
GM1-gangliosidosis; HIRMAb-HEXA, Tay–Sachs disease; and HIRMAb-ASM, Niemann–Pick disease
types A and B. From reference [28].

There are, however, few publications postulating that a low-affinity monovalent MAb
directed to the BBB TfR transport system may result in improved brain uptake [49,50].
This is based on the hypothesis that bivalent TfRMAbs cause TfR clustering and selective
triage of the antibody-TfR complex to the lysosome and degradation of TfR on the cell
membrane, whereas this is avoided with monovalent TfRMAbs [49,50]. However, this
was based on tissue culture experiments with TfRMAb-avidin fusion proteins, which are
known to form tetrameric structures from the association of avidin monomers [51,52]. No
toxic effects of other high-affinity TfRMAb fusion proteins were reported in in vitro or
in vivo studies. Chronic treatment with intravenous (IV) 2 mg/kg BW TfRMAb-GDNF
twice weekly for 12 weeks produced no downregulation of the BBB TfR, as the terminal
pharmacokinetics and brain uptake were comparable to those obtained prior to the chronic
treatment [53]. Moreover, no evidence of BBB TfR downregulation was reported in a
chronic study performed in the cynomolgus monkey with pabinafusp alfa, the high-affinity
human TfRMAb-IDS fusion protein, with doses up to 30 mg/kg/week for 26 weeks [54].
Kinetics modeling of the receptor-mediated transport across the BBB showed that the
optimal receptor-binding properties would be an MAb with a KD of 0.5–5 nM and an
association rate constant (kon) of 105–106 M−1 s−1, which would produce a dissociation
T1/2 of ~10–120 min [55]. Targeting MAbs, i.e., TfRMAb and/or HIRMAb, with these
kinetic properties produced therapeutic brain delivery at a low injection dose of 1–3 mg/kg
BW in the various CNS models discussed below, including clinical trials in LSD.

The brain uptake via a BBB receptor-mediated transport is a function of the antibody
affinity for the receptor, the injection dose, and the plasma area under the curve (AUC),
which may be affected by the therapeutic domain of the fusion protein, as in the case of
LSD enzymes targeting peripheral M6P receptors. For example, the fusion of IDUA to
the transport MAb reduces the brain AUC of the fusion protein compared to the MAb
alone [56]. Kinetics modeling showed that the lower the affinity of the antibody for the TfR,
the greater the ID required to maintain a given brain AUC [55]. For example, the brain AUC
of a TfRMAb-IDUA fusion protein with a moderate affinity for the TfR, KD = 36 nM, would
require an injected dose of 30 mg/kg BW to produce a brain AUC comparable to the one of
a TfRMAb-IDUA fusion protein with high affinity (KD = 0.36–3.6 nM) at a 10-fold lower
injected dose of 3 mg/kg BW [55]. A lower therapeutic dose is also preferred to reduce
potential adverse effects, as in the case of IgG-neurotrophic factor fusion proteins [31,57].

3. Enzyme-IgG Fusion Proteins

Most of the lysosomal storage disorders (LSD) affect the CNS, causing neurologic
manifestations such as mental retardation and neurodegeneration [58,59]. The treatment of
LSD is possible with enzyme replacement therapy (ERT). However, ERT is unable to treat
the brain, as these large proteins do not cross the BBB [60,61]. The re-engineering of these
enzymes as brain-penetrating IgG fusion proteins represents a potential solution for the
treatment of LSD. Today, the genetic engineering of several IgG-enzyme fusion proteins
has been reported (Tables 1 and 2). These fusion proteins were designed for the treatment
of a variety of LSDs, and their corresponding bifunctionality was validated biochemically
and in experimental animals as well as in clinical trials. This technology was also validated
for other potential therapeutics for the CNS, including decoy receptors, bispecific MAbs,
and neurotrophins (Tables 1 and 2).

3.1. HIRMAb-Iduronidase (HIRMAb-IDUA)

A brain-penetrating iduronidase (IDUA), an enzyme that is mutated in Hurler’s MPSI
syndrome [58], was completed by the insertion of the cDNA of the mature human IDUA
(GenBank NP_00194), minus the 26-amino-acid signal peptide at the C-terminus of the
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heavy chain of the HIRMAb via a short Ser-Ser linker (Table 1) [22]. The HIRMAb-IDUA
fusion protein maintained the affinity for the targeting insulin receptor in the low nM
range, and the IDUA enzyme activity was comparable to the specify activity of the of
the recombinant IDUA [22]. The fusion protein targeted the lysosomal compartment in
Hurler fibroblasts and markedly reduced the accumulation of glycosaminoglycans (GAG)
in these cells [22]. The biodistribution of the HIRMAb-IDUA was investigated in the rhesus
monkey using radio-iodinated material and compared to that of the recombinant human
IDUA (Aldurazyme) [62]. The quantitative whole-body autoradiography confirmed the
transport of the fusion protein across the BBB, showing a global biodistribution of the
HIRMAb-IDUA throughout the brain (Figure 3). On the contrary, recombinant IDUA did
not penetrate the brain through the BBB, showing background activity in the primate brain
(Figure 3). The levels of brain uptake of the HIRMAb-IDUA approximated 1% of injected
dose (ID) [22,62]. The biodistribution of the HIRMAb-IDUA fusion protein in the peripheral
tissues was comparable to that of the recombinant IDUA, as both were taken up in the
peripheral organs through the mannose-6-phosphate (M6P) receptor [62]. In addition, a
significant increase in the uptake of the HIRMAb-IDUA fusion protein was observed in
the vertebral bodies and joints [62]. Taking into consideration that the normal enzyme
activity of IDUA in a human brain ranges from 0.5 to 1.5 units/mg of protein [63], it may
be possible to normalize the brain IDUA in a Hurler individual with the administration of
1 mg/kg BW of the fusion protein, which may result in a brain concentration of 3.0 ng/mg
of brain protein or 1.1 units of IDUA enzyme activity per mg of brain protein [22].
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Figure 3. Autoradiography through eight parallel sagittal sections of the cerebral hemisphere of the
rhesus monkey obtained 2 h after the IV administration of either the [125I]-HIRMAb-IDUA fusion
protein (bottom) or [125I]-IDUA (top). The section on the left-hand side is the most lateral part of
brain, and the section on the right-hand side is the most medial part of brain. The cerebellum is
visible in the more medial sections of the brain. The BBB-penetrating HIRMAb-IDUA gained access
to the brain, producing a global distribution throughout this organ. On the contrary, IDUA does not
cross the BBB, showing just background activity in the primate brain. From [62] with permission.

The efficacy of the IgG-IDUA fusion protein was investigated in a mouse model of
MPSI using a subrogate fusion protein that comprised the mouse TfRMAb fused to the
mouse IDUA (Table 2) [35]. Six-month-old MPSI mice were treated with 1 mg/kg BW
TfRMAb-IDUA IV twice weekly for 8 weeks. Electron microscopy showed a marked
reduction in lysosomal inclusion bodies in animals treated with brain-penetrating IDUA
fusion protein compared with saline (Figure 4) [35]. The administration of the TfRMAb-
IDUA produced a marked reduction in GAG in the peripheral organs that was comparable
to that reported for the recombinant IDUA [35].
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Figure 4. Reversal of lysosomal storage in brain of adult MPSI mice with IV injections of mouse
TfRMAb-IDUA fusion protein. Six-month-old MPSI mice were treated with 1 mg/kg BW TfRMAb-
IDUA IV twice weekly for 8 weeks. Electron microscopy showed a marked reduction in lysosomal
inclusion bodies in animals treated with brain-penetrating IDUA fusion protein (B) compared with
saline (A), resulting in a 73% reduction in brain lysosomal inclusion bodies (right top). The admin-
istration of the TfRMAb-IDUA produced a marked reduction in glycosaminoglycans (GAG) in the
peripheral organs (right bottom) that was comparable to that reported for the recombinant IDUA.
The data (means ± SE) are terminal organ assays at the end of the 8-week study of MPSI mice treated
with either saline or 1 mg/kg BW of the TfRMAb-IDUA fusion protein. From [35] with permission.

The HIRMAb-IDUA (valanafusp alpha) was the first brain-penetrating IgG fusion
protein that completed a phase I/II clinical trial in Hurler MPSI [64,65]. Pediatric MPSI
patients treated with laronidase were switched to valanafusp alpha and treated with weekly
IV infusions of 1, 3, or 6 mg/kg for 6 months. Patients completing the study remained in the
extension arm for another 6 months [65]. A dramatic improvement in somatic parameters
was described in the valanafusp-alpha-treated patients for 52 weeks, including 23% and
26% reductions in liver and spleen volumes, respectively, compared with the baseline
levels [65]. The improvement in the somatic parameters was attributed to the dual targeting
of valanafusp alpha in the peripheral organs via both the insulin and M6P receptor [65]. In
addition, there was a significant increase in shoulder flexion (10.9◦) and extension (9.5◦)
following treatment with valanafusp alpha for 26 weeks [65], which may be related to the
preferential targeting of the HIRMAb-IDUA in the vertebral bodies and joints that was
observed in primates [62]. The treatment of severe and attenuated MPSI patients with
valanafusp alpha resulted in a mean improvement across all cognitive domains [65].

3.2. HIRMAb-Iduronate 2-Sulfatase (HIRMAb-IDS)

Iduronate 2-sulfatase (IDS) is the lysosomal storage enzyme that is mutated in Hunter’s
MPSII syndrome [66]. A brain-penetrating form of IDS was engineered as HIRMAb-IDS
fusion protein using a similar strategy as the one used in the production of HIRMAb-
IDUA described above in Section 3.1 (Table 1) [23]. The cDNA of the mature human
IDS (GenBank NP_000193), minus the 25-amino-acid signal peptide, was fused at the
C-terminus of the heavy chain of the HIRMAb via a short Ser-Ser linker. The HIRMAb-
IDS fusion protein, expressed in either COS or CHO cells, maintained the affinity for the
targeting insulin receptor in the low nM range, and the IDS enzyme activity was comparable
to the specific activity of the recombinant IDS, Elaprase [23]. The HIRMAb-IDS fusion
protein targeted the lysosomal compartment in Hunter MPSII fibroblasts, and it was able
to reduce the accumulation of GAG [23,67]. The biodistributions of both the HIRMAb-IDS
fusion protein and Elaprase were investigated in the rhesus monkey using Bolton–Hunter-
iodinated material [68]. The film autoradiography of the primate brain confirmed a global
distribution of the fusion protein, whereas the non-brain-penetrating Elaprase showed
background activity (Figure 5) [68]. The brain uptake of the HIRMAb-IDS fusion protein
approximated 1% ID/primate brain [68]. The organ uptake ratio of HIRMAb-IDS:Elaprase
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was 38-fold higher in the brain, as IDS does not cross the BBB, whereas in the peripheral
tissues, this ratio was near 1, as both proteins are taken up via the M6P receptor [68].
The brain uptake estimate following the administration of 1 mg/kg BW in humans was
projected to be 0.34 U/mg protein, which may produce a therapeutic effect in the brains
of MPSII patients [67,68]. The safety and dose ranging study for the HIRMAb-IDS fusion
protein was completed in patients with Hunter syndrome; however, the results have not
yet been published (NCT02262338). A mouse surrogate molecule with the anti-mouse TfR
as the transport domain and human IDS as the therapeutic domain was also produced and
validated in mice, wherein the brain uptake was high and comparable to the human fusion
protein at 1.3% ID/mouse brain [36].
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Figure 5. Film autoradiogram (20 µm sections) of rhesus monkey brain removed 2 h after IV injection
of the HIRMAb-IDS fusion protein (A) or IDS (B). Scans were produced after labeling of the HIRMAb-
IDS fusion protein or IDS with [125I]-Bolton–Hunter reagent. The forebrain section is on the top, the
midbrain section is in the middle, and the hindbrain section with cerebellum is on the bottom. From
reference [68] with permission.

The production of another brain-penetrating IgG-IDS fusion protein was also re-
ported [24]. This fusion protein is similar to the HIRMAb-IDS described above but is
directed to the human TfR. The TfRMAb-IDS, later designated pabinafusp alfa, was used
to complete phase I/II clinical trials in Hunter MPSII patients in Japan and Brazil [69,70]
and a phase II/III trial in Japan [71]. It was reported that the pabinafusp alfa, dosed at
2 mg/kg BW for 52 weeks in MPSII subjects, produced a significant reduction in the levels
of heparan sulfate (HS) in the cerebrospinal fluid (CSF), which was used as the primary
efficacy endpoint [71]. Evaluations of neurocognitive developments, used as the secondary
end point, showed positive changes in the age-equivalent score in subjects with attenuated
MPSII and in the initial phase of the severe subtype but not in severe MPSIII patients in
the middle and late stages of the disease [71]. The positive effect of the fusion protein in
the peripheral end points, i.e., serum HS and liver and spleen volumes, was comparable
to that of the IDS enzyme replacement therapy [71]. Based on this trial, pabinafusp alfa
was approved by the Ministry of Health, Labour and Welfare (MHLW) in Japan for the
treatment of Hunter MPSII syndrome [72].

3.3. HIRMAb-Arylsulfatase A (HIRMAb-ASA)

A mutation of the Arylsulfatse A (ASA) gene causes the lysosomal storage disorder
metachromatic leukodystrophy (MLD) [73]. Since ASA does not cross the BBB, it may be
possible to treat the brain in MLD with a brain-penetrating IgG-ASA fusion protein. The
genetic engineering of the HIRMAb-ASA fusion protein was performed using the standard
recombinant technology strategy, wherein cDNA of the mature human ASA (GenBank
NP_000478), minus the signal peptide, was fused at the C-terminus of the heavy chain of
the HIRMAb via a short Ser-Ser linker (Table 1) [25]. The HIRMAb-ASA fusion protein
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maintained a high affinity for the targeting insulin receptor in the low nM range and high
ASA enzyme activity [25]. Confocal microscopy showed that the ASA fusion protein is
triaged to the lysosomal compartment. The biodistribution of the HIRMAb-ASA fusion
protein in the rhesus monkey showed a global distribution in brain, with a brain uptake of
1.1% ID/primate brain [25]. Based on this finding, the brain levels of HIRMAb-ASA were
predicted to be 14 ng/mg protein following the administration of 2.5 mg/kg in humans [25].
This represents 14% of the levels of ASA in the normal human brain [74], and it may be
sufficient to treat this lysosomal storage disorder, as the replacement of just 1–2% of the
normal enzyme activity is expected to be therapeutic [75]. This is also supported by the
fact that 5–20% of the population has ASA pseudo-deficiency, with just 3–8% of the normal
levels of ASA enzyme activity in brain and no MLD symptoms [76].

3.4. HIRMAb-N-Sulfoglucosamine Sulfohydrolase (HIRMAb-SGSH)

The Sanfilippo type A syndrome or MPSIIIA is caused by a mutation of the N-
sulfoglucosamine sulfohydrolase (SGSH) gene [77]. It is possible to treat the brain in
MPSIIIA with a brain-penetrating IgG-SGSH fusion protein, as SGSH does cross the BBB.
The genetic engineering of the HIRMAb-SGSH fusion protein was completed as described
above for other enzymes, wherein cDNA of the mature human SGSH (GenBank NP_000190),
minus the signal peptide, was fused at the C-terminus of the heavy chain of the HIRMAb via
a short Ser-Ser-Ser-Ser linker (Table 1) [26]. The HIRMAb-SGSH fusion protein maintained
a high affinity for the targeting insulin receptor and SGSH enzyme activity near 100% of the
one of the recombinant SGSHs [26]. The brain uptake in the rhesus monkey approximated
1% ID/primate brain [26]. The brain level of SGSH enzyme activity was predicted to be
0.25 U/g of brain following the administration of 3 mg/kg HIRMAb-SGSH [26]. This is
comparable to the normal endogenous levels of SGSH in the brain [78], suggesting that
it is possible to achieve therapeutic levels of SGSH in the MPSIIIA brain following the
administration of the HIRMAb-SGSH fusion protein. The efficacy of the IgG-SGSH fusion
protein was investigated in a mouse model of MPSIIIA using a subrogate fusion protein
comprising the mouse TfRMAb fused to the human SGSH (Table 2) [37]. Two-week-old
MPSIIIA mice were treated three times per week for 6 weeks with intraperitoneal (IP)
5 mg/kg of the TfRMAb-SGSH fusion protein or the isotype control. Studies in mice
demonstrated that the administration 5 mg/kg BW IgG fusion protein IP is equivalent to
the IV injection of 1 mg/kg BW [79]. High plasma levels of HIRMAb were also reported in
the rhesus monkey following subcutaneous (SC) administration [80]. Mice were euthanized
1 week after the last dose of either the control or the test article [37]. HS was measured in
the brain and liver by LC-MS following enzymatic digestion into disaccharides using HS
disaccharide standards [37]. MPSIIIA animals treated with saline showed 30- and 36-fold
elevations in HS in the brain and liver, respectively, compared to the wild-type animals
(Figure 6). Treatment with the TfRMAb-SGSH reduced the levels of HS by 70% in the brain
and by 85% in the liver, whereas the isotype control had no effect [37]. The data confirmed
that the administration of brain-penetrating IgG-SGSH fusion protein is able to reduce the
accumulation of HS in the MPSIIIA brain and a peripheral organ.
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tion of a mouse TfRMAb-SGSH fusion protein. Two-week-old MPSIIIA mice (JAX) were treated 
three times per week for 6 weeks with IP 5 mg/kg of the TfRMAb-SGSH fusion protein or the isotype 
control (TfRMAb). The mice were euthanized 1 week after the last dose. HS was measured in brain 
and liver by LC-MS following enzymatic digestion into disaccharides using HS disaccharide stand-
ards. The 30-fold elevation in HS in the brain was reduced 70% by the chronic treatment with the 
IgG fusion protein (top). HS was also elevated in liver, and treatment with the mouse TfRMAb-
SGSH reduced hepatic HS by 85% (bottom). Data are expressed as means ± SD (n = 8 mice/group). 
From [37] with permission. 
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showed poor levels of expression in COS cells [27]. This problem was solved by the intro-
duction of a 31-amino-acid extended linker, corresponding to the hinge region of IgG3 
[27]. The HIRMAb-NAGLU fusion protein with the extended linker was produced in 
CHO cells and showed a high affinity for the targeting insulin receptor. The NAGLU en-
zyme activity was comparable to that of the recombinant NAGLU [27]. The biochemical 
properties of the HIRMAb-NAGLU fusion protein were confirmed by SDS-PAGE, human 
IgG and NAGLU Western blot analysis, the uptake in MPSIIIB fibroblasts, and the reduc-
tion in GAG in MPSIIIB fibroblasts [27]. The brain uptake in the rhesus monkey was 1% 
ID/primate brain [27]. The brain level of NAGLU enzyme activity was predicted to be 0.36 
U/mg of brain protein following the administration of 1 mg/kg HIRMAb-NAGLU, which 
is comparable to the NAGLU enzyme activity in the normal brain [82]. The data suggest 

Figure 6. Reduction in brain heparan sulfate (HS) in the MPSIIIA mouse with systemic administration
of a mouse TfRMAb-SGSH fusion protein. Two-week-old MPSIIIA mice (JAX) were treated three
times per week for 6 weeks with IP 5 mg/kg of the TfRMAb-SGSH fusion protein or the isotype
control (TfRMAb). The mice were euthanized 1 week after the last dose. HS was measured in
brain and liver by LC-MS following enzymatic digestion into disaccharides using HS disaccharide
standards. The 30-fold elevation in HS in the brain was reduced 70% by the chronic treatment with
the IgG fusion protein (top). HS was also elevated in liver, and treatment with the mouse TfRMAb-
SGSH reduced hepatic HS by 85% (bottom). Data are expressed as means ± SD (n = 8 mice/group).
From [37] with permission.

3.5. HIRMAb-α-N-Acetylglucosaminidase (HIRMAb-NAGLU)

The Sanfilippo type B syndrome or MPSIIIB is caused by a mutation of the α-N-
acetylglucosaminidase (NAGLU) gene [81]. Since NAGLU does cross the BBB, it is pos-
sible to treat the brain in MPSIIIB with a brain-penetrating IgG-NAGLU fusion protein.
The genetic engineering of the HIRMAb-NAGLU fusion protein was constructed as de-
scribed above for other enzymes, wherein cDNA of the mature human NAGLU (GenBank
NP_000263), minus the signal peptide, was fused at the C-terminus of the heavy chain
of the HIRMAb via a short Ser-Ser-Ser-Ser linker (Table 1) [27]. However, this fusion
protein showed poor levels of expression in COS cells [27]. This problem was solved by
the introduction of a 31-amino-acid extended linker, corresponding to the hinge region of
IgG3 [27]. The HIRMAb-NAGLU fusion protein with the extended linker was produced
in CHO cells and showed a high affinity for the targeting insulin receptor. The NAGLU
enzyme activity was comparable to that of the recombinant NAGLU [27]. The biochemical
properties of the HIRMAb-NAGLU fusion protein were confirmed by SDS-PAGE, human
IgG and NAGLU Western blot analysis, the uptake in MPSIIIB fibroblasts, and the reduc-
tion in GAG in MPSIIIB fibroblasts [27]. The brain uptake in the rhesus monkey was 1%
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ID/primate brain [27]. The brain level of NAGLU enzyme activity was predicted to be
0.36 U/mg of brain protein following the administration of 1 mg/kg HIRMAb-NAGLU,
which is comparable to the NAGLU enzyme activity in the normal brain [82]. The data
suggest that it is possible to achieve therapeutic levels of NAGLU in the MLDIIIB brain
following the administration of the HIRMAb-NAGLU fusion protein.

3.6. HIRMAb-Acid Sphingomyelinase (HIRMAb-ASM)

A mutation of the acid sphingomyelinase (ASM) gene causes Niemann–Pick disease
type A (NPDA) [83]. Since ASM does cross the BBB, it is possible to treat the brain in
NPDA with a brain-penetrating IgG-ASM fusion protein. The genetic engineering of the
HIRMAb-ASM fusion protein was designed as described above for other enzymes, with
the exception that the ASM gene was fused to the light chain of HIRMAb in lieu of the
heavy chain (Figure 2) (Table 1) [28]. Thef of the enzyme genes to the C-terminus of the
heavy chain of an MAb places the enzyme in a dimeric configuration, as opposed to the
monomeric configuration obtained by fusion to the light chain of an MAb. ASM forms a
heterodimer with saposin C [84], so it was fused to the C-terminus of the light chain to
provide a more flexible configuration (Figure 2) [28]. The cDNA of the mature human ASM
(GenBank NP_000534), minus the signal peptide, was fused at the C-terminus of the light
chain of HIRMAb via the 31-amino-acid extended linker corresponding to the hinge region
of IgG3 [28]. The HIRMAb-ASM fusion protein was produced in COS or CHO cells and
showed a high affinity for the targeting insulin receptor and high ASM enzyme activity [28].
Assuming a brain uptake of 1% ID for the HIRMAb-ASM, the administration of 3 mg/kg
BW of the fusion protein produces a brain concentration of 1.5 mg/brain, which represents
a therapeutic enzyme level in the brain of an NPDA mouse [85].

3.7. HIRMAb-Hexoaminidase A (HIRMAb-HEXA)

A mutation of the Hexoaminidase A (HEXA) gene produces Tay–Sachs disease
(TSD) [86]. It is possible to treat the brain in TSD with a brain-penetrating IgG-HEXA
fusion protein, as the recombinant HEXA does not cross the BBB. The genetic engineering
of the HIRMAb-HEXA fusion protein was designed as described above for ASM [28]. The
HEXA gene was fused to the light chain of HIRMAb to place this enzyme in a monomeric
configuration (Figure 2) (Table 1) [28] and was able to form a heterodimer complex with the
GM2 activator protein [87]. The cDNA of the mature human HEXA (GenBank NP_000511),
minus the signal peptide, was fused at the C-terminus of the light chain of the HIRMAb via
the 31-amino-acid extended linker [28]. The HIRMAb-HEXA fusion protein was produced
in COS or CHO cells and showed a high affinity for the targeting insulin receptor and a
high HEXA enzyme activity comparable to the recombinant HEXA protein [28]. Assuming
a brain uptake of 1% ID for the HIRMAb-HEXA, the administration of 3 mg/kg BW of
the fusion protein may produce a brain concentration of 2.5 U/brain, which represents a
therapeutic enzyme level in the TSD brain [88].

3.8. HIRMAb-Palmitoyl-Protein Thioesterase (HIRMAb-PPT1)

Batten type 1 disease, or neuronal ceroid pilofuscinosis type 1 (CLN1) disease, is
produced by a mutation of the palmitoyl-protein thioesterase (PPT1) [89]. In order to
produce a brain-penetrating IgG-PPT1 fusion protein, the cDNA of the mature human
PPT1 (GenBank NP_000301), minus the signal peptide, was fused at the C-terminus of the
heavy chain of the HIRMAb, as described above for other fusion proteins, using the short
Ser-Ser-Ser linker (Table 1) (Figure 2) [28]. This construct places the therapeutic domain
in a dimeric configuration, as in the native PPT1 (Figure 2). However, the production the
HIRMAb-PPT1 with the short Ser linker generated a fusion protein with suboptimal enzyme
activity [28]. This problem was solved by the introduction of the flexible 31-amino-acid
extended linker, which allowed the production of a fusion protein with a high PPT1 enzyme
activity, maintaining its affinity for the insulin receptor in the low nM range [28]. Assuming
a brain uptake of 1% ID for the HIRMAb-PPT1, the administration of 3 mg/kg BW of the
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fusion protein may produce a brain concentration of 2.6 U/brain, which represents 2.2% of
the normal endogenous PPT1 activity; however, it would be therapeutic, as just 0.5% of the
endogenous PPT1 activity is needed to reverse the neuropathology of CLN1 [90].

3.9. HIRMAb-β-Galactosidase (GLB1) (HIRMAb-GLB1)

The gene mutated in GM1-gangliosidosis is β-galactosidase (GLB1) [91]. In order to
reformulate GLB1 into a brain-penetrating IgG fusion protein, the cDNA of the mature
human GLB1 (GenBank NP_000395), minus the signal peptide, was fused at the C-terminus
of the heavy chain of the HIRMAb, as described above for other fusion proteins, using
the short Ser-Ser-Ser linker (Table 1) (Figure 2) [28]. This construct places the therapeutic
domain in dimeric configuration, as in the native GLB1 (Figure 2). However, as described
above for the HIRMAb-PPT1, the production the HIRMAb-GLB1 with the short Ser linker
produced a fusion protein with a marked decrease in its specific enzyme activity [28].
The GLB1 enzyme activity of the HIRMAb-GLB1 fusion protein was restored by the
introduction of the flexible 31-amino-acid extended linker (Table 1) [28]. This fusion protein
also maintained its affinity for the insulin receptor in the low nM range [28]. Assuming a
brain uptake of 1% ID for the HIRMAb-GLB1, the administration of 3 mg/kg BW of the
fusion protein may produce a brain concentration of 256 U/g brain, which may represent a
therapeutic GLB1 enzyme level in the brain [92]. In an attempt to validate the efficacy of the
IgG-GLB1 fusion protein, a subrogate fusion protein comprrising the mouse TfRMAb fused
to the human GLB1 was produced and tested in a mouse model of GM1-gangliosidosis [93].
The TfRMAb-GLB1 fusion protein was able to increase the GLB1 enzyme activity in the
liver by 20%; however, it failed to increase the GLB1 activity in the brain or reduce the
ganglioside content [93]. Since this surrogate fusion protein was engineered with a short Ser
linker [93] that is known to produce suboptimal levels of GLB1 [28], a negative conclusion
on brain effects is premature at the present time. Further studies with a surrogate mouse
GLB1 construct with optimal GLB1 enzyme activity, i.e., engineered with an extended
linker [28], may be needed to clarify this matter.

4. Bispecific Therapeutic Antibodies

Monoclonal antibodies (MAbs) are potential therapies for the CNS, i.e., in Alzheimer’s
disease (AD), if they are re-engineered to cross the BBB. Novel strategies for the immune
therapy of AD have been proposed with the design of bispecific MAbs [29,94]. Some
designs propose the use of low-affinity MAbs for the transport domain of the fusion MAb
due to limitations in the technology that is used, i.e., knobs-into-holes, which produces
monovalent antibodies composed of two heterologous half-antibody molecules for either
the transport or the therapeutic domain [50]. However, as discussed above in Section 2, a
low-affinity transport domain presents no advantages over the high-affinity targeting MAb.
Other designs maintain the bivalency of both domains, resulting in a tetravalent bispecific
MAb fusion protein with a high affinity for both the transport and therapeutic domain
(Figure 7) [29,94].
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single-chain anti-Aβ antibody monomer (ScFv) fused to the carboxyl terminus of the 
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Thus, there was a global distribution of the fusion MAb in the brain with a preferential 
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Figure 7. Schematic representation of a tetravalent bispecific MAb. In this construct, the transport
domain of the fusion protein targets the BBB human insulin receptor (HIR), and the therapeutic
domain is a single-chain anti-Aβ antibody monomer (ScFv) fused to the carboxyl terminus of the
heavy chain of the HIRMAb. This tetravalent bispecific Mab maintains a high affinity for both Aβ

and the BBB insulin receptor [29].

For example, an anti-Aβ MAb was re-engineered to cross the BBB in both directions
for the immune therapy of AD [29]. This process involves three-steps: (i) the transport
of the anti-Aβ antibody from the blood to the brain across the BBB; (ii) the binding to
and disaggregation of Aβ fibrils in the brain; and (iii) the efflux of the anti-Aβ antibody
from the brain back into the blood. This trifunctional molecule, designated HIRMAb-Aβ-
ScFv, comprises (i) the transport domain, i.e., the HIRMAb; (ii) the therapeutic domain,
i.e., a single-chain anti-Aβ antibody monomer (ScFv) fused to the carboxyl terminus of
the heavy chain of the HIRMAb; and (iii) the binding site for the neonatal Fc receptor
or FcRn, located at the CH2-CH3 interface of the human IgG constant region (Figure 7),
which mediates the brain efflux of the HIRMAb-Aβ-ScFv [29]. The HIRMAb-Aβ-ScFv
fusion bifunctional antibody was engineered by the insertion of an scFv directed to the
Aβ1–28 peptide at the C-terminus of the heavy chain of HIRMAb via a short Ser-Ser linker
(Table 1) [29]. The tetravalent bifunctional Mab maintained a high affinity for both Aβ and
the BBB insulin receptor [29]. The pharmacokinetics and biodistribution of the HIRMAb-
Aβ-ScFv fusion Mab were investigated in a rhesus monkey using an [125I]-labeled test
article and compared with a control article that comprised the [3H]-labeled original murine
MAb directed to Aβ (Mab-Aβ) (Figure 8) [29]. Following administration, there was no
measurable decrease in the blood concentration of the control MAb-Aβ, as MAbs do
not target any organ remaining in the blood compartment (Figure 8). On the contrary,
there was a rapid clearance of the [125I]-HIRMAb-Aβ-ScFv fusion antibody from blood
(Figure 8), as this fusion protein targets the brain and peripheral organs expressing the
insulin receptor [29]. Thus, there was a global distribution of the fusion MAb in the brain
with a preferential uptake in the gray matter relative to the white matter. The capillary
depletion technique showed a high brain volume of distribution (VD) of the bifunctional
fusion MAb, demonstrating that the HIRMAb-Aβ-ScFv was transcytosed across the BBB
into the postcapillary brain compartment (Figure 8) [29]. On the other hand, the control
mouse MAb-Aβ had a brain VD of 10 µL/g of brain, which approximates the arterial blood
volume of the brain, confirming that the control MAb-Aβ does not cross the BBB, remaining
in the primate blood compartment (Figure 8) [29].
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This fusion protein, designated [125I]-fusion antibody in this figure, comprises the transport domain, 
which targets the BBB human insulin receptor, and the therapeutic domain, which is a single-chain 
anti-Aβ antibody monomer (ScFv). (A) Plasma pharmacokinetics analysis showing no measurable 
clearance from the blood of the control [3H]-mouse Abeta MAb, whereas the [125I]-fusion antibody 
is rapidly cleared from blood due to uptake via the insulin receptor. (B) Brain VD for the [125I]-fusion 
antibody is >100 µL/g in both the brain homogenate and the post-vascular supernatant, which indi-
cates the [125I]-fusion antibody is transported across the BBB. The VD for the [3H]-mouse Abeta MAb, 
10 µL/g, is equal to the brain arterial blood volume, which indicates this antibody is not transported 
across the primate BBB in vivo. (C) Global distribution of fusion antibody to primate brain. Brain 
scans of adult rhesus monkey at 3 h after the intravenous administration of the [125I]-fusion antibody 
demonstrates the widespread distribution of the fusion antibody into the primate brain in vivo. The 
top scan is the most frontal part of brain, and the bottom scan is the most caudal part of brain and 
includes the cerebellum. From [29] with permission. 
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surrogate molecule targeting the mouse TfR was engineered (Table 2) [38]. This molecule 
was similar to the one shown in Figure 7, with an identical therapeutic domain that com-
prised the ScFv to the Aβ1–28 peptide but with an anti-mouse TfR as the transport domain 
[38]. This fusion protein maintained a high affinity for both Aβ and the mouse TfR and 
produced a brain uptake of 3.5% [38]. The administration of 1 mg/kg BW TfRMAb-Aβ-
ScFv IV three times per week or 5 mg/kg BW SC daily for 12 weeks to B6C3-Tg(APPswe, 
PSEN1dE9)85 Dbo/J (PSAPP) double transgenic mice produced a 40–61% reduction in the 
brain concentration of Aβ1−42 [95,96] without brain microhemorrhage [97], a common ad-
verse side effect seen in the immune therapy of AD. A reverse construct wherein the 
transport domain is a form of an ScFv fused to the C-terminus of the light chain of a ther-
apeutic MAb has also been reported [98]. These constructs present the advantage of re-
engineering any therapeutic MAb into a brain-penetrating tetravalent bispecific MAb tar-
geting either the BBB-TfR [98] or the BBB-HIR [99]. 

  

Figure 8. Pharmacokinetics and brain uptake of a tetravalent bispecific MAb fusion protein in the
rhesus monkey. The structure of the tetravalent bispecific MAb fusion protein is shown in Figure 7.
This fusion protein, designated [125I]-fusion antibody in this figure, comprises the transport domain,
which targets the BBB human insulin receptor, and the therapeutic domain, which is a single-chain
anti-Aβ antibody monomer (ScFv). (A) Plasma pharmacokinetics analysis showing no measurable
clearance from the blood of the control [3H]-mouse Abeta MAb, whereas the [125I]-fusion antibody is
rapidly cleared from blood due to uptake via the insulin receptor. (B) Brain VD for the [125I]-fusion
antibody is >100 µL/g in both the brain homogenate and the post-vascular supernatant, which
indicates the [125I]-fusion antibody is transported across the BBB. The VD for the [3H]-mouse Abeta
MAb, 10 µL/g, is equal to the brain arterial blood volume, which indicates this antibody is not
transported across the primate BBB in vivo. (C) Global distribution of fusion antibody to primate
brain. Brain scans of adult rhesus monkey at 3 h after the intravenous administration of the [125I]-
fusion antibody demonstrates the widespread distribution of the fusion antibody into the primate
brain in vivo. The top scan is the most frontal part of brain, and the bottom scan is the most caudal
part of brain and includes the cerebellum. From [29] with permission.

In order to validate the bifunctional HIRMAb-Aβ-ScFv in a mouse model of AD, a
surrogate molecule targeting the mouse TfR was engineered (Table 2) [38]. This molecule
was similar to the one shown in Figure 7, with an identical therapeutic domain that
comprised the ScFv to the Aβ1–28 peptide but with an anti-mouse TfR as the transport
domain [38]. This fusion protein maintained a high affinity for both Aβ and the mouse TfR
and produced a brain uptake of 3.5% [38]. The administration of 1 mg/kg BW TfRMAb-Aβ-
ScFv IV three times per week or 5 mg/kg BW SC daily for 12 weeks to B6C3-Tg(APPswe,
PSEN1dE9)85 Dbo/J (PSAPP) double transgenic mice produced a 40–61% reduction in
the brain concentration of Aβ1−42 [95,96] without brain microhemorrhage [97], a common
adverse side effect seen in the immune therapy of AD. A reverse construct wherein the
transport domain is a form of an ScFv fused to the C-terminus of the light chain of a
therapeutic MAb has also been reported [98]. These constructs present the advantage of
re-engineering any therapeutic MAb into a brain-penetrating tetravalent bispecific MAb
targeting either the BBB-TfR [98] or the BBB-HIR [99].
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5. Decoy Receptor–IgG Fusion Proteins

Other potential new therapeutics for brain disorders are decoy receptors. A decoy
receptor is formed by the extracellular domain (ECD) of the molecule of interest to be
inactivated fused to the to the amino terminus of the Fc region of human IgG1 for stability
and to facilitate downstream protein production and purification. A good example is
the ECD of the tumor necrosis factor (TNF) receptor (TNFR) type II:Fc fusion protein,
etanercept [100]. The TNFR decoy receptor is used to suppress inflammatory reactions in
non-brain tissues [101]. TNFα has also been involved in disorders of the CNS, including
stroke [102], traumatic brain and spinal cord injury [103,104], neurodegeneration [105], and
depression [106]. Therefore, the production of a brain-penetrating TNFR decoy receptor
may provide a treatment for these pathologies of the CNS. A model of such a protein
was engineered by the insertion of the cDNA encoding the human TNFR ECD to the C-
terminus of the heavy chain of the HIRMAb via a Ser-Ser linker (Table 1) [30], as described
above in Section 4 for the tetravalent bispecific MAb. This construct produced in CHO
cells maintained a high affinity for the BBB insulin receptor and TNFα [30]. The brain
uptake of the HIRMAb-TNFR was investigated in the rhesus monkey and compared with
that of the TNFR:Fc. The HIRMAb-TNFR fusion protein was transported across the BBB,
producing a brain uptake of 3% ID [30]. On the other hand, the non-brain-penetrating
TNFR:Fc produced a brain uptake comparable to that of IgG1, which is confined to the
blood compartment in the brain (Figure 9). The ratio for the organ permeability–surface area
(PS) of the HIRMAb-TNFR relative to the organ PS for the TNFR:Fc in the rhesus monkey
is shown in Figure 9 (bottom). This ratio demonstrates that both HIRMAb-TNFR and
TNFR:Fc are transported into peripheral organs, as the PS ratio approximates 1 (Figure 9).
The PS ratio was >30 in the brain, as just the HIRMAb-TNFR is transported into the primate
brain (Figure 9) [30].

A surrogate molecule was engineered to validate this construct in experimental mouse
models of stroke, Parkinson’s disease (PD), and AD. This construct was produced by
the insertion of the human TNFR into the C-terminus of the heavy chain of an MAb
directed to the mouse BBB TfR (Table 2) [39]. The bifunctional construct maintained a high
affinity for TNFα, which was comparable to that of etanercept, as well as a high binding
affinity for the mouse TfR [39]. In a 6-hydroxydopamine model of PD, the mouse TfRMAb-
TNFR was neuroprotective, reducing both the apomorphine- and amphetamine-induced
rotation and increasing the vibrissae-elicited forelimb placing and the striatal tyrosine
hydroxylase (TH) enzyme activity [39]. On the contrary, etanercept had no effect on striatal
TH enzyme activity or neurobehavior, as it is not transported through the BBB [39]. In a
reversible middle cerebral artery occlusion mouse stroke model, the TfRMAb-TNFR also
produced neuroprotection, causing a significant reduction in the hemispheric, cortical, and
subcortical stroke volumes and neuronal deficit, whereas etanercept had no effect [107].
In a mouse model of AD, chronic treatment with TfRMAb-TNFR, but not with either
saline or etanercept, produced a marked reduction in neuroinflammation and in both Aβ

peptide and plaque load and improved recognition memory [108]. As observed with the
TfRMAb-Aβ-ScFv [38], no sign of microhemorrhage was seen with the chronic treatment
of TfRMAb-TNFR [108].
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Figure 9. Selective targeting of a TNFR decoy receptor pharmaceutical to the primate brain as a 
receptor-specific IgG fusion protein. This fusion protein, HIRMAb-TNFR comprises a transport do-
main targeting the BBB human insulin receptor and the TNFR ECD as therapeutic domain. The 
brain uptake and peripheral biodistribution of the HIRMAb-TNFR were investigated in the rhesus 
monkey and compared with those of the control TNFR:Fc, etanercept, with [125I]-Bolton–Hunter re-
agent-labeled articles. The HIRMAb-TNFR fusion protein was transported across the BBB, produc-
ing a brain uptake of 3% ID. On the other hand, the non-brain-penetrating TNFR:Fc produced a 
brain uptake comparable to IgG1, which is confined to the blood compartment in the brain (top). 
The ratio for the organ permeability–surface area (PS) of the HIRMAb-TNFR relative to the organ 

Figure 9. Selective targeting of a TNFR decoy receptor pharmaceutical to the primate brain as a
receptor-specific IgG fusion protein. This fusion protein, HIRMAb-TNFR comprises a transport
domain targeting the BBB human insulin receptor and the TNFR ECD as therapeutic domain. The
brain uptake and peripheral biodistribution of the HIRMAb-TNFR were investigated in the rhesus
monkey and compared with those of the control TNFR:Fc, etanercept, with [125I]-Bolton–Hunter
reagent-labeled articles. The HIRMAb-TNFR fusion protein was transported across the BBB, produc-
ing a brain uptake of 3% ID. On the other hand, the non-brain-penetrating TNFR:Fc produced a brain
uptake comparable to IgG1, which is confined to the blood compartment in the brain (top). The ratio
for the organ permeability–surface area (PS) of the HIRMAb-TNFR relative to the organ PS for the
TNFR:Fc in the rhesus monkey approximates 1 (bottom), as both molecules are transported into the
peripheral organs. The PS ratio was >30 in the brain, as just the HIRMAb-TNFR is transported across
the BBB and into the primate brain. From [30] with permission.

6. Neurotrophic Factor-IgG Fusion Proteins

Neurotrophic factors could potentially be developed as new treatments of brain disor-
ders, as in the case of stroke, traumatic brain injury, or chronic neurodegeneration, such as
Parkinson’s disease (PD) [109–118]. However, as discussed above for other protein-based
therapeutics for the CNS, the drug development of neurotrophic factors is limited by the
lack of transport of across the BBB. The engineering of brain-penetrating neurotrophic fac-
tors has been reported for erythropoietin (EPO), glial-derived neurotrophic factor (GDNF),
and brain-derived neurotrophic factor (BDNF), and details are discussed below.

6.1. HIRMAb-Erythropoietin (EPO) (HIRMAb-EPO)

The engineering of the brain-penetrating EPO was completed by the insertion of the
cDNA of the mature human EPO (GenBank NP_000790) at the C-terminus of the heavy
chain of the HIRMAb using the short Ser-Ser-Ser linker (Table 1) in a tandem vector carrying
both the light and heavy chain of HIRMAb [31]. The design of this fusion protein placed the
EPO in dimeric configuration, as shown in Figure 2 for HIRMAb-PPT1 or HIRMAb-GLB1.
The HIRMAb-EPO fusion protein expressed in COS cells demonstrated a high affinity
for both the BBB insulin receptor and the EPO receptor (EPOR). The biodistribution of
both EPO and HIRMAb-EPO was investigated in the rhesus monkey. The brain uptake of
HIRMAb-EPO was high at 2% ID/monkey brain [31]. On the contrary, EPO, which does
not cross the BBB, had a brain uptake comparable to human IgG1, which is confined to the
blood compartment of the primate [31]. The mouse TfRMAb-EPO surrogate fusion protein
(Table 2) was constructed to investigate the efficacy of the brain-penetrating EPO in an
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experimental model of stroke and PD [40]. The TfRMAb-EPO traversed the mouse BBB and
had an uptake of 2% ID/mouse brain, which is similar to that of the HIRMAb-EPO in the
rhesus monkey, and maintained a high affinity for the mouse BBB TfR and EPOR [40]. The
mouse TfRMAb-EPO fusion protein was neuroprotective in a reversible middle cerebral
artery occlusion (MACO) stroke model, dosed at 1 mg/kg BW IV following MACO. There
was a significant reduction in the hemispheric stroke volume as well as in the neuronal
deficit, whereas EPO had no effect [119,120]. The mouse TfRMAb-EPO fusion protein was
also neuroprotective in a 6-hydroxydopamine model of PD [121]. The IV administration
of 1 mg/kg BW of the fusion protein given 1 h after the toxin and every other day for
3 weeks was neuroprotective, reducing both the apomorphine- and amphetamine-induced
rotation and increasing the vibrissae-elicited forelimb placing and the striatal TH enzyme
activity [121]. In a model of experimental AD, this fusion protein presented therapeutic
benefits on Aβ load, synaptic loss, and microglial activation as well as improved special
memory and did not show evidence of microhemorrhage [122].

6.2. HIRMAb-Glial-Cell-Derived Neurotrophic Factor (GDNF) (HIRMAb-GDNF)

The production of a brain-penetrating IgG-GDNF fusion protein was also reported
targeting either the human IR or the mouse TfR, respectively (Tables 1 and 2) [32,41]. The
mature human GDNF cDNA corresponding to amino acids Ser78-Ile211 (GenBank P39905)
was fused to the C-terminus of the heavy chain of the HIRMAb of the TfRMAb using the
short Ser-Ser linker [32,41]. As mentioned above, this construct placed the GDNF in a
dimeric configuration, as shown in Figure 2 for HIRMAb-PPT1 or HIRMAb-GLB1. These
fusion proteins, expressed in either COS or CHO cells, demonstrated a high affinity for both
the corresponding target receptor and the GDNF receptor (GFRa1). The administration
of [125I]-HIRMAb-GDNF in a rhesus monkey showed a global distribution of the fusion
protein throughout the brain, with a brain clearance (CL) of 0.8 µL/min/g [123]. Con-
versely, [125I]-labeled GDNF, which is not transported across the BBB, produced a brain CL
comparable to human IgG1, as both molecules remain in the blood compartment [123]. The
brain uptake of the mouse fusion protein was high at 3% ID/mouse brain [41]. The mouse
IgG-GDNF surrogate was neuroprotective in a 6-hydroxydopmanie model of PD [124].
The IV administration of 1 mg/kg BW of the fusion protein given 1 h after the toxin and
every other day for 3 weeks was neuroprotective, reducing both the apomorphine- and
amphetamine-induced rotation and increasing the vibrissae-elicited forelimb placing and
the striatal TH enzyme activity [124]. The mouse TfRMAb-GDNF fusion protein was also
neuroprotective in the MACO stroke model. The administration of 1 mg/kg BW IV fusion
protein following MACO produced a 30% reduction in cortical stroke volume, whereas
GDNF alone had no effect on stroke volume (Figure 10) [125]. Furthermore, cotreatment
with TfRMAb-GDNF and TfRMAb-TNFR following MCAO enhanced neuroprotection,
reducing the cortical stroke volume to 69% [125]. A study of an MAb-GDNF fusion protein
targeting the human insulin receptor failed to produce neuroprotection in an MPTP (1-
methyl-4-phenyl-1,2,3,6-tetrahydropyridine) model of PD in primates [126]. Animals were
treated a week after the neurotoxin with 1 or 5 mg/kg BW IV twice weekly for 22 doses,
and no improvements in parkinsonian motor symptoms were reported in either dose [126].
Since a BBB-penetrating GDNF was neuroprotective in the 6-hydroxydopamine mouse
model of PD at the low dose of 1 mg/kg BW, it is unclear why negative results were
observed in the MTPT primate model. Besides the obvious difference in animal models,
additional time course and dose-finding studies in the MPTP model may be needed to
clarify this matter.
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Figure 10. Neuroprotection of the mouse TfRMAb-GDNF fusion protein in a reversible middle
cerebral artery occlusion (MCAO) stroke model. Brain coronal sections were obtained 24 h after
MCAO and stained with 2,3,5-triphenyltetrazolium chloride (TTC), and representative brains are
shown in the figure. Saline, 1 mg/kg BW mouse TfRMAb-GDNF fusion protein, and an equimolar
dose of GDNF (0.17 mg/kg BW), were injected IV 45 min after MCAO. The mouse TfRMAb-GDNF
fusion protein produced a 30% reduction in cortical stroke volume (right) compared with the control
treated with saline (left), whereas GDNF alone had no effect on stroke volume (center). From [125]
with permission.

6.3. HIRMAb-Brain-Derived Neurotrophic Factor (BDNF) (HIRMAb-BDNF)

Another neurotrophic factor that was re-engineered to cross the BBB was BDNF
(Table 1) [33]. The genetic engineering was performed as described above for EPO and
GDNF, by insertion of the mature cDNA of BDNF coding for amino acids His1-Arg117 into
C-terminus of the HIRMAb heavy chain via a short Ser-Ser-Met linker [33]. The expression
of the HIRMAb-BDNF fusion protein was performed in either COS or CHO cells using a TV
coding for both the light and heavy chain of the HIRMAb-BDNF [33]. The fusion protein
maintained a high affinity for both the human BBB insulin receptor and the human trkB
receptor for BDNF [33]. Studies in the rhesus monkey showed that the brain VD for the
[3H]-labeled HIRMAb-BDNF fusion protein was constant in the post-vascular supernatant
measured with the capillary depletion method, demonstrating that the HIRMAb-BDNF
fusion protein is transcytosed through the BBB and into brain parenchyma. Based on the
specific activity of the labeled fusion protein, the brain VD was 24 ± 1 ng/g of HIRMAb-
BDNF fusion protein at 3 h after injection [33]. This value is >10-fold higher than the
endogenous concentration of BDNF in the adult primate brain [127], suggesting that it may
be possible to reach therapeutic levels of this neurotrophic factor in brain following the
administration of the BBB-penetrating HIRMAb-BDNF fusion protein.

7. Avidin–IgG Fusion Protein

The genetic engineering, expression, and validation of an HIRMAb-avidin (AV) fusion
protein and its mouse TfRMAb-AV surrogate molecule were reported (Tables 1 and 2) [34,42].
These avidin fusion proteins were aimed to develop a universal brain delivery system that
can be adapted to a variety of mono-biotinylated drugs, including siRNA [15,34,42]. A
potential concern with avidin fusion proteins is the possible immunogenicity of the chicken
avidin in humans and the induction of a human anti-avidin response. However, avidin
has been administered to humans in 5–10 mg doses intravenously without immunologic
reactions [128,129]. These fusion proteins were generated by the insertion of the AV cDNA
corresponding to amino acids Ala1-Glu128 of the mature chicken avidin protein (GenBank
X05343) at the C-terminus of the heavy chain of both HIRMAb and mouse TfRMAb with a
short Ser-Ser-Ser linker [34,42]. This configuration places the avidin moiety in a parallel
dimer conformation (as in the case of the neurotrophic factors discussed above in Section 6),
which replicates the parallel association of two avidin monomers to form a dimer [130].
The binding activity of the AV-fusion proteins for the corresponding target BBB receptor
was comparable to the appropriate Mab control. The mouse AV-fusion protein showed a
high brain uptake of 2% ID/mouse brain. The therapeutic efficacy of the fusion protein was
demonstrated in human U87 cancer cells with a knockdown of luciferase gene expression
by mono-biotinylated siRNA [15]. The potential application of brain-penetrating AV-fusion
proteins as peptide radiopharmaceuticals for AD was also reported [34,131].

202



Pharmaceutics 2022, 14, 1476

8. Safety

As valanafusp alpha (HIRMAb-IDUA) and HIRMAb-IDS entered phase I/II clinical
trials in Hurler MPSI and Hunter MPSII, respectively, these fusion proteins were subjected
to extensive safety evaluations. Tissue cross-reactivity studies were performed under Good
Laboratory Practice (GLP) and showed comparable binding of HIRMAb fusion proteins to
human and rhesus monkey organs [56,132], validating further the toxicological studies in
these animals. A 6-month GLP toxicological study was conducted with HIRMAb-IDUA in
40 juvenile primates that were dosed weekly with IV infusions of up to 30 mg/kg BW for
6 months [56]. The sole adverse event was hypoglycemia at a high dose of 30 mg/kg
BW [133]. This was due to a secondary pharmacologic effect related to an allosteric
agonistic effect of insulin and was fully preventable by performing the infusion of the drug
in dextrose-saline [133]. No evidence of chronic toxicity was observed in any primate during
the 6-month treatment study, including animals euthanized after a 1-month recovery period.
No significant changes were reported in physical exam, food intake, EKG, ophthalmoscopic
exam, body weights, or organ weights in any of the treatment groups relative to controls [56].
The pharmacokinetics was predictable over the entire dose range. As expected, anti-drug
antibodies (ADA) were generated in response to the human fusion protein in primates;
however, those were not neutralizing as the end-of-study pharmacokinetics shows no
change in either clearance from plasma or in plasma enzyme activity [56]. Similar GLP
chronic toxicological studies were performed with the HIRMAb-IDS in rhesus monkey,
with exception that the infusion of the fusion protein was conducted in dextrose-saline to
prevent any potential hypoglycemic event [132]. No adverse effect or chronical toxicity
were reported; thus, the no-adverse-event level (NOAEL) for the HIRMAb-IDS was set at
30 mg/kg BW [132]. The generation of ADA in HIRMAb-IDS-treated rhesus monkeys was
similar to that described in the HIRMAb-IDUA toxicological study [56], with the majority
of ADAs against this fusion protein directed to the HIRMAb alone [132]. Valanafusp alpha
was produced under Good Manufacturing Practice and passed the safety and potency
testing set up by regulatory agencies, i.e., the U.S. Food and Drug Administration and
the Brazilian Health Regulatory Agency (Anvisa) [65]. In the phase I/II clinical trial with
valanafusp alpha in pediatric MPS I patients, the test article was administered by infusion
in 5% dextrose-saline at 1, 3, or 6 mg/kg for 6 months, followed by an extension of another
6 months. The IDUA fusion protein was well-tolerated in more than 570 infusions. There
was a hypoglycemic drug-related adverse effect with an incidence of 5.9%, which was
transient and resolved within 10–20 min following a snack or glucose sachet. It must be
noticed that 62% of all episodes were at the high dose of 6 mg/kg, so the hypoglycemic
incidence at the therapeutic dose of 1–3 mg/kg BW was just 2.8% [65]. The mean glucose
was reported to be normal at 101 ± 20 mg/dL over the course of the 52 trial weeks
and >3000 glycemia measurements [65]. There were 10 infusion-related reactions (IRRs)
reported in this clinical trial, which represent an incidence of just 1.7%, and 60% of the IRRs
were observed in a single patient that was not previously on enzyme replacement therapy
and in whom tolerance to the drug developed by the 10th week [65]. There was a poor
correlation between IRRs and the ADA titer [65]. The relatively low rate in IRR may be
due to the presence of Tregitopes in the constant region of human IgG, which may induce
immunotolerance [134]. The pharmacology and safety were also reported for the acute
administration HIRMAb-GDNF in the rhesus monkey [135]. The GLP toxicological study
aimed for an acute treatment of stroke was completed with IV doses of up to 50 mg/kg
BW of fusion protein over a 60 h period to 56 primates [135]. No adverse events were
reported in the 2-week terminal toxicology study, and no neuropathologic changes were
observed either [135]. Thus, a no-observable-adverse-effect level was established in the
rhesus monkey for the acute administration of the HIRMAb-GDNF fusion protein [135]. A
publication claimed that the treatment with HIRMAb-GDNF caused proliferative lesions
in the pancreas of four of seven animals at the low dose of 1 mg/kg but not at the high
dose of 5 mg/kg in an MPTP-PD model in the rhesus monkey [126]. This observation is
difficult to interpret, as there was no dose-dependent effect reported, as the high dose of
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the fusion protein had no adverse effect. The lesions observed in the primate pancreas are
detected in 30% of all human autopsies, and they are not pre-malignant [136]. Furthermore,
no pancreatic lesions were reported following 6 months of treatment with either HIRMAb-
IDUA or -IDS fusion protein at doses as high as 30 mg/kg BW/week [56,132]. Another
study reported no toxic effect of the surrogate mouse TfRMAb-GDNF fusion protein in
IV-dosed mice at 2 mg/kg BW twice weekly for 12 weeks [53]. The chronic treatment with
the mouse fusion protein caused no histologic changes in the brain and cerebellum, kidney,
liver, spleen, heart, or pancreas; no change in body weight; and no change in 23 serum
chemistry measurements [53]. A low-titer immune response against the fusion protein
was reported, which was directed against the variable region of the antibody part of the
fusion protein, with no immune response directed against either the constant region of the
antibody or against GDNF. As shown for HIRMAb fusion proteins, these antibodies were
not neutralizing, as no changes were reported in the pharmacokinetics and brain uptake at
the end of the 12 weeks of treatment [53].

The safety for the TfR pathway has raised some concerns. A decrease in circulating
reticulocytes was reported after an acute dosing of a low-affinity TfRMAb [137]. A mutation
of the Fc effector function seemed to rescue the reduction in reticulocytes [137]. However,
several chronic studies using high-affinity TfRMAb did not report changes in circulating
reticulocytes [35,37,39,53,95,96,107,108,119–122]. Moreover, the elimination of the effector
function in the TfRMAb-EPO fusion protein by the substitution of the Asn residue at
position 292 of the mouse IgG1 constant region in the TfRMAb with Gly produced a mutant
fusion protein with a marked increase in clearance, resulting in a several-fold reduction
in Cmax following IV or SC administration compared to the wild-type molecule [57]. The
data suggest that the acute effect of TfRMAbs on reticulocytes is transient and reversed by
chronic treatments, and that the potential benefit of the elimination of the effector function
may be offset by its rapid pharmacokinetic clearance. In addition, a chronic study with
the mouse TfRMAb-EPO fusion protein in the PSAPP mouse model of AD demonstrated
improved hematology safety as well as better behavioral and therapeutic indices compared
with recombinant EPO alone [138]. Another study in rhesus monkeys reported toxicity
associated with the chronic administration of a humanized TfRMAb [139]. Treatment with
30 mg/kg BW of this MAb caused anemia associated with suppressed blood reticulocytes.
The immunohistochemistry of terminal brain tissue showed microglia activation in con-
junction with astrogliosis. A moderate axonal/myelin degeneration was also reported in
the sciatic nerve, suggesting that this vector may have a narrow therapeutic index [139].
Nevertheless, the authors speculated that further studies may be needed to determine
if this neuropathology is induced by the antibody effector function or if it is an intrinsic
property of targeting the TfR in the brain [139]. On the contrary, another chronic study
performed in the cynomolgus monkey with pabinafusp alfa (human TfRMAb-IDS fusion
protein) reported no effector function and no significant toxicological changes at doses
up to 30 mg/kg/week for 26 weeks [54]. It is possible that discrepancies in toxic effects
targeting the BBB TfR are related to the intrinsic nature of the different TfRMAbs, most
likely involving the target epitope. TfRMAbs were reported to have different properties,
including the inhibition of cell growth [140,141]. In a phase II-III clinical trial with pabina-
fusp alfa in Hunter MPSII patients, 14 of 28 subjects presented IRR that were transient and
clinically manageable without the cessation of the administration of the test article. Another
14 patients developed anti-pabinafusp alfa antibodies but had no IRR. Serious adverse
events in five patients were reported to be unrelated to the test drug. These included one
death due to respiratory failure and resultant hypoxic encephalopathy, conditions that are
associated with MPSII [71].

The production of IgG fusion proteins for the GLP toxicological studies was con-
ducted in 50 L Wave bioreactors in perfusion mode in serum-free culture medium and
with stably transfected CHO cell lines [48,56,132,133,135,139,142]. Two bioreactor volumes
of the conditioned medium were collected per day over a 3–4-week period. The down-
stream purification process involved protein A affinity chromatography, acid hold for
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viral inactivation, cation and anion exchange chromatography, nanofiltration, and diafil-
tration [48,56,132,133,135]. The safety of the production process was validated by GLP
viral clearance validation studies and by parameters set up by the FDA, including CHO
host protein and DNA, residual protein A, endotoxin, and sterility [48,56,132,133,135].
IgG fusion proteins were reported to be stable in a liquid formulation at 2–8 ◦C for more
than 2 years [48,56,132,133,135]. The process was successfully transferred to a contract
manufacturing organization and scaled up 10-fold for the GMP production used in clinical
trials [143].

9. Overview and Future Perspectives

Based on the data discussed in this review, it is possible to reformulate virtually
any protein-based therapeutic into a brain-penetrating IgG fusion protein therapeutic.
These IgG fusion proteins comprise a transport domain that targets BBB endogenous
transporters that induce receptor-mediated transport into the brain and a therapeutic
domain, which exerts its pharmacological effect in the brain following transport through
the BBB (Figure 1). This technology has been reduced to practice in a broad range of
potential protein-based brain treatments with MAbs directed to both the BBB insulin and
transferrin receptors, respectively (Tables 1 and 2). In the majority of these constructs, the
therapeutic domain is fused to the C-terminus of the heavy chain of the transport MAb
domain (Figure 2), which places the therapeutic domain of the fusion protein in a dimeric
configuration and mimics the mature native structure of enzymes, neurotrophic factors,
decoy receptors, and bispecific MAbs. In other examples, a more flexible configuration is
preferred, wherein the therapeutic domain is inserted at the C-terminus of the light chain, as
in the case of HIRMAb-HEXA and HIRMAb-ASM (Figure 2), which both form heterodimer
complexes with other proteins, i.e., the GM2 activator protein and saposin C, respectively
(Sections 3.6 and 3.7). Bispecific MAbs have also been engineered by the fusion of the
therapeutic domain in the form of ScFv at the C-terminus of the heavy chain of the transport
MAb (Figure 7). In addition, the reverse configuration of bispecific MAbs was also reported,
wherein the therapeutic MAb is in a full antibody form and the transport MAb is an ScFv
configuration fused to the C-terminus of the light chain of the therapeutic MAb (Section 4).
The reverse configuration presents the advantage of converting any MAb into a brain-
penetrating tetravalent bispecific MAb. The IgG fusion proteins are, in general, engineered
with short linkers, i.e., 2–4 Ser residues, separating the transport and therapeutic domains of
the fusion protein. In some examples, the short linker produced suboptimal levels of quality
attributes of the fusion protein, i.e., enzyme activity, expression, and/or stability. In such a
case, these attributes were restored by the introduction of a flexible 31-amino-acid extended
linker corresponding to the hinge region of IgG3, as in the case of HIRMAb-NAGLU,
-HEXA, -ASM, -PPT1, and -GLB1 (Section 3).

The pharmacokinetics and biodistribution of both human and mouse surrogate IgG
fusion proteins were reported in rhesus primates and mice, respectively. The pharmacoki-
netics of the IgG fusion proteins resemble those of small molecules with rapid clearance, as
these proteins target the BBB as well as peripheral organs expressing the target receptor. The
latter represents an advantage for the treatment of CNS disorders also affecting peripheral
organs, such as LSD. The rapid turnover rate is also advantageous, as it reduces potential
adverse side effects, as in the case of EPO. The brain uptake of human and mouse IgG
fusion proteins ranged from 1 to 3 % ID/brain (Sections 3–7). These levels of brain uptake
are comparable to those of small molecules that cross the BBB, i.e., morphine and diazepam,
which produce known pharmacological effects in the brain [144,145]. Based on the brain
uptake data, the brain levels of IgG fusion proteins were calculated following therapeutic
doses of 1–3 mg/kg BW. These estimates were shown to produce brain levels of lysosomal
enzymes that were able to normalize their CNS levels in LSD, as in the case of Hurler MPSI,
Hunter MPSII, MLD, Sanfilippo MPSIIIA and MPSIIIB, Niemann–Pick A, Tay–Sachs, Batten
Type 1, and GM1-gangliosidosis (Section 3). Furthermore, IgG-LSD enzyme fusion proteins
were validated in experimental models of Hurler MPSI, Hunter MPSII, and Sanfilippo
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MPSIIIA (Section 3). In addition, a model of a BBB-penetrating tetravalent bispecific MAb
directed to Ab was validated in experimental AD in mice (Section 4). IgG fusion proteins
with TNFR and EPO were also effective in a mouse model of AD (Sections 5 and 6). Finally,
brain-penetrating TNFR and neurotrophic factors were neuroprotective in mouse models
of PD and stroke (Sections 5 and 6).

BBB-penetrating IgG fusion proteins have shown excellent safety profiles in mice, non-
human primates, and humans, in general (Section 8). Anti-drug antibodies were reported;
however, those were not neutralizing, as no pharmacokinetic changes were seen at the
end of chronic treatments compared with the basal parameters. Minor infusion-related
immune reactions were also reported in humans, and those were similar to those seen
in standard ERT. Transient hypoglycemia was reported following the administration of
IgG-LSD enzymes targeting the BBB insulin receptor, an effect that was prevented by
infusing the fusion protein in dextrose-saline.

In conclusion, a broad range of brain-penetrating IgG fusion proteins have been
engineered and validated in various animal models of CNS disorders. The development of
IgG fusion proteins is well-advanced for the treatment of Hurler MPSI and Hunter MPSII,
which culminated in positive phase I-III clinical trials and the approval of the latter by the
regulatory agency in Japan. Pending further drug development, other members of the
brain-penetrating IgG fusion protein family discussed here are positioned to become a new
generation of pharmaceutical drugs for the treatment of human CNS disorders.
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Abstract: Enzyme replacement therapy (ERT) has paved the way for treating the somatic symptoms
of lysosomal storage diseases (LSDs), but the inability of intravenously administered enzymes to
cross the blood–brain barrier (BBB) has left the central nervous system (CNS)-related symptoms
of LSDs largely impervious to the therapeutic benefits of ERT, although ERT via intrathecal and
intracerebroventricular routes can be used for some neuronopathic LSDs (in particular, mucopolysac-
charidoses). However, the considerable practical issues involved make these routes unsuitable for
long-term treatment. Efforts have been made to modify enzymes (e.g., by fusing them with antibodies
against innate receptors on the cerebrovascular endothelium) so that they can cross the BBB via
receptor-mediated transcytosis (RMT) and address neuronopathy in the CNS. This review summa-
rizes the various scientific and technological challenges of applying RMT to the development of safe
and effective enzyme therapeutics for neuronopathic mucopolysaccharidoses; it then discusses the
translational and methodological issues surrounding preclinical and clinical evaluation to establish
RMT-applied ERT.

Keywords: lysosomal storage disease; neuronopathic mucopolysaccharidosis; blood–brain barrier;
neurodegeneration; enzyme replacement therapy; receptor-mediated transcytosis; transferrin receptor;
insulin receptor

1. Introduction

Delivery of therapeutics to the brain has always been hampered by the blood–brain bar-
rier (BBB), which protects the brain from external macromolecules, such as pathogenic and
toxic substances [1]. Indeed, the brain has been touted as a ‘sanctuary’ against chemother-
apy, because extravasating malignant cells escape from anti-cancer drugs in the peripheral
blood stream, lurk in the brain, and eventually cause fatal metastases therein [2]. Various ef-
forts have been made, therefore, to deliver therapeutics for brain diseases by circumventing
the BBB, including temporary mechanical disruption of the BBB by hyperthermia [3] and
ultrasound [4,5], and drug administration into the cerebrospinal fluid (CSF) by intrathe-
cal [6,7] and intracerebroventricular (ICV) [8] routes, whereby the drugs are expected to
diffuse through the CSF and become immersed in the brain parenchyma.

In contrast to the traditional view of the BBB as being made up primarily of restrictive
endothelial tight junctions that sequester the systemic/peripheral blood flow and the brain,
recent advances in BBB research have revealed that the BBB works more as a dynamic
neurovascular unit that regulates the transport of substances [9]. Transcytosis is one
such innate transport mechanism by the neurovascular unit, in particular, the vascular
endothelial cells. Receptor-mediated transcytosis (RMT), as opposed to non-selective
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adsorptive transcytosis, has received attention as a promising pathway through which to
traffic large molecules such as enzymes and biologics across the BBB [10].

Lysosomal storage diseases (LSDs) are a group of some 70 genetic metabolic disorders
in which enzyme deficiencies in lysosomes cause systemic pathological accumulation of
uncatabolyzed substrates, resulting in multisystemic progressive damage that manifests in
a broad spectrum of debilitating symptoms, including coarse facies, hepatosplenomegaly,
upper airway obstruction, cardiac dysfunction, and neurocognitive impairments [11], some
of which are life-limiting. Successful development of recombinant enzyme therapeutics has
enabled restoration of enzyme activities in some LSDs [12–14], and the advent of enzyme
replacement therapy (ERT) has since led to significant improvements in somatic/peripheral
symptoms and proximal outcomes in some LSDs [15]. However, as the BBB impedes the
delivery of the therapeutic enzymes into the brain, conventional ERT cannot alleviate
substance accumulation in the central nervous system (CNS), so progressive neurodegener-
ation in the CNS remains unbridled and culminates in neurocognitive deterioration [16].
Since most LSDs involve such unassailable CNS pathology, they are also known as neu-
ronopathic LSDs, and to this day, the means to deliver enzyme therapeutics to the brain
remains a critical unmet medical need [17,18].

For intra-CSF administration of therapeutic enzymes, the ICV route has proved viable,
as exemplified by cerliponase alfa for the treatment of neuronal ceroid lipofuscinosis type
2 [19,20] and idursulfase beta for mucopolysaccharidosis II (MPS II, Hunter syndrome) [21].
However, even after successful drug distribution to the brain parenchyma following intra-
CSF administration, significant drug efficacy is not yet fully guaranteed [22], because
the CSF remains problematic as a vehicle for drug delivery [23]. Moreover, concomitant
peripheral administration of enzyme therapeutics to deal with substance accumulations
in the periphery is necessary, which imposes further burdens on pediatric patients and is
inimical to lifelong treatment for these chronic ailments.

Consequently, an enzyme therapeutic designed to address both the peripheral/somatic
and CNS manifestations will be the most suitable means of overcoming these difficulties
and providing an improved form of ERT for neuronopathic LSDs. Several attempts have
been made to realize these objectives by equipping enzyme therapeutics with the capacity
to undergo RMT. This review summarizes the hitherto known applications of RMT for drug
delivery to treat neuronopathic MPSs, in particular, illustrates the pitfalls and challenges
of engineering enzyme therapeutics to harness effective RMT, highlights translational
issues in establishing RMT-applied ERT by preclinical and clinical evaluations, and, finally,
delineates the remaining issues surrounding drug delivery to the brain in general.

2. Transcytosis through the BBB: A Breakthrough for Brain Drug Delivery
2.1. Application of Receptor-Mediated Transcytosis for Brain Drug Delivery

Transcytosis is a mechanism of transcellular transport of molecules via vesicles [9,24]
and contributes to the physiological function of the BBB in regulating substance transport
from the systemic circulation to the CNS. When activated in cerebrovascular endothelial
cells, this mechanism can also serve as a potential conduit for ferrying large molecules into
the brain parenchyma. It has, therefore, kindled various research projects to apply it to brain
drug delivery by what is known as the Trojan horse method [25], whereby a drug normally
nontransferable across the BBB is, by chimeric peptide technology, conjugated or fused to a
BBB transport vector, the vector being an endogenous peptide or anti-receptor monoclonal
antibody that undergoes RMT without competing with endogenous ligands. RMT has been
actively utilized in modifying enzyme therapeutics for ERT for neuronopathic LSDs [26,27].
This application has become possible thanks to the evolving understanding of intracellular
trafficking, receptor binding, and protein engineering [28]. RMT is considered very suitable
for application to pharmacotherapy [29] due to the innate physiological mechanism of
the BBB that makes abundant receptors available, in addition to which, the very small
inter-capillary distances in the brain allow each neuron to be perfused by the blood vessels
surrounding it, making it ready to receive the trafficked substance [30]. Moreover, RMT
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allows highly specific trafficking of the targeted substance to which specific antibodies
are fused. Therefore, RMT enables more stable and repeatable substance trafficking than
modification of BBB permeability, which can be transient and perturb the normal function
and structure of the BBB [29].

The main receptors studied for RMT so far are insulin [31–33] and transferrin receptors
(TfRs) [34–38], although others (e.g., low-density lipoprotein receptor [39,40], neurotropic
virulence factor receptors [41,42], CD98 heavy chain [43], and GLUT1 [44,45]) have also
been suggested as potentially useful for brain drug delivery.

Figure 1 illustrates the mechanism of transcytosis mediated by TfRs [46]. Transferrin
binds to the TfRs located on the luminal side of the microvascular endothelial cells in the
brain and is absorbed into the endothelial cells (endocytosis), in which it is then transported
towards the abluminal side of the cells facing the brain, and subsequently released from
the receptors to reach the brain parenchyma (exocytosis). Likewise, enzymes fused with
anti- TfR antibodies bind to the TfRs, are then internalized into and trafficked across the
endothelial cells, and are finally unleashed into the abluminal side of the endothelium so
that they can reach the brain parenchyma to exert drug efficacy in the targeted sites of
action (i.e., neurons and glial cells).
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Figure 1. A schematic representation of transferrin receptor-mediated transcytosis in the blood–brain
barrier (Revised from Yamamoto and Kawashima [46]).

2.2. Optimizing RMT for ERT

Successful application of RMT for ERT can be realized, first, when attachment of the
enzyme to the ‘Trojan horse’ (i.e., a molecular cargo on which to load the drug for delivery
across the BBB) is achieved through high-standard genetic engineering [25], and, secondly,
when critical factors affecting RMT [47] are modulated so as to enable the most efficient
and stable trafficking of the drug. The former requires optimal molecular architecture
of the enzyme therapeutic as a whole [48] with the help of precise protein and antibody
engineering [24], whilst the latter requires elucidation of the mechanism of antibody passage
across the BBB [29], which involves many hitherto unanswered questions.

2.2.1. Antibody Engineering for RMT

In order to design and generate ideal antibodies for specific RMT, several serious limi-
tations that have long compromised biotherapeutic engineering need to be overcome; these
include poor pharmacokinetic parameters, non-optimal distribution, inhibition of their
binding with Fc receptors, toxicity [49], and untoward influence on the original receptor
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functions. Furthermore, the immunogenicity inherent in biotherapeutics that is associated
with risks of decreased tolerance and efficacy must be controlled if a therapeutic is to be
utilized for long-term treatment, as is the case with ERT for neuronopathic MPS. Therefore,
production of biotherapeutics requires continual optimization processes to maximize their
therapeutic potential, on the one hand, and to ensure an acceptable safety profile on the
other [50]. The optimization processes must also aim to achieve the most favorable phar-
macodynamic response and pharmacokinetic parameters as possible. Furthermore, when a
suitable antibody is tailored as a biotherapeutic for RMT-applied ERT targeting a specific
neuronopathic MPS, the bioengineering processes may very well have to be revamped
when a different enzyme needs to be fused with an antibody for separate ERT for a different
LSD, even when the same previously established RMT mechanism is utilized. In other
words, successful realization of RMT-applied ERT for a neuronopathic LSD depends heavily
on whether specifically optimized design and production of an antibody-fused therapeutic
can be achieved in the time and with the resources and bioengineering prowess available.

Goulatis [51] pointed out that antibody-antigen receptor interaction plays a pivotal
role in optimizing substance trafficking across the BBB, which is deeply affected by bind-
ing affinity, avidity, and pH sensitivity. Ongoing controversies surround the optimal
combination of antibody affinity towards the antigen receptor and the brain’s uptake of
antibody-fused therapeutics. Whereas moderate-affinity monovalent anti-TfR antibodies
fused with an enzyme therapeutic have been reported to traverse the BBB more efficiently
than high-affinity bivalent antibodies fused with a comparable enzyme [48], antibodies
with relatively high affinity have been shown to achieve efficient transport across a wide
range of injection doses, as opposed to antibodies with low affinity transported only at
high doses [52].

Most of the enzymes that are deficient in LSDs incorporate modified mannose-6-
phosphatase (M6P) and undergo hepatic and other clearance dependent on M6P receptors
(M6PRs), which accounts for their limited plasma retention time. This negatively affects
their binding to the TfRs on cerebrovascular endothelial cells. In order to ensure sufficient
binding to the TfRs, enzyme therapeutics need to have binding affinity higher than is
generally seen in biologics with good plasma retention. However, when enzymes are
released from endothelial cells into the brain parenchyma, high binding affinity invariably
leads to reduced dissociation of the enzymes from the TfRs, thereby diminishing the number
of molecules that reach the brain. Taken together, it seems sensible to strike a balance
between the binding efficiency of enzyme therapeutics to the apical side of endothelial
cells and their efficient dissociation on the vasolateral side at the same time to achieve the
most suitable avidity for drug delivery across the BBB. Furthermore, accumulated clinical
data from mid- to long-term ERT are needed to determine the optimal dosage and actual
clinical efficacy of the therapeutics for neuronopathic LSDs, because such matters cannot
be resolved by preclinical and theoretical discussions alone.

After appropriate bioengineering methods for creating a biotherapeutic for RMT-
applied ERT are duly established, sufficient quantities have to be manufactured for the
drug to be tested in preclinical and clinical studies. This invariably involves timely scaling-
up of drug production, with an eye to further augmentation to supply a wider patient
population after the drug is approved. Unlike the preclinical and clinical studies of the
therapeutic, the ingenious and painstaking efforts devoted to the bioengineering and
manufacturing of the drug usually remain unpublished, because these endeavors involve
essential information pertaining to intellectual property. Thus, discussion of these critical
processes is inevitably restricted to mere general descriptions of the major issues with-
out any quantitative or qualitative details. It would actually be very helpful if detailed
descriptions of the caveats and other issues were published to avoid unnecessary rep-
etition of mistakes, underestimation of critical points, and unguided guesswork in this
unchartered field. Figure 2 summarizes the complex processes of selecting, optimizing, and
manufacturing enzyme therapeutics for RMT-applied ERT for neuronopathic LSDs.
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2.2.2. Other Known Factors Regulating Transcytosis

Numerous factors are known to affect the transcytosis mechanism [47], with phys-
iochemical factors playing an indispensable role, as seen in TfR-mediated transcytosis,
which depends on the pH and polarity of proteins [53]. Temperature [54] and oxygen
levels have also been suggested to influence transcytosis, the latter being observed, for
instance, in BBB permeability affected by hypoxia [55]. Furthermore, several cytokines
have been identified as related to transcytosis via cellular signaling amongst endothelial
cells, pericytes, and astrocytes [56]. Muldoon et al. [57] postulated a physiological barrier
at the basal lamina of the brain microvasculature distal to the anatomic BBB (tight junction),
which limits the distribution of proteins and viral particles with large molecular weights
after transvascular delivery to the brain. Although the roles of these factors in relation to
transcytosis are far from being fully understood, their potential implications may require
attention in optimizing RMT for ERT.

3. Preclinical Evaluation of RMT-Applied ERT

A PubMed literature search using enzyme replacement therapy and transcytosis as
keywords produced only 10 hits for the past 10 years up to April 2022. Given this limited
number of references, this section looks mainly at the preclinical and clinical studies of
pabinafusp alfa (JR-141), a recently developed drug for RMT-applied ERT. Pabinafusp alfa is
a genetically engineered fusion protein developed by JCR Pharmaceuticals for intravenous
ERT for neuronopathic MPS II. It consists of an anti-human TfR (hTfR) antibody and
human iduronate-2-sulfatase (IDS) fused to the C terminus of the immunoglobulin G
(IgG) heavy chain. Robust preclinical [37,58–61] and clinical [62–65] evidence shows that
it exhibits unequivocal dual efficacy against peripheral/somatic and CNS manifestations
in patients with genetic IDS deficiency by delivering the enzyme therapeutic via TfR-
mediated transcytosis across the BBB (a proprietary technology named J-Brain Cargo®). It
received regulatory approval in Japan in 2021, spearheading other RMT-applied enzyme
therapeutics in development worldwide.

3.1. Preclinical Efficacy Evaluation

Preclinical proof of concept of pabinafusp alfa in terms of its dual efficacy was ex-
amined stepwise [37]. First, human TfR-mediated cellular incorporation of the drug was
shown in cultured human fibroblasts as in vitro evidence of its intracellular uptake via
TfR-mediated endocytosis. Pabinafusp alfa was then administered intravenously to hTfR
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knock-in mice (an animal model of MPS II). While pabinafusp alfa was detected in the
brain, naked hIDS was not, thereby providing in vivo evidence of delivery of the drug
to the brain through the BBB. Finally, to underpin its dual efficacy, the enzyme activity
of pabinafusp alfa was substantiated by observed reductions in the accumulation of sub-
strates (i.e., glycosaminoglycans [GAGs]) in both the peripheral tissues and the brains of
hTfR-knockin/Ids-knockout mice following intravenous administration of the drug.

Measurement of intracerebral GAG accumulations is the most direct indicator of
enzyme activity in the brain, but because such measurement is inimical to clinical drug eval-
uation in patients, a surrogate efficacy endpoint had to be sought instead that could be used
in both the preclinical and clinical investigations [58]. GAG concentrations (particularly
those of heparan sulfate [HS]) in the CSF were found to correlate well with intracerebral
GAG accumulations in the hTfR-knockin/Ids-knockout mice. An assay method to quantify
HS concentrations by liquid chromatography-tandem mass spectrometry was established,
which reliably measured HS accumulations in the CSF of the mice and demonstrated
correlations between the intracerebral and intra-CSF HS levels. Furthermore, reductions
in intracerebral and intra-CSF HS levels following intravenous administration of pabina-
fusp alfa, which had been observed previously in mouse brains, were replicated by this
method in the hTfR-knockin/Ids-knockout mice, constituting preclinical proof of concept
of the drug.

To further validate the efficacy of pabinafusp alfa against neurodegeneration, Mori-
moto et al. [59] demonstrated that the clearance of intracerebral HS accumulations induced
by intravenous administration of pabinafusp alfa prevents neurodegeneration and resultant
neurocognitive dysfunctions in MPS II mice. The drug reduced HS levels and attenuated
histopathological changes in both the brain and peripheral tissues. Moreover, the loss of
spatial learning abilities, a manifestation of neurocognitive impairment in MPS II mice,
was completely suppressed by pabinafusp alfa, but not by idursulfase, indicating an asso-
ciation between HS deposition in the brain, neurodegeneration, and CNS manifestations.
Furthermore, HS concentrations in the brain and their pabinafusp alfa-induced reduction
correlated with those in the CSF. Dose-dependent relationships between long-term intra-
venous treatment with pabinafusp alfa and its effects on the CNS (reductions in HS levels
in the brain and CSF, prevention of neuronal damage, and improved neurobehavioural
performance) in the model mice [61] corroborates a quantitative dose-dependent relation-
ship between HS reduction in the CNS and neurocognitive improvements in MPS II mice.
Taken together, these preclinical findings establish the central efficacy of the drug in both
stabilizing and preventing neuronopathy in MPS II.

Arguello et al. [48] have also reported positive results with an IDS transport vehicle
(DNL 310) utilizing transferrin receptor-mediated transcytosis in MPS II mice: reduced
levels of peripheral and CNS GAGs were noted along with improvements in auricular,
skeletal, and neurobehavioural abnormalities, although the dose-response relationship
between these effects and DNL 310 have apparently not yet been examined.

These preclinical evaluations have revealed a number of challenges that may be
informative for similar future endeavors to establish RMT-applied ERT for neuronopathic
LSDs at large. First, in contrast to the ostensibly straightforward pathophysiology common
in LSDs (i.e., genetic enzyme deficiency causing accumulation of uncatabolized substrates
that leads to systemic dysfunction), the exact neuropathogenesis is complex and remains to
be elucidated [26]. Moreover, there is no established optimal method for evaluating novel
therapeutics with new mechanisms of action against this complex and severe progressive
disease. At the very least, the items listed below should be conceptualized, examined
in practice, validated, and included in the evaluation process of novel therapeutics for
neuronopathic LSDs. These items also need be shared and discussed with regulatory
agencies to confirm their scientific, medical, and regulatory acceptability and ensure timely
regulatory approval.
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• Key pathognomonic signs and symptoms to be selected and focused on;
• Clinical efficacy endpoints that correlate well with these signs and symptoms and are

considered most likely to respond to treatment;
• Surrogate endpoints that can represent and correlate with these clinical endpoints,

and that are also measurable in animal models of the disease;
• Quantitative and qualitative methods to evaluate these endpoints: these methods also

need to be conducive to both preclinical and clinical studies.

3.2. Preclinical Safety Evaluation

Antibody-based drugs generally have high target specificity [66], as seen in the
complement-dependent cytotoxicity (CDC) and antibody-dependent cellular cytotoxi-
city (ADCC) of biotherapeutics for cancer [67,68]. However, in therapeutic areas outside
oncology, cytotoxicity mediated by the antibody would merely compromise the safety of
the biotherapeutic and be counterproductive to its expected efficacy. On the other hand,
whether the physiological functions of the innate receptors specifically utilized in RMT can
be affected by their utilization needs to be evaluated, particularly when the drug is used
long-term. Iron and glucose metabolism, for instance, should be examined for its potential
untoward influence on ERT via the transferrin and insulin receptors, respectively.

3.2.1. Evaluation of Antibody-Derived Cytotoxicity

A four-week repeat-dose toxicity study of pabinafusp alfa at dosages of up to
30 mg/kg/week was conducted in sexually mature and juvenile monkeys, along with
a 26-week repeat-dose study in 2- to 4-year-old monkeys [60]. CDC (an effector function
of IgG and IgM) is a cytolytic cascade triggered by binding of the complement C1q to the
constant region of cell-bound antibodies, followed by activation of a series of complement
proteins [69,70]. CDC was elicited by the anti-hTfR monoclonal antibodies (mAb) used
in pabinafusp alfa, but not by the fusion protein as a whole. This is probably because the
fusion of the enzyme to the mAb interferes with the access of complement proteins to the
antibody moiety via steric hindrance, hence the loss of CDC activity of pabinafusp alfa.
ADCC (another effector function of IgG) is involved in the cytotoxicity towards opsonized
cells (cells coated with antibodies) of such effector cells in the immune system as natural
killer cells [ibid]. Thus, ADCC requires an interaction between the antibody CDR domains
and antigens on the target cells (i.e., endothelial cells) along with binding of the antibody Fc
domains to the Fcγ receptors on the effector cells. Neither the humanized anti-hTfR mAb
nor pabinafusp alfa caused ADCC in this toxicology study [60]. The carbohydrate structure
of the Fc region is known to be critical for the binding of antibodies to the Fcγ receptors of
the effector cells [ibid]. As the structure of the anti-TfR mAb moiety in pabinafusp alfa is
similar to that of natural IgG1, the binding ability of pabinafusp alfa to the Fcγ receptors
may be retained at least to some degree. Therefore, the bridge formation between the
effector cells and the endothelial cells, an essential step in initiating ADCC, is lacking, thus
precluding safety concerns regarding ADCC.

3.2.2. Potential Influence of RMT on the Original Receptor Functions

The receptor-binding property of an antibody-fused therapeutic for RMT-applied
ERT may raise concerns about its influence through the antibody-receptor interaction on
the original physiological functions of the receptors. Indeed, a clinical trial of AGT-181
(valanafusp alpha), α-L-iduronidase fused with anti-insulin receptor antibody, found drug-
related transient hypoglycemia in 6.4% of the patients with MPS I [71]. However, this
finding can be attributed to the insulin agonist activity of the anti-insulin receptor antibody
that constitutes AGT-181 [72], and is not necessarily related to the transcytotic effect per se
of the compound. In a clinical trial of DNL-310, an enzyme fusion protein that contains a
low-affinity transferrin-binding peptide, anemia was detected in two of the five patients
with MPS II given DNL-310, although this was not considered to be related to the drug [73].
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However, the potential association of DNL-310 with anemia in relation to the transferrin
receptors, also expressed in high amounts on erythroblasts, may require further evaluation.

In contrast, preclinical studies of pabinafusp alfa show no interference with the binding
of transferrin to its receptors [60]. We consider this to be because the TfR epitope recognized
by the anti-TfR antibody in pabinafusp alfa is distinct from the transferrin binding site of
the TfR. More importantly, cynomolgus monkeys treated with pabinafusp alfa showed
no abnormalities in such iron-related parameters as serum iron, unsaturated iron binding
capacity, ferritin, haptoglobin, and total iron binding capacity [ibid]. Thus, pabinafusp alfa
has minimal potential to produce any toxicity related to perturbation of the iron metabolism.
The clinical trials of pabinafusp alfa so far conducted, as detailed below, have elicited no
adverse events associated with the iron metabolism [62–65].

Overall, the likelihood of potential interactions between the antibody in the RMT-
applied therapeutic and the targeted receptor seems to differ from one therapeutic to
another, and is, perhaps, not dependent on the kind of receptor that mediates transcytosis.
Furthermore, preclinically identified interactions may not directly translate into relevant
or clinically significant adverse events, while preclinically undetected interactions may
very well lead to receptor-associated adverse events. Translating preclinical toxicological
findings into clinically meaningful safety endpoints is never easy, but given the debilitating
nature of progressive neurodegeneration in neuronopathic LSDs, for which no ERT is
available, the potential risks of these events are almost certainly outweighed by the clinical
benefits of RMT-applied ERT, provided that adverse events related to RMT, if any, are
clinically manageable and do not offset the overall benefits of the treatment.

3.2.3. Anti-Drug Antibodies and Resultant Infusion-Associated Reactions

As detailed in Section 4.3.3, repeated enzyme replacement is known to generate anti-
drug antibodies that can lead to infusion-associated reactions (IARs) that are detrimental to
safety and efficacy. Furthermore, cross-reactive immunological material (CRIM)-negative
LSD patients with complete absence of enzyme activity are known to frequently exhibit
IARs caused by neutralizing antibodies in particular. While the anti-drug antibodies
and enzyme therapeutics can be trafficked together to intracellular lysosomes in which
the enzyme can function once the antibody degrades, the neutralizing antibodies inhibit
the M6PR-dependent intracellular uptake of the enzyme, significantly reducing drug
efficacy. However, this is not the case with fusion proteins such as pabinafusp alfa, which
is expected to allow TfR-dependent cellular uptake, as long as no neutralizing antibodies
against the antibody CDR domain are generated, even if anti-drug antibodies against the
enzyme or neutralizing antibodies against M6PRs are present. Such a mechanism of action
involving both TfRs and M6PRs is, therefore, expected to contribute to reducing the risk of
neutralizing antibody generation and ensuring better safety and efficacy in long-term ERT.

4. Translation and Clinical Establishment of RMT-Applied ERT
4.1. RMT-Applied ERT

Table 1 summarizes the clinical development of five therapeutics to which RMT has
been applied in order to establish ERT for neuronopathic MPS. AGT-181 and AGT-182
utilize the insulin receptor, while the other three harness RMT via the TfR.

4.2. Issues with Extrapolating Preclinical Findings to Humans

The antibodies utilized for enzyme therapeutics in RMT-applied ERT are designed
to bind to the innate human receptors on the cerebrovascular endothelial cells. However,
preclinical efficacy and safety evaluations of the therapeutics have to be conducted in
animal models (mice, rats, and monkeys). Although inter-species differences in the amino
acid sequence of the TfR may be relatively small, subtle differences in the epitope of
the TfR can have a significant influence on the antibody affinity of the biotherapeutic.
Therefore, hTfR-knockin/Ids-knockout mice were required, as they enable comparable and
extrapolatable efficacy evaluation. However, as genetic induction in rats and monkeys is
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prohibitively difficult, the extrapolability of the preclinical data on these animals depends
on the extent to which the antibody affinity of the biotherapeutics to their respective TfRs is
reasonably comparable to that in humans. This general issue of scientific appropriateness
and regulatory acceptability of extrapolated preclinical data is of particular importance for
RMT-applied ERT in terms of pharmacokinetics and pharmacodynamics, as detailed below.

Table 1. Clinical trials of the new therapeutics for neuronopathic MPS that utilize receptor-
mediated transcytosis.

Disease Compound Clinical Phase/Status Targeted
Receptors Sponsor Publication Identifier

MPS I

AGT-181
(valanafusp

alpha)
Phase I (completed) Insulin receptors ArmaGen Giugliani et al. [70] NCT02262338

JR-171
(lepunafusp alfa) Phase I (completed) Transferrin

receptors
JCR Pharmaceu-

ticals Not available NCT04227600

MPS II

AGT-182 Phase I/II (completed) Insulin receptors ArmaGen Not available NCT03053089

Pabinafusp alfa
(JR-141)

Phase III (completed)
Approved in Japan in 2021

Transferrin
receptors

JCR Pharmaceu-
ticals

Okuyama et al.
[62,63]

Giugliani et al. [65]
NCT03568175

Phase II/III (completed)
Filed for regulatory

approval in Brazil in 2021
Giugliani et al. [64] NCT03359213

Phase III (recruiting in the
US, EU, UK and Brazil) Not available NCT04573023

DNL-310 Phase I/II (recruiting) Transferrin
receptors

Denali
Therapeutics Not available NCT04251026

4.2.1. Pharmacodynamic Issues

Higher brain functions (e.g., memory, consciousness, emotion, and cognition) and
their disorders are notoriously difficult to evaluate in animal experiments and, even if
it is possible, further difficulties arise in extrapolating the preclinical data to humans,
hence the low clinical success rate for drugs that show tremendous promise in animal
experiments intended to model psychiatric pathophysiology [74,75]. As it is all but im-
possible to comprehensively capture the multifaceted manifestations of neuronopathic
LSDs either preclinically or clinically [26], some key features must be selected, taking
account of their clinical significance, quantifiability, correlation with treatment response,
operational feasibility, and regulatory acceptability. For this purpose, a two-pronged ap-
proach to pharmacodynamic evaluation has been taken: (1) measuring GAG levels (in
particular HS levels) in the CSF as a representative etiological factor for the subsequent
neuropathological cascade of events, and (2) conducting evaluation and analysis of neu-
rocognitive development as one of the most notable clinical correlates in the final stage
of the cascade. The latter was done preclinically by using the Morris water maze test
for spatial learning assessment [59], and clinically by employing reliable and validated
neurodevelopmental batteries for neurocognitive assessment [63–65], in addition to other
quantitative and qualitative measures, such as histopathological assessment of the brain
for preclinical evaluation, and magnetic resonance imaging of the brain in MPS II patients.
These pharmacodynamic evaluations may be applicable to other types of neuronopathic
MPS, but they probably need to be modified or supplanted with other disease-specific
assessments for individual neuronopathic LSDs, given the marked heterogeneity in their
manifestations, clinical courses, outcomes, and severity [11].

In our preclinical studies with mouse disease models, we have often observed markedly
aggressive behavior (e.g., fighting) in caged animals (unpublished). Such behavioral find-
ings may be of translational importance, because they may correspond to neurocognitive
impairments and associated behavioral features that have been well documented in MPS II
patients. Indeed, throughout our clinical trials in Japan and Brazil, many patients exhib-
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ited anxiety, excitability, and hyperactivity that often rendered even sitting at a table for
meals difficult and family outings impossible. As the trials continued, narrative reports
from physicians, caregivers, and family members described markedly improved mood,
emotional stability, comprehension, and responsiveness in the patients, some of whom then
even managed to stay calm during mealtimes in and outside their homes [62–65,76]. These
positive behavioral changes often seem to be preceded by subtle yet important non-verbal
aspects such as smiling, which, as an attachment behavior, is regarded as a critical devel-
opmental milestone in child development [77]. These behavioral changes may be taken
as early favorable signs that foreshadow later, more recognizable CNS function-related
responses to treatment. In turn, the aforementioned specific behavioral characteristics
observed in the mouse models may be worth further attention, as they might potentially
serve as preclinical endpoints for capturing early treatment response.

4.2.2. Pharmacokinetic Issues

In intrathecal and intracerebroventricular administration of enzyme therapeutics for
delivery to the brain, the CSF in the subarachnoid space and the ventricles assumes an
essential pharmacokinetic role as a medium for drug administration, distribution, and
elimination. In allowing the substrate concentrations therein to serve as a critical surrogate
efficacy endpoint, as described above, the CSF is also of pharmacodynamic importance.
However, RMT-applied ERT differs from ERT via intra-CSF drug administration in terms
of the role of the CSF. In the former, the drug is distributed through the systemic blood
circulation; RMT then occurs, followed by drug diffusion towards the brain parenchyma.
In this process, the CSF works more or less as a reservoir into which a very limited portion
of the drug is excreted after being consumed, making the intra-CSF drug concentrations
negligibly small. In contrast, drug concentrations in the CSF are naturally very high after
intra-CSF drug administration, although smaller quantities of the drugs actually reach the
brain parenchyma than in RMT-applied ERT. This is because drugs administered via the
CSF must be distributed in retrograde (i.e., cephalad or headward) diffusion against the
normal CSF flow to reach the brain parenchyma, so drug penetration from the CSF can be
minimal [1,78]. Thus, interpretation of the CSF-related pharmacokinetic parameters must
take account of the unique characteristics of the CSF circulation in relation to drug delivery.
Here again, the extrapolability of the CSF findings and related pharmacokinetic parameters
in experimental animals needs further attention [79].

4.3. Clinical Investigation with RMT-Applied ERT for Neuronopathic LSDs
4.3.1. Overall Challenges

The general challenges for clinical trials involving rare diseases include paucity of
patients available for trials, limited enrollment capacity/efficiency at investigational sites,
limited numbers of investigators/specialists globally, and operational hurdles to conduct-
ing multinational multi-site trials. It follows that the oft-employed strategy of increasing
the number of participating sites to compensate for the limited number of patients at each
one is not as helpful when it comes to clinical trials involving rare diseases as it is in other
therapeutic areas. Neuronopathic LSDs present further problems related mostly to their
complex and progressive pathology, which renders efficacy evaluation and subsequent
determination of therapeutic effects difficult and time-consuming. One counterintuitive
challenge is that even though neuronopathic LSDs are rare, they exhibit enormous phe-
notypic heterogeneity, which partly accounts for their frequently delayed diagnosis and
treatment initiation. These factors only further complicate the constraints involved in
designing and conducting clinical trials, making the gold standard of clinical trials—A
sufficiently powered comparative randomized controlled trial—enormously challenging
to conduct in a timely and operationally realistic fashion. Furthermore, when there is no
established standard treatment at all for the disease, an untreated comparator arm is not
ethically acceptable. In such cases, one sensible option for making informative efficacy
comparisons is to compare the treatment group with what is known as a historical control,
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which means using clinical data on previous patients with the same disease. It is necessary
to ensure, of course, that both datasets are collected using the same, or at least comparable,
assessment methods to allow meaningful efficacy analysis [80].

4.3.2. Clinical Efficacy Evaluation

Treatment for neuronopathic LSDs must address both the peripheral/somatic and
CNS manifestations, so both of these efficacy endpoints need to be captured quantitatively
and qualitatively.

Peripheral efficacy endpoints focus on major somatic signs and symptoms (urinary
and plasma concentrations of substrates, hepatosplenomegaly, cardiac and pulmonary
functions, 6-minute walk test, and joint motion), while central efficacy evaluation needs to
examine some major aspects of the neuronopathy that affect the manifold functions and
structures of the CNS. The trials described above (completed or ongoing) have commonly
examined substrate levels in the CSF, along with various neuropsychological functions
via such established test batteries as the Bayley Scales of Infant and Toddler Develop-
ment, the Kaufman Assessment Battery for Children, and the Vineland Adaptive Behavior
Scales [63–65]. Neuroimaging is also necessary to identify cerebral atrophy, ventricular
enlargement, and other discernible structural changes of the brain, and to assess visual and
auditory functions.

One fundamental difficulty inherent in neurodevelopmental assessment is that while
normal development always takes years, in patients with neuronopathic LSDs, it can
proceed without marked disturbance from birth, reach a plateau in early childhood, and
then deteriorate afterwards, albeit with marked variability [81]. Therefore, evaluations of
the potential effects of RMT-applied ERT on developmental trajectories in patients with
notable interindividual differences will invariably require observations over several years.
This seriously compromises the mission to develop novel therapeutics expeditiously for
patients with deteriorating neuronopathy, although it should also be noted that with short-
term observation there is a risk of overlooking treatment efficacy that might have been
noted with sufficiently long observation. A sensible compromise between the scientific
requirement to establish long-term efficacy and the critical clinical need to expedite the
introduction of novel treatments would be to use neurodevelopmental batteries for several
years to evaluate neurocognitive efficacy along with surrogate endpoints to buttress positive
CNS efficacy signals, and then to seek conditional regulatory approval with the data
obtained, which should later be corroborated by long-term developmental and other CNS-
related data collected in post-marketing surveys.

4.3.3. Clinical Safety Evaluation

For RMT-applied ERT, two groups of safety endpoints require particular attention:
adverse events related to the infusion of biotherapeutics (i.e., IARs) [82], and adverse events
related to the effects of the test drugs on the specific innate receptors utilized for RMT. IARs
are a set of common adverse drug reactions to monoclonal antibodies, and they involve
various symptoms ranging from discomfort, skin and/or mucosal tissue manifestations
(e.g., generalized hives, pruritis, and flushing), and gastrointestinal symptoms (nausea
and vomiting), to more severe symptoms, such as respiratory compromise (dyspnea,
wheezing, and hypoxemia) and hypotension. Serious manifestations, such as anaphylaxis
and cytokine release syndrome, are sometimes reported, and these can be fatal if not
properly managed. IRAs generally occur on the first day of drug administration, often
starting within seconds or minutes of the first exposure. Premedication with antihistamines
or corticosteroids, for example, is sometimes given to prevent or ease their occurrence, and
slowing the infusion rate can also be effective. However, immunogenicity is a concern in
enzyme replacement therapy [83], and various measures have been proposed to mitigate
the long-term risk of immunogenicity and to ensure the therapeutic benefit of ERT for
patients with LSDs (e.g., prophylactic immune tolerance induction). Such measures are
necessary, because IARs affect not only the long-term tolerability and safety profile of the
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drug, but also the efficacy of the drug itself, which is why concurrent immunomodulation
is sometimes recommended to maximize the efficacy of ERT [84].

The potential adverse events related to the specific receptors utilized for RMT-applied
ERT are discussed in Section 3.2.2.

4.3.4. Post-Approval Evaluations

Regulatory approval of RMT-applied ERT for neuronopathic LSDs on the basis of
relatively limited efficacy data is necessary to meet the urgent medical needs of affected
patients, but this means that long-term efficacy data are of particular importance to consoli-
date the effects of the drug on the CNS and ensure that the regulatory conditions for its
approval are fully met. Furthermore, because neuronopathic LSDs are rare yet heteroge-
nous as a nosological entity, much about them remains to be elucidated. It is very likely,
therefore, that clinical data and observations from both pre- and post-approval studies
will shed new light on the pathogenesis, clinical course, and prognosis of the disease by,
for instance, differentiating patients with the same diagnosis according to their treatment
response, thereby revealing hitherto unknown characteristics of the disease. Information
thus obtained will facilitate accurate and timely diagnosis of the disease, which will, in turn,
enable early initiation of the most appropriate treatment. The intertwined yet reciprocal
relationship between diagnosis and treatment seen in LSDs, whereby a novel treatment
helps refine diagnosis and vice versa, is reminiscent of the ancient clinical approach known
as diagnosis ex juvantibus (attempting to diagnose a disease by treating it) [85].

5. Conclusions

This review summarizes some of the trailblazing efforts made to apply RMT to ERT for
the treatment of neuronopathic MPSs. After more than 25 years and umpteen attempts to
develop biotherapeutics for brain diseases, the possibility of using transcytotic mechanisms
to reengineer biologics has been greeted with great excitement [86]. However, as the
targeted disease itself and the application of RMT both involve innumerable unclarified
issues, these efforts have confronted formidable obstacles. To overcome these, a relentless
process of trial and error leading to ingenious ideas for improvement and serendipitous
discoveries was required, and the true innovative originality of many of these advances
remains unacknowledged. Indeed, some of the preclinical and clinical findings gained
in establishing RMT-applied ERT [1] may, when put in a wider context, clear up many
of the historical misconceptions about the CSF, the BBB, and the delivery of drugs to the
brain [30].

Nevertheless, the efficacy of RMT-applied ERT against CNS symptoms requires long-
term evaluation. Furthermore, in addition to its inability to treat neuronopathy, conven-
tional ERT suffers from other notable limitations, such as lack of effect on the cardiac valves,
trachea and bronchi, ears, and eyes, due to its limited ability to penetrate these tissues [87].
Notably, respiratory failure, which is the most common cause of death in patients with
MPS II [88], is associated with obstructions caused by GAG deposits in the respiratory tract,
which neither conventional ERT nor RMT-applied ERT can address sufficiently. Therefore,
further research and improvement of ERT is called for. Firstly, it needs to be fortified so that
the substance accumulations outside the reach of current ERT can be addressed in order to
improve survival outcomes. Secondly, the effects of RMT-applied ERT on neuronopathy
in MPS I and II need to be corroborated and established, beyond which it must then be
applied to other neuronopathic LSDs. Last, but not least, complex development and provi-
sion of RMT-applied ERT can lead to considerable socioeconomic burden on healthcare
at large. Hopefully, RMT will enable brain delivery of a wider range of therapeutics for
other neurodegenerative diseases, many of which still defy treatment, in a sustainable and
approachable manner to the patients and their caregivers.
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Abstract: Tumor necrosis factor alpha (TNF-α) plays a vital role in Alzheimer’s disease (AD) pathol-
ogy, and TNF-α inhibitors (TNFIs) modulate AD pathology. We fused the TNF-α receptor (TNFR), a
biologic TNFI that sequesters TNF-α, to a transferrin receptor antibody (TfRMAb) to deliver the TNFI
into the brain across the blood–brain barrier (BBB). TfRMAb-TNFR was protective in 6-month-old
transgenic APP/PS1 mice in our previous work. However, the effects and safety following delayed
chronic TfRMAb-TNFR treatment are unknown. Herein, we initiated the treatment when the male
APP/PS1 mice were 10.7 months old (delayed treatment). Mice were injected intraperitoneally with
saline, TfRMAb-TNFR, etanercept (non-BBB-penetrating TNFI), or TfRMAb for ten weeks. Biologic
TNFIs did not alter hematology indices or tissue iron homeostasis; however, TfRMAb altered hema-
tology indices, increased splenic iron transporter expression, and increased spleen and liver iron.
TfRMAb-TNFR and etanercept reduced brain insoluble-amyloid beta (Aβ) 1-42, soluble-oligomeric
Aβ, and microgliosis; however, only TfRMAb-TNFR reduced Aβ peptides, Thioflavin-S-positive
Aβ plaques, and insoluble-oligomeric Aβ and increased plaque-associated phagocytic microglia.
Accordingly, TfRMAb-TNFR improved spatial reference memory and increased BBB-tight junction
protein expression, whereas etanercept did not. Overall, despite delayed treatment, TfRMAb-TNFR
resulted in a better therapeutic response than etanercept without any TfRMAb-related hematology-
or iron-dysregulation in aged APP/PS1 mice.

Keywords: Alzheimer’s disease; transferrin receptor; TNF-α inhibitor; blood–brain barrier; molecular
Trojan horse

1. Introduction

Alzheimer’s disease (AD) is a chronic and progressive neurodegenerative disease
characterized by extracellular amyloid-beta (Aβ) plaques and intraneuronal neurofibril-
lary tangles [1]. Besides Aβ and tau tangles, mounting evidence suggests a central role
of neuroinflammation in AD pathogenesis [2]. Neuroinflammation is an inflammatory
response to a pathological stimulus in the brain orchestrated by the cerebral immune cells,
primarily the microglia [2]. In the AD brain, Aβ aggregates trigger microglial activation,
which results in the release of pro-inflammatory cytokines, including tumor necrosis factor
alpha (TNF-α) [2,3]. Accordingly, elevated serum levels of TNF-α in AD patients correlate
with increased physical and cognitive impairment [4,5], and TNF-α is widely studied as a
target for AD treatment [6]. Further, a genome-wide association study demonstrated that
TNF-α polymorphisms that are associated with inflammatory diseases and elevated TNF-α
levels are linked with late-onset AD [7].
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Several biologic TNF-α inhibitors have been approved for autoimmune conditions and
have been tested on AD rodent models and in humans. To achieve TNF-α inhibition within
the AD brain, biologic TNF-α inhibitors are administered via different routes or at high
doses to bypass the blood–brain barrier (BBB) due to their limited BBB penetration [6]. For
example, infliximab, a bivalent IgG monoclonal antibody acting as a competitive inhibitor
to TNF-α, reduced Aβ and tau pathology [8] and improved visual recognition memory [9]
upon intracerebroventricular injection in transgenic mouse models of AD. A woman AD
patient experienced rapid cognitive improvement upon intrathecal administration of inflix-
imab [10]. Similarly, etanercept, a fusion protein consisting of the fragment crystallizable
(Fc) region of human IgG1 and the extracellular ligand-binding domain of the type-II
human TNF-α receptor (TNFRII), improved clinical measures in AD patients when given
by the perispinal route [11]. High-dose (30 mg/kg) peripheral (subcutaneous) etanercept
administration reduced Aβ-associated pathology in a non-transgenic mouse model of
Aβ-induced cognitive deficit [12]. However, a double-blinded phase 2 trial showed no
clinical benefit of peripheral (subcutaneous) etanercept administration in AD patients [13].

To bypass the BBB and enter the brain parenchyma, the biologic TNF-α inhibitor
of choice can be fused to a monoclonal antibody against the mouse transferrin receptor
(TfRMAb); the latter undergoes receptor-mediated transcytosis from the blood into the
brain across the BBB [14]. A fusion protein of TfRMAb and the extracellular domain of
human TNFRII (TNFR), a TNF-α inhibitor, was engineered [14]. The TfRMAb-TNFR fusion
protein enters the mouse brain following intravenous, subcutaneous, and intraperitoneal
administration owing to the TfRMAb domain, and the TNFR domain of the fusion protein
binds to TNF-α to block downstream TNF-α signaling [15]. The TfRMAb-TNFR fusion
protein enters the brain with an uptake of ~3% injected dose/gram brain post intravenous
injection; in contrast, the brain uptake of the OX26 monoclonal antibody that does not
recognize the mouse TfR is negligible in mice [16]. TfRMAb-TNFR is, therefore, a brain-
penetrant biologic TNF-α inhibitor that rapidly enters the brain via the transvascular route
without the need for invasive administration or high doses [14,15].

Our previous work with the TfRMAb-TNFR in six-month-old mutant APP/PS1 male
mice showed better therapeutic indices for the TfRMAb-TNFR fusion protein in comparison
to the non-BBB penetrating etanercept [17]. There was a significant reduction in brain Aβ

burden, intercellular adhesion molecule-1 (neuroinflammatory marker), brain parenchymal
IgG (BBB damage marker), and recognition memory deficits in the adult APP/PS1 mice
treated with the TfRMAb-TNFR [17]. Further, TfRMAb-TNFR fusion protein treatment
resulted in low antidrug-antibody formation, which was comparable to etanercept after
twelve weeks of chronic dosing, with no signs of an immune response or cerebral mi-
crohemorrhage development [17]. Furthermore, the antidrug-antibodies formed against
TfRMAb-TNFR are expected to be non-neutralizing as no changes in TfRMAb-TNFR
plasma concentrations or clearance were observed following chronic dosing [18]. However,
the effect of initiating TfRMAb-TNFR treatment in older APP/PS1 mice when the AD
pathology is full-blown, and its safety profile following chronic administration in compari-
son to TfRMAb alone, have not been studied and were the focus of the current investigation.
The former is important given that AD is a progressive neurodegenerative disease that
advances with age [1], and the latter is crucial due to the reported hematology- and iron-
related dysregulation with chronic TfRMAb dosing [19] and because TfRMAb-based fusion
proteins have now advanced to humans [20]. Therefore, in the current study, we used older
10.7-month-old APP/PS1 male mice (instead of the 6-month-old male APP/PS1 mice used
in our prior work [17]) to mimic a delayed-treatment regimen and evaluated the effect of
the TfRMAb-TNFR on spatial reference memory, Aβ load, and microgliosis following ten
weeks of treatment. Further, the effect of chronic TfRMAb-TNFR dosing on hematology
indices, iron transporter expression, and tissue iron levels was studied in comparison with
TfRMAb.
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2. Materials and Methods
2.1. Fusion Protein

Recombinant TfRMAb-TNFR was produced via transient expression in Chinese ham-
ster ovary (CHO)-K1 cells, sequentially purified by protein A and size exclusion chromatog-
raphy (WuXi Biologics, Cranbury, NJ, USA), and verified by immunoblot as described
previously [17,18]. The affinity of TfRMAb-TNFR to the mouse TfR and human TNF-α
was confirmed by enzyme-linked immunoassays (ELISAs) [18]. Both the TfRMAb-TNFR
fusion protein and etanercept (International Laboratory USA, San Francisco, CA, USA)
were formulated in 100 mM glycine, 150 mM NaCl, 28 mM Tris, and 0.01% Polysorbate 80,
pH = 6.4, sterile filtered, and stored at −80 ◦C until use. The chimeric TfRMAb (Genscript,
Piscataway, NJ, USA) was produced via transient expression in ExpiCHO cells, sequen-
tially purified by a protein G column and size exclusion chromatography, and verified by
immunoblot, high performance liquid chromatography, and for endotoxin [19]. TfRMAb
was formulated in 10 mM sodium acetate, 150 mM NaCl, and 0.01% polysorbate 80, pH = 6,
sterile filtered, and stored at −80 ◦C until use, as previously described [19].

2.2. Chronic Dosing in a Mouse Model of Human Amyloidosis

Animal studies were performed on the 10.7-months-old hemizygous (APPswe, PSEN1dE9)
APP/PS1 male mice (Jackson Laboratories, Bar Harbor, ME, USA) in compliance with
University Laboratory Animal Resources under protocols approved by the University of
California, Irvine, Institutional Animal Care, and Use Committee. All the mice were housed
in standard cages under 12 h light/12 h dark cycles, with constant free access to food and
water, and divided into the following four groups: APP/PS1-Saline (treated with saline;
n = 20), APP/PS1-TfRMAb-TNFR (treated with 3 mg/kg TfRMAb-TNFR; n = 10), APP/PS1-
Etanercept (treated with 1.5 mg/kg etanercept; n = 10) and APP/PS1-TfRMAb (treated with
2.25 mg/kg TfRMAb; n = 5). The doses were based on the amino acid sequence of TfRMAb-
TNFR, which is 25% TNFR and 75% TfRMAb [14,16]. Etanercept is 50% TNFR based on
its amino acid sequence [21]. Mice were injected intraperitoneally (IP) with the respective
agents three days per week for ten weeks. All injected mice were carefully observed
to check for any abnormal response to the treatment (general appearance, spontaneous
locomotion, posture, and breathing) after each injection, and their body weights were
monitored weekly [19]. After ten weeks of treatment, locomotion and spatial reference
memory were assessed using the open-field and Y-maze tests, respectively. Terminal blood
was collected at 11 weeks, and a subset of blood samples per group was shipped out on
ice for a complete blood count (Molecular Diagnostic Services, Inc., San Diego, CA, USA),
after which mice were euthanized with Euthasol (150 mg/kg, IP) and perfused with cold
phosphate-buffered saline (PBS). After mice were sacrificed (the age of mice at sacrifice
was 13 months), brains were excised, the right hemi-brains were immediately fixed in 4%
paraformaldehyde for immunostaining, and the left hemi-brains were frozen in dry ice for
ELISA and Western blotting.

2.3. Open-Field Testing

The open-field test was performed after ten weeks of treatment, as described previ-
ously, using a square-shaped white open-field box (72 cm × 72 cm with 36 cm walls) with a
center square (36 cm × 36 cm) to measure locomotion and exploration [18]. Briefly, each
mouse was gently placed in the white open-field box, and their movements were recorded
for 5 min. Resting time, mean speed, and distance traveled were measured by the SMART
Video Tracking Software (Panlab, Harvard Apparatus, Holliston, MA, USA) [18].

2.4. Modified Y-Maze

The modified Y-maze was used to evaluate the spatial reference memory in aged
APP/PS1 mice [18]. The Y-maze apparatus consisting of three radial 30 cm arms (start arm,
novel arm, and familiar arm), was placed at the ground level. During the training phase,
mice were placed in the start arm to face the center of the maze and allowed to locate and
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explore only the start and familiar arms for 8 min, while a removable door blocked the
novel arm. After a 30 min interval, the door blocking the novel arm was removed, and
the mice were placed into the start arm again and allowed to explore the three arms for an
additional 8 min during the testing phase. Mice that did not explore the familiar arm during
the training phase or did not leave the start arm during the training or testing phase were
excluded from the analysis. Time and distance in the novel arm, latency to the novel arm,
and percentage of mice selecting the novel arm as the first arm choice were measured using
the SMART Video Tracking Software (Panlab, Harvard Apparatus, Holliston, MA, USA).

2.5. Brain Tissue Cryosection

The right hemi-brain of each mouse was fixed with 4% paraformaldehyde in PBS for
24 h, then serially cryoprotected in 10%, 20%, and 30% sucrose solution at 4 ◦C for 24 h
each, followed by freezing at −80 ◦C. The frozen hemi-brains were mounted using the
Tissue-Tek optimal-cutting temperature compound (Fisher Scientific, Waltham, MA, USA)
and cut into 20 µm sagittal sections using a freezing cryostat (Micron Instruments, Simi
Valley, CA, USA). Three sections (600 µm apart) per mouse were used for immunostaining
as described below.

2.6. Aβ Detection

Alexa Fluor 488-conjugated 6E10 monoclonal antibody (BioLegend, San Diego, CA,
USA) and Thioflavin-S (Thio-S) (Sigma-Aldrich, St. Louis, MO, USA) staining were used
to stain Aβ peptides and senile plaques, respectively, as described previously [17]. For
Aβ immunofluorescence, free-floating brain sections were washed in PBS for 5 min and
blocked with 0.5% bovine serum albumin (BSA) in PBS containing 0.3% TritonX-100 for
1 h at room temperature (RT), then stained for Aβ peptides with 1 µg/mL of Alexa Fluor
488-conjugated 6E10 monoclonal antibody overnight at 4 ◦C after epitope exposure using
70% formic acid for 10 min at RT. Thio-S staining was performed with 1% Thio-S solution in
80% ethanol for 15 min on mounted sections which had been sequentially washed with 70%
and 80% ethanol for 1 min thrice. Slides were then sealed with the Vectamount aqueous
mounting media (Vector Laboratories, Newark, CA, USA) and stored at 4 ◦C until imaging.
The Thio-S- or 6E10-stained brain tissue sections were imaged using a BZ-X710 Keyence
fluorescence microscope (Keyence, Itasca, IL, USA) under a 2 × objective to capture the
entire brain tissue section in one image, and digitized images were analyzed using the
NIH ImageJ software (version 1.53e), National Institutes of Health, Bethesda, MD, USA
(https://imagej.nih.gov/ij) as published previously [22].

2.7. Microglial Immunostaining

Free-floating sagittal brain sections from each mouse were washed three times in PBS
for 5 min, followed by antigen retrieval in 10 mM sodium citrate buffer (10 mM sodium
citrate, 0.05% Tween 20, pH 6.0) at 90 ◦C for 15 min. Brain sections were washed twice in
distilled water for 5 min and blocked with 0.5% BSA in PBS containing 0.3% Triton X-100
for 60 min at RT. The tissue sections were incubated with a primary antibody solution
consisting of both 15 µg/mL anti-mouse Axl polyclonal goat antibody (R&D system,
Minneapolis, MN, USA) and 0.5 µg/mL anti-ionized calcium binding adaptor molecule
1 (Iba1) polyclonal rabbit antibody (Wako, Richmond, VA, USA) in PBS containing 0.3%
Triton X-100 and 0.5% BSA overnight at 4 ◦C. The tissue sections were washed three times
in PBS for 5 min and incubated in the dark with a secondary antibody solution consisting
of both 0.2% Alexa fluor 594 donkey anti-goat IgG (Thermo Fisher Scientific, Waltham,
MA, USA) and 0.1% Alexa fluor 488 donkey anti-rabbit IgG (BioLegend; San Diego, CA,
USA) in PBS containing 0.3% Triton X-100 and 0.5% BSA for 2 h at RT. The sections were
then washed three times in PBS for 10 min and rinsed in distilled water. The sections were
mounted onto glass slides, coverslipped with Vectamount aqueous mounting media (Vector
Laboratories, Newark, CA, USA), and sealed with nail polish. Slides were stored at 4 ◦C
until imaging.
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2.8. Axl and Iba1 Quantification

Microgliosis was assessed using the Iba1 immunostaining, and phagocytic microglia
were identified by immunostaining for Axl, a phagocytic receptor expressed on microglial
cells [23,24]. For Axl and Iba1 double-label immunostaining, three distinct brain sections
were selected for analysis for each mouse from the experimental groups except for the
saline-treated APP/PS1 mice, from which a random subset of saline mice was used for the
analysis. For each brain section, two regions in the cerebral cortex and one region in the
hippocampus were imaged using a Nikon Ti-E Confocal Microscope (Nikon Instruments
Inc., Melville, NY, USA) at a 40× magnification. Mature Aβ plaques were detected by
the autofluorescence generated by the β-sheet-rich structures in Aβ plaques under ultra-
violet (UV) light (405 nm) [25]. Iba1 was visualized using the blue laser (green), Axl was
visualized using the green laser (red), and the Aβ plaques were visualized under UV light
(blue). The digitized images were analyzed using NIH ImageJ (version 1.53e, Bethesda,
MD, USA) using a threshold setting to calculate tissue area positive for Axl, Iba1, or Aβ

plaques [18]. For microgliosis, total and plaque-associated microglia were quantified. To
determine plaque-associated microgliosis, only microglia associated with plaques were
outlined and included in the analysis. For this, immunofluorescent images were converted
to the RGB format, and the threshold values of images were manually calibrated to eliminate
background noise [18]. After adjusting the threshold, the “analyze” function was used to
report the tissue area positive for Axl, Iba1, or Aβ plaques. To determine the microglial
association with Aβ plaques, the plaque-associated Iba1-positive area was normalized to
the plaque area and total Iba1 area to yield the plaque-associated microglia ratio. Similarly,
to determine the phagocytic phenotype of the microglia associated with the Aβ plaques,
the area of the Axl-positive microglia was normalized to the plaque area and the Iba1 area
to yield the plaque-associated Axl ratio. Three investigators blinded to the experimental
groups performed all the ImageJ analyses.

2.9. Quantification of Aβ (1-42) and Oligomeric Aβ by ELISA

The left hemi-brain cerebrum (without the cerebellum) was used for the Aβ (1-42)
and high-molecular-weight oligomeric Aβ ELISA. Briefly, pulverized cerebrums were
homogenized in 10 volumes of homogenization buffer (50 mM Tris-HCl, pH 7.6, 150 mM
NaCl, 1 tablet/10 mL of Roche complete ethylenediaminetetraacetic acid (EDTA)-free
Mini protease inhibitor, 5 mM EDTA, 2 mM 1,10-phenanthroline; tris-buffered saline (TBS)
buffer) and centrifuged at 100,000× g for 1 h at 4 ◦C. The supernatant (TBS-soluble fraction)
was used to measure soluble high-molecular-weight oligomeric Aβ (>30 kDa). The pellet
was further homogenized in 10 volumes of homogenization buffer (5 M guanidine HCl
(Gu-HCl), 0.05 M Tris, pH = 8.0) and rotated for 3 h at RT. The homogenate was centrifuged
at 20,800× g for 15 min at RT, and the supernatant (Gu-HCl-soluble fraction) was used to
measure insoluble Aβ (1-42) and insoluble high-molecular-weight oligomeric Aβ (>30 kDa)
species. Protein assay was performed by bicinchoninic acid kit (Pierce Chemical Co., Rock-
ford, IL, USA), and immunoreactive human Aβ (1-42) and oligomeric Aβ were measured
using the Aβ (1-42) human ELISA Kit (Thermo Fisher Scientific, Waltham, MA, USA)
and the high-molecular-weight oligomeric Aβ ELISA kit (Wako, Richmond, VA, USA),
respectively.

2.10. Western Blot Analysis

Protein was extracted from the brain, spleen, and liver using the Radio-Immunoprecipitation
Assay (RIPA) buffer or TBS with Pierce Protease Inhibitor (Thermo Fisher Scientific,
Waltham, MA, USA) as previously described [19]. Briefly, a subset of the pulverized
brains was homogenized in 10 volumes of RIPA (25 mM Tris-HCL, pH 7.6, 150 mM NaCl,
1% NP-40, 1% sodium deoxycholate, 0.1% SDS with 5 mM EDTA) or TBS and centrifuged at
20,800× g for 20 min at 4 ◦C. The supernatants were processed with 4× Laemmli buffer (Bio-
Rad, Hercules, CA, USA) with 10% beta-mercaptoethanol by boiling for 10 min. Protein
samples (30–50 µg) were separated on 4–20% sodium dodecyl sulfate (SDS) ready precast
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gels (Bio-Rad, Hercules, CA, USA) and transferred to Polyvinylidene fluoride (PVDF)
membranes (Bio-Rad, Hercules, CA, USA). Membranes were probed at 4 ◦C overnight
with anti-mouse zonula occludens-1 (ZO-1) rabbit polyclonal antibody (1:1000 in 3% milk,
Thermo Fisher Scientific, Waltham, MA, USA), anti-human amyloid precursor protein (APP)
mouse monoclonal antibody (1:1000 in 3% milk, BioLegend, San Diego, CA, USA), anti-
claudin-5 mouse monoclonal antibody (1:1000 in 3% milk, Santa Cruz Biotechnology, Dallas,
TX, USA), anti-β-site APP cleaving enzyme 1 (BACE1) rabbit polyclonal antibody (1:1000
in 3% milk, Thermo Fisher Scientific, Waltham, MA, USA), anti-IκBα mouse monoclonal
antibody (1:1000 in 3% milk, Cell Signaling Technology, Danvers, MA, USA), anti-TfR-1
mouse monoclonal antibody (1:1000 in 3% milk, Thermo Fisher Scientific, Waltham, MA,
USA), anti-TfR-2 mouse monoclonal antibody (1:1000 in 3% milk, Thermo Fisher Scientific,
Waltham, MA, USA) and anti-ferroportin rabbit polyclonal antibody (1:1000 in 3% milk,
Novus Biologicals, Centennial, CO, USA). Membranes were probed with anti-mouse IgG
kappa, horseradish peroxidase (HRP)-linked antibody (Santa Cruz Biotechnology, Dallas,
TX, USA) or anti-rabbit IgG, HRP-linked antibody (Cell Signaling Technology, Danvers,
MA, USA) for 1 h at RT. Finally, membranes were probed with an anti–β-actin antibody
(Santa Cruz Biotechnology, Dallas, TX, USA) as a loading control. Chemiluminescence was
detected using the Azure C500 gel imager (Azure Biosystems, Dublin, CA, USA), and NIH
ImageJ (version 1.53e, Bethesda, MD, USA) was used to quantify the intensity of Western
blot bands. All the values were normalized to APP/PS1-Saline mice.

2.11. Tissue Iron Measurements

For all the mice, a part of the left hemi-brain, spleen, and liver was processed to
determine tissue iron levels using the Agilent 8900 triple quadrupole Inductively Coupled
Plasma Mass Spectrometer (ICP-MS; Agilent, Lomita, CA, USA), as described previously, at
the Pomona College Environmental Analysis Laboratories [19]. Briefly, tissue samples were
digested in 67% nitric acid overnight at RT, followed by digestion using 30% hydrogen
peroxide for 1 h at 90 ◦C before running the samples using the ICP-MS.

2.12. Statistical Analysis

Data are represented as mean ± standard deviation (SD), and all statistical analysis
was performed using GraphPad Prism 9 (GraphPad Software Inc., San Diego, CA, USA).
Outliers were identified using the Grubb’s test, and the normality of numerical variables
was assessed using the Kolmogorov–Smirnov test. One-way analysis of variance (ANOVA)
with Holm Sidak’s post hoc test was used to compare normal numerical data. The % of
mice selecting the novel arm (nominal data) was analyzed using the Fisher’s exact test,
and the Pearson correlation was used for correlation analysis. A two-tailed p < 0.05 was
considered statistically significant.

3. Results
3.1. Chronic TfRMAb-TNFR Dosing Reduced Aβ Load in Aged APP/PS1 Mice

Chronic TfRMAb-TNFR treatment significantly reduced cortical 6E10-positive Aβ area
(p < 0.05; Figure 1a,e) and 6E10-positive puncta number (p < 0.05; Figure 1b,e) compared to
the saline-treated mice. TfRMAb-TNFR treatment also significantly reduced hippocampal
6E10-positive Aβ area (p < 0.01; Figure 1c,e) and 6E10-positive puncta number (p < 0.01;
Figure 1d,e) compared to the saline-treated mice. Etanercept or TfRMAb treatment did
not reduce the 6E10-positive Aβ load in the aged APP/PS1 mice compared to the saline-
treated mice. Etanercept-treated mice had significantly higher cortical 6E10-positive Aβ

area (p < 0.01; Figure 1a,e) and 6E10-positive puncta number (p < 0.05; Figure 1b,e) com-
pared to the TfRMAb-TNFR-treated mice. The hippocampal 6E10-positive puncta number
(p < 0.05; Figure 1d,e) was significantly higher in the etanercept-treated mice compared to
the TfRMAb-TNFR-treated mice and a similar trend was observed for the hippocampal
6E10-positive area (p = 0.054; Figure 1c,e).
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(a) and puncta number (b) were significantly lower in the TfRMAb-TNFR-treated mice compared
to the saline-treated mice. There was a significant reduction in the hippocampal 6E10-positive Aβ

area (c) and puncta number (d) in the TfRMAb-TNFR-treated mice compared to the saline-treated
mice. Etanercept-treated mice had a higher 6E10-positive area and puncta number in the cortex
and a higher puncta number in the hippocampus compared to the TfRMAb-TNFR-treated mice.
6E10-positive Aβ stains are shown in the representative sagittal brain section images in (e). Scale
bar = 200 µm. Data are presented as mean ± SD of n = 5–16 per treatment group, and data were
analyzed using the one-way ANOVA with the Holm Sidak’s post hoc test. * p < 0.05, ** p < 0.01 for
the indicated comparisons.

With respect to the cerebrum Aβ ELISAs, both TfRMAb-TNFR and etanercept reduced
insoluble (Gu-HCl-soluble) Aβ (1-42) (p < 0.001; Figure 2a) and soluble (TBS-soluble) high-
molecular-weight Aβ oligomers (p < 0.001; Figure 2b) compared with the saline-treated
mice. However, only TfRMAb-TNFR significantly reduced the insoluble (Gu-HCl-soluble)
high-molecular-weight Aβ species (p < 0.05; Figure 2c) and the cortical Thio-S-positive
mature Aβ plaque numbers (p < 0.05; Figure 2d,f). A similar trend of reduced hippocampal
Thio-S-positive mature Aβ plaque numbers (p = 0.07; Figure 2e,f) was observed for the
TfRMAb-TNFR-treated mice. Like the 6E10-positive Aβ load, etanercept-treated mice had
a significantly higher cortical Thio-S-positive mature Aβ plaque number compared with
the TfRMAb-TNFR-treated mice (p < 0.01; Figure 2d,f) and a similar trend was observed
in the hippocampus (p = 0.06; Figure 2e,f). TfRMAb alone did not affect Aβ (1-42) or
oligomeric Aβ.
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Figure 2. Effect of TfRMAb-TNFR on insoluble Aβ (1-42) and high-molecular-weight Aβ assemblies.
TfRMAb-TNFR and etanercept reduced insoluble (Gu-HCl-soluble) Aβ (1-42) (a) and soluble (TBS-
soluble) high-molecular-weight oligomeric Aβ (b) in cerebrum homogenates compared to the saline-
treated mice. TfRMAb-TNFR, but not etanercept, significantly reduced insoluble (Gu-HCl-soluble)
oligomeric Aβ in the cerebrum homogenates (c). TfRMAb-TNFR-treated mice also had a lower
number of Thio-S-positive Aβ plaques compared to the saline-treated mice (d), and a similar trend
was observed in the hippocampus (e). Representative sagittal brain section images of Thio-S-stained
mature Aβ plaques (f). Scale bar = 200 µm. Data are presented as mean ± SD of n = 4–20 per
treatment group, and data were analyzed using the one-way ANOVA with the Holm Sidak’s post
hoc test. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 for the indicated comparisons.

3.2. Chronic TfRMAb-TNFR Improved Spatial Reference Memory in Aged APP/PS1 Mice

TfRMAb-TNFR-treated mice spent more time (p < 0.01; Figure 3a,e) and traveled
more distance (p < 0.01; Figure 3b,e) in the novel arm compared to the saline-treated
mice. TfRMAb-TNFR-treated mice had a reduced latency to enter the novel arm (p < 0.05,
Figure 3c), and the percentage of mice selecting the novel arm as their first arm choice was
significantly higher for the TfRMAb-TNFR-treated mice compared to the saline-treated mice
(p < 0.0001, Figure 3d). The percentage of mice selecting the novel arm was significantly
lower for the TfRMAb-treated mice than for the saline-treated mice (p < 0.01, Figure 3d).
However, due to the small sample size of the TfRMAb group, these results should be
interpreted with caution. To rule out the impact of locomotion on the Y-maze outcome, we
performed the open-field test to assess the exploration and locomotion of the APP/PS1
mice. As shown in Figure 4a–d, all three locomotion parameters: resting time (Figure 4a),
mean speed (Figure 4b), and distance traveled (Figure 4c), did not differ significantly
between any experimental group.
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(a), mean speed (b), and distance traveled (c) did not differ between any experimental group. The 
representative trajectory maps show mouse movement in the different groups (d). Data are pre-
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Figure 3. Effect of chronic TfRMAb-TNFR dosing on spatial reference memory using the Y-maze test.
TfRMAb-TNFR treatment increased the time spent (a) and distance traveled (b) in the novel arm
and reduced the latency to the novel arm (c) compared to the saline-treated mice. More TfRMAb-
TNFR-treated mice selected the novel arm as their first choice compared to the saline-treated mice (d).
Representative trajectory maps of mice in the Y-maze (e). The novel arm is shown by the red asterisk.
Data are presented as mean ± SD of n = 4–20 per treatment group, numerical data were analyzed
using the one-way ANOVA with the Holm Sidak’s post hoc test, and nominal data were analyzed
using the Fisher’s exact test. * p < 0.05, ** p < 0.01, **** p < 0.0001 for the indicated comparisons.
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Figure 4. Effect of chronic TfRMAb-TNFR dosing on locomotion and exploration. The resting time
(a), mean speed (b), and distance traveled (c) did not differ between any experimental group. The
representative trajectory maps show mouse movement in the different groups (d). Data are presented
as mean ± SD of n = 5–20 per treatment group, and data were analyzed using the one-way ANOVA
with the Holm Sidak’s post hoc test.
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3.3. Chronic TfRMAb-TNFR Dosing Did Not Alter APP and BACE-1 Levels but Reduced
Microgliosis and Increased Plaque-Associated Phagocytic Microglia

The protein levels of APP and BACE-1 were determined in the cerebrum homogenates
and are shown in Figure 5a,b. No differences in APP (Figure 5a) and BACE-1 (Figure 5b)
protein levels were found between the experimental groups. Chronic TfRMAb-TNFR or
etanercept treatment reduced the Iba1-positive area (microgliosis) in the cortex (p < 0.05
for TfRMAb-TNFR and p < 0.01 for etanercept; Figure 5c) and the hippocampus (p < 0.05
for TfRMAb-TNFR and etanercept; Figure 5d). Chronic TfRMAb dosing did not alter
microgliosis in the aged APP/PS1 mice.
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Figure 5. Effect of TfRMAb-TNFR on amyloid precursor protein (APP) and the β-site APP cleaving
enzyme (BACE-1) levels, and microgliosis. There was no change in the protein levels of APP
(a) or BACE-1 (b) between experimental groups by Western blotting of the cerebrum homogenates.
TfRMAb-TNFR and etanercept reduced cortical (c) and hippocampal (d) Iba1-positive area. TfRMAb-
treated mice showed no change in the Iba1-positive area. Scale bar = 50 µm. Data are presented as
mean ± SD of n = 5–13 per treatment group, and data were analyzed using the one-way ANOVA
with the Holm Sidak’s post hoc test. * p < 0.05, ** p < 0.01 for the indicated comparisons.

To study the association between mature Aβ plaques and microglia, we measured
the plaque-associated microglia ratio, which measures the area occupied by the microglia
associated with the plaque normalized to the Aβ plaque area. As shown in Figure 6, the
plaque-associated microglia ratio was significantly higher in the cortex (p < 0.05; Figure 6a,c)
and hippocampus (p < 0.01; Figure 6d,f) of the TfRMAb-TNFR-treated mice compared
to the etanercept-treated mice. The hippocampal plaque-associated microglia were also
significantly higher in the TfRMAb-TNFR-treated mice compared to the saline-treated mice
(p < 0.05; Figure 6d). Interestingly, the plaque-associated Axl ratio, which represents the
immunoreactivity of Axl, a phagocytic marker [23], in the plaque-associated microglia, was
significantly higher in the cortex (p < 0.05 compared to saline and etanercept; Figure 6b,c)
and the hippocampus (p < 0.05 compared to saline and p < 0.01 compared to etanercept;
Figure 6e,f) of the TfRMAb-TNFR-treated mice compared to the saline- and etanercept-
treated mice. The measured autofluorescent Aβ plaque area was not negatively correlated
with the plaque-associated microglia ratio or the plaque-associated Axl ratio suggesting
that the higher plaque-associated microglia or Axl ratio in the TfRMAb-TNFR-treated mice
and the lower plaque-associated microglia or Axl ratio in the etanercept-treated mice are
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not driven by the lower and higher autofluorescent Aβ plaque area in the TfRMAb-TNFR
and etanercept groups, respectively (Supplementary Materials Figure S1).
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Figure 6. Effect of TfRMAb-TNFR on plaque-associated phagocytic microglia. Cortical plaque-
associated microglia (a) and plaque-associated Axl-positive phagocytic microglia (b) were signifi-
cantly higher in the TfRMAb-TNFR-treated mice compared with the etanercept-treated mice. Simi-
larly, hippocampal plaque-associated microglia (d) and plaque-associated Axl-positive phagocytic
microglia (e) were significantly higher in the TfRMAb-TNFR-treated mice than in the saline- and
etanercept-treated mice. Representative 40× confocal images showing Iba1 (green), Axl (red), and
autofluorescent mature Aβ plaques (blue) in the cortex (c) and hippocampus (f). Scale bar = 50 µm.
Data are presented as mean ± SD of n = 5–13 per treatment group, and data were analyzed using
the one-way ANOVA with the Holm Sidak’s post hoc test. * p < 0.05, ** p < 0.01 for the indicated
comparisons.

3.4. TfRMAb-TNFR Treatment Increased BBB Tight-Junction Proteins and Reduced
Neuroinflammation

Chronic TfRMAb-TNFR dosing significantly increased the BBB tight-junction proteins,
ZO-1 (p < 0.05; Figure 7a) and claudin-5 (p < 0.05; Figure 7b), in the cerebrum homogenates
of the aged APP/PS1 mice compared with the saline-treated mice. Etanercept or TfRMAb
did not alter BBB tight-junction protein expression levels in the aged APP/PS1 mice.
Both TfRMAb-TNFR (p < 0.05; Figure 7c) and etanercept (p < 0.01; Figure 7c) increased
IkBα, a marker of attenuation of TNF-α signaling, in the cerebrum homogenates of the
aged APP/PS1 mice. TfRMAb did not alter brain IkBα protein expression in the aged
APP/PS1 mice.

3.5. Chronic TfRMAb but Not TfRMAb-TNFR Dosing Altered Hematologic Indices in Aged
APP/PS1 Mice

TfRMAb dosing of 10.7-month-old APP/PS1 mice for ten weeks reduced hematocrit
(p < 0.0001; Figure 8a), hemoglobin (p < 0.0001; Figure 8b), and mean corpuscular volume
(MCV, p < 0.01; Figure 8c), and increased white blood cell count (WBC, p < 0.01; Figure 8d)
compared to the saline-treated mice. No change in reticulocytes (Figure 8e), red blood
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cells (RBC) (Figure 8f), and platelets (Figure 8g) was observed between any treatment
group compared to the saline-treated mice. TfRMAb-TNFR or etanercept treatment did
not alter any hematology indices following a ten-week treatment compared to the saline-
treated mice.
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Figure 7. Effect of TfRMAb-TNFR on BBB tight-junction proteins and brain inflammation. Chronic
TfRMAb-TNFR dosing in aged APP/PS1 mice significantly increased ZO-1 (a) and claudin-5 (b) com-
pared to the saline-treated mice measured using Western blotting of the cerebrum homogenates.
Both TfRMAb-TNFR and etanercept increased IkBα in the cerebrum homogenates compared to the
saline-treated mice (c). Data are presented as mean ± SD of n = 4–9 per treatment group, and data
were analyzed using the one-way ANOVA with the Holm Sidak’s post hoc test. * p < 0.05 and
** p < 0.01 for the indicated comparisons.
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Figure 8. Effect of chronic TfRMAb-TNFR dosing on hematologic parameters. Long-term (ten-week)
treatment with TfRMAb alone, but not TfRMAb-TNFR, decreased hematocrit (a), hemoglobin (b), and
mean corpuscular volume (MCV; (c)), and elevated white blood cell (WBC; (d)) count compared to
the saline-treated mice. No change in reticulocytes (e), red blood cells (RBC) (f), and platelets (g) was
observed. Etanercept did not alter any hematology parameter. Data are presented as mean ± SD of
n = 5–10 per treatment group, and data were analyzed using the one-way ANOVA with the Holm
Sidak’s post hoc test. ** p < 0.01 and **** p < 0.0001 for the indicated comparisons.

3.6. Chronic TfRMAb but Not TfRMAb-TNFR Dosing Increased Splenic Iron Transporters and
Iron Levels

The protein levels of TfR (TfR1 in the brain and spleen, and TfR2 in the liver), the prin-
cipal iron importer, and ferroportin, the major iron exporter, in the brain, spleen, and liver
are shown in Figure 9. Brain levels of TfR1 (Figure 9a,g) and ferroportin (Figure 9d,g) did
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not differ between experimental groups. Similarly, the liver expression of TfR2 (Figure 9c,i)
and ferroportin (Figure 9f,i) did not differ between experimental groups. However, chronic
TfRMAb dosing significantly increased splenic TfR1 (p < 0.05; Figure 9b,h) and ferroportin
(p < 0.01; Figure 9e,h) levels compared to the saline-treated mice. Chronic TfRMAb dosing
also increased splenic (p < 0.05; Figure 9j) and liver (p < 0.0001; Figure 9k) iron in the aged
APP/PS1 mice. TfRMAb-TNFR or etanercept dosing did not alter splenic or liver iron in
the aged APP/PS1 mice.
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Figure 9. Effect of chronic TfRMAb-TNFR dosing on the expression of iron transporters and tissue
iron levels. The protein levels of TfR (TfR1 in the brain and spleen, and TfR2 in the liver) in the brain
(a), spleen (b), and liver (c). No significant difference in the brain and liver TfR expression between
experimental groups. However, TfRMAb treatment significantly elevated splenic TfR levels compared
to the saline-treated mice (b). The protein levels of ferroportin in the brain (d), spleen (e), and liver
(f). No significant difference in the brain and liver ferroportin expression between experimental
groups. However, TfRMAb treatment significantly elevated splenic ferroportin levels compared to the
saline-treated mice (e). Representative western blot images showing TfR and ferroportin expression
in the brain (g), spleen (h) and liver (i). Chronic TfRMAb dosing significantly increased spleen (j) and
liver (k) iron levels. Data are presented as mean ± SD of n = 4–20 per treatment group, and data were
analyzed using the one-way ANOVA with the Holm Sidak’s post hoc test. * p < 0.05, ** p < 0.01, and
**** p < 0.0001 for the indicated comparisons.
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4. Discussion

TfRMAb-TNFR is a brain-penetrant biologic TNF-α inhibitor that can sequester both
peripheral and brain TNF-α to attenuate or prevent downstream TNF-α signaling [14].
The role of TNF-α in AD pathogenesis has been well studied [6], and our previous work
highlighted the protective effects of the brain-penetrant TfRMAb-TNFR in 6-month-old
APP/PS1 male mice compared to etanercept, a biologic TNF-α inhibitor with limited brain
uptake [17,26]. In the aforementioned proof-of-concept study, we showed that TfRMAb-
TNFR reduced Aβ load, which is regarded as the primary initiator of AD [27]. Notably, Aβ

deposition in the AD brain is a function of time and progresses with age [27], therefore,
an ideal therapeutic for AD may be one that reduces Aβ pathology at both early and late
stages of the disease when the Aβ load is full-blown. The advantages of developing such
a therapeutic are twofold: first, it will provide an Aβ lowering agent that works at early
and late stages of the disease, and second, such investigations will elucidate if Aβ lowering
effects at late stages of the disease or following delayed treatment are coincident with
cognitive benefits. Therefore, in pursuit of such a therapeutic, in the current study, we
initiated TfRMAb-TNFR treatment in older 10.7-month-old APP/PS1 mice, as opposed
to treatment initiation in younger 6-month-old mice [17], and continued the treatment till
the mice were 13 months old, a stage at which we expect the Aβ pathology to plateau
in this mouse model to mimic late stages of AD [28]. Despite the advanced age of the
APP/PS1 mice, delayed treatment with TfRMAb-TNFR resulted in an impressive ~50–56%
reduction in the 6E10-positive total Aβ load, which is consistent with the reduction seen
in the younger 6-month-old APP/PS1 mice [17]. However, chronic equimolar dosing of
etanercept did not reduce the 6E10-positive Aβ load, which is consistent with our previous
work in the APP/PS1 mice [28] and work of others using the triple transgenic (3xTg) mice
showing that peripheral TNF-α inhibitors do not reduce 6E10-positive Aβ load [29].

Amyloidogenic Aβ is formed through the sequential cleavage of the transmembrane
APP by β- and γ-secretases resulting in the formation of Aβ monomers [30]. The pri-
mary Aβ isoforms associated with AD include Aβ (1-40) and Aβ (1-42) [31], of which,
Aβ (1-40) is more abundant while Aβ (1-42) is more prone to aggregation and induces
toxicity [32,33]. Monomeric amyloidogenic Aβ isoforms are hydrophobic and self-assemble
to form high-molecular-weight oligomers and β-sheet-rich fibrils that form the core of
Aβ plaques [34]. The original amyloid cascade hypothesis puts Aβ plaques at the cen-
ter of AD-neurotoxicity and cognitive decline [35]; however, over the last two decades,
there has been a paradigm shift towards the central role of Aβ oligomers in AD patho-
genesis and cognitive decline [36]. Therefore, to understand if the Aβ-lowering effects of
TfRMAb-TNFR were directed towards a specific Aβ specie, and since the 6E10 antibody
detects all Aβ isoforms [37], we measured the levels of different Aβ species: Aβ (1-42),
high-molecular-weight Aβ oligomers, and Thio-S-positive β-sheet rich Aβ plaques. Both
TfRMAb-TNFR and etanercept reduced insoluble Aβ (1-42) and soluble high-molecular-
weight Aβ oligomers. TfRMAb-TNFR treatment significantly reduced insoluble high-
molecular-weight Aβ oligomers, and a similar trend was seen with etanercept, but these
values did not reach statistical significance. Similarly, TfRMAb-TNFR, but not etanercept,
significantly reduced the Thio-S-positive mature Aβ plaques compared to the saline-treated
mice and the Thio-S-positive Aβ plaques were lower by almost 50% in the TfRMAb-TNFR-
treated mice compared with the etanercept-treated mice. These data collectively show that
TfRMAb-TNFR, but not etanercept, results in a significant reduction in total Aβ peptide
and mature Aβ plaque load in the aged APP/PS1 mice.

While Aβ accumulation in the brain represents one of the major pathological hallmarks
of AD, cognitive impairment represents the main clinical feature of AD [1]. In the APP/PS1
used in the current study, cognitive function is an inverse correlate of Aβ accumulation [38].
Accordingly, TfRMAb-TNFR, which reduced the total Aβ peptide load and Aβ plaque load
by half compared to the etanercept treated mice, resulted in a significant improvement in
spatial reference memory, implying that the cognitive improvement in the aged APP/PS1
mice may be driven by the lowering of total Aβ peptide and/or Aβ plaque load with
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TfRMAb-TNFR. Further, increased Aβ load in the brain can be driven by BBB impairment
and breakdown, which is an early biomarker of cognitive dysfunction in AD [39,40]. In
the current study, apart from reducing Aβ load, TfRMAb-TNFR significantly increased the
expression of BBB tight-junction proteins, claudin-5 and ZO-1, while etanercept treatment
did not. This increase in BBB tight-junction protein expression concomitant with a reduction
in Aβ peptide and/or Aβ plaque load in the TfRMAb-TNFR-treated mice may underlie
the improvement in memory of the TfRMAb-TNFR-treated but not of etanercept-treated
aged APP/PS1 mice.

Excessive extracellular Aβ deposition in the AD brain is hypothesized to result from
an imbalance between Aβ production and Aβ clearance, and TNF-α is implicated in
both these processes. Studies show that genetic deletion of TNF-α in 5xFAD mice or its
receptor in the APP23 mice reduced Aβ plaque by lowering the levels and activity of the
APP cleaving enzymes [41,42]. Further, TNF-α increased the expression of BACE-1 and
enhanced APP processing in astrocytes in vitro [43]. In the current study, TfRMAb-TNFR
treatment did not alter APP or BACE-1 levels in the cerebrum homogenates, suggesting
that the Aβ-lowering effects of TfRMAb-TNFR are not mediated by attenuation of APP
processing or Aβ production. However, it must be noted that we did not measure the
activity of BACE-1 or the levels of BACE-1 cleavage products in the current study. Given
that blockade of TNF-α signaling can reduce BACE-1 activity [41,42], the contribution of
lowered BACE-1 activity to Aβ reduction by TfRMAb-TNFR cannot be ruled out.

Microglia are the innate immune cells of the brain, and their primary function is to sur-
vey the CNS and respond to pathological stimuli, including Aβ deposits [44,45]. In the AD
brain, microglia are found in close proximity to Aβ plaques, become activated in response
to the Aβ plaques, and secrete pro-inflammatory cytokines, including TNF-α [44,45]. The
secreted pro-inflammatory cytokines can stimulate a self-perpetuating cycle of microglial
activation and cytokine release resulting in sustained neuroinflammation [44,45]. In the
current study, microgliosis was assessed by Iba1 immunostaining, and chronic treatment
with TfRMAb-TNFR reduced the Iba1-positive area in the brains of the aged APP/PS1 mice.
A similar reduction in microgliosis was observed in the etanercept-treated mice suggesting
that peripheral TNF-α can modulate microglial activation in the CNS. This is consistent
with our previous work in the PS19 mouse model of tauopathy and other studies reporting
a reduction in microglial activation with attenuation or blockage of peripheral TNF-α sig-
naling [18,41,42] and an increase in microglial activation with increased peripheral TNF-α
signaling [46] in AD mouse models.

Besides mounting an inflammatory response to Aβ deposits, microglia surrounding
the Aβ plaques can form a protective barrier to reduce neurite dystrophy and perform
phagocytic clearance of Aβ plaques [45]. However, despite significant microglial recruit-
ment, there is increased Aβ accumulation in the AD brain, suggesting that microglia cannot
effectively clear Aβ deposits in AD [45]. One mechanism resulting in reduced phagocytic
activity of microglia is excessive secretion of Aβ-induced pro-inflammatory cytokines [47].
To determine the role of microglia in TfRMAb-TNFR mediated Aβ lowering, we first stud-
ied the association of microglia with Aβ plaques in the brains of the aged APP/PS1 mice.
Interestingly, despite a reduction in microgliosis, more microglia were associated with Aβ

plaques in the TfRMAb-TNFR-treated mice compared to the saline- and etanercept-treated
mice. The plaque-associated microglia in the TfRMAb-TNFR-treated mice also had a higher
expression of Axl, a phagocytic receptor involved in Aβ plaque phagocytosis [24], com-
pared to the saline- and etanercept-treated mice. These results are consistent with previous
findings showing that cytokine suppression can increase microglia-mediated Aβ plaque
phagocytosis [47] and that increased expression of Axl on microglial cells is associated with
increased Aβ plaque clearance [24]. Therefore, the differential effects of TfRMAb-TNFR
and etanercept on lowering Aβ load may be attributed to enhanced plaque-associated
phagocytic microglia in the TfRMAb-TNFR-treated mice.

The TfRMAb used in the current study is a high-affinity bivalent antibody [16], and
our previous work revealed some alterations in hematology indices and splenic iron with
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TfRMAb dosing in mice [19]. A single (acute) dose of TfRMAb in mice resulted in severe
reticulocyte (immature RBCs) suppression that was not observed with chronic TfRMAb
dosing [19]. Reticulocyte suppression with TfRMAbs has been reported for different
TfRMAb variants and is suggested to be an immunologic effector function response and
related to TfR expression on reticulocytes [19,48]. However, this reticulocyte suppression
is short-lived and was not observed with long-term TfRMAb dosing [19], and this was
confirmed in the current study, wherein ten-week chronic dosing of TfRMAb was not
associated with reticulocyte suppression. However, we did observe a modest but significant
decline in other RBC parameters, including hematocrit, hemoglobin, and MCV, following
ten weeks of TfRMAb dosing. This contrasts with our results obtained during the 4-week
TfRMAb dosing study [19]. RBCs have a life-span of about 40–50 days in a mouse [49,50],
and therefore the acute suppression of reticulocytes seen with a single TfRMAb injection
will translate into reduced RBC indices around 6–7 weeks after treatment initiation, and
a reduction in RBC indices is not likely to appear within four weeks of TfRMAb dosing.
This may explain why no changes in RBC indices were seen in the previous four-week
TfRMAb dosing study but appeared in the current ten-week dosing study. Longer studies
will be needed to determine if this modest reduction in RBC indices with TfRMAb dosing
are normalized. Interestingly, these alterations in the hematology indices were TfRMAb
specific, and chronic TfRMAb-TNFR dosing did not alter any hematology parameter. This
suggests that the fusion of the therapeutic partner alters the safety profile of the TfRMAb,
and is consistent with our previous work showing no changes in hematology parameters
with chronic eight-week TfRMAb-erythropoietin (EPO) dosing [51]. Similar findings were
reported for a humanized TfRMAb chronically dosed in cynomolgus monkeys, wherein
humanized TfRMAb-induced effector function was eliminated in monkeys dosed with
the humanized TfRMAb fused to a therapeutic enzyme [52]. Stearic hindrance due to the
fusion of the therapeutic moiety to the TfRMAb was suggested to interfere with the access
of the TfRMAb to the complement proteins that trigger effector function [52]. Chronic
etanercept dosing also did not impact the hematology profile of aged APP/PS1 mice.

The TfRMAb is directed towards the mouse TfR1 [16], the principal iron import
receptor highly enriched at the BBB and spleen [16,53]. The levels of TfR1 in the liver are low,
and the primary hepatic TfR isoform is TfR2 and was measured in the current study [53].
Prior work showed no change in the brain TfR1 expression with chronic four-week TfRMAb
dosing in mice [19], and the results from the current investigation are consistent with
this. Chronic ten-week TfRMAb or TfRMAb-TNFR dosing did not alter brain TfR1 levels.
Additionally, the brain levels of the iron exporter, ferroportin, remained unaltered with
chronic TfRMAb or TfRMAb-TNFR dosing. Chronic ten-week TfRMAb dosing, however,
elevated TfR1 expression in the spleen of aged APP/PS1 mice, consistent with an increase
in splenic TfR1 in young wild-type C57 mice following four-week dosing [19]. This increase
in splenic TfR1 correlated with an elevation in the protein level of ferroportin and iron level
in the spleen, indicative of altered iron homeostasis in the spleen with chronic TfRMAb
dosing. We also studied the impact of chronic TfRMAb dosing on liver TfR2 and ferroportin
and did not observe an increase in hepatic TfR2 or ferroportin levels. Interestingly, no
correlation between hepatic TfR2 and iron levels was observed, and despite no change
in hepatic TfR2 levels, we saw a significant increase in hepatic iron levels with chronic
TfRMAb dosing. The reason for this discrepancy is unclear but may be explained by the
limited role of hepatic TfR2 in iron uptake [53]. Interestingly, chronic TfRMAb-TNFR
dosing did not dysregulate iron transporters or tissue iron levels post ten-week dosing.
These findings are intriguing because both TfRMAb and TfRMAb-TNFR are directed
towards TfR1, which is highly enriched in the spleen [53]. Accordingly, biodistribution
studies following a single injection show enhanced accumulation of TfRMAb-targeted
therapeutics, including TfRMAb-TNFR [15], in the spleen [54–56]. However, despite the
known increased splenic-accumulation of both TfRMAb and TfRMAb-TNFR, only the
TfRMAb resulted in iron dysregulation in our hands. Therefore, the effects of TfRMAb
on splenic iron and transporters do not appear to be driven by its biodistribution in vivo.
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These findings highlight the positive impact of the fusion partner in normalizing the
TfRMAb-associated altered iron homeostasis, and the mechanism underlying these effects
of TfRMAb needs to be further investigated. The positive effect of fusing TfRMAb with a
therapeutic partner has been previously observed. While chronic TfRMAb dosing increased
its plasma clearance, chronic TfRMAb-TNFR dosing was not associated with altered plasma
pharmacokinetics [18,19]. Similarly, TfRMAb-induced effector function was eliminated in
the presence of a therapeutic fusion partner, as discussed above [52].

The study has some limitations. First, only aged male APP/PS1 mice were used in the
current investigation to compare with prior results obtained from younger 6-month-old
male APP/PS1 mice [17]. Therefore, sex differences in the therapeutic effects of TfRMAb-
TNFR in APP/PS1 mice were not studied. Second, the sample size for the TfRMAb group is
much smaller than the remaining experimental groups. The TfRMAb group was powered
for safety studies based on our previous work [19] since the main intent of including
the TfRMAb group was to determine if the TfRMAb-related adverse events are also seen
with TfRMAb-TNFR. Therefore, the effect of TfRMAb on efficacy endpoints needs to be
interpreted with caution. Third, the plaque-associated microglial studies were based on
the autofluorescence microscopy of Aβ plaques and did not use classical methods for Aβ

plaque detection (6E10 immunostaining and Thio-S). Notably, the use of autofluorescence
microscopy to detect Aβ plaques in mouse and human tissue is shown to be a reliable and
sensitive method for plaque detection [57,58]. This method provides a chemical- and label-
free method for Aβ plaque detection that can be easily combined with Iba1 immunostaining
and was therefore used in the current study. Finally, the Aβ oligomer ELISA kit used in
the study uses the same detector and capture antibody, which enables the quantification of
Aβ dimers and larger Aβ assemblies, thus excluding Aβ monomers [36]. However, it is
possible that the Aβ oligomers detected in the Gu-HCl fraction represent undissociated
Aβ plaques or larger Aβ assemblies, and the possibility of an overlap between Aβ plaque
measurements and insoluble Aβ oligomer measurements cannot be ruled out.

5. Conclusions

In conclusion, the results from the current study show that the brain-penetrant TNF-α
inhibitor, TfRMAb-TNFR, offers greater therapeutic benefit than its non-brain-penetrant
analog, etanercept, even in aged APP/PS1 mice. The superior Aβ-lowering effects of
TfRMAb-TNFR were associated with an increase in BBB-tight-junction proteins, plaque-
associated phagocytic microglia, and significant memory improvement, effects that were
not observed with etanercept. Finally, despite hematology and iron dysregulation with
chronic TfRMAb dosing, TfRMAb-TNFR resulted in a stable hematology profile and iron
transporter and tissue iron levels. With its stable safety and strong therapeutic profile,
TfRMAb-TNFR is a potential therapeutic agent for both the early and late stages of AD.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14102200/s1, Figure S1: Scatter plots show no
significant correlation between autofluorescent Aβ plaque area and the plaque-associated microglia
ratio in the cortex (a) and hippocampus (b) and plaque-associated Axl ratio in the cortex (c) and
the hippocampus (d) for the biologic TNFI treated groups. Pearson correlation r was used for the
analysis.
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Abstract: Immunotherapy targeting aggregated alpha-synuclein (αSYN) is a promising approach for
the treatment of Parkinson’s disease. However, brain penetration of antibodies is hampered by their
large size. Here, RmAbSynO2-scFv8D3, a modified bispecific antibody that targets aggregated αSYN
and binds to the transferrin receptor for facilitated brain uptake, was investigated to treat αSYN
pathology in transgenic mice. Ex vivo analyses of the blood and brain distribution of RmAbSynO2-
scFv8D3 and the unmodified variant RmAbSynO2, as well as in vivo analyses with microdialysis
and PET, confirmed fast and efficient brain uptake of the bispecific format. In addition, intravenous
administration was shown to be superior to intraperitoneal injections in terms of brain uptake and
distribution. Next, aged female αSYN transgenic mice (L61) were administered either RmAbSynO2-
scFv8D3, RmAbSynO2, or PBS intravenously three times over five days. Levels of TBS-T soluble
aggregated αSYN in the brain following treatment with RmAbSynO2-scFv8D3 were decreased in the
cortex and midbrain compared to RmAbSynO2 or PBS controls. Taken together, our results indicate
that facilitated brain uptake of αSYN antibodies can improve treatment of αSYN pathology.

Keywords: bispecific antibody; blood-brain barrier (BBB); alpha-synuclein (αSYN); Parkinson’s
disease (PD); immunotherapy; monoclonal antibody; transferrin receptor (TfR); receptor-mediated
transcytosis (RMT)

1. Introduction

The number of patients suffering from neurodegenerative diseases will increase due
to an aging population in combination with a lack of efficient disease-modifying treatments
available for brain disorders. Immunotherapy directed against intrabrain targets remains
both a promising and challenging approach to treating neurodegeneration. Parkinson’s
disease (PD) is a progressive, degenerative neurological disorder characterized by the pres-
ence of pathological, aggregated forms of the protein alpha-synuclein (αSYN), eventually
depositing as insoluble, intracellular Lewy bodies (LB), and ultimately, neuronal death.
Since the discovery of PD-causing point mutations in the SNCA gene encoding αSYN [1,2]
in combination with αSYN being identified as one of the main components of LBs [3], a
large body of evidence points toward αSYN as a key target for therapeutic interventions.
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However, current treatment options for PD are limited to symptomatic treatment,
such as restoration and correction of dopaminergic and cholinergic deficits [4,5]. A num-
ber of preclinical studies have demonstrated the effectiveness of both active and passive
immunotherapy aimed at the pathological forms of αSYN for halting the disease progres-
sion [6–9]. Despite the development of clinical therapeutic antibodies targeting αSYN
thus far showing good safety and tolerability [10,11], the efficacy of immunotherapies in
meeting their clinical endpoints has been limited. The underlying reasons behind these
results are, in all probability, multifactorial. One important aspect to consider is the form of
αSYN to target. Aggregated αSYN has been shown to exhibit acquired toxicity as well as
to cause a potential loss of function of normal αSYN [12,13] by altering neurophysiological
functions, including impairment of macroautophagy [14] and dysfunction of mitochondria
and endoplasmic reticulum [15–18]. Therefore, conformation selective antibodies that
preferentially bind to pathological αSYN over the monomeric, physiologically relevant
form are probably necessary for successful αSYN immunotherapy. We have previously
demonstrated the reduction of αSYN aggregates in the central nervous system (CNS) of
(Thy-1)-h[A30P] transgenic mice following systemic treatment with the murine aggregate-
selective antibody mAb47 [7]. In addition, as monomeric αSYN is abundant in blood, it is
likely that therapeutic antibodies that bind αSYN monomers will be sequestered in blood
and thereby be prevented from engaging with pathological protein forms in the brain.
Another major obstacle is the access of the antibody to the pathological, intrabrain αSYN.
Monoclonal antibodies are large molecules with restricted brain distribution. One of the
main challenges lies within the physical, biochemical, and immune barriers of the CNS
comprised of the blood-brain barrier (BBB). The architecture of the BBB is highly dynamic
and complex, consisting of specialized brain microvascular endothelial cells (BMECs). The
BMECs form tight junctions that regulate paracellular transport, whereas transcellular
transport is tightly regulated by transport systems consisting of active transporters, pumps,
and receptors [19–21]. Restricted direct access to pathology as a major obstacle to treatment
efficacy in brain disorders is further strengthened by the fact that many peripheral diseases
have been subject to successful immunotherapy [22,23].

Despite the restrictive nature of the BBB, it is the largest brain-blood interface and
thus a highly relevant transport route for drug delivery as it allows access to the entire
brain volume, which is advantageous when targeting whole-brain disorders such as PD.
As the main purpose of the BBB is to maintain the microenvironment in the brain, a non-
invasive approach to circumvent the BBB is preferred. One such approach is represented
by receptor-mediated transport (RMT). Earlier studies with αSYN targeting single-chain
antibodies fused with an LDL receptor-binding domain for increased brain penetration
have shown reduced αSYN pathology and amelioration of functional deficits in the Line D
and L61 αSYN pathology models [24,25]. The most studied transporter for this purpose is
the transferrin receptor (TfR) which is highly expressed in the endothelial cells of the BBB
and is involved in the transport of transferrin-bound iron into the brain [26–28]. Antibodies
can be engineered into bispecific formats, with an additional binding moiety targeting
the TfR to enable RMT. Active transport across the BBB will enhance both the amount
and the spatial distribution of antibodies, likely expanding the therapeutic potential of
brain immunotherapy [29–31]. Therefore, active transport is of particular importance when
targeting intrabrain αSYN, where the pool of accessible pathology is scarcer in comparison
with other proteinopathies such as Alzheimer’s disease (AD).

We have previously expressed several αSYN antibodies in a bispecific format with
a single chain variable fragment of the TfR1 antibody 8D3 [32] targeting the TfR as well
as aggregated forms of αSYN, resulting in a dramatically increased brain uptake for
in vivo αSYN detection in αSYN deposition model mice [33]. Here, we have used one of
these antibodies, RmAbSynO2-scFv8D3, for targeting the extracellular pool of aggregated
αSYN in a short-term treatment study in the L61 αSYN mouse model, following the
characterization of biochemical and pharmacokinetic properties of the antibody.
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2. Materials and Methods
2.1. Animals

Transgenic L61 mice, overexpressing wild-type (WT) human αSYN under the Thy-1
promoter [34–36], were bred in-house by crossing B6D2F1 (C57Bl6/DBA2) with heterozy-
gous L61 females on a B6D2F1 background. L61 mice display an age-dependent increase
in αSYN pathology, with high levels of oligomeric, aggregated αSYN detected already
at 3 months of age [37]. Due to random X-inactivation, insertion of the transgene on the
X-chromosome manifests as notable differences in pathology levels and phenotype between
males and females. For the pharmacokinetic and microdialysis studies of intravenous (i.v.)
and intraperitoneal (i.p.) injections, as well as in the positron emission tomography (PET)
study, female WT B6D2F1 mice were used, n = 4 for each time point and antibody (n = 2 for
each administration route), n = 2 for PET. For the immunotherapy study, female L61 mice
were used, with n = 8 for each treatment group. All mice were 14–16 months of age and
randomized across treatments by litter and date of birth. Animals were housed in groups
of a maximum of five mice in open cages on a 12:12 h constant light cycle in a temperature-
and humidity-controlled room and were given food and water ad libitum. All experiments
were approved by the Uppsala Animal Ethics Committee (approval 5.8.18-13350/2017,
5.8.18-12230/2019, and 5.8.18-20401/2020) and the use of mice was conducted in accordance
with the EU directive 2010/63/EU for animal experiments.

2.2. Antibody Design and Expression

The antibodies were based on RmAbSynO2 [38], with a high affinity for large αSYN
oligomers and fibrils. RmAbSynO2-scFv8D3 targeting αSYN and mTfR was generated by
the fusion of a single-chain variable fragment of the mTfR binding antibody 8D3 [32] to the
C-terminal end of the IgG light chain with a short linker as previously described [33,39]. An
IgG2C backbone was chosen to stimulate interaction with microglia. In short, the bispecific
antibody was recombinantly generated in-house according to a previously published
protocol [33] by transient transfection of Expi293 cells with pcDNA3.4 vectors carrying the
sequence of either the heavy or the light chain of the antibody with polyethyleneimine
as the transfection reagent and valproic acid as the cell cycle inhibitor. The unmodified
RmAbSynO2 IgG was generated in a similar way for comparison. For further details on
the antibody binding characteristics, see supplementary information.

2.3. Radiolabeling

The antibodies were labeled with iodine-125 (125I) for ex vivo measurement of the
brain and blood distribution in the pharmacokinetics, microdialysis, and treatment studies.
Labeling was performed using direct iodination with Chloramine-T [40], as previously de-
scribed [33]. Molar activity after labeling was 14.6 ± 2.8 MBq/nmol for [125I]RmAbSynO2-
scFv8D3 and 12.9 ± 2.1 MBq/nmol for [125I]RmAbSynO2. The radiolabeling was always
performed less than 2 h before the experiments. For PET imaging of brain distribution, an-
tibodies were labeled with fluorine-18 (18F), using the inverse electron demand Diels-Alder
(IEDDA) click reaction, as previously described [41]. In short, antibodies were chemically
functionalized with transcyclooctene (TCO) and then reacted with an 18F-labeled tetrazine
in PBS. Molar activity after labeling was 116 MBq/nmol for [18F]RmAbSynO2-scFv8D3
and 96 MBq/nmol for [18F]RmAbSynO2. As a quality control, radiolabeled antibodies
were analyzed for binding to αSYN and TfR with ELISA in comparison with non-labeled
antibodies, as previously described [33].

2.4. In Vivo Experiments and Ex Vivo Measurements

For the pharmacokinetic studies, mice were injected with [125I]RmAbSynO2-scFv8D3
(1 mg/kg, 0.35 ± 0.08 MBq) or [125I]RmAbSynO2 (1 mg/kg, 0.39 ± 0.09 MBq), either
i.p. (n = 2/time point) or i.v. (n = 2/time point) and sacrificed at 30 min, 2 h, 4 h, or 24 h
post-injection. Tail-vein blood samples (8 µL) were obtained at 30 min and 1 h post-injection
from the 2 h and 4 h animals, with an additional sample at 2 h from the 4 h animals. From
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the 24 h animals, blood samples were obtained 1 h, 4 h, and 6 h post-injection. All mice were
subject to a terminal blood sample at the time of euthanasia prior to transcardial perfusion
with 0.9% NaCl, followed by isolation, subdissection, and flash-freezing of the brain on dry
ice. Radioactivity in the brain and blood were measured using a γ-counter (1480 Wizard™;
Wallac Oy, Turku, Finland) and expressed as a percentage injected dose/g brain tissue
normalized to body weight (%ID/g brain/BW and %ID/g blood/BW). Antibody exposure
in blood was expressed area under the curve (AUCblood).

For the treatment study, L61 mice were i.v. injected with three doses of 10 mg/kg of
either RmAbSynO2-scFv8D3 or RmAbSynO2 (n = 8/group). Each dose was supplemented
with the radiolabeled antibody of the same type, corresponding to 0.05 mg/kg, to be able
to follow the treatment dose pharmacokinetics throughout the study, 0.24 ± 0.09 MBq and
0.29 ± 0.065 MBq of [125I]RmAbSynO2-scFv8D3 and [125I]RmAbSynO2 respectively. Anti-
body injections were performed on day 1, 2, and 4, followed by euthanasia by transcardial
perfusion with 0.9% NaCl on day 5, 24 h after the last injection. Tail-vein blood samples
(8 µL) were obtained 1 h, 4 h, and 24 h after each injection, and a terminal blood sample
was collected prior to euthanasia. Brain isolation and radioactivity measurements were
performed as above.

2.5. Ex Vivo Autoradiography

Frozen 20 µm sagittal sections were prepared with a cryostat (CM1850, Leica Biosys-
tems, Mölndal, Sweden) and mounted on Superfrost Plus glass slides (Menzel Gläser,
Braunschweig, Germany). Dried sections were exposed to a phosphor screen (MS, Multi-
Sensitive, PerkinElmer, Downers Grove, IL, USA) for seven days and scanned with Typhoon
PhosphorImager (GE Healthcare). The radioactive signal was converted to a false-color
scale (Royal) in ImageJ (NIH, Bethesda, MD, USA).

2.6. Microdialysis

A guide cannula (AT12.8.iC, AgnTho’s, Lidingö, Sweden) was inserted into the left
striatum (coordinates A/P + 0.6, M/L + 1.8 from bregma, and D/V − 2.7 from dura) under
isoflurane anesthesia (induction 4% and maintenance 2%; Isofluran Baxter, Baxter S.A.,
Lessines, Belgium) with stereotaxic surgery. The cannula was attached to the skull with
two anchor screws (1 × 2 mm, AgnTho’s) and dental cement (Dentalon plus, Heraeus
Kulzer GmbH, Hanau, Germany). Buprenorphine (Bupaq vet, Richter Pharma AG, Wels,
Austria) and carprofen (Norocarp vet 50 mg/mL, Norbrook Laboratories Ltd., Newry, UK)
were administered subcutaneously for post-operative pain and lidocaine (Xylocaine, Aspen
Pharma Trading Ltd., Dublin, Ireland) were used as a local anesthetic. Mice were allowed
to recover for 24–48 h before the microdialysis.

Prior to the microdialysis, fluorinated ethylene propylene inlet tubing (FEP PTFE
tubing, ID 0.12 mm, AgnTho´s), outlet tubing (Tygon LMT-55, ID 0.13 mm, Ismatec, Cole-
Parmer GmbH, Wertheim, Germany), and the probe (AT12.8.1, 1 mm PE membrane, 3 MDa
cut-off, AgnTho´s) were coated with 5% polyethyleneimine (PEI MW ~2000, Sigma Aldrich,
Saint Louis, MO, USA) 0.5 µL/min for 16 h, and then washed with water 10 µL/min for
10 min following 1 µL/min for 8 h to prevent binding of the radiolabeled antibody in the
tubing and probe and to improve probe recovery during the microdialysis as described
in [42].

The probe was connected to a push-and-pull microdialysis system containing a CMA
402 Microdialysis syringe pump (CMA Microdialysis AB) and a Reglo ICC Digital Peristaltic
pump (CMA Microdialysis AB) and perfused at 0.5 µL/min with Ringer solution containing
0.15% BSA. The mice were quickly anesthetized with isoflurane and injected i.p. or i.v. with
[125I]RmAbSynO2-scFv8D3 (1 mg/kg; 4.97 ± 0.61 MBq). The probe was inserted into the
brain right after the antibody injection. Mice were kept under isoflurane anesthesia (1.2–2%)
on a heating pad during the microdialysis. The dialysate was collected 8 × 30 min post-
injection. One mouse from each group died after 2–2.5 h after starting the microdialysis;
thus, samples were collected only until the time of death from these two mice. The volume
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of the dialysate was measured by weighing the dialysate, and the peristaltic pump flow
rate was adjusted if needed to reach fluid recovery of 97–103%, as described in [43]. Mice
were perfused transcardially with saline after the microdialysis and the brain was dissected
for the biodistribution measurement. Radioactivity in the dialysate was measured using a
γ-counter (1480 Wizard™; Wallac Oy).

2.7. PET Imaging

For PET imaging, 14-month-old WT mice (n = 2) were anesthetized with sevoflurane,
placed in a preheated bed in the PET scanner (Mediso nanoScan system) and injected with
a bolus i.v. injection of 5.8 MBq [18F]RmAbSynO2-scFv8D3 or 5.9 MBq [18F]RmAbSynO2 at
the start of PET acquisition. Mice were kept under mild anesthesia and scanned for 120 min
with a field of view of 9.8 cm, followed by a CT examination for 5 min. Dynamic PET data
were obtained by reconstruction with a Tera-Tomo 3-dimensional algorithm (Mediso) with
4 iterations and 6 subsets. CT raw files were reconstructed using filtered back projection
(FBP). All subsequent processing of the PET and CT images was performed with imaging
software Amide 1.0.4 [44].

2.8. αSYN Extraction

Sequential extraction of αSYN from brain tissue was performed as previously de-
scribed [37]. In short, flash-frozen brain tissue samples were homogenized with a PreCellys
Evolution (VWR, Stockholm, Sweden) in ice-cold Tris-buffered saline (TBS) supplemented
with cOmplete protease inhibitor (Roche, Mannheim, Germany) and PhosStop phosphatase
inhibitor (Sigma, Gillingham, UK) at a 1:10 w/v ratio. Next, αSYN species of decreasing
solubility were extracted with TBS with 0.5% Triton X-100 (TBS-T) at 16,000× g and 70%
formic acid (FA) at 100,000× g.

2.9. ELISA

Levels of different αSYN species and soluble TREM2 (sTREM2) were measured as
previously described [37,45] with sandwich enzyme-linked immunosorbent assay (ELISA),
using antibodies and enzyme conjugates as summarized in Table 1. For all αSYN ELISAs,
half-area 96-well plates were coated overnight with coating antibody at 4 ◦C. The following
day, plates were decanted and blocked for 2 h with 1% BSA at room temperature (RT)
and then incubated with brain extracts diluted in 0.1% BSA/0.05 Tween-20 overnight at
4 ◦C. Plates were incubated with the detection antibody for 1 h, followed by the secondary
antibody for 1 h. The sTREM2 ELISA was performed in a similar manner as described
above, except that the incubation time for blocking and detecting antibodies was 2 h at
RT. For all ELISAs, signals were developed with K-blue Aqueous TMS substrate (Neogen
Corporation, Lansing, MI, USA), neutralized with 1 M sulfuric acid, and read at 450 nm on
Tecan Infinite Pro (Tecan Group Ltd., Männedorff, Switzerland).

Table 1. The concentration of antibodies and enzyme conjugates used in sandwich ELISAs.

Assay Oligomeric αSYN Total αSYN sTREM2

Coat
MJFR-14-6-4-2

(Abcam, ab209538)
1 µg/mL

MJFR1
(Abcam, ab138501)

0.25 µg/mL

AF1729
(R&D, AF1729),

0.5 µg/mL

Detection
MJFR-14-6-4-2 biotinylated

(Abcam, ab209538)
1 µg/mL

Syn-1
(BD Biosciences, 610787)

0.35 µg/mL

BAF1729
(R&D, BAF1729),

0.5 µg/mL

Enzyme conjugate
SA-HRP

(Mabtech AB, 3310-9-1000)
1:2000

anti-mouse IgG F (ab’)2
(Jackson Immuno Research,

115-036-006)
0.4 µg/mL

SA-HRP
(Mabtech AB, 3310-9-1000)

1:2000
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2.10. Immunohistochemistry

Immunohistochemistry was performed as previously described [37], with the excep-
tion that fresh-frozen cryosections were used. In short, 20 µm sections were fixed with
4% formaldehyde, followed by heat-induced antigen retrieval in 25 mM citrate buffer
(pH 6.0) prior to permeabilization with 0.4% PBS-Triton X-100 for 20 min and blocking in
5% normal goat serum for 1 h in RT. Next, sections were incubated overnight at 4 ◦C with
anti-α-syn phospho-Ser129 EP1536Y (pSer129, 1:250, Abcam, Cambridge, UK, ab51253) for
detection of pathological αSYN phosphorylated on serine 129 and inflammation markers
anti-Iba1 (1:500, WAKO Chemicals, Richmond, VA, USA, 019-19,741) or anti-TREM2 (1:50,
R&D Systems, AF1729). The next day, sections were incubated with biotinylated goat
anti-rabbit IgG (H + L, 1:250, Vector) for detection of pSer129 and Iba1 or biotinylated goat
anti-sheep IgG (H + L, 1:250, Vector) for 30 min, followed by a 30 min incubation with
horseradish peroxidase-conjugated streptavidin (1:500, Mabtech AB, Stockholm, Sweden,
3310-9-1000). Sections were developed with NovaRED Chromogen Peroxidase Substrate
kit (Vector, SK-4800) according to the manufacturer’s instructions and counterstained with
hematoxylin. Lastly, stained sections were washed thoroughly in dH2O, dehydrated and
fixed in an ethanol gradient (70–100%) and xylene, mounted with Pertex (Histolab, Gothen-
burg, Sweden), and left to dry overnight. Sections were washed with PBS between each
step except for between blocking and incubation in the primary antibody.

Images were acquired at 4× and 60× magnification with Nikon Eclipse 80i microscope
and NIS-Elements BR 4. 20.00 software.

2.11. Statistical Analyses

All statistical calculations and analyses were made in Prism 8 (GraphPad Software,
Inc. La Jolla, CA, USA). Results are presented as mean ± standard deviation (SD) un-
less otherwise stated. The levels of [125I]RmAbSynO2-scFv8D3 in interstitial fluid (ISF)
dialysate were analyzed with the mixed-effects model (REML) for repeated measurements.
Brain levels of antibodies upon the termination of the therapy study were analyzed by an
unpaired t-test. Brain levels of αSYN and TREM2 were analyzed with a one-way analysis
of variance (ANOVA) followed by Sidak’s multiple comparison test.

3. Results
3.1. Increased Brain Uptake following Intravenous Injections of RmAbSynO2-scv8D

To investigate the binding properties of the recombinantly expressed RmAbSynO2-
scFv8D3 and RmAbSynO2 (Figure 1A), an inhibition ELISA was performed, indicating a
high selectivity for αSYN aggregates (oligomers and fibrils) over monomers and a high
degree of similarity between the two antibody formats (Figure S1A). In addition, the
affinity to αSYN oligomers and mTfR was not altered after radiolabeling, as validated
with ELISA (Figure S1B). Antibody administration can be performed through different
routes. While intraperitoneal (i.p.) administration is easier to perform, intravenous (i.v.)
injections may result in better bioavailability. To investigate the optimal delivery route for a
treatment study, the brain and blood pharmacokinetics of [125I]RmAbSynO2-scFv8D3 and
[125I]RmAbSynO2 were evaluated after 1 mg/kg i.v. and i.p. injections in WT mice.

The blood pharmacokinetic profiles of the bispecific and the unmodified antibody
displayed similar differences between administration routes. While i.v. administration was
characterized by high antibody blood concentration immediately after injection, followed
by a gradual decline, i.p. administration was initially low with the highest antibody
concentration 4–6 h after injection, followed by a gradual decline. As expected, due to its
interaction with peripheral TfR, the overall exposure for RmAbSynO2-scFv8D3 (Figure 1B)
was lower compared to RmAbSynO2 (Figure 1C). The AUCblood of RmAbSynO2-scFv8D3
was 3393 and 3036 for i.v. and i.p., respectively, while the AUCblood of RmAbSynO2 was
13,823 and 10,840 for i.v. and i.p. administration, respectively. When comparing brain
concentrations following i.v. and i.p. administration of the two antibodies, it was evident
that i.p. administration reduced brain concentrations compared to i.v. injections at early
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time points, i.e., at 30 min, 2 h, and 4 h post-injection (Figure 1D,E). Thus, i.v. injection
resulted in substantially higher total brain exposure. At the late time point, 24 h post-
injection, brain concentrations were similar after i.p. and i.v. administration. At all studied
time points, levels of RmAbSynO2-scFv8D3 in the brain, including brain vasculature, were
much higher than for RmAbSynO2. The difference between the mono- and bispecific
antibody in total brain concentrations after i.v. administration was 50-fold at the 2 h time
point. For both antibodies, the total brain uptake for each administration route was similar
across different brain regions (Figure S2).
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Figure 1. (A) Design of the bispecific RmAbSynO2-scFv8D3 with a single chain variable frag-
ment of the mTfR binding antibody 8D3 fused to the C-terminus of the light chain with a short
linker and the unmodified RmAbSynO2. (B) Blood exposure of [125I]RmAbSynO2-scFv8D3 and
(C) [125I]RmAbSynO2 following intravenous (i.v.) and intraperitoneal (i.p.) injections. Blood exposure
of both antibody formats was higher after i.v. compared to i.p. administration, with [125I]RmAbSynO2-
scFv8D3 displaying lower total exposure. (D) Total brain concentrations of [125I]RmAbSynO2-
scFv8D3 and (E) [125I]RmAbSynO2 were both higher after i.v. injections in comparison with i.p., with
[125I]RmAbSynO2-scFv8D3 concentrations peaking 2–4 h post-injection and substantially higher than
[125I]RmAbSynO2 at all points (NB different y-axis scale). (F) Radioactive signal in 20 µm sagittal brain
cryosections from WT mice in (D,E), demonstrating that mice i.v. injected with [125I]RmAbSynO2-
scFv8D3 showed the highest signals at all time points. (G) Levels of [125I]RmAbSynO2-scFv8D3 were
higher in interstitial fluid (ISF) dialysate measured by microdialysis in the striatum after i.v. injections
compared to after i.p. injections (mean ± SEM, p = 0.0313, n = 4/administration route). All blood and
brain concentrations are expressed as % injected dose per gram tissue, normalized to bodyweight
(%ID/g tissue/BW).

Ex vivo autoradiography on tissue sections prepared from brains isolated at differ-
ent time points post-injection confirmed the impact of the administration route on brain
delivery with higher signals on sections obtained from i.v. injected animals (Figure 1F).
Ex vivo measurements and autoradiography give information on the total concentration
of antibodies associated with the brain tissue, including vasculature. To obtain further
information about the concentration of free antibodies in the extracellular space of the brain,
interstitial fluid (ISF) levels of antibodies were measured by microdialysis over a period of
4 h (Figure 1G). This analysis demonstrated that RmAbSynO2-scFv8D3 ISF concentration
in the striatum was significantly higher following i.v. injections in comparison with i.p.
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(p = 0.0313). Overall, the i.v. route was determined to be most efficient for brain delivery of
RmAbSynO2-scFv8D3 and was therefore used in the subsequent experiments.

For further in vivo evaluation of whole-brain uptake and distribution of the two dif-
ferent antibody formats after i.v. administration, RmAbSynO2-scFv8D3 and RmAbSynO2
were 18F-labeled and visualized with PET imaging in WT mice. During the first 5 min after
administration, both antibodies were present at relatively low concentrations in the brain,
as compared to surrounding tissues. At 90–120 min post-injection, brain concentration of
[18F]RmAbSynO2-scFv8D3 had increased, while [18F]RmAbSynO2 brain concentration had
decreased (Figure 2A), seemingly at a similar rate as the concentration in blood indicated
that the signal in the brain region largely originated from the blood volume in the brain
rather than from the actual brain tissue (Figure 2B). Similar to its faster elimination from
blood, [18F]RmAbSynO2-scFv8D3 was low in surrounding tissue.
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Figure 2. (A) Sagittal PET images of WT mice injected with [18F]RmAbSynO2-scFv8D3 (upper; n = 1)
or [18F]RmAbSynO2 (lower; n = 1) at 0–5 min and 90–120 min post-injection. (B) Quantification of
brain (whole brain except cerebellum) activity concentration (SUV) from 0–120 min after antibody
injection in same animals as (A).

3.2. Increased Treatment Efficacy of RmAbSynO2-scFv8D3 Compared to Its Unmodified Variant
RmAbSynO2

In a short-term treatment study in female L61 mice, aged mice received three i.v.
injections of 10 mg/kg RmAbSynO2-scFv8D3 or RmAbSynO2 or PBS as a control during
one week (Figure 3A). This dosing regime was based on the outcome of the brain and blood
pharmacokinetics of RmAbSynO2-scFv8D3 and RmAbSynO2. The blood pharmacokinetics,
tracked by trace amounts of 125I-labeled antibody mixed in with each treatment dose,
showed similar concentrations in blood following the three injections at 1 h, 4 h, and 24 h
post-injection (Figure 3B). Despite the low concentration of [125I]RmAbSynO2-scFv8D3 in
the blood, antibody measurements in the brain at study termination showed significantly
higher brain tissue concentration of the bispecific antibody compared to the unmodified
antibody (Figure 3C) as well as a significantly higher brain-to-blood ratio (Figure 3D) 24 h
after the final dose. In accordance with its low blood concentrations, [125I]RmAbSynO2-
scFv8D3 was lower than [125I]RmAbSynO2 in all peripheral organs except bone, probably
due to interaction with TfR in the bone marrow (Figure S3A). Taken together, this indicates
that [125I]RmAbSynO2-scFv8D3 was more efficiently transported into the brain compared
to the unmodified format also after repeated injections.
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Figure 3. (A) Study design of a short-term treatment study in female L61 αSYN mice between 14-16
months of age. Mice were treated with i.v. injections 10 mg/kg RmAbSynO2-scFv8D3 or RmAbSynO2
or PBS (n = 8 per treatment group) on day 1, 3 and 4, with study termination on day 5. (B) Lower
blood exposure of [125I]RmAbSynO2-scFv8D3 compared with [125I]RmAbSynO2 at 1 h, 4 h and 24 h
after each injection. (C) Higher concentration of [125I]RmAbSynO2-scFv8D3 in the brain compared to
[125I]RmAbSynO2 (7.1 ± 0.43 and 3.2 ± 0.16%ID/g brain/bw, respectively) upon study termination.
(D) Higher brain-to-blood ratio of [125I]RmAbSynO2-scFv8D3 (0.043 ± 0.0021) in comparison with
[125I]RmAbSynO2 (0.0048 ± 0.00013). All values are presented as means ± SD and analyzed with an
unpaired t-test. **** p < 0.0001.

Next, we quantified αSYN levels in brain homogenates from different regions with
two separate sandwich ELISAs, measuring the amount of total αSYN and oligomeric αSYN,
respectively. While total αSYN levels in TBS soluble brain extracts did not differ between
the treatment groups, RmAbSynO2-scFv8D3 treated mice displayed decreased total αSYN
in cortical TBS-T extract in comparison with the PBS treated group (Figure 4A).

Measurement of αSYN oligomers, the target of the treatment antibody, indicated
increased levels of oligomeric αSYN in TBS extracts from both cortex and midbrain of
RmAbSynO2-scFv8D3 treated animals when compared to PBS treated controls. In con-
trast, αSYN oligomer levels in the TBS-T soluble fraction were decreased in RmAbSynO2-
scFv8D3 treated mice, in both cortex and midbrain, compared to the PBS group (Figure 4B).
No differences in total αSYN levels were observed in the FA fraction, which represents in-
soluble αSYN aggregates (Figure S3B). Likewise, immunohistochemical staining of pSer129,
as a measure of pathological αSYN in different brain regions, did not reveal any differences
between the different treatments in comparison with the control group (Figure 4C).
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Figure 4. (A) Levels of total αSYN in TBS and TBS-T brain extracts measured with MJFR1/Syn-1
enzyme-linked immunosorbent assay (ELISA) measuring all forms of αSYN. No differences in total
αSYN in the cortex (Cx), midbrain (Mb), and cerebellum (Cer). Reduced total αSYN in Cx in the TBS-T
fraction in mice treated with RmAbSynO2-scFv8D3 in comparison with the PBS group. (B) Oligomeric
αSYN levels in TBS and TBS-T extracts measured with a homogenous MJFR-14-6-4-2 ELISA. Oligomeric
αSYN in the TBS fraction was increased in Cx in the RmAbSynO2-scFv8D3 group in comparison with
both the RmAbSynO2- and the PBS control groups and in Mb compared to the PBS group. Oligomeric
αSYN levels in the TBS-T fraction were instead decreased in Cx and Mb in the RmAbSynO2-scFv8D3
group compared to PBS controls, while Cer αSYN levels were unchanged. (C) Representative images
of 20 µm cryosections stained for Iba1 in Cx, hippocampus (HC), and Cer at 60× magnification,
with 4× magnifications embedded with squares representing the magnified area. No differences in
immunoreactivity were noted between the treatment groups. All values are presented as means ± SD,
with a one-way analysis of variance followed by Sidak’s multiple comparison test. * p < 0.05, ** p < 0.005.
Scale bars: 200 µm in embedded images, 10 µm in magnified images.
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3.3. Increased Microglial Response following Antibody Treatment Independent of Format

To investigate the microglial response to treatment with RmAbSynO2-scFv8D3 and
RmAbSynO2, levels of soluble TREM2 (sTREM2), a microglial marker, were measured
in brain homogenates from treated mice. Compared to PBS injected control mice, levels
of sTREM2 were increased after antibody treatment in the TBS fraction of all examined
brain regions, independent of the antibody format (Figure 5A). Increased sTREM2 levels
were also observed in the TBS-T fraction in the cortex and cerebellum for both antibody
formats and in the midbrain for RmAbSynO2-scFv8D3 compared to the PBS-treated animals.
Furthermore, increased microglial immunostaining in treated animals was noted on brain
sections stained for Iba1, a marker for activated microglia (Figure 5B), as well as for TREM2
(Figure S4). Taken together, this data indicates an increased microglial response to antibody
treatment, regardless of the format of the treatment antibody.
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Figure 5. (A) ELISA quantification of sTREM2 levels in TBS and TBS-T extracts from the cortex
(Cx), midbrain (Mb), and cerebellum (Cer), following treatment with RmAbSynO2-scFv8D3 or
RmAbSynO2 in comparison with PBS. Both antibody treatment groups displayed increased sTREM2
levels in both TBS and TBS-T extract of most examined regions. (B) Representative images of
20 µm cryosections stained for Iba1 in Cx, hippocampus (HC), and Cer at 60× magnification, with
4× magnifications embedded with squares representing the magnified area, showing increased
immunoreactivity on sections from mice treated with both antibody formats. All values are presented
as means ± SD, with a one-way analysis of variance followed by Sidak’s multiple comparison
test. * p < 0.05, ** p < 0.005, *** p < 0.001. Scale bars: 200 µm in embedded images, 10 µm in
magnified images.
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4. Discussion

Passive immunotherapy by targeting αSYN remains one of the most promising strate-
gies in halting the underlying neuropathological processes in synucleinopathies. Here, we
have investigated the brain distribution and therapeutic effects of a brain-penetrating, a
bispecific variant of RmAbSynO2, a conformation selective monoclonal antibody targeting
aggregated forms of αSYN [38,46]. Several lines of evidence point toward secreted extracel-
lular αSYN as the cause of the spreading of pathology in synucleinopathy brains [47–50]
by seeding the aggregation of endogenous αSYN in recipient cells. However, accessibility
to parenchymal pathology of conventional antibodies is severely limited by their restricted
passage across the BBB.

We have previously demonstrated that a bispecific form of RmAbSynO2, which
in addition to αSYN, also targets the mTfR, is actively transported through the BBB of
the entire brain capillary network [33]. As confirmed in the present study, this format
dramatically increases antibody brain concentration and mediates its distribution into
the whole volume of the brain. We further show that PET scanning can dynamically
visualize this process in vivo, showing a rapid and gradual increase in whole-brain uptake
of [18F]RmAbSynO2-scFv8D3. Importantly, in parallel with PET, antibody entry into
the brain ISF was verified with microdialysis. A high ISF concentration of therapeutic
antibody is particularly important for the treatment of synucleinopathies, where the protein
pathology is mainly intracellular and only low amounts of extracellular pathological αSYN
are accessible to be targeted by therapeutic antibodies. Conventional antibodies have
been hypothesized to enter the brain via perivascular routes, resulting in slow transport
and a low degree of diffusion into the brain parenchyma [51], which could explain why
αSYN-directed treatment, in particular, has so far shown a low rate of success. Although
antibody brain entry is also limited in AD immunotherapy, Aβ deposits are extracellular
and abundant and can therefore be accessed by low antibody concentrations resulting from
a slow, gradual leakage into the brain. Indeed, although the clinical outcome is debated, Aβ

immunotherapy has demonstrated a robust reduction in plaque load by amyloid PET [52].
Additionally, we demonstrate that the administration route greatly affects brain dis-

tribution, especially for the bispecific antibody. RmAbSynO2-scFv8D3 administered i.v.
results in more than double the brain concentrations at early time points compared to the i.p.
route. This was also seen with ex vivo autoradiography, with a higher radioactive signal in
the brain following i.v. injections of RmAbSynO2-scFv8D3. The large differences between
administration routes were also evident in ISF concentration of RmAbSynO2-scFv8D3
when measured with microdialysis in the striatum of WT mice, confirming that not only
association with brain vasculature but also parenchymal entry is affected. The peritoneal
cavity is vast with a large blood supply, in addition to being associated with low impact
of stress and thus more suitable for repeated dosing. However, the limited bioavailability
offered by this route in comparison with the i.v. route suggests that a high initial systemic
concentration is required for optimal TfR-mediated brain delivery.

Here we aimed to study the levels of soluble, membrane-associated and insoluble
αSYN following short-term treatment with three i.v. injections of RmAbSynO2-scFv8D3
during five days, in comparison with the unmodified RmAbSynO2 and PBS controls in
aged female L61 mice. Monitoring the antibody blood pharmacokinetics following each
injection throughout the study revealed similar blood pharmacokinetics and presumably
similar brain uptake of the antibodies after each dose. Upon study termination, the levels
of RmAbSynO2-scFv8D3 in the brain were higher in comparison with RmAbSynO2, as well
as higher in the brain relative to the concentrations in blood. This suggests that repeated
dosing is feasible for TfR-mediated brain delivery. In addition, it may indicate target
engagement of RmAbSynO2-scFv8D3 with intrabrain αSYN. The difference in brain con-
centrations between the antibodies was also reflected in the therapeutic effect, where only
the bispecific antibody variant significantly altered αSYN levels in the brain. Interestingly,
the levels of oligomeric, TBS soluble αSYN were increased in the cortex and midbrain after
RmAbSynO2-scFv8D3 treatment. In contrast, RmAbSynO2-scFv8D3 treatment reduced
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αSYN oligomers in the membrane-associated fraction of the same regions. Aggregated
αSYN is proposed to exert cellular toxicity by aberrant interactions with biological mem-
branes [53–55]. Our findings point toward a shift in the solubility of the oligomeric αSYN
toward a more soluble form, likely induced by engagement of the therapeutic antibody
with aggregated αSYN associated with membranes. It is important to bear in mind that
this is an acute study conducted over a short period of time, with analysis of tissue only
24 h after the last dose. The observed shift in solubility likely reflects a dynamic transi-
tion of αSYN through different states of solubility, where a subsequent clearance of the
solubilized αSYN may occur later in the process. In a chronic treatment setting, this could
eventually also lead to the removal of less soluble forms of αSYN aggregates, which was
not observed here. Still, although antibody treatment did not alter levels of total αSYN in
the most soluble brain extracts, levels of membrane-associated total αSYN were lowered in
the cortex of RmAbSynO2-scFv8D3 treated mice. However, formic acid-soluble αSYN, as
well as immunoreactivity of pSer129 αSYN, used as a proxy for pathological αSYN (i.e.,
less soluble αSYN aggregates) did not readily mirror changes in αSYN load between the
different treatments.

Further, we investigated the microglial response in treated mice, as there is a clear link
between released, extracellular pathogenic αSYN and positive microglial inflammatory
response [56–58]. In addition, microglia-mediated phagocytosis of antibody-target com-
plexes is usually suggested as a plausible mechanism for clearance in CNS immunotherapy.
The transition to a pro-inflammatory phenotype is key in the promotion of microglial
phagocytosis of pathogenic αSYN and it has been suggested that TREM2, which is highly
expressed on the surface of microglia in the CNS, participates in this process [59]. In addi-
tion, mutations in TREM2 have been identified as risk factors for several neurodegenerative
diseases, including PD [60]. Here, sTREM2 levels were significantly increased in all brain
regions following both the RmAbSynO2-scFv8D3 as well as RmAbSynO2 treatment as
compared with PBS controls. The impact of antibody treatment, regardless of format and
brain concentrations, on the TREM2 levels indicates that a common mechanism is at play.
Increased immunoreactivity of Iba1, a marker for activated microglia, in addition to TREM2,
was also observed on brain sections from both antibody treatment groups, further verifying
that treatment induced an increased microglial response. However, to fully understand
the impact of the antibody treatment on microglial response, an isotype-matched, non-
αSYN-targeting control antibody should be studied in parallel.

5. Conclusions

Taken together, this study demonstrates that RMT greatly enhances the brain distribu-
tion of a therapeutic antibody that specifically targets toxic αSYN aggregates in a mouse
model of αSYN pathology. The rapid and widespread distribution of the antibody into the
brain at high concentrations facilitates the clearance of αSYN oligomers.
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Abstract: Single domain shark antibodies that bind to the transferrin receptor 1 (TfR1) on brain
endothelial cells have been used to shuttle antibodies and other cargos across the blood brain barrier
(BBB) to the brain. For these studies the TXB4 brain shuttle was fused to a TrkB neurotrophin receptor
agonist antibody. The TXB4-TrkB fusion retained potent agonist activity at its cognate receptor and
after systemic administration showed a 12-fold increase in brain levels over the unmodified antibody.
Only the TXB4-TrkB antibody fusion was detected within the brain and localized to TrkB positive
cells in the cortex and tyrosine hydroxylase (TH) positive dopaminergic neurons in the substantia
nigra pars compacta (SNc), where it was associated with activated ERK1/2 signaling. When tested in
the 6-hydroxydopamine (6-OHDA) mouse model of Parkinson’s disease (PD), TXB4-TrkB, but not the
unmodified antibody, completely prevented the 6-OHDA induced death of TH positive neurons in
the SNc. In conclusion, the fusion of the TXB4 brain shuttle allows a TrkB agonist antibody to reach
neuroprotective concentrations in the brain parenchyma following systemic administration.

Keywords: TrkB; agonist antibody; variable new antigen receptor (VNAR); neuroprotection;
transferrin receptor 1 (TfR1); blood-brain barrier (BBB); 6-OHDA; Parkinson’s disease

1. Introduction

The interaction of neurotrophins (NGF, BDNF, NT3 and NT4) with their cognate Trk
receptors (TrkA, TrkB and TrkC, respectively) protects neurons from naturally occurring
cell death during development [1,2]. Their ability to nurture developing neurons spawned
numerous studies to determine if they can promote the survival of adult neurons, particu-
larly in the context of neurodegenerative disease or acute brain injury [3,4]. In this context,
promising results have been found with BDNF which, by activating the TrkB receptor,
can protect neurons from death in, for example, preclinical models of PD [5], Alzheimer’s
disease (AD) [6,7], and ischemic lesions [8–11]. In addition, BDNF can promote func-
tional recovery of injured neurons following spinal cord injury [12–14] and stimulate the
production of new neurons in the adult brain [15,16]. The loss of BDNF has also been sug-
gested as a contributory factor to the progression of PD [17–19], AD [20] and Huntington’s
disease [21–23], as well as to conditions such as depression [24,25].

However, the therapeutic potential of BDNF in neurodegenerative diseases, acute
brain injury and other neurological conditions has not been realized in the clinical setting
due in part to a short plasma half-life in vivo [26], exclusion from the brain parenchyma
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following systemic administration, and poor diffusion throughout the parenchyma due
to a high isoelectric point [27]. Agonist antibodies that directly bind the TrkB receptor
and mimic the neurotrophic activity of BDNF provides a long in vivo half-life, but the
challenge of poor blood brain barrier (BBB) penetration remains. This has generally limited
the systemic delivery of TrkB antibody to peripheral disorders such as obesity [28,29]
and peripheral neuropathy [30]. Nonetheless, when delivered directly across the BBB by
intracerebroventricular injection prior to an ischemic injury, the 29D7 TrkB agonist antibody
enhances neuronal survival and promotes functional recovery [31–34].

There is considerable interest in the possibility of utilizing the receptor-mediated
transcytosis pathways that exist on brain endothelial cells that form the BBB to carry
biotherapeutics from the blood to the brain parenchyma with the transferrin receptor
1 (TfR1) being the most widely studied [35]. TXB4 is a single domain shark variable new
antigen receptor (VNAR) antibody specific to TfR1 with enhanced brain penetration which
was derived from the previously reported TXB2 VNAR [36] by restricted randomization of
the CDR3 domain [37]. We hypothesized that if the TXB4 module was fused to the 29D7
TrkB agonist antibody it would accumulate in the brain following systemic administration
to provide neuroprotection following disease or injury. In the present study we produced
a bivalent, bispecific TrkB antibody by cloning the variable regions of the 29D7 agonist
antibody into human IgG1 and genetically fusing it to the TXB4 brain shuttle.

Our results show that, unlike the unmodified TrkB agonist antibody, the TXB4-TrkB
fusion rapidly accumulated in the brain following a single IV injection. We also found that
TXB4-TrkB associates with and activates ERK1/2 signaling in TrkB positive cells in the
cortex and tyrosine hydroxylase (TH) positive dopaminergic neurons in the substantia nigra
compacta (SNc). When tested in the mouse 6-OHDA model of PD, the TXB4-TrkB antibody
completely prevented the loss of TH positive neurons throughout the SNc. In conclusion,
fusion with the TXB4 module allows the TrkB agonist antibody to reach neuroprotective
concentrations in the brain parenchyma following systemic administration, generating
a new class of biologic with therapeutic potential in a wide range of neurodegenerative
diseases, acute brain injury situations and possibly depression.

2. Materials and Methods

Production of bivalent VNAR-agonist antibody fusions. The VH and VL domain
sequences from the mouse anti-TrkB 29D7 or anti-TrkC agonist antibody 6.4.1 [33,38] were
cloned into the constant regions of the human heavy chain IgG1 and human light chain
kappa, respectively. The human Fc domain of both antibodies contained the LALA double
mutation (Leu234Ala and Leu235Ala) to attenuate effector function [39]. The original TXB2
BBB shuttle [36] was subjected to restricted CDR3 mutagenesis and the TXB4 variant, which
showed enhanced brain penetration [37], was used to generate bivalent VNAR-antibody
fusions. TXB4 was fused to either the N-terminus of the heavy chain VH domain via a
3xG4S linker (HC2N format) or between the CH1 and CH2 domain via a 3xG4S and a
1xG4S linker (HV2N format), respectively. The TrkC-TXB4 antibody fusion was produced
in the HC2N format and used as a control.

All antibodies were expressed in CHO cells by transient transfection. Supernatants
were collected and filtered through 0.22 µm membranes and loaded onto HiTrap MabS-
elect SuRe Protein A columns (GE Healthcare, Chicago, IL, USA) pre-equilibrated with
phosphate-buffered saline (PBS, pH 7.4). Antibodies were eluted with 0.1 M glycine, pH 3.5
into neutralizing buffer (1 M Tris-HCl, pH 9.0) and the buffer exchanged to PBS using
HiPrep 26/10 Desalting columns (GE Healthcare). Antibody purity was determined by
analytical size exclusion chromatography (SEC) using a Superdex200 column.

Target binding assays. For ELISAs, Nunc MaxiSorp plates (Thermo Fisher, Waltham,
MA, USA) were coated with 100 µL of 1 µg/mL of human TrkB (Sino Biological, 10047H80M,
Beijing, China) mouse or human TfR1 (mTfR1 and hTfR1 ectodomains produced inter-
nally) and incubated at 4 ◦C overnight. Plates were incubated with a blocking buffer
(2.5% non-fat dry milk in PBS with 0.1% Tween20, PBST) for 1 h at RT. Purified proteins
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were mixed with non-fat dry milk in PBST to a final concentration of 2.5% and incubated
for 30 min. The blocked protein solutions (100 µL) were transferred to the blocked plates
and incubated for 1 h. The plates were washed with PBST and incubated with a goat anti-
human Fc−peroxidase antibody diluted 1:5000 (Sigma) in blocking buffer for 30 min. The
plates were washed and developed with SureBlue (VWR). The reaction was measured at
370 nm in real time for Vmax analysis and EC50 values were calculated using 4-parametric
non-linear regression (Prism). Receptor binding kinetics were measured by surface plas-
mon resonance (SPR) using a Biacore T200 (GE Healthcare) as described [36]. In brief, a
Fc-capture kit (GE Healthcare) was used to immobilize ligand in 0.1% BSA in HBS-EP+
buffer (GE Healthcare). Analyte binding was measured using the single cycle kinetic SPR
method in HBS-EP+ at a flow rate 30 µL/min. A flow cell without ligand captured served
as a reference. Sensorgrams were fitted using a 1:1 binding model and kinetic constants
were determined using Biacore T200 Evaluation software.

Trk receptor reporter assay. TrkB- and TrkC-β-lactamase reporter cell lines (CellSen-
sor NFAT-bla CHO-K1, Invitrogen) were passaged twice weekly in DMEM-GlutaMAX
medium (Gibco) supplemented with 10% dialyzed fetal bovine serum (dFBS), 100 U/mL
penicillin, 100 µg/mL streptomycin, 5 µg/mL blasticidin, 200 µg/mL zeocin, 0.1 mM
non-essential amino acid solution (NEAA), and 25 mM HEPES buffer (all from Sigma).
For the assay, 2 × 104 cells were seeded per well of black-wall clear-bottom 96-well plates
(Corning, Corning, NY, USA) in 100 mL of the same medium but with 0.5% dFBS and
incubated overnight at 37 ◦C in 5% CO2. Antibodies were diluted in assay media and 50 µL
was added per well to achieve a final concentration range as indicated in the results. Cells
were incubated with the antibodies for 4 h at 37 ◦C, 5% CO2 before the addition of 30 µL
of the fluorescence resonance energy transfer (FRET) substrate CCF2-AM (ThermoFisher,
Waltham, MA, USA). After incubation at room temperature for 90 min protected from light,
conversion to CCF2 was measured by a shift in FRET emission. The excitation filter was
set at 405 nm, and the emission filters at 460 and 530 nm (FlexStation, Molecular Devices,
San Jose, CA, USA) and the ratio of the emission wavelengths (λ1/λ2) was calculated as a
measure of β-lactamase activity driven by TrkB or TrkC receptor activation.

Animal studies. All in vivo studies were performed in accordance with UK Animals
Scientific Procedures Act (1986) and were approved by King’s College London Animal
Welfare and Ethical Review Body. A total of 65 adult BalbC mice (8–12 weeks old, Envigo)
were used: 45 for the brain accumulation study, three for the brain localization studies
and 17 for the 6-OHDA neuroprotection study. All animals were maintained on a 12:12 h
light/dark cycle with food and water available ad libitum.

Brain accumulation of injected antibodies by ELISA. Female BalbC mice were injected
IV with molar equivalent doses of either unmodified antibodies (3.6 mg/kg = 25 nmoL/kg)
or bivalent TXB4-antibody fusions (4.3 mg/kg = 25 nmoL/kg). Animals were euthanized
at 30 min, 1, 2, 4 or 18 h post injection by phenobarbital overdose (1 mL of 200 mg/mL
Euthatal) before intracardiac perfusion with PBS. Brains were dissected into left and right
hemispheres and stored at −80 ◦C. Tissue samples were homogenized in 3:1 (v/w) of PBS
containing 1% Triton X-100 supplemented with protease inhibitors (cOmpleteTM, Sigma)
using the TissueRuptor (Qiagen, Hilden, Germany) at medium speed for 10 s and then
incubated for 30 min on ice. Lysates were centrifuged at 17,000× g for 20 min, and the
supernatant was blocked overnight at 4 ◦C in 2.5% milk in PBS with 0.1% Tween 20.
MaxiSorp plates (ThermoFisher) were coated with 100 µL of goat anti-human Fc antibody
(Sigma) diluted 1:500 in PBS overnight at 4 ◦C. The plates were washed and incubated with
blocking buffer for 1 h at room temperature. Blocked brain lysates (100 µL) were added to
the blocked plates and incubated for 1 h at room temperature. After washing, plates were
incubated with goat anti-human Fc-HRP conjugated antibody (Sigma) diluted 1:5000 for 1 h.
Plates were then washed and developed with tetramethylbenzidine and the reaction was
stopped with 1% HCl. Absorbance was measured at 450 nm and antibody concentrations
were determined using standard curves prepared separately for each antibody.
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Brain localization of injected antibodies by immunohistochemistry. All antibodies
were injected at 10 mg/kg SC into male BalbC mice. The animals were euthanized after
18 h by phenobarbital overdose before being intracardially perfused with PBS followed
by 10% neutral buffered formalin (Sigma, St. Louis, MO, USA). Brains were removed
and submerged in 10% neutral buffered formalin for 24 h and embedded in paraffin wax.
Serial 7 µm sagittal sections were dewaxed (2 × 5 min in xylene, 4 × 2 min 100% IMS)
and endogenous peroxidases quenched by immersion in 3% H2O2 for 10 min. Antigen
retrieval was performed by boiling sections in 1 mM citric acid at a pH of 6.0 for 10 min. A
blocking solution containing 3% porcine serum albumin in 0.05 M tris buffered saline (TBS,
pH 7.6) was applied for 90 min before sections were incubated with primary antibodies
at 4 ◦C overnight in a humidified chamber. IV-injected antibodies were detected in the
brain with a biotinylated goat anti-human IgG (Vector Laboratories, BA-3000, diluted 1:500,
Newark, CA, USA). Marker proteins were detected with chicken anti-TH (Abcam ab76442,
diluted 1:1500, Cambridge, UK), rabbit anti-pErk1/2 (Cell Signaling Technology 9101,
diluted 1:250, Danvers, MA, USA), and rabbit anti-TrkB (Abcam ab18987). Sections were
washed for 2 × 5 min in 0.025% Triton-X100 in TBS before incubation with fluorescent-
tagged secondaries (all from ThermoFisher, diluted 1:500, Waltham, MA, USA) for 90 min
at room temperature. Biotinylated anti-human IgG was detected with streptavidin-Alexa
Fluor 647 and the following were used to detect marker proteins: goat anti-chicken-Alexa
Fluor 488; donkey anti rabbit-Alexa Fluor 488; and donkey anti-rabbit Alexa Fluor 647.
After secondary incubations, sections were washed for 2 × 5 min in 0.025% Triton-X100
in TBS before incubation with 0.1% Sudan Black B in 70% ethanol for 20 min at room
temperature to quench autofluorescence. Slides were washed under running water, dried,
and coverslips mounted in Vectashield with DAPI (Vector Laboratories, H-1800). Fluores-
cence images were acquired using a Zeiss 710 confocal microscope and Axiovision image
analysis software.

6-OHDA unilateral lesion model of Parkinson’s disease. A single SC injection of
either 5 mg/kg of the TrkB antibody, TXB4-TrkB antibody fusion or TXB4-TrkC fusion or
5 mL/kg of PBS was given to male BalbC mice 24 h prior to lesioning. A second 2.5 mg/kg
dose of each antibody or PBS was administered at post-lesion day seven. For 6-OHDA
lesioning, anesthesia was induced with 5% isoflurane/oxygen and animals were placed in a
stereotaxic frame with blunt ear bars. Anesthesia was maintained at 3% isoflurane/oxygen
and body temperature was maintained at 37 ◦C. The surgical site was sterilized with
0.4% chlorhexidine before making an antero-proximal incision along the scalp. Fine-bore
holes (Ø 0.5 mm) were made in the skull at coordinates AP: +0.5 mm and ML: +2.2 mm
(relative to bregma and skull surface) through which a blunt-ended 30-gauge needle was
inserted to DV: −3.5 mm. 6-OHDA.HBr (4 µg in 3 µL 0.02% ascorbate/saline) was infused
unilaterally into the striatum (0.5 µL/min) and the needle withdrawn 5 min later. This dose
was predicted to produce a partial lesion over a two-week period [40]. Animals received
a single dose of buprenorphine (Vetergesic; 0.1 mg/kg, SC) after suturing and 1 mL of
rehydrating Hartmann’s solution was administered SC daily for 5 days. One animal in the
TrkB antibody group failed to recover adequately from surgery and was excluded from
the study.

Immunohistochemical assessment of TH+ cell bodies in the SNc. On post-lesion
day 14, animals were euthanized by phenobarbital overdose before intracardiac perfusion
with PBS followed by 10% neutral buffered formalin (Sigma). Brains were removed and
submerged in 10% neutral buffered formalin for 24 h before being embedded in paraffin
wax. Serial 7 µm coronal sections encompassing the rostral, medial, and caudal SNc were
obtained and processed for TH staining. Sections were dewaxed (2 × 5 min in xylene,
4 × 2 min in industrial methylated spirits) and endogenous peroxidases quenched by
immersion in 3% H2O2 for 10 min. Antigen was retrieved by boiling sections in 1 mM citric
acid with a pH of 6.0 for 10 min. Blocking solution containing 1% bovine serum albumin
in TBS was applied for 10 min before sections were incubated with primary polyclonal
rabbit anti-TH antibody (Millipore ab152, diluted 1:500) at room temperate overnight in
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a humidified chamber. Sections were washed for 5 min in TBS before incubation with
biotinylated goat anti-rabbit secondary antibody (Vector Laboratories BA1000, diluted 1:500)
at room temperature for 1 h. Sections were washed for 5 min in TBS before detection with
Vectastain Elite ABC Kit (Vector Laboratories, PK6100) followed by the DAB substrate Kit
(Vector Laboratories, SK4100). Sections were rinsed in distilled H2O for 10 min, dehydrated
in 100% IMS (4 × 2 min), cleared in xylene (2 × 5 min) and then mounted with coverslips
using the solvent based plastic DPX (Sigma). Photomicrographs of TH-stained SNc sections
(3–6 sections per mouse at each of the caudal [AP: −3.52 mm], medial [AP: −3.16 mm]
and rostral [AP: −2.92 mm] levels relative to bregma) were acquired at 20X magnification
using a Zeiss Apotome microscope and Axiovision software (Carl Zeiss Ltd., Tokyo, Japan).
Image J software was used to manually count viable (intact round cells with a clear nucleus
and cytoplasm) TH-positive A9 dopaminergic cells of the SNc in both the lesioned and intact
hemispheres. SNc cell number in the lesion hemisphere was calculated as a percentage
of that lost in the intact hemisphere (n = 3–5 per group). Data were combined across all
three rostro-caudal levels to generate a single average value for each animal and the mean
calculated per treatment group.

Statistical analysis. All statistical analysis was performed using Graphpad Prism
8 software. The concentration response curve of antibodies in the NFAT reporter assay was
analyzed by non-linear regression to give EC50 values (n = 3–5 independent experiments
per concentration per treatment). Percentage TH+ cell loss in the lesioned relative to
the intact SNc in the 6-OHDA PD mouse model was tested for Gaussian distribution by
Shapiro-Wilk and parametric statistics applied accordingly. The percentage TH+ cell loss
of the lesioned relative to intact SNc was compared across treatment groups by one-way
ANOVA followed by Tukey’s HSD, * p ≤ 0.05.

3. Results

In vitro activity of TXB4-TrkB agonist antibody fusions. The TXB4 module was
fused to the TrkB antibody in two different formats and binding to TfR1 and TrkB was
evaluated (Figure 1A). The TfR1 ELISA binding curve for the HC2N format overlapped
with that of the TXB4-human Fc fusion control, whereas the binding curve for the HV2N
format was shifted to the right for both species of TfR1 (Figure 1B,C). The calculated ELISA
EC50 values for HV2N and HC2N formats were all within a similar range (2.3 nM vs 0.7 nM
for mTfR1; 3.2 nM vs 1 nM for hTfR1, respectively). The TrkB ELISA binding curves for the
unmodified TrkB antibody and both TXB4-TrkB antibody formats closely overlapped with
calculated EC50s of 0.5–0.6 nM (Figure 1D). The binding kinetics to the TrkB receptor of the
TXB4-TrkB HV2N format were virtually identical to that of the unmodified TrkB antibody
as determined by SPR with KDs of 1.30–1.37 nM (Table 2). However, the dissociation rate
was slower for the HC2N format, resulting in a lower KD of 0.4 nM.

The relative agonist activity of the various antibodies was evaluated in the TrkB-NFAT-
bla CHO-K1 cell line. While all three antibodies achieved the full agonist activity of BDNF,
the dose-response curves were shifted to the right (Figure 1E). The calculated EC50 for
the unmodified TrkB agonist antibody was 0.34 nM and was relatively close to 0.11 nM
for the BDNF. Fusing the TXB4 module in either format reduced the potency relative to
the unmodified antibody. The EC50 for the HC2N format was 6.9 nM (20-fold reduction),
while that for the HV2N format was 0.9 nM (3-fold reduction) and this format was selected
for further animal studies (Table 1). The control TXB4-TrkC antibody fusion in the HC2N
format retained was a full agonist in the TrkC-NFAT-bla CHO-K1 assay and had an EC50
of 3.1 nM (data not shown).

Brain accumulation of the unmodified TrkB antibody versus the TXB4-TrkB fusion.
Mice were injected IV with 25 nmoL/kg of either the TrkB antibody or TXB4-TrkB fusion
(HV2N format), and antibody concentrations in brain and plasma were determined by
ELISA at the indicated timepoints (Figure 2A). Brain levels of the TrkB antibody remained
low (0.13–0.39 nM) throughout the study, whereas the TXB4-TrkB fusion antibody steadily
accumulated over the study period reached 4.7 nM, which represents a 12-fold increase
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over the unmodified antibody at the 18 h timepoint (Figure 2B). The plasma concentration
between the TrkB antibody (218 nM) and the TXB4 fusion (187 nM) were not significantly
different (Figure 2C). For the control TXB4-TrkC antibody, the brain concertation averaged
6.5 nM at 18 h after IV in injection with 25 nmol/kg compared to 0.3 nM for the unmodified
TrkC agonist antibody.
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Figure 1. Binding and agonist activity of TrkB antibody and TXB4—TrkB fusions. (A) Diagram 

of various antibody formats with the TXB4 VNAR module represented by black-filled circles. The 

binding of TXB4-TrkB antibody fusion to mTfR1 and (B) hTfR1. (C) was measured by ELISA com-

pared to the unmodified TXB4 VNAR-hFc and TXB4 module as references. (D) Binding to TrkB was 

measured by ELISA compared to the unmodified TXB4 VNAR-hFc and TXB4 as references com-

pared to the same as references. OD values were used for 4-parametric non-linear regression model 

to calculate EC50s (±SD, n = 3). (E) TrkB and TXB4-TrkB fusion protein were tested for agonist ac-

tivity using the TrkB-NFAT-bla CHO-K1 reporter cell line assay. Data were normalized and 4-par-

ametric non-linear regression model was used to calculate EC50 values (±SD, n = 3–5) (see Table 2). 

  

Figure 1. Binding and agonist activity of TrkB antibody and TXB4—TrkB fusions. (A) Diagram
of various antibody formats with the TXB4 VNAR module represented by black-filled circles. The
binding of TXB4-TrkB antibody fusion to mTfR1 and (B) hTfR1. (C) was measured by ELISA
compared to the unmodified TXB4 VNAR-hFc and TXB4 module as references. (D) Binding to TrkB
was measured by ELISA compared to the unmodified TXB4 VNAR-hFc and TXB4 as references
compared to the same as references. OD values were used for 4-parametric non-linear regression
model to calculate EC50s (±SD, n = 3). (E) TrkB and TXB4-TrkB fusion protein were tested for
agonist activity using the TrkB-NFAT-bla CHO-K1 reporter cell line assay. Data were normalized
and 4-parametric non-linear regression model was used to calculate EC50 values (±SD, n = 3–5)
(see Table 1).
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Table 1. Agonist activity using the TrkB-NFAT-bla CHO-K1 reporter cell line assay. A 4-parametric
non-linear regression model was used to calculate EC50 values (n = 3–5) (see Figure 1E).

Agonist Activity EC50 [M]

TrkB Antibody TXB4-TrkB (HV2N) TXB4-TrkB (HC2N) TXB4 BDNF

3.4 × 10−10 9.1 × 10−10 6.9 × 10−9 NA 1.1 × 10−10

Table 2. Binding kinetics of the TrkB antibody and bivalent TXB4-antibody fusions to the TrkB
receptor determined by SPR.

TrkB Receptor

ka 1/[Ms] kd [1/s] KD [M]

TrkB antibody 2.18 × 105 3 × 10−4 1.37 × 10−9

TXB4-TrkB (HV2N) 2.32 × 105 3.02 × 10−4 1.3 × 10−9

TXB4-TrkB (HC2N) 2.20 × 105 9.77 × 10−5 4.44 × 10−10
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Figure 2. Brain uptake of TrkB antibody and TXB4-TrkB antibody fusion. Equimolar doses of the 
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Figure 2. Brain uptake of TrkB antibody and TXB4-TrkB antibody fusion. Equimolar doses of the
TrkB antibody (3.6 mg/kg) or TXB4-TrkB fusion in the HV2N format (4.3 mg/kg) were administered
by single IV injection. Brains were perfused and harvested, and antibody concentrations were
determined at the given timepoints. The brain concentration of the TXB4-TrkB fusion rapidly
increases after injection (A) with brain levels reaching 12-fold over the control by 18 h (B), whereas
the difference in plasma levels was not significant (ns) as determined by two-tailed, unpaired t-test
(C). Data are presented as the mean ±SD, n = 3.

Brain Localization of the TXB4-TrkB antibody fusion after peripheral administra-
tion. The unmodified TrkB antibody or TXB4-TrkB antibody fusion (HV2N) was adminis-
tered by a single SC injection (10 mg/kg). Perfused brains were harvested 18 h later and
stained by immunohistochemistry using an anti-human IgG to detect the injected antibod-
ies. At lower magnification, no TrkB agonist antibody staining was seen anywhere in the
brain (Figure 3A). In stark contrast, the TXB4-TrkB antibody fusion was readily detected
within endothelial cells that line capillaries throughout the brain (Figure 3B). If the TrkB or
TXB4-TrkB antibodies engage TrkB receptors on the cell surface, internalization into those
cells would be expected [41]. The most conspicuous staining for the TrkB receptor was the
intracellular staining of large neurons in the cortex (inserts in Figure 3C,D). The TXB4-TrkB
antibody fusion was also readily seen in these cells (Figure 3C), but the unmodified TrkB
antibody was not detected (Figure 3D). Activation of the ERK1/2 signaling pathway is a
canonical feature of neurotrophin receptor activation, which can be detected by antibodies
that recognize the phosphorylated form of ERK1/2 [2]. Activated ERK1/2 was not detected
by this method in the brains of animals treated with the TrkB agonist antibody (Figure 3E);
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however, it was readily detected in the brain following treatment with TXB4-TrkB antibody
fusion and this was most obvious in the cortex (Figure 3F).
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Figure 3. Brain localization of the TXB4-TrkB antibody fusion with ERK1/2 activation after pe-
ripheral administration. Perfused brains were harvested 18 h after administration of the TrkB or
TXB4-TrkB antibody fusion (10 mg/kg, SC). Human IgG was not detected immunohistochemistry
(40×) following TrkB antibody administration (A) but was readily seen in endothelial cells (arrows)
following TXB4-TrkB administration (B). At higher magnification (63×) human IgG was not detected
in the cortex following TrkB antibody administration (C) but was readily seen in a punctate intracel-
lular pattern in large neurons following TXB4-TrkB administration (D). Inserts show the expression
of the TrkB receptor in the same field. The same cortical regions as in C and D were also stained
with an antibody that recognizes pERK1/2, which was not detected at high magnification (63×)
following TrkB agonist antibody administration (E) but was readily detected in cells and nuclei
(arrows) following TXB4-TrkB administration (F). Nuclei were labeled with DAPI in A, B, E and F.
Scale bars = 10 µm.
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Target engagement in the 6-OHDA model of PD. When delivered locally, BDNF
limits the death of TH+ dopaminergic neurons in the SNc that normally accompanies the
injection of 6-OHDA into the striatum [42–45]; to this end we have tested if the systemic
administration of TXB4-TrkB is neuroprotective in this model of PD. We first wanted to
determine if the systemically administered TXB4-TrkB antibody fusion localizes to the
SNc in a healthy animal. Using tissue from the brain localization studies in Figure 3, the
presence of the TrkB agonist antibody was not within the vicinity of TH+ cells in the SNc
18 h after SC delivery as expected (Figure 4A). In contrast, TXB4-TrkB was readily seen in
this brain region 18 h after SC administration (Figure 4B). Moreover, while ERK1/2 is not
activated in TH+ neurons following TrkB agonist antibody administration (Figure 4C), it
is clearly activated in TH+ neurons following TXB4-TrkB administration (Figure 4D). In
contrast, the TXB4-TrkC antibody fusion was not detected in the SNc at the same dose and
timepoint, nor was pERK1/2 detected in TH+ cells (data not shown).
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Figure 4. Localization of human IgG, TH and pERK1/2 in the SNc of animals treated with TrkB
agonist antibody or TXB4-TrkB. TrkB agonist antibody or TXB4-TrkB were administered SC to mice
(10 mg/kg) and brains harvested after 18 h and stained (see methods for details). Within the
SNc human IgG (red) was not detected after TrkB agonist antibody administration (A) but diffuse
and punctate staining was seen following TXB4-TrkB administration (B). The inserts in both show
dopaminergic neurons within the same field revealed by co-staining for TH. The same regions as in
A and B were also co-stained for TH and pERK1/2. pERK1/2 was not detected at high magnification
(63×) following TrkB agonist antibody administration (C) but was readily detected in some cell nuclei
(as indicated by arrows) following TXB4-TrkB administration (D). Scale bars = 10 µm.
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Neuroprotection in the 6-OHDA model of PD. To test for neuroprotection, mice were
treated with either PBS (control), TrkB agonist antibody, the TXB4-TrkC or the TXB4-TrkB
antibody fusions (5 mg/kg) 24 h before inducing a partial 6-OHDA lesion and again at day
seven (with reduced antibody dose of 2.5 mg/kg). Fourteen days after injection of 6-OHDA,
brains were isolated and processed for TH immunoreactivity in the rostral, medial, and
caudal SNc. As expected, there was a clear reduction (27.30 ± 7.31%) in the number of
TH+ cells as a percentage of the intact hemisphere following 6-OHDA treatment in the PBS
control (Figure 5). In contrast there was essentially no cell loss in mice treated with the
TXB4-TrkB antibody fusion (3.18 ± 2.6%) relative to the PBS control (One-way ANOVA,
Tukey’s HSD, * p = 0.035). Neuronal loss was still apparent with either the TrkB agonist
antibody (12.47 ± 2.97%) or TXB4-TrkC antibody fusion control (20.74 ± 4.11%) treatment
and not significantly different from the PBS control (Figure 5).

Pharmaceutics 2022, 14, x FOR PEER REVIEW 10 of 16 
 

 

Figure 4. Localization of human IgG, TH and pERK1/2 in the SNc of animals treated with TrkB 

agonist antibody or TXB4-TrkB. TrkB agonist antibody or TXB4-TrkB were administered SC to mice 

(10 mg/kg) and brains harvested after 18 h and stained (see methods for details). Within the SNc 

human IgG (red) was not detected after TrkB agonist antibody administration (A) but diffuse and 

punctate staining was seen following TXB4-TrkB administration (B). The inserts in both show do-

paminergic neurons within the same field revealed by co-staining for TH. The same regions as in A 

and B were also co-stained for TH and pERK1/2. pERK1/2 was not detected at high magnification 

(63×) following TrkB agonist antibody administration (C) but was readily detected in some cell nu-

clei (as indicated by arrows) following TXB4-TrkB administration (D). Scale bars = 10 µm. 

Neuroprotection in the 6-OHDA model of PD. To test for neuroprotection, mice 

were treated with either PBS (control), TrkB agonist antibody, the TXB4-TrkC or the TXB4-

TrkB antibody fusions (5 mg/kg) 24 h before inducing a partial 6-OHDA lesion and again 

at day seven (with reduced antibody dose of 2.5 mg/kg). Fourteen days after injection of 

6-OHDA, brains were isolated and processed for TH immunoreactivity in the rostral, me-

dial, and caudal SNc. As expected, there was a clear reduction (27.30 ± 7.31%) in the num-

ber of TH+ cells as a percentage of the intact hemisphere following 6-OHDA treatment in 

the PBS control (Figure 5). In contrast there was essentially no cell loss in mice treated 

with the TXB4-TrkB antibody fusion (3.18 ± 2.6%) relative to the PBS control (One-way 

ANOVA, Tukey’s HSD, * p = 0.035). Neuronal loss was still apparent with either the TrkB 

agonist antibody (12.47 ± 2.97%) or TXB4-TrkC antibody fusion control (20.74 ± 4.11%) 

treatment and not significantly different from the PBS control (Figure 5). 

C
ontr

ol

Trk
B

TX
B
4-

Trk
B

TX
B
4-

Trk
C

0

10

20

30

40

T
H

+
 c

e
ll
 l
o

s
s

(%
 i

n
ta

c
t 

h
e

m
is

p
h

e
re

)

ns

ns

✱

A

B

C

D
6-OHDA lesioned side                    intact side

 

Figure 5. TXB4-TrkB protects dopaminergic cell bodies in the substantia nigra (SNc) against neu-

ronal loss in the 6-OHDA model of PD. Representative section of TH+ dopaminergic SNc cells 

within the 6-OHDA lesioned (left) and intact (right) sides of PBS control (A) at 20× magnification. 

Enlargements of the boxed areas of lateral (B) and medial regions (C) show examples of the TH+ 

cell bodies (arrows) counted per section. Cell loss within the 6-OHDA lesioned side relative to the 
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Figure 5. TXB4-TrkB protects dopaminergic cell bodies in the substantia nigra (SNc) against
neuronal loss in the 6-OHDA model of PD. Representative section of TH+ dopaminergic SNc cells
within the 6-OHDA lesioned (left) and intact (right) sides of PBS control (A) at 20× magnification.
Enlargements of the boxed areas of lateral (B) and medial regions (C) show examples of the TH+ cell
bodies (arrows) counted per section. Cell loss within the 6-OHDA lesioned side relative to the control
side is shown (D) for groups treated with PBS, TrkB agonist antibody, TXB4-TrkB or TXB4-TrkC fusion
antibodies. Data represented as mean ± SEM % TH+ cell loss relative to intact hemisphere ± SEM.
One-way ANOVA, Tukey’s HSD, * p = 0.035, n = 3–5 mice per group, ns = not significant.

4. Discussion

The BDNF-TrkB signaling pathway is considered a drug target for a wide range of
neurological diseases and depression. However, a short half-life of approximately 10 min in
plasma [26] and 1 h in CSF [46], and a high isoelectric point (pI~10) that limits its diffusion
in tissues [27] have in part hampered clinical development. BDNF can also bind to the
p75 neurotrophin receptor (p75NTR) and in some instances activation of this receptor
can induce apoptosis [47]. p75NTR is also an integral component of a receptor complex
that inhibits axonal growth and the interaction of BDNF with this complex might detract
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from its regenerative function [48]. The BDNF/p75NTR interaction might also limit the
therapeutic potential of BDNF.

TrkB antibodies do not bind p75NTR, in general have a plasma half-life of several
days, and are effective if directly delivered to the site of neural injury. The intravitreal
delivery of the 29D7 TrkB agonist antibody delays retinal ganglion cell death in models
of acute and chronic retinal injury [49,50], whilst intracerebroventricular administration
prior to initiation of a neonatal hypoxic-ischemic brain injury in rats significantly increased
neuronal survival and behavioral recovery [31]. Intrathecal application of 29D7 improves
motor neuron survival and regeneration in models of spinal cord injury and motor neuron
degeneration [14]. It follows that there might be opportunities in the development of
a version of 29D7 or other TrkB agonist antibodies if they could readily cross the BBB
following systemic administration.

Using TfR1 receptor antibodies to deliver cargos across the BBB is not novel [51–53].
However, obstacles have been encountered with particular antibodies including the re-
tention of TfR1 antibodies within brain capillaries [54,55], the lysis of TfR1-expressing
reticulocytes [56], competition with transferrin for binding to the TfR1 and/or antibody
induced targeting of TfR1 to lysosomes [57–60]. Moreover, the ubiquitous expression
of the receptor in peripheral tissues [61] likely contributes to the short plasma half-life
reported for TfR1 antibodies [62–64]. Various strategies have been employed to overcome
these obstacles, including a reduction in binding affinity, valency, and bispecific antibody
formatting. Interestingly, high-affinity single domain VNAR antibodies to TfR1 do not
share these problems. The small VNAR domain (12–15 kDa) with an extended CDR3 loop
can engage cryptic epitopes inaccessible to standard immunoglobulins [65], which may
enable the selective tissue binding, and consequently a longer plasma half-life observed
with TXB2 shuttle [66]. TXB4 was derived from TXB2 shuttle by CDR3 mutagenesis and
was selected for these studies for its improved physiochemical properties and enhanced
brain penetration [37,67].

A brain penetrant TrkB agonist antibody was configured with the TXB4 shuttle in
two different formats. In one version, the VNAR domain was fused to the N-terminus of
the HC (HC2N), while in the other, it was positioned between the CH1 and CH2 domains
above the hinge region (HV2N) to avoid possible steric hinderance of the TrkB paratope.
Placing the TXB4 module in the HC2N format had virtually no effect on TfR1 binding
and while the ELISA binding curve of the HV2N format was right shifted, the binding
EC50 for TfR1 was still in the low nM range. Neither format adversely affected the TrkB
binding kinetics of the antibody and while both bispecific formats were full agonists in
a TrkB reporter cell assay, the HV2N format was approximately seven-fold more potent.
Overall, the N-terminal placement better preserved TfR1 binding, but interference with the
TrkB binding paratope resulted in reduced activity. Consequently, the HV2N format was
selected for in vivo studies.

After peripheral administration of TXB4-TrkB in the HV2N format (4.3 mg/kg, IV),
mouse brain concentrations reached the predicted Cmax at approximately 18-h post injec-
tion [36,68]. The achieved 5 nM brain level was expected to trigger robust activation of
endogenous TrkB receptors. Target engagement and activation would be manifested by the
uptake of TXB4-TrkB into TrkB expressing cells and the activation of canonical signaling
pathways such as the ERK1/2 cascade [69]. Indeed, following a single dose (10 mg/kg, SC)
in a healthy animal, we could readily detect TXB4-TrkB within the large TrkB positive neu-
rons in the cortex and also found activation of the ERK1/2 cascade throughout the cortex.
Likewise, TXB4-TrkB was found in the SNc and ERK1/2 was clearly activated in the TH+
dopaminergic neurons in the SNc in the same animals. As a control, antibody accumulation
and ERK1/2 activation were not seen in the SNc following systemic administration of the
unmodified TrkB agonist antibody.

When injected into the striatum, 6-OHDA is taken up into dopaminergic neurons
via the high-affinity dopamine transporter. It is then oxidized, and the toxicity of the
released reactive oxygen species is reflected in a loss of dopaminergic tracts and terminals
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in the striatum and cell bodies in the SNc [70]. This is a well-established preclinical
model of PD [71], but it is noteworthy that toxicity due to generation of reactive oxygen
species might be causative of neuronal loss in a wide range of other neurodegenerative
diseases. In this study the unilateral administration of 6-OHDA was associated with the
loss of 20%–30% of the neurons throughout the SNc. Remarkably, there was no significant
neuronal loss throughout the SNc in animals treated with TXB4-TrkB. Control construct
TXB4-TrkC also accumulated in the brain but did not localize to or activate ERK1/2 in
the TH+ dopaminergic neurons nor offer any neuroprotection against the 6-OHDA lesion.
Future studies will be required to determine the impact of TXB4-TrkB on the development
of the motor deficits that are a well-studied trait in this model.

Antibodies can show efficacy in neurodegenerative models when administered with-
out a shuttle due to passive transfer and/or uptake through a disease related or injury
induced “leaky” BBB. Indeed, there is evidence suggesting that the BBB is damaged to
some extent for a limited period in 6-OHDA models [72]. In this study the unmodified TrkB
agonist antibody showed a trend towards limited neuroprotection in the SNc, although
it did not reach statistical significance, despite a 3-fold greater potency relative to TXB4-
TrkB. While there might have been partial neuroprotection due to some leakage of the
TrkB agonist antibody, TXB4-TrkB was by far the more effective treatment. Nonetheless,
Han et al., has demonstrated the therapeutic potential of IV administered TrkB agonist
antibody Ab4B19 for ischemic brain injury based on leakage across the compromised BBB
at the site of injury [73]. While many neurodegenerative diseases are associated with a
comprised BBB related to neuroinflammatory processes [74,75], one needs to consider the
likely beneficial effects of using a shuttle to deliver a therapeutic antibody to the brain. The
most obvious is that the therapeutic antibody can be delivered to regions of the brain where
the BBB has yet to be compromised or indeed has recovered from damage. Likewise, the
use of a brain shuttle is always likely to result in more antibody reaching the parenchyma,
increasing the probability of a therapeutic response. Finally, getting more antibody from
the serum to the brain will obviously affect the systemic dose required for a therapeutic
effect and minimize the risk of adverse effects.

5. Conclusions

In summary, this paper shows that the VNAR TXB4 shuttle targeting the TfR1 can be
fused to an agonist antibody to allow for the efficient transport across the BBB and access
to the brain parenchyma at physiologically relevant concentrations. The TXB4-TrkB fusion
antibody crossed the BBB, accumulated in the brain, and triggered neurotrophin signaling
in target cells susceptible to loss in AD (cortical neurons) and PD (dopaminergic neurons in
the SNc). Furthermore, systemic treatment with TXB4-TrkB prevented the neuronal loss
normally seen in a partial lesion mouse model of PD. As such, TXB4-TrkB can be considered
as the first in a new generation of brain penetrant agonist antibodies with therapeutic
potential in a wide range of neurodegenerative diseases, acute brain and spinal cord injury,
and possibly depression.

6. Patents

Stocki, P., Wicher, K.B., Szary, J.M. and Rutkowski, J.L., inventors. Ossianix, Inc.,
assignee. Improved TfR-selective binding peptides capable of crossing the blood brain
barrier International Publication No. WO2019089395A1, published 9 May 2019.

Rutkowski, J.L., Walsh, F., Sinclair, E.H. and Stocki, P., inventors. Ossianix, Inc.,
assignee. BBB-shuttling VNARs conjugated to neurotrophic agonist antibodies to treat neu-
rodegenerative diseases and conditions. International Publication No. WO2021102276 A1,
published 27 May 2021.
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Abstract: The ability of drugs and therapeutic antibodies to reach central nervous system (CNS)
targets is greatly diminished by the blood–brain barrier (BBB). Receptor-mediated transcytosis (RMT),
which is responsible for the transport of natural protein ligands across the BBB, was identified as
a way to increase drug delivery to the brain. In this study, we characterized IGF1R5, which is a
single-domain antibody (sdAb) that binds to insulin-like growth factor-1 receptor (IGF1R) at the BBB,
as a ligand that triggers RMT and could deliver cargo molecules that otherwise do not cross the BBB.
Surface plasmon resonance binding analyses demonstrated the species cross-reactivity of IGF1R5
toward IGF1R from multiple species. To overcome the short serum half-life of sdAbs, we fused
IGF1R5 to the human (hFc) or mouse Fc domain (mFc). IGF1R5 in both N- and C-terminal mFc fusion
showed enhanced transmigration across a rat BBB model (SV-ARBEC) in vitro. Increased levels of hFc-
IGF1R5 in the cerebrospinal fluid and vessel-depleted brain parenchyma fractions further confirmed
the ability of IGF1R5 to cross the BBB in vivo. We next tested whether this carrier was able to ferry
a pharmacologically active payload across the BBB by measuring the hypothermic and analgesic
properties of neurotensin and galanin, respectively. The fusion of IGF1R5-hFc to neurotensin induced
a dose-dependent reduction in the core temperature. The reversal of hyperalgesia by galanin that was
chemically linked to IGF1R5-mFc was demonstrated using the Hargreaves model of inflammatory
pain. Taken together, our results provided a proof of concept that appropriate antibodies, such
as IGF1R5 against IGF1R, are suitable as RMT carriers for the delivery of therapeutic cargos for
CNS applications.

Keywords: blood–brain barrier; receptor-mediated transcytosis; single domains antibody;
IGF1R; neurotensin

1. Introduction

The development of therapies for central nervous system (CNS) indications is ham-
pered by several factors, including poor delivery due to the blood–brain barrier (BBB).
Tight junctions between the endothelial cells forming the BBB prevent the paracellular
transport of most synthetic drugs and large molecules, such as biologics [1]. The brain
delivery of essential macromolecules and nutrients can be achieved via receptor-mediated
transcytosis (RMT)-dependent and RMT-independent mechanisms [2–4]. RMT is initiated
by ligand binding to a receptor on the luminal surface of brain endothelial cells (BECs). The
ligand–receptor complex undergoes trafficking through multiple intracellular endosomal
compartments where the cargo is detached from the receptor and then released on the
abluminal side of the barrier. Meanwhile, the receptor recycles ‘back’ to accept additional
cargo molecules. Targeting this endogenous mechanism of transcytosis is an attractive
approach to delivering therapeutic cargos, especially macromolecules, across the BBB [5–7].
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Currently, the main RMT receptors that have been studied are the transferrin receptor
(TfR) and insulin receptor (IR), and ligands against these receptors were shown to deliver
different therapeutic cargos into the brain [8–10]. Additional targets shown to mediate
RMT include insulin-like growth factor receptors (IGF1R) and transmembrane protein 30A
(TMEM30A/CDC50A). It should be noted that several other targets, including low-density
lipoprotein receptor (LDLR), low-density lipoprotein-related protein 1 (LRP-1), CD98hc,
LRP8 and others, were implicated in BBB transcytosis, although the exact mechanisms of
their BBB crossing remain unclear [11–19].

We previously developed camelid single-domain antibodies (sdAbs, VHHs) against
some of these target receptors (TMEM30A/CDC50A, IGF1R) and demonstrated the fea-
sibility of antibody-mediated drug delivery via the RMT pathway [11–13]. In addition, it
was shown that drug cargos can be incorporated into liposomes or nanoparticles decorated
with the RMT-targeting ligand to boost brain delivery [17,20]. However, when compared
with conventional antibodies and nanotechnologies, camelid sdAbs present numerous ad-
vantages for this application, including their small size, ease of engineering, optimization
and humanization, strong biophysical properties and low immunogenicity.

Insulin-like growth factor-1 receptor (IGF1R) was identified as a potential RMT can-
didate based on the observation that its ligand IGF-1 was transported across the BBB
and its elevated expression in BECs relative to peripheral tissue [21]. SdAbs targeting
the ectodomain of IGF1R were isolated via llama immunization, and their transmigration
was demonstrated in rat and human BBB models in vitro [22,23]. We further confirmed
these findings in vivo by showing that three of the sdAbs isolated from the initial panning
displayed increased accumulation in the brains of rats and mice [11]. By isolating brain
microvessel and parenchymal fractions followed by mass spectroscopy quantification of
antibodies, we were able to quantify the IGF1R4 sdAb that was shuttled into the brain
parenchyma versus the fraction bound or accumulated inside the endothelial cells [11].

One of the potential side effects associated with RMT targets is interfering with their
normal physiological functions. To mitigate this possibility, we recently mapped the bind-
ing epitope of one of the BBB-crossing sdAbs, namely, IGF1R5, on IGF1R in relation to
IGF-1 using differential hydrogen–deuterium exchange mass spectrometry and nuclear
magnetic resonance spectroscopy [24]. Furthermore, we demonstrated that this IGF1R
sdAb has no detectable impact on the functional activation of IGF1R. Whether this sdAb
variant is able to effectively deliver a pharmacologically active payload across the BBB
remains to be determined. The ability of mFc and hFc fusions in variable C- or N-terminus
linkages of IGF1R5 to cross the BBB, as well as their ability to shuttle a pharmacologically
active payload across the BBB, was confirmed in this study by analyzing the hypothermic
properties of neurotensin when fused to IGF1R5hFc constructs. Furthermore, we demon-
strated that IGF1R5 humanization by modifications in the backbone structure of IGF1R5
did not affect its BBB permeability. The present study provided a proof of concept and
validated IGF1R5 as an RMT receptor ligand that is suitable for the delivery of therapeutic
cargos for CNS applications.

2. Materials and Methods
2.1. VHH Isolation

Llama single-domain antibodies (VHHs) against IGF1R were isolated and produced
as described previously [23]. Briefly, one male llama (Lama glama) was immunized with the
extracellular domain of human IGF1R consisting of 933 amino acids. The antigen-specific
immune response was monitored at different time points post-immunization, and on day
84, peripheral blood mononuclear cells (PBMCs) were collected for sdAb phage display
library construction and panning. IGF1R5 sdAb isolated through library panning were
subcloned and expressed in TG1 Escherichia coli cells and purified using HiTrap Chelating
HP columns (GE Healthcare, North Richland Hills, TX, USA).
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2.2. Humanization

The camelid IGF1R5 sdAb sequence was humanized following a CDR grafting pro-
tocol [25]. Briefly, a human VH3 germline was used as a framework (FR) template. The
complementarity-determining region (CDR) was defined according to the Kabat definition
and sequence numbering. Back-mutations were selected to arrive at several humanized
variants based on multiple criteria, among which proximity to CDR required 3D struc-
tural homology modeling of the camelid VHH. In the case of the H2 humanized variant,
camelizing back-mutations in the FR2 were not introduced. Instead, only 4 back-mutations
were considered for this variant, all of which were in the Vernier zone supporting the CDR
loops. Additionally, the CDR2 point mutation A57T was introduced to enable scalable
purification using Protein A affinity chromatography [26] if required for future large-scale
biomanufacturing. The mutations introduced in the humanized IGF1R5-H2 relative to
the camelid IGF1R5 sdAbs are highlighted in Supplementary Figure S1A. The humanized
IGF1R5-H2 sdAb was produced and purified as described for the llama sdAbs.

2.3. Surface Plasmon Resonance (SPR) Binding of IGF1R5 and IGF1R5-H2 VHHs to IGF1R

The affinities of wild-type IGF1R5 and humanized IGF1R5-H2 VHHs for several
IGF1R ectodomain orthologues (human, rhesus, mouse and rat) were determined using
SPR. Immediately prior to SPR, VHHs were purified using preparative size exclusion
chromatography (SEC) to isolate pure monomeric VHH fractions. SEC was performed by
injecting 250–300 µg of each VHH over a Superdex S75 Increase 10/300 GL column (Cytiva,
Marlborough, MA, USA) controlled by an ÄKTA FPLC Purifier (Cytiva) at a flow rate of
0.8 mL/min in HBS-EP buffer (10 mM HEPES, pH 7.4, containing 150 mM NaCl, 3 mM
EDTA and 0.005% v/v surfactant P20 (polyoxyethylene 20 sorbitan monolaurate); Cytiva).
All SPR experiments were performed on a Biacore 3000 and a Biacore T200 (Cytiva) at
25 ◦C in an HBS-EP buffer. Ectodomains of human IGF1R (R&D Systems, Cat#391-GR-
050), rhesus IGF1R (NRC Montreal, aa31-932), rat IGF1R (NRC Montreal, aa31-936) and
mouse IGF1R (R&D Systems, Cat#6630-GR/CF-025) were amine coupled on CM5 sensor
chips (Cytiva) at 10 µg/mL in 10 mM acetate pH 4.0 using an amine-coupling kit (Cytiva),
resulting in approximately 1500–2000 response units (RUs) of each IGF1R ectodomain
immobilized. The remaining active sites were blocked with 1 M ethanolamine at pH 8.5.
An ethanolamine-blocked empty flow cell served as a reference surface. On the Biacore
3000, using multi-cycle kinetics (MCK), VHHs at various concentration ranges were injected
over the IGF1R ectodomains and reference surface at a flow rate of 20 µL/min for 300 s
followed by 300 s of dissociation. On the Biacore T200, using single-cycle kinetics (SCK),
VHHs were injected at 40 µL/min for 180 s followed by 600 sec of dissociation. The VHH
concentration ranges were 0.25–10 nM (IGF1R5) and 1–25 nM (IGF1R5-H2). Surfaces were
regenerated with a 24 s pulse of 10 mM glycine, pH 2.0, at a flow rate of 100 µL/min.
Reference subtracted sensorgrams were analyzed and fit to a 1:1 binding model with
BIAevaluation 4.1 software (Biacore 3000) or BIAevaluation 3.2 software (Biacore T200;
Cytiva, Marlborough, MA, USA). IGF1R5 and IGF1R5-H2 affinities for human and mouse
IGF1R were also determined at pH 5.6 using an HBS-EP MES buffer (10 mM HEPES, 10
mM MES, 150 mM NaCl, 3 mM EDTA, 0.005% P20, pH 5.6) at 37 ◦C. Prior to injection,
VHHs were buffer exchanged using Amicon ultra-centrifugal filters (0.5 mL, 3K MWCO).
IGF1R5 flowed at 0.25–10 nM and IGF1R5-H2 flowed at 1–50 nM with similar contact times,
dissociation times, regeneration conditions and fitting as those described above.

2.4. Rat and Human BBB Models In Vitro

Simian virus 40-immortalized adult rat brain endothelial cells (SV-ARBECs) were
seeded at 80,000 cells/membrane on rat-tail-collagen-coated 0.83 cm2 Falcon cell inserts
(1 µm pore size) in 1 mL SV-ARBEC culture medium without phenol red. The inserts were
placed in the wells of a 12-well tissue culture plate containing 1 mL of SV-ARBEC medium
without phenol red and 1 mL rat astrocyte-conditioned medium to generate an in vitro
model of the BBB as described previously [11,12,27]. Permeability was monitored and

283



Pharmaceutics 2022, 14, 1452

the cultures were used only when Pe [sucrose] was between 0.4 and 0.6 (×10−3) cm/min.
Transport experiments were performed by adding an equimolar mixture of antibodies to
the top chamber and collecting a 100 µL aliquot from the bottom chamber at 15, 30, 60 and
90 min for simultaneous quantification of the antibodies using the SRM method. Control
antibodies of the same were added to each transport well to determine the background
transport resulting from paracellular/nonspecific flux. The apparent permeability coeffi-
cient Papp was calculated using Papp = ∆Q/∆t × 1/AC0, where ∆Q/∆t is the steady-state
flux (mol/min), A is the surface area of the filter (cm2) and C0 is the initial concentration in
the top chamber.

Human-amniotic-fluid-derived induced pluripotent stem cells (AF-iPSCs) were gener-
ated from human amniotic fluid (AF) cells and differentiated into iBECs as previously de-
scribed [22]. Briefly, AF-iPSCs were seeded at a density of 8 × 103 cells/cm2 in DMEM/F12
medium (Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 20% KnockOut
Serum Replacement, 1 × Glutamax, 1 × Non-Essential Amino Acids and 0.1 mM β-
mercaptoethanol (all from Life Technologies, Carlsbad, CA, USA) for 6 days. The medium
was changed to EM medium (human Endothelial Serum-Free medium, Life Technologies)
supplemented with 20 ng/mL basic fibroblast growth factor (bFGF, Life Technologies),
10 µM retinoic acid (RA, Sigma Aldrich, Oakville, ON, Canada) and 1% fetal bovine serum
(FBS, Hyclone Laboratories, Logan, UT, USA) for an additional 2 days. To establish the
in vitro transwell BBB model, iBECs were dissociated with Accutase (Stem Cell Technolo-
gies, Vancouver, BC, Canada) and seeded at a density of 2.5 × 105 cells per 24 well transwell
insert (3 µm pore size, 0.33 cm2 surface area; BD, Mississauga, ON, Canada) pre-coated
with collagen type-IV (80 µg/mL, Sigma) and fibronectin (20 µg/mL, Sigma) in complete
EM medium with 10 µM Y27362 (ROCK Inhibitor, Stem Cell Technologies). iBEC transwells
were incubated overnight at 37 ◦C in 5% CO2 and the next day, the medium was changed
to an EM medium without bFGF and RA for an additional 24 h in the luminal chamber.
Antibody transport experiments and apparent permeability coefficient calculations were
performed as described above.

2.5. NanoLC-SRM Mass Spectrometry Analyses

The nanoflow ultrahigh performance liquid chromatography-coupled selected-reaction
monitoring (nanoLC-SRM) mass spectrometry method was used to quantify absolute or rel-
ative levels of proteins in a BBB model, serum, cerebrospinal fluid and vessel-depleted brain
parenchyma fractions. All protein extracts were reduced, alkylated and trypsin-digested
using a previously described protocol [28]. Mass spectrometry analyses were carried out
on a NanoAcquity UPLC (Waters, Milford, MA, USA) containing a C18 PepMap™ 100 trap
(ThermoFisher, Waltham, MA, USA) followed by a nanoLC BEH130C18 column (Waters)
coupled with ESI-LTQ-XL-ETD or ESI-TSQ-Quantiva mass spectrometers (ThermoFisher).
Peptide signatures of various antibodies and vessel/parenchymal markers were identified
by analyzing the respective samples with tandem mass spectrometry (nanoLC-MS/MS)
using data-dependent acquisition on ESI-LTQ-XL-ETD44. For the absolute quantification
of antibodies, at least 9 standards consisting of calibration and QC standards between 0.05
and 16 fmol range were created by spiking antibodies in their respective control matrices.
Each sample was analyzed using nanoLC-SRM and data was extracted from raw files and
analyzed using Skyline 64-bit 20.2.0.286 software (MacCoss Lab Software, University of
Washington, Seattle, WA, USA) available as open source software from https://skyline.ms
(last accessed on 11 July 2022).

2.6. Animals

Male Wistar rats (weight range, 150–200 g) and CD-1 mice (22–30 g) were purchased
from Charles River Laboratories, Inc. (Montreal, QC, Canada). Animals were housed in
groups of 3 in a 12 h light–dark cycle at a temperature of 24 ◦C, relative humidity of 50 ± 5%
and were allowed free access to food and water. All animal procedures were approved by
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the NRC’s Animal Care Committee and were in compliance with the Canadian Council of
Animal Care guidelines.

2.7. Serum, Cerebrospinal Fluid and Brain Exposure

All compounds were administered to rats via the tail vein. Twenty-four hours post-
injection, rats were anesthetized with 3% isoflurane and CSF was collected from a direct
puncture to the cisterna magna. Blood samples were taken from the tail vein following
CSF collection and samples were centrifuged (15 min at 15,000 rpm; room temperature).
Samples were stored at −80 ◦C until analysis.

Following blood collection, rats were thoroughly perfused with 10 mL of heparinized
(100 U/mL) saline at a rate of 1 mL/min via the left common carotid artery to facilitate
specific perfusion of the brain. Brains were then removed and homogenized in an ice-cold
homogenization buffer containing 50 mM Tris-HCl pH 8, 150 mM NaCl, and a protease
inhibitor cocktail (Sigma-Aldrich, Oakville, ON, Canada) using a Dounce homogenizer
(10–12 strokes at 4 ◦C). Brain homogenates were depleted of vessels using a sequential
filtration through 100 and 20 µm nylon Nitex mesh filters (pluriSelect, Leipzig, Germany).
Successful vascular depletion of parenchymal fractions was confirmed using the enrichment
of a parenchymal marker (Slc1a3) with the concomitant absence of a specific vascular
marker (Slc2a1) as previously observed [11]. The concentration of injected antibodies was
determined in vessel-depleted parenchymal fraction using SRM as described above.

2.8. Immunofluorescence

Brains were removed from the skull and drop fixed in 4% paraformaldehyde for 24
h at room temperature, followed by cryoprotection in 30% sucrose solution for 48 h at 4
◦C. Brains were then embedded in an Optimal Cutting Temperature compound (OCT),
frozen over dry ice and stored at −80 ◦C until sectioning. Coronal sections were cut at 15
µm, mounted on Superfrost plus slides (Thermo Fisher Scientific, Waltham, MA, USA) and
subjected to immunofluorescent staining. Sections were incubated with DAKO serum-free
protein block (DAKO Diagnostics, Burlington, Canada) containing 0.25% Tween-20 for
40 min at room temperature, followed by overnight incubation at 4 ◦C. The following
antibodies were used: goat anti-mouse-IgG Fcγ-cy3 (1:200, Cat#115-165-071, Jackson Im-
munoReasearch, West Grove, PA, USA), mouse-anti-NueN (1:100, Cat# ab13938, Abcam,
UK) and RCAI (1:500, Cat# FL-1081, Vector Laboratories, Newark, NJ, USA). Following
overnight incubation, sections were washed 3× with Tris-buffered saline (TBS, DAKO)
and the conjugate was detected via incubation for 45 min at room temperature with 1:300
goat anti-mouse Alexa 647 (A21235, Invitrogen, Waltham, MA, USA) or 1:500 goat anti-
rabbit Alexa 647 (A21244, Invitrogen, Waltham, MA, USA). After washing 3× with TBS,
sections were mounted in DAKO fluorescent mounting medium and spiked with Hoechst
(2 µg/mL, Cat#H3570, Invitrogen, Waltham, MA, USA). Images were captured with an
Olympus 1 × 81 Fluorescent Microscope using 10× and 60× objectives and following the
manufacturer’s instructions for excitation and emission channels.

2.9. Expression and Purification of IGF1R5 Fusions with Fc Domain and Neurotensin

DNA encoding hFc-IGF1R5, IGF1R5-mFc, mFc-IGF1R5 and IGF1R5-hFc-neurotensin
was synthesized using Genescript. A schematic showing different constructs/fusion pro-
teins used in this study is presented in Figure 1. The sequences for IGF1R5, mouse IgG
Fc2b and human IgG Fc fragment were as previously described [12,23]. The IGF1R5-hFc-
neurotensin sequence includes a linker (amino acid sequence GGGSGGGGS). Constructs
were expressed in transiently transfected Chinese hamster ovary cells (CHO-3E7). The cul-
ture medium was harvested 7 days post-transfection via centrifugation and clarified using
0.2 µm filter bottles (Millipore Stericup, MilliporeSigma, Burlington, VT, USA). Clarified
medium was applied on a column packed with 5 mL (volume of columns used depended
on protein titer and volume of culture) protein-A MabSelect SuRe resin (GE Healthcare,
Mississauda, ON, Canada). After loading, the column was washed with 5–10 volumes
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of phosphate-buffered saline pH 7.1 (PBS) and the constructs were eluted with 100 mM
sodium citrate buffer pH 3.0 to 3.6. Then, a buffer exchange was performed by loading on a
desalting NAP-25 column (GE Healthcare, Mississauda, ON, Canada) equilibrated in PBS.
Desalted constructs were then sterile-filtered by passing through a Millex GP (Millipore-
Sigma, Burlington, VT, USA) filter unit (0.22 µm) and aliquoted. The purity of the protein
was verified using SDS-PAGE and they were stored at −80 ◦C.
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2.10. Cell-Based Neurotensin Receptor 1 Activation

A receptor functional assay was carried out using the PathHunter eXpress NTR1 kit
(DiscoverX, Fremont, CA, USA). Briefly, engineered HEK293 cells expressing a (Pro-Link
or PK)-tagged NTR1 and an enzyme acceptor (EA)-tagged SH2 domain were used. Upon
receptor activation, EA-SH2 binds to the phosphorylated NTR1 and reconstitutes an active
β-galactosidase enzyme, which hydrolyzes the substrate to generate a chemiluminescent
readout. Cells were thawed and plated in a 384-well white-wall clear-bottom plate (Greiner,
Monroe, LA, USA) at 20,000 cells/well for 24 h at 37 ◦C in 5% CO2 following the manufac-
turer’s instructions. Cells were then treated with neurotensin (Sigma-Aldrich, Oakville,
ON, Canada) or IGF1R5-hFc-neurotensin. The chemiluminescent substrate was added and
cells were incubated at RT for 60 min. The resulting luminescence was measured using
the CLARIOstar plate reader (BMG LABTECH, Ortenberg, Germany) and concentration–
response curves were generated using nonlinear regression analysis (GraphPad Prism
Software, San Diego, CA, USA).

2.11. IGF1R5-hFc-Neurotensin-Induced Hypothermia in Rats and Mice

Wistar rats and CD-1 mice were used. Before surgery, animals were injected with
sustained-release buprenorphine (1.2 mg/kg) subcutaneously for analgesia. Temperature
data loggers were implanted in the peritoneal cavity of rats (DST micro-T, Star-Oddi,
Gardabaer, Iceland) and mice (DST nano-T, Star-Oddi, Gardabaer, Iceland) under isoflurane
anesthesia. Animals were allowed to recover from surgery for 1 week prior to the injection
of the test compound.

Data recording on temperature loggers was initiated 48 h prior to injection for cal-
culations of baseline values. Intravenous injection of the test compound was performed
between 7:00 AM and 9:00 AM by experienced personnel to avoid stress-induced hyper-
thermia. The data loggers measured the core body temperature of animals at a time interval
of 1 min to an accuracy of 0.1 ◦C for up to 6 h post-injection.

Core temperature baseline values were taken in undisturbed animals 24 h or 48 h prior
to the test compound injection. To avoid variability due to regular changes in temperature
during the circadian cycle, the start point and time frame of baseline values matched that
of test compound injection. The average baseline value (Tb) and standard deviation (SD) of
baseline values were used to calculate the duration of response. Hypothermia duration was
defined as the time in which Tc < Tb–2SD during the interval from dosing up to 240 min in
rats and 360 min in mice. The maximum change in core body temperature was expressed
as the difference measured at the minimum temperature observed after the test compound
injection compared with the baseline core body temperature measured as described above.
The area under the curve (AUC) was calculated using the trapezoidal rule from 0 to 240 min
and 360 min in rats and mice, respectively. The AUC calculation was performed using
GraphPad Prism.

2.12. IGF1R5mFc-Galanin and mFcIGF1R5-Galanin-Induced Analgesia in Rats

To further demonstrate whether IGF1R5 constructs in C- and N-terminal fusion to mFc
can cross the BBB in vivo and deliver a molecule that cannot cross the BBB on its own, the
neuropeptide galanin was chemically conjugated to IGF1R5 and administered systemically
as previously described [29]. Galanin is a neuroactive peptide that produces analgesia by
binding GalR1 and GalR2 expressed in brain tissue. When given peripherally, galanin has
no analgesic effects because it cannot cross the BBB on its own.

IGF1R5-mFc and mFc-IGF1R5 were conjugated to a rat galanin fragment with a
cysteamide-modified C-terminus (Biomatik, Cambridge, ON, Canada)
(GWTLNSAGYLLGPHAIDNHRSFSDKHGLT-cysteamide) as previously described [29].
Briefly, 2 mg of each IGF1R5 was placed in 4 separate 1.5 mL micro-centrifuge tubes and
diluted to 2 mg/mL with PBS. Sulfo-SMCC was added in a 6.5x excess molar ratio; specif-
ically, 29.5 µL of the 2.5 mg/mL Sulfo-SMCC was added to each micro-centrifuge tube.
The micro-centrifuge tubes containing the mixture were incubated for 30 min at room
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temperature (RT) with short vortexing every 10 min. Once the reaction was done, the
unreacted Sulfo-SMCC was removed from the maleimide-activated IGF1R5 using a 10 mL
7K Zeba column (Pierce). Prior to sample loading, the column was washed 3 times with
5 mL PBS and spun at 1000× g for 2 min. The 4 separate reactions were combined and
loaded on the column. The column was spun for 2 min at 1000× g.

Separately and concurrently, a 1 mg/mL stock of galanin-cysteamide was prepared
in Milli-Q H2O. The purified maleimide-activated IGF1R5 constructs were mixed with
galanin-cysteamide, sealed and incubated overnight at 4 ◦C or 1 h at RT. The unreacted
galanin-cysteamide was removed using Amicon-15 30K column (MilliporeSigma, Oakville,
ON, Canada). The samples were added to the column, and the volume was filled to 15 mL
with PBS and spun at 4000× g for 7 min until the volume was reduced to 2 mL. The
conjugated sample was then added to a 5 mL 7K Zeba column (ThermoFisher Scientific,
Waltham, MA, USA) prepared as described above (wash was done with 2.5 mL PBS), and
then spun for 2 min at 1000× g. The collected sample comprised the IGF1R5-mFc-galanin
and mFc-IGF1R5-galanin conjugation product. The protein concentration was determined
by measuring the absorbance at A280 on a NanoDrop. The reaction was titrated to achieve
about 1 to 2 galanin molecules per construct. A reaction was confirmed by loading and
silver staining conjugated IGF1R5-mFc-Gal and mFc-IGF1R5-Gal samples on a 10% SDS-
PAGE to confirm a shift in molecular weight size after conjugation.

The Hargreaves model of hyperalgesia was used to evaluate the efficacy of IGF1R5
to deliver galanin into the brain and induce antinociceptive effects, as previously demon-
strated [11,12,29]. Chronic inflammatory hyperalgesia was induced in one of the paws of
Wistar rats by injecting 100 µL of complete Freund’s adjuvant (CFA; heat-killed Mycobac-
terium tuberculosis; Sigma–Aldrich, Oakville, ON, Canada) suspended in an oil:saline (1:1)
emulsion. Then, the plantar surface of both the right and left paw was exposed to a radiant
stimulus and the paw withdrawal latency (PWL) of each paw was measured using the
plantar Analgesia Meter equipment for paw stimulation (IITC Life Science, Woodland Hills,
CA, USA). The time spent between starting the radiant exposure and clicking or flicking the
paw was interpreted as a positive nociceptive response. A cut-off of 20 s was established
to avoid tissue damage. Three days post-CFA injection, inflammatory hyperalgesia was
confirmed by measuring the baseline PWL of the right and left paws. Test compounds were
then administered intravenously through the tail vein and a time-course of the antinoci-
ceptive response was determined. The experimenter performing pain experiments was
blinded to the contents of the injectable compounds. The area under the curve (AUC) was
calculated by the trapezoidal method to derive the percentage of maximal possible effect
(%MPE) using the formula %MPE = [(AUCmolecule-AUCinflamed paw)/(AUCnormal
paw-AUCinflamed paw)] × 100, where AUCinflamed paw and AUCnormal paw are the
values obtained from the group injected with the vehicle (PBS).

2.13. Statistical Analysis

The results are expressed as the mean ± SEM or SD as indicated. Where applicable, a
paired t-test was used. One-way ANOVA followed by Newman-Keuls’ post-test was used to
compare multiple groups. A p-value of less than 0.05 was considered statistically significant.

3. Results
3.1. Surface Plasmon Resonance (SPR) Binding of IGF1R5 and IGF1R5-H2 VHHs to IGF1R

SPR was used to determine the affinities of the VHHs for various IGF1R ectodomain
orthologues (Table 1, Figure 2). IGF1R5 bound to IGF1R from all species tested, with
affinities of KD = 0.6 nM, 0.4 nM, 1.1 nM and 1.1 nM for human, rhesus, mouse and rat
IGF1R, respectively. To avoid potential immunogenicity of llama-derived IGF1R5 when
applied as a BBB carrier for therapeutics, this VHH was humanized using mutations of
defined ‘camelid’ residues in the parental molecule. In the case of the IGF1R5-H2 variant,
four back-mutations in the Vernier zone supporting the CDR loops were introduced. This
humanized version showed similar cross-reactivity, albeit with slightly weaker binding
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affinities of KD = 7.6 nM, 17 nM, 9.1 nM and 11 nM for human, rhesus, mouse and rat
IGF1R. VHH affinities for human and mouse IGF1R were also determined at pH 5.6 (37
◦C). IGF1R5 was bound with comparable affinities to that observed at neutral pH, whereas
IGF1R5-H2 possessed weaker binding affinity at acidic pH (KD = 150–160 nM), with a faster
off-rate (kd), which is a desirable characteristic for BBB crossing since the low pH present
in endosomal trafficking would facilitate the sorting process, releasing the carrier from its
receptor and sorting the membrane proteins and the carrier into different domains.

Table 1. SPR-derived kinetics and equilibrium dissociation constants for VHH-IGF1R interactions.
1 Determined at pH 7.4, 25 ◦C; 2 determined at pH 5.6, 37 ◦C.

IGF1R
Ectodomain

pH
IGF1R5 IGF1R5-H2

ka (M−1s−1) kd (s−1) KD (M) ka (M−1s−1) kd (s−1) KD (M)

Human 1 7.4 5.3 × 105 3.4 × 10−4 6.4 × 10−10 3.8 × 105 2.9 × 10−3 7.6 × 10−9

Rhesus 1 7.4 1.5 × 106 5.9 × 10−4 4.0 × 10−10 2.3 × 105 3.8 × 10−3 1.7 × 10−8

Mouse 1 7.4 2.6 × 105 3.0 × 10−4 1.1 × 10−9 2.3 × 105 2.1 × 10−3 9.1 × 10−9

Rat 1 7.4 3.4 × 105 3.8 × 10−4 1.1 × 10−9 2.3 × 105 2.6 × 10−3 1.1 × 10−8

Human 2 5.6 6.9 × 105 2.8 × 10−3 4.0 × 10−9 2.1 × 105 3.4 × 10−2 1.6 × 10−7

Mouse 2 5.6 5.9 × 105 2.8 × 10−3 4.8 × 10−9 2.9 × 105 4.3 × 10−2 1.5 × 10−7

3.2. In Vitro and In Vivo BBB Transport of IGF1R5

The BBB permeability of IGF1R5 in the VHH format, the humanized H2 variant of
IGF1R5 and the hFc-IGF1R5H2, along with their respective negative controls, were assessed
in rat (SV-ARBEC) and human (iBEC) BBB models in vitro. Negative controls were A20.1
sdAbs generated against C. difficile toxin A, which has no recognizable mammalian target
that does not cross the intact BBB. Figure 3A demonstrates that all formats were transported
across both BBB models. Interestingly, whereas the humanized variant of IGF1R5 displayed
increased Papp values in the rat model, its Papp value was similar to the other constructs
in the human model. Next, the rat BBB model in vitro was used to determine the rate of
transport of IGF1R5 and a negative control, namely, A20.1 with either C- or N-terminus
mFc fusion. The molecules were co-applied to the upper chamber and quantified using
targeted proteomics (SRM) in the bottom compartment. The Papp value for each antibody
was calculated over 90 min. Figure 3B demonstrates that IGF1R5 constructs fused with
mFc in both C- and N-terminus displayed enhanced transcytosis when compared with
their counterpart negative controls. Although slightly higher, the Papp value for the
IGF1R5–N-terminus mFc fusion (mFc-IGF1R5) was not significantly different from the
IGF1R5–C-terminus mFc fusion (IGF1R-mFc). This is an important property of IGF1R5
not typically observed with other sdAbs since it allows for a ‘platform’ use of IGF1R5 in
different types of fusion proteins where the specific orientation of the therapeutic cargo
is important for its activity, most notably, therapeutic antibodies, where the addition of
the BBB carrier to the C-terminus allows for the unimpeded activity of its target-binding
Fab portion.

We next investigated the ability of IGF1R5 constructs to transport across the BBB
in vivo by injecting hFc-IGF1R5 intravenously into rats (15 mg/kg) and measuring their
CSF and capillary-depleted brain parenchyma levels 24 h post-injection. Figure 3C indicates
that no difference in serum concentration was observed between hFc-IGF1R5 and the
negative control used, namely, A20.1-mFc. On the other hand, both the CSF and brain
levels of hFc-IGF1R5 were significantly increased when compared with A20.1-mFc, further
highlighting the capacity of IGF1R5 constructs to be transported across the BBB. We also
performed immunofluorescence staining to determine the localization of IGF1R5-mFc and
A20.1-mFc in brain tissue following a single intravenous injection (15 mg/kg). Whereas
a co-localization of IGF1R-mFc with RCA-1 (Figure 3E) suggested the presence in brain
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vasculature, there was also some co-localization with neurons (NeuN stain, Figure 3F),
further supporting our observation that IGF1R5-mFc was able to cross the BBB and reach
the brain parenchyma. As expected, A20.1-mFc staining was not observed in either brain
vasculature (or was occasionally seen due to perfusion artifact) or in neurons (Figure 3G,H).
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Figure 2. High-affinity binding of IGF1R5 VHHs to IGF1R ectodomains. (A) SPR sensorgrams
demonstrating wild-type IGF1R5 and humanized IGF1R5-H2 VHHs binding to surface-immobilized
human, rhesus, mouse and rat IGF1R (pH 7.4, 25 ◦C). VHH concentrations in flow ranged from
0.25 to 10 nM (IGF1R5) and from 1 to 25 nM (IGF1R5-H2). Kinetics and affinities were determined
using multi-cycle kinetics (human, mouse, rat IGF1R) or single-cycle kinetics (rhesus IGF1R) analyses.
(B) Sensorgrams demonstrating the binding of VHHs to human and mouse IGF1R at acidic pH
(pH 5.6, 37 ◦C). VHH concentrations in flow ranged from 0.25 to 10 nM (IGF1R5) and from 1 to 50 nM
(IGF1R5-H2). Black lines: raw data; red lines: 1:1 binding model fitting.
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Figure 3. In vitro and in vivo BBB transport of IGF1R5 in the VHH format or in hFc or mFc fusions.
(A) Transport of IGF1R5 in the VHH format, and humanized (H2) and hFc fused variants of IGF1R5
across a rat (SV-ARBEC) and human (iBEC) in vitro BBB model. Antibodies were applied in the
upper compartment of the BBB insert and then quantified over time in the bottom chamber using
SRM to determine Papp values. Papp values (cm/min) of antibodies are shown as means ± sd
derived from 6 separate transwell inserts. * p < 0.05 vs. respective negative control. (B) Transport
of mFc-IGF1R5 and IGF1R5-mFc across a rat BBB model in vitro. Antibodies were paired with
corresponding controls in the upper compartment of the BBB insert and then quantified over time in
the bottom chamber using SRM to determine the Papp values. Papp values (cm/min) of antibodies
are shown as means ± sd derived from 6 separate transwell inserts. * p < 0.05 vs. respective negative
control. (C) Concentrations of hFc-IGF1R5 or A20.1-mFc in serum, CSF or capillary-depleted brain of
rats at 24 h following a bolus i.v. injection of 15 mg/kg of each antibody. The concentrations were
measured using SRM analysis in at least 3 animals and the bars represent mean and SD. * p < 0.01
vs. A20.1-mFc. (D–G) Immunofluorescence staining of the rat frontal cortex 48 h after intravenous
injection of 15 mg/kg of IGF1R5-mFc (D–F) or an equimolar dose of A20.1-mFc (G,H). Brain vessels
were detected using RCA-1 (green); neurons were detected using antibodies against NeuN (blue);
IGF1R5-mFc (red). Images were observed at 10x objective (D) and 60x (E–H). Scale bars, 100 µm and
10 µm.
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In addition to hFc fusions, we further increased the molecular weight of the constructs
by generating and injecting animals with Ig fusions of IGF1R5 (Supplementary Figure S3A).
We observed that the IgG-IGF1R5 concentrations in CSF and brain but not serum were
significantly increased when compared with Ig alone 24 h post-injection. Interestingly,
although the serum levels of both Fc- and Ig- fusions were similar, CSF and brain levels
were slightly higher in hFc-IGF1R5 versus IgG-IGF1R5 (6.52 ± 2.00 vs. 5.11 ± 0.11; 11.27 ±
3.7 vs. 5.36 ± 0.58, respectively), suggesting that the molecular weight of the cargo may
have an impact on its BBB permeability, although other causes, such as steric hindrance,
should not be discarded. To confirm this observation, we generated multiple IGF1R5
constructs with molecular weights ranging from 80 kDa to 300 kDa and measured their
transport across the in vitro BBB model (Supplementary Figure S3B). An inverse correlation
was observed between Papp values and the MW of different IGF1R5 constructs, further
supporting our in vivo observations. No change in BBB transport was observed for the
A20.1 constructs with different sizes.

3.3. Hypothermic Properties of IGF1R5-hFc-Neurotensin in Rats and Mice

Next, we determined whether IGF1R5 is capable of delivering a pharmacologically
active payload into the brain. Neurotensin and its receptors are highly expressed in
the brain [30]. It was shown that neurotensin elicits hypothermia in rodents through
neurotensin receptor type 1 (NTR1) located within the central nervous system [31]. Here,
we first demonstrated that fusion constructs of IGF1R5-hFc-neurotensin were able to
activate NTR1 in a cell-based assay (Figure 4A). Although a slight shift to the right was
observed in the concentration–response curve when compared with the 13 amino-acid
neuropeptide alone, this difference was not significant.

Intravenous injection of IGF1R5-hFc-neurotensin in rats and mice induced a dose-
dependent drop in core body temperature (Figure 4B,F, respectively). We also observed
that no change in core body temperature was observed when animals were injected with
A20.1-hFc-neurotensin (Supplementary Figure S4), which is consistent with its inability to
cross the BBB. To further characterize the hypothermic effect of the IGF1R5-hFc-neurotensin
constructs, three parameters were extrapolated from the dose–response curves; maximum
response (Figure 4C,G), duration of response (Figure 4D,H) and area under the curve
(Figure 4E,I). Quantification and statistical analysis of these parameters further demon-
strated the hypothermic properties of IGF1R5-hFc-neurotensin, thus demonstrating that
not only IGF1R5 constructs are able to cross the BBB but they are also able to deliver a
pharmacologically active payload to target neurons.

3.4. Analgesic Properties of IGF1R5-mFc-Galanin and mFc-IGF1R5-Galanin in Rats

We further tested the ability of IGF1R5 to deliver a pharmacologically active payload
by chemically conjugating galanin, which is a 29-amino-acid peptide that also does not
cross the BBB, to its Fc fusion variants. Galanin was shown to reduce pain when directly
injected into the brain [32]. We also demonstrated the analgesic properties of galanin when
conjugated to single-domain antibodies that cross the BBB by RMT using the Hargreaves
model of hyperalgesia [11,29]. In this model, paw inflammation was induced via subcuta-
neous injection of CFA in the hindpaw and reversal of hyperalgesia was observed via an
increase in the latency of paw withdrawal from a thermal stimulus. Here, we demonstrated
a dose–dependent analgesic response of galanin when conjugated to both mFc-IGF1R5
and IGF1R5-mFc (Supplemenatry Figure S5). Interestingly, when the reversal of hyperalge-
sia of mFc-IGF1R5-galanin and IGF1R5-mFc-galanin were compared at equimolar doses
(4.96 mg/kg and 5.00 mg/kg, respectively), we noted that the analgesic effect was slightly
higher in mFc-IGF1R5-galanin when compared with IGF1R5-mFc-galanin. This result is in
accordance with what was observed in the BBB permeability assay in vitro, where the Papp
values of IGF1R5 with mFc fusion in its C- or N-terminus were compared (Figure 3B).
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Figure 4. NTR1 activation and IGF1R5-hFc-neurotensin-induced hypothermia in rats and mice.
(A) Concentration–response curve of neurotensin and IGF1R5-hFc-NT-induced activation of NTR1 in
a cell-based assay. (B) Dose–response curve of the hypothermic effects of IGF1R5-hFc-neurotensin
in rats (5.03 mg/kg, n = 3; 10.05 mg/kg, n = 6; 20.07 mg/kg, n = 4). Core body temperature was
monitored using telemetry up to 4 h post intravenous injection of test compounds and the maximum
response (C), duration of response (D) and area under the curve (E) were obtained. (F) Dose–response
curve of the hypothermic effects of IGF1R5-hFc-neurotensin in mice (10.05 mg/kg, n = 2; 20.11 mg/kg,
n = 7, 40.22 mg/kg, n = 2). Core body temperature was monitored using telemetry up to 6 h post-
intravenous injection of test compounds and maximum response (G), duration of response (H) and
area under the curve (I) were obtained. Results are mean ± SEM of 2–8 animals in each group.
* p < 0.05 vs. baseline; # p < 0.05 vs. highest dose injected (20.06 mg/kg in rats and 40.22 mg/kg
in mice).
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4. Discussion

Despite growing knowledge and understanding of the pathophysiology of neurode-
generative and other brain diseases, the development of CNS drug candidates is severely
hampered by poor tissue distribution due to the blood–brain barrier (BBB).

The BBB is responsible for protecting the brain from exposure to circulating toxins and
pathogens. However, this protective function also presents a key challenge to the devel-
opment of drugs targeting the CNS, in particular, biologics [1]. It was proposed that drug
candidates could be delivered across the BBB via a process known as receptor-mediated
transcytosis (RMT) [2], whereby ligands to receptors that transport large molecules across
the BBB to supply the brain with nutrients needed for physiological homeostasis, such as
transferrin receptor (TfR) or insulin receptor (IR), could be used to ‘shuttle’ attached thera-
peutic cargo molecules across the BBB. We previously generated single-domain antibodies
(sdAbs) against different targets present in brain endothelial cells (BECs) that undergo
RMT, including TMEM30A and IGF1R, and demonstrated their ability to cross the BBB in
both in vitro and in vivo models [5,11–13].

In the present study, we demonstrated that IGF1R5, which is a camelid single-domain
antibody (VHH) that targets IGF1R, transmigrated across the BBB and delivered diverse
pharmacologically active payloads into the brain. IGF1R5 was humanized and may be
considered a strong candidate for development as a BBB-delivery platform due to its
stability, pH sensitivity and tolerance of different fusion formats.

One of the main advantages of targeting IGF1R for brain delivery of therapeutics is its
enrichment in brain endothelial cells/brain microvessels when compared with peripheral
tissue [33]. Furthermore, we recently showed that IGF1R transcript levels were twofold
more abundant than another known RMT target, namely, TfR, in mouse BBB [33]. In our
recent study [11], we demonstrated BBB crossing of a panel of IGF1R VHHs in mice using
an in situ brain perfusion technique, confirming that this BBB receptor could facilitate RMT
of binding ligands, including antibodies.

Camelid VHHs possess numerous desirable properties as BBB carriers, including
high thermostability, resistance to proteases [34] and ease of optimization and engineering
into various protein fusion formats. Llama VHH IGF1R5 demonstrated a high-affinity
(sub-nanomolar) binding to IGF1R with a broad species cross-reactivity against human,
rhesus, mouse and rat receptors. The linear epitope in the IGF1R structure recognized
by the IGF1R5 that triggers structural re-arrangement of the receptor (and subsequent
transcytosis) was mapped and shown to involve a single α-CT helix without activating any
downstream signaling events [24].

Antibody humanization is a critical approach to eliminating or reducing the im-
munogenicity and improving the clinical translation of camelid antibodies; in contrast to
shark-derived sdAbs (VNARs), which are difficult to humanize, humanization of camelid
VHHs has been routinely achieved. The main challenge in the humanization process is to
maintain the full biological function while reducing the risk of adverse side effects [35].
Through CDR grafting and resurfacing methods, we successfully generated a series of
humanized variants of IGF1R5. One of these variants, namely, IGF1R5-H2, acquired a
target-binding profile that was characterized by slightly weaker binding affinities and
accelerated ‘off-rates’ compared with the parent camelid variant, which is a feature that
is considered advantageous for RMT carriers where fast endosomal dissociation from the
target receptor may facilitate its abluminal release. This humanized variant also displayed
weaker binding affinity at acidic pH, which is another desirable characteristic previously
demonstrated to facilitate the abluminal release of TfR-binding antibodies [36]. In our
subsequent studies, the IGF1R5-H2 sdAb variant demonstrated improved transcytosis
compared to the parent IGF1R5 sdAb in the rat BBB model in vitro, while in the human BBB
model, both variants had similar Papp values. Further studies employing the pulse–chase
method or dynamic analyses of trafficking through intracellular endosomal compartments
of these two variants will be necessary to dissect the potential benefits to transcytosis
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efficiency imparted by different levels of affinity and pH sensitivity of their binding to the
target receptor.

Due to their size (~15 kD), sdAbs have a short plasma half-life and are rapidly cleared
from the circulation by glomerular filtration in the kidney, thus limiting their use as systemic
therapeutics. Numerous strategies are available to improve the pharmacokinetic profiles of
sdAbs, including their fusion to the Fc region of IgG. The tolerance of BBB carrier sdAbs to
fusion at both N- and C-terminus is advantageous, as it creates a platform that can be used
for different types of therapeutic payloads. For example, for monoclonal antibodies, it is
preferable to fuse BBB carriers to their C-terminus, as it would not affect the antibody target
binding. Our data indicated that IGF1R5 BBB permeability was not affected in fusions
through either its N- or C-terminus.

We next examined the serum, CSF and brain levels of hFc-IGF1R5 24 h after its systemic
administrations. As expected, a significant amount of hFc-IGF1R5 was still present in the
serum samples, suggesting that the hFc fusion greatly increased the half-life of IGF1R5.
This was not surprising since, unlike high-affinity TfR antibodies that were shown to
have accelerated systemic clearance due to peripheral target-mediated clearance [37], we
showed that IGF1R constructs have pharmacokinetic profiles that are comparable to control
monoclonal antibodies [23]. hFc-IGF1R5 levels were significantly increased in both CSF and
capillary-depleted brain fractions. Similar to Fc fusions, IgG-IGF1R5 bi-specific antibodies
demonstrated considerable accumulation in CSF and brain tissue. Interestingly, we noted
that levels in brain fractions were slightly reduced for IgG fusions when compared with the
Fc format, suggesting that the size of the molecule may have an impact on BBB permeability.

For drug development purposes, it is necessary to demonstrate that sdAbs are capable
of transporting a pharmacologically active payload into the CNS following RMT in pre-
clinical models using rodents and non-human primates. SPR data acquired in our study
demonstrated the binding cross-reactivity of IGF1R5 across different species, providing
great versatility in the choice of preclinical models. This is an important departure from
the preclinical studies involving TfR that required the use of transgenic animals expressing
human TfR since those antibodies showed no species cross-reactivity [38]. We fused the
neuropeptide neurotensin to the C-terminus of IGF1R5-hFc and measured its pharmacolog-
ical effect. Neurotensin (NT) is a 13-amino-acid neuropeptide that is widely distributed in
the CNS that mediates its effects, mainly through neurotensin receptor type 1 (NTR1), a G-
protein-coupled receptor [31]. It was shown that central injection of NT leads to a sustained
decrease in core body temperature [39]. This effect was also determined to be mediated
by NTR1 since, in NTR1 knockout mice, NT administration failed to induce changes in
body temperature [40]. Additionally, analogs that are selective for other subtypes of NT
receptors did not induce hypothermia, further supporting the involvement of the NTR1
receptor subtype in mediating this effect [41]. In the present study, we demonstrated that
IGF1R5-hFc-neurotensin constructs induced a dose-dependent hypothermic response in
both mice and rats. Interestingly, although the levels of IGF1R5 constructs are elevated
even 24 h post-injection, the effects of IGF1R5-hFc-neurotensin lasted a maximum of 290
and 95 min in mice and rats, respectively, at the highest dose studied. We speculate that
feedback mechanisms, including thyroid activity and brown adipose tissue stimulation,
play a role in normalizing the core temperature to baseline levels.

We also measured the analgesic properties of galanin when conjugated to IGF1R5.
Galanin is a neuropeptide of 29 amino acids (30 in humans) that was originally isolated
from a porcine intestine [42]. Galanin effects are mediated by three subtypes of galanin
receptors (Gal R1, Gal R2 and Gal R3) that belong to the family of G-protein coupled
receptors [43]. The analgesic properties of galanin were further demonstrated by studies
showing that direct injection of galanin into the central nervous system has antinociceptive
effects in different experimental models of pain [32,44]. Here, we showed that IGF1R5
sdAb Fc fusion constructs conjugated with galanin were capable of reversing hyperalgesia
of rats in the Hargreaves model. Interestingly, in accordance with what we observed in
the BBB model in vitro, mFc-IGF1R5-galanin constructs performed slightly better than
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IGF1R5-mFc-galanin. Different efficacy of these constructs could be the result of attenua-
tion/modification of either IGF1R5 or galanin functionality or both.

The hypothermic and analgesic effects of neurotensin and galanin, respectively, when
conjugated to IGF1R5 further confirmed the delivery of pharmacologically active amounts
of payloads to the site of actions in the CNS. Taken together, we demonstrated the feasibility
of delivering cargos into the brain with single-domain antibodies against IGF1R, notably
IGF1R5, which permeated the BBB through RMT, highlighting its potential use for the
development of drugs targeting the central nervous system.

5. Conclusions

In conclusion, we demonstrated that IGF1R5, which is a sdAb targeting IGF1R in the
BBB, is a promising carrier for delivering drugs targeting the central nervous system. This
antibody can be presented in different formats and fused to payloads of variable sizes,
further highlighting its clinical potential, especially considering that poor brain distribution
is one of the major limitations of drugs developed for CNS applications.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/pharmaceutics14071452/s1. Figure S1: Sequence alignment
between the camelid IGF1R5 sdAb and the humanized variant IGF1R5-H2. Figure S2: Representative
SDS-PAGE images of IGF1R5 constructs. Figure S3: In vitro BBB transport of IgG-fused IGF1R5
and molecular weight/transmigration value of various IGF1R5 constructs. Figure S4: A20.1hFc-
neurotensin injection in rats and mice. Figure S5: Reversal of thermal hyperalgesia induced by
IGF1R5-mFc-galanin and mFc-IGF1R5-galanin in the Hargreaves model of inflammatory pain.
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Abstract: Central nervous system (CNS) exposure to blood-borne biotherapeutics is limited by the
restrictive nature of the brain vasculature. In particular, tightly sealed endothelial cells of the blood–
brain barrier (BBB) prevent the uptake of protein and gene medicines. An approach to increase the
bioavailability of such therapeutics is harnessing the BBB endothelial cells’ own receptor-mediated
transcytosis (RMT) mechanisms. Key to this process is a targeting ligand that can engage a BBB-
resident RMT receptor. We recently identified an antibody, named 46.1, that accumulates in the
mouse brain after intravenous injection. To further characterize the brain targeting and penetrating
properties of clone 46.1, we conjugated neurotensin (NT) to an scFv-Fc form of the antibody (46.1-
scFv-Fc-LongLinker-NT). While centrally administered NT decreases the core body temperature and
locomotor activity, effects attributed to two spatially segregated brain areas, systemically administered
NT has limited effects. Hence, NT can be used as a model therapeutic payload to evaluate the brain
penetration of BBB-targeting antibodies and their capability to accumulate in discrete brain areas. We
demonstrate that intravenously administered 46.1-scFv-Fc-LL-NT can elicit transient hypothermia
and reduce drug-induced hyperlocomotion, confirming that 46.1 can deliver drug cargo to the CNS
at pharmacologically relevant doses. Interestingly, when two intravenous administration routes in
mice, retro-orbital and tail vein, were compared, only retro-orbital administration led to transient
hypothermia. We further explored the retro-orbital route and demonstrated that the 46.1-scFv-Fc-
LL-NT could enter the brain arterial blood supply directly from the retro-orbital/cavernous sinus.
Taken together, the 46.1 antibody is capable of transporting drug cargo into the CNS, and at least of a
portion of its CNS accumulation occurs via the cavernous sinus–arterial route.

Keywords: blood-brain barrier; brain drug delivery; receptor-mediated transcytosis; antibody;
cavernous sinus

1. Introduction

Drug delivery into the brain remains the rate limiting step in the development of
new therapies whose targets lie within the central nervous system (CNS). In particular,
the passage of newer biologic therapeutics (antibodies, peptides, nucleic acids, etc.) from
the systemic circulation into the brain is substantially restricted by the blood–brain barrier
(BBB) [1]. As a result, various technologies are being developed to increase the brain
bioavailability. Despite known limitations [2], those that co-opt endogenous receptor-
mediated transcytosis (RMT) systems in BBB endothelial cells hold particular promise [3–8].
The transport of a drug payload from the blood into the brain tissue by RMT is mediated
by a BBB-targeting motif that recognizes a cognate receptor on the blood-side endothelial
membrane and initiates transcytosis. In preceding work, we identified antibodies capable
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of BBB transcytosis using a phenotypic transcytosis screen of a large phage displayed
human single-chain antibody (scFv) library [9]. The lead molecule, scFv 46.1, bound mouse
and human BBB in tissue sections and accumulated in the mouse brain parenchyma after
intravenous administration.

A key step in the preclinical evaluation of BBB-targeting motifs is demonstrable
transport of a drug payload into the brain. Advanced disease models in translational
research such as those examining β-amyloid clearance have been used to demonstrate the
uptake of pharmacologically relevant doses of the therapeutic using RMT-directed brain
drug delivery approaches [7]. Other strategies that are more focused on validating the
RMT-targeted antibody as capable of mediating drug uptake into the CNS, rather than a
therapeutic outcome, have also been used to validate RMT-targeting antibodies [10]. One
such approach employs the conjugation of the RMT-targeting antibody to neurotensin
(NT), a 13 amino acid peptide with a myriad of physiological functions. If administered
peripherally, NT has a very low BBB permeability [11] and does not elicit profound effects
in the CNS. However, if NT is introduced into the CNS, it can interact with NT receptors
expressed on brain cells (NTSR1 and NTSR2) in different brain regions. For example, NT
and its analogs inhibit food intake in arcuate nucleus [12], modulate pain response [13], and
mitigate addiction behavior in nucleus accumbens [14–16]. In addition, NT integrates with
dopamine neurotransmission, acting as an endogenous neuroleptic, leading to decreased
drug-induced hyper- and spontaneous locomotor activity [17,18]. Upon release in the
median preoptic nucleus (MnPO), NT activates its cognate receptors NTSR1 and NTSR2,
which results in decreased core body temperature [19]. Since the CNS effects of NT are
limited to central local release or central administration, fusion of NT to BBB-targeting
antibodies can be used to test the BBB-permeation of the complex [8,10,11]. Notably, given
the anatomically distinct effects of NT, it can also be used as a proxy for verifying brain
uptake in different brain regions. For instance, in this study, we measured the effects
of 46.1-NT fusions on the body temperature in mice (i.e., NT response from the MnPO),
and additionally measured their drug-induced locomotor activity (i.e., response from the
striatum) to demonstrate that 46.1 could mediate the uptake of pharmacologically relevant
levels of NT in the CNS.

It has been shown that the pharmacokinetic profile of intravenous therapeutic anti-
bodies can be independent of the route of intravenous administration [20]. Nevertheless,
viral particles with CNS tropism seem to distribute differently upon tail vein, facial vein,
or retro-orbital vein injection [21–23], a phenomenon speculated to arise in the cavernous
sinus (Sin. Cavern.). The cavernous sinus consists of trabeculated cavities formed by
splitting of the layers of the dura mater that are covered by endothelial cells. Located in the
base of the skull, right below the hypophyseal gland, the cavernous sinus collects venous
blood from the retro-orbital sinus, ophthalmic veins, superficial, and interior cerebral veins.
The internal carotid artery spans the Sin. Cavern. before branching and entering the brain
in a segment known as the cavernous portion of the internal carotid artery [24]. Thus, in the
Sin. Cavern., venous blood is separated from the arterial blood by the wall of the internal
carotid artery, a multilayered structure with an innermost endothelial cell layer, covered
by internal elastic lamina, smooth muscle cell layer, and adventia [25,26]. In this study, we
additionally examined the effects of the route of intravenous administration (retro-orbital
versus tail vein) on the hypothermic response in mice and demonstrated that the 46.1-NT
fusion could enter the internal carotid artery directly from the retro-orbital/cavernous
sinus and be transported throughout the brain via the microvasculature.

2. Materials and Methods
2.1. Construction of Neurotensin–Antibody Fusion Proteins

A previously described pIRES vector with the test and control scFvs fused to the rabbit
Fc region was used to generate the neurotensin fusion construct [9]. Long linker (G4S)2 and
mouse neurotensin sequences (NM_024435) were subcloned at the C-terminal of the rabbit
Fc region between the custom inserted BamHI and NotI restriction sites. The following
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oligonucleotide was used: 5′-GGATCCGGTGGTGGCGGCTCTGGTGGCGGTGGCAGCCA
GCTGTATGAAAATAAACCCAGAGGCCCTACATTCTCTGAGCGGCCGC-3′. The oligonu-
cleotide duplex was inserted with standard restriction cloning. The sequence identity was
verified at the UW-Madison sequencing facility and had the final annotation Clone ID-scFv-
Fc-LL-NT. Fused proteins were produced and purified exactly as previously described [9].
The functional activity of neurotensin was monitored for each batch with the Path-Hunter®

eXpress NTSR1 CHO-K1 β-Arrestin GPCR assay (Eurofins/DiscoverX, #93-0280E2CP0L,
Fremont, CA, USA), according to the manufacturer’s protocol.

2.2. Microvascular Endothelial Cell Immunocytochemistry

IPSC-derived brain microvascular endothelial cells (iPSC-BMEC-like cells) were puri-
fied on Lab Tek II chamber slides (Nunc #154917, Thermo Fisher Scientific, Madison, WI,
USA) (Figure 1C) or on 0.4 µm Transwell filters (Figure A2), as described previously [27,28].
Cells grown on chamber slides were washed once and the media exchanged with pre-
warmed PBS++ (PBS supplemented with Ca2+ and Mg2+). Antibody 46.1-scFv-Fc-LL-NT
was added to the PBS++ to a final concentration of 5 µg/mL. Cells were kept at 37 ◦C for
45 min to allow for antibody binding and internalization. Afterward, cells were washed
with ice cold PBS++ and media exchanged with ice cold PBS++ plus 10% goat serum
(PBSG). Secondary anti-rabbit AlexaFluor555 (Invitrogen #A21428, Thermo Fisher Scien-
tific, Madison, WI, USA)-conjugated antibody of a final dilution 1:1000 was added to the
live cells to label the membrane bound fraction. After an additional 20 min on ice, the cells
were washed three times with cold PBS++, fixed with ice cold 4% paraformaldehyde (PFA)
for 15 min, permeabilized with 0.2% Triton X for 2 min, and washed with PBS++. Anti-rabbit
AlexaFluor488 (Invitrogen #A11008, Thermo Fisher Scientific, Madison, WI, USA) diluted
1:1000 in PBSG was added to the chamber slides to label the internalized fraction and incu-
bated at RT for an additional 20 min. The IPSC-BMECs were washed and mounted with
ProLong Gold anti-fade reagent with DAPI (Invitrogen, P36935, Thermo Fisher Scientific,
Madison, WI, USA). Images were acquired on a Zeiss Axio Imager Z2 Upright microscope
(Carl Zeiss Microscopy, LLC, White Plains, NY, USA) and processed with ImageJ (Version
1.53e, Wayne Rasband and contributors, NIH, USA, http://imagej.nih.gov/ij).

The TEER value of iPSC-BMECs, grown on Transwell filters (n = 3) was measured
and on the day of the experiment averaged ~1600 Ω/cm2. Cells were washed and media
exchanged with prewarmed PBS++. Antibody 46.1-scFv-Fc-LL-NT was added to the baso-
lateral compartment to a final concentration of 5 µg/mL. The IPSC-BMEC-like cells were
kept at 37 ◦C for 45 min. After a brief washing step with ice cold PBS++ and PBSG, the apical
and the basolateral compartment solution was exchanged with ice cold PBSG containing
secondary anti-rabbit antibodies in a 1:1000 dilution, AlexaFluor647 (Invitrogen #A-21235,
Thermo Fisher Scientific, Madison, WI, USA) in the apical compartment to label the apical
membrane associated 46.1-scFv-Fc-LL-NT and AlexaFluor555 (Invitrogen #A21428, Thermo
Fisher Scientific, Madison, WI, USA) in the basolateral compartment to label the basolateral
membrane bound 46.1-scFv-Fc-LL-NT. The live, not-permeabilized cells were kept on ice
for 20 min. The filter was washed quickly 3x with cold PBS++. Cells were fixed with ice
cold 4% PFA for 15 min and permeabilized with 0.2% Triton X for 2 min, applied on both
sides of the filter. Anti-rabbit AlexaFluor488 (Invitrogen #A11008, Thermo Fisher Scientific,
Madison, WI, USA) in 1:1000 dilution was added to both sides of the filter to label the
internalized 46.1-scFv-Fc-LL-NT and incubated at RT for an additional 20 min. Cells were
washed and mounted with the ProLong Gold mounting media. Images were acquired on a
Zeiss Axio Imager Z2 upright microscope and processed with ImageJ.
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Figure 1. ScFv 46.1 transports neurotensin into the MnPO. (A) Cartoon of the antibody-NT construct.
(B) Purified fusion constructs resolved with SDS-PAGE and Coomassie staining. (C) Conjugation of
neurotensin to the parent antibody (lower image) has no influence on the binding- and internalization
activity of 46.1-scFv-Fc-LL-NT (upper image) in iPSC-BMEC-like cells, as evident from both antibodies
having a characteristic punctate appearance on the plasma membrane (pseudocolored in red) and
localization to the internal cell–cell contacts (pseudocolored in green). Scale bar, 20 µm. (D) NT
alone or antibody-NT-fusions (control and 46.1 antibody) were added in serial dilutions to NTSR1
(G-protein coupled receptor (GPCR)) expressing CHO-cells. The activation of NTSR1 was measured
as a chemiluminescent light, produced by active β-galactosidase, which formed upon the recruitment
of β-arrestin to the NTSR1 construct. The inset provides the fitted EC50 values (mean ± s.e.m.). The
curves represent one biological replicate and n is listed in the inset. One-way ANOVA was used to
analyze the data. The EC50 value for 46.1 fusion differs significantly from the EC50 of neurotensin
with a Holm corrected p-value = 0.009 (Table A1). (E) Mice were injected at time 0 via the retro-
orbital sinus with the control and 46.1 fusions or free neurotensin and the temperature recorded with
an intraperitoneally-implanted probe, as described in the Materials and Methods Section. Mixed
ANOVA was used to model the data (mean ± s.e.m.). The Holm–Bonferroni post hoc multiple
comparisons test revealed a statistically significant difference between the 46.1-scFv-Fc-LL-NT group
vs. the control (p = 0.001) and NT (p < 0.05) (Table A2).

2.3. Animal Experiments

Animal studies were approved by the Institutional Animal Care and Use Committee
(IACUC) at the University of Wisconsin-Madison and performed in compliance with the
National Institutes of Health Guide for the Care and Use of Laboratory Animals. Mice were
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group housed in an AAALAC accredited vivarium on a standardized light cycle (lights on:
8 a.m.–8 p.m.) with ad libitum access to food and water.

2.4. Logger Implantation and Temperature Measurement

Mice C57BL6 (Harlan Laboratories, Inc., Envigo Bioproducts, Inc., Madison, WI,
USA), male, ~18 g were anesthetized with 100/10 mg/kg ketamine/xylazine (Vetaket
C-III (N), Akorn, Inc., #2010020, Lake Forest, IL, USA). Under aseptic conditions, an
incision was made in the peritoneal cavity and a sterile temperature recording logger was
inserted (DST nano-T, StarOddi, Garðabær, Iceland). The incision was sutured with a
vicryl suture (Ethicon, #J422H, Bridgewater NJ, USA) and the skin glued with the tissue
adhesive Vetbond (3M, #70200742529, Maplewood, MN, USA). Twenty minutes prior to
recovery from anesthesia, mice received s.c. 1 mg/kg Buprenorphine SR Lab 0.5 mg/mL
(ZooPharm, Laramie, WY, USA). Mice were allowed to fully recover after surgery before
being transferred to their home cages. On day 6 after logger implantation, the mice were
injected via the retro-orbital sinus (under brief isoflurane anesthesia, <2 min) or tail vein
with 20 mg/kg control and test antibody, and 1 mg/kg neurotensin dissolved in PBS (Sigma-
Aldrich, #N6383, Burlington, MA, USA). For the duration of the temperature recordings,
mice were returned to their home cages.

2.5. Locomotor Activity Measurement

Mice C57BL6 (Harlan Laboratories, Inc., Envigo Bioproducts, Inc, Madison, WI, USA),
male, ~18 g were housed under normal conditions for 5 days. On the sixth day, each mouse
was transferred to a clean plastic open field apparatus (25 cm W × 40 cm D × 20 cm H)
in the recording room. Light intensity was adjusted to ~55 lux. Mice were habituated to
the apparatus for 60 min prior to treatment. Animals received, via tail vein, 20 mg/kg test
antibody, 1 mg/kg PD149163 (Sigma-Aldrich, #PZ0175), 1 mg/kg neurotensin, or saline.
All animals also received 3 mg/kg phencyclidine (Sigma-Aldrich, #P3029) s.c. Ten minutes
later, mice were returned in the same, freshly ethanol wiped apparatus and their activity
was recorded for an additional 90 min. Data were collected and the distance traveled
measured with ANY-maze software (Stoelting Co., Wood Dale, IL, USA). The number of
animals per group is specified in the figure legends.

2.6. Surgery and Cavernous Sinus Immunohistochemistry

Mice C57BL6 (Harlan Laboratories, Inc., Envigo Bioproducts, Inc, Madison, WI, USA),
male, ~20 g were anesthetized with 100/10 mg/kg ketamine/xylazine and fully prepped
for whole body cardiac perfusion. Test or control antibody (20 mg/kg) was injected
in the retro-orbital sinus. The perfusion pump was switched on immediately and the
right atrium perforated right after. To keep the tissue metabolically active, the perfusion
buffer was artificial cerebrospinal fluid (119 mM NaCl, 26.2 mM NaHCO3, 2.5 mM KCl,
1 mM NaH2PO4, 1.3 mM MgCl2, 10 mM glucose, 2.5 mM CaCl2) kept at 37 ◦C for the
15 min duration of the perfusion at 1.7 mL/min. Afterward, the perfusion buffer was
exchanged with ice-cold 4% PFA in PBS for an additional 5 min at rate 5 mL/min. Animals
were decapitated, the skull skinned, and placed in ice-cold 12% EDTA, pH = 7. The
decalcification of the skull continued for 7 days by refreshing the 12% EDTA solution every
other day. The skulls were washed once with PBS, dried on a tissue paper, and snap frozen
in liquid nitrogen. Consecutive coronal sections (30 µm) spanning the cavernous sinus
were made on a Thermo Scientific Microm HM 525 (Thermo Fisher Scientific, Waltham,
MA, USA). Sections were air dried for 1 h, permeabilized with 0.05% saponin for 30 min,
and blocked with 10% goat serum in PBS for 30 min at RT. To visualize the endothelial
cells and blood vessels, the sections were incubated for 2 h at RT with rat anti-mouse CD31
(Biolegend, #102501, San Diego, CA, USA) diluted 1:50 in dilution buffer (10% goat serum
with 0.05% saponin in PBS). Sections were then washed 5 × with 0.05% saponin in PBS
and incubated for 2 h at RT with the goat anti-mouse AlexaFluor488-conjugated secondary
antibody (Invitrogen, #A-11029) 1:1000 in dilution buffer. They were washed 5 × more
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and incubated with the goat anti-rabbit AlexaFluor555-conjugated secondary antibody
(Invitrogen, #A21428) that recognizes the rabbit Fc region of the control and test antibodies,
diluted 1:1000, overnight at 4 ◦C. After 5 ×more washing steps, sections were mounted
with ProLong Gold antifade reagent with DAPI (Invitrogen, P36935) and imaged on a Zeiss
Axio Imager Z2 Upright microscope or Nikon A1R HD Upright Multi-Photon (Nikon USA,
Melville, NY, USA), and processed with ImageJ.

2.7. Statistical Analysis

Two-way repeated measures (mixed) ANOVA and Bayesian (mixed) ANOVA with
treatment as the between subjects factor and time as the within subjects factor were used to
model the hyperlocomotor data, which were grouped into 5 min blocks across the entire
trial period. Average baseline locomotion for each individual subject was calculated across
all 5 min blocks from 0 to 60 min. Hyperlocomotion data were transformed to a percent
of the average baseline locomotion for each independent animal to correct for underlying
individual variance in locomotor behavior. The p values by the multiple comparisons post
hoc test were corrected with Holm–Bonferoni. Statistical analysis was performed with
Jamovi (The Jamovi project, 2020, version 1.6, retrieved from https://www.jamovi.org,
accessed on 2 March 2021). p values < 0.05 were considered as statistically significant. The
posterior odds and Bayes factors were calculated with JASP software (JASP Team 2020,
version 0.14.1, retrieved from https://www.jasp-stats.org, accessed on 3 March 2021). The
posterior odds were corrected for multiple testing by fixing to 0.5 the prior probability that
the null hypothesis holds across all comparisons [29]. Individual comparisons were based
on the default t-test with a Cauchy (0, r = 1/sqrt(2)) prior. The “U” in the Bayes factor
denotes that it is uncorrected.

3. Results
3.1. ScFv 46.1 Mediates the Transport of Neurotensin across the Blood Brain Barrier and Its
Accumulation in the Median Preoptic Nucleus

Intracisternal administration of NT results in a decrease in the core body temperature
through interactions with neurotensin receptors in the MnPO [30]; and thus, a decrease
in body temperature can be used as a readout of the brain penetrating properties of RMT
targeting reagents. Hence, we constructed an scFv-NT fusion protein. Neurotensin (NT)
was linked via the (Gly4Ser)2 linker (LL) to the C-terminus of scFv-Fc fusions with 46.1
scFv or a control binding domain, a variable lymphocyte receptor that binds to human
H antigen trisaccharide [31], to create 46.1-scFv-Fc-LL-NT and Ctrl-Fc-LL-NT fusions,
respectively (Figure 1A). The fusions were produced and purified (Figure 1B), and the
activity of the binding and NT moieties were confirmed. The 46.1-scFv-Fc-LL-NT fusion
bound and internalized into induced pluripotent stem cell-derived BMEC-like cells (iPSC
BMEC-like cells), the original cell type that was used to identify 46.1, similar to that of
the parent 46.1-scFv-Fc format (Figure 1C). In particular, scFv 46.1 drives the trafficking
and internalization of the parent and the NT-fused antibody in iPSC-BMEC-like cells to
the intracellular cell–cell junctions as previously described (Figure 1C, green) [9]. The
activity of NT in the fusion protein was measured using the PathHunter® eXpress NTSR1
CHO-K1 β-Arrestin GPCR assay. Figure 1D depicts the EC50 values indicating a slightly
diminished activity of NT when fused to the 46.1-antibody, but potency remains in the
nanomolar range. Next, the Control-, scFv-46.1- fusions (20 mg/kg, ~194 nmol/kg), and
NT alone (1 mg/kg, 598 nmol/kg NT) were administered via the retro-orbital sinus in
C57BL6 mice. 46.1-scFv-Fc-LL-NT caused a significant transient reduction in the body
temperature compared to Ctrl-Fc-LL-NT or free NT (Figure 1E) (mixed model ANOVA,
FTreatment (2, 8) = 17.6, p = 0.001), providing evidence for the scFv 46.1 mediated delivery of
NT to postvascular cells in the MnPO.
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3.2. ScFv 46.1 Mediates the Delivery of Neurotensin to the Striatum

NT is a well-known modulator of dopaminergic neurotransmission. Notably, sponta-
neous locomotor activity can be decreased by NT through interactions with dopaminergic
neurons in the nucleus accumbens either by directly expressing NTSR1 or by communi-
cating with NTSR1-responsive neurons or by receiving inhibitory signals from the ventral
tegmental area [17,18]. Inspired by previous studies with BBB-permeable brain-penetrating
NT analogs [32,33] that demonstrated the reversal of phencyclidine (PCP)-induced hyper-
locomotor activity, and in analogy to other psychostimulants [34,35] pointing toward the
activation of striatal NTSR1 in the nucleus accumbens [36] and caudate-putamen [37] as a
mechanism for this effect, we explored whether scFv 46.1-mediated NT delivery would
have an effect on PCP-induced changes in locomotion (Figure 2).
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in the recording setting for 1 h (0–60). The recording was stopped and saline, PD149163 (1 mg/kg), NT
(1 mg/kg), or 46.1-scFv-Fc-LL-NT (20 mg/kg) were injected via the tail vein. Ten minutes later, this
was followed by subcutaneous injection of PCP (3 mg/kg) to induce hyperactivity and the recording
was resumed (arrow). The distance traveled is presented as a percent of the average baseline for each
animal (mean ± s.e.m.). Frequentist mixed ANOVA and Bayesian mixed model ANOVA were used
to analyze the data. Detailed statistical parameters can be found in Tables 1 and 2.

To avoid any interference of isoflurane anesthesia (necessary for retro-orbital sinus
injection) on the effects of PCP administration, all substances were administered via tail
vein injection in unanesthetized mice. The distance traveled was used as a readout of mouse
locomotor activity. PCP (3 mg/kg, s.c.) was introduced 10 min after prophylactic treatment
with 46.1-scFv-Fc-LL-NT or controls. The BBB permeable NT analog, PD149163, was used
as a positive control, and saline and NT alone were used as the negative controls. Mixed
ANOVA of the baseline-normalized, PCP-induced hyperlocomotor effects from 0–90 min
identified a significant treatment effect (FTreatment(3, 17) = 13, p < 0.001). Subsequent post
hoc testing could not discriminate the 46.1-scFv-Fc-LL-NT treatment group from the other
groups at a significance level of α = 0.05. The associated adjusted and non-adjusted p values
are shown in Table 1.

Table 1. The statistical parameters for mixed ANOVA analysis of PCP-induced hyperlocomotion.

Comparison

Treatment Treatment Mean Difference SE df t p PHolm

Saline 46.1-scFv-Fc-LL-NT (20 mg/kg) 47.46 22.3 17.0 2.128 0.048 0.096
Neurotensin (1 mg/kg) −7.76 20.9 17.0 −0.371 0.715 0.715
PD149163 (1 mg/kg) 105.2 19.9 17.0 5.275 <0.001 <0.001

46.1-scFv-Fc-LL-NT
(20 mg/kg) Neurotensin (1 mg/kg) −55.22 23.2 17.0 −2.383 0.029 0.087

PD149163 (1 mg/kg) 57.74 22.3 17.0 2.589 0.019 0.076
Neurotensin
(1 mg/kg) PD149163 (1 mg/kg) 112.96 20.9 17.0 5.400 <0.001 <0.001
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We additionally used Bayesian mixed ANOVA to assign the probability of differenti-
ating between the experimental groups. Table 2 reports the posterior odds and the Bayes
factors (BF10) in multiple comparison tests. The Bayes factors (BF10) calculated for the
positive control PD149163 (vs. saline: BF10 = 2.64 × 1020, vs. NT: BF10 = 2.5 × 1019, vs.
46.1-scFv-Fc-LL-NT: BF10 = 1.36 × 1013) indicate extreme evidence in favor of the alter-
native hypothesis (i.e., PD149163 reverts the hyperlocomotion of PCP compared to any
other group). The Bayes factors (BF10) for the experimental treatment 46.1-scFv-Fc-LL-NT
compared to saline or NT indicate very strong (BF10 = 70.34) and extreme (BF10 = 147.72)
evidence for accepting the alternative hypothesis, respectively (i.e., 46.1-scFv-Fc-LL-NT re-
verts the hyperlocomotion of PCP compared with saline or NT groups). The interpretation
of the Bayes factors as very strong or extreme follows that in [38]. Thus, 46.1-scFv-Fc-LL-NT
has a distinguishable effect on the PCP-induced hyperactivity that can be assigned to its
own experimental group, indicating that 46.1 can mediate transport of the NT cargo into
the striatum. The effect is moderate compared to the BBB permeable PD149163, which is
perhaps not surprising given that the brain bioavailability of NT in the form of 46.1-scFv-
Fc-LL-NT also depends on the transcytosis of the construct across the BBB.

Table 2. The statistical parameters for the Bayesian mixed ANOVA analysis of PCP-induced hyperlocomotion.

Comparison

Treatment Treatment Prior Odds Posterior Odds BF 10, U Error (%)

Saline 46.1-scFv-Fc-LL-NT (20 mg/kg) 0.414 29.136 70.34 2.603 × 10−8

Neurotensin (1 mg/kg) 0.414 0.074 0.178 4.210 × 10−6

PD149163 (1 mg/kg) 0.414 1.093 × 1020 2.638 × 1020 3.010 × 10−27

46.1-scFv-Fc-LL-NT
(20 mg/kg) Neurotensin (1 mg/kg) 0.414 61.063 147.42 1.607 × 10−9

PD149163 (1 mg/kg) 0.414 5.637 × 1012 1.361 × 1013 2.716 × 10−17

Neurotensin (1 mg/kg) PD149163 (1 mg/kg) 0.414 1.033 × 1019 2.493 × 1019 2.053 × 10−26

Note. The posterior odds were corrected for multiple testing by fixing to 0.5 the prior probability that the null
hypothesis holds across all comparisons [29]. Individual comparisons were based on the default t-test with a
Cauchy (0, r = 1/sqrt(2)) prior. The “U” in the Bayes factor denotes that it is uncorrected.

3.3. Transient Hypothermia Response Depends on the Route of Delivery

For the body temperature measurements in Figure 1, we administered the 46.1-scFv-
Fc-LL-NT via retro-orbital sinus injection. We also observed that 46.1-scFv-Fc-LL-NT had
a modest effect on PCP-induced hyperlocomotion when administered via the tail vein,
and wondered whether the route of administration could affect the responses observed.
Retro-orbital injection was not compatible with the PCP hyperlocomotion experiment as
it requires brief isofluorane anesthesia prior to PCP administration. Thus, we instead
explored whether or not the transient hypothermia response would be altered by tail vein
administration versus retro-orbital administration. Mice received the same doses of 46.1-
scFv-Fc-LL-NT and the control (20 mg/kg antibody-NT fusion or 1 mg/kg NT), as described
in Figure 1 with the tail vein administration being the only difference. Unexpectedly, no
discernible changes in the core body temperature were observed between the groups
(Figure 3), despite the potency of PD149163 to induce hypothermia after tail vein injection
(Figure A3). As detailed in the discussion below, it may be possible that there is a dilution
or loss of 46.1-scFv-Fc-LL-NT as it travels from the tail vein to the heart. Alternatively, there
may be a unique attribute of the retro-orbital administration paradigm with respect to the
46.1 scFv targeting system that could lead to enhanced effects in the CNS.
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Figure 3. Tail vein administration abolishes the temperature response to NT. Mice (n = 4) were
injected at time 0 via the tail vein with the control and 46.1 fusions or free neurotensin, and the
temperature recorded with an intraperitoneally-implanted probe as described in the Materials and
Methods Section. Mixed ANOVA was used to model the data (mean ± s.e.m.), FTreatment(2, 9) = 1.01,
p = 0.401.

3.4. Trans-Carotid Transport of ScFv 46.1 at the Cavernous Sinus Allows for Enhanced
Accumulation of the Antibody-NT Construct in the Brain after Retro-Orbital Sinus Administration

The retro-orbital sinus has direct access to the cavernous sinus. Substances introduced
into the retro-orbital sinus will follow the venous blood flow to the cavernous sinus and
drain through the jugular veins into the systemic venous blood, eventually reaching the
heart through the superior caval vein. Likewise, substances injected into the tail vein will
flow in the venous blood into the heart through the inferior caval vein. After a round
of circulation through the lungs, substances, originally administered via both iv routes,
will flow with the arterial blood through the carotid arteries into the brain. Unless there
is a differential loss or dilution of injected material as it travels from the lateral tail vein
to the heart, both intravenous routes should deliver material into the brain circulation at
a comparable concentration. While not excluding the potential loss of 46.1-scFv-Fc-LL-
NT after tail vein injection, we examined whether the 46.1 scFv could mediate a direct
alternative uptake pathway into the brain circulation after introduction into the retro-
orbital/cavernous sinuses that could possibly explain the differences observed in the body
temperature responses to 46.1-scFv-Fc-LL-NT administration. In a bit more detail, before
branching to enter the brain, the internal carotid arteries (left and right) span the cavernous
sinus, where the outer arterial wall bathes in venous blood flowing from the retro-orbital
sinus (Figure 4A). If a substance in the venous blood of the cavernous sinus can penetrate
the wall of the internal carotid artery, it would directly enter the arterial flow and the brain.
Figure 4A shows the experimental scheme designed to decouple antibody entry into the
brain after return to the heart from a direct trans-arterial entry mechanism.

Under deep anesthesia, mice were prepared for whole body perfusion. Ctrl-Fc-LL-NT
(20 mg/kg) or 46.1-scFv-Fc-LL-NT (20 mg/kg) was injected into the retro-orbital sinus,
and heart perfusion through the left ventricle began immediately after injection to assure
unidirectional flow of fluid from the heart to brain, and the incision in the right atrium was
made to prevent the antibody from the injection site from entering the heart. In this way,
only local transport of retro-orbitally injected antibody from the venous into the arterial
blood can act as a entry point to the brain circulation. To keep the tissue metabolically
active, artificial cerebrospinal fluid at 37 ◦C was used as a perfusion buffer over the 15 min
perfusion timeframe. The whole skull was processed for immunohistochemistry according
to a standard procedure of bone delcalcification that preserves the brain and underlying
structures of the head during sectioning (Figure 4B). In the cavernous sinus at the site of the
injection (ipsilateral), multiple structures were positive for 46.1-scFv-Fc-LL-NT (Figure 4B(i),
yellow arrow—N. trigeminus). The outer wall of the internal carotid artery (Figure 4B(i),
white arrow) showed very strong immunoreactivity for 46.1-scFv-Fc-LL-NT. In contrast, the
corresponding structures on the contralateral side (Figures 4B(iv) and A1A) were negative
for 46.1-scFv-Fc-LL-NT. Despite being cut off from any transport mediated by the arterial
blood supply from the heart, 46.1-scFv-Fc-LL-NT reached and accumulated in brain capillar-
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ies in the ipsilateral hemisphere (Figure 4B(ii), thalamus and Figure A1B(ii), hypothalamus)
but not in the contralateral hemisphere (Figure 4B(v)) other than the region, directly adja-
cent to the third ventricle (Figure A1B(iv)). The internal carotid artery also provides arterial
blood supply for the hypophyseal gland and the median eminence (ME). We observed the
accumulation of 46.1-scFv-Fc-LL-NT in both of these structures (Figure A1A), albeit only in
the surrounding vessels of the hypophyseal gland. The antibody was confined within the
floor of the median eminence, and multiple cell bodies and projections throughout the me-
dian eminence were also positive (Figure A1B(i)). 46.1-scFv-Fc-LL-NT also showed a very
strong immunoreactivity for a subset of cells on the border of ME and the arcuate nucleus,
which based on their location, were presumed to be tanycytes. Additionally, non-vascular
cells in the hypothalamus, in the ipsilateral, and the contralateral hemisphere, respectively,
were positive for 46.1-scFv-Fc-LL-NT (Figure A1B(iii,iv)). In comparison, Ctrl-Fc-LL-NT
was not detected in the ipsilateral or contralateral cavernous sinus or in the brain (Figures
4B(iii,vi) and A1C). Taken together, the data provide evidence for a first pass effect on
the accumulation of 46.1-scFv-Fc-LL-NT in the CNS. After initial administration in the
retro-orbital sinus, the 46.1-scFv-Fc-LL-NT is transported from the venous into the arterial
blood in the cavernous sinus. Diluted in the perfusate, 46.1-scFv-Fc-LL-NT followed the
natural arterial blood flow to the ME, brain capillaries, and because of its BBB-penetrating
capacity, the parenchymal brain cells.
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Figure 4. 46.1-scFv-Fc-LL-NT accumulates in the cavernous sinus and brain after retro-orbital
injection. (A) Compartmental scheme of the surgery procedure and fluid flows. Blue arrows represent
the venous blood flow, red arrows the arterial flow, the black arrow represents the putative reverse
transcytosis. Mice were injected with 46.1-scFv-Fc-LL-NT or Ctrl-Fc-LL-NT (20 mg/kg) in the retro-
orbital sinus and immediately whole body perfused as an incision was made in the right atrium
to disconnect the lung circulation. (B) Coronal sections of the skull at the level of the cavernous
sinus were labeled for the fusion proteins with fluorescent anti-rabbit Fc AlexaFluor555 antibody
(red), internal carotid artery endothelial cells (green, white arrows), and blood vessels in brain were
visualized with CD31 and secondary AlexaFluor488-conjugated antibody (green). N. trigeminus
(yellow arrows), nuclei (blue). Scale bar, 100 µm.

Concentration gradients between venous blood in the cavernous sinus and arterial
blood in the internal carotid artery have been hypothesized to be a driving force of transport
for small molecules from venous to arterial blood [39]. However, 46.1-scFv-Fc-LL-NT is a
macromolecule with an approx. size of 103 kDa and gradient triggered diffusion across
the endothelial wall of the carotid artery is unlikely to occur for molecules of this size.
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From the outer to inner, the layers of the internal carotid artery are strongly positive for
46.1-scFv-Fc-LL-NT (Figure 4B(i)), suggesting that the innermost layer of endothelial cells
is the limiting transport barrier. In a previous work [9], we demonstrated the apical to
basolateral receptor-mediated transcytosis of the scFv clone 46.1 across the brain endothelial
cells in vivo. Here, the reverse process would be required to move 46.1-scFv-Fc-LL-NT
from the basolateral side of the carotid endothelial cells to the apical side in order to enter
the brain circulation. Thus, using the iPSC BMEC-like cell the in vitro Transwell system, we
tested whether the 46.1-scFv-Fc-LL-NT could undergo such “reverse” transcytosis. After
pulsing the 46.1-scFv-Fc-LL-NT into the basolateral compartment, it could be found bound,
internalized, and trafficked to the apical side, indicating that the transport process triggered
by 46.1 scFv is reversible (Figure A2). In summary, it is possible that 46.1 scFv co-opts a
reverse transcytosis mechanism for rapid first pass transport from the cavernous sinus to
the brain arterial blood supply.

4. Discussion and Conclusions

The results presented in this study are consistent with the following conclusions. First,
scFv 46.1 can accumulate in the postvascular brain after intravenous administration. In
particular, scFv 46.1 mediates the accumulation of NT into the MnPO and into the striatum
in the form of 46.1-scFv-Fc-LL-NT fusion. Next, the route of intravenous administration
affected the accumulation of 46.1-scFv-Fc-LL-NT, with the retro-orbital route leading to
transient hypothermia, while 46.1-scFv-Fc-LL-NT administered via the tail vein route
showed no effect. Further examination of the retro-orbital route of delivery supports a
mechanism for first pass cavernous sinus to the carotid artery transport of 46.1-scFv-Fc-
LL-NT, which can lead to widespread vascular distribution of fusion throughout the brain,
and could be at least partially responsible for the differential effects of the administration
route observed with transient hypothermia experiments.

While we have previously demonstrated the capability of the scFv 46.1 to cross the
BBB and enter the brain [9], the decrease in the core body temperature evoked by 46.1-scFv-
Fc-LL-NT further demonstrates that scFv 46.1 is also capable of transporting the model
drug cargo, NT, across the BBB. This effect was very clear upon retro-orbital injection
of the fusion protein, but we did not observe a temperature reduction when 46.1-scFv-
Fc-LL-NT was administered at the same 20 mg/kg dose via the tail vein. Clearly, the
bioavailability of 46.1-scFv-Fc-LL-NT in the brain capillaries of MnPO is dependent on
the route of intravenous administration. While we demonstrated the local transport of
the antibody from the venous and cavernous sinus to the carotid artery as one potential
factor for these differences, it is also possible that loss or dilution of the antibody while it
transits in venous blood from the tail vein to the heart impacts its potency once it reaches
the brain circulation. Studies with contrast agents can be used to compare both routes of
delivery: injected contrast media in the retro-orbital sinus flows through the superficial
temporal vein, the inferior palpebral vein, and the ocular angle vein to the external jugular
vein, which drains into the subclavian vein that forms the left and right superior caval
veins, respectively. Injected contrast media in the lateral tail vein flows into the middle
caudal vein, which merges with the left and right external iliac veins to form the inferior
caval vein. Content from the superior caval veins and the inferior caval vein flows into
the right atrium of the heart [40]. Thus, both administration routes merge anatomically in
the right atrium of the heart for the first pass through the lungs. As scFv 46.1 also binds
to the lung endothelium [9], the concentration of antibodies in the arterial blood flushing
the brain may be reduced, but should be reduced to the same extent independent of the
administration route. Hence, the determining factor is likely to be the concentration of
antibodies reaching the right atrium, which could be a function of blood volumes, dilution
differences, or antibody loss from venous blood traveling to the heart from the tail vein
versus that coming from the cavernous sinus. While beyond the scope of the current study,
a dose escalation study with tail vein injection could help inform as to whether the lack of
response was due to antibody-NT fusion concentration differences.
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While 46.1-scFv-Fc-LL-NT did not elicit transient hypothermia after tail vein admin-
istration at 20 mg/kg, it did have an effect on PCP-induced hyperactivity. The positive
control small molecule, PD149163, is brain-permeable with a Ki = 159 nM (vs. 3H-NT)
for NTSR1 [41] and produced almost complete immobility in the PCP-treated mice. In
contrast, 46.1-scFv-Fc-LL-NT had a more modest, but statistically distinguishable effect.
While tail vein administered 46.1-scFv-Fc-LL-NT decreased PCP-induced hyperactivity in
the striatum, it had no effect on transient hypothermia in the MnPO. Given the differences
in these anatomically distinct brain regions and the differences in the physiologic responses,
it is perhaps not unreasonable to expect differential effects. For example, a recent study
suggested that the activation of the high affinity NTSR1 (Kd = 0.5 nM) on neurons is modu-
lated by the activation of low affinity NTSR2 (Kd = 3–5 nM) on astrocytes in the median
preoptic nucleus (MnPO) [19], whereas the activation of NTSR1 on neurons in the striatum
is involved in the depression of PCP-induced hyperactivity. Thus, a higher concentration
of NT in the MnPO would be necessary to reduce the core body temperature than in the
striatum to activate NTSR1 and downstream control of locomotion, as indeed previously
demonstrated [42].

Given the differences in transient hypothermia outcomes based on the route of admin-
istration and since previous studies have reported differences in the observed transduction
efficiency of brain cells with the rAAV9 vector, possibly due to alternative intravenous
routes of delivery [21,22], we decided to explore the potential that the 46.1 scFv could be
transported in a unique way. We therefore blocked the heart circulation of retro-orbitally
administered test- and control antibodies and replaced the arterial blood flow and brain
circulation with a perfusion solution. With this approach, we questioned the plausibility
that antibody fusions could directly access the brain circulation. Indeed, 46.1-scFv-Fc-LL-
NT was readily detectable in the brain microvasculature and post-vascular brain cells.
The distribution of 46.1-scFv-Fc-LL-NT in the skull and brain followed the arterial blood
flow, and was largely found in the ipsilateral hemisphere consistent with a successful
elimination of heart circulation of the injected antibody fusions. While such counter current
transfer from the cavernous sinus to the arterial blood flow has been described for small
molecules [43–45], likely due to purely diffusive phenomena, this would be inefficient for
large protein fusions (e.g., no Ctrl-Fc-LL-NT was detected in any brain region or in the
underlying cavernous sinus using this approach). Thus, after the fusion protein diffuses
through the supportive layers of the internal carotid artery, we believe that the fusion
protein enters the arterial blood supply through an active transport process whereby the
46.1 scFv engages its cognate RMT receptor at the carotid artery endothelial cell and tran-
scytoses from the cavernous sinus into the arterial blood supply. Of note, in our previous
study, we measured the Kd = ~150 nM of 46.1-scFv-Fc fusion and its brain concentration
was ~8 nM at 1 h post retro-orbital administration (same dosage as in Figure 1). Thus,
while the high concentration of antibodies in the cavernous sinus after injection favors
basolateral to apical transcytosis, the concentration in the brain parenchyma is likely to be
insufficient to drive significant basolateral to apical elimination of 46.1-scFv-Fc-LL-NT after
brain uptake.

Once in the brain circulation, we found the 46.1-scFv-Fc-LL-NT associated with the
microvasculature throughout the ipsilateral cortex. This included immunoreactivity within
and outside of vessels in the hypothalamus, with postvascular cells staining positive,
potentially explaining how the transient hypothermia effects are elicited within the MnPO
portion of the hypothalamus. An additional interesting localization of the 46.1-scFv-Fc-
LL-NT was identified in the median eminence, which is a circumventricular organ that is
perfused by capillaries lacking BBB properties. Here, we observed accumulation of the
fusion protein within the median eminence with high immunoreactivity at the putative
tanycytes that surround the median eminence. While plausible, paracellular diffusion of
46.1-scFv-Fc-LL-NT from the median eminence as a gateway to the brain parenchyma
and NTSR-neurons in the MnPO and the striatum is unlikely given that the diffusion of
antibodies within the extracellular brain space is spatially limited [46].
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In humans, the cavernous sinus is readily accessible via the transvenous route for
routine therapeutic and diagnostic interventions [47,48]. While it would be a surgical
intervention, one-time catheterization of the cavernous sinus would allow for multiple,
consequent dosing, and essentially provides a new intravenous administration route com-
pared to other invasive techniques [49]. As an alternative to the retro-orbital sinus in
mice, the supratrochlear (frontal) vein of the face through the nasofrontal and superior
ophthalmic vein additionally gives intravenous access to the cavernous sinus in human
neonates/infants [50] and adults [51]. To our knowledge, the administration of therapeutics
into the cavernous sinus has not been described thus far. However, an AAV vector with a
similar administration route-dependent CNS exposure [21] is already in clinical use [52],
and warrants the continued discussion of how the administration route could impact the
CNS delivery, particularly with a targeting motif like scFv 46.1.
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Appendix A

Table A1. The statistical parameters for the NT activity assay.

Comparison

Treatment Treatment Mean Difference SE df t PHolm

46.1-scFv-Fc-LL-NT (20 mg/kg) Ctrl-Fc-LL-NT (20 mg/kg) 2.8 1.22 19.0 2.3 0.066
Neurotensin (1 mg/kg) 3.95 1.16 19.0 3.41 0.009

Ctrl-Fc-LL-NT (20 mg/kg) Neurotensin (1 mg/kg) 1.14 1.11 19.0 1.03 0.314

Table A2. The statistical parameters for the mixed ANOVA analysis of transient hypothermia.

Comparison

Treatment Treatment Mean Difference SE df t PHolm

46.1-scFv-Fc-LL-NT (20 mg/kg) Ctrl-Fc-LL-NT (20 mg/kg) −1.888 0.323 8.0 −5.84 0.001
Neurotensin (1 mg/kg) −1.281 0.349 8.0 −3.67 0.013

Ctrl-Fc-LL-NT (20 mg/kg) Neurotensin (1 mg/kg) −55.22 0.349 8.0 1.74 0.12
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Figure A1. Detailed localization of 46.1-scFv-Fc-LL-NT in the cavernous sinus and brain.
(A) Overview at low magnification of the distribution of 46.1-scFv-Fc-LL-NT (red) and CD31 (green)
in the head and brain, as described in Figure 4. Scale bar, 500 µm. (B) Boxed areas from (A) (i) 46.1-
scFv-Fc-LL-NT (red) is localized at the floor of the median eminence, tanycytes, cell bodies, and
emanating projections of ME parenchymal cells. Scale bar, 100 µm. (ii) Hypothalamic microvascu-
lature and ependymal cells of the third ventricle show immunoreactivity for 46.1-scFv-Fc-LL-NT.
Scale bar, 100 µm. (iii,iv) Ipsilateral and contralateral hypothalamic non-vascular cells are labeled for
46.1-scFv-Fc-LL-NT. Scale bar, 50 µm. (C) Control antibody (red) is not detected in the head and brain.
White and yellow arrows represent the cavernous portion of the internal carotid artery, contralateral,
and ipsilateral, respectively. Scale bar, 500 µm.
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Figure A2. Basolateral to apical transport of 46.1-scFv-Fc-LL-NT. Confluent, barrier forming, iPSC
BMEC-like cells on Transwell filters were incubated for 45 min at 37 ◦C with 5 µg/mL antibody
46.1-scFv-Fc-LL-NT, added to the basolateral compartment. Live cells were post-labeled on ice
with secondary anti-rabbit AlexaFluor647 (blue) in the apical compartment, and AlexaFlour555
(red) in the basolateral compartment. Both compartments were washed, BMEC-like cells fixed,
permeabilized, and incubated with secondary anti-rabbit AlexaFluor488 (green) to visualize the
internalized antibody. All three secondary antibodies had distinctive appearances that were not
spatially overlapping, indicating the lack of the paracellular diffusion of 46.1-scFv-Fc-LL-NT or any
of the secondary antibodies. Of note, the intracellular fraction of 46.1-scFv-Fc-LL-NT was found at
the cell–cell contacts as we have previously documented for apical to basolateral transport [9]. Scale
bar, 20 µm.

Figure A3. Development of hypothermia after tail vein administration of PD149163. Mice (n = 2)
were injected at time 0 via the tail vein with 1 mg/kg PD149163, and the temperature recorded with
an intraperitoneally-implanted probe as described in the Materials and Methods Section.
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Abstract: The blood–brain barrier (BBB) limits the delivery of therapeutics to the brain but also
represents the main gate for nutrient entrance. Targeting the natural transport mechanisms of the BBB
offers an attractive route for brain drug delivery. Peptide shuttles are able to use these mechanisms to
increase the transport of compounds that cannot cross the BBB unaided. As peptides are a group of
biomolecules with unique physicochemical and structural properties, the field of peptide shuttles
has substantially evolved in the last few years. In this review, we analyze the main classifications of
BBB–peptide shuttles and the leading sources used to discover them.

Keywords: blood–brain barrier; BBB–peptide shuttle; brain delivery

1. Introduction

Neurological-related disorders, such as glioblastoma, and other central nervous system
(CNS) tumors, Parkinson’s disease (PD), migraine or stroke, to name a few, are a major
cause of death and disability worldwide, being the second most common cause of death
after cardiovascular diseases [1]. Despite the efforts to treat those diseases and to improve
the quality of lives of patients and families, there are not yet any efficient treatments
available. The main limitation in the development of such treatments is the presence of
the blood–brain barrier (BBB) [2]. The BBB isolates and protects the brain from harmful
blood-borne substances and is the main gate for nutrient entrance [3].

The early idea of a BBB shuttle was developed by Pardridge, who thought the nat-
ural transport mechanism of certain peptides and proteins could be explored to deliver
pharmaceutics to the brain [4]. Since then, several types of compounds able to hijack the
natural transport mechanism at the BBB have been developed [5–8]. Monoclonal antibodies
targeting the receptors and transporters present at the BBB have been established to deliver
a wide variety of biotherapeutics [9–12]. For instance, a monoclonal antibody against the
human insulin receptor conjugated to the enzyme α-L-iduronidase is being evaluated in
a clinical trial (NCT03053089 and NCT03071341) to treat mucopolysaccharidosis I [13].
However, antibodies display a very high affinity for their targets, which may hamper the
dissociation from the receptor, leading to vesicle entrapment and inefficient transport across
the BBB [10].

In 1999, Schwarce et al. proved that a cell-penetrating peptide, TAT, delivered an active
enzyme to the brain parenchyma [14]. The delivery was not selective, but this result opened
a field of investigation. Since then, more than 40 peptides have been described as able to
cross the BBB carrying compounds that cannot transverse this membrane alone [8,15]. In
this paper, we discuss the main families of BBB–peptide shuttle as well as the most explored
sources to discover them.
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2. The Blood–Brain Barrier

The presence of the BBB ensures brain homeostasis. This highly metabolic and phys-
ical barrier allows the passage of only a selected group of nutrients, such as sugars or
amino acids, restricting the entrance of harmful substances. The natural transport mech-
anisms present at the BBB that tightly control the access of nutrients to the brain can be
divided into passive and active according to their energy requirements (Figure 1). Passive
transport mechanisms embrace transcellular passive diffusion and paracellular diffusion,
while active transport mechanisms include receptor- and transporter-mediated transcytosis
and adsorptive-mediated transcytosis. The main physiological characteristic of the BBB
is that its constitutive endothelial cells are tightly bound by the presence of tight and
adherens junction proteins that limit the paracellular transport of substances. In addition,
this barrier has reduced vesicular transport, bearing high proteolytic activity and present-
ing efflux pumps at its abluminal side that force the exit of potentially toxic substances.
However, the high vascularization of the brain offers a unique platform for the delivery
of therapeutics [16]. Each neuron has a capillary of less than 20 µm [17]. If a compound
is able to undergo transcytosis after interacting with a receptor at the BBB, it would be
homogenously distributed along the brain. This unique feature has prompted the study
of several types of ligands targeting receptors at the luminal side of the BBB. Antibodies
against the transferrin (Tf), insulin, or low-density protein-1 (LRP1) receptors have been
widely studied with varying degrees of success [13–18].

Figure 1. Schematic representation of the blood–brain barrier structure (BBB). (a) The blood–brain
barrier comprises a monolayer of endothelial cells in intimate contact with astrocytes’ end-feet and
pericytes. The endothelial cells are strongly bound by tight junction (TJs) proteins. (b) Passive
transport mechanisms are divided into paracellular diffusion and transcellular passive diffusion;
(c) active transport mechanisms include transcytosis mediated by receptors and transporters and
adsorptive-mediated; (d) minimal requirements of a receptor for targeted brain delivery.

In order to exploit the natural transport mechanisms present at the BBB for the delivery
of therapeutics, several BBB peptide shuttles, able to increase the transport of compounds
of interest, have been developed [5–8]. On the one hand, small lipophilic peptides, such
as diketopiperazines (DKPs) [19], N-methyl phenylalanines [20], or phenyl prolines [21]
have been evaluated as carriers of small drugs by targeting passive transport mechanisms.
On the other hand, cell-penetrating peptides or peptides targeting receptors have been
proposed for the brain delivery of drugs by targeting active transport mechanisms.

3. Peptides Designed to Increase Passive Transport of Drugs

Transcellular and paracellular passive diffusion has traditionally been envisaged as
a strategy for the delivery of small lipophilic compounds. The use of small peptides that
cross by this mechanism has been explored for the delivery of small drugs. One of the most
representative examples is the use of diketopiperazines (DKPs) [19], highly stable cyclic
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dipeptides that are able to increase the transport of two small compounds with therapeutic
interest, L-dopa and baicalin, by means of passive diffusion, as proved by the PAMPA
assay, the gold standard model used to evaluate this mechanism. In addition, this family
of compounds was used to deliver a hexapeptide, able to inhibit Tau aggregation in vivo
in mice [22].

Passive diffusion passage is governed by the physicochemical properties of the com-
pounds. For instance, the number of hydrogen acceptors and donors is an important
parameter to optimize. In general, the higher the lipophilicity, the higher the transport, but
if a compound is too hydrophobic, it can be retained at the lipid membrane. Modifications
such as N-methylation [23] or halogenation [20,24] have been used as powerful tools to
modulate the lipophilicity of small peptides. To this end, a family of BBB shuttle peptides
composed of N-methylated tetrapeptides was proposed as efficient vectors to increase the
transport of small drugs such as L-dopa [23]. Importantly, this chemical modification also
increases the stability of the peptide shuttle to serum proteases. The potential N-methyl
phenylalanines based shuttles have been explored through modifications to its structure
with amino acids with different stereochemistry and a different number of halogenated
atoms, yielding optimized peptide shuttles with an ideal structure for given cargoes [20].
For instance, when comparing how di-peptides-based N-methyl phenylalanines increase
the transport of 3,4-dihydroxy-l-phenylalanine, 4-aminobutyric acid, and nipecotic acid as
cargoes, the authors found that the first, which is more polar, was better transported by
N-methylated peptide shuttles, while the last two were better transported by chlorinated-
N-methylated peptide shuttles [20]. This work suggested that slight modifications of the
structural properties of a given peptide shuttle for a given cargo can lead to optimized
transport. The main drawback of this family of compounds is their limited solubility, which
can be overcome using phenylproline-based peptides [21].

Another strategy, which has lately been gaining attention, is the use of peptides able
to increase the porosity of the tight junctions, thus enabling the delivery of compounds. To
this end, peptides derived from claudin-5 [25], E-cadherin [26], or occluding [27], which
have been proved to interact with the proteins that form the tight junctions, are able to
modulate the protein-protein interactions that hold these protein connections. For instance,
HAV6 (Ac-SHAVSS-NH2) derived from the C-1 domain of E-cadherin, is able to increase
the paracellular transport of anticancer drugs, magnetic resonance imaging (MRI) contrast
agents, or near-infrared dyes [26–28]. More recently, this peptide has been compared
with ADT5 (Ac-C(&)DTPPVC(&)-NH2) [29], another E-cadherin-derived peptide, for the
delivery of proteins [28]. Lysozyme, albumin, IgG mAb, and fibronectin with 15, 65, 150
and 220 KDa, respectively, were intravenously co-administered in mice. ADT5 increased
the transport of lysozyme, albumin, and an IgG mAb but not fibronectin, while HAV6 only
improved the delivery of lysozyme [28]. Mechanistic studies revealed that these peptides
are able to promote the formation of pores within the protein tight junctions of enough
size to allow the transport of proteins. The authors proposed that the formed pores are of
different sizes, with the largest being the least stable. Thus, depending on the duration of
the effect caused by the peptide modulator, the transport of big proteins will be limited [28].
This work demonstrated that tight junction modulation can be used for the delivery of
therapeutic proteins, although important factors such as the size of the protein to delivery
must be considered. It might be necessary to adapt the selected tight junction modulator
to the size of the protein cargo to avoid the passage of bigger proteins that could have
undesired effects [29]. Despite the potential of this strategy, significant concerns about its
safety must be considered. Precise control of the duration of the effect, to limit the passage
of toxic substances, for instance, is of utmost importance.

Other families of peptides, such as membrane-active peptides [30,31], are able to
promote the transient opening of the BBB. Melittin, a venom-derived peptide, was recently
shown to promote reversible BBB opening during 24 h at neurologically safe sub-toxic
concentrations [31].
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4. Peptides Designed to Increase Active Transport of Drugs

Targeting the active transport mechanisms of the BBB represents another attractive
option for brain delivery. However, the search for an efficient receptor for the delivery of
therapeutics directed to the CNS is challenging. Such a receptor should be expressed at
higher levels in the brain microvasculature than in the peripheral tissues or in the brain
parenchyma. As such, the risk of off-target effects would be minimized. In addition,
the receptor must be able to undergo transcytosis at a reasonable rate, allowing for the
passage of the selected cargo from the blood to the brain. To identify such a receptor,
several proteomic and transcriptomic works have been carried out [31–33]. Importantly,
these studies allow for comparison of the level of expression of a given receptor between
preclinical species, such as mice or rats, and humans because the difference in expression
patterns can hamper the development of delivery agents [33]. As an example, TfR, which
has been widely used as a model receptor for brain delivery, is expressed five-fold higher
in mice brain microvasculature than in that of humans [34]. Another important fact to
consider is that the sole enrichment of the mRNA of a receptor at the brain microvasculature
does not make it suitable as a target for brain delivery. For instance, Tam et al. identified
Ldlrad3 and CD320 [35] as possible targets for brain delivery, but evaluation of the transport
of monoclonal antibodies against these two receptors indicated that they did not have
preferred brain uptake, showing similar levels to control IgG [34].

Several peptides have been shown to increase the transport of drugs by targeting
the active transport mechanism of the BBB, mainly through targeting the low-density
lipoprotein (LDL) and transferrin receptors [8,15]. For instance, Angiopep-2, which was
proven to interact with the LRP-1 [36], has been used to modify nanoparticles of different
nature [37,38], peptides [39,40], proteins [41,42], and small molecules [43,44], increasing
their transport in several in vivo and in vitro models. Another example is THR, which
was discovered through phage display against cells overexpressing the human transferrin
receptor [45], and it was shown to deliver gold nanoparticles to the brain parenchyma
of mice [8].

5. Sources of BBB Shuttles
5.1. Natural Proteins

Natural proteins have served as an inspiration for developing new brain-targeting
peptides (Table 1). For instance, peptides based on apolipoproteins have been widely ex-
plored. Apolipoproteins are involved in lipid and cholesterol trafficking and interact with
the LDLRs that are present at the BBB. Peptides based on ApoE and ApoB proteins have
been used to modify various enzymes to develop new therapies for enzyme replacement
therapy [46–48]. The most successful example of a BBB shuttle inspired by natural sources
is angiopep-2, a 19-mer peptide derived from the alignment of the Kunitz domain of human
proteins that interact with the LRP-1 [35]. Remarkably, angiopep-2 modified with three
molecules of paclitaxel (ANG1005) has been evaluated in various clinical trials, showing
good safety, tolerability, pharmacokinetics, and efficacy in patients with advanced solid
tumors (NCT02048059), high-grade glioma (NCT01967810) [49,50], and leptomeningeal car-
cinomatosis and brain metastasis from breast cancer (NCT01480583 and NCT02048059) [50].
In the near future, a new trial (NCT03613181) will evaluate the effect of ANG1005 in HER2-
negative breast cancer patients with the newly diagnosed leptomeningeal disease and pre-
viously treated brain metastases (source: www.clinicaltrials.gov, accessed on 1 July 2022).

Melanotransferrin (MTf), or p97, is an 80 kDa protein able to bind iron to transport it
across the central nervous system [51]. Its soluble form was shown to undergo transcytosis
across the BBB [52]. The potential of this protein as a shuttle has been explored in the
transport of small molecules or antibodies [53,54]. A 12-mer peptide derived from MTf
was described upon evaluation of the tryptic mixture of this protein in a BBB cell-based
model [55]. The selected peptide, DSSHAFTLDELR, preserves the capacity of MTf for
crossing the BBB and is found in neurons, astrocytes, and microglia.
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Table 1. Brain-targeting peptides obtained from natural sources.

Peptide Origin Target Ref

(LRKLRKLL)2 ApoE (Aa 141–149)2 LDLR [46,47]
TEELRVRLASHLRKLRKRLLRDA ApoE (Aa 130–152) LDLR [47]

SVIDALQYKLEGTTRLTRKRGLKLATALSLSNKFVEGS ApoB (Aa 3371–3409) LDLR [47]

TFFYGGSRGKRNNFKTEEY Sequence alignment of human
Kunitz domains LRP1 [36]

DSSHAFTLDELR MTf (Aa 441–452) LDLR [56]
YTIWMPENPRPGTPCDIFTNSRGKRASNG RVG glycoprotein (Aa 175–203) AchR [57]

VQQLTKRFSL DEN2C [a] (Aa 26–35) None [58]
KLFMALVAFLRFLT DEN2C (Aa 45–59) None [58]

AGILKRW DEN2C (Aa 63–69) None [58]
KSKAINVLRGFRKEIGRMLNILN DEN2C (Aa 74–97) None [58]

[Dap](&)KAPETALD(&) [b] Apamin Unknown [59]
[Dap](&)YGPQD(&) Chlorotoxin Unknown [60]

[a] DEN2C: Dengue virus type 2 capsid protein. [b] [Dap] is the three-letter code for L-2,3-diaminopropionic acid;
(&) refers to cyclic peptides [8].

The rabies virus has clear CNS tropism [61]. The protein responsible for virus inter-
nalization is the trimeric glycoprotein known as RVG, which was shown to interact with
the α subunit of AchR. Lentz et al. [62] compared the sequence of RVG with some snake
venom toxins that interact with AchR and defined the region between amino acids 175 and
203 of the RVG protein as the most efficient for binding. The peptide RVG29 comprises a
nonimmunogenic region of the RVG protein, which made it interesting as a BBB-shuttle
peptide. Since the first seminal work where an RVG29 nanosystem was used to deliver
small-interfering RNA in vivo in mice [57], several researchers have explored the use of this
peptide [63]. Most of the studies modified RVG29 with several arginines in order to enhance
the complexation of nucleic acids. The use of this extension may alter the internalization
mechanism of the RVG29 peptide.

The dengue virus capsid protein has served as a scaffold for the design of various
BBB peptide shuttles [58], which have recently been used to modify an Fc domain of IgG
without affecting its binding properties to the FcR [64] or to modify porphyrins to yield
peptide−porphyrin conjugates that can be used as antiviral drugs [65].

Venoms are a privileged source of bioactive compounds [66,67]. One of their ma-
jor components is peptides of complex structure, which are characterized by a rich con-
tent on disulfide bridges that confer them high metabolic stability. Currently, there are
11 compounds derived from venoms approved by the FDA [67]. Some venoms affect
the CNS, serving as motivation for researchers to search for CNS active compounds. To
this end, two BBB-shuttle peptides derived from venoms have been described: MiniAp-4
and miniCTX3 [59,60]. MiniAp-4 is a minimized version of apamin, which is the main
component of bee venom. This highly stable peptidomimetic was shown to be able to
deliver a fluorophore in vivo in mice [59]. MiniCTX3 corresponds to a minimized ver-
sion of chlorotoxin [60], a disulfide-rich peptide from the venom of the Israeli scorpion
Leiurus quinquestriatus [68]. MiniCTX3-modified gold nanoparticles translocated across a
human-cell-based BBB model.

5.2. Phage Display

Phage display is a potent source of bioactive peptides that have been widely used to
obtain BBB-shuttle peptide candidates [69]. It consists of the evaluation against a target of
interest of a library of bacteriophages, where each one is genetically modified to display a
given peptide or protein on its coat protein. Phage display libraries have been evaluated
against isolated receptors or proteins [70–72], cellular models [45,73–75], an even living
animals [76–87]. A list of BBB shuttle peptides discovered by phage display is summarized
in Table 2.
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Table 2. Brain -targeting peptides discovered by phage display.

Peptide Target Panned Against Ref

C(&)LSSRLDAC(&) Brain BALB/c mice [76]
GHKAKGPRK hTfR hTfR [70]

THRPPMWSPVWP TfR hTfR (chicken fibroblast) [45]
HLNILSTLWKYR GM1 Trisialoganglioside (GT1b) [71]
C(&)AGALC(&)Y Brain endothelium BALB/c, FVB/N, and C57BL mice [77]

GLAHSFSDFARDFV Brain endothelium C57Bl/6 and BALB/c mice [80]
GYRPVHNIRGHWAPG Brain endothelium C57Bl/6 and BALB/c mice [80]

TGNYKALHPHNG Brain ICR mice [81]
C(&)RTIGPSVC(&) Apo-TfR BALB/c mice [82]
C(&)TSTSAPYC(&) Brain ICR mice [83]
C(&)SYTSSTMC(&) Brain Sprague-Dawley rats [84]

DSGLC(&)MPRLRGC(&)DPR LDLR hLDLR [72]
TPSYDTYAAELR Brain through the BCSFB Sprague-Dawley rats [85]
RLSSVDSDLSGC BBB/BCSFB Wistar rats [86]

SGVYKVAYDWQH Brain endothelium Human BBB cellular model [73]
TFYGGRPKRNNFLRGIRSRGD BBB/BTB BALB/c mice [87]

C(&)SLSHSPQC(&) Brain endothelium hCMEC/D3 cell monolayers [74]
VAARTGEIYVPW Brain endothelium Primary endothelial rat cellular model [75]
GLHTSATNLYLH Brain endothelium Primary endothelial rat cellular model [75]

C(&)SLSHSPQC(&) Brain endothelium hCMEC/D3 cell monolayers [74]
C(&)RGGKRSSC(&) CNS Ex vivo and in vivo EAE [a] mice [79]
QFAALPVRAHYG Brain C57BL/6J mice [78]

[a] EAE: experimental autoimmune encephalomyelitis.

The validation of the selected targets is of great importance because several factors,
such as the affinity for albumin or plastic, can affect the replication of a given phage, biasing
the results. To this end, several target-unrelated peptides (TUPs) have been described [69].
For instance, HAIYPRH, which was initially discovered as a transferrin receptor binder [45],
has been found in more than 30 phage display experiments against more than 20 different
targets (source: Biopanning Data Bank (BDB) [88]). A combination of in vitro and in vivo
screening methods is suggested as a way to minimize the discovery of TUPs [69]. However,
some peptides can interact in a nonspecific manner with various receptors or cell membrane
components and can be useful for more than one application, although their promiscuity
would need to be assessed in each case.

5.3. Chemical Libraries

High-throughput screening techniques have sped up the development of therapeutics
during the last few decades [89]. In the field of peptide drug discovery, phage display
is the main example, although it has some limitations, such as the restricted possibili-
ties for including nonproteinogenic amino acids. The use of DNA- or mRNA-encoded
libraries [90,91] or one-bead-one compound (OBOC) [92] libraries overcome this restriction.
This last technology has been used to discover new protease-resistant BBB-shuttle peptides.
Guixer et al. [93] evaluated for the first time an all-D OBOC library against a BBB cell-based
model. Detection of the peptides able to transverse the cell monolayer was performed
by mass spectrometry analysis. More recently [94], an OBOC library also composed of D
amino acids was used to discover brevican-targeting peptides. Brevican is an extracellular
matrix protein located in the CNS and overexpressed in glioma cells. One of the peptides
discovered was found to cross the BBB in vivo in mice [94] and to shuttle the insoluble
drug camptothecin in an orthotopic mice model [95].

5.4. Optimization

Protease liability is one of the major concerns in the development of therapeutic
peptides. To overcome this limitation, several strategies have been applied, such as the use
of non-natural amino acids, cyclisation, or chemical modifications [96]. In the field of BBB
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shuttles, one of the most common methods is the use of the retro-enantio or retro-inverso
approach, which consists of the preparation of a given peptide using D amino acids and
reversing the order of the sequence. To this end, the topological properties of the parent
peptide and its retro-enantio counterpart will be very similar (Figure 2). Thus, this strategy
has been applied to angiopep-2 [97], THR [98], CDX [99], and to a minimized version of
RVG [100]. In all the cases, the newly designed peptides displayed higher stability to serum
proteases and proved to be more efficient in the transport of various cargoes across the
BBB, both in vitro and in vivo. In addition, it was demonstrated that retro-enantio/inverso
peptides are less immunogenic than the original peptides, making them very attractive
for their development as therapeutics [101]. For instance, THRre was recently used to
efficiently deliver amphiphilic polymeric nanoparticles loaded with a cytotoxic drug in a
diffuse intrinsic pontine glioma model [102].

Figure 2. (A) Structure of a natural peptide and its retro and retro-enantio/inverso counterparts;
(B) three-dimensional superposition of one pairing obtained from the cross-RMSD matrix of THR and
THR retro-enantio [101]; (C) percentage of peptide versus incubation time in human serum obtained
for THR and its protease-resistant enantio, and retro-enantio analogues [98]; (D) in vivo fluorescence
quantification measured in a preclinical IVIS spectrum in vivo imaging system (IVIS-200) at 0.5, 1,
2, 4, and 8 h after injection of cyanine 5,5-THR and cyanine 5,5-THR retro-enantio [98] Error bars
correspond to standard error mean (s.e.m.). Unpaired t student test: ** p < 0.01, *** p < 0.001.

5.5. Computational Prediction

The use of computational methods to predict the BBB permeability of peptides is very
attractive due to their low cost and the rapid evolution of the field [103]. These methods
use chemoinformatic filters, molecular dynamic simulations, statistical models, and/or
artificial intelligence algorithms [103]. Pioneering work was conducted by Giralt et al., who
worked on the design of genetic algorithms to decipher the key features necessary for a
peptide to cross the BBB [104,105]. Since then, several predictors have been developed,
such as the sequence-based predictor BBPpred [106]; B3predict, which is based on machine-
learning models [107]; and the online tool BBPpredict [108]. In addition, databases such
as B3Pdb [109] and Brainpeps [110] hold relevant information about already described
BBB-shuttle peptides.

Despite the increasing number of predictors and the impressive evolution of the field,
there are still a few issues that remain to be resolved. The prediction of BBB permeability
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based on the physicochemical properties, such as topological polar surface area or the
number of hydrogen bond acceptors, among others, only considers passive transport
mechanisms across the lipid bilayer, neglecting the active transport mechanisms such as a
receptor- or adsorptive-mediated transcytosis. Additionally, machine learning models are
limited by the amount and quality of the currently available data [103].

More sophisticated methods are needed to find good BBB-shuttle peptides by compu-
tational prediction. For instance, molecular dynamic simulations are time-consuming, both
in computing and processing time [103]. Current efforts to overcome these limitations are
directed to reduce the computational cost by implementing more realistic membrane com-
positions, which will also allow for the evaluation of different species and new sampling
techniques [111,112].

6. Conclusions

The development of peptides as therapeutic entities is in a golden era [113,114]. Pep-
tides have great properties, such as low immunogenicity and biocompatibility. In addition,
the advances in synthetic methodologies as well as in the strategies to increase their cir-
culation time and stability to proteases have helped to overcome their main drawbacks.
As a consequence, there are more than 150 peptides in clinical development [115]. In this
context, the field of peptide shuttles for brain delivery has notably evolved, with a few
candidates in clinical development.

Despite the evolution of the field, a better understanding of BBB properties and
composition is needed to develop new and more efficient BBB-shuttle peptides. In this way,
the discovery of new receptors may be accomplished by studies based on proteomic and
transcriptomic approaches [32–34]. In addition, strategies to efficiently characterize the
different transport mechanisms undertaken by a given peptide shuttle have to be further
developed. Then, nonbiased strategies to discover BBB-shuttle peptides, such as in vivo
phage display or in vivo screening of synthetic libraries, can be applied to the discovery of
new peptides without missing information about the mechanism used.
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Abstract: Membrane transporters have a crucial role in compounds’ brain drug delivery. They allow
not only the penetration of a wide variety of different compounds to cross the endothelial cells of the
blood–brain barrier (BBB), but also the accumulation of them into the brain parenchymal cells. Solute
carriers (SLCs), with nearly 500 family members, are the largest group of membrane transporters.
Unfortunately, not all SLCs are fully characterized and used in rational drug design. However, if
the structural features for transporter interactions (binding and translocation) are known, a prodrug
approach can be utilized to temporarily change the pharmacokinetics and brain delivery properties
of almost any compound. In this review, main transporter subtypes that are participating in brain
drug disposition or have been used to improve brain drug delivery across the BBB via the prodrug
approach, are introduced. Moreover, the ability of selected transporters to be utilized in intrabrain
drug delivery is discussed. Thus, this comprehensive review will give insights into the methods, such
as computational drug design, that should be utilized more effectively to understand the detailed
transport mechanisms. Moreover, factors, such as transporter expression modulation pathways in
diseases that should be taken into account in rational (pro)drug development, are considered to
achieve successful clinical applications in the future.

Keywords: blood–brain barrier (BBB); brain drug delivery; prodrugs; solute carriers (SLCs)

1. Introduction

Diseases of the central nervous system (CNS), including neurodegenerative and neu-
rodevelopmental diseases, are one of the greatest threats to public health. According to the
World Health Organization, these diseases account for 12% of deaths worldwide and the
economic burden of direct and indirect healthcare costs are substantial [1]. To make matters
worse, these numbers are expected to increase as the population ages [2]. Most brain dis-
eases lack effective drug therapies, since the brain is protected by multiple mechanisms that
block drugs from entering and reaching their target sites [3,4]. Firstly, the majority of drugs
are unable to cross the blood–brain barrier (BBB), which is made of capillary endothelial
cells that are connected very closely by tight junctions. The endothelial cells of the BBB
are also metabolically very active in protecting the brain tissue from various xenobiotics
and microbes and effluxing them back to the bloodstream at the luminal membranes of
the BBB via numerous ATP-binding cassette (ABC) transporters, including P-glycoprotein
(P-gp, ABCB1), multidrug resistance proteins 2 (MRP2, ABCC2) and 4 (MRP4, ABCC4),
and breast cancer resistance protein (BCRP, ABCG2) [5]. It has been estimated that 98%
of all current drugs do not cross the BBB at sufficiently high amounts to therapeutically
treat CNS diseases [6]. However, the brain drug disposition is highly regulated not only by
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the BBB but also by neurons and glial cells that can serve as a secondary barrier to brain
drug exposure [7,8]. Surprisingly, the inability of drugs to cross the cellular membranes of
brain parenchymal cells has been less studied in the past, although many of the novel CNS
targets are intracellular proteins.

Endogenous solute carriers (SLCs) transport essential substances and xenobiotics
across the cell membranes and, e.g., across the BBB but also into the brain parenchyma. In
the brain, their primary role is to regulate the supply of essential nutrients, such as amino
acids, sugars, vitamins, nucleosides, and electrolytes for the endothelial and parenchymal
cells. However, transporters can also carry various drugs and toxins, and thus, they are ma-
jor determinants of CNS drug/toxin exposure [6,8]. Although SLCs, nearly 500 transporters
overall, present promising drug carriers as well as drug targets in the brain, they are still
poorly characterized and utilized in rational drug research and development today [9,10].
So far, the expression and function of many SLCs in brain microvascular endothelial cells
have been extensively described [5]; however, less is known about SLCs’ roles in drug
disposition, response, and drug–drug interactions in the parenchymal cells. Nevertheless,
carrier-mediated transport via SLCs to improve brain drug disposition can be achieved, if
structural features required for the interactions with the selected transporter are known.
Unfortunately, the recent focus has been paid to only a selected number of transporters.

Prodrugs are compounds with little or no pharmacological activity of their own. They
are designed to be bioconverted to active drugs either chemically or enzymatically, which
releases the active parent drug and the promoiety [11,12]. The prodrug approach is used
to overcome pharmaceutical and/or pharmacokinetic limitations that are preventing the
successful clinical use of the parent drugs. Moreover, by creating transporters’ substrate
mimicking prodrugs, improved or even targeted drug delivery resulting in enhanced
clinical outcomes, can be achieved. This is often the most feasible method to retain the
pharmacological potency of a potential drug candidate while changing its structural fea-
tures into ones that can improve the drug delivery to the target site. Curiously, it has been
estimated that approximately 10% of all worldwide approved drugs are currently prodrugs
and 11% of new small molecular entities approved by the Food and Drug Administration
(FDA) during the years 2008–2018 were prodrugs [13].

However, successful prodrug design and development requires a deeper understand-
ing of the structure and transport mechanisms, which is a dynamic process with confor-
mational changes [14,15]. To date, these so-called “moving barriers” are better understood
due to the invasion of cryo-electron microscopic (cryo-EM) structural analyses of different
conformations of these proteins. Moreover, improved computational power and more
sophisticated methods, such as molecular dynamics simulations (MDS), have enabled us to
put these conformational changes in order and describe the detailed mechanisms of the
transport process [16,17]. In this comprehensive review, the expression and major functions
of several known brain drug carriers belonging to the SLC family are presented. Moreover,
their possible utilization for the brain (pro)drug delivery and intrabrain drug targeting
are discussed. Most importantly, the effects of transport mechanisms aiding in (pro)drug
design and the significance of the transporters’ expression/function changes in specific
diseases are considered.

2. Glutamate and Neutral Amino Acid Transporter Family (SLC1A)

The SLC1A family consists of seven members divided into two groups, namely, excita-
tory amino acid transporters (EAATs) and alanine, serine, and cystine transporters (ASCT1
and 2). EAATs are high-affinity L-glutamate (and L-aspartate) transporters, while ASCTs
facilitate the transfer of several neutral amino acids across the cell membranes (Table 1).
EAATs are mainly localized in the brain, particularly in glutamatergic synapses, where they
have a fundamental role in maintaining normal glutamate homeostasis [18]. In addition to
the abluminal side of the BBB, EAAT1 and 2 (SLC1A3 and SLC1A2) are mainly localized
in glial cells, while EAAT3 (SLC1A1) is mainly expressed in neurons (Figure 1a) [5,19–21].
Other members of this family, EAAT4 and 5 (SLC1A6 and SLC1A7), are also found in
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the Purkinje cells of the cerebellum and retina, respectively; however, their function in
glutamate-gated chloride conductance (stronger with EAAT4–5 compared to EAAT1–3)
is not well understood today [18]. L-Glutamate uptake via EAATs requires simultaneous
cotransport of three Na+ ions and countertransport of one K+ ion across the cell membrane.
The K+ countertransport has been proposed to be an independent step of the L-glutamate
translocation process.

Table 1. Tissue distribution, substrates, inhibitors, and expression/function modulators of EAAT1–3
and ASCT1–2.

Transporter Gene Name Tissue Distribution
(Expression) Substrates Inhibitors

Expression
Modulation/Transport

Capacity Changes

EAAT1 SLC1A3
Brain: BBB

(abluminal),
astrocytes

L-Glu, L-Asp

L-Serine-O-sulfate
(L-SOS), (R,S)-2-amino-

3-(1-hydroxy-1,2,3-
triazol-5-

yl)propionate,
(4R)-4-

methylglutamate
(4-Me-Glu),

UCPH-101, UCPH-102

EAAT1 expression ↑ by
adenylate cyclase-

activating polypeptide
(PACAP), transforming
growth factor α (TGFα),
epidermal growth factor

(EGF), estrogen,
tamoxifen, raloxifen

EAAT2 SLC1A2
Brain: BBB

(abluminal),
astrocytes

L-Glu, L-Asp Dihydrokainic acid,
WAY-213613

EAAT2 expression ↑ by
adenylate cyclase-

activating polypeptide
(PACAP), transforming
growth factor α (TGFα),
epidermal growth factor

(EGF), estrogen,
tamoxifen, raloxifen,

glucocorticoids,
ceftriaxone

EAAT3 SLC1A1 Brain: neurons L-Glu, L-Asp

2-(Furan-2-yl)-
8-methyl-N-(o-

tolyl)imidazo[1,2-
a]pyridin-3-amine

Amphetamine induces
EAAT3 internalization

ASCT1 SLC1A4

Ubiquitous,
Brain: luminal and

abluminal
membranes of BBB,

neurons, and
astrocytes

L-Ala, L-Ser, L-Cys,
L-Gly, L-Met,

L-Val, L-Leu, L-Ile,
L-Thr, D-Ser;
L-Glu (efflux)

Phenylglycine analogs

ASCT1 expression ↓
results in

neurodevelopmental
alterations

ASCT2 SLC1A5

Ubiquitous,
Brain: BBB

(abluminal), neurons,
and astrocytes

L-Ala, L-Ser, L-Gly,
L-Met, L-Val,

L-Leu, L-Ile, L-Thr;
L-Glu (efflux)

O-Benzyl-
L-serine,
S-benzyl-
cysteine,

phenylglycine
analogs

ASCT2 expression ↑ in
highly proliferative cells,

such as cancer cells

↑ (arrow up) represents upregulation of the protein; ↓ (arrow down) represents downregulation of the protein.
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Figure 1. Neuro-glia vascular units illustrating transporter expression/localization of (a) of SLC1A-,
(b) SLC2A-, (c,d) SLC7A-, (e) SLC16A-, (f) SLC21A-, (g) SLC22A-, and (h) SLC38A-families in
different cell types. The transporters are illustrated with round-shaped objects with different colors.
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Due to the relevance of EAATs in excitatory neurotransmission, they are the key play-
ers in preventing neurons from glutamate excitotoxicity induced by pathological conditions
and injuries such as neurological disorders and stroke [18,22]. Moreover, EAATs have
been acknowledged to have a major role in antioxidant defense balance, since L-glutamate
is a precursor for the endogenous antioxidant, tripeptide glutathione (GSH). Since the
expression of EAATs in the brain is downregulated in many CNS diseases, including
epilepsy, Alzheimer’s disease (AD), Parkinson’s disease (PD), Huntington’s disease (HD),
amyotrophic lateral sclerosis (ALS), and ischemic stroke to name a few, the endogenous
regulation of their expression levels is extensively studied (Table 1). For example, EAAT1
and 2 are upregulated via adenylate cyclase-activating polypeptide (PACAP), transforming
growth factor α (TGFα), epidermal growth factor (EGF), estrogen and estrogen receptor
modulators tamoxifen and raloxifene [22]. Some drugs, such as β-lactam antibiotic cef-
triaxone have also been reported to upregulate EAAT2 expression via stimulated nuclear
translocation of p65 and initiation of the transcription nuclear factor κB (NF-κB) [23,24],
while amphetamine is known to modulate EAAT3 plasma membrane expression via in-
duced endocytosis in dopamine neurons [25]. Although EAATs have not been mainly
considered drug carriers, several selective inhibitors of EAAT1, EAAT2, and EAAT3 have
been reported (Table 1) [26–28]. Furthermore, it has been speculated if L-cystine derivatives,
like L-2-oxothiazolidine-4-carboxylic acid (OTC), could have interactions with EAATs and,
thus, be used as selective promoieties to carry parent drugs in a prodrug form, like in
the case of D-264, a neuroprotective agent that has been studied in the treatment of PD
(Figure 2) [29].

Figure 2. Molecular structures of proposed SLC1A prodrugs with the promoieties highlighted with
yellow color.

Although ASCT1 (SLC1A4) and ASCT2 (SLC1A5) are ubiquitously expressed through-
out the body, they are also found in the brain; mainly in neurons and astrocytes, but
also to some extent at the BBB (Table 1) [5,30–34]. Both ASCT1s mediate sodium- and
pH-dependent transport of several neutral amino acid substrates, not only L-alanine, L-
serine, and L-cystine (ASCT1 only), but also L-glycine, L-methionine, L-valine, L-leucine,
L-isoleucine, and L-threonine. Bidirectionally, they can also mediate the efflux of glutamate
(ASCT1) or glutamine (ASCT2) out of the cells. Mutations in ASCT1 have been associated
with neurodevelopmental deficits, such as alterations in motor function, spatial learning,
and affective behavior [35], while expression levels of ASCT2 have been reported to be
increased in several cancers, including brain, colon, pancreas, liver, and lung cancer [36,37].
Therefore, ASCT2 has been widely studied as a pharmacological target to inhibit cancer cell
growth and development, although ASCT2 expression modulation could also be utilized
in neurodevelopmental disorders.

It would be tempting to think that amino acid conjugates, like those attached to
L-alanine, would serve as potential ASCT-utilizing prodrugs. However, as proved by
several prodrugs, including tumorigenic drug brivanib alaninate (BMS-582664; a selective
dual inhibitor of vascular endothelial growth factor receptor 2 (VEGFR-2) and fibrob-
last growth factor receptor 1 (FGFR-1)), vasopressor/antihypotensive agent midodrine
(ProAmatine®, Gutron®; a glycine prodrug of desglymidodrine (DMAE), a selective α1-
receptor agonist), and antiviral agents valacyclovir (Valtrex®) and valganciclovir (Valcyte®)
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(Figure 2), their oral absorption is mediated via either intestinal proton-coupled peptide
transporter 1 (PepT1, SLC15A1) or sodium-dependent neutral amino acid transporter
(ATB0,+, SLC6A14) [38]. However, the interactions and brain exposure via ASCTs of these
compounds have not been well studied in the past, mainly since all these prodrugs are
relatively rapidly bioconverted during the first-pass metabolism by ubiquitous hydrolyzing
enzymes. Moreover, all these exemplary prodrugs have been attached to the amino acids
via the carboxylic acid group, which may be required to be left untouched and the parent
drugs should be attached to the side chain of the amino acids to attain sufficient interac-
tions with ASCTs. Therefore, more detailed structural studies are warranted to develop
successful brain-delivered ASCT-utilizing compounds.

ASCT1 and 2 share 58% sequence identity and together with EAATs the whole family
shares only 21% sequence identity [39]. Both EAATs and ASCTs are formed from eight
transmembrane helices, and their amino acid transport mechanism is well understood.
Curiously, all SLC1A family members function with a one-gate elevator mechanism, in
which the substrate is occluded in the transport domain that subsequently performs a large
movement from the extracellular site to the intracellular site (Figure 3). The binding sites of
ASCT1 and 2 are relatively well known today and they differ from each other [40,41]. For
example, ASCT1 recognizes also D-amino acids and it has been proposed to have a major
role in the brain exposure of D-serine, N-methyl-D-aspartate (NMDA) receptor co-agonist
(Table 1), thereby, remarkably affecting the brain disorders, such as schizophrenia [35,42].
Although ASCT1 has not been utilized as a drug carrier for a rational drug design, a lot
of interest has been laid in ASCT2, particularly, in the development of selective ASCT2
inhibitors, as mentioned above. From these, O-benzyl-L-serine and S-benzyl-cysteine are
well-known examples [43]. Later on, other amino acid analogs, such as proline-, serine-,
and glutamine-mimetics have also been developed as ASCT2-selective inhibitors [44–46].
Both ASCT1 and 2 have also been noticed to be inhibited by phenylglycine analogs [42].
However, as with ASCT1, it would be great to see in the future if ASCT2 could be utilized
more extensively as a (pro)drug carrier, e.g., in cancer-targeted applications. Nevertheless,
the elevator mechanisms may be the determinant of the drug delivery efficiency and
exclude the transport of larger compounds. Hense, other SLCs with different mechanisms
may be more feasible (pro)drug carriers for brain-targeted purposes than the presented
SLC1A-family members.

Figure 3. The elevator-type transport mechanism of EAATs and ASCTs. The substrate (green
ball-shape) is bound to the transporter on the extracellular side of the plasma membrane. The
conformational movements of the transporting domains (orange banana-shapes) close the “gate”,
which is followed by vertical translocation of this complex in relation to the static domain (blue).
Finally, the second conformational movement opens the “gate” and releases the substrate into the
cytosolic side.
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3. Glucose Transporter Family (SLC2A)

Glucose transporters provide basal glucose levels for energy production in many
tissues and cell types, from red blood cells, muscles, and adipose tissue to the brain and
neurons. The main glucose transporters in the brain are glucose transporter 1 (GLUT1,
SLC2A1) and 3 (GLUT3, SLC2A3) (Table 2) [5,47]. Ubiquitously localized GLUT1 has
been found at the BBB in heavily glycosylated form (55 kDa), both at the luminal and
abluminal sides of the endothelial cells. A less glucosylated form (45 kDa) is in turn
found in the astrocytes and to a lesser extent also in the neurons and microglia (Figure 1b).
Contrarily, GLUT3 has been historically called “a neuronal glucose transporter”, as it is
almost exclusively expressed in the neurons. In addition, among the classified 14 glucose
transporters, GLUT2 and GLUT4–8 have been identified from the brain, either from the
BBB or parenchymal cells, although with much smaller expression levels than GLUT1 and
3 [47]. Moreover, their physiological roles in the brain are not yet fully understood.

Table 2. Tissue distribution, substrates, inhibitors, and expression/function modulators of GLUT1
and GLUT3.

Transporter Gene Name Tissue Distribution
(Expression) Substrates Inhibitors

Expression
Modulation/Transport

Capacity Changes

GLUT1 SLC2A1

Ubiquitous,
Brain: luminal and

abluminal
membranes of BBB,
astrocytes, (neurons,

microglia)

Glucose, galactose,
mannose, 2-deoxy-

D-glucose,
2-deoxy-2-[18F]-D-

glucose,
glucosamine and
dehydroascorbic
acid (vitamin C)

Cytochalasin B,
forskolin, phloretin

and other
flavonoids, WZB117,

BAY-876, STF-31,
fasentin, apigenin

GLUT1 expression ↑ in
numerous cancers and

ischemia with poor
survival of patients:

via hypoxia, p53,
PI3K-Akt pathways, Ras

or c-Myc oncogenes;
GLUT1 expression ↓ in

Alzheimer’s disease and
GLUT1 deficiency

syndrome (G1DS) due
to mutations

GLUT3 SLC2A3 Brain: neurons

D-Glucose,
D-galactose,
D-mannose,

D-xylose,
2-deoxy-D-glucose

Cytochalasin B,
forskolin, phloretin,
quercetin and other

flavonoids, glycogen
synthase kinase-3
(GSK-3) inhibitors

GLUT3 expression ↑ in
various cancers with

poor survival of patients:
via hypoxia, p53,

PI3K-Akt pathway

↑ (arrow up) represents upregulation of the protein; ↓ (arrow down) represents downregulation of the protein.

The preferred substrates for both GLUT1 and GLUT3 are hexoses and pentoses, in
pyranose conformation, such as D-glucose, D-galactose, and D-mannose (Table 2). They also
carry glucose analogs such as 2-deoxy-D-glucose, and their transport is described as high
affinity–high capacity. GLUT1 transports specifically glucosamine and dehydroascorbic
acid (vitamin C), as well as 2-deoxy-2-[18F]-D-glucose that has been used as a radiola-
beled marker in positron emission tomography (PET) for the diagnosis and monitoring
of different diseases [48]. GLUT1/3-mediated transport is inhibited by cytochalasin B,
forskolin, phloretin, and other flavonoids. GLUT1 can also be selectively inhibited by
WZB117, BAY-876, STF-31, fasentin, apigenin, while glycogen synthase kinase-3 (GSK-3)
inhibitors have been reported to selectively inhibit GLUT3 [49].

Overexpressions of GLUT1 and 3 have been found with a variety of human carci-
nomas and this phenomenon has been associated with aggressiveness and poor survival
rate (Table 2) [50–52]. The phosphatidylinositol 3-kinase (PI3K)-Akt pathway, hypoxia-
inducible factor-1 (HIF-1), and p53 are known to upregulate both GLUT1 and 3 on a
transcriptional level, while Ras and c-Myc oncogenes have been associated only to GLUT1
upregulation [52]. In addition, hypoglycemia (low blood glucose caused by starvation,
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liver/kidney diseases, or infections) and hypoxic condition related to cerebral ischemia
can also upregulate brain GLUT1 and GLUT3 expressions [47]. In turn, in hyperglycemia
(high blood glucose due to untreated diabetes or pancreatitis) as well as at the early onset
of AD have been demonstrated to downregulate the GLUT1 and GLUT3 levels in the brain.
Moreover, mutations of GLUT1 that are inherited in an autosomal dominant or autosomal
recessive manner causes GLUT1 deficiency syndrome (G1DS) with severe effects on neural
functions and brain development. Curiously, several drugs and alcohol consumption have
been associated with brain expression or activity modulation of GLUT1/3. Therefore,
drug treatments that are related to these GLUTs or utilize GLUTs for their delivery should
be carefully and profoundly evaluated during the preclinical phase. However, GLUT
expression modulation can also be an important therapeutic target, e.g., in AD, GLUT1/3
upregulation may prevent the disease progression, and in stroke, GLUT1/3 upregulating
treatment may have the potential to improve the final outcome faster. As a cancer treatment,
selective GLUT1/3 downregulation could be used to inhibit increased glycolysis and, thus,
cell growth.

From all glucose transporters, GLUT1 has been mostly utilized for brain-targeted drug
delivery by a prodrug approach and the first brain-targeted GLUT1-utilizing prodrugs
were reported already 20 years ago. These include, for example, β-D-glucosyl and β-D-
galactosyl derivatives of 7-chlorokynurenic acid to improve NMDA receptor-mediated
seizures, and β-D-glycosyl derivatives of dopamine and L-dopa to improve reserpine-
or morphine-induced locomotion (Figure 4) [53–55]. In addition, β-D-glucose has also
been attached to alkylating agent, chlorambucil to improve delivery into brain tumors,
and to neuroactive peptide, enkephalin to improve analgesic effects [56,57]. Later on, the
β-D-glucosyl promoiety has also been used with non-steroidal anti-inflammatory drugs
(NSAIDs), and at least GLUT1-mediated brain uptake of ketoprofen and indomethacin
prodrugs has been reported [58]. However, the benefits of the approach to improve clinical
outcomes have remained unclear so far. Interestingly, novel brain-targeted GLUT1-utilizing
prodrugs have not been reported recently, despite their early discovery. Instead, the
approach has been used more extensively for cancer-targeting purposes.

Figure 4. Molecular structures of GLUT1-utilizing prodrugs with promoieties highlighted with
yellow color.

Notably, most of the reported glyco-prodrugs are esters and relatively unstable during
the first-pass metabolism, which most likely limits their use for brain-targeting purposes.
Many of the glucose, galactose, or glucuronic acid prodrugs are bioconverted by either β-
glucosidase, β-galactosidase, or β-glucuronidase, respectively. These enzymes are relatively
ubiquitously expressed in peripheral tissues as well as in the brain, and curiously, they
are also over-expressed in many different types of cancer cells [59,60]. There are also a
few examples of more stable amide and ether prodrug bond-containing glyco-derivatives
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(chlorambucil and enkephalin derivatives) [56,57]. However, these compounds may be
enzymatically too stable in the brain and, thus, they may require to be active on their
own, without releasing the active parent drug. Thus, utilizing GLUTs for brain-targeting
purposes may be more suitable for compounds that are not prodrugs and, therefore, do
not require the bioconversion step. A great example is brain tumor-targeted boron (10B)
compounds (Figure 4) used in the boron neutron capture therapy (BNCT), in which a
low energy thermal neutron beam initiates a fission reaction of 10B that is selectively
accumulated into the cancer cells via GLUT1. This produces high-energy α-particles
(4He) and 7Li atoms that ultimately destroy the cancer cells without affecting non-boron-
containing healthy cells [61–63].

The glucose transporters are sodium-independent bidirectional and they commonly
have 12 putative transmembrane-spanning α-helices and a single site for N-linked glyco-
sylation. The transport mechanism of GLUT1 and GLUT3 is well known and they follow
a model called a “rocker switch”, This mechanism has four distinct states; (1) outward-
open state, in which the ligand binds to the transporter causing the outer gate to close,
(2) outward-occluded state, in which a rocker-switch takes place forming (3) inward-
occluded state that is followed by the opening of the inner gate, and finally (4) inward-open
state, from which the ligand is released (Figure 5) [14,15,64]. Today, it is well known which
interactions can result in conformational changes in GLUT1 and, thus, induce the transloca-
tion of glucose derivatives in the cavity [65–67]. Thus, molecular modeling can be a really
helpful tool for designing GLUT1 substrates that are truly transported through the protein
cavity and not only bind to the protein on the plasma membrane. However, it would be
great to see in the future if this is applicable also for GLUT3 and if neuron-targeted drug
delivery can be achieved by utilizing GLUT3.

Figure 5. The rocker switch transport mechanism of GLUT1 and 3. The substrate (green ball-shape)
is bound to the V-shaped transporter (outward-open state) on the extracellular side of the plasma
membrane. The conformational movements of the transporter domains (orange and blue banana-
shapes) trigger outward-occluded and inward-occluded states (only one state is showing). Finally,
the substrate is released from V-shaped inward-open conformation to the cytosolic side.

4. Cationic and Neutral Amino Acid Transporter Family (SLC7A)

The SLC7A family contains cationic amino acid transporters (CATs) and heterodimeric
amino acid transporters (HATs). CATs are relatively ubiquitously localized in the body;
however, in the brain CAT1 (SLC7A1) is mainly found at the luminal and abluminal sides of
the BBB [5,68], while, CAT3 (SLC7A3) has been identified as a neuron-specific transporter
(Table 3, Figure 1c) [69]. CAT2 (SLC7A2) has been found in two splicing variants, CAT2A,
low affinity, not localized in the brain, and CAT2B, high affinity, localized in neurons and
oligodendrocytes and induced in astrocytes [70,71]. In addition to CAT1–3, CAT4 (SLC7A4)
and an orphan SLC7A14 have been identified from the brain, although their functions and
roles as carriers are not well characterized yet.
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Table 3. Tissue distribution, substrates, inhibitors, and expression/function modulators of CAT1–3
and LAT1–2, y+LAT2, Asc-1, and xCT.

Transporter Gene Name Tissue Distribution
(Expression) Substrates Inhibitors

Expression
Modulation/Transport

Capacity Changes

CAT1 SLC7A1

Ubiquitous,
Brain: luminal and

abluminal
membranes of BBB

L-Arg, L-Lys, and
L-Orn Not known

CAT1 expression ↓
via NMDA receptor

activation;
CAT1 expression ↑

in colorectal and breast
cancers, hepatitis B

virus-induced
hepatocellular
carcinoma, and

lymphocytic leukemia

CAT2B SLC7A2
Brain: neurons,

oligo-dendrocytes,
induced astrocytes

L-Arg, L-Lys, and
L-Orn Not known

CAT2B expression ↑
in different breast cancer

cell lines

CAT3 SLC7A3 Placenta,
Brain: neurons

L-Arg, L-Lys, and
L-Orn Not known

CAT3 expression ↓
via NMDA receptor

activation:

LAT1 SLC7A5

Widely distributed,
Brain: luminal and

abluminal
membranes of BBB,
neurons, astrocytes,

microglia

L-Leu, L-Phe, L-Tyr,
L-Trp, L-His, L-Met,

L-Ile, L-Val;
triiodothyronine (T3)
and thyroxine (T4),

L-dopa,
melphalan, baclofen,

gabapentin,
pregabalin

JPH203
(unselective)

LAT1 expression ↑ in
numerous cancers with

poor survival of patients:
via hypoxia/HIF-2α,

c-Myc or RAS-MEK-ERK
pathways

y+LAT2 SLC7A6 Ubiquitous,
Brain: astrocytes

L-Arg, L-Leu, L-glu
(efflux)

No specific
inhibitor
reported

y+LAT2 expression ↑ in
the presence of NH4+:

via NF-κB pathway

LAT2 SLC7A8
Ubiquitous,

Brain: microglia >
neurons > astrocytes

L-Tyr, L-Phe, L-Trp,
L-Thr, L-Asn, L-Ile,
L-Cys, L-Ser, L-Leu,
L-Val, L-Gln, L-His,

L-Ala, L-Met;
triiodothyronine

(T3),
3,3′-diiodothyronine

No specific
inhibitor
reported

LAT2 expression ↑ in
highly proliferative cells,

such as cancer cells

Asc-1 SLC7A10 Adipose tissue,
Brain: neurons

L-glycine,
L-alanine,

D-/L-serine,
L-threonine,
L-cysteine,

α-aminobutyric acid,
and

β-alanine

Several
structures have been
proposed, requires

more studies

Asc-1 downregulation
associated with tremors,

ataxia, and seizures

xCT SLC7A11
Macrophages,

Brain: astrocytes,
neurons

Cystine (extracellu-
lar)/glutamate
(intracellular)

exchange

S-4-carboxy-3-
hydroxy-

phenylglycine,
erastatin,
sorafenib,

sulfasalazine

xCT is upregulated in
several cancers and its

dysfunction is
associated with epileptic

seizures,
neurodegeneration, and

brain edema

↑ (arrow up) represents upregulation of the protein; ↓ (arrow down) represents downregulation of the protein.
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According to their name, the primary substrates of CATs are cationic amino acids,
such as L-arginine, L-lysine, and L-ornithine, which are transported in a proton-coupled,
sodium-independent manner (Table 3). Since L-arginine is a precursor for both L-ornithine
and nitric oxide (NO) synthesis, CATs have a crucial role in regulating different homeostatic
and proliferating actions in the brain (and in the peripheral tissues) [72]. Curiously, it has
been reported that the expression of CATs is downregulated by NMDA receptor activation
and they regulate neuronal processes via the mammalian target of rapamycin (mTOR)
pathway [73]. In turn, CAT1 has been found to promote cell growth, proliferation, and
metastasis, and it is upregulated in colorectal and breast cancers as well as in hepatitis B
virus-induced hepatocellular carcinoma and lymphocytic leukemia [74–77]. In addition,
CAT2A and 2B have been detected in different breast cancer cell lines.

The transport mechanism of CATs has not yet been resolved; however, some mecha-
nistic insights and differences to HATs have been recognized [78]. To date, CATs have been
recognized neither as potential drug carriers nor drug targets, and therefore, rationally
developed substrates or inhibitors have not been reported yet (Table 3). However, CAT1
could be harnessed for increased brain drug delivery and together with CAT3-utilizing
compounds, neuronal targeting could be achieved. As an example, L-arginine, L-lysine,
and L-ornithine could be utilized as promoieties in the prodrug design. However, more
details on the interactions between these promoieties and CATs are required in order to
attach the parent drug to the correct functional group of the amino acid and, thus, to
prepare successful prodrug candidates.

HATs consist of two subunits: a heavy subunit from the SLC3A family and a light
subunit from the SLC7A family that are linked together via a disulfide bond. Two members
of SLC3A family are rBAT (SLC3A1) and 4F2hc (SLC3A2) and these heavy subunits are N-
glycosylated [79]. Their primary role is more regulatory, e.g., they traffic the holotransporter
to the plasma membrane. However, recently there has been some evidence that heavy
subunits may also participate in the ligand recognition process. Furthermore, 4F2hc
has been found to mediate integrin-dependent tumorigenesis, and therefore, it is also
overexpressed in some types of cancers [80,81]. Contrarily, several mutations in rBAT
are found to affect the b0,+ transport, causing cystinuria. Nevertheless, the light subunits
catalyze the transport function of HATs. L-Type amino acid transporter 1 (LAT1; SLC7A5) is
probably the most studied transporter of the SLC7A-family in brain delivery applications,
although other members, including y+L-type amino acid transporter 2 (y+LAT2; SLC7A6),
L-type amino acid transporter 2 (LAT2; SLC7A8), alanine–serine–cysteine transporter 1
(Asc-1; SLC7A10), and cystine/glutamate transporter (xCT, SLC7A11), are also expressed in
the brain and could be utilized in the brain drug delivery (Table 3).

LAT1 coupled to 4F2hc is a sodium- and pH-independent transporter carrying large,
neutral, aromatic, or branched L-amino acids (L-leucine, L-phenylalanine, L-tyrosine,
L-tryptophan, L-histidine, L-methionine, and L-valine) into the cells [82,83]. LAT1 is
distributed throughout the body, and it is highly expressed in tissues that require a high
amino acid supply, such as the brain, placenta, and bone marrow [84,85]. In the brain,
LAT1 is localized not only at the luminal and abluminal membranes of BBB, but also in the
parenchymal cells, neurons astrocytes, and microglia (Figure 1d) [5,86,87]. Moreover, LAT1
is upregulated in a variety of cancers and their metastases [88–90]. High LAT1 expression
has been associated with significantly shorter survival of patients and poorer prognosis of
breast and prostate cancers [91,92], and with metastasis of different cancer cell types [93].
The regulation mechanisms are still not well understood; however, hypoxia and HIF-2α,
c-MYC, and RAS-MEK-ERK pathways have been proposed to be involved [90]. Curiously,
mutations of LAT1 at the BBB have been associated with decreased LAT1 function in autism
spectrum disorders (ASD) [94]. Thus, LAT1 expression modulation could be a potential
target in neurodevelopmental diseases, such as ASD.

LAT1 catalyzes the transport of the thyroid hormones triiodothyronine (T3) and thyrox-
ine (T4), but also amino-acid-mimicking drugs, such as the antiparkinsonian drug L-dopa,
anti-cancer agent melphalan, muscle relaxer baclofen, and anticonvulsants gabapentin and
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pregabalin (Table 3). Due to the intensive research, the binding and translocation of ligands
through LAT1 is relatively well known today [95–98]. The definite structural requirements
include the presence of amino and carboxylic acid functional groups and a large neutral
or aromatic side group. It has been long thought that LAT1 is stereoselective, preferring
only L-amino acids; however, recently, it has been proven that LAT1 can also carry some
D-enantiomers [99,100]. LAT1 also operates with a rocking-bundle mechanism, in which
the “bundle domain” goes through conformational changes from the outward-open state
to the inward-open state (Figure 6) [14,15,101]. It is highly likely that this transport mecha-
nism tolerates larger compounds than, e.g., the elevator-type mechanism used by EAATs
and ASCTs.

Figure 6. The rocking bundle transport mechanism of LAT1. The substrate (green ball-shape) is
bound to the K-shaped transporter (outward-open state) on the extracellular side of the plasma
membrane. The subsequent conformational movements of the transporter domains (first blue and
then yellow shapes) result in the release of the substrate at the cytosolic side (inward-open state).

Utilization of LAT1 for brain drug delivery has been proven not only by serendipi-
tously discovered clinically used LAT1-substrates mentioned above, but also by rationally
designed prodrugs, including drugs such as anti-inflammatories, antioxidants, antiepilep-
tics, antiparkinsonians, immunosuppressants, and neuroprotective NMDA receptor an-
tagonists (Figure 7) [102–108]. The greatest challenge with brain-targeted LAT1-utilizing
prodrugs is to achieve the balance in bioconversion; not to have a too extensive premature
release of the parent drug before crossing the BBB and, on the other hand, to gain an
efficient bioconversion rate in the brain. The lack of knowledge on brain-specific prodrug
bioconverting enzymes seems to be the greatest hurdle today; however, it is still an attain-
able goal. The crucial role of LAT1 in cancer has also increased the interest in developing
LAT1-inhibitors as potential anticancer agents, such as JPH203, which has already advanced
into clinical trials in Japan to treat solid tumors [109].

LAT2 and y+LAT2 have broader tissue distribution than LAT1, which makes brain-
targeting of drugs more challenging (Table 3). LAT2 mediates sodium-independent efflux
of many neutral amino acids (L-enantiomers of tyrosine, phenylalanine, tryptophan, threo-
nine, asparagine, isoleucine, cysteine, serine, leucine, valine, glutamine, histidine, alanine,
and methionine), while y+LAT2 mainly carries sodium-dependent exchange of L-arginine
or L-leucine to L-glutamine (and Na+) [110–112]. LAT2 is also an exchanger with lower
intracellular substrate affinities compared to extracellular substrate affinities, and sim-
ilarly to LAT1, it functions with 1:1 stoichiometry [113]. LAT2 expression seems to be
highest in microglia, although it is also expressed to some extent in the neurons and as-
trocytes (Figure 1d) [114]. Thus, this intra-brain selective expression could be utilized in
microglia-targeted drug delivery of compounds. However, less is known about y+LAT2-
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specific localization in the brain, it has been reported to be expressed in the astrocytes and
upregulated in the presence of ammonia (NH4

+) [115,116].

Figure 7. Molecular structures of prodrugs that can utilize LAT1 with promoieites highlighted
with yellow color, excluding 4-chlorokynurenine, which undergoes internal cyclization to produce
7-chlorokynurenic acid.

Curiously, LAT2 can also carry thyroid hormones (T3 and 3,3′-diiodothyronine [117,118],
the neurotransmitter precursor L-DOPA [119,120], although contribution to the overall
transport of these compounds has been estimated to be minor compared to LAT1 and mono-
carboxylate transporters (MCT8/10). To date, no specific LAT2-inhibitor has been reported.
LAT2 stimulates the mTOR pathway similarly to LAT1 and, thus, its overexpression has
been reported in different types of cancers [120,121]. The transport mechanism of LAT2
and y+LAT2 resembles LAT1 and differs only with acidic and non-acidic residues in the
binding pocket, which explains the substrate preferences of each transporter [122]. Thus,
recent advances in structural and computational biology have enabled today’s successful
design of LAT2- and y+LAT2-utilizing compounds. However, their minor expression in the
brain compared to other transporters as well as wider distribution elsewhere in the body
makes them less attractive carriers for brain-targeting purposes.

Asc-1 mediates a sodium-independent uptake of small amino acids, such as L-glycine,
L-alanine, L-serine, L-threonine, L-cysteine, α-aminobutyric acid, and β-alanine, but it also
carries D-isomers, such as D-serine [123,124]. Although Asc-1 facilitates the diffusion of
small amino acids, it primarily functions as an exchanger (Table 3). Similarly, xCT is a
sodium-independent exchanger of extracellular anionic cystine and intracellular glutamate
(with a 1:1 stochiometry) [125,126]. Asc-1 is a neuronal transporter and due to its ability
to carry L-glycine and D-serine in synapses, it has been considered a regulator of NMDA
receptors [127,128]. Curiously, Asc-1 is mainly localized in those brain areas that are
responsible for cognitive functions. Moreover, a lack of Acs-1 has been reported to cause
tremors, ataxia, and seizures [129]. xCT has, in turn, been found in the brain from astrocytes
and neurons, in addition to macrophages [130,131].

xCT functions together with EAATs, it counter-carriers the intracellular L-glutamine
that EAATs have carried into the cells [132]. Similarly, it functions together with cysteine
transporters, such as ASCTs, and counterbalances intracellular L-cysteine levels that xCT
has provided to the cells. Therefore, xCT has a major role in health and diseases, e.g.,
downregulation of xCT impairs cell growth and survival. Furthermore, xCT mediates the
protection of oxidative stress (cystine is a source of reduced glutathione, an endogenous
antioxidant) and, therefore, it is upregulated in several different cancers [133,134]. Due
to its role in both excitotoxicity (L-glutamine export) and oxidative stress (L-cysteine
import), changes in xCT expression (both upregulation and downregulation) can have
deleterious effects in the brain and, therefore, results in animal models of epilepsy and
neurodegenerative diseases has been controversial [132]. Although several inhibitors have
been developed for both of these transporters [135,136], less is known about the possibility
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of utilizing Acs-1 and xCT as drug carriers in the brain. Lack or minor expression of these
transporters at the BBB, is the first challenge; however, their selective brain localization may
offer some advantages in the intrabrain targeting. Therefore, more studies are definitely
needed on these transporters in the future.

5. Monocarboxylate Transporter Family (SLC16A)

Monocarboxylate transporters (MCTs), members of the SLC16A family, facilitate
rapid proton-dependent transport of monocarboxylates, such as lactate, pyruvate, and
other metabolic products and energy substances in their anionic forms under physiological
conditions [137]. The transportation across the cell membranes by MCTs is an electroneutral
co-transport of monocarboxylates along with protons with a stoichiometric ratio of 1:1.
The most important transporters of this family in the brain are MCT1 (SLC16A1), MCT2
(SLC16A7), MCT4 (SLC16A3), and MCT8 (SLC16A2) (Table 4), although other orphan MCTs,
including MCT6 (SLC16A5), MCT7 (SLC16A6), MCT9 (SLC16A9), and MCT14 (SLC16A14)
have also been found in the brain [138]. Ubiquitous MCT1 is expressed, e.g., in the epithelia
of the small intestine and colon, but also in the muscles and particularly on the luminal
and abluminal membranes of brain capillary endothelial cells [5,139]. In the brain, MCT1 is
also expressed in the astrocytes of gray and white matter (Figure 1e) [140].

At the BBB, MCT1 has been proposed to be functioning bidirectionally to maintain
brain homeostasis [141]. The efflux of compounds out of the brain back to the systemic
circulation by MCT1 may also limit the brain drug disposition, like has been proposed in
the case of probenecid and 6-mercaptopurine (Table 4) [142,143]. Curiously, a controlled
substance γ-hydroxy butyric acid (GHB) that has been used clinically to treat insomnia,
cataplexy, and narcolepsy is also an MCT1-substrate. Its CNS-related side effects, including
respiratory depression, seizure, and loss of consciousness that may even result in coma
and death, are predominantly arising from the variable MCT1-mediated transport of GHB
across the BBB [144]. 4-Phenylbutyrate (4-PBA), a salt of an aromatic short-chain fatty acid
and potential neuroprotective agent against excitotoxicity, oxidative stress, endoplasmic
reticulum (ER) stress, apoptosis, and inflammation in several neurodegenerative disease
models, such as PD, AD, and HD, has also been found to utilize MCT1 for its brain
uptake [145]. MCT1 has also been proposed to be responsible for the transportation of
salicylic acid, valproic acid, nicotinic acid, and some antibiotic β-lactams [146,147].

MCT8, in turn, is a specific thyroid hormone transporter mainly expressed in thyroid
and adrenal glands, and other peripheral tissues, such as the liver and kidneys [148].
However, it is also highly expressed at the BBB and in neurons, and to some extent on the
apical side of the choroid plexus [5,149,150]. MCT8 mediates the cellular uptake but also the
efflux of thyroid hormones T3 and T4 (Table 4) [148,151], although the precise mechanism
of their transport is still unknown. Studies in potential substrates and inhibitors of MCT8
suggest that the transporter is specific for the L-enantiomers of thyroid hormones. Amino
and carboxyl groups of the alanine side-chain of thyroid hormones and at least one iodine
atom in each iodothyronine ring are also required. Moreover, several drugs and natural
compounds, including desipramine, dexamethasone, buspirone, desethylamiodarone,
dronedarone, tyrosine kinase inhibitors, and silychristin have been reported to inhibit
MCT8-mediated transport, either non-competitively or competitively [152].
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Table 4. Tissue distribution, substrates, inhibitors, and expression/function modulators of MCT1–4
and MCT8.

Transporter Gene Name Tissue Distribution
(Expression) Substrates Inhibitors

Expression
Modulation/Transport

Capacity Changes

MCT1 SLC16A1

Ubiquitous,
Brain: luminal and

abluminal
membranes of BBB,

astrocytes

Lactate, pyruvate,
ketone bodies;

probenecid,
6-mercapto-purine,
4-phenyl-butyrate

salicylic acid,
nicotinic acid,
valproic acid,

β-lactams, XP13512,
γ-hydroxy butyric

acid

4-Chloro-α-
cyanocinnamic acid

(non-specific),
AZD3965

MCT1 expression ↑ in
numerous cancers, at the
BBB of ADHD children,

and metabolic active
tissues of obese

individuals:
via MYC, p53

MCT2 SLC16A7 Liver, kidneys,
Brain: neurons

Lactate, pyruvate,
ketone bodies

4-Chloro-α-
cyanocinnamic acid

(non-specific),
AZD3965

MCT2 expression ↑ in
numerous cancers and
metabolic active tissues

of obese individuals:
via demethylation and
hyper-methylation of

DNA;
MCT2 expression ↓ in

hippocampus and
cerebral cortex

with pathologic
progression of

Alzheimer’s disease (via
reduced energy
metabolism?)

MCT3 SLC16A8
Retinal pigment

epithelium, choroid
plexus

Lactate Not reported

MCT3 expression ↓ in
retinal pigment

epithelium impairs
visual functions and

wound healing and in
smooth muscle cells

induces atherosclerosis
via DNA methylation

MCT4 SLC16A3

Skeletal muscles,
intestine, kidneys,

heart,
Brain: astrocytes

Lactate, pyruvate,
ketone bodies;

fluvastatin,
atorvastatin,
lovastatin,

simvastatin,
cerivastatin in their

acid form

4-Chloro-α-
cyanocinnamic acid

(non-specific)

MCT4 expression ↑ in
numerous cancers
and in muscles of
obese individuals:

via hypoxia/HIF-1α

MCT8 SLC16A2

Liver, endocrine
tissues,

Brain: luminal and
abluminal

membranes of BBB,
neurons

Thyroid
hormones

(T3 and T4)

Possibly
desipramine,

dexa-methasone,
buspirone,
desethyl-

amiodarone,
dronedarone,

tyrosine kinase
inhibitors, and

silychristin

MCT8 expression ↓
in

Allan–Herndon–Dudley
syndrome and

during the inflammation

↑ (arrow up) represents upregulation of the protein; ↓ (arrow down) represents downregulation of the protein.
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The other members of the MCT family are expressed relatively selectively in the brain.
MCT2 is the main MCT found in the neurons; it has been found on highly oxidative cells
and cell bodies, including dendrites, dendritic spines, and axons of neurons, although
there may be species differences (Figure 1e) [153,154]. MCT2 is also ubiquitously expressed
in the peripheral tissues [155], making it challenging to utilize for intra-brain targeted
drug delivery avoiding peripheral exposure. In turn, MCT3 (SLC16A8) is predominantly
expressed in the choroid plexus epithelial cells, in addition to retinal epithelial cells [156],
and MCT4 is predominantly expressed in astrocytes at least in rodents [153] (Table 4).
It has been proposed that lipophilic statins, such as fluvastatin, atorvastatin, lovastatin,
simvastatin, and cerivastatin in their acid form, can interact with MCT4 [157]. MCT4 is
also known to be involved in the efflux transport of lactate in a pH-dependent manner and
thus preventing its intracellular accumulation that could inhibit glycolysis in the cells [158].
Moreover, neurons can accumulate the effluxed lactate from astrocytes (cross-talk between
MCT4 and MCT2) and utilize it as a secondary energy source [159].

Lactate is also highly produced in glycolytic cancer cells due to their higher energy
demand, leading to intracellular acidification, unless removed from the cells. Therefore,
MCT1, MCT2, and MCT4 are over-expressed in many different types of cancers and
tumors, and, thus, targeting MCT-mediated lactate efflux could serve as a promising
treatment or adjuvant therapy to other chemotherapeutics [160,161]. For example, an
MCT1/2-selective inhibitor, AZD3965, has already been studied in phase I clinical trials
against hematological cancers [162,163]. Furthermore, AZD3965 has been reported to be
more effective than classical non-specific MCT inhibitor, 4-chloro-α-cyanocinnamic acid
(α-CHCA) in the breast tumor model [164]. Curiously, MCT1 expression is increased
at the BBB of children with attention-deficit/hyperactivity disorder (ADHD) [165], and
expression changes of MCT1, 2, and 4 are related to metabolic states (obese and fasting
individuals) in metabolic active tissues [166]. The expression of MCT1 is regulated mainly
by transcriptional factors, such as MYC, and p53, while the expression of MCT2 has been
associated with selective demethylation of an internal promoter region in the gene locus
and reciprocal hyper-methylation of an upstream promoter region [167]. Contrarily, MCT4
is upregulated by hypoxia through a HIF-1α-dependent mechanism [141,168]. Mutations
of MCT1 have also been reported to cause fatigue syndrome (muscle cramping and pain
due to the impaired lactate removal after intense exercise) and MCT1 deficiency has
been associated with recurrent ketoacidosis in children having a moderate intellectual
disability, epilepsy, or migraine [166]. In turn, downregulation of MCT2 in the hippocampus
and cerebral cortex has been associated with the pathologic progression of AD, possibly
via reduced energy metabolism [169]. Furthermore, the absence of MCT3 expression in
retinal pigment epithelium impairs visual functions and wound healing [170,171], and
downregulation of MCT3 in smooth muscle cells via DNA methylation can induce the
development of atherosclerosis [172]. A rare neurological disorder called Allan–Herndon–
Dudley syndrome (AHDS) is a consequence of mutations in the MCT8 gene, leading to
increased serum thyroid hormone levels and severe mental retardation and neurological
dysfunctions [173–175]. In addition, inflammation has been reported to downregulate
MCT8 [176]. Therefore, expression modulation of distinct MCTs in different diseases may
have therapeutical potential.

To date, MCT1-utilizing prodrugs have only been reported being used to improve oral
bioavailability of compounds, such as 5-fluorouracil (5-FU), gemcitabine, and gabapentin
by attaching mono-carboxylic acids with an ester or amide bonds (5-FU and gemcitabine),
or shielding the free amino group with a polar acyloxyalkyl side chain with a carbamate
bond (XP13512/GSK1838262, gabapentin enacarpil) (Figure 8) [177–180]. However, reports
of utilizing MCTs for targeted or improved brain drug delivery via rationally designed
prodrugs are less reported. Thus, it remains to be explored how well the reported MCT1-
utilizing prodrugs of 5-FU and gemcitabine are transported into the brain, or into the
specific brain cell types. Gabapentin enacarpil is already approved in the USA (Horizant®)
and Japan (Regnite®) for the treatment of restless legs syndrome (RLS; moderate to severe)
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and the reported adverse effects have been related to CNS; most commonly severity,
sedation, and dizziness [181]. Therefore, it is likely that gabapentin enacarpil has also
improved brain drug delivery and exposure due to the increased MCT1-mediated transport
(low affinity–high capacity transporter) across the BBB than its parent drug gabapentin,
which is a LAT1-substrate (high affinity–low capacity transporter).

Figure 8. Molecular structures of prodrugs that can utilize MCT1 with promoieites highlighted with
yellow color.

One challenge with MCTs is the bidirectional transport, which may be difficult to pre-
dict and control. Moreover, there are overlapping substrate specificities among MCTs. All
the family SLC16A-members are known to have 12 transmembrane domains (TMDs) and an
intracellular loop between TMDs 6 and 7. Furthermore, it has been proposed that MCTs fa-
cilitate a rocker switch transport mechanism, the same as GLUTs mediate (Figure 5) [64,182].
Structural-based analyses of the transport functions have provided some insights into the
structure–activity relationship (SARs) of MCT1, MCT4, and MCT8 [183–192]. However,
to develop successful MCT-utilizing prodrugs with improved brain drug delivery, more
knowledge is required of the interactions that can affect the transport direction, particu-
larly via MCT1 and MCT8 at the BBB, and MCT2 and MCT1/4 in neurons and astrocytes,
respectively. Therefore, utilization of more sophisticated computational methods, such as
molecular dynamics simulations (MDS) should be used in the future to reveal structural
features of the prodrugs that can induce the conformational changes of the protein resulting
in the translocation into the cells.

6. Organic Anion Transporting Family (SLCO/SLC21A)

The family of organic anion transporting polypeptides (OATPs) has had an incon-
sistent nomenclature in the past (OATP-A, OATP-B, OATP-C, etc.), and it was only in
2004 when this superfamily was standardized and renamed as an SLCO-family [193]. An-
other complicating factor with this family is that there are several gene duplicates and
divergence between humans and rodents, e.g., OATP1A2 has five rodent orthologues,
Oatp1a1, Oatp1a3, Oatps 1a4, Oatp1a5, and Oatp1a6; OATP1B1 and OATP1B3 have a single
rodent orthologue (Oatp1a2); and OATP5A1 and OATP6A1 have three rodent orthologues
(Oatp6b1, Oatp6c1, Oatp6d1), while other human OATPs have a name matching rodent
orthologues [194]. Moreover, OATPs can be both ubiquitously distributed within the body,
and very selectively expressed in certain tissues and there are species differences in these ex-
pression patterns. From the 11 members of this family that share approximately 40% amino
acid sequence identity, at least OATP1A2 (SLCO1A2), OATP1C1 (SLCO1C1), OATP2A1
(SLCO2A1), OATP2B1 (SLCO2B1), and OATP3A1 (SLCO3A1) have been detected in the
brain [194,195]. In addition, OATP4A1, OATP5A1, and OATP6A1 have been proposed
to be expressed in the brain; however, these transporters are more or less orphans, i.e.,
whose functions are less well understood and, thus, these latter ones are not discussed
in this review. More specifically, OATP1A2 and OATP2B1 are expressed at the BBB (lu-
minal side), OATP1A2, OATP3A1 are neuronal transporters, OATP1C1 is an astrocytic
transporter, and OATP2A1 is evenly distributed among neurons, astrocytes, and neurons
(Figure 1f; Table 5) [5,196–200]. Curiously, OATP3A1 has two splice variants (OATP3A1_v1
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and OATP3A1_v2) that are expressed in the brain in a dissimilar manner in neurons and
choroid plexus.

Table 5. Tissue distribution, substrates, inhibitors, and expression/function modulators of selected
members of the OATP-family.

Transporter Gene Name
Tissue

Distribution
(Expression)

Substrates Inhibitors
Expression Modula-

tion/Transport
Capacity Changes

OATP1A2 SLCO1A2

Ubiquitous,
Brain: luminal

membranes of BBB,
neurons

Anionic, cationic, and
neutral amphiphilic

compounds
of large size with
different affinities

among the
transporters
Endogenous
substrates,

such as bile acids
(cholate), steroids
(estrone-3-sulfate),
thyroid hormones

(T3 and T4),
prosta-glandins

(PGE2);
Exogenous substrates,

such as statins
(fluvastatin),

β-blockers (atenolol),
and anticancer drugs

(methotrexate)

Fruit juices
that contain

polyphenols and their
conjugates,

such as hesperidin,
naringin, and

avicularin;
rifampicin, verapamil,
elacridar, tariquidar,

and zosuquidar
(possibly competing

substrates)

11 single-nucleotide
polymorphisms

(SNPs):
transport
activity ↓

(substrate-specific);
OATP1A2 expression
↑ in several cancers:

possible involvement
of hy-

poxia/reoxygenation
in the upregulation at

the BBB

OATP1C1 SLCO1C1
Testis

Brain: astrocytes,
choroid plexus

NSAIDs, (fenamates),
phenytoin (competing

substrates
exhibiting mutual

inhibition function)

OATP1C1 expression ↓
during the

inflammation

OATP2A1 SLCO2A1

Ubiquitous,
Brain: neurons,
astrocytes, and

microglia

Polycyclic
aromatic

compounds, such as
suramin,

pranlukast,
zafirlukast,

olmesartan, losartan,
non-steroidal

anti-inflammatories

OATP2A1
expression ↓
in AD brain

parenchymal cells;
OATP2A1
expression
↑ in cancers:

via PI3K/AKT/mTOR
pathway

OATP2B1 SLCO2B1
Ubiquitous,

Brain: luminal
membranes of BBB

Some of the substrates
are also reported as
inhibitors due to the

drug–drug
interactions

11 single-nucleotide
polymorphisms

(SNPs):
transport

activity ↓ with 6 SNPs
OATP2B1 expression ↑

in several cancers

OATP3A1 SLCO3A1 Ubiquitous,
Brain: neurons

OATP3A1 expression
↑ in cholestasis:

via TNF-α-activated
NF-κB-p65 and

ERK-SP1 signaling

↑ (arrow up) represents upregulation of the protein; ↓ (arrow down) represents downregulation of the protein.

Most of the OATPs transport a wide variety of compounds, both endogenous sub-
strates, such as bile acids (e.g., cholate), steroids (e.g., estrone-3-sulfate), thyroid hormones
(e.g., T3 and T4), and prostaglandins (e.g., PGE2), as well as exogenous substrates, such as
hydroxymethylglutaryl-coenzyme A-CoA reductase inhibitors (statins), β-blockers (e.g.,
atenolol), and anticancer drugs (e.g., methotrexate), to name a few [194,195]. The main sub-
strates of OATPs are anions; however, they can also carry neutral and cationic compounds
(Table 5). In addition, many of their substrates are amphiphilic, having hydrophilic polar
features and lipophilic proportions and they are relatively large (> 350 mol/g). In general,

351



Pharmaceutics 2022, 14, 1234

the substrate specificities of distinct OATPs overlap; however, some of them have also very
narrow and precise substrate specificities. The transport via OATPs is sodium independent,
but it can be affected by the pH. In an acidic environment, the transport activity, of at
least some OATP subtypes, can be increased due to the increased substrate affinity via
protonation of a conserved histidine residue at the extracellular end of TM3 [201]. The
substrates of OATP1A2 and OATP2B1 overlap significantly with other OATPs as well
as other transporters, and, therefore, specific structural features that would favor either
OATP1A2- or OATP2B1-selective transport are relatively challenging to find [202,203].
A specific feature of OATP1C1 is the transport of thyroid hormones (T3, T4) and their
derivatives [204]. Contrarily, OATP2A1 is known as a prostaglandin transporter, since it
can transport, in addition to PGE2, several other prostaglandins (e.g., PGE1, PGE3, PGF2α,
PGH2, and PGD2) that other OATPs are not able to carry, and it has a higher affinity for
PGE2 compared to other OATP-subtypes [194,205]. Specific to OATP3A1 is the transport
of arachidonic acid, and similar to OATP1C1 and OATP2A1, it has more discretesubstrate
specificity and perhaps also narrowed to endogenous compounds [194,195]. However, it
needs to be remembered that the lack of reported drug substrate and inhibitors may also
be due to the limited number of studies that have been carried out with less studied OATP
subtypes [206].

OATP1A2 is known to be inhibited by apple, orange, cranberry, and grapefruit juices
that contain polyphenols and their conjugates, such as hesperidin, naringin, and avicularin
(Table 5) [207,208]. In addition, rifampicin and verapamil as well as the third genera-
tion P-gylcoprotein (P-gp) inhibitors, elacridar, tariquidar, and zosuquidar, have been
classified as OATP1A2 inhibitors [209,210]. Avicularin has also been reported to inhibit
OATP2B1, which in turn, does not have selective inhibitors. However, many drugs and
food additives have been reported to interfere with OATP2B1 function [211,212]. There-
fore, both OATP1A2 and 2B1 are susceptible to drug–drug and drug–food interactions,
already in the gastrointestinal tract, exemplified by well-known interactions with statins,
fexofenadine (antihistamine), and aliskiren (renin inhibitor, used in the treatment of hy-
pertension) [213,214]. Most likely, a similar interaction could occur also at the BBB. It has
already been reported that prostaglandin transport via OATP2A1 is inhibited by polycyclic
aromatic compounds, such as suramin (antiviral/antibacterial), pranlukast and zafirlukast
(antiallergic/antiasthmatic), olmesartan and losartan (antihypertensive), and non-steroidal
anti-inflammatories (NSAIDs; profens > anthranilates or fenamates), which can have
huge effects on eicosanoid disposition [215]. Similarly, NSAIDs, particularly fenamates in
addition to phenytoin (anti-seizure) can also inhibit OATP1C1-mediated transport and,
thus, have a major impact on thyroid hormone brain disposition [204]. However, these
compounds are more likely to be competing substrates rather than inhibitors of OATP1C1.

To date, 11 OATP1A2 single-nucleotide polymorphisms (SNPs) have been identified,
some of them having reduced transport capacity of the substrates and some other SNPs
having substrate-dependent changes in transport activity overall [216,217]. Therefore,
OATP1A2 has a significant role in inter-individual differences in drug disposition in ad-
dition to drug–drug interactions (DDIs) (Table 5). Notably, it has been reported that the
rodent orthologue Oatp1a4 is upregulated in hypoxia/reoxygenation via transforming
growth factor-β (TGF-β)/activin receptor-like kinase 5 (ALK5) inhibition in the brain,
which may offer an opportunity to optimize the CNS drug delivery, e.g., of statins [218].
For OATP2B1, only three missense SNPs have been identified to date, from which only
one SNP has shown some effect on the transport capacity of selected probe drugs [219,220].
Since OATP1A2 and 2B1 carry many chemotherapeutics with relatively narrow therapeutic
indices, the polymorphism of these OATPs can have dramatic effects on the efficacy and
safety of these anti-cancer drugs. However, many OATPs, including 1A2 and 2B1, are
overexpressed in many types of cancers, particularly in those which are highly dependent
on the transport of steroid hormones required for cell proliferation, and thus affecting the
exposure of their substrate drugs [221]. Curiously, OATP2A1 is downregulated in AD
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brain parenchymal cells [199], but upregulated in cancers, such as lung cancer via the
PI3K/AKTmTOR pathway [222].

On the other hand, OATP1C1 has been reported to be downregulated together with
another thyroid hormone transporter, MCT8, during the inflammation [176]. Moreover,
Oatp1c1-deficiency and resulting hypothyroidism, have been proposed to cause neuro-
logical and behavioral alterations despite the presence of other thyroid hormone trans-
porters, such as Mct8, in animal models [223,224]. Contrarily, OATP3A1 is upregulated
in cholestasis (a liver disease where the flow of bile from the liver is reduced or blocked)
via TNF-α-activated NF-κB-p65 and ERK-SP1 signaling pathways [225]. Overall, although
OATP expressions are mainly regulated on the transcriptional level and as a response to
their substrate levels, OATP localization and internalization from the plasma membrane can
be affected by phosphorylation and preceding activation of protein kinases [226]. However,
the expression modulation particular OATPs in selected conditions/diseases may have the
potential to improve clinical outcomes, similar to MCTs.

OATPs have 12 TMDs with both termini located intracellularly. The large fifth extracel-
lular loop has many conserved cysteine residues that can form disulfide bonds, and both the
second and fifth extracellular loops contain several N-glycosylation sites [227]. It has been
proposed that all OATP facilitate the translocation of their substrates through a positively
charged pore in a rocker switch type of mechanism, similarly to GLUTs (Figure 5) [228].
Moreover, several amino acid residues that may have crucial roles in the OATP-mediated
transport have been identified. However, due to the multiple binding sites of OATPs, the de-
tailed interactions have remained controversial and, therefore, more efforts and additional
computational experiments should be directed to understanding the exact translocation
interactions of OATP substrates. This would also enable the rational design of OATP
subtype-specific (pro)drug design and more efficient utilization of OATPs for brain drug
delivery in the future, which has not been studied actively in the past. However, one great
challenge with OATPs in brain drug delivery applications is their peripheral expression and
overlapping substrate specificities, which may impair the targeting efficacy. Nevertheless,
many of the already known substrates could be used as a starting point for the prodrug
syntheses, e.g., thyroid hormone conjugates would be expected to be relatively specific for
OATP1C1 among OATPs, but on the other hand, they could also be substrates of MCT8
and LAT1.

7. Organic Cation/Anion/Zwitterion Transporter Family (SLC22A)

The SLC22A family consists of organic cation transporters (OCTs) and organic an-
ion transporters (OATs) carrying anions, cations, or zwitterions. OCT1 (SLC22A1), OCT2
(SLC22A2), and OCT3 (SLC22A3) are expressed most likely both at the luminal and ablumi-
nal sides of the BBB endothelial cells, although more evidence of the exact localizations is
needed [229]. Furthermore, OCT2–3 has been identified in neurons and OCT2 in microglia
and astrocytes (Table 6, Figure 1g). Similarly, OCTN1 (SLC22A4) and OCTN2 (SLC22A5)
are most likely expressed at the BBB to some extent, but they are also found in parenchymal
cells; OCTN1 in microglia and OCTN2 in neurons [229,230]. However, both OCTs and
OCTNs are also expressed throughout the body, particularly in the kidneys and liver [194].

353



Ph
ar

m
ac

eu
tic

s
20

22
,1

4,
12

34

Ta
bl

e
6.

Ti
ss

ue
di

st
ri

bu
ti

on
,s

ub
st

ra
te

s,
in

hi
bi

to
rs

,a
nd

ex
pr

es
si

on
/f

un
ct

io
n

m
od

ul
at

or
s

of
O

C
T1

–3
,O

C
TN

1–
2,

an
d

O
A

T
1–

3.

Tr
an

sp
or

te
r

G
en

e
N

am
e

Ti
ss

ue
D

is
tr

ib
ut

io
n

(E
xp

re
ss

io
n)

Su
bs

tr
at

es
In

hi
bi

to
rs

Ex
pr

es
si

on
M

od
ul

at
io

n/
Tr

an
sp

or
tC

ap
ac

it
y

C
ha

ng
es

O
C

T1
SL

C
22

A
1

Li
ve

r
an

d
ot

he
r

pe
ri

ph
er

al
ti

ss
ue

s,
Br

ai
n:

BB
B

O
rg

an
ic

ca
ti

on
s

w
it

h
di

ff
er

en
ta

ffi
ni

ti
es

am
on

g
th

e
tr

an
sp

or
te

rs
En

do
ge

no
us

su
bs

tr
at

es
:c

at
ec

ho
la

m
in

es
,m

on
oa

m
in

e
ne

ur
ot

ra
ns

m
it

te
rs

D
ru

gs
:

se
ve

ra
l

cy
to

st
at

ic
,

an
ti

vi
ra

l,
an

ti
bi

ot
ic

,
an

ti
ox

id
an

t,
ps

yc
ho

-s
ti

m
ul

an
t,

an
ti

-h
yp

er
te

ns
iv

e,
an

ti
em

et
ic

,
an

ti
de

pr
es

sa
n,

an
ti

di
ab

et
ic

ag
en

ts

Tr
an

sp
or

te
d

su
bs

tr
at

es
of

th
e

O
C

Ts
ex

hi
bi

tm
ut

ua
li

nh
ib

it
io

n
fu

nc
ti

on

18
si

ng
le

-n
uc

le
ot

id
e

po
ly

m
or

ph
is

m
s

(S
N

Ps
):

tr
an

sp
or

t
ac

ti
vi

ty
↓w

it
h

6
SN

Ps
Se

e
m

or
e

in
fo

rm
at

io
n

be
lo

w
(O

A
Ts

)

O
C

T2
SL

C
22

A
2

K
id

ne
ys

an
d

ot
he

r
pe

ri
ph

er
al

ti
ss

ue
s,

Br
ai

n:
BB

B,
ne

ur
on

s,
m

ic
ro

gl
ia

,
as

tr
oc

yt
es

C
yt

oc
ha

la
si

n
B,

fo
rs

ko
lin

,
ph

lo
re

ti
n,

qu
er

ce
ti

n
an

d
ot

he
r

fla
vo

no
id

s,
gl

yc
og

en
sy

nt
ha

se
ki

na
se

-3
(G

SK
-3

)i
nh

ib
it

or
s

10
tr

an
sp

or
te

r
va

ri
an

ts
w

it
h

al
te

re
d

su
bs

tr
at

e
se

le
ct

iv
it

y
an

d
tr

an
sp

or
tc

ap
ac

it
y

O
C

T3
SL

C
22

A
3

A
bu

nd
an

t,
Br

ai
n:

BB
B,

ne
ur

on
s

5
SN

Ps
:

tr
an

sp
or

t
ac

ti
vi

ty
↓w

it
h

3
SN

Ps

O
C

TN
1

SL
C

22
A

4
A

bu
nd

an
t,

Br
ai

n:
BB

B,
m

ic
ro

gl
ia

A
ce

ty
lc

ho
lin

e,
er

go
th

io
ne

in
e,

L-
ca

rn
it

in
e,

TE
A

,
qu

in
id

in
e,

py
ri

la
m

in
e,

an
d

ve
ra

pa
m

il

Tr
an

sp
or

te
d

su
bs

tr
at

es
of

th
e

O
C

TN
s

ex
hi

bi
tm

ut
ua

li
nh

ib
it

io
n

fu
nc

ti
on

O
C

T
N

1
va

ri
an

tL
50

3F
:

fa
m

ili
al

/
sp

or
ad

ic
in

fla
m

m
at

or
y

bo
w

el
di

se
as

e

O
C

TN
2

SL
C

22
A

5
A

bu
nd

an
t,

Br
ai

n:
BB

B,
ne

ur
on

s

A
ce

ty
l-

L-
ca

rn
it

in
e,

D
-/

L-
ca

rn
it

in
e,

TE
A

,
qu

in
id

in
e,

py
ri

la
m

in
e,

an
d

ve
ra

pa
m

il

Tr
an

sp
or

te
d

su
bs

tr
at

es
of

th
e

O
C

TN
s

ex
hi

bi
tm

ut
ua

li
nh

ib
it

io
n

fu
nc

ti
on

M
ul

ti
pl

e
O

C
TN

2
va

ri
an

ts
:

sy
st

em
ic

ca
rn

it
in

e
de

fic
ie

nc
y

O
A

T
1

SL
C

22
A

6
K

id
ne

ys
,

Br
ai

n:
ch

or
oi

d
pl

ex
us

O
ve

rl
ap

pi
ng

su
bs

tr
at

e
sp

ec
ifi

ci
ti

es
,a

lt
ho

ug
h

no
t

id
en

ti
ca

l,
tr

an
sp

or
ts

se
ve

ra
ld

ru
gs

En
do

ge
no

us
su

bs
tr

at
es

:
α

-k
et

og
lu

ta
ra

te
,p

ar
a-

am
in

o-
hi

pp
ur

ic
ac

id
,

be
nz

oy
lp

en
ic

ill
in

s,
in

do
xy

ls
ul

fa
te

,a
nd

ho
m

ov
an

ill
ic

ac
id

,a
nd

pr
os

ta
gl

an
di

ns

Pr
ob

en
ec

id
(i

nh
ib

it
or

/
su

bs
tr

at
e)

M
ul

ti
pl

e
SN

Ps
:

de
cr

ea
se

d
fu

nc
ti

on
ca

n
be

co
m

pe
ns

at
ed

w
it

h
ot

he
r

tr
an

sp
or

te
rs

in
th

e
fa

m
ily

du
e

to
th

e
ov

er
la

pp
in

g
su

bs
tr

at
e

sp
ec

ifi
ci

ti
es

;
N

O
T

E!
O

C
Ts

an
d

O
A

Ts
ar

e
al

lr
eg

ul
at

ed
in

tr
an

sc
ri

pt
io

na
ll

ev
el

as
w

el
la

s
by

po
st

-t
ra

ns
la

ti
on

al
ph

os
ph

or
yl

at
io

n
vi

a
se

ve
ra

lp
ro

te
in

ki
na

se
s

O
A

T
3

SL
C

22
A

8

K
id

ne
ys

,
Br

ai
n:

ab
lu

m
in

al
si

de
of

th
e

BB
B,

ch
or

oi
d

pl
ex

us

↓(
ar

ro
w

do
w

n)
re

pr
es

en
ts

do
w

nr
eg

ul
at

io
n

of
th

e
pr

ot
ei

n.

354



Pharmaceutics 2022, 14, 1234

OCT1, OCT2, and OCT3 facilitate sodium and pH-independent transport of a broad
range of endogenous and exogenous organic cations down their electro-chemical gradi-
ents, in both directions [194,231]. However, the affinity of OCT-ligands can depend on
the degree of ionization, and therefore increased transport has been reported at lower
pH [232]. Substrates of OCTs include a wide variety of structurally unrelated small organic
cations for which they have different affinities (Table 6). These include commonly used
probe-substrates, 1-methyl-4-phenylpyridinium (MPP) and tetraethylammonium (TEA), as
well as endogenous compounds, such as choline, acetylcholine, dopamine, norepinephrine,
epinephrine, serotonin, histamine, and agmatine, as well as drugs, such as quinidine, qui-
nine, aciclovir, ganciclovir and metformin, amantadine, memantine, cimetidine, famotidine
and ranitidine, cisplatin, debrisoquine, phenylcyclidine, clonidine, diphenylhydramine,
atropine, procainamide, and cocaine, to name a few [231].

Noteworthy, the substrate and inhibitor specificities of OCT1, OCT2, and OCT3 over-
lap, and, therefore, some cations are transported by one OCT subtype and non-transported
but bound (inhibitor) by another OCT subtype. Moreover, the degree and type of inhibition
by a high concentration of a given inhibitory substrate may be total or partial [231]. In
turn, the transport of OCTN1 and 2 can be sodium and pH-dependent or -independent,
depending on the substrate. They are considered to be carnitine transporters; however,
OCTN1 can selectively transport ergothioneine. OCTN1 and 2 are also known to carry, e.g.,
TEA, quinidine, pyrilamine, and verapamil [231].

OCT1 has been found to have 25 SNPs, while OCT3 has only five SNPs [233,234].
However, none of them are associated with human pathologies. Three SNPs of OCT1 and
three SNPs of OCT3 are known to have reduced transport activity. Contrarily, OCT2 has
ten transporter variants, which all are highly functional, but may have slightly altered
substrate selectivity and transport capacity [231]. Nevertheless, the greatest risks with
OCTs are related to DDIs, similar to OATPs [235]. Mutations in the OCTN gene, in turn, are
directly linked to human autoimmune diseases; OCTN1 variant L503F is related to familial
and sporadic inflammatory bowel disease, and multiple nonsense and missense mutations
of OCTN2 are related to systemic carnitine deficiency [236,237].

From the OAT family, only OAT1 (SLC22A6) and OAT3 (SLC22A8) have been found in
the brain, although they are highly expressed in the kidneys [194,238]. At the BBB, OAT3
is expressed on the abluminal side, but it has also a crucial role on the apical side of the
choroid plexus, similarly to OAT1 (Table 6, Figure 1g) [239,240]. OATs function as anion
exchangers and OAT3 has been proposed to participate in the efflux transport of organic
anions, such as α-ketoglutarate, para-aminohippuric acid (PAH), benzylpenicillin, indoxyl
sulfate, and homovanillic acid at the BBB (Table 6), carrying its substrates from the brain to
blood. Although OAT1 and 3 can carry several endogenous and endogenous compounds,
such as prostaglandins, non-steroidal anti-inflammatories (NSAIDs), antivirals, antibiotics
(β lactams), diuretics, antidiabetics, and anticancer drugs [241], the efflux transport direc-
tion makes them less suitable candidates for brain-targeted drug delivery. The uricosuric
drug, probenecid, has been regarded as a potent inhibitor of OAT1 and 3, although it has
also been referred to as OAT1/-3 substrate [194]. Therefore, with a concomitant adminis-
tration of probenecid (or similar specific OAT1/-3 inhibitor), the OAT-mediated efflux of
selected therapeutics (OAT1/-3 substrates) at the BBB could be avoided [242].

Due to the broad substrate specificity, OATs are related to several DDIs and currently,
the U.S. Food and Drug Administration (FDA) and European Medicines Agency (EMA)
recommend the evaluation of new chemical entities (NCEs) for their interactions with OAT1
and 3 [243,244]. For OAT1 and 3, several SNPs have been identified, some of which have
decreased transporter function, while others do not have any effects [241]. However, due
to the overlapping substrate specificities, other OAT members can replace the unfunctional
transporter and, thus, mutations of OATs have been thought to have less significance for
the clinical outcome.

OCTs and OATs have 12 TMDs with intracellular amino and carboxy-termini [194].
It has been shown that the extracellular loops between TMDs 1 and 2 are relatively large
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containing potential N-glycosylation sites, while the intracellular loops between 6 and 7
and the C-terminus have putative phosphorylation sites. These sites are prone to protein
and tyrosine kinases and, therefore, activation of these kinases affects also the activity of
the SLC22A-family transporters [245,246]. In addition, these transporters can be regulated
at the transcriptional level. Since OCTs’ and OATs’ regulation varies a lot among the trans-
porters, species, and tissue localization, more studies are warranted to better understand
their life cycle.

Curiously, the exact transport mechanisms of the transporters in the SLC22A fam-
ily are still unknown. Moreover, although OCTs and OATs are relatively well-explored
transporters due to their crucial role in drug–drug interactions, less is known about their
capability to carry drugs into the brain across the BBB, or inside the brain. Furthermore,
the high hepato-renal expression of OCTs and OATs compared to the brain makes the
brain-targeted drug delivery via them relatively challenging. However, since OCTs are
responsible for carrying multiple drugs into the brain [238,247–249], and most likely more
compounds will be discovered to utilize OCTs for their brain drug delivery, more efforts
should be paid to the rational design of OCT-utilizing (pro)drugs in the future. Moreover,
the overlapping substrate specificities may offer benefits of concomitant transport across
the BBB and, thus, increase the overall brain drug disposition. Although, at the same time
it will be at the expense of intra-brain selectivity, which is not likely to be achieved if a
drug utilizes several OCTs. Nevertheless, all known drug carriers, including OATPs, OCTs,
and OATs have the potential to be used as brain-targeted prodrug carriers. Many of their
already known drug substrates could be used as starting point promoieties. Moreover,
dual-drug targeting would have advantages in many complex neurodegenerative diseases,
such as AD, since multiple targets could be hit with a double-prodrug at the same time.
However, it should also be kept in mind that many natural substrates of other transporters,
such as L-glutamine, L-cystine (GSH precursors), and L-arginine (precursors of L-ornithine
and NO synthesis) that could be utilized as promoieties may also have additional beneficial
effects in the brain.

8. Sodium-Coupled Neutral Amino Acid (System N/A) Transporter Family (SLC38A)

The family of SLC38 has eight sodium-coupled neutral amino acid transporters
(SNATs) and three additional orphan transporters. From these SNAT1 (SLC38A), SNAT2
(SLC38A2), SNAT3 (SLC38A3), SNAT5 (SLC38A5), SNAT6 (SLC38A6), SNAT7 (SLC38A7),
SNAT8 (SLC38A8), and thus excluding SNAT4 (SLC38A4), are expressed in the brain [250–252].
These transporters are further classified into system A and system N depending on their
functional properties and patterns of substrate recognition. System A transporters (SNAT1
and SNAT2, also referred to as ATA1/SAT1 and ATA2/SAT2, respectively) recognize a
broader range of aliphatic amino acids (L-proline, L-asparagine, L-cysteine, L-glutamine, L-
glycine, L-methionine, and L-serine), whereas system N transporters (SNAT3 and SNAT5,
also referred to as SN1 and SN2, respectively) have a rather narrow substrate profile
(L-glutamine, L-histidine, and L-asparagine) (Table 7).

The expression of SNAT1 and SNAT2 is ubiquitous; however, they are also expressed
in the brain, preferably in glutamatergic, GABAergic, and dopaminergic neurons but also
to some extent in astrocytes (Figure 1h) [250,253–256]. In addition, SNAT2 has been found
at the abluminal side of the BBB [5]. The transport of system A carriers (SNAT1 and 2) is
sodium-dependent and highly pH-sensitive, and they exchange small and aliphatic amino
acids for sodium with 1:1 stoichiometry. SNAT1 and 2 can be inhibited at low extracellular
pH, but also by 2-methylamino-isobutyric acid (MeAIB), which is most likely a competing
substrate of SNATs rather than an inhibitor (Table 7) [250,251].
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Table 7. Tissue distribution, substrates, inhibitors, and expression/function modulators of SNAT1–2
(system A) and SNAT3 and 5 (system N).

Transporter Gene Name Tissue Distribution
(Expression) Substrates Inhibitors

Expression
Modulation/Transport

Capacity Changes

SNAT1 SLC38A1
Ubiquitous,

Brain: neurons
(astrocytes)

L-proline,
L-asparagine,

L-cysteine,
L-glutamine,

L-glycine,
L-methionine, and

L-serine

2-Methylamino-
isobutyric acid

(MeAIB, competing
substrate);

low pH

SNAT1 expression ↑:
via protein kinase A (PKA)

activation;
SNAT1 expression ↓:

via inflammation;
SNAT1 expression ↑ in
many types of cancers

SNAT2 SLC38A2

Ubiquitous,
Brain: abluminal
side of the BBB,

neurons
(astrocytes)

L-proline,
L-asparagine,

L-cysteine,
L-glutamine,

L-glycine,
L-methionine, and

L-serine

2-Methylamino-
isobutyric acid

(MeAIB; competing
substrate);

low pH

Stable SNAT2 expression
requires an active
mTOR-signaling;

SNAT2 expression ↑ in
many types of cancers

SNAT3 SLC38A3

Liver, kidney,
muscles, eye,

Brain:
luminal and

abluminal sides of
the BBB, astrocytes

L-glutamine,
L-histidine, and

L-asparagine
Not reported

SNAT3 expression ↓
by insulin:

via an mTOR pathway;
SNAT3 expression ↑
by calorie restriction:
via increased protein

kinase C (PKC) activity(?);
SNAT3 expression ↑ in
many types of cancers

SNAT5 SLC38A5
Intestinal tract,

kidney, retina, lung,
Brain: astrocytes

L-glutamine,
L-histidine, and

L-asparagine

Glutamic
acid-γ-hydroxamic

acid (GluγHA)
Less studied

↑ (arrow up) represents upregulation of the protein; ↓ (arrow down) represents downregulation of the protein.

System N transporters (SNAT3 and 5) are more tissue-specific, but in the brain, they
have been suggested to be the major mediators of L-glutamine release from astrocytes
(Table 7) and, thus, have a crucial role in the glutamate–GABA–glutamine cycle in the CNS
together with system A transporters [250,257,258]. Distinctively, SNAT3, in addition to
astrocytes, is also expressed in the luminal and abluminal sides of the BBB [5]. Similar to
system A transporters, SNAT3 and 5 are also pH- and sodium-dependent; however, these
transporters also accept Li+ substitution for Na+. Curiously, their transport activity can
be enhanced by increasing the pH from 6 to 8 and they can function bidirectionally [258].
To date, no SNAT3-selective inhibitors have been reported, although glutamic acid-γ-
hydroxamic acid (GluγHA) has been proposed as a SNAT5-selective inhibitor [259].

Transporters 6, 7, and 8 are yet unclassified according to the N/A-system and their role,
particularly in the brain, is currently less well understood. SNAT6 is expressed exclusively
in excitatory neurons, while SNAT7 and SNAT8 are expressed in the axons of the majority of
neurons [260–262]. Therefore, these SNATs may also be important transporters in sustaining
the glutamate neurotransmitter pool in the brain. It has been proposed that SNAT7 has
similarities with system N, while SNAT8 resembles more of the system A. However, even
less is known of SNAT6 function in relation to other SNATs [263].

At least SNAT1, SNAT2, and SNAT3 are upregulated in several different cancers,
particularly in response to nutritional stress to compensate for the higher consumption
of amino acids by the cancer cells [252]. In addition, SNAT2 has been found to be reg-
ulated by amino acids in neurons [256]. SNAT1 expression upregulation, in turn, has
been linked to activated protein kinase A (PKA) signaling and SNAT1 expression down-
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regulation to lipopolysaccharide-induced inflammation in astrocytes, but not in neurons
(Table 7) [264,265]. The stable SNAT2 expression has been suggested to require an active
mTOR-signaling, at least in placental trophoblast cells [266]. SNAT3 expression is regulated
by insulin in hepatocytes; the calorie restriction upregulates its expression, while a chronic
insulin treatment downregulates the expression via an mTOR pathway [267]. Moreover,
increased protein kinase C (PKC) activity has been interlinked with SNAT3 internaliza-
tion and expression downregulation [268]. SNAT5 expression regulation is less studied
and understood.

The structure of SNATs is complex and heterogenic, although they all seem to contain
11 TMDs. SNAT1 has been proposed to have a long cytosolic N-terminus and a short
extracellular C-terminus and a large glycosylated loop between TMD5 and 6, while SNAT2
most likely has an extracellular C-terminus and putative intracellular loops between TMD6
and 7 as well as 10 and 11 [250]. However, the transport mechanism of SNATs and
how amino acids are involved in the pH-sensitivity of SNATs have remained unclear
to date [252]. The SLC38A family has been structurally found to resemble a bacterial
neurotransmitter-sodium symporter, LeuT and a proton-dependent amino acid transport
ApcT, which facilitate the rocking bundle mechanism, similarly to LAT1 (Figure 6) [251].
Therefore, it is highly likely that SNATs could mediate the rocking bundle mechanism;
however, more detailed insights into the mechanism from higher resolution structures and
MDS studies are required. They are also highly needed to enable rational SNAT-utilizing
(pro)drug design and to reveal the transport direction. It would be crucial to understand
how structural features can affect the transport direction, particularly at the BBB to ensure
efficient SNAT-mediated delivery to the target sites. Moreover, with SNATs, there is a great
potential to achieve intrabrain selective drug delivery, by utilizing system A transporters
for neuronal accumulation and system N carriers for astrocytal accumulation.

9. Other Transporters in Discrete Families

Vitamin transporters that belong to different families, such as sodium-dependent
multivitamin transporter, SMVT (SLC5A6) and sodium-vitamin C co-transporter 2, SVCT2
(SLC23A2), are also highly expressed in the brain. SMVT has been primarily found at
the BBB while SVCT2 is more of a neuronal transporter; however, it has also been found
in reactive astrocytes [269–271]. Some attempts to utilize these transporters for targeted
drug delivery have been reported in the past, but overall, only little is known of the
interactions of these transporters and their substrates. Well-known substrates of SMVT
include biotin, pantothenic acid, and lipoic acid, while only L-ascorbic acid (AA) has been
reported as an SVCT2 substrate [272,273]. Notably, the oxidized form, dehydroascorbic
acid (DHA), is not only an SVCT2-substrate, it has also been proposed to be transported
via GLUT1 and GLUT3. Therefore, it has been suggested that SVCT2 is a part of the AA
recycling mechanism within the brain, where DHA is uptake at the BBB and by astrocytes
via GLUT1, reduced to AA and released from the astrocytes, and re-uptaken into the
neurons via SVCT2 [270,271,273]. Although both transporters are expressed in peripheral
tissues too, only SVCT2 has been utilized for brain-targeted purposes by using a prodrug
technology. NSAIDs, such as naproxen and ibuprofen, have been conjugated with AA and
glucose, and shown improved brain accumulation [274–276]. However, their transport
mechanism remains to be solved, whether it is mediated via GLUT1 or SVCT2. So far,
SMVT has been utilized only to improve the oral bioavailability and topical ocular delivery
of antivirals, saquinavir, and acyclovir [277,278], and their delivery into the brain has
remained unknown.

In the SLC5A-family, there is also a choline transporter, CHT (SLC5A7), that has a
crucial role in the brain, particularly in cholinergic neurons [279–281]. However, CHT is not
the only choline transporter, also OCT1–3 (discussed above) and choline transporter-like
proteins 1–5 (CTL1–5, SLC44A1–5) participate in choline homeostasis. From the latter ones
at least, CTL1, CLT2, and CTL5 have been found in the brain, CTL1 and CLT2, particularly
at the BBB, but CLT1 also in neurons and glial cells [279,282,283]. Unfortunately, CHT
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and CLTs and their roles in the brain are not yet well understood. It has been proposed
that they may be involved in the pathogenesis of neurodegenerative diseases, such as
AD, and, therefore, their expression modulation could have therapeutical potential [282].
Nevertheless, more studies are also needed to reveal if these transporters could be harnessed
for rational prodrug design. Their function is known to be inhibited by several cationic
drugs [279], and, therefore, it is likely that they could carry also drugs, in addition to choline.

Curiously, members of the SLC2A-family (GLUTs) are not the only glucose carriers,
also sodium-glucose cotransporters, SGLTs (SLC5A1–12), have been recognized as sodium-
dependent unidirectional sugar carriers [47,49]. From these carriers, at least SGLT1 and 2
have been detected in the brain, although also with smaller expression compared to GLUT1
and 3. Therefore, it is not likely that higher brain drug disposition can be achieved by
utilizing the SGLT-transporters; however, in the cases where GLUTs are downregulated, like
in AD, additional glucose transporters may have a more critical role in the transport of gluco-
conjugates. Some inhibitors of SGLTs (gluco-conjugates and others) have been reported
to maintain stable plasma glucose in type 2 diabetic patients, mainly due to the inhibition
in the intestine and renal proximal tubules [284–286]. Nevertheless, more structural and
functional details overall are required from all the above-mentioned transporters in order
to deploy them for rational (pro)drug design in brain-targeted applications.

In addition, there are also several nucleotide transporters expressed in the brain, such
as sodium-independent equilibrative nucleoside transporters 1–4 (ENT1–4, SLC29A1–4)
and to a lesser extent sodium-dependent concentrative nucleoside transporters 1–3 (CNT1–
3; SLC28A1–3) [287–290]. These transporters can carry not only endogenous nucleosides
but also synthetic nucleoside analogs, including anticancer drugs such as 5-fluorouracil,
6-mercaptopurine, cladribine, gemcitabine, fludarabine, and cytarabine, antiviral drugs,
such as ribavirin, zalcitabine, and zidovudine. Therefore, purine and pyrimidine nucle-
osides could be used as promoieties in the prodrug design. Thus, there are also other
possibilities and several transporters that could be utilized in the brain-targeted transporter-
utilizing prodrug approach in the future.

10. Conclusions and Future Prospects

Targeting drugs into the brain or improving the brain drug delivery to the therapeuti-
cally relevant levels has remained an unanswerable challenge until today. However, we
have come a long way from thinking that increased lipophilicity would increase the passive
permeation across the BBB, although, there is still a huge task to increase our understanding
of the roles of dozens or hundreds of orphan transporters and to utilize transporters more
broadly in therapeutical applications [291–294]. Unfortunately, in science, we tend to focus
on hot topics; thus, only a limited number of transporters are very well characterized for
different purposes. However, it is hoped that this review encourages particularly young
scientists to explore the transporter field even more broadly and without any prejudice in
the future.

As presented above, there are several different transporters expressed at the BBB
and/or selectively expressed in brain parenchymal cells that are relatively well-characterized
and to some extent also utilized for brain-targeted and intrabrain-targeted drug delivery,
respectively. Some of the brain-delivered therapeutics are drugs acting as such; however, in
many cases a prodrug approach is needed to be utilized in order to temporarily change the
pharmacokinetic properties of potent drugs. This requires not only selective transporter-
mediated cellular uptake but also a biotransformation step to release the active parent
drug, which in many cases, has been the most challenging part of brain-targeted prodrug
applications. Therefore, there are not so many clinically used brain-targeted prodrugs
available these days despite the success of the prodrug approach for other purposes, such
as increasing the solubility of oral absorption [11–13]. L-Dopa, a LAT1-substrate, is one of
the few examples as it undergoes enzymatic decarboxylation to release dopamine.

The majority of prodrugs have hydrolyzable bonds, such as ester bonds, which pre-
disposes the prodrugs to premature first-pass metabolism before they reach the brain. On
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the other hand, more stable amide prodrug bonds have not released their parent drugs
at a sufficient rate in the brain. Moreover, transporters are not the only ones with a great
expression variety among the species as well as between the patients. Additionally, enzyme
expression levels can vary, which complicates not only the translation from preclinical
data to the clinical situation, but also affects the efficacy and safety of the treatments of a
particular patient. Compared to transporters, even less is known about the roles of different
enzymes in the brain. As mentioned many times in this review, computational methods
should be utilized more extensively to understand the exact translocation mechanisms of
substrates and transport direction across the transporter cavities, which would increase
our success in drug development. However, computational methods should also be used
more extensively to design extended-release prodrugs and to find binding and mechanistic
catalytic differences among hydrolyzing enzymes in the brain vs. peripheral tissues.

Overall, more efforts should be paid to the brain drug delivery of already used
marketed compounds to increase our understanding. Curiously, statins (OATP-substrates)
are cyclized lactones that are hydrolyzed to their acid form and they have effects also in
the brain [295]. Thus, they could be considered brain-delivered prodrugs. In addition,
many OCT-substrates seem to have effects in the brain as such (not prodrugs), including
memantine, fluoxetine, and ketamine [229]. Therefore, in addition to already extensively
studied LAT1, OATPs and OCTs could be utilized for brain drug delivery in the future.
Of course, with these suggested transporters, the targeting efficacy into the brain can be a
challenge due to their expression in other tissues. On the other hand, LAT1 successfully
delivers L-dopa into the brain, although it is also expressed in many other peripheral
tissues. Thus, the expression intensities in different tissues have a great impact on targeting
potential. Based on this fact, GLUT1, CAT1, and MCT1 with high BBB expression profiles,
should also be considered suitable brain-targeted carriers in the future.

Nevertheless, it needs to be remembered that carrier-mediated drug delivery is only
one option and most likely, it is not suitable for all therapeutical agents. Biological drugs
are becoming more and more common, and as macromolecules, they are most likely to
be delivered into the brain via other routes, like receptor-mediated transport. In addition,
other administration routes, such as trans-nasal administration, are still under extensive
research. Therefore, more efforts should be paid also to those delivery mechanisms and
how they could be utilized more effectively for the brain-targeted as well as intrabrain-
targeted purposes.

It is obvious that there will never be 100% brain-targeting avoiding other tissues or
cells completely by any developed delivery method, since transporters and receptors are
also expressed in other tissues and cells. However, if we can increase the concentration
at the target site to the therapeutically relevant level and simultaneously decrease the
concentrations in off-target cells, it may have an enormous impact on the clinical outcome.
Nevertheless, the protein expression intensity and localization is not the only determinant
when targeting compounds, the overlapping substrate specificities of transporters and
receptors have also a huge impact on the compounds’ distributions. It is more than likely
that a single compound is able to utilize more than one transport mechanism. Therefore,
if the target transporter or receptor expression or function is downregulated due to the
disease condition or polymorphism, there can be additional carriers or mechanisms that
can completely change the pharmacokinetic profile of the selected compound. This can
have both, negative and targeting minimizing effects, as well as positive and targeting
increasing effects. Therefore, more efforts should be paid to secondary interactions with
other proteins in the future, in order to obtain successful CNS drugs for clinical use.

Thus, to summarize, in brain-targeted approaches, it is all about finding the right bal-
ance. In a transporter-utilizing prodrug approach, it would be a balance among transporter
expression profiles and tissue-specific localization, a balance with transporter selectiv-
ity and substrate specificities, and a balance between bioconversion rate in peripheral
tissues and at the CNS to gain appropriate delivery and targeting of pharmacologically
active compounds.
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Abstract: Defective solute carrier (SLC) transporters are responsible for neurotransmitter dysreg-
ulation, resulting in neurodegenerative diseases such as amyotrophic lateral sclerosis (ALS). We
provided the role and kinetic parameters of transporters such as ASCTs, Taut, LAT1, CAT1, MCTs,
OCTNs, CHT, and CTL1, which are mainly responsible for the transport of essential nutrients, acidic,
and basic drugs in blood–brain barrier (BBB) and motor neuron disease. The affinity for LAT1 was
higher in the BBB than in the ALS model cell line, whereas the capacity was higher in the NSC-34 cell
lines than in the BBB. Affinity for MCTs was lower in the BBB than in the NSC-34 cell lines. CHT
in BBB showed two affinity sites, whereas no expression was observed in ALS cell lines. CTL1 was
the main transporter for choline in ALS cell lines. The half maximal inhibitory concentration (IC50)
analysis of [3H]choline uptake indicated that choline is sensitive in TR-BBB cells, whereas amiloride
is most sensitive in ALS cell lines. Knowledge of the transport systems in the BBB and motor neurons
will help to deliver drugs to the brain and develop the therapeutic strategy for treating CNS and
neurological diseases.

Keywords: solute carrier (SLC) transporters; blood–brain barrier (BBB); amyotrophic lateral scle-
rosis (ALS); NSC-34 cell lines; taurine transporter (Taut); large amino acid transporter 1 (LAT1);
monocarboxylate transporters (MCTs); organic cation transporters (OCTNs); choline transporter-like
protein-1 (CTL1)

1. Introduction

The solute carrier (SLC) superfamily constitutes more than 65 families and over
400 genes responsible for the influx and efflux of a wide range of molecules such as organic
and inorganic ions, sugars, and amino acids across membranes [1]. These transporters are
mainly facilitative or depend on ion gradient for the transport of substrates [2]. Specifically
for substrates like amino acids, which are building blocks for proteins, the main transporters
involved belong to SLC1, 3 SLC6, 7, and SLC25, 36 subfamilies [3]. The range of specificity
differs even within the family [4], and mutations in about 71 SLC genes are related to
brain diseases. Various SLC transporters have contributed to the identification of diseases
and participate in the specific delivery of drugs and are therefore focused as the major
targets for drug delivery in the treatment of diseases [5]. Brain homeostasis is maintained
with the aid of the blood–brain barrier (BBB) and cerebrospinal fluid (CSF). The BBB
has a complex structure that is made of endothelial cells with tight junctions. Brain
capillaries are responsible for regulating the transport of metabolites and nutrients across
the BBB [6]. About 287 SLC genes have been identified in the brain [7]. SLCs expressed
in the BBB [8] protect the brain from toxins and aid the absorption of essential nutrients
from the blood [9]. In addition, SLCs present in the glia and neurons play important roles
in regulating drug response and brain homeostasis [8]. Hence, attention should be focused
on targeting SLCs for treating brain diseases by targeting the modulation of SLCs for drug
transport, specifically the movement of prodrugs and drugs from the blood to the brain [10].
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Neurodegeneration is a major disorder caused by various factors, including genetic and
environmental aspects such as nutrients [11]. Alteration in SLC polymorphism results
in neurodegeneration by irregularities in the expression of transporters and abnormal
neurotransmission. The SLC families are important targets for the therapeutic drugs
used to treat CNS diseases [12]. Dysfunctions of neurotransmitters are mainly involved
in neurodegenerative diseases. For instance, glutamate in amyotrophic lateral sclerosis
(ALS), gamma-aminobutyric acid (GABA) in schizophrenia and epilepsy, and serotonin in
Parkinson’s disease (PD).

Among motor neuron diseases, ALS is considered to be the most prevalent disorder
resulting in muscle paralysis [13]. ALS cases are mostly sporadic, accounting for 90%,
whereas familial cases are about 5–10% [14]. Mutation in the superoxide dismutase -
1 gene (SOD1), TAR-DNA binding, chromosome 9 open reading frame 72, and fused
sarcoma are the main causes of familial ALS [15]. Pathophysiological processes in ALS
involve glutamate excitotoxicity, mitochondrial and axonal transport dysfunction, and
increased oxidative stress. For the treatment of ALS, riluzole, an FDA-approved drug,
works by reducing glutamate release, which is proposed to be mediated by an increase in
the transporter SLC1A3, which removes glutamate from synapses, resulting in decreased
glutamate levels [16,17]. In addition to this, in astroglial cells, riluzole has been shown
to enhance the uptake of glutamate through elevating the SLC1A1 levels, which is an
excitatory amino acid transporter [12]. Further earlier reports have shown that glutamate
levels were decreased via decrease in the glutamate receptors GLT1 isoform in sensory
and motor cortex in sporadic ALS patients [18]. A member of mitochondrial carrier family
SLC25A20 has a role in transportation across the mitochondrial inner membrane, and
the possible mechanisms in ALS are reported as maintaining calcium homeostasis, ATP
production and mitochondrial apoptosis regulation [19].

The exact mechanism of the ALS is unknown, therefore a set of in vitro and in vivo
experimental models are being used to validate how the mutation in the SOD1 gene leads to
injury of the motor neuron [20]. In ALS mice, altered levels of amino acids have been shown
in the spinal cord (lumber) in comparison with the control type (WT) mice [21]. Therefore,
we conducted a series of research works to find the alteration in the transport of amino
acids and acidic and basic drugs in ALS model cell lines, and find out the main transporters
involved for the transport of those compounds. In our previously published work, we
have used NSC-34 cell lines, which are also known as hybrid cell lines produced by the
fusion of motor neurons in the spinal cord and neuroblastoma [22]. NSC-34/SOD1 G93A,
a mutant cell line (MT), has an overexpression of human SOD1 gene mutation due to the
substitution at the 93 position of glycine with alanine [23]. NSC-34/SOD1 WT wild type
(WT) is considered as the control. In our research work, we have compared the MT cell
line with the WT cell line and together referred to them as ALS model cell lines. The
procedure for the uptake in NSC-34 cells has been described in earlier studies [24,25].
Another cell model used in our previous research work is a BBB in vitro model. Various
compounds have different structural properties [26], therefore it is of prime importance to
study the transporters, which are able to mediate the permeability of drugs across blood to
the brain [27]. BBB dysregulation causes increased permeability and leads to disease like
Alzheimer’s disease (AD), ischemia and epilepsy. It is still unknown how the dysregulated
BBB affects these various disorders. Animals served as the subject of early research on
the BBB’s function in neurological illness and method for allowing the entry of medicinal
substances [28]. Parallel artificial membrane permeability assay (PAMPA), which was
developed by Kansy et al., has been studied for the transport of drugs to the brain [29].
However, PAMPA offers information regarding only passive diffusion, whereas it remains
unaffected by the mechanisms including metabolism and active transport [30]. In our
study, we have selected conditionally immortalized rat brain capillary endothelial cell lines
(TR-BBB cells), which were established by harboring large T-antigen (temperature sensitive
simian virus 40) from the transgenic rats [27]. The advantage of TR-BBB cell lines that
possess the solute carrier transporters is that they help in determining the active delivery
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of drugs. The procedure for the culture and uptake the study has been descried earlier [31].
In addition, primary and immortalized brain microvascular endothelial cell lines (BMECs)
have also been commonly used models for the study of drug delivery to brain [32].

Transporters for the amino acids have potential importance in the uptake of nutrients,
signaling of cells, recycling of neurotransmitters, and expression of genes and maintain
cell homeostasis [33]. The scope of the SLC transporters in brain and neurodegenerative
diseases is broad, and beyond the scope of this paper; however, in this study, we intend
to provide the overview of different transporters involved in the transport of amino acids,
essential nutrients, and acidic and basic drugs in ALS model cell lines and TR-BBB cells. In
this review, we have selected small amino acids such as alanine-serine-cysteine-threonine 1
(ASCT-1/Slc1a4) and alanine-serine-cysteine-threonine 2 (ASCT-2/Slc1a5) for the trans-
port of L and D serine, respectively, taurine transporter (TauT/Slc6a6), large amino acid
transporter 1 (LAT1/Slc7a5) for the transport of neutral amino acids for instance, and
citrulline and cationic amino acid transporter (CAT1/Slc7a1) for the transport of basic
amino acids such as arginine. In addition, we gave insight into the monocarboxylate
transporters 1 (MCT1/Slc16a1) in the BBB, sodium-coupled monocarboxylate transporters
(SMCT1/Slc5a7) in ALS for the transport of acidic drugs such as 4-phenylbutyrate (PBA),
organic cationic transporters (OCTN1/Slc22a4 and OCTN2/Slc22a5) for the transport of
carnitine in ALS cell lines, and OCTN2 for the transport of acetyl-L-carnitine (ALCAR) in
TR-BBB cells. Choline transporter 1 (CHT/Slc5a8) and choline transporter-like protein-1
(CTL1/Slc44a1) in the BBB and ALS cell lines. Further, we have mentioned the effect of the
inhibition of therapeutic drugs for ALS on the uptake rate of citrulline/LAT1 or valproic
acid/SMCT1 transporters.

2. Slc1a4/ASCT1 and Slc1a5/ASCT2 Transporter in Motor Neuron Disease

As reported by an earlier study, ASCT1 is a potential transporter for L- and D- serine
in astrocytes; in addition, it also acts as a shuttle for the transport of serine along the
neuron and glia [34]. ASCT1 is marked as the obligatory exchange transporter and has
advanced kinetics in comparison to the one-directional transporters for amino acids [35].
ASCT2, which is known as the transporter for neutral amino acids, also belongs to the SLC1
family, and it is found in numerous body sites localized in the plasma membrane [36]. An
N-methyl-D-aspartate (NMDA) receptor co-agonist [37], D-serine, plays a role in several
pathophysiological activities including neurotoxicity, neurotransmission and the formation
of memory [38]. The relation between the D-serine and ALS was revealed by the findings
of abnormal concentration levels of D-serine, which were shown in the mutant SOD1G93A

mouse and sporadic form of ALS [39,40]. The possible mechanism for the alteration in the
level of serine has been reported as perhaps being deletion or mutation of the D-amino
acid oxidase (DAO) gene [41]. For a clear understanding, the serine uptake in ALS model
cell lines has been studied by Lee et al., 2017, and the findings suggest that the uptake of
[3H]D-serine was markedly higher in the MT cells, whereas [3H]L-serine was higher in
the WT cells. The kinetics parameters also elucidate the altered affinity and capacity. In
case of [3H]D-serine, the affinity was higher in the MT cells as compared to WT; however,
the affinity for [3H]L-serine in WT cells were two times lower in MT cells as compared to
WT cells (Table 1). From the same study, it was revealed that ASCT1 was involved in the
transport of [3H]L-serine, whereas ASCT2 transporter was involved for the transport of
[3H]D-serine [42]. The altered levels of transporters were found via immunoblots in the
transgenic ALS mice as compared to the non-transgenic mice [43].
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Table 1. Kinetic parameters analysis of various transporters in BBB and ALS model cell lines.

Transporters
(Substrate)

Affinity
(mM)

Velocity
(nmol/mg Protein/min)

BBB WT MT BBB WT MT

ASCT1 (L-Serine)
a – 0.061 ± 0.004 0.0308 ± 0.0021 – 1.94 ± 0.01 1.69 ± 0.07

ASCT2 (D-Serine)
a – 11.3 ± 1.3 21.1 ± 3.0 – 39.5 ± 1.4 41.5 ± 2.0

LAT1 0.031 ± 0.001 1.48 ± 0.21 0.670 ± 0.050 0.185 18.3 ± 2.9 10.9 ± 0.8
(Citrulline) b,c 0.0017 ± 0.0004 – – 0.0032 – –

CAT1 – 0.013 ± 0.005 0.30 ± 0.11 *** – 0.012 ± 0.006 0.47 ± 0.15 **
(Arginine) d 3.51 ± 1.73 1.98 ± 1.10 – 3.30 ± 1.62 1.42 ± 1.30

MCT1 (PBA) e 13.4 ± 2.9 – – 4.16 ± 0.55 – –
SMCT1 (PBA) f – 0.514 ± 0.068 0.314 ± 0.031 – 0.562 ± 0.035 0.109 ± 0.046

2.66 ± 0.19 7.69 ± 0.44 – 2.66 ± 0.19 4.17 ± 1.38
OCTN2 (ALCAR)

g 0.054 ± 0.009 – – 1.07 ± 0.05 – –

OCTN1/2
(Carnitine) h – 0.0019 ± 0.0003 0.0020 ± 0.0003 – 0.00030 ± 0.0001 0.00019 ± 0.00003

– 0.994 ± 0.034 0.374 ± 0.089 *** – 0.259 ± 0.009 0.062 ± 0.013 ***
CHT (Choline) i 0.020 – – 0.019 – –

0.210 – – 0.167 – –

The kinetic parameters of various transporters in the BBB and ALS model cell lines. a,b,c,d,e,f,g,h,i These data points
were retrieved from the previously published articles [25,42,44–50]. In front of each transporter, the upper row
shows the high affinity site, and the lower row represents the low affinity site, respectively. ** p < 0.01, and
*** p < 0.001 represent significant differences from the respective WT.

3. Slc6a6/TauT Transporter in the BBB and ALS

Taurine transporter (TauT), a member of the SLC 6 family, and a sodium and chloride
dependent transporter, Slc6a6, play an important role in taurine transport [51]. Taurine
possesses osmoregulatory and antioxidant effects that help maintain homeostasis [52]. The
brain controls the neuronal release of taurine in response to ischemia [53]. A previous
study reported elevated taurine levels in the hippocampal slices under conditions of hypo-
glycemia and ischemia [54]. Our earlier study demonstrated that taurine transport activity
at the BBB was reduced in hypertensive rats compared to the normotensive control rats [55].
Previous research has also shown that taurine, a sulfur-containing β-amino acid, plays
an important role as a neuromodulator and neuroprotective agent against excitotoxicity
and oxidative stress. Radiolabeled [3H]taurine is transported by TauT/Slc6a6 in rat brain
capillary endothelial cells (TR-BBB13) [56]. Another research has shown that Slc6a6 uses
GABA as a substrate, and this transport system seems to be present at the inner blood–
retinal barrier [51]. The kinetic parameters of taurine have been studied in cultured bovine
brain capillary endothelial cells (BCECs), and the [3H]taurine uptake has shown the activity
of transporters at both membranes luminal and antiluminal of BCECs. Saturable taurine
transport showed high affinity and low capacity systems, Michaelis-Menten constant (Km,
affinity); 12.1 ± 0.5 µM and velocity (Vmax); 4.32 ± 0.05 nmol/30 min/mg protein, for
the luminal uptake, whereas, Km; 13.6 ± 2.4 µM and Vmax; 2.81 ± 0.02 nmol/30 min/mg
protein, for antiluminal uptake of [3H]taurine [57].

The role of taurine in ALS has been demonstrated in a previous study. The immune
reactivity of TauT was increased in the spinal cord of transgenic ALS mice (Male transgenic
ALS mice are the MT SOD1 (G93A) expressing H1 high strain mice) in a pattern similar
to that of the motor neurons of ALS patients [58]. Due to the increase in the taurine and
TauT levels in the motor neurons of ALS, it was hypothesized it might be due to an increase
in the uptake of taurine by the neurons. Therefore, the uptake study was performed in
ALS model cell lines, and the data showed a time-dependent uptake of [3H]taurine, where
the uptake was markedly higher in the MT cell line as compared to the WT cell (Figure 1).
Further, the mRNA expression of TauT was higher in the MT cell line in comparison to
WT [21].
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Figure 1. Reproduced from Jung et al., Molecular Neurobiology, 2013 [21]. (A) Uptake of [3H]taurine
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Heat shock factor-1 (HSF1) mediated expression of TauT showed a compensatory
effect against oxidative stress, which is considered the key factor in ALS pathogenesis. It
has been concluded that TauT is one of the key markers for diagnosing stress in motor
neurons, and the regulation of Slc6a6 may slow the process of neurodegeneration [21].
Additionally, the role of taurine was also studied against glutamate neurotoxicity, and the
results showed that taurine protected the neurons from glutamate-induced injury; hence,
taurine was considered valuable for use in ALS clinical trials [59].

4. Slc7a5/LAT1 Transporter in the BBB and ALS

The SLC7 family includes 15 members; two are pseudogenes, and the remaining
13 are divided into subgroups—the cationic amino acid transporters (CATs) and light
subunits of LATs [60]. LAT1, associated with the SLC7 family, belongs to the amino acid-
polyamine-organo cation (APC) superfamily [61]. SLC7a5 is responsible for the transport of
amino acids and forms a heterodimer with glycoprotein SLC3A2 via a disulfide bond [62].
LAT1 is one of the important proteins responsible for the growth and development of
cells because of its key role in the distribution of essential amino acids, especially in the
placenta and BBB [63]. Neutral amino acids such as citrulline, a precursor of L-arginine [64],
have been found to protect and prevent neuronal death and cerebrovascular injury. The
role of citrulline in preventing cerebrovascular injury in the hippocampus was due to the
regulation of endothelial nitric oxide (eNOS) [65]. Citrulline is transported in various
cells such as neural cells [66], intestinal cells, macrophages [67], and bovine aortic smooth
muscle cells [68] by different transport systems [44]. Citrulline delivery to the brain by LAT1
provides neuroprotection against cerebrovascular diseases. In the TR-BBB, the transport of
[14C]citrulline through the BBB was carried by Slc7a5/LAT1 [44]. In addition, a previous
study on ALS model cell lines reported that [14C]citrulline was mediated by Slc7a5/LAT1
transporter In a similar manner, the roles of essential amino acids such as tryptophan in
both the BBB and ALS model cell lines have been studied, and the findings suggested that
LAT1 was also involved in the transport of [3H]tryptophan [69].

A previous study on [14C]citrulline transport in the BBB showed that two saturable
processes are involved in the transport, and the results showed that at high affinity site,
higher affinity and capacity, whereas at a low affinity site, there was a lower affinity and
capacity in the TR-BBB cell lines [44]. Another study has reported that in the BBB, LAT1
exhibits Km values 1–10 µM for high affinity and 10–100 µM for low affinity [70]. Similarly,
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the kinetic parameters of [14C]citrulline in ALS have also been studied. The data showed
that the high affinity and low capacity transport systems were involved in the MT compared
to the WT [45]. These results are summarized in Table 1 and show that two affinity sites
were involved in the BBB, whereas a single saturable process was involved in the ALS
model cell line.

Reportedly, the hallmarks of ALS include oxidative stress and glutamate excitotox-
icity [71]. Riluzole acts as a glutamate inhibitor and drug for the treatment of ALS. In
addition, edaravone, known for its antioxidant effect, has recently been approved for ALS
treatment [72]. Therefore, we aimed to compare the inhibitory effects of drugs on the SLC
transporters such as LAT1 and SMCT1 substrate uptake from our previously published
articles. In the ALS model cell lines, riluzole inhibited the uptake of [14C]L-citrulline in
a concentration-dependent manner. A previous study reported no inhibition at 0.2 mM,
whereas a significant inhibition was observed at 0.5 mM in both NSC-34 cell lines [45] (Ta-
ble 2). Additionally, L-dopa, an L-system substrate and drug used for Parkinson’s disease,
significantly inhibited citrulline uptake, showing the involvement of the LAT1 transporter
in the transport of L-dopa in ALS cell lines. Furthermore, a previous study has shown in the
Lineweaver–Burk plot analysis the competitive inhibition of citrulline with L-dopa. These
findings indicated that L-dopa and citrulline compete for the same binding site, LAT1 [45].

Table 2. Inhibition effect of therapeutics of ALS on the uptake rate of transporters substrate in ALS
model cell lines.

Drugs
(% of Control)

Conc.
(mM)

LAT1
(14C-Citrulline) a

SMCT1
(3H-VPA) b

WT MT WT MT

+L-Dopa 0.5 32.8 ± 2.7 *** 36.8 ± 12.0 *** – –
+Riluzole 0.5 72.6 ± 3.4 ** 80.0 ± 1.2 ** – –

+Ibuprofen 10 – – 22.3 ± 1.5 *** 33.5 ± 1.0 ***
+PBA 10 – – 43.1 ± 2.2 *** 56.6 ± 3.0 ***

+Edaravone 10 – – 67.3 ± 7.6 ** 68.6 ± 6.3 **

The percentage of inhibition on each transporter substrate uptake of drugs in NSC-34 cell lines. a,b Data points
were taken from our earlier published articles [45,73]. ** p < 0.01, and *** p < 0.001 represent significant difference
from the respective control. VPA (valproic acid), PBA (4-phenylbutyric acid).

5. Slc7a1/CAT1 Transporter in Motor Neuron Disease

The SLC7 family is subdivided as LATs and cationic amino acid transporters (CATs) [74].
For the transport of basic amino acids including lysine, arginine, and histidine Slc7a1 (CAT1)
is mainly involved. Arginine has shown its potential role in the ALS by increasing the flow
of blood resulting in the synthesis of protein and generation of α-ketoglutarate [75]. The
scarcity of arginine makes neurons prone to excitotoxicity, and the addition of arginine
has shown motor neuron protection against glutamte excitotoxicity [14]. A previous study
on the transport of [3H]L-lysine has shown that CAT1 (system y+) was responsible for the
transport of lysine in the ALS model cell line [24] and also across the BBB [76]. L-Arginine,
a cationic amino acid, has important role in the pathogenesis of ALS [75] and has shown a
potential role in enhancing the skeletal muscle growth and improving the glucose metabolic
dysfunction [77]. The uptake of [3H]L-arginine was found to be concentration-dependent
in ALS model cell lines, and the kinetics revealed that in the MT cell line, the affinity
was lower and capacity was higher at a high affinity site, whereas at a low affinity site
there was no significant difference between WT and MT cell lines, as shown in Table 1.
According to the differential relative contribution study, it was shown that the system
y+ (CAT1) mainly mediates the transport of [3H]arginine in ALS cell lines [46]. Similar
patterns of results were shown in the inner blood–retinal barrier, showing the transport
of arginine by carrier-mediated transporters [78]. Furthermore, the basic drugs, including
quinidine, which is known for its antiarrhythmic actions, and verapamil, a calcium channel
blocker, have shown the inhibitory effect of the transport of arginine in ALS model cell
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lines. Quinidine showed competitive inhibition with the Ki value of 0.64 mM in the disease
model of ALS, showing that it competes with arginine for the same binding site and shared
the same transporter, i.e., CAT1 in ALS model [46].

6. Slc16a1/MCT1 and Slc5a8/SMCT1 Transporters in BBB and ALS

MCTs play a vital role in cellular metabolism and energy pathways in several tis-
sues [79]. The SLC16 family, which expands over 14 sub-members, is widely expressed
in various organs such as the kidneys, heart, liver, adipose tissue, and brain [80]. In
pathology and physiology, the commonly expressed and well-characterized members of
the SLC16 family are Slc16a1/MCT1, responsible for the transport of pyruvates, ketones,
and lactates, and Slc16a7/MCT2 and Slc16a3/MCT4 [81]. Genetic and metabolic studies
have been linked to Slc16a1, and various mouse models have been developed to study
the link between disease and transporter functions [82]. PBA, a short-chain fatty acid and
histone deacetylase inhibitor, is involved in the treatment of various diseases [47]. Our
previous study on the BBB has indicated the expression of MCTs, including rMCT1, 2,
and 4. However, we observed that MCT1/Slc16a1 was the main transporter in [14C]PBA
transport to the brain across the BBB [47]. Additionally, [14C]PBA transport characteristics
and transporters involved have been studied in ALS cell lines, and the results indicated
that sodium-coupled MCT1 (SMCT1/Slc5a8) and MCT1 both help [14C]PBA transport to
NSC-34 cell lines [48].

[14C]PBA transport by TR-BBB showed that the transport was concentration-dependent,
and the Michaelis–Menten constant demonstrated that the carrier-mediated transport of
PBA was pH-dependent, with the Km four times higher at pH 7.4 than the Km at pH 6.0.
In contrast, Vmax was five times lower at pH 7.4 than pH 6.0 (Table 1) [47]. In addition,
transport kinetics of [14C]PBA in ALS model cell lines showed the two affinity sites with
altered affinity and capacity. At the high-affinity site, the capacity was five times lower in
the MT than in the WT, whereas, at the low-affinity site, affinity was three times lower in
the MT than in the WT [48] (Table 1).

Conversely, our previous study on valproic acid (VPA) has shown the neuroprotective
effects of VPA in the ALS disease model. The study data suggested that the transporter
SMCT1 was commonly involved in mediating the transport of VPA in NSC-34 cell lines [73].
Transport of [3H]VPA in ALS cell lines was concentration-dependent, and the saturation
kinetic parameters demonstrated two affinity sites. MT possessed significantly higher
affinity and capacity than the WT at the high-affinity site, whereas, at the low-affinity site,
MT showed lower capacity than WT. In the brain endothelial and intestinal epithelium the
affinity for VPA ranged between 0.6–0.8 mM [83], that is likewise the Km value in NSC-34
cell lines. Other SMCT carried monocarboxylates exhibited the Km value between 0.07–6.5
mM that is also comparable to motor neuronal cell lines [84]. Ibuprofen, a strong inhibitor
of SMCT1 and an anti-inflammatory agent, significantly inhibited [3H]VPA uptake at the
concentration of 10 mM in WT and MT (Table 2). In addition, PBA, a substrate of SMCT1,
also strongly inhibited the transport of VPA in ALS cell lines, suggesting that they both
utilize the same transporter system, SMCT1. Furthermore, edaravone, an organic anion
transporter (OAT) substrate and a drug for ALS treatment, significantly inhibited [3H]VPA
uptake up to about 68% inhibition at 10 mM in both cell lines [73] (Table 2). A previous
study on half maximal inhibitory concentration (IC50) analysis in MT revealed that high
edaravone concentration is required to reach 50% inhibition [73]. These results indicated
that drugs like ibuprofen, PBA, and edaravone possibly use the transporter SMCT1 and
inhibit [3H]VPA uptake.

7. Slc22a4/OCTN1 and Slc22a5/OCTN2 in BBB and ALS

Lee et al., 2012, have studied the transport properties of acetyl-L-carnitine (ALCAR) in
the BBB [49]. In the brain, kidney, liver and intestine, ALCAR is produced from carnitine
and acetyl coenzyme A. Various physiological effects of ALCAR have been studied in the
brain mainly, where ALCAR helps in the transmission of numerous neurotransmitters,
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morphology of synapsis, brain energy modulation and as a neurotrophic factor [85]. It has
been shown that [3H]ALCAR transport in TR-BBB cells was carried by OCTN2. Expression
of OCTN2 in the cells confirm the involvement of OCTN2 in TR-BBB cells. Another study
has reported that OCTN2 in the brain and astrocytes are responsible for the transport of
ALCAR and L-carnitine [86]. The kinetic parameters from the concentration dependent
uptake study in TR-BBB cells showed that a single transport system is involved for the
uptake of ALCAR (Table 1). Earlier research on L-carnitine has shown the involvement of
both OCTN1 and OCTN2 in the transport of carnitine in motor neuron NSC-34 cell lines [25].
Another study has shown that the administration of the energy metabolizing entity L-
carnitine to neuronal cells in human has increased neuronal mitochondrial functions and
thus has a role in preventing the pathological conditions related to ALS disease [87].
The concentration-dependent uptake of [3H]L-carnitine in ALS model cell lines exhibits
saturable processes and two affinity sites. The data shown in Table 1 indicated that in MT,
the cell affinity is higher and the capacity is lower, which is significantly different from
the WT cell line at a low affinity site [25]. An animal study of juvenile visceral steatosis
(JVS) disease mice has shown the reduced transporter activity due to the reduced capacity,
which supports the findings in NSC-34 cell lines [88]. Additionally, the study in neural cells
have shown the high affinity for carnitine transporters [89]. From Table 1, it is concluded
that ALCAR exhibit a single affinity site in TR-BBB cells, whereas L-carnitine possesses two
affinity sites in ALS model cell lines. Additionally, various pharmacological compounds
such as quinidine, pyrilamine, diphenhydramine (DPH) and metformin have shown the
significant inhibitory effect of the uptake of carnitine in ALS model cell lines. The organic
cationic compounds showed competitive inhibition with L-carnitine, showing they compete
for the same binding sites [25]. In addition, it has been reported that the OCTN2 transporter
showed a high affinity, whereas OCTN1 showed a low affinity for the carnitine [90]. A
human study has shown that the mutations in OCTN2 results in a deficiency of carnitine
and resulted in muscle weakness and cardiomyopathy [91]. Furthermore, L-carnitine
showed significant inhibition on the uptake of [3H]paeonol in ALS model cell lines. The
OCTN1 and PMAT transporters showed altered behavior in the disease model of ALS in
the uptake of paeonol [92].

8. Slc5a7/CHT in the BBB and Slc44a1/CTL1 in Motor Neuron Disease

Choline is an essential nutrient and hydrophilic cationic compound for plasma cell
membrane synthesis [93]. It is an important neurotransmitter for cholinergic neurons that
release acetylcholine (ACh) for the sympathetic and parasympathetic systems [94]. For
the uptake of choline, various transport systems are involved depending on the affinity
of choline. A high affinity, hemicholinium-3, and sodium dependent choline transporter
(CHT1) has the rate limiting role for the synthesis of ACh [95]. Mutations in this transporter
result in neurological diseases including depression and AD [96]. Another intermediate
affinity transporter include choline-like transporters (CTLs). CTL1 is a member of the
broader Slc44a1-5 family [97]. Choline transport for membrane phospholipids synthesis is
carried by CTL1/Cdw92/Slc44a1 and is considered a major contributor to the family [98].
Reportedly, the homologous CTL1 genes were found in rats, mice, and humans [99–101]. In
the mitochondria and plasma membrane, CTL1 is a choline /H+ antiporter [102]. The exact
role and function of CTL2/Slc44a2 are not well known; however, it is indirectly involved in
phosphatidylcholine synthesis [103]. Choline scarcity affects various processes, including
the expression of genes involved in cell differentiation, apoptosis, and proliferation. In
addition, low affinity organic transporters (OCTs) are also responsible for the transport
of choline [104]. Research has shown that OCT1 as well as OCT3 expression increases
the uptake of choline in in Xenopous oocytes [105]. The abnormal metabolism and trans-
portation of choline are involved in neurodegenerative disorders like PD and AD [98]. In
hypertensive rats, the alteration in the function of the choline transport system has been
reported, and the change in choline transport activity is of prime physiological importance
as the brain is incapable of producing choline de novo [104].
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A previous in vivo choline study via a carotid artery injection and isolated brain
capillaries via an in vitro technique has shown that choline transport was implicated
by a carrier-mediated system in the BBB. Our previous study in the rat conditionally
immortalized syncytiotrophoblast cell line (TR-TBT) provided an analysis of the various
choline transporters, and the results demonstrated CTL1 expression in TR-TBT cells. In
addition, CHT and CTL1 were expressed in the rat brain and placenta (Figure 2A) [93].
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Figure 2. Relative expressions of transporters in ALS model cell lines. The data in (A) was retrieved
and analyzed from the earlier published study by Lee et al., Placenta, 2009 [93]. (B) Determination of
rCHT1 and rOCT2 in TR-BBB cells. This data is retrieved from our previous research by Kang et al.,
Archives of Pharmacal Research, 2005 [106]. (C) CTL1 mRNA expression levels were determined
using quantitative RT-PCR analysis and normalized to the internal control GAPDH in ALS model cell
lines. Each value represents the mean ± SEM. (n = 3–4). * p < 0.05 indicates a significant difference
with respect to the WT control.

Further, in our previous study on TR-BBB cell lines, CHT1 was expressed in the brain,
whereas OCT2 was expressed in the brain and TR-BBB (Figure 2B) [50]. CTL is the main
transporter for the transport of choline in ALS model cell lines and showing the relative
lower expression of CTL1 in MT as compared to WT. Additional studies have reported
that choline transport was carried by CTL1 in the mouse neurons primary cultures and rat
astrocytes and carcinoma lung cells [106,107].

Reportedly, choline uptake varies due to the differences in the transporter family
involved and its sodium dependency and distribution in tissues [108]. Further, the ki-
netic parameters of [3H]choline transport in the BBB were retrieved from our previously
published article. The data presented in Table 1 indicated that carrier-mediated saturable
processes are involved in the uptake rate of choline in the BBB. At the high affinity site, the
affinity was higher and the capacity was lower as compared to the lower affinity site (Ta-
ble 1) [109]. In TR-BBB cell lines, in vitro [3H]choline uptake was concentration-dependent,
and the Eadie–Hofstee plot showed a straight line, indicating a single saturable process
with Km (26.2 µM) and Vmax (397 pmol/mg protein/min) [50]. In addition, another study
demonstrated that choline transport in the brain and spinal cord was carried by CHT1 in a
sodium-dependent manner and possessed Km ranging from 0.5 to 3 µM [110]. Furthermore,
an organic cation, choline, in multiple tissues has been reported to be transported by CTL1
in a sodium-independent manner, and the Km values varied from 10–50 µM [111].

A previous study on the transport of choline through TR-BBB cell lines has illustrated
the inhibitory effect of basic drugs, including choline, hemicholinium-3, a choline analog,
and α-phenyl-n-butyl nitrone (PBN); the study results showed that these drugs inhibited
choline uptake in TR-BBB cells and exhibited IC50 of 9.40 µM, 37.2 µM, and 1.20 mM,
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respectively (Figure 3A). In ALS model cell lines, the inhibitory effect of pharmacological
drugs, including amiloride and DPH, was studied. IC50 was calculated as 1.04 µM for
amiloride, and 61.0 µM for DPH. These drugs showed inhibition in a dose–response manner
in the MT cell line (Figure 3B).
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[113]. It must be noted that the inhibitory concentrations varied according to the cell type 
and concentrations. 

9. Concluding Remarks 
Overall, in this review, the representative transporters, which are related with the 

transport of amino acids including small amino acid, large neutral amino acids, basic 
amino acids, as well as acidic drugs including PBA and VPA and essential nutrients such 
as choline and carnitine in BBB and ALS model cell lines. Affinity and capacity plays im-
portant role in understanding the transport ability of compounds into the cells. Therefore, 

Figure 3. Inhibitory effect of drugs in a dose–response manner. (A) Inhibition of choline uptake
inhibition by choline, hemicholinium-3, and α-phenyl-n-butyl nitrone (PBN) in TR-BBB cells. These
data were retrieved and analyzed from the earlier published study by Kang et al., Archives of
Pharmacal Research, 2005 [106]. (B) Half inhibitory concentrations (IC50) were analyzed either in the
presence or absence of diphenhydramine (DPH), and amiloride at concentrations of 0–2 mM at pH
7.4 and 37 ◦C on [3H]choline uptake in the ALS disease model cell line (MT). Data are represented as
the mean ± S.E.M (n = 3–4).

Lower concentrations varying from 0.001 to 3 mM of these drugs were required
to show inhibition of [3H]choline uptake by half in the ALS disease model cell lines.
Amiloride was the most sensitive drug in the ALS model cell line to achieve the maximal
half concentration, whereas choline inhibition showed the most sensitivity in the TR-BBB
cell line. A previous study on muscle cell lines involving the H1 receptor antagonist, DPH,
showed the inhibition of histamine receptors, and the estimated IC50 value, 1.01 µM, helped
control the intracellular calcium [112]. Another study reported the IC50 of amiloride for
the inhibition of calcium channels as 30 µmol/L in the mouse neuroblastoma [113]. It
must be noted that the inhibitory concentrations varied according to the cell type and
concentrations.

9. Concluding Remarks

Overall, in this review, the representative transporters, which are related with the
transport of amino acids including small amino acid, large neutral amino acids, basic amino
acids, as well as acidic drugs including PBA and VPA and essential nutrients such as choline
and carnitine in BBB and ALS model cell lines. Affinity and capacity plays important role in
understanding the transport ability of compounds into the cells. Therefore, we compared
the kinetic parameters obtained in BBB and ALS cell lines. In the BBB, affinity of LAT1 is
very high, but capacity is very lower than ALS cell lines. L-Arginine transported by CAT1 in
ALS cell lines, showed low affinity and higher capacity in MT cell line. Taurine levels were
altered in the transgenic ALS mice, in addition to this, the uptake of [3H]taurine was higher
in the disease model as compared to the control. It was concluded that increase in the levels
of taurine might be due to increase in the TauT levels in the disease model cell line. TauT
modulation might delay the neurodegeneration and is considered to be a novel biomarker
for ALS. PBA was transported across the BBB by MCT1; however, in addition to MCT1,
PBA transport in ALS cell lines was mediated by SMCT. L-Carnitine was transported by
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OCTN1/2 in ALS cell lines whereas its acetylated form ALCAR transport was mediated
by OCTN2 in TR-BBB cells. CHT1 was the main transport for choline across the BBB;
however, no CHT1 expression was observed in ALS cell lines. CTL1 is responsible for
choline transport in NSC-34 cell lines. In addition, IC50 evaluation of basic drugs showed
that choline in BBB and amiloride were the most sensitive in ALS cell lines. Additionally, it
is shown that the therapeutics for ALS such as riluzole and edaravone can be transported by
LAT1 or SMCT1, respectively, in ALS cell lines. In conclusion, ALS is a devastating neuronal
disease and need of hour is to find the possibilities to cure and alleviate the symptoms
related to ALS. Hence, adequate knowledge of transporter involvement will be beneficial in
delivering novel drugs in ALS. Comprehending the concept of SLC transporters involved
in the transport of compounds will aid the development of new drugs and their delivery in
brain and motor neuron diseases.

Author Contributions: Conceptualization, funding acquisition, Y.-S.K.; investigation, Y.-S.K. and S.L.;
analysis, data curation, and interpretation S.L. and Y.-S.K.; supervision and visualization, Y.-S.K.;
writing—original draft, S.L.; writing—review and editing, Y.-S.K. All authors have read and agreed
to the published version of the manuscript.

Funding: This study was supported by the National Research Foundation of Korea (NRF), Korea
Government (No. 2019R1F1A1044048) granted to YSK.

Informed Consent Statement: Not applicable.

Data Availability Statement: All data were included in this study.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Hediger, M.A.; Romero, M.F.; Peng, J.-B.; Rolfs, A.; Takanaga, H.; Bruford, E.A. The ABCs of solute carriers: Physiological,

pathological and therapeutic implications of human membrane transport proteins. Pflug. Arch. Eur. J. Physiol. 2004, 447, 465–468.
[CrossRef] [PubMed]

2. Lin, L.; Yee, S.W.; Kim, R.B.; Giacomini, K.M. SLC transporters as therapeutic targets: Emerging opportunities. Nat. Rev. Drug
Discov. 2015, 14, 543–560. [CrossRef]

3. Bröer, S. Apical transporters for neutral amino acids: Physiology and pathophysiology. Physiology 2008, 23, 95–103. [CrossRef]
[PubMed]

4. Fotiadis, D.; Kanai, Y.; Palacín, M. The SLC3 and SLC7 families of amino acid transporters. Mol. Asp. Med. 2013, 34, 139–158.
[CrossRef] [PubMed]

5. Hopkins, A.L.; Groom, C.R. The druggable genome. Nat. Rev. Drug Discov. 2002, 1, 727–730. [CrossRef]
6. Zaragozá, R. Transport of amino acids across the blood-brain barrier. Front. Physiol. 2020, 11, 973. [CrossRef] [PubMed]
7. Hu, C.; Tao, L.; Cao, X.; Chen, L. The solute carrier transporters and the brain: Physiological and pharmacological implications.

Asian J. Pharm. Sci. 2020, 15, 131–144. [CrossRef] [PubMed]
8. Li, Q.; Zhou, T.; Wu, F.; Li, N.; Wang, R.; Zhao, Q.; Ma, Y.M.; Zhang, J.Q.; Ma, B.L. Subcellular drug distribution: Mechanisms and

roles in drug efficacy, toxicity, resistance, and targeted delivery. Drug Metab. Rev. 2018, 50, 430–447. [CrossRef]
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Abstract: A proton-coupled organic cation (H+/OC) antiporter working at the blood–brain barrier
(BBB) in humans and rodents is thought to be a promising candidate for the efficient delivery of
cationic drugs to the brain. Therefore, it is important to identify the molecular entity that exhibits this
activity. Here, for this purpose, we established the Proteomics-based Identification of transporter
by Crosslinking substrate in Keyhole (PICK) method, which combines photo-affinity labeling with
comprehensive proteomics analysis using SWATH-MS. Using preselected criteria, the PICK method
generated sixteen candidate proteins. From these, knockdown screening in hCMEC/D3 cells, an
in vitro BBB model, identified two proteins, TM7SF3 and LHFPL6, as candidates for the H+/OC
antiporter. We synthesized a novel H+/OC antiporter substrate for functional analysis of TM7SF3
and LHFPL6 in hCMEC/D3 cells and HEK293 cells. The results suggested that both TM7SF3 and
LHFPL6 are components of the H+/OC antiporter.

Keywords: proton-coupled organic cation antiporter; blood–brain barrier; photo-affinity labeling;
proteomics; SWATH-MS (sequential window acquisition of all theoretical-mass spectra)

1. Introduction

The pyrilamine (PYR)-sensitive proton-coupled organic cation (H+/OC) antiporter
working at the blood–brain barrier (BBB) in humans and rodents is thought to be a promis-
ing candidate for drug delivery, since various psychotropic drugs have cationic forms at
physiological pH, and carrier-mediated transport of such drugs across the BBB is inhib-
ited by lipophilic cationic drugs, such as diphenhydramine (DPH) and imipramine [1].
Furthermore, in vivo brain microdialysis studies of DPH and oxycodone (OXY) revealed
three- to five-fold higher unbound concentrations in the brain interstitial fluid (ISF) than in
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blood [2,3]. A similar influx transport system was found in an in situ mouse brain perfusion
study of nicotine and clonidine (CLO) [4,5], as well as an in vivo study on the transport of
cationic drugs at the blood–retinal barrier (BRB) and in the liver [6,7]. Possible involvement
of a proton-coupled organic cation (H+/OC) antiporter was supported by studies using
hCMEC/D3 cells, an in vitro model cell line of human BBB, as well as conditionally im-
mortalized capillary endothelial cells of rat brain and retina [8–10]. The pharmacological
significance of the H+/OC antiporter was also supported by a pharmacophore model
study designed to predict inhibitors [11]. Interestingly, hybrid molecules constructed by
combining a histone deacetylase (HDAC) inhibitor or non-steroidal anti-inflammatory drug
(NSAID) with an H+/OC antiporter substrate showed increased blood–brain barrier (BBB)
permeability [12,13].

Thus, although the molecular identity of the H+/OC antiporter at the BBB remains
un-clear, it appears to be a promising candidate for the efficient delivery of central nervous
system (CNS)-active drugs into the brain [9,14–17]. Various organic cation transporters, in-
cluding organic cation transporters (OCTs), organic cation/carnitine transporters (OCTNs)
and multidrug and toxin extrusion proteins (MATEs), have been identified, molecularly
cloned and characterized [18], but none of these molecules has transport properties consis-
tent with those of the H+/OC antiporter. The molecular nature of the H+/OC antiporter at
the BBB has remained elusive for at least 30 years. A possible explanation for this would be
that the H+/OC antiporter is a protein complex, not a single protein, and thus might not be
amenable to identification by conventional methods such as the gene level approach with
loss or gain of function.

Since 2000, proteomics technology has been developed and used in a variety of
scientific fields [19], including the identification of receptors by the application of sophis-
ticated crosslinkers [20]. The application of this crosslinking-based proteomics approach
to substrate–transporter interactions have the potential to efficiently identify multiple
constituent molecules of the transporter complex. The photoreactive azide group (one of
the crosslinkers) is small, and therefore, azide modification to the substrate of transporter
would not significantly change the structure of the substrate, making it easier to enter
the transporter’s binding site. Hence, a strategy that combines the use of azide-modified
substrates and proteomic techniques with excellent coverage and accuracy would be useful
for identification of the H+/OC antiporter. We have devised a transporter identification
method based on the strategy in Scheme 1 and named it the “PICK” (Proteomics-based
Identification of transporter by Crosslinking substrate in Keyhole) method. This com-
bines the use of azide-modified transporter substrates with a proteomic technique that
affords excellent coverage and accuracy, and also utilizes inhibitors to increase the speci-
ficity/accuracy of transporter identification.

In the present study, the PICK method was applied for the molecular identification of
the H+/OC antiporter, using azide-pyrilamine (AzPYR) as a photo-affinity probe [21,22].
Candidate proteins selected by the PICK method were taken forward for functional stud-
ies utilizing single and multiple gene knockdown analyses. For final confirmation, we
used cell lines stably expressing the putative transporter components, together with a
newly synthesized H+/OC antiporter substrate, which was confirmed to have appropriate
membrane permeability.
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Scheme 1. Strategy for identification of transporter complex by PICK (Proteomics-based Identifica-
tion of transporter by Crosslinking substrate in Keyhole) method. 
Scheme 1. Strategy for identification of transporter complex by PICK (Proteomics-based Identification
of transporter by Crosslinking substrate in Keyhole) method.
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2. Materials and Methods
2.1. Reagents

Reagents used in this study were purchased from Fujifilm Wako Pure Chemical
Industries (Osaka, Japan) and Sigma-Aldrich Company (St. Louis, MO, USA), unless
otherwise specified. Varenicline tartrate and fluvoxamine maleate were purchased from
Abcam (Cambridge, MA, USA) and Tokyo Chemical Industry (Tokyo, Japan), respectively.

2.2. Cell Culture

hCMEC/D3 cells were kindly provided by Dr. Pierre-Oliver Couraud (Institut Cochin,
Paris, France) under license from INSERM and cultured on rat collagen type I-coated
dishes in EBM-2 medium (Lonza, Basel, Switzerland). HEK293 cells were cultured on poly-
D-lysine-coated dishes in Dulbecco’s modified Eagle’s medium (D-MEM, high glucose;
Thermo Fisher Scientific, Waltham, MA, USA) supplemented with 10% fetal bovine serum,
1% penicillin-streptomycin and NaHCO3 (final concentration; 1.5 g/L). These cells were
maintained in an atmosphere of 95% air and 5% CO2. For details of cell culture conditions
and medium composition, see the Supplementary Materials.

2.3. Uptake Study

Uptake studies with hCMEC/D3 cells and HEK293 cells were performed in accordance
with previous reports [16,17]. Briefly, we seeded hCMEC/D3 cells in collagen I-coated
24-well plates (BD Biosciences, Franklin Lakes, NJ, USA) and HEK293 cells in poly-D-
lysine (Thermo Fisher Scientific)-coated 24-well plates at a density of 4.0 × 104 cells/cm2.
Uptake studies were performed after 3 days. The cells were washed in uptake buffer and
preincubated in fresh uptake buffer for 20 min at 37 ◦C, and then uptake of the compound
was measured at the designated times. Uptake in each experiment was evaluated by
calculating the cell-to-medium (C/M) ratio (µL/mg protein). The amount of protein in
each well was determined with a Micro BCA protein assay kit (Thermo Fisher Scientific).
The drugs and compounds were quantified by an LC-MS/MS system consisting of a
Nexera XR HPLC system (Shimazu, Kyoto, Japan) and a Qtrap 4500 (AB Sciex, Foster
City, CA, USA) mass spectrometer with an electrospray ionization interface in positive ion
mode. Details of the measurement methods and ionization conditions for each drug and
compound are given in the Supplementary Materials.

2.4. Design, Synthesis and Evaluation of Photo-Affinity Probe (Azide-Pyrilamine; AzPYR)

In our program to identify the H+/OC antiporter, we designed AzPYR as a photo-
affinity probe (Figure 1A). Based on the idea that histone deacetylase inhibitor 1 (Figure 1A)
is a relatively slow-reacting H+/OC antiporter substrate [12], we introduced an azide
moiety at the phenyl group of compound 1. UV irradiation (<300 nm) of AzPYR generated
an active phenyl nitrene that binds covalently with the H+/OC antiporter (Figure 1B).
According to the reported procedure for converting an aniline moiety to phenyl azide [23],
we synthesized AzPYR from compound 1 using 2-azido-1,3-dimethylimidazolinium hex-
afluorophosphate (Figure S1, see Supplementary Materials).
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2.5. Crosslinking of AzPYR and Transporter Complex in hCMEC/D3 Cells 
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2.6. SWATH Analysis to “PICK” Candidate Transporter Proteins 
The membrane fractions were isolated from the hCMEC/D3 cells treated as described 

above by using a Minute Plasma Membrane Protein Isolation Kit® (Invent Biotechnolo-
gies). Trypsin digestion of membrane fractions and C18 clean-up were conducted as de-
scribed previously [24]. The cleaned peptide samples were injected into a NanoLC 425 
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Figure 1. (A) Chemical structures of AzPYR and compound 1. (B) Production of the phenyl nitrene
moiety, which forms a covalent bond with the H+/OC antiporter.

To test the binding ability of AzPYR to the H+/OC antiporter, we examined the
inhibitory effect of AzPYR on the antiporter-mediated uptake activity. The uptakes of DPH
(at 1 µM) and PYR (at 5 µM) by hCMEC/D3 cells for 0.5 min were measured at 37 ◦C in the
presence or absence of 0.4 mM AzPYR. For the photo-cross-linking reaction, the cells were
pretreated with AzPYR under UV light for 5 min at 37 ◦C. Unreacted AzPYR was removed
by incubation in the buffer.

2.5. Crosslinking of AzPYR and Transporter Complex in hCMEC/D3 Cells

hCMEC/D3 cells were seeded on plastic dishes. After reaching confluence, the cells
were preincubated in the buffer with or without an H+/OC antiporter inhibitor (fluvoxam-
ine (FLV) or DPH). The cells were treated with 0.1 mM AzPYR in the presence and absence
of inhibitor (0.5 mM FLV or 0.5 mM DPH) for 5 min at 37 ◦C under UV light (302 nm)
generated by a benchtop trans-illuminator (Analytik Jena AG, Jena, Germany), then washed
twice with ice-cold buffer and transferred into PBS (-) with a cell scraper. Cells irradiated
with UV in the absence of AzPYR and inhibitor were also collected as a control. The cell
suspensions were centrifuged at 1000× g for 5 min at 4 ◦C, and the supernatants were
removed. The cell pellets were stored at −80 ◦C until SWATH-MS (Sequential Window
Acquisition of all Theoretical fragment ion spectra-Mass Spectra) analysis. Photoaffinity
labeling of the H+/OC antiporter using hCMEC/D3 cells is illustrated schematically in the
Supplementary Materials (Figure S2).

2.6. SWATH Analysis to “PICK” Candidate Transporter Proteins

The membrane fractions were isolated from the hCMEC/D3 cells treated as described
above by using a Minute Plasma Membrane Protein Isolation Kit® (Invent Biotechnologies).
Trypsin digestion of membrane fractions and C18 clean-up were conducted as described
previously [24]. The cleaned peptide samples were injected into a NanoLC 425 system
(Eksigent Technologies, Dublin, CA, USA) coupled with an electrospray-ionization Triple
TOF 5600 mass spectrometer (SCIEX, Framingham, MA, USA) set up for a single direct
injection. SWATH-MS data were acquired as previously described [25]. Data extraction
from the SWATH chromatogram were processed using the SWATH Processing Micro App
in Peakview (SCIEX) with a 10% false discovery rate threshold as previously described [26].
Unreliable peaks and peptides were removed as described [27]. Briefly, transitions with
a peak area of more than 1000 counts in the control group were extracted. Transitions
whose peak area was >10-fold different between two replicates were removed. Then,
peptides with only one or two transitions were removed. Furthermore, nonspecific and
unreliable peptides were removed by applying in silico peptide selection criteria [27]. For
the remaining peptides, the peak areas at the peptide level were calculated as the average
values after normalizing differences in signal intensity between the different transitions.
Subsequently, the candidate transporter proteins were narrowed down according to steps 4,
5, and 6 shown in the flowchart (Scheme 1). The detailed workflow of the SWATH analysis
is shown in the Supplementary Materials (Figure S3).
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2.7. Functional Screening by Single or Multiple Gene Knockdown

hCMEC/D3 cells were seeded on 24-well plates at a density of 2.75 × 104 cells/well
on the day before siRNA treatment. They were incubated in Opti-MEM I reduced serum
medium (Thermo Fisher Scientific, Waltham, MA, USA) including Lipofectamine RNAi
MAX (Millipore-Sigma, Burlington, NJ, USA) and two kinds of siRNA for one target gene,
each at a final concentration of 5 nM, for 24 h. Then, the medium was changed to EBM-2
medium, and the cells were cultured for a further 48 h without siRNA. As a control group,
the cells were incubated with the same amount of negative control siRNA (Qiagen, Venlo,
The Netherlands) instead of target-specific siRNA. Product information for targeted siRNA
and negative control siRNA is provided in the Supplementary Materials (Table S2).

To confirm knockdown of target genes, total RNA extraction from hCMEC/D3 cells
was performed using NucleoSpin RNA Plus (Macherey-Nagel, Düren, Germany) according
to the supplied manual. Reverse transcription reactions from total RNA to cDNA were
performed with the combination of SuperScript III Reverse Transcriptase (Thermo Fisher
Scientific) and Ribonuclease Inhibitor (TaKaRa Biomedicals, Shiga, Japan). Briefly, 1 µg of
total RNA was mixed with 250 ng of random primer and the supplied dNTPs and incubated
at 65 ◦C for 5 min. The mixture was then mixed with a defined volume of SuperScript
III and Ribonuclease Inhibitor and incubated at 50 ◦C for 60 min and 70 ◦C for 15 min.
PCR was performed using a mixture of 10 ng of cDNA, 5 pmol of sense/antisense primers
and SYBR Select Master Mix (Thermo Fisher Scientific) on a 7500 Fast Real-Time PCR
System (Applied Biosystems) according to the following thermocycling program: 1 cycle
of holding stage at 50 ◦C for 2 min and 95 ◦C for 2 min, 40 cycles of PCR reaction stage at
95 ◦C for 3 s and 60 ◦C for 0.5 min, and 1 cycle of melt curve stage at 95 ◦C for 0.25 min,
60 ◦C for 1 min and 95 ◦C for 0.5 min. Primer sequences are listed in Supplementary
Materials (Table S3). Relative mRNA expression of each target protein was calculated
by the ∆Ct method, corrected for the mRNA expression of TATA-binding protein (TBP;
a house-keeping gene).

2.8. First Validation; Gain-of-Function Analysis Using “Known” Substrates

HEK293 cells expressing transmembrane 7 superfamily member 3 (TM7SF3) and/or
LHFPL tetraspan subfamily member 6 protein (LHFPL6) were generated to assess the
involvement of these molecules in the transport of H+/OC antiporter substrates. pcDNA
TM3.1 (+) vector and pcDNA TM3.1/Zeo (+) vector containing the coding region of TM7SF3
(GenBank accession number: NM_016551.3) or LHFPL6 (GenBank accession number:
NM_005780.3), respectively, were purchased from Genscript (Piscataway, NJ, USA). The
cells were incubated in Opti-MEM I reduced serum medium (Thermo Fisher Scientific)
with the vector and Lipofectamine 3000 (Thermo Fisher Scientific) for 6 h. The medium
was subsequently changed to D-MEM without antibiotics. For transient expression, the
cells were incubated for a further 48 h and used for the uptake experiment. To obtain
stably expressing cells, incubation was continued for another 24 h, and then the cells were
cultured in the medium with antibiotics (400 µg/mL Zeocin and G418) to obtain resistant
cells. These were proliferated, cloned and used for uptake experiments. The mRNA
expression of TM7SF3 and LHFPL6 in HEK293 cells was measured by the quantitative PCR
method described above.

2.9. Second Validation Using a “New” Substrate (Pyrilamine Analogue)

Commercially available 4-bromonicotinate (1) was treated with N,N-dimethylethy
lendiamine in pyridine to obtain the secondary amine (2) [28,29]. Benzyl derivative (3) [12]
was obtained by N-alkylation of 2 with 4-methoxybenzyl chloride, then hydrolyzed and
amidated with ethyl 4-aminobutyrate to obtain 4. The methods and the properties of each
compound are given in the Supplementary Materials (Figure S4). The uptake mechanism
of the pyrilamine analogue was analyzed by uptake study in hCMEC/D3 cells. To examine
the effects of sodium ions and membrane potential on the uptake, NaCl in the uptake buffer
was replaced with LiCl/cholineCl or KCl, respectively. Furthermore, the effect of metabolic
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energy on uptake was evaluated by replacing glucose in the uptake buffer with non-
metabolizable 3-O-methyl-glucose and adding 0.1% NaN3. The influence of intracellular
pH was evaluated by adding 30 mM NH4Cl to the uptake buffer. For acidification of
intracellular pH, NH4Cl was included from the preincubation stage; for alkalinization,
NH4Cl was added simultaneously with the pyrilamine analogue. The composition of the
uptake buffer in each experiment is given in the Supplementary Materials. To evaluate
the inhibition profile of the pyrilamine analogue in hCMEC/D3 cells, various inhibitors
(1 mM) were added simultaneously with the pyrilamine analogue. The inhibitors used
were PYR, DPH, CLO, memantine (MEM), varenicline (VAR), tramadol (TRA), naltrexone
(NAL) (a substrate and inhibitor of the H+/OC antiporter), 1-methyl-4-phenylpyridinium
(MPP+, a substrate and inhibitor of OCTs and plasma membrane monoamine transporter
(PMAT)), p-aminohippuric acid (PAH, a substrate and inhibitor of OATs and organic anion
transporting polypeptides (OATPs)), tetraethylammonium (TEA, a substrate and inhibitor
of OCTs and MATE1) and L-carnitine (a substrate of OCTN2). In order to calculate kinetic
parameters in hCMEC/D3 cells, the uptake of pyrilamine analogue was analyzed by
preparing Michaelis–Menten plots based on the following equation (parameters are defined
in the Supplementary Materials).

V = (Vmax × S)/(Km + S) + (Kd × S) (1)

The involvement of TM7SF3 and LHFPL6 in the uptake of the pyrilamine analogue was
evaluated using knockdown hCMEC/D3 cells and TM7SF3- and/or LHFPL6-expressing
HEK293 cells, generated as described above.

2.10. Statistical Analysis

All values are presented as the mean ± standard error. Statistical analysis of the data
was performed with Student’s t-test and one-way ANOVA followed by Dunnett’s test for
single and multiple comparisons, respectively. Values of p < 0.05 and 0.01 were considered
to represent statistically significant differences. Unless otherwise specified in the figure
legend, a significant difference analysis with the Dunnett’s test was performed.

3. Results
3.1. Binding of AzPYR to H+/OC Antiporter

The inhibitory effects of AzPYR on H+/OC antiporter-mediated uptakes of PYR
and DPH, which are representative substrates, was examined using hCMEC/D3 cells in
order to confirm the binding of AzPYR to the antiporter. AzPYR at 0.4 mM significantly
reduced the uptakes of PYR and DPH (Figure 2A). Pretreatment of hCMEC/D3 cells with
AzPYR under UV light caused a significant and irreversible reduction in the uptakes of
PYR and DPH, whereas pretreatment under room light caused a moderate and reversible
reduction (Figure 2B). These results suggest that the synthesized AzPYR binds to the
H+/OC antiporter and efficiently photo-labels it.
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Figure 2. (A) Inhibitory effect of AzPYR on H+/OC antiporter-mediated uptake. The uptakes of PYR
and DPH by hCMEC/D3 cells were measured in presence or absence of AzPYR at 0.4 mM under
room light. (B) Effect of photo-cross-linking reaction on H+/OC antiporter activity. hCMEC/D3
cells were pretreated in the buffer with or without AzPYR under UV light or room light for 5 min at
37 ◦C. The treated cells were washed and further incubated in buffer to remove the unreacted AzPYR,
and then the uptakes of PYR and DPH were measured. Each point represents the mean ± standard
error (n = 3–4). ** p < 0.01 compared to the corresponding control uptake or non-treatment uptake.
Significant difference in Figure 2A was examined with t-test.

3.2. SWATH-Based Screening of H+/OC Antiporter

Our strategy for the identification of the H+/OC antiporter is shown in Scheme 1. We
assumed that AzPYR covalently binds to the substrate-binding site of the H+/OC antiporter
upon UV irradiation, and that inhibitors suppress AzPYR binding to the transporter.
To distinguish the specific binding of AzPYR to the antiporter, we used DPH and FLV,
which have been reported to be the inhibitors of the antiporter [30,31]. However, we
finally abandoned the use of DPH because the DPH treatment at 1 mM resulted in lower
attachment of hCMEC/D3 cells to the dishes under the conditions used for UV irradiation.
In SWATH analysis, membrane fractions are digested with trypsin and measured by LC-
MS/MS, so the individual tryptic peptides are separately quantified. We assumed that if
the AzPYR/control ratio was smaller than 0.5 and the (AzPYR+FLV)/control ratio was
in the range 0.5 to 1.5, the peptide was derived from a candidate transporter (Scheme 1).
Furthermore, a peptide with an AzPYR/control ratio < 0.1 (regardless of the value of the
(AzPYR+FLV)/control ratio) was also assumed to be derived from a candidate transporter,
because if the affinity of AzPYR for the transporter was high, binding may not be strongly
suppressed by the inhibitor (Scheme 1). Among the proteins meeting these criteria, we
selected 16 that (1) are expressed at the cell membrane; (2) contain 3 or more transmembrane
regions; (3) are expressed in multiple organs (Table 1).
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For LHFPL tetraspan subfamily member 6 protein, PRA1 family protein 3, solute carrier
family 43 member 3 (SLC43A3), CD63 antigen, and aquaporin-3, the AzPYR/control ratio
was smaller than 0.1. The other 11 proteins were selected as molecules with AzPYR/control
ratio < 0.5 and 0.5 < (AzPYR+FLV)/control ratio < 1.5 (Table 1). Note that the value
of “AzPYR+DPH” was not used as a criterion due to low cell attachment during DPH
treatment. However, as reference data, the values of (AzPYR+DPH)/control ratios are also
listed for these 16 proteins in Table 1.

3.3. First Functional Screening by Single Gene Knockdown

As a first functional screening, we assessed the effect of single gene knockdown on the
uptake of H+/OC antiporter substrates and a non-substrate, gabapentin, by hCMEC/D3
cells. The mRNA reductions resulting from siRNA treatment are shown in Figure S5. All
targeted mRNA levels were decreased by more than 71% except for SLC12A5, SLC43A3,
and aquaporin-3. Further, TCIRG1 knockdown decreased PYR, TRA, and DPH uptakes
by 50, 43, and 16%, respectively (Table 2), although the differences were not statistically
significant. In addition, TM7SF3 and LHFPL6 knockdown reduced the uptakes of H+/OC
antiporter substrates by more than 30% and 25%, respectively. On the other hand, these
gene knockdowns did not decrease gabapentin uptake, suggesting that the effect is specific
to H+/OC antiporter substrates. CD9 knockdown decreased the PYR, TRA, and DPH
uptakes, but the cell morphology was markedly changed (Figure S6). Hence, we focused
on TCIRG1, TM7SF3, and LHFPL6 as candidate molecules.

Table 2. First functional screening by single gene knockdown.

Target
Gene

Relative Uptake (% of Control)

Pyrilamine Tramadol Diphenhydramine Gabapentin

Control 100 ± 12 100 ± 10 100 ± 15 100 ± 7
MAGT1 109 ± 11 104 ± 8 118 ± 11 110 ± 5

CD9 26.0 ± 7.3 56.5 ± 7.1 83.4 ± 12.0 148 ± 17
CYBRD1 96.7 ± 19.0 114 ± 12 121 ± 23 165 ± 22 **
ATP1A1 130 ± 21 129 ± 22 132 ± 12 161 ± 17 **
CLPTM1 128 ± 19 133 ± 17 132 ± 7 169 ± 14 **
TCIRG1 50.2 ± 14.6 67.0 ± 11.7 83.9 ± 9.7 119 ± 5

SLC12A5 95.9 ± 7.6 87.2 ± 5.3 107 ± 9 92.8 ± 5.6
LHFPL6 46.1 ± 20.3 74.8 ± 13.9 68.9 ± 9.2 134 ± 14
ARL6IP5 174 ± 16 149 ± 2 134 ± 5 146 ± 14
SLC43A3 52.0 ± 16.0 122 ± 13 127 ± 21 143 ± 9
TMEM65 120 ± 19 170 ± 17 ** 144 ± 16 130 ± 6
TM7SF3 69.5 ± 11.4 76.8 ± 5.5 68.7 ± 8.7 145 ± 8
SLC9A1 68.4 ± 16.3 76.8 ± 2.3 96.5 ± 8.7 87.3 ± 8.6

ATP6V0A1 116 ± 15 119 ± 3 107 ± 9 118 ± 7
CD63 105 ± 6 118 ± 8 97.7 ± 20.2 144 ± 14
AQP3 148 ± 45 114 ± 21 146 ± 25 90.8 ± 11.3

The uptakes of H+/OC antiporter substrates (pyrilamine, tramadol, and diphenhydramine) and a non-substrate
(gabapentin) were assessed at 37 ◦C for 1 min in siRNA-transduced hCMEC/D3 cells. Each value represents the
mean ± standard error (n = 4). ** p < 0.01, significantly different from the control.

3.4. Second Functional Screening by Multiple Gene Knockdown

We postulated that the H+/OC antiporter might be composed of more than one
protein. Therefore, we assessed the effect of multiple gene knockdown on the uptake of
H+/OC antiporter substrates by hCMEC/D3 cells as a second screening (Table 3). As
shown in Figure S5, mRNA levels were decreased by more than 60% in the siRNA-treated
groups. TCIRG1 and LHFPL6 knockdown decreased OXY and VAR uptakes by 25 and 39%,
respectively, but had little effect on PYR and TRA uptakes. TCIRG1 and TM7SF3 siRNA
treatment had an effect similar to that of TCIRG1 and LHFPL6 knockdown. However,
TM7SF3 and LHFPL6 siRNA treatment resulted in an over 31% decrease in the uptakes of
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all H+/OC antiporter substrates, suggesting that the combination of TM7SF3 and LHFPL6
reduction could be critical for H+/OC antiporter-mediated uptake.

Table 3. Second functional screening by multiple gene knockdown.

Relative Uptake (% of Control)

Pyrilamine Tramadol Oxycodone Varenicline Gabapentin

Control 100 ± 9 100 ± 6 100 ± 7 100 ± 14 100 ± 5
TCIRG1 + LHFPL6 104 ± 2 112 ± 4 74.6 ± 1.8 * 61.0 ± 8.0 89.5 ± 6.1
TM7SF3 + LHFPL6 68.2 ± 5.7 * 64.8 ± 4.3 ** 66.6 ± 3.0 ** 67.7 ± 7.9 121 ± 6
TCIRG1 + TM7SF3 87.6 ± 9.0 93.0 ± 6.5 74.6 ± 7.6 * 59.6 ± 13.6 99.7 ± 6.9

Control 100 ± 4 100 ± 5 100 ± 6 100 ± 24 100 ± 3
TCIRG1 + TM7SF3 + LHFPL6 93.6 ± 5.5 101 ± 4 92.0 ± 4.1 76.0 ± 8.0 122 ± 5 *

The uptakes of H+/OC antiporter substrates (pyrilamine, tramadol, oxycodone, and varenicline) and a non-
substrate (gabapentin) were evaluated at 37 ◦C for 1 min in hCMEC/D3 cells transduced siRNA for multiple
targets. Each value represents the mean ± standard error (n = 4). * p < 0.05 and ** p < 0.01, significantly different
from the control.

3.5. First Validation; Gain-of-Function Analysis Using “Known” Substrates

For validation of the involvement of TM7SF3 and LHFPL6 in H+/OC antiporter-
mediated uptake, we conducted a gain-of-function analysis with HEK293 cells. As shown
in Figure 3, there was no difference in uptake of H+/OC antiporter substrates between
mock and transiently LHFPL6-expressing cells. On the other hand, PYR, TRA, and VAR
uptakes were increased by 21–34% in cells transiently expressing TM7SF3, although the
differences were not statistically significant. In addition, cells overexpressing both TM7SF3
and LHFPL6 showed increases in PYR and TRA uptakes by 43 and 40%, respectively.
Again, these were not statistically significant, but OXY and VAR uptakes were also in-
creased by 31 and 97%, respectively. To further study the transport function, we generated
stably expressing HEK293 cells. These cells showed a time-dependent increase in up-
takes of H+/OC antiporter substrates (Figure 4). Stably TM7SF3-expressing cells showed
significantly higher TRA uptakes at 1 and 5 min and VAR uptakes at 0.25, 1, and 5 min
compared with mock cells. The uptake of H+/OC antiporter substrates by stably TM7SF3
and LHFPL6-expressing cells as well as by TM7SF3-expressing cells tended to be increased
at 5 min compared to mock cells. In contrast to transiently expressing cells, the effect of
TM7SF3 and LHFPL6 co-expression was not additive in the stably expressing cells. The
uptake of antipyrine, a passive diffusion marker, was not altered in these cells (Figure S7).

3.6. Second Validation Using a “New” Substrate (Pyrilamine Analogue)

For second validation, we synthesized a new cell membrane-permeable substrate,
a pyrilamine analogue, to further examine whether TM7SF3 and LHFPL6 are involved
in the function of the H+/OC antiporter (Figure 5). We confirmed that the pyrilamine
analogue is a substrate of the H+/OC antiporter in hCMEC/D3 cells. The C/M ratio of the
pyrilamine analogue increased linearly from 0.5 to 5 min (Figure 6A), and the initial uptake
rate (up to 5 min) was calculated to be 9.71 µL/mg protein/min. Furthermore, this uptake
was reduced by approximately 90% at 4 ◦C. The uptake of pyrilamine analogue showed a
Km of 8.85 ± 2.15 µM and a Vmax of 0.487 ± 0.052 nmol/mg protein/min for the saturable
component and a Kd of 0.467± 0.260 µL/mg protein/min for the non-saturable component
(Figure 6B). The uptake was significantly inhibited (to <16.7%) by PYR, MEM, DPH, CLO,
VAR, NAL, and TRA, which are substrates and/or inhibitors of the H+/OC antiporter,
but was not inhibited by MPP+, PAH, TEA, and L-carnitine, which are not substrates or
inhibitors of the H+/OC antiporter (Figure 6C). The C/M ratio was increased to 165% or
decreased to 46%, respectively, by intracellular acidification and alkalinization (Figure 6D).
The uptake of the pyrilamine analogue was also reduced by NaN3, an energy-depleting
agent, but was not affected by replacement of extracellular sodium ions with lithium,
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choline, or potassium ions (Figure 6E). Thus, the transport characteristics of the pyrilamine
analogue are consistent with those of reported substrates of the H+/OC antiporter.
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error (n = 4). ** p < 0.01, significantly different from the uptake by mock cells.
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Figure 4. Uptake of H+/OC antiporter substrates by HEK293 cells stably double-transfected with
LHFPL6 and TM7SF3. The time-courses of uptake were assessed at 37 ◦C in mock (closed circle)
and HEK293 cells stably transfected with TM7SF3 (open circle) or both LHFPL6 and TM7SF3 (open
square). Each point represents the mean ± standard error (n = 3). * p < 0.05 and ** p < 0.01 indicate
significant differences in the uptakes by mock and TM7SF3-transfected cells.

To evaluate the contribution of TM7SF3 and LHFPL6 to the uptake of the pyrilamine
analogue, we used hCMEC/D3 cells in which these genes were knocked down with siRNA.
Transfection with siRNA blocked the expression of each of TM7SF3 and LHFPL6 by more
than 80% (Figure 7B). Similar results were also obtained in the double knockdown of
TM7SF3 and LHFPL6. The uptakes of pyrilamine analogue at 0.5 to 5 min were reduced by
23.6, 23.7 and 40.4% at 0.5 min, 38.5, 36.8 and 58.1% at 1 min and 62.7, 27.6 and 33.9% at
5 min in cells with knockdown of TM7SF3, LHFPL6, and TM7SF3 + LHFPL6, respectively,
compared to the negative control (Figure 7A). The C/M ratio in these cells was significantly
reduced at 30 min to 61.9%, 56.2%, and 70.5%, respectively, but the effects of knockdown
declined time-dependently. In addition, the effects of gain-of-function were evaluated
using HEK293 cells stably expressing TM7SF3 and LHFPL6 (Figure 4). The C/M ratio of
the pyrilamine analogue at 0.5 min was increased to 321% and 181% in TM7SF3-expressing
cells and TM7SF3 + LHFPL6-expressing cells, respectively (Figure 7C). Again, the increase
in C/M ratio was attenuated with prolonged uptake time. The mRNA expression levels
in these cells showed a more than 40-fold increase in TM7SF3 and a 15-fold increase in
LHFPL6 (Figure 7D).
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Figure 6. Transport characteristics of pyrilamine analogue in hCMEC/D3 cells. (A) Time- and
temperature-dependent uptake experiments were performed at 37 ◦C (closed circles) and 4 ◦C (open
circles) for up to 30 min. (B) The concentration-dependent uptake experiments were performed at
37 ◦C for 1 min (solid line). The dashed and dotted lines represent the saturable and non-saturable
uptake components, respectively. (C) Inhibition experiments were performed at 37 ◦C for 1 min in the
absence and presence of several inhibitors (1 mM). The black and white columns indicate inhibitory
effects as percent of the control. (D,E) Effects of intracellular pH, extracellular Na+, membrane
potential and metabolic energy on pyrilamine analogue uptake by hCMEC/D3 cells. Cellular uptake
in the C-E is shown as percent of the control. Each value and column represent the mean ± standard
error (n = 4). * p < 0.05 indicates a significant difference versus the control.
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Figure 7. Effects of TM7SF3 and LHFPL6 on the cellular uptake of pyrilamine analogue. (A) In-
tracellular uptake of pyrilamine analogue in TM7SF3 or/and LHFPL6 knockdown hCMEC/D3
cells was measured at 37 ◦C, for 0.5, 1, 5 and 30 min. The black, dark gray, light gray and white
columns represent the negative control, TM7SF3 knockdown, LHFPL6 knockdown, and their double
knockdown cells, respectively. (B) The mRNA expression of TM7SF3 and LHFPL6 in hCMEC/D3
cells treated with the respective siRNAs. (C) Uptake of pyrilamine analogue in HEK293 cells stably
expressing TM7SF3 or both TM7SF3 and LHFPL6 was evaluated at 37 ◦C. The black, gray, and white
columns show the results for mock, TM7SF3-expressing, and TM7SF3 + LHFPL6-expressing cells,
respectively. (D) The mRNA expression in HEK293 cells stably overexpressing TM7SF3 and LHFPL6
was measured by qPCR and normalized to that of TBP. Cellular uptake in A and C is shown as
percent of the control. Each column represents the mean ± standard error (n = 4). * p < 0.05 indicates
a significant difference versus the negative control.

4. Discussion

The present study was designed to establish the molecular identity of the H+/OC
antiporter at the BBB, using a combination of the PICK method and functional analyses
with a cell-permeable pyrilamine analogue. The results indicated that both TM7SF3 and
LHFPL6 are involved in the antiporter activity.

Screening of transporters using photoreactive azide compounds had been performed
in the 1980s and 1990s. For example, this approach was used to study the rabbit small-
intestinal Na+, D-glucose membrane transporter [32] and ATP transporter of rat liver rough
endoplasmic reticulum [33]. It is considered that such crosslinking has relatively little effect
on the substrate structure or substrate recognition of the target transporter, because of the
small size of the azide group. Therefore, the PICK method was devised as a transporter
identification method based on the strategy in Scheme 1. To our knowledge, this is the first
successful application of the SWATH method for the molecular identification of a functional
protein. The PICK method combines the use of azide-modified transporter substrates with
the SWATH proteomic technique that affords excellent coverage and accuracy, and also

403



Pharmaceutics 2022, 14, 1683

utilizes inhibitors to increase the specificity/accuracy of transporter identification. In
this method, it is important to avoid non-specific binding as much as possible, which is
achieved by using several different types of inhibitors in combination and by keeping the
reaction time between the photoreactive substrate and the cell very short. In principle,
within the transporter complex, the proteins that bind to the substrate are likely, and
the surrounding subunits are less likely, to be easily identified. Because the labeling
reaction with azide is not sufficiently specific, we also introduced an additional criterion
for SWATH analysis: inhibition by FLV, an inhibitor of the H+/OC antiporter. AzPYR
shows affinity for the PYR-binding pocket of the antiporter (Figure 2A), and UV irradiation
causes irreversible reaction of the azide group with the antiporter (Figure 2B). SWATH-MS
was also carried out for samples under control (neither AzPYR nor FLV), AzPYR, and
AzPYR+FLV conditions, finally affording sixteen candidate proteins (Table 1) based on the
criteria shown in Scheme 1.

In the first functional screening of candidate proteins generated by the PICK method,
TCIRG1, TM7SF3 and LHFPL6 were selected, since knockdown of these proteins affected
H+/OC antiporter substrate transport (Table 2). Noting that the L-type amino acid trans-
porter is a complex of LAT1 (SLC7A5) and 4F2hc (SLC3A2/CD98) [34], we hypothesized
that two or all three candidates might be involved in H+/OC antiporter activity. It has been
reported that TM7SF3, with seven putative transmembrane domains, inhibits the cytokine-
induced death of pancreatic beta cells and promotes their insulin secretion [35]. TM7SF3 is
a downstream transcriptional target of p53/TP53, and acts as a pro-survival homeostatic
factor that attenuates the development of ER stress [36]. In addition, LHFPL6, with three
putative transmembrane domains, is a candidate prognostic biomarker and therapeutic
target for gastric cancer [37]. These two proteins have been reported to be expressed in
diverse tissues and also in CNS cells [38–43]. Examination of the roles of these proteins
in the CNS may provide important insights into the pharmacological effects of drugs and
therapeutic strategies, but in the present work we chose to focus on the involvement of
TM7SF3 and LHFPL6 in the H+/OC antiporter at the BBB, because the BBB protects the
physiological function of the entire brain and significantly influences drug efficacy in the
CNS. Interestingly, the mRNA expression levels of TM7SF3 and LHFPL6 in brain capillary
endothelial cells are comparable to those of other transporters at the BBB (Figure S8) [44].
Indeed, in mice, TM7SF3 expression is greater than that of BCRP, which contributes to
drug efflux at the BBB (Figure S8). In humans, LHFPL6 is more highly expressed than
GLUT1 and LAT1 (Figure S8). Thus, TM7SF3 and LHFPL6 could contribute to transport
at the BBB. TCIRG1 is a subunit of V-ATPase, which is responsible for acidifying and
maintaining the pH of intracellular compartments in some cell types, and is also targeted
to the plasma membrane, where it acidifies the extracellular environment [45]. In the
second functional screening, the combination of TM7SF3 and LHFPL6 knockdown caused
the greatest decrease in the uptake of H+/OC antiporter substrates, whereas TCIRG1
knockdown had a relatively weak effect (Table 3), strongly suggesting the involvement of
TM7SF3 and LHFPL6 in the H+/OC antiporter activity.

In the gain-of-function analysis, the HEK293 expression system was used to investigate
the contributions of TM7SF3 and LHFPL6 to the uptake of H+/OC antiporter substrates.
Both transient and stable expression of TM7SF3 tended to increase the substrate uptake,
whereas the expression of LHFPL6 had little impact (Figures 3 and 4). In particular,
the expression of TM7SF3 and LHFPL6 in HEK293 cells had little effect on the initial
uptake. However, an increase in initial uptake of VAR, a relatively hydrophilic substrate,
by TM7SF3-expressing cells (Figure 4) was observed.

Drug permeation through biological membranes is affected by the unstirred water
layer surrounding the membrane, the plasma membrane, and intracellular binding. There-
fore, to detect phenomena on the plasma membrane where the H+/OC antiporter is present,
it is important to use a compound for which plasma membrane permeability is rate-limiting.
Here, we synthesized a new compound, pyrilamine analogue (Figures 5 and S4). The initial
uptake rate of pyrilamine analogue was calculated to be 9.71 µL/mg protein/min, which
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was approximately 50-fold slower than PYR (Figure S9), implying that the plasma mem-
brane permeability is rate-limiting in the initial uptake rate. In addition, it was proven in
the present study to contain enough characteristics as a substrate of the H+/OC antiporter
(Figure 6). This suggests that pyrilamine analogue would be suitable for clarifying the
function of TM7SF3 and LHFPL6. Indeed, its uptake was significantly reduced by knock-
down of TM7SF3 and/or LHFPL6 at any time from 0.5 to 30 min (Figure 7A). On the other
hand, TM7SF3 and LHFPL6 knockdown did not affect gabapentin uptake (a substrate of
LAT1) (Figure S10). Furthermore, the uptake of the pyrilamine analogue showed a 3.2-fold
increase at 0.5 min in TM7SF3-stably expressing HEK293 cells (Figure 7C). All of these
results suggest that TM7SF3 and LHFPL6 could be components of the H+/OC antiporter.

5. Conclusions

We developed the PICK method, which combines photo-affinity labeling and com-
prehensive proteomic analysis using SWATH-MS, to identify the molecular components
of the H+/OC antiporter, which is responsible for the transport of various CNS drugs at
the BBB. Sixteen candidate proteins were picked up based on predefined criteria. The
results of knockdown and inhibitor studies in hCMEC/D3 cells, as well as uptake stud-
ies with overexpressing cells, indicated that TM7SF3 and LHFPL6 are H+/OC antiporter
components. This information is expected to promote the development of effective CNS
drugs and novel drug delivery systems. We anticipate that the PICK method will be useful
for the identification of various transporters. When screening to identify the responsible
transporters for compounds of interest, researchers frequently focus on known ABC, SLC
and MFS transporters, and consequently may miss transporters that do not belong to these
families. Furthermore, transporter complexes consisting of multiple proteins are difficult to
identify. The PICK method can overcome these limitations and is expected to accelerate
transporter discovery.
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Abstract: Ischemic stroke is a primary origin of morbidity and mortality in the United States and
around the world. Indeed, several research projects have attempted to discover new drugs or
repurpose existing therapeutics to advance stroke pharmacotherapy. Many of these preclinical stroke
studies have reported positive results for neuroprotective agents; however, only one compound
(3K3A-activated protein C (3K3A-APC)) has advanced to Phase III clinical trial evaluation. One
reason for these many failures is the lack of consideration of transport mechanisms at the blood–brain
barrier (BBB) and neurovascular unit (NVU). These endogenous transport processes function as
a “gateway” that is a primary determinant of efficacious brain concentrations for centrally acting
drugs. Despite the knowledge that some neuroprotective agents (i.e., statins and memantine) are
substrates for these endogenous BBB transporters, preclinical stroke studies have largely ignored the
role of transporters in CNS drug disposition. Here, we review the current knowledge on specific BBB
transporters that either limit drug uptake into the brain (i.e., ATP-binding cassette (ABC) transporters)
or can be targeted for optimized drug delivery (i.e., solute carrier (SLC) transporters). Additionally,
we highlight the current knowledge on transporter expression in astrocytes, microglia, pericytes,
and neurons with an emphasis on transport mechanisms in these cell types that can influence drug
distribution within the brain.

Keywords: ATP-binding cassette transporters; blood–brain barrier; drug delivery; ischemic stroke;
SLC transporters

1. Introduction

A primary goal of neuropharmacology is optimal delivery of effective free drug con-
centrations to specific molecular targets in the brain. Over the past several years, researchers
have attempted to exploit the physiology of the blood–brain barrier (BBB) to achieve this
objective. For large molecule therapeutics such as proteins, targeting receptor-mediated
transcytosis mechanisms (i.e., transferrin receptors (TfRs) and insulin receptors) has re-
sulted in many successful preclinical studies [1–5]. For example, Chang and colleagues
demonstrated that an erythropoietin-TfR antibody fusion protein (cTfRMAb-EPO) could
cross the BBB, decrease amyloid peptide load in the hippocampus, and improve spatial
memory in male APP/PS1 mice aged 5.5 months [3]. More recently, a BBB transport ve-
hicle engineered to bind to the TfR apical domain was shown to successfully deliver an
anti-β-secretase cargo peptide to the brain and produce a sustained pharmacodynamic
effect both in human TfR-expressing C57BL6 mice and in cynomolgus monkeys [5]. While
research on the blood-to-brain transport of large molecules is rapidly progressing, there
have been few paradigm-shifting studies that have presented new delivery approaches for
small molecules. In fact, such strategies for small molecule therapeutics remain focused
on optimization of passive transcellular diffusion. This is often reflected by the continued
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application of Lipinski’s “Rule of 5”, which relates the BBB passive permeability to molec-
ular weight, lipophilicity, polar surface area, hydrogen bonding capacity, and charge [6].
Using rational medicinal chemistry approaches, the “Rule of 5” guides drug design toward
molecules that are less than 500 Da, possess clogP values between 1.5 and 2.5, have polar
surface areas with an upper limit of 90 Å2, have fewer than five hydrogen bond donors and
ten hydrogen bond acceptors, and are primarily uncharged at physiological pH [6]. Indeed,
many efficacious CNS small molecule drugs possess these physicochemical properties [7,8];
however, passive diffusion is a non-selective process that does not provide the capability
of precisely controlling drug delivery into brain tissue. This suggests that many detailed
studies are required to identify transport mechanisms that can enable selective drug uptake
across the BBB. Success in this area will lead to safer and more effective pharmacological
treatments for neurological diseases.

Over the past several years, endogenous BBB transporters have been evaluated due
to their importance as determinants of CNS drug disposition and drug efficacy. Most of
the published research on BBB transporters has focused on those proteins that restrict
therapeutic uptake into brain tissue (i.e., efflux transporters). The panel of efflux trans-
porters that are known to be functionally expressed in brain microvascular endothelial cells
include members of the ATP-binding cassette (ABC) superfamily, such as P-glycoprotein
(P-gp), breast cancer resistance protein (BCRP in humans; Bcrp in rodents), and multidrug
resistance proteins (MRPs in humans; Mrps in rodents) [9,10]. This is primarily due to the
concept that efflux transporter liability, particularly with respect to P-gp, is a discriminating
factor between centrally active drugs and non-CNS drugs [7]. Hence, it was hypothesized
that blockade of BBB efflux transporters could result in improvement in brain penetration
for drugs, particularly those with low passive permeability and moderate-to-high P-gp
transport liability. Problematically, clinical trials targeting P-gp with pharmacological
inhibitors (i.e., verapamil, cyclosporine A, and valspodar) have failed due to inhibitor
toxicity and/or the enhanced penetration of drugs into non-CNS tissues [9,11,12]. P-gp is
ubiquitously expressed throughout the human body. Epithelial tissues that functionally
express P-gp include the colon, small intestine, renal proximal tubules, and bile canaliculi.
This is an important consideration because blocking P-gp at the BBB using pharmacological
antagonists will also block its activity in these other tissues, resulting in increased systemic
drug disposition and an enhanced probability of off-target effects and/or dose-limiting
toxicities [12,13]. A more rational approach for effective CNS drug delivery involves target-
ing transport mechanisms with the directionality to move substrates out of the systemic
circulation, across the endothelial cell, and into brain parenchyma. To achieve this goal, a
detailed evaluation of solute carrier (SLC) transporters that include centrally acting drugs
amongst their substrate profile (i.e., organic anion-transporting polypeptides (OATPs in
humans; Oatps in rodents), organic cation transporters (OCTs in humans; Octs in rodents),
and multidrug and toxin extrusion transporters (MATEs in humans; Mates in rodents)) is
necessary. Understanding the dynamics of CNS drug delivery also requires an appreciation
that both efflux and influx transporters are expressed in other brain cellular compartments
(i.e., glial cells, pericytes, and neurons). Such transporters play a critical role in brain drug
distribution and, therefore, can have profound effects on the treatment of neurological
disorders. In this review, we summarize the current knowledge on the localization and
functional expression of those ABC and SLC transporters relevant to CNS drug delivery
and drug distribution. Our focus will include both the BBB and brain parenchyma to em-
phasize how the rigorous comprehension of transporter function in the brain can lead to the
optimization of blood-to-brain drug transport and the improved treatment of neurological
diseases. We will use the example of ischemic stroke to demonstrate this critical concept.
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2. Overview of ATP-Binding Cassette (ABC) and Solute Carrier (SLC) Transporters at
the Blood–Brain Barrier (BBB)

For many centrally acting drugs, selective uptake into the brain and efflux from the
brain is mediated by transport proteins. To date, several transport systems have been
identified at the BBB. These include members of the ABC and SLC superfamilies, which
function to determine the types of molecules that can access the brain while simultaneously
restricting the CNS accumulation of others. Below, we provide an overview of these
transport systems and their relevance to CNS drug delivery.

2.1. ABC Transporters

The ABC transporter superfamily is among the largest and most ubiquitously ex-
pressed protein families that have been discovered. These transporters are grouped into
seven distinct subfamilies (i.e., ABCA-ABCG) based upon the sequence homology of their
nucleotide-binding domains and transmembrane domains, gene structure, and domain
order [14]. ABC transporters are involved in various physiological processes, including
lipid bilayer maintenance, peptide transport, and sterol transport. The most clinically
relevant role of ABC transporters is their direct contribution to the development of the
multidrug resistance (MDR) phenotype [15]. In the seminal work published by Michael
Gottesman, the MDR phenotype was defined as the simultaneous resistance to several
structurally unrelated compounds that do not result from independent genetic mutations
that confer resistance to a single therapeutic agent [16]. Perhaps the most well-studied ABC
transporter is P-gp, a principal contributor to the MDR phenotype and a clinically relevant
impediment to drug permeation across the BBB. Other ABC transporters that are known
to be involved in CNS drug disposition include BCRP/Bcrp (also known as ABCG2) and
MRP/Mrp isoforms. The localization of critical ABC transporters that are expressed at the
brain microvascular endothelium is depicted in Figure 1.
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2.1.1. P-glycoprotein (P-gp)

P-gp was first discovered by Dr. Victor Ling at the University of Toronto via the
identification and characterization of a novel subclone of Chinese hamster ovary cells
that displayed reduced cellular permeability and subsequent chemoresistance to the anti-
gout drug colchicine [18]. Since this paradigm-shifting observation, P-gp has been shown
to be a 170 kDa transmembrane glycoprotein that possesses two homologous halves,
each with an intracellular ATP-binding site [19]. The efflux transport of drugs by P-gp
requires ATP hydrolysis, which indicates that this protein functions as a primary active
transporter. This transporter is encoded by the MDR/mdr gene, which has two isoforms
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in humans (i.e., MDR1 and MDR2) and three isoforms in rodents (i.e., mdr1a, mdr1b, and
mdr2). MDR2 and mdr2 are primarily expressed in the liver and are involved in transport
of phosphatidylcholine into the bile. P-gp encoded by MDR1/mdr1a/mdr1b has evolved
as a protective mechanism that prevents the CNS uptake of potentially toxic xenobiotics,
a function that is highlighted by observations obtained using P-gp null (i.e., mdr1a/mdr1b
(−/−)) mice. In rat and human brain tissue, P-gp has been shown to be localized at
both the luminal and abluminal plasma membrane of microvascular endothelial cells [20].
While P-gp functional expression at the luminal plasma membrane is well-established to
restrict xenobiotic uptake into brain tissue, its role at the abluminal membrane is less clear.
Interestingly, immunogold cytochemistry revealed that the density of P-gp antigenic sites
at the abluminal plasma membrane was 1.4-fold greater than at the luminal membrane [20].
This may reflect a role for P-gp in directing substances toward brain interstitial fluid
to maintain their CNS concentrations. In the presence of ivermectin (i.e., a neurotoxic
pesticide), P-gp null mice exhibit a 100-fold increase in brain accumulation as compared to
wild-type controls [21]. Furthermore, P-gp null mice treated with ivermectin present with
neurological symptoms that reflect central toxicity, including tremors, paralysis, coma, and
death [21]. More recently, positron emission tomography (PET) technology has enabled
the real-time study of P-gp function in experimental animals. For example, administration
of the competitive P-gp inhibitor tariquidar resulted in increased CNS distribution of
[11C]metoclopramide and [11C]verapamil by 2.1-fold and 2.4-fold, respectively [22]. P-gp
expression has been demonstrated in cultured human vascular endothelial cells [23–25], in
human brain cortical microvessels [26–29], and at the BBB in human cerebral tissue fixed
in situ [20]. The advent of PET technology for the study of drug transport mechanisms
has also enabled the evaluation of P-gp activity in living human subjects. For example,
tariquidar was shown to increase the distribution volume and influx rate constants for
[11C]verapamil in five healthy human volunteers [30]. An important caveat to this study
was that P-gp inhibition at the BBB was reported to be “far from complete” as compared to
peripheral P-gp inhibition [30], an observation that adds to the body of literature describing
challenges associated with the blocking P-gp function for the enhancement of CNS drug
uptake. Similar results were obtained by Muzi and colleagues, where increased cerebral
blood flow-corrected brain uptake of [11C]verapamil was demonstrated in the presence of
the P-gp inhibitory drug cyclosporine A [31]. Therapeutic concentrations of quinidine, a
competitive P-gp inhibitor, were also shown to increase CNS delivery of [11C]verapamil by
PET imaging; however, the P-gp inducer rifampin did not affect P-gp activity at clinically
relevant concentrations [32]. These observations should not be interpreted to imply that
induction of P-gp transport activity does not occur at the human BBB. Rather, these data
point toward a need to test other drugs that have been shown to modulate P-gp transport
activity in preclinical studies so that a detailed understanding of this critical transporter
can be obtained.

P-gp has a vast substrate profile that renders it a formidable obstacle to CNS drug
delivery. In fact, the number of compounds known to be P-gp substrates is continuously
expanding in direct correlation with the advancement of the BBB field. Most P-gp transport
substrates are non-polar, weakly amphipathic compounds. Indeed, P-gp can recognize and
transport drugs with varying structures and sizes that range from 250 to 1202 Da [9,33]. The
list of known substrate categories includes, but is not limited to, antibiotics, calcium channel
blockers, cardiac glycosides, chemotherapeutics, immunosuppressants, anti-epileptics, anti-
depressants, opioid analgesic drugs, statins (i.e., HMG CoA reductase inhibitors), and
HIV-1 protease inhibitors [9,10,15]. For example, uptake of atorvastatin and rosuvastatin
by human umbilical vein endothelial cells (HUVECs) was shown to be increased in the
presence of pharmacological P-gp inhibitors (i.e., cyclosporine A, PSC833), a “mixed”
P-gp/Bcrp inhibitor (i.e., GF120918), and metabolic inhibitors (i.e., sodium azide and
dinitrophenol), suggesting that these two statins are substrates for P-gp [25]. Additionally,
P-gp has been shown to be a critical determinant of brain penetration for morphine [34] and
experimental opioid analgesic peptides such as D-Pen2,D-Pen5]enkephalin (DPDPE) [35].

412



Pharmaceutics 2022, 14, 1501

The brain distribution of the currently marketed catechol-O-methyltransferase (COMT)
inhibitor tolcapone and a novel COMT inhibitor (i.e., BIA 9-1079) were demonstrated to
be increased in the presence of the P-gp inhibitor drug elacridar [36], suggesting that P-gp
is also an important determinant of blood-to-brain transport for this class of centrally
acting drugs.

2.1.2. Breast Cancer Resistance Protein (BCRP/Bcrp)

BCRP was originally identified in the MCF-7/AdrVp breast cancer cell line that was
generated to study novel pharmacological approaches to circumvent the MDR pheno-
type [37]. Despite the lack of expression of P-gp or MRP1 in these cells, ATP-dependent
efflux transport of adriamycin and rhodamine 123 was observed, indicating the presence
of a novel transporter protein [38,39]. This novel transporter was later cloned from MCF-
7/AdrVp cells and termed “breast cancer resistance protein [40]”. Bcrp is comprised of
655 amino acids and has a molecular weight of approximately 72 kDa. As such, it is
often referred to as a “half-transporter” that must form homo- or heterodimers to efflux
drugs [41,42]. At the BBB, BCRP/Bcrp has been shown to be expressed at the luminal
plasma membrane of brain microvascular endothelial cells [43–45]. Using absolute quanti-
tative targeted proteomics, BCRP was detected at quantifiable levels in a human brain mi-
crovessel endothelial cell line (hCMEC/d3) [46] and in human brain microvessels [47]. The
substrate profile of BCRP/Bcrp often overlaps with that of P-gp, thereby enabling these two
transporters to function in synergy to limit the CNS uptake of selected drugs [25,36,48–51].
For example, rosuvastatin is a transport substrate for both P-gp and Bcrp, a fact that greatly
affects its CNS distribution [25,49]. Using triple knockout mice (i.e., mdr1a/b(−/−); Bcrp
(−/−)), Laramy and colleagues demonstrated that the total and free brain-to-plasma con-
centration ratios for the anti-cancer drug ponatinib were 15 times higher in the knockouts
as compared to the wild-type controls, an observation that experimentally emphasizes the
synergistic interplay between these two critical efflux transporters [51]. Similar results have
been reported in the literature for vemurafenib [52] and sorafenib [53]. Additionally, the
HIV-1 protease integrase inhibitor raltegravir was reported to be transported by both P-gp
and BCRP in the hCMEC/d3 cell line, suggesting a potential synergistic effect of these ABC
transporters [54]. In contrast, CNS uptake of many opioid analgesic drugs is limited by P-gp
but not Bcrp [10]. Therefore, it is imperative that these critical efflux transporters be studied
together to determine whether synergistic efflux transport involving P-gp and Bcrp exists
for individual compounds and how such an effect can modulate CNS drug disposition
and/or efficacy. In addition to therapeutic agents, the substrate profile for Bcrp includes
endogenous and/or natural product substances such as steroids [55], glutathione [56],
folate [57], and phenethyl isothiocyanate (PEITC) [58].

2.1.3. Multidrug Resistance Proteins (MRPs/Mrps)

The primary role of Mrps is to extrude substances from cells, thereby providing addi-
tional transporter contributors to the development of the MDR phenotype. MRPs/Mrps
differ from P-gp in that their substrate profile is restricted to organic anions and their
glucuronidated, sulfated, and glutathione-conjugated metabolites [15]. Delineating specific
properties and functional significance of individual MRP/Mrp isoforms is challenging due
to the existence of multiple homologues with overlapping substrate profiles. At the BBB,
the functional expression of Mrp1, 2, 4, and 5 has been confirmed and Mrp3 and 6 may
also contribute to brain-to-blood drug transport at the microvascular endothelium [59].
The presence of MRP/Mrp homologues at the luminal side of the BBB is likely a critical
determinant in controlling the delivery of drugs to the brain. For example, Mrp downreg-
ulation at the BBB was shown to result in the enhanced analgesic potency of morphine
following systemic administration [60]. Using Mrp4(−/−) mice, Kanamitsu and colleagues
demonstrated that this ATP-dependent efflux transporter was a critical determinant of
brain penetration for therapeutic agents such as ochratoxin A, pitavastatin, raltitrexed,
pravastatin, and cyclophosphamide [61]. Additionally, the ability of Mrp1, Mrp2, and
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Mrp4 to actively efflux the endogenous antioxidant glutathione may have implications in
neurological diseases that feature an oxidative stress component. Glutathione is responsible
for maintenance of cellular redox balance and antioxidant defense in the brain. It has been
previously shown that Mrp functional expression is upregulated in response to oxidative
stress conditions, an effect that promotes cellular glutathione extrusion [62]. The enhanced
functional expression of Mrp isoforms at the BBB can cause reduced brain and/or endothe-
lial cell concentrations of glutathione, altered cellular redox status, and increased potential
for cellular injury and death. Prostaglandin D2 (PGD2), an eicosanoid mediator involved
in the exacerbation and progression of neuroinflammation, has also been identified as an
endogenous transport substrate for Mrp4 [63]. This was demonstrated by the observation
that Mrp4 inhibitors (i.e., probenecid, benzylpenicillin, and cefmetazole) reduced the brain
efflux index (BEI) of [3H]PGD2 following intracerebral injection in male Wistar rats [63].

2.2. Solute Carrier (SLC) Transporters

A previous publication by the International Transporter Consortium provided a com-
prehensive analysis of the literature and suggested that effective clinical modulation of
BBB efflux transporters using competitive inhibitors is highly unlikely [64]. This article
came to this conclusion following a detailed review and analysis of multiple published
preclinical studies and predicted that the maximal enhancement in drug uptake possible
by blocking P-gp and BCRP will not exceed 2-fold [64]. This determination was based
on the assumption that 100% of P-gp and BCRP transporters at the brain microvascular
endothelium would need to be inhibited, an impossible goal given the highest clinical
doses of efflux transporter inhibitors that could ever be administered to a patient [64]. This
hypothesis has profound implications for CNS drug delivery as it suggests that blocking
transporters that move substrates out of the brain is not a viable translational strategy to
optimize the quantity of drug that gets into the brain. Inhibitor toxicity and increased drug
penetration into systemic organs and tissues are additional obstacles that have prevented
the advent of efflux transporter inhibition in the clinic. Therefore, our laboratory has
proposed that a more rational strategy is to target those transporters that function to move
their substrates in the blood-to-brain direction (i.e., uptake transporters). Indeed, selective
CNS accumulation of many circulating substances requires SLC transporters. More than
400 SLC transporters that have been shown to be important for functions such as ion and
nutrient uptake into the cell and drug absorption, distribution, metabolism, and excretion
(ADME) have been identified in human cells/tissues [65,66]. Transport mechanisms for
SLC transporters include facilitated diffusion (i.e., transport in the direction of substrate
electrochemical gradient) or secondary/tertiary active transport (i.e., substrate transport
that is dependent upon ion/solute gradients established by primary or secondary active
transporters) [67]. SLC family members exhibit different specificities and affinities for
transport substrates [68,69]. In this section, we will focus on OATPs/Oatps and OCTs/Octs,
two types of SLC transporters that can be effectively targeted for drug delivery to the brain.
The localization of critical OATP/Oatp and OCT/Oct transporters that are expressed in
brain microvessel endothelial cells are presented in Figure 2.

2.2.1. Organic Anion-Transporting Polypeptides (Oatps)

Due to their capabilities for efficient blood-to-brain delivery of small molecule drugs,
our laboratory has extensively studied the protein expression and transport activity of
OATPs/Oatps at the BBB. We have focused much of our work on Oatp1a4, the primary
Oatp isoform responsible for drug transport at the BBB in rats [35,68,70–73]. Immunohisto-
chemistry, confocal microscopy, and Western blot analysis have confirmed the localization
and/or protein expression of Oatp1a4 at the cerebral microvasculature [35,74–76]. Of note,
double-labeling immunohistochemistry studies with antibodies targeted against Oatp1a4
and glial fibrillary acidic protein (GFAP), a protein marker of astrocytes, demonstrated
Oatp1a4 localization at the plasma membrane in brain capillary endothelial cells [77].
OATP1A2 is the human orthologue of Oatp1a4 and its expression has been reported in
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human brain microvessels [78]. In fact, global proteomics analyses of brain tissue from
healthy human subjects have suggested that OATP1A2 is one of the most abundant trans-
porters at the BBB [27]. OATP1A2 and Oatp1a4 are believed to function as carrier-mediated
transporters where the driving force for substrate transport across a biological membrane
is dependent upon the transmembrane electrochemical gradient. This mechanism suggests
OATPs/Oatps can function as both influx and efflux transporters where the directionality
of transport is dependent, in part, upon whether the intracellular substrate concentration is
greater or less than the extracellular substrate concentration. The process becomes readily
apparent under conditions where the OATP/Oatp functional expression is increased, such
as disease states (e.g., pain and/or cerebral hypoxia) [35,70] or following the activation of
intracellular signaling networks that can modulate OATP/Oatp protein expression and
transport activity [71]. Indeed, enhanced OATP/Oatp-mediated transport is reflected by an
increase in the uptake transfer constant (Kin) and, simultaneously, a small but statistically
significant augmentation of the efflux rate coefficient (kout) [35,70,71]. Additionally, it
is important to consider that OATP2B1 has been detected at the BBB [79–81] and could
potentially contribute to CNS drug permeation. While OATP2B1 localization in cerebral
microvasculature has not been confirmed, it is likely that this transporter is expressed at
the abluminal membrane and contributes to the movement of solutes out of the endothelial
cell and into the brain parenchyma [81]. Relevant Oatp transport substrates that exert
pharmacological/physiological effects in the brain include statins (i.e., atorvastatin, pravas-
tatin, and rosuvastatin), prostaglandin E2, dehydroepiandrosterone sulfate (DHEAS), and
estradiol-17β-glucuronide [17,25,82,83].
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2.2.2. Organic Cation Transporters (Octs)

The BBB has evolved multiple transport systems that can be exploited for CNS delivery
of drugs with different physicochemical properties. These include proteins that can facilitate
the blood-to-brain uptake of cationic substances, such as the organic cation transporters
(OCTs in humans, Octs in rodents). Previous studies in cultured brain endothelial cells
or brain microvessels have reported the expression of Octs at the mRNA level [84,85].
Protein expression for OCT1/Oct1, OCT2/Oct2, and OCT3/Oct3 has been confirmed
in immortalized brain endothelial cell lines derived from murine (bEND3) and human
(hCMEC/d3) cerebral microvasculature [86]. These results are consistent with data reported
by Lin and colleagues, which demonstrated the expression of Oct1 and Oct2 at the luminal
plasma membrane in primary cultures of brain endothelial cells isolated from adult male
Wistar rats [87]. Using immunolabeling with fluorescently tagged antibodies and imaging
by confocal microscopy, we have shown that Oct1 is localized to freshly isolated brain
microvessels prepared from young (i.e., 3 month old) female Sprague-Dawley rats [67,69].
More recently, global proteomic analysis demonstrated quantifiable protein amounts for
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OCT1 (0.54 ± 0.06–0.58 ± 0.11 pmol/mg total protein) and OCT3 (0.62 ± 0.08 pmol/mg
total protein) in microvessels derived from healthy postmortem human brain tissue [27]. In
contrast, quantitative targeted proteomics has not been able to detect abundant quantities
for OCT1 or OCT2 at the BBB in hippocampal Brodmann Areas 17 and 39 [28]. When these
proteomics studies are rigorously compared, the disagreements between data sets imply
differences in the BBB localization/expression for OCT transporters across different brain
regions. Therefore, it is essential that such results be confirmed by molecular analyses and
functional studies.

The translocation of cationic solutes across polarized epithelial/endothelial cell layers
involves a two-step process involving different transporters that work in a cooperative
manner. A pertinent example is found in epithelial cells of the renal proximal tubule, where
synergy between two transporters (i.e., OCT2 and MATE1) is required for the efficient
secretion of cationic substances [88]. While OCT2 is involved in the initial uptake at the
plasma membrane, MATE1 functions to ensure the cationic substrate efflux into urinary
filtrate. At the BBB, it has been reported that OCTs/Octs are expressed at the luminal plasma
membrane of microvascular endothelial cells, an observation that is consistent with their
role as the first step in blood-to-brain transport of cationic substances [69]. The OCT1/Oct1-
and OCT2/Oct2-mediated uptake of N-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)
has been shown in brain endothelial cells, evidence for the functional expression of these
transporters at the BBB [87]. The fact that MPTP can efficiently permeate the BBB by an
OCT/Oct-dependent mechanism implies that MATEs may also be functionally expressed
at the level of the microvascular endothelium. Mate1 and Mate2 protein expression was
detected at the BBB in C57BL6/129 mice [86] and Mate1 mRNA and protein expression
was detected in brain capillaries isolated from male ddY mice [89]. More recently, Mate1
gene expression was shown in brain capillaries from various mouse strains, including
Swiss, FVB, and C57BL6/JRj [90]. With respect to human endothelial cells, studies in the
hCMEC/d3 cell line resulted in detection of MATE1 and MATE2 protein expression [86].
Additionally, the Western blot analysis of human brain tissue demonstrated MATE1 and
MATE2 expression in the frontal cortex, caudate nucleus, and putamen [86]. In contrast,
Chaves and colleagues were unable to show MATE expression in microvasculature derived
from human glioma tissue [90]. Indeed, pathophysiological factors associated with cancer
progression and/or pharmacological treatment with antineoplastic drugs could explain
the variability in results between the work of Chaves and colleagues and other studies
examining MATE expression at the BBB. Nonetheless, these discordant observations in the
BBB expression of MATE/Mate isoforms suggests that detailed experiments are necessary
to clarify the role of OCTs/Octs and MATEs/Mates in CNS drug delivery. Overall, the
Oct/Mate system provides an excellent opportunity to deliver cationic therapeutics to the
brain. Examples of such drugs include memantine, amantadine, metformin, pramipexole,
selegiline, varenicline, and amisulpride [17,86,88,91,92].

3. Case Study on Transport at the Blood–Brain Barrier (BBB)—Ischemic Stroke

As reported by the Global Burden of Disease Study in 2019, there are approximately
12.2 million cases of stroke worldwide, which have resulted in the death of 6.55 million
individuals [93]. Approximately 87% of all strokes are ischemic [94] and are characterized
by pathophysiology resulting from vascular occlusion and subsequent reduction in oxygen
and glucose supply to the affected brain region. This process leads to necrotic cell death
of neural tissue in the infarction core and substantial injury to tissue surrounding the
core (i.e., the ischemic penumbra) [95,96]. The penumbra is a primary target for drug
treatment due to slower cell degradation [67,97,98]. Current FDA-approved treatments
for ischemic stroke are either pharmacological (i.e., recombinant tissue plasminogen acti-
vator (r-tPA; alteplase)) or mechanical/surgical (i.e., endovascular thrombectomy (EVT)).
Pharmacotherapy with r-tPA has many limitations, including a short therapeutic window
(i.e., 4.5 h) and/or an enhanced risk for intracerebral hemorrhage [97]. In fact, the National
Institute of Neurological Disorders and Stroke (NINDS) of the National Institutes of Health
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(NIH) reported that the risk of clinically significant bleeding in patients that were dosed
with r-tPA was 6.4% as compared to 0.6% for patients given placebo [99]. Risk factors
for intracerebral hemorrhage following treatment with thrombolytic drugs include stroke
severity, hyperglycemia, time from onset of stroke symptoms to treatment, elevated systolic
blood pressure, thrombocytopenia, and advanced chronological age [100]. Mechanical
EVT has been an important surgical advancement in the treatment of ischemic stroke by
providing improved cerebral reperfusion to stroke patients [101,102]; however, the advent
of EVT has not completely prevented post-stroke disability [102–104]. It is important to
consider that EVT, as well as the administration of r-tPA, involves the restoration of blood
flow to ischemic brain tissue (i.e., recanalization). Paradoxically, recanalization is known
to be associated with the exacerbation of neuronal damage. CNS injury following recanal-
ization ranges in severity from infarction progression to the development of vasogenic
edema or fatal hemorrhaging, factors that are associated with ischemia/reperfusion (I/R)
injury [98]. I/R injury is associated with increased BBB permeability (i.e., paracellular
“leak”), the activation of pathological mechanisms associated with cell death (i.e., apoptosis,
autophagy, and necrosis), enhanced neuroinflammation, and the production of elevated
levels of reactive oxygen species (i.e., oxidative stress) [96,105–108].

The routine application of r-tPA and EVT for acute ischemic stroke treatment suggests
that therapeutic approaches capable of protecting neuronal tissue against injury and/or
promoting repair following I/R injury are urgently required. Preclinical studies have
attempted to address this need through evaluation of currently marketed drugs and ex-
perimental therapeutics using in vivo stroke models. Many of these studies have reported
positive results demarcated by neuroprotection, prevention of cerebral infarction expansion,
and/or improved functional neurocognitive performance. In fact, approximately 95% of
studies published in the scientific literature between 1990 and 2018 have reported such
outcomes [102]; however, only a single investigational drug (i.e., 3K3A-activated protein C
(3K3A-APC)) has advanced to a multi-center Phase III clinical trial [109]. There are several
reasons for the poor translation from animal models to successful clinical trials, including
(i) the paucity of well-designed experiments to measure cognitive and motor outcomes;
(ii) the use of doses in animal studies that are not consistent with those that would be
able to be administered to human subjects; and (iii) the use of healthy young animals
that are not representative of the vast majority of ischemic stroke patients who tend to be
older and frequently present with at least one comorbid condition (i.e., diabetes mellitus,
obesity, tobacco smoking, hypertension, and atrial fibrillation) [102,110]. An additional
consideration is that studies examining drug efficacy in experimental ischemic stroke have
not evaluated the role of endogenous BBB transporters in determining the blood-to-brain
uptake of therapeutic agents.

Cerebral ischemia has been previously shown to be associated with altered expression
and activity of the critical BBB efflux transporter P-gp. Of particular significance, Spudich
and colleagues demonstrated that P-gp protein expression is elevated at the BBB as early
as 3 h following transient middle cerebral artery occlusion (MCAO) [111]. Additionally,
immunoblot analyses showed increased P-gp protein expression in the cerebral microvascu-
lature following MCAO (90 min) as well as in cultured rat brain endothelial cells subjected
to hypoxia/aglycemia [112]. Altered functional expression of P-gp, as well as other BBB
transporters that are determinants of CNS drug delivery, can have profound implications
for brain disposition and therapeutic effectiveness of drugs designed to treat ischemic
stroke. Indeed, several drugs with neuroprotective properties are established substrates
of P-gp. For example, P-gp is involved in the brain uptake and distribution of tanshinone
IIA, a natural product compound that has shown potential in preclinical studies to protect
against I/R injury [113]. More recently, in vitro studies in human umbilical vein endothelial
cells (HUVECs) have identified the commonly prescribed statin drugs atorvastatin and
rosuvastatin as P-gp transport substrates [25]. In contrast to P-gp, little is known as to how
I/R injury affects BCRP/Bcrp. A single study where bovine brain endothelial cells were co-
cultured with rat astrocytes showed decreased Abcg2 mRNA in response to oxygen/glucose
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deprivation (OGD) conditions [114]. Interestingly, this reduction in transporter gene ex-
pression occurred as early as 4 h post-OGD treatment, but the ABCG2 transcript expression
returned to control levels after 24 h reoxygenation [114]. Since BCRP functions in synergy
with P-gp to restrict the BBB permeability of stroke therapeutics such as statins [49], it is
critical that this finding be validated using in vivo models of experimental ischemic stroke.

Despite the functional expression of efflux transporters at the BBB, SLC transporters
represent a therapeutic opportunity to optimize the blood-to-brain uptake of drugs. Our
laboratory has identified that OATPs/Oatps are critical transporters that enable the pene-
tration of statins into the CNS. The chemical structures of currently marketed statins are
shown in Figure 3. This mechanism is essential for these drugs to exert positive effects
in the ischemic brain. Several in vivo studies performed by our group have provided
evidence for BBB statin transport involving Oatps. For example, Thompson and colleagues
reported that brain uptake of atorvastatin is mediated by Oatp1a4 in female Sprague-
Dawley rats subjected to global hypoxia/reoxygenation stress (i.e., 6% O2 for 1 h followed
by reoxygenation with 21% O2 for 10 min) [70]. Our results have demonstrated that both
lipophilic statins (i.e., atorvastatin) and hydrophilic statins (i.e., pravastatin) can be trans-
ported by Oatp1a4 [71]. Interestingly, the Oatp-mediated transport of atorvastatin was
at least 4-fold higher in female Sprague-Dawley rats as compared to their age-matched
male counterparts [73], a study that provided the first evidence for sex differences of an
endogenously expressed BBB transporter for drugs. These studies are congruent with pre-
vious observations from Oatp1a4(−/−) mice where the brain uptake of statin drugs (i.e.,
pitavastatin and rosuvastatin) was lower than that measured in the wild-type controls [115].
The evaluation of Oatp-mediated drug transport at the BBB in preclinical models requires
the appreciation that species differences in drug transport properties can exist between
rodents and human cells and/or tissues. An excellent example is the observation that
OATP/Oatp transport properties for triptans, a class of medications designed to ease the
symptoms of migraine or cluster headache, are dramatically unalike between humans and
rodents [116]. Specifically, uptake transport for multiple triptan drugs (i.e., almotriptan,
naratriptan, sumatriptan, rizatriptan, and zolmitriptan) was similar between Oatp1a4 null
mice and wild-type controls, which implies that these drugs do not utilize an Oatp1a4-
mediated transport mechanism to accumulate in the brain parenchyma [116]. In contrast,
zolmitriptan was shown to be a substrate for OATP1A2, suggesting an OATP-mediated
component of blood-to-brain uptake transport for this triptan drug [116]. This observa-
tion was confirmed in OATP1A2 knock-in mice where the CNS uptake of zolmitriptan
was 1.6-fold higher as compared to age-matched wild-type controls [117]. In vitro studies
in transfected Madin–Darby canine kidney (MDCK) II cells [116] and in HUVECs [25]
showed that multiple statin drugs (i.e., atorvastatin, pravastatin, and rosuvastatin) are
transport substrates for OATP1A2. These results emphasize the translational utility of
using preclinical rodent models to study the transport of stroke drugs at the BBB if com-
parable properties between rodent transporters and their human orthologues have been
demonstrated. Other OATP/Oatp transport substrates that may be effective as stroke
therapeutics include opioid analgesic peptides. Using human-induced pluripotent stem
cell-derived brain microvascular endothelial cells (iPSC-BMECs), Albekairi and colleagues
showed that the cellular accumulation of the experimental opioid receptor peptide biphalin
was decreased following exposure to estrone-3-sulfate, a known OATP inhibitor [118].
Both perinuclear and membranous expression of OATP1A2 was confirmed in iPSC-BMEC
cells using fluorescent immunocytochemistry and flow cytometry [118]. Opioid recep-
tor agonists such as biphalin have been demonstrated to exert neuroprotective effects in
preclinical stroke models [119–125]. For example, Nozohouri and colleagues showed that
biphalin can increase glutamate uptake in cultured mouse astrocytes and protect against
BBB dysfunction in mice subjected to MCAO [125]. Therefore, targeting BBB OATP trans-
porters represents a viable approach that can facilitate the delivery of potentially efficacious
neuroprotective drugs to ischemic brain tissue.
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The diversity of SLC transporters that are expressed at the BBB provides multiple
opportunities to develop approaches for the improvement of CNS drug delivery. Meman-
tine (Figure 4) is a known substrate for OCTs/Octs and, therefore, provides a useful tool
to study the potential of targeting BBB transporters for cationic compounds. In terms of
its mechanism of action, memantine functions as an antagonist of N-methyl-D-aspartate
receptors (NMDARs). Reduced cerebral concentrations of oxygen and glucose following
an ischemic insult can lead to an increased influx of calcium into neurons, a process that
stimulates the release of the prototypical excitatory neurotransmitter glutamate. The ex-
cessive accumulation of glutamate within the synapse (i.e., excitotoxicity) is a primary
cause of neuronal injury and/or death in the setting of ischemic stroke. The pharmaco-
logical inhibition of NMDARs protects against neuronal injury caused by excitotoxicity,
which is the scientific premise for pharmaceutical development of memantine as a neuro-
protective drug. At physiological pH, the majority of memantine molecules will carry a
positive charge [92], a physicochemical property that indicates that a selective membrane
transport mechanism is required for this small molecule drug to cross the BBB. Indeed,
memantine has been shown to be transported by a specific system for cationic solutes in
brain microvascular endothelial cells [92]. Studies in Xenopus laevis oocytes transfected
with OCT2 mRNA demonstrated that memantine uptake was dependent upon a saturable
transport mechanism (Km = 34 ± 5 µM) [126]. Using memantine, we have shown for the
first time that BBB transport is absolutely required for this drug to be efficacious in the
setting of ischemic stroke [127]. Specifically, we report that memantine can improve func-
tional neurological outcomes, reduce cerebral infarction progression, and decrease cerebral
edema when administered as a single dose (5 mg/kg, i.v.) in male Sprague-Dawley rats
subjected to MCAO [127]. Interestingly, the Oct transport inhibitor cimetidine attenuated
all positive effects in our MCAO model [127], suggesting that Oct1/Oct2 transport is a
primary mechanism for the neuroprotective effects of memantine. This is the first time that
an endogenous BBB transport system has been shown to be required for a stroke drug to be
effective, a concept that is depicted in Figure 5.
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Figure 5. Interplay between SLC Transporter-Mediated Drug Uptake and Passive Paracellular
Diffusion as Transport Mechanisms for Neuroprotective Drugs in Ischemic Stroke. Our data with me-
mantine demonstrate that drugs that are transport substrates for SLC transporters such as Oct1/Oct2
require transporter-mediated blood-to-brain uptake to achieve efficacious concentrations following
acute ischemic stroke. This leads to effective neuroprotection and an improvement in functional
neurological performance during the acute phase of post-stroke recovery. When SLC transporter-
mediated uptake is impaired, neuroprotective effects are attenuated despite the presence of “leak”
into the brain via paracellular diffusion across the injured BBB.

In the context of ischemic stroke, the role of transporters in cerebral microvasculature
must be understood in conjunction with the knowledge that BBB dysfunction occurs 4–6 h
following ischemic injury [96]. This pathological event is known to involve changes in
localization and expression of transmembrane and intracellular proteins that comprise
the tight junction. The modulation of tight junction complexes is manifested as the reor-
ganization of oligomeric protein assemblies, which can lead to profound changes in BBB
permeability and the exacerbation of ischemic injury to the brain [128–130]. For example,
the decreased expression of claudin-3 and occludin (i.e., transmembrane proteins that are
known components of tight junction protein complexes) was reported at the BBB in mice
subjected to MCAO, an effect that led to the progression of a cortical infarction and the onset
of cerebral edema [131]. The dysregulation of claudin-5 and ZO-1 via the siRNA knock-
down of A-kinase anchor protein 12 (AKAP12) was shown to cause enhanced endothelial
cell monolayer permeability to fluorescein isothiocyanate-labeled dextran (40 kDa) under
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in vitro OGD conditions [132]. Similar results were obtained in vivo where the conditional
knockdown of NB-3 at the BBB resulted in the reduced protein expression of claudin-5,
occludin, and ZO-1 and the subsequent enhancement in Evan’s blue-albumin extravasa-
tion [133]. Additionally, reduced dimerization and/or oligomerization of occludin was
observed in rat brain microvessels in an in vivo model of hypoxia/reoxygenation stress, a
component of stroke pathogenesis [129]. The result of the occludin movement away from
the tight junction is increased paracellular diffusion (i.e., “leak”) of [14C]-sucrose, a vascular
tracer with a molecular weight of 342 Da [129]. Under normal physiological conditions,
tight junctions are responsible for the formation of a “physical barrier” between adjacent
endothelial cells as evidenced by the restriction of paracellular diffusion to small molecule
solutes as well as water [96,134,135]. This function requires the presence of transmembrane
proteins (i.e., claudins, occludin) that can interact with each other to form a “seal” across the
paracellular space that exists between apposing endothelial cells. Perhaps the most critical
transmembrane tight junction protein is claudin-5 [130,136,137], whose essential role at
the BBB is emphasized by the fact that claudin-5 knockout mice die within 10 h following
birth [138]. The precise mechanism that causes death in these claudin-5 knockout mice is
associated with the reduced control of a vascular “leak” in the cerebral microvasculature as
evidenced by the increased extravasation of small molecule tracers (i.e., gadolinium and
Hoechst 33258) that do not typically permeate the BBB [138]. In addition to claudin-5, brain
microvascular integrity is maintained by transmembrane tight junction proteins such as
occludin [128,129,139], tricellulin [140,141], and junctional adhesion molecules [142,143].
Intracellular accessory proteins such as ZO proteins, which are members of the membrane-
associated guanylate kinase-like (MAGUK) protein family, interact with transmembrane
tight junction proteins to facilitate linkage to the actin cytoskeleton. There are multiple
publications that have shown the altered ZO-1 expression and/or localization and sub-
sequent enhancement in BBB permeability following exposure to a pathophysiological
stressor [144–146]. These observations imply that ZO-1 is essential to the maintenance of
tight junction stability and function.

Despite the knowledge that disruption of the tight junction can increase a non-selective
paracellular “leak” at the BBB, proteins that facilitate the selective transport of small
molecules can overcome these changes in microvascular integrity. This enables endogenous
BBB transporters to remain as primary determinants of CNS drug disposition despite
marked tight junction protein complex dysfunction. Relevant to ischemic stroke, our recent
study with memantine shows that cimetidine can block its brain uptake in ipsilateral and
contralateral cerebral cortices from both MCAO animals and Sham-operated controls; how-
ever, the magnitude of memantine uptake in the ipsilateral cortex was greater than that
measured in the contralateral cortex under MCAO conditions [127]. This finding suggests
that a component of blood-to-brain memantine uptake results from non-selective paracel-
lular diffusion (i.e., “leak”). Indeed, we demonstrated increased brain uptake of sucrose,
a small molecule vascular tracer that does not permeate the intact BBB [137], following
MCAO in whole brain tissue and in the ipsilateral cerebral cortex [127]. It must be empha-
sized that cimetidine treatment blocked the ability of memantine to improve neurological
performance and to limit the progression of cerebral infarction and brain edema [127].
Our laboratory has previously demonstrated this concept in another disease state (i.e., λ-
carrageenan-induced inflammatory pain (CIP)). Using the CIP model [34], we have shown
that tight junction protein complex integrity is disrupted and paracellular permeability to
sucrose is enhanced following plantar injection of λ-carrageenan [139,147–149]; however,
we also demonstrated that brain accumulation of morphine (i.e., a transport substrate
for P-gp) in saline-treated animals and in λ-carrageenan-injected animals could only be
increased in the presence of a competitive P-gp inhibitory drug (i.e., cyclosporine A) [34].
Taken together, these novel results imply that selective transport across microvascular en-
dothelial cells (i.e., transcellular transport) remains a critical determinant of blood-to-brain
drug delivery despite the opening of a non-selective paracellular diffusion route between
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adjacent BBB endothelial cells (Figure 5). In short, it can no longer be assumed that the BBB
is “open” following a pathological insult such as ischemia/reperfusion injury.

4. Transport Mechanisms in Other Cell Types of the Neurovascular Unit

The BBB exists at the level of the brain microvascular endothelium. A central concept
in BBB physiology is that endothelial cells cannot form barrier characteristics without coor-
dinated communication networks with other CNS cell types [96,150,151]. Such networks
gave rise to the concept of the “neurovascular unit (NVU)” that was formally defined
by the National Institutes of Neurological Diseases and Stroke (NINDS) Stroke Progress
Review Group in 2001 [152]. By emphasizing the co-operativity of cell–cell interactions
between endothelial cells, glial cells (i.e., astrocytes, microglia), pericytes, and neurons as
well as contributions from enzymes and proteins that comprise the extracellular matrix, the
adoption of the NVU concept by the BBB field resulted in meaningful changes in the way
that neurological diseases were studied [152]. It is now understood that glial cells and other
CNS cellular constituents interact directly with brain microvascular endothelial cells to
enable the development of a distinct barrier phenotype and to allow for rapid and dynamic
responses to pathological and pharmacological stressors. This close relationship between
neural and vascular function (i.e., neurovascular coupling) ensures that the brain receives
an appropriate supply of oxygen and glucose and regulates other critical processes such
as proteostasis, immune cell trafficking, temperature control, metabolic waste removal,
and neurogenesis [153]. It is also important to note that transport proteins have been
identified in these NVU cellular components. The isoforms of transporters in glial cells,
pericytes, and neurons may differ from those expressed in endothelial cells; however, it
is highly probable that these proteins work in concert with BBB transporters to control
drug distribution within the CNS. Therefore, the functional expression of transporters in
cellular compartments of the NVU requires more extensive evaluation in the setting of
neurological diseases due to their potential role in modulating free drug concentrations at
discrete molecular targets and, by extension, therapeutic effectiveness.

4.1. Astrocytes

Astrocytes are the most numerous CNS cell type and play an essential role in the de-
velopment and maintenance of the BBB phenotype [154–156]. They are localized between
neuronal cell bodies and endothelial cells and cover more than 99% of brain microvascula-
ture with their end-feet [151]. The seminal work by Janzer and Raff in 1987 indicated that
astrocytes may be the CNS cell type that is primarily responsible for preventing paracellular
“leak” at the BBB [157]. Since this study was published, many others have demonstrated
the central involvement of astrocytes in the regulation of the BBB. For example, the injection
of a toxic chemical (i.e., 3-chloropropanediol) in male Fisher F344 rats resulted in focal as-
trocyte loss and a subsequent reduction in tight junction protein expression (i.e., claudin-5,
occludin, ZO-1) and increased paracellular permeability to 10 kDa dextran [158]. In vitro,
porcine brain endothelial cells showed improved BBB properties when co-cultured in the
presence of an immortalized rat astrocyte cell line (CTX TNA2), suggesting that astrocytes
produce and secrete trophic factors that stimulate the development of the BBB pheno-
type [155]. More recently, human iPSC-derived astrocytes were observed to reduce paracel-
lular “leak” and improve the integrity of the tight junction protein complexes continuity
when co-cultured with endothelial cells also generated from iPSCs [156]. More recently,
imaging modalities such as two-photon microscopy have provided critical information on
the anatomical relationship between astrocytes and microvascular endothelial cells at the
NVU [159]. In addition to their role in the maintenance of the BBB phenotype, astrocytes
are involved in the regulation of water and ion transport across the brain microvascular
endothelium [160,161] and control of neurotransmitter (i.e., glutamate) concentrations in
the synapse [151]. Additionally, astrocytes are known to express volume-regulated anion
channels (VRACs). These channels release excitatory amino acids such as glutamate in
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a calcium-independent manner under pathological conditions that can lead to cellular
swelling such as cerebral hypoxia [162] and ischemic stroke [163].

ABC transporters that are known to be expressed in astrocytes include P-gp [20,164,165],
Bcrp [166], and MRP/Mrp isoforms [62,167,168]. Various MRP and OATP isoforms (i.e.,
OATP1A2, OATP1C1, OATP2B1, and OATP4A1) have been detected at the gene (i.e.,
mRNA) level in human glioma tissue [75]. Gao and colleagues observed that Oatp1a4
immunoreactivity did not colocalize with GFAP, suggesting that this transporter is not
expressed in rat astrocytes [78]. In contrast, Oatp3a1 protein expression was detected in rat
astrocytes, which implies a mechanism for prostaglandin and thyroxine transport in glial
cells [169]. Several isoforms of organic cation transporters, including OCT3/Oct3, novel
organic cation transporters (OCTNs in humans; Octns in rodents), and the plasma mem-
brane monoamine transporter (PMAT in humans; Pmat in rodents) have been reported to
be expressed in astrocytes [170]. The expression of these transporters in astrocytes suggests
that these glial cells can play a critical role in the regulation of CNS drug distribution.
That is, the complement of transporters in astrocytes may either sequester drugs within
the cytoplasm (thereby preventing compounds from reaching their molecular target in
the brain) or concentrate drugs in the brain extracellular fluid. The current knowledge
in the field, as described by the glymphatic hypothesis, indicates that solutes are cleared
from brain parenchyma by fluid flow mechanisms [171]. Supporters of the glymphatic
hypothesis believe that this occurs via perivenous flow, a perception that is supported by
the observation that tracer molecules entering the brain parenchyma via CSF or directly in-
jected into the brain parenchyma will eventually distribute to the walls of large veins [171].
Opponents note that the fluid flow required to allow solutes to diffuse to the perivenous
spaces is much greater than that supplied by CSF flow [171]. While we still do not have an
adequate understanding of the mechanisms involved in the solute clearance from brain ex-
tracellular fluid, it is possible that passive diffusion and active transport processes are also
involved. Additionally, it has been proposed that astrocyte cellular volume can fluctuate in
response to physiological processes such as the sleep–wake transition, an effect that can
lead to considerable changes in brain interstitial fluid volume [172]. Indeed, the release of
fluid from astrocytes into the brain extracellular spaces can dilute drug concentrations and
potentially affect the rate of transport by cellular compartments of brain parenchyma such
as astrocytes. As such, the effect of astrocyte volume changes on drug transport and/or
distribution in the brain requires further study.

4.2. Microglia

Microglia are the innate immune cells of the brain and comprise 10–15% of all cell
types in the CNS [173]. Microglia belong to the myeloid lineage, which also includes mono-
cytes/macrophages, neutrophils, and platelets [174]. The pathophysiological functions of
microglia are best exemplified in the setting of cerebral ischemia where they participate
in the initiation and maintenance of neuroinflammation but also post-stroke neural repair
and inflammatory dampening [174–176]. In the context of normal physiology, microglia
exist in a quiescent state and are not capable of endocytotic and/or phagocytotic func-
tions. Morphologically, these resting microglia are ramified as demarcated by a small
(5–10 µm) cell body and possess multiple thin radial processes [175]. The role of microglial
processes under resting conditions are to sense the presence of pathological mediators
and/or potentially toxic substances in the brain extracellular space [175]. The ability to em-
ploy state-of-the-art technologies such as two-photon microscopy imaging has enabled the
visualization of radial processes while microglia are in a resting state [177]. Under patho-
physiological conditions, microglia can quickly shift to an activated phenotype. The level
of microglial activation is strongly correlated with the type and severity of the CNS disease
state. Activated microglia are routinely described as existing in two functional states that
are designated as M1-like and M2-like. M1-like microglia perform pro-inflammatory and
pro-killing functions and are often perceived to be deleterious to neuronal integrity [176].
In contrast, M2-like microglia are involved in the regulation of the central immunity, in-
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flammatory control, and repair/injury resolution [176]. It is important to point out that
M2-like microglia are also capable of phagocytosis, which provides a unique ability for
these cells to clear cellular debris in the brain and contribute to neural repair [178]. The
M1/M2 classification system is imperfect and there are several exceptions as has been
shown in several studies on neurological disease states where substantial heterogeneity in
microglial phenotypes have been demonstrated [179,180]. Indeed, microglial activation is
strongly correlated with BBB dysfunction, which is an early event in neurological diseases,
including ischemic stroke [96], Alzheimer’s disease [181], and epilepsy [182].

Although previous studies have shown that microglia express ABC transporters,
including P-gp, Mrp1, Mrp4, and Mrp5 [183–185], there are no published data outlining the
expression of OATP/Oatp isoforms in microglia. In contrast, the uptake of ergothioneine
was shown to be reduced in microglia isolated from Octn1 knockout mice, an observation
that provides evidence for functional organic cation transporters in these glial cells [186].
Similar to astrocytes, the dynamic expression profile of transporters in microglia points
toward a critical role in the regulation of drug distribution in the brain parenchyma. Clearly,
more detailed studies on transporter functional expression in microglia are necessary to
assess the ability of these cells to contribute to drug permeation and/or distribution in
the CNS.

4.3. Pericytes

In addition to glial cells, pericytes play a fundamental role in the control of BBB home-
ostasis [187–189]. Pericytes are flat, contractile mural cells that are localized to the basement
membrane of small blood vessels in the CNS [190,191]. Pericytes maintain direct contact
with endothelial cells as demonstrated by pericyte ablation experiments, which result in
morphological changes in adjacent pericytes [192]. Specifically, these cells will stretch
to provide coverage to “open” areas of the microvascular endothelium where pericytes
no longer exist [192]. Several contractile and cytoskeletal proteins, including α-smooth
muscle actin (α-SMA), neural/glial antigen-2 (NG-2), vimentin, desmin, myosin, and
nestin, are expressed by pericytes, observations that support the contractile nature of these
cells [190,193]. It is important to point out that α-SMA content differs amongst pericytes,
which suggests the existence of multiple pericyte populations (i.e., ensheathing pericytes,
mesh pericytes, and thin-strand pericytes) which possess dissimilar characteristics [191].
Pericytes can be identified based on their expression of cell surface antigens, including
the platelet-derived growth factor receptor-β, aminopeptidases N and alanyl aminopep-
tidase (CD13), regulator of G-protein signaling-5 (RGS5), and melanoma cell adhesion
molecule (MCAM; also known as CD146) [190]. The role of pericytes in the maintenance
of BBB properties is believed to involve the secretion of angiopoietin, which induces the
expression of the critical tight junction protein occludin [194]. Using genetically modified
mice that exhibit a decreased mural cell density, Armulik and colleagues showed that the
magnitude of microvascular pericyte coverage is inversely proportional to the paracellular
permeability at the BBB [195]. Specifically, increased endothelial pericyte coverage resulted
in decreased extravasation (i.e., “leak”) of large molecular weight tracers, such as Evan’s
blue-albumin, BSA-Alexa Fluor-555, IgG-DyLight 549, and horseradish peroxidase [195].
Enhanced BBB paracellular diffusion in response to pericyte loss differs across brain regions
and the greatest permeability changes observed in the hippocampus, striatum, and cerebral
cortex [196]. Although this study indicated that regional differences in the BBB leak did not
result from dysfunction of tight junction protein complexes, a comprehensive examination
of tight junction protein expression, localization, or dimerization/oligomerization in the
pericyte-deficient Pdgf-bret/ret mouse model was not conducted [196]. Furthermore, BBB
permeability was only measured using the large molecule tracer IgG, and smaller molecular
weight indicators of BBB permeability were not incorporated into the study design. There-
fore, data presented in the study by Villasenor and colleagues are not sufficient to conclude
that reduced pericyte coverage at the BBB did not cause tight junction dysfunction.
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To date, data on the localization and functional expression of transporters in pericytes
is limited. P-gp has been localized to the plasma membrane of pericytes in rat and human
brain tissue fixed in situ [20]. It is also noteworthy that pericytes have been shown to
induce the expression of P-gp in brain microvascular endothelial cells [189,197], further
emphasizing their role in the maintenance of the BBB phenotype. The expression of Mrp1,
Mrp4, and Mrp5 mRNA has also been reported in pericytes isolated from bovine brain
tissue [198]. P-gp and MRP1 have also been detected at the protein level in postmortem
brain tissue samples [199]. While the exact role of these transporters in pericytes has not
yet been elucidated, it is highly possible that the functional expression of ABC transporters
in this NVU cell type can contribute to the barrier properties of cerebral microvasculature
by restricting the blood-to-brain uptake of drugs. Despite these intriguing findings with
respect to ABC transporters, there are no published studies that describe the expression
and/or function of OATPs/Oatps or OCTs/Octs in pericytes. This suggests a critical
knowledge gap that must be addressed to fully understand the dynamics of the drug
transport mechanism at the NVU.

4.4. Neurons

Neurons form the basic structural and functional component of the CNS. The pri-
mary function of neurons is to respond to stimuli by conducting electrical signals along
conductive processes (i.e., axons). The conduction of electrical impulses results in the
release of neurotransmitters that further regulate (positively and negatively) nearby neural
responses [200]. This enables the brain to maintain a highly complex communication
network. A few studies have reported expression of Oatp1a5 and Oatp2b1 in neurons
isolated from rat and mouse brain [201]. The neuronal expression of Oatp2b1 is particularly
compelling because many of its transport substrates (i.e., prostaglandins and leukotriene
C4) are involved in inflammatory signaling and regulation [201]. Because neuroinflamma-
tion is a central component of multiple disease states, neuronal Oatp2b1 may represent a
viable molecular target for the treatment of CNS diseases. Additionally, Oatp1a5 and/or
Oatp2b1 may be involved in neurotoxicity due to their ability to transport cytotoxic micro-
cystins [202]. Confocal microscopy imaging of human frontal cortical tissue demonstrated
the expression of OATP3A1 in neurons at both the cell body and axon [169]. In vivo stud-
ies have shown that murine neurons express high levels of Oatp2a1 [203]. Additionally,
OCT2 has been detected in human neurons [126], while Oct2 has been observed in murine
neurons from the amygdala, dorsal raphe, frontal cortex, hippocampus, thalamus, median
eminence, and pituitary gland [204,205]. In terms of efflux transporters, P-gp expression
has been reported to be negligible in neurons but can be induced in response to patho-
logical stressors [206–208]. In contrast, Mrp1 has been detected in primary cultures of
murine prefrontal cortical neurons [209]. While these studies provide evidence for neuronal
transporter expression, their role in CNS drug distribution and the effects on treatment
effectiveness for neurological diseases requires more extensive evaluation. Such studies are
warranted given the possible role of neuronal transporters in controlling drug distribution
in the brain parenchyma and/or the access of therapeutic agents to their site of action.

5. Summary and Conclusions

The challenges of CNS drug delivery are best exemplified by ischemic stroke, which
continues to be a significant cause of death and disability in the United States and world-
wide. Since FDA-approved pharmacotherapy for ischemic stroke remains restricted to
fibrinolytic therapy (i.e., r-tPA), safe and effective neuroprotective drugs are urgently
needed. The application of these new chemical entities to the population of stroke patients
is highly dependent upon transport across the BBB. Previous research by our laboratory
has revealed several endogenous transporters with considerable potential to be targeted for
optimization of CNS drug delivery; however, there are few studies in the preclinical stroke
literature that describe the need to consider BBB transport mechanisms during therapeutic
development. It is striking that statins and memantine, drugs that have shown varying
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degrees of success in stroke, are substrates for uptake transporters that are expressed at
the human brain microvascular endothelium (i.e., OATP1A2 for statins; OCT1/OCT2 for
memantine) while other compounds (i.e., disufenton sodium) that are not transported at
the BBB have failed in the clinic [98]. Our laboratory has undertaken important studies to
address this critical issue. In the case of memantine, we have been successful by demon-
strating that membrane transport mediated by Oct1/Oct2 is a critical step that enables this
drug to function as a neuroprotectant in the setting of ischemic stroke [127]. Our work
has revealed that the BBB does not simply remain “open” and “leaky” following stroke.
Rather, endogenous transporters are still capable of providing selective delivery of their
solutes to ischemic brain tissue despite the existence of a route for paracellular diffusion.
It is also important to consider that CNS disposition of a single drug is often determined
by the combined activity of many different transporters that can move their substrates in
opposite directions. Understanding the “multi-transporter environment”, both at the BBB
and in cellular compartments of the NVU, is essential to moving the field forward by per-
forming detailed and translational preclinical studies that can be developed into effective
treatments for neurological diseases. This concept is emphasized by our recent publication
where we rigorously evaluated the combined effects of Oatp1a4, P-gp, and Bcrp on the
disposition of statin drugs (i.e., atorvastatin, pravastatin, and rosuvastatin) in the brain [49].
Taken together, these findings will facilitate the discovery of treatment strategies where
small molecule neuroprotective drugs can be delivered safely and efficiently. Continued
research in this area will enable preclinical stroke research to take a “giant step forward”
via incorporation of drug transporter experiments into in vivo models of experimental
stroke to understand how therapeutics can attain efficacious concentrations in the brain.
The future discovery of new chemical entities and/or the development of neuroprotective
treatment strategies for ischemic stroke will greatly depend upon obtaining a rigorous
understanding of BBB transport mechanisms. Success in this area will also depend upon
expansion of transporter studies to include other cell types of the NVU. Indeed, trans-
port mechanisms in astrocytes, microglia, pericytes, and neurons can play a key role in
determining drug distribution in the brain parenchyma and, by extension, the capability
of a therapeutic agent to reach its site of action. Overall, endogenous transporters at the
BBB/NVU represent an untapped opportunity that must be pursued to accelerate the
development of pharmacological strategies for the treatment of neurological diseases such
as ischemic stroke.
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Abstract: The blood–brain barrier (BBB), built by brain endothelial cells (BECs), is impermeable to
biologics. Liposomes and other nanoparticles are good candidates for the delivery of biologics across
the BECs, as they can encapsulate numerous molecules of interest in an omnipotent manner. The
liposomes need attachment of a targeting molecule, as BECs unfortunately are virtually incapable
of uptake of non-targeted liposomes from the circulation. Experiments of independent research
groups have qualified antibodies targeting the transferrin receptor as superior for targeted delivery
of nanoparticles to BECs. Functionalization of nanoparticles via conjugation with anti-transferrin
receptor antibodies leads to nanoparticle uptake by endothelial cells of both brain capillaries and
post-capillary venules. Reducing the density of transferrin receptor-targeted antibodies conjugated to
liposomes limits uptake in BECs. Opposing the transport of nanoparticles conjugated to high-affine
anti-transferrin receptor antibodies, lowering the affinity of the targeting antibodies or implementing
monovalent antibodies increase uptake by BECs and allows for further transport across the BBB. The
novel demonstration of transport of targeted liposomes in post-capillary venules from blood to the
brain is interesting and clearly warrants further mechanistic pursuit. The recent evidence for passing
targeted nanoparticles through the BBB shows great promise for future drug delivery of biologics to
the brain.

Keywords: antibody; blood–brain barrier; endosomal; liposome; nanoparticle; targeting; transferrin

1. Introduction

The brain harbors a vascular barrier system consisting of the blood–brain barrier (BBB)
and the blood–cerebrospinal fluid (CSF) barrier. Together, they limit the passage from
the bloodstream into the brain parenchyma of virtually any drug unless highly lipophilic
or smaller than approximately 70 Daltons [1–4]. This is preferable from a physiological
perspective, as it allows to sustain integrity and maintain stable extracellular concentra-
tions of solutes in the brain with minimal influence from fluctuations in blood. It is also
advantageous from a toxicologic perspective, as the vascular barriers form a strong defense
that prevents the entry of unwanted exogenous substances and pathogens [1–4].

However, the presence of the brain barrier system is inconvenient from a pharmacologi-
cal perspective as many of the existing and forthcoming drug candidates, e.g., polypeptides,
or genetic material-based pharmaceutics like siRNA or cDNA, are unable to pass the brain
barriers [5]. This is unfortunate as research of recent years has identified several targets
putatively amendable for the treatment of CNS diseases, providing that such biologic
therapeutics (“biologics”) can enter the brain [6,7]. Consequently, current therapeutics

437



Pharmaceutics 2022, 14, 2237

attempting to treat neurodegenerative disorders like Alzheimer’s and Parkinson’s dis-
ease, and psychiatric diseases, e.g., schizophrenia and endogenous depression, where the
vascular barriers are supposedly intact [8], are pharmacologically restricted.

The discovery of the selective expression of targetable proteins by brain endothelial
cells (BECs) has changed the scene and provides new optimism, as several biologics con-
jugated to targeting antibodies are now amendable for uptake and transport across the
BECs [2,5,6]. The use of targeted antibody-conjugated nanoparticles for drug delivery to
the brain denotes an interesting alternative to the use of biologics conjugated directly to
antibodies [9,10]. A major advantage of nanoparticles is their omnipotence to encapsulate
potentially any drug of interest with minimal restraints on their size [9,10]. From the first
studies on BBB transport performed more than two decades ago [11–13], the exploration of
targeted liposomes and other types of nanoparticles, e.g., polymeric nanoparticles, gold
nanoparticles, and magnetic nanoparticles, has progressively continued [9]. A recent peak
in this discovery was the identification of transport of transferrin receptor-targeted lipo-
somes into the brain, recently reported using real-time two-photon microscopy in vivo.
Interestingly, transferrin receptor-targeted liposomes were found to mainly undergo trans-
port into the brain via an unexpected route, i.e., across endothelial cells of post-capillary
venules, and not via brain capillaries [14].

Here, we review the most successful attempts made to enable targeted uptake and
transport of nanoparticles across the BBB. As most studies target the transferrin receptor,
our delineation of the existing literature mainly addresses this receptor. We describe how
specific proteins expressed by BECs enhance the binding and uptake of antibodies from the
circulation. Next, we cover how targeted nanoparticles can undergo specific binding and
uptake, when conjugated with antibodies weakened in affinity or avidity. We also discuss
the therapeutic use of targeted nanoparticles in conditions with brain pathology.

2. Passaging of Large Molecules through the Blood–Brain and Blood–CSF Barriers

The BBB proper consists of endothelial cells connected by tight junctions. The blood–
CSF barrier is formed by choroid plexus epithelial cells also connected by tight junctions,
but opposed to the BBB; the capillaries of the blood–CSF barrier are leaky, meaning that
solutes of the plasma diffuse into the extracellular space of the choroid plexus where the
epithelial cells selectively transport molecules to the CSF [2,3,14]. From a quantitative drug
delivery perspective, passaging across the BBB is by far the most important as the brain
microvasculature has a surface area thousand-fold higher than that of the choroid plexus.
This allows drugs to enter the entire brain while transport across the blood–CSF barrier is
restricted to the ventricular system [2,3,15].

The BBB prevents large molecules and particles in blood plasma from entering the
brain (Figure 1). This includes entry via the paracellular space between the endothelial
cells where tight junctions limit diffusion from blood to brain [1,2,9]. To enable nutrient
uptake while preventing the influx of unwanted substances, the BECs express nutrient
transporters for, e.g., amino and fatty acids, monosaccharides, vitamins, and essential ions
and metals [1–4]. In contrast, the transport of large molecules of the plasma, like albumin
and IgG, is diminutive, e.g., intravenous injection of non-immune IgG in the adult rat is
limited to as little as 0.03% of the injected dose, which can be surpassed more than ten-fold
by injecting anti-rat transferrin receptor-targeted IgG (OX26) [16]. This can also be observed
at the ultrastructural level, where a limited number of transporting vesicles occurs in the
cytosol of the BECs compared to endothelial cells of other non-fenestrated capillaries, e.g.,
those of skeletal muscles. For the same reason, the chances of obtaining transport through
the brain endothelium of large constituents like nanoparticles are also predictably low,
unless nanoparticles are made targetable to nutrient transporters (see next paragraph).
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this antibody to undergo transport into the brain. Modified from [15]. 

3. The Transferrin Receptor as Target for Drug Delivery 

The first indicator of specific uptake and transport of a plasma protein came from 

observations showing that the brain has a high binding capacity for transferrin, the trans-

porter of the essential metal iron [17]. Later, the identification of a specific binding protein 

Figure 1. Illustration of transport of the three major plasma proteins and targeted anti-transferrin
receptor antibodies within brain capillary endothelial cells (BECs). (A) Albumin and non-immune
IgG enter the BEC non-specifically by fluid-phase uptake. They may undergo release from the BEC at
the abluminal side, although the quantitative evidence is scarce and clearly shows that this mean
for entry of albumin and non-immune IgG to the brain is negligible. (B) Similarly, the transcytotic
transport of iron-containing (holo-transferrin) is also negligible and opposed by the release of iron
from transferrin due to the lower pH of the endocytosis vesicle. Transport through the BECs may
occur to a higher extent in the developing brain where transferrin receptor expression by BECs is
far-fold higher than in the adult brain (see body text). (C) Transport of high-affine IgG targeted to
the transferrin receptor. Transport of this antibody through BECs is negligible. (D) Transport of
low-affine IgG targeted to the transferrin receptor. Transport of this antibody through BECs is enabled
by the detachment of the antibody from the transferrin receptor in late endosomes, which enables
this antibody to undergo transport into the brain. Modified from [15].
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3. The Transferrin Receptor as Target for Drug Delivery

The first indicator of specific uptake and transport of a plasma protein came from
observations showing that the brain has a high binding capacity for transferrin, the trans-
porter of the essential metal iron [17]. Later, the identification of a specific binding protein
for transferrin, the transferrin receptor (a.k.a. transferrin receptor 1), was identified on
BECs [18]. Except for a few other organs, e.g., gonadal cells, the expression of the transferrin
receptor by BECs is different from capillaries of organs elsewhere in the body, which do not
express this receptor [18–23].

Among the large proteins present in blood plasma, transferrin stands out because of
its potential for binding to the transferrin receptor of the BECs [9,24]. The quantitative
uptake of iron-containing transferrin by the receptor was first addressed thirty years
ago in seminal studies by Morgan and co-workers, who co-examined brain uptake of
radiolabeled iron together with iodine-labeled transferrin (reviewed in [24]). This allowed
for accurate measures of uptake of both iron and transferrin by the brain and, importantly,
showed that the transport of radioactive iron through the BBB by far exceeded that of
transferrin even a few hours after injection into the peripheral blood. Similar observations
were made independently by another research group [25]. This led to the conclusion that
iron-containing transferrin is taken up by receptor-mediated endocytosis at the luminal
membrane of brain capillaries. In the brain, iron dissociates from transferrin within the
slightly acidic environment in the endosomal compartment [26], and iron is transported
across the abluminal lipid bilayer of the BECs to the brain, whereas iron-free transferrin is
retro-endocytosed back to the luminal membrane [9,24,27].

Counteracting the notion of receptor-mediated endocytosis and retro-endocytosis
of transferrin at the BBB, other studies suggested that the iron-containing transferrin
may be transferred across the BECs [28,29]. A caveat, in the relevance of these data
for understanding iron and transferrin transport at the BBB, shows only transferrin was
detected in the brain, hence leaving out the possibility of interpreting the simultaneous
transport of iron. However, supporting that transendothelial transport of iron-containing
transferrin may occur, observations made on iron and transferrin uptake combined in other
studies do not exclude that a minority of iron–transferrin may pass through the BBB, hence
simulating transcytosis at the brain endothelium [24].

The expression of transferrin receptor by BECs varies throughout development, with
transferrin transport into the brain being higher in the developing brain than at later
ages [30–32]. Interestingly, although magnitudes lower than that of iron, the transport
of transferrin across the BBB is significantly higher than that of albumin [28–30], which
may be due to higher transcellular trafficking of transferrin. Many more vesicles, typically
sized about 70 nm in diameter, are present in BECs of the developing brain [33], so even if
only a limited fraction of these vesicles fuse with the abluminal membrane, there would a
priori be more vesicles emptying their content into the brain during ontogenesis than in
adulthood. Endocytic clathrin-coated vesicles are formed as part of transferrin receptor
docking at the luminal side of the BECs. The resulting vesicle forming due to the transferrin
attachment will likely also capture fluids from the extracellular space of the luminal side in
a non-specific manner, which may explain why albumin also gets transferred through the
BBB to a higher degree in the developing brain (Figure 1).

Returning to the attempts to enable transport through the choroid plexus, it should not
be overlooked that there is strong morphological and physiological evidence for vesicular
transport by transcytosis through this epithelium. Ultrastructurally, tracer studies using
peroxidases demonstrate that the choroid plexus epithelium can take up large molecules
like horseradish peroxidase (HRP) with transfer from the basolateral to the luminal side
eventually leading to release into the ventricles [15,34,35]. The choroid plexus, contrary to
the brain endothelium, also contains vesicular structures with albumin, IgG, and transferrin.
This is corroborated by the concentration of these proteins being many times higher in
the ventricular CSF compared to the interstitial fluid of the brain in the CSF (c.f. [15]).
The transport of large plasma proteins could theoretically qualify the blood–CSF barrier
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as a feasible route for nanoparticles to enter the brain. Counteracting this consideration,
CSF of the ventricular system purely distributes substances to the ventricular system and
subarachnoid space and excludes the possibility of targeted transport of antibodies and
nanoparticles into the brain via transport across the choroid plexus [2].

4. Specific Proteins Expressed by Brain Endothelial Cells Enhance the Binding and
Uptake of Antibodies from the Circulation

The functional capacity of the brain endothelium to bind and internalize antibodies
targeted to the transferrin receptor [18] spawned the idea of using transferrin receptor
antibodies to target the brain endothelium, as this would allow conjugated therapeutic
molecules to enter the brain [19,21,36,37]. The rationale for injecting transferrin receptor-
targeting antibodies is that exogenous transferrin needs to compete with endogenous trans-
ferrin of blood plasma, which significantly reduces the likelihood for binding transferrin
receptors [36,37]. This is not the case when using transferrin receptor targeting antibodies,
which bind to epitopes at the transferrin receptor without interfering with endogenous
transferrin. This is advantageous from the physiological point of view, as the brain delivery
of iron is not hampered by antibody-targeting of the transferrin receptor [36,37].

The injection of antibodies targeted to the transferrin receptor dramatically increases
the brain uptake as compared to non-targeted antibodies [11,36,37]. Noteworthy, inject-
ing antibodies targeting the insulin receptor, also expressed by BECs, similarly allowed
for higher uptake in BECs [11,13,19,38]. However, the internalization did not guarantee
successful passage across the endothelium. It was later shown that although transferrin
receptor-targeted antibodies were internalized in the BECs by receptor-targeting, the anti-
bodies fell short in their capability to pass to the brain parenchyma [16,39]. This observation
was explained by antibodies forming covalent binding to the transferrin receptors suffi-
cient to prevent the antibodies from detaching from the receptor. Later, biotechnological
advances created the basis for synthesizing mono-specific antibodies lowered with low
affinity, and bi-specific antibodies with low avidity. Such antibodies can be constructed
by replacement of a single Fab fragment of a monospecific, high-affine, divalent antibody
with a Fab fragment able to bind a different molecule. The properties of the modified
antibodies counteracted the permeability restraints of the BBB and enabled both uptake and
higher transport of transferrin receptor-targeted antibodies into the brain, as verified from
their engagement with neurons and proteins deposited extracellularly in the brain [40,41].
Subsequently, these approaches inspired the generation of a plethora of differently de-
signed transferrin receptor-targeting antibodies, all able to transport conjugated biologics
across the BBB [41–47]. Together, they have provided new optimism on how to achieve
delivery of therapeutics to the brain, with transferrin receptor-targeted antibodies being
now amendable for clinical use in conjugation with enzymes needed for treatment of lyso-
somal deficiency or being tested in clinical trials against amyloid deposition in Alzheimer’s
disease (ClinicalTrials.gov Identifier: NCT05371613; NCT04639050; NCT04573023).

While the development of antibodies entering the brain was generated using antibod-
ies targeting the transferrin receptor and the insulin receptor, it should not be overlooked
that targeting other proteins of the brain endothelium has been pursued. The large amino
acid transporter (CD98hc), glucose transporter 1 (GLUT1), and basigin (CD147) are particu-
larly rich in their selective expression by the BECs compared to capillaries in the periphery,
e.g., lung and liver, and are alternatives for targeting the brain endothelium [19,38,48,49].

5. Specific Proteins Expressed by the Brain Endothelium also Facilitate the Binding
and Uptake of Targeted Nanoparticles

The plethora of in vivo studies on nanoparticle transport typically omit to characterize
the pharmacokinetics that leads to transport through the BBB. They rather focus on phar-
macodynamics or therapeutic effects after the particles have undergone transport into the
brain., Often the evidence for the latter is scarce and is extrapolated from pharmacological
studies, where improvement in behavioral tasks of experimental animals treated with
nanoparticles is used as evidence for BBB transport. Many studies determine fluorescent
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nanoparticles using whole-brain imaging, which prevents the distinction of nanoparticles in
BECs versus neurons or glia. Other studies determine changes in protein or gene expression
by neurons and glia in dissected brain preparations without taking the expression levels in
BECs into consideration, e.g., by analyses of brain capillaries isolated and separated from
the remaining brain tissue [50].

In spite of the limited number of studies dealing with the uptake and transport
kinetics by BEC, a common observation is that the uptake of nanoparticles, e.g., liposomes,
gold nanoparticles, or quantum dots, from the circulation is significantly enhanced when
conjugated to the transferrin receptor targeted antibodies [51–55]. Comparing the uptake
of stealth liposomes in the mouse brain with or without conjugation to proteins putatively
targeting BECs, only antibodies targeting the transferrin receptor (clone RI7217) enhanced
the liposomal binding and uptake by the brain endothelium [52]. The uptake of RI7217-
conjugated liposomes was almost two-fold higher compared to binding with endogenous
transferrin or un-conjugated liposomes in brain capillaries isolated from the brain 12 h post
injection [52]. Independent studies in the rat [51,53] and mouse [54,55] also concluded that
targeting the transferrin receptor using high-affine anti-transferrin receptor antibodies leads
to preferential accumulation of liposomes within BECs (Figure 2). Given this evidence, it
stands out as somewhat puzzling that reports continuously occur addressing targeting
attempts to the transferrin receptor at BECs using only transferrin and not the antibody.
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Figure 2. Uptake of fluorescently labeled immunoliposomes conjugated with high-affine IgG targeted
to the transferrin receptor (OX26) in brain capillaries in vivo in the rat as revealed using spinning
disk confocal microscopy. The OX26 immunoliposomes associate to brain microvessels. Immunohis-
tochemical detection of the OX26 of the immunoliposome similarly reveals that the immunoliposome
and its binding antibody accumulate in the brain capillaries. Scale bar = 20µm. Modified from [53].
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The uptake of RI7217-conjugated liposomes at the BBB is significantly higher com-
pared to stealth liposomes conjugated with non-immune IgG [52]. In contrast, liposomes
conjugated to proteins putatively capable of targeting BECs, e.g., (i) cross-reacting material
(CRM) with affinity for an endogenous diphtheria toxin receptor; (ii) angiopep-2 with
affinity for LRP-1; (iii) COG133 with affinity for apolipoprotein E, all failed to exhibit higher
uptake compared to non-immune IgG-conjugated liposomes [52]. In particular, the observa-
tions made on liposomes targeting the diphtheria toxin receptor, LRP-1, or apolipoprotein
E were discouraging [52], although earlier studies indicated that these targets were relevant
for nanoparticle uptake in BECs [56–58]. Studies using unconjugated antibodies targeting
LRP-1 also failed to prove that LRP-1 was a viable target for specific uptake by the brain
endothelium [19]. It is feasible that the widespread expression of the aforementioned
targets in peripheral vasculature may reduce the extent of liposome availability for uptake
at BECs.

The number of antibodies present on the surface of antibody-functionalized gold nanopar-
ticles and cargo-loaded stealth liposomes influenced the targeting to BECs in vivo. Hence, the
highest density out of a selection of different densities (0.15, 0.3, and 0.6 ∗ 103 antibodies/µm2)
led to the highest binding and uptake [59]. Using gold nanoparticles conjugated with target-
ing antibodies with different affinity for the transferrin receptor [40], or lowering the avidity
inversely led to higher uptake of targeted nanoparticles both in vivo in the adult mouse
and in vitro in isolated primary mouse BECs from adult mice [54] (Figure 3). Examining
the influence of the avidity of the targeting antibodies, using bispecific antibodies targeting
both the transferrin receptor and amyloid beta (i.e., mono-valent binding to the transferrin
receptor, this approach resulted in higher binding and uptake when compared to low-affine,
bivalent monospecific antibodies both in vivo and in vitro [54].
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Figure 3. Uptake in the adult mouse brain of gold-labeled nanoparticles (AuNPs) targeted to the BBB
by anti-transferrin receptor antibodies varying in affinity. Identical antibodies were studied prior for
BBB transport without conjugation [44]. (A) In whole brain homogenates, there is a clear distinction
between the different transferrin receptor (TfR)-targeted variants with respect to their accumulation.
(B) The TfR-targeted AuNPs accumulate in the capillary fraction with 0.2, 0.5, and 1.1%ID/g for anti-
TfRA, anti-TfRD, and anti-TfRA/BACE1. (C) In fractions containing brain parenchyma, detection of
AuNPs indicates transport across the BBB. Accumulation is mainly seen for the low-affinity anti-TfRD

compared to the high-affinity anti-TfRA variant AuNPs. Anti-TfRA/BACE1 AuNPs are superior
to the other TfR-targeted variant AuNPs with a mean parenchymal accumulation of 0.23% ID/g
compared to 0.04 and 0.08% ID/g for anti-TfRA and anti-TfRD, respectively. Modified from [54]. Data
are presented as mean ± SEM (n = 7–8, Kruskal-Wallis test with Dunn’s multiple comparisons post
hoc test) with * p < 0.05 and *** p < 0.001. %ID/g: percentage of injected dose per gram.

The uptake of nanoparticles may be further enhanced by changing the shape of
nanoparticles, provided they are constructed by a relevant material [60,61]. In vitro stud-
ies showed that rod-shaped polymeric nanoparticles targeted to the transferrin receptor
underwent seven-fold higher uptake compared to spherical particles [60], clearly war-
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ranting further pursuit in vivo. The nanoparticles’ zeta potential is also important with
slightly negative potential being optimal for uptake [11–13]. When present in blood plasma,
nanoparticles tend to absorb blood-circulating proteins forming a so-called protein corona
so significant that it may sterically block for binding of the targeting protein to its re-
ceptor [61]. Previous research on the liposomal protein corona may have suffered from
significant methodological limitations making this issue too problematic as justified in more
controlled experiments, showing that contaminating proteins may have interfered with the
analysis of the protein corona [62–64]. To prevent a potential unwanted influence of protein
corona on the targeting potential of the nanoparticles, the nanoparticles can be conjugated
to their targeting antibody bridged in-between by PEG molecules, which simultaneously
will limit their likelihood of being taken up in the reticuloendothelial system (RES) [9,10].

The possibility of using the transferrin receptor for targeting nanoparticles to the BECs
has also been pursued in studies using dual targeting approaches in which transferrin is
linked to the surface of nanoparticles in conjunction with other peptides. Studies were
mainly performed in vitro, with additional biodistribution studies in vivo using nanopar-
ticles conjugated with transferrin and cell-penetrating peptides (CPPs), or rabies virus
glycoprotein (RVG) [65–67]. Although these approaches bear great potential, they warrant
direct comparisons with antibodies targeting the transferrin receptor for efficient drug de-
livery to the brain. Other strategies examined the transferrin receptor targeting peptide T7
(aka T7-LS) bound to the surface of liposomes containing the chemotherapeutic vincristine
and reported a significantly higher pharmacological effect compared to the targeting of
liposomes bound to other transferrin receptor targeting peptides B6 and T12 [68].

Despite being available for experimental use for more than three decades, the transfer-
rin receptor is by far still considered the most relevant target for nanoparticle drug delivery.
It is only a few other candidates, such as CD98, GLUT1, basigin (CD147), and the insulin
receptor that were being taken into consideration as an alternative, but other than the
insulin receptor, these receptors remain unexploited for their targetability to BECs with
regard to nanoparticles [19].

6. Anti-Transferrin Receptor Antibodies Weakened in Affinity or Lowered in Avidity
Facilitate Nanoparticle Transport through BECs

Anti-transferrin receptor-targeted monoclonal antibodies weakened in affinity for the
receptor readily undergo transport across the BBB in a dose-dependent manner, becoming
detectable in neurons [40]. Bispecific antibodies, with one domain targeting the transferrin
receptor at high affinity and the other domain directed towards a putative therapeutic
target relevant for treating Alzheimer’s disease, i.e., beta-secretase 1, lead to reduction of
amyloidogenic peptide formation in the brain [41]. Unfortunately, studies have not yet
been performed to examine the efficacy of targeted nanoparticles with respect to repeated
or chronic dosing regimens. Such evaluations would help to understand the amounts of
therapeutics encapsulated within nanoparticles that can be accumulated inside the brain.

Antibodies with low affinity for the transferrin receptor seem to follow a cellular route
identical to that of high-affine antibodies, as prior exposure to high-affine antibodies leads to
reduced transport of low-affine antibodies across the BBB both in vivo and in vitro [69]. The
two different antibodies differ in that antibodies with low affinity are not directed towards
lysosomes to the same extent as antibodies with high affinity [69]. Further information
on intracellular transport relying on anti-transferrin receptor antibodies comes from the
study on the subcellular distribution of anti-transferrin receptor antibody-conjugated gold
nanoparticles [54] (Figure 4). This revealed gold particles in BECs, and when conjugated
with low-affine or low-avidity antibodies, the gold particles were also detected in neurons,
further arguing for transport across BECs. The targeted gold nanoparticles were apparent in
BECs in clearly identifiable vesicular structures, which might represent sorting endosomes
and lysosomes. The study did not identify gold nanoparticles fusing with the abluminal
membrane, but this does not exclude the transcellular transport of the nanoparticles through
the BBB. This uncertainty comes from the observation of a low number of sequestered
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particles, and that the electron microscopy data were collected from thin sections, typically
less than 100 nm. In turn, isolated mouse BECs arranged in hanging cell culture inserts
with defined BBB properties revealed transcellular transport of gold nanoparticles when
conjugated with low-affine or low-avidity antibodies, which supports the observation of
nanoparticle transport across the BBB. Notably, the electron microscopy studies did not
show signs of obstructive accumulation of the gold nanoparticles sized approximately
75 nm near the basement membrane, which may be a major restraint for nanoparticle
trafficking in the brain’s extracellular volume after release at the abluminal side of the
BECs [9].
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Figure 4. Detection of anti-transferrin receptor IgG conjugated gold-labeled nanoparticles (AuNPs)
using transmission electron microscopy (TEM) in a normal adult mouse brain. Anti-transferrin
receptor antibodies vary in affinity. (A,B) AuNPs are not detected in brain capillaries of mice in
the mPEG (no IgG added) or isotype (non-immune) IgG groups. (C–E) In contrast, the AuNPs
targeted with anti-transferrin receptor IgG are found in BECs (arrows). The AuNPs are detected
in BECs confined to vesicular structures, suggesting receptor-mediated endocytosis as the uptake
mechanism. (F,G) In brain parenchyma, AuNPs are not detected in mice in the mPEG or isotype
(non-immune) IgG groups. (H–J) AuNPs are seen in brain parenchyma of mice treated with all
transferrin receptor (TfR)-targeted variants, among which they are most easily detected in the anti-
TfRA/BACE1 group (J). The sites for transport of the AuNPs may derive from transport across either
BECs or post-capillary venules (see text body). All AuNPs detected in the brain parenchyma were
analyzed using energy-dispersive X-ray spectroscopy (EDS) to validate the true presence of gold in
the electron-dense points (K–M). Scale bars depict 200 nm. bp: brain parenchyma; bm: basement
membrane; cl: capillary lumen; ec: endothelial cell; np: neural process; pc: pericyte; tj: tight junction;
vs: vesicular structure. Modified from [54].
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7. A Mechanistic Approach to an Understanding of Trafficking of Transferrin
Receptor-Targeting Liposomes Based on Studies of Iron-Transferrin and Unconjugated
Anti-Transferrin Receptor Antibody Trafficking in BECs

The paucity of studies examining intracellular trafficking of nanoparticles in BECs
in vivo limits the available information about their transport mechanisms. Some lessons
may be learned from comparison of endogenous transferrin and unconjugated, targeted
anti-transferrin receptor antibodies. Although this difference obviously should be taken into
account, the low-affinity antibodies and low-affinity antibodies conjugated to PEGylated
liposomes share great similarities in transport through the BBB with unconjugated low-
affinity and low-affinity anti-transferrin receptor antibodies [40,54].

7.1. Blood to Endothelium Transport

Endogenous transferrin enters the BECs after the interaction with the transferrin
receptor on the luminal surface, facilitating subsequent formation of clathrin-coated pits,
and eventually, formation of endosomes [9,16,24]. The endosomes have a slightly acidic
pH, which promotes detaching iron from transferrin [9,16]. Consequently, the unbound
iron can cross the endosomal membrane via divalent metal transporter 1 (DMT1), which
makes the iron available in the cytosol [9,25]. In parallel, the iron-depleted apo-transferrin
residing inside the endosome loses its affinity for the transferrin receptor, and is thought to
undergo retro-endocytosis to the luminal surface of the endothelial cell [9,16].

7.2. Endothelium to Brain Transport

Whereas the docking and endosomal formation relate to the affinity of the transferrin
receptor, it can be argued that the intracellular trafficking of the endosomes follow routes
that occur independently of the luminal receptor internalization [9,16,51]. BECs contain
RAB4 and RAB7 proteins specific for early and later sorting endosomes [70,71]. The ablumi-
nal membrane of the BECs also contains the protein TSG101 (tumor susceptibility gene 101),
which takes part in exocytosis. This suggests that BECs contain organelles fully capable of
handling transferrin receptor-containing vesicles that present themselves initially as early
forming endosomes with the capacity to fuse with late endosomes, eventually leading to
fusion with the abluminal membrane and exocytosis [72]. Therefore, the process of sorting
transferrin receptor-containing vesicles is likely to be in two ways: Both morphological and
pharmacological studies favor receptor-mediated endocytosis taking place at the luminal
side leading to formation of early endosomes. This is followed by a vaguely understood
trafficking of late endosomes directed towards fusion with the abluminal surface [9,16].

A morphological approach to detect transferrin at the ultrastructural level in rats sub-
jected to the brain in situ perfusion failed to detect HRP-conjugated iron-transferrin near
the abluminal side, which, in turn, was outnumbered by the presence of HRP-transferrin
in multiple vesicular-like structures near the luminal side of the BECs [58]. However,
as mentioned earlier, in the developing brain BECs are enriched in vesicles involved in
transcellular trafficking. This, together with the observation that the developing brains
have relatively higher expression of transferrin receptors [30,31], could account for directed
transcellular trafficking of iron-transferrin-containing vesicles through the BECs. Interest-
ingly, intracarotid perfusion with OX26-conjugated colloidal gold enabled detection at the
abluminal side of the brain endothelium [58]. Although this study did not quantify the
transport of the gold-labeled OX26, the appearance near the abluminal side may repre-
sent transferrin receptor-containing vesicles available for fusion at the abluminal side. A
conclusion may be that as only a minor fraction of iron-transferrin within the transferrin-
containing vesicles moves towards the abluminal side of the BEC, only a minor fraction of
such vesicles including their content are released at the abluminal side of the BECs.

The binding to high-affine anti-transferrin receptor antibodies also leads to the forma-
tion of endocytotic vesicles that mainly localize near the luminal membrane [9,16]. The
uptake and transport of high-affine, anti-transferrin receptor antibodies within the BECs
are likely to follow the same route as that of iron-transferrin. However, differences may
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occur, as the binding of the high-affine antibody to the transferrin receptor is thought not
to be reversible, leading to accumulation of the antibody within the endosomal-lysosomal
compartment [16]. Noteworthy, later studies addressing the fate of the anti-transferrin
receptor antibodies showed that the complexes are incorporated in lysosomes rather than
being directed towards release at the abluminal membrane [69]. A study in a mouse model
with human transferrin receptors revealed that high-affine anti-transferrin receptor anti-
bodies could undergo transport across the BBB [43]. However, it is very difficult to compare
the consequences of binding affinity of anti-transferrin receptor antibodies between species
concerning the capability to undergo transport at the BBB. The mechanisms that enable
high-affine and low-affine antibodies to detach from the transferrin receptor within the
endosome is poorly understood, but possibly, the acidic environment in the endosome
facilitates the detachment of antibodies from the receptor. Even if a minor fraction of anti-
bodies bound to the transferrin receptor is released in the acidic endosomal environment, a
fraction of the high-affinity antibody would be released and would move further into the
brain’s extracellular space.

It goes beyond doubt that the optimal transport of targeted nanoparticles at the
BBB depends on the binding of anti-transferrin receptor antibodies to the endothelial
surface [68]. The transport of nanoparticles through BECs appears to depend on the affinity
or low avidity of the anti-transferrin receptor antibody. Nanoparticles, therefore, may
undergo transport through BECs similar to therapeutically active molecules like enzymes
or other proteins directly conjugated to anti-transferrin receptor antibodies [73] (Figure 5).
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Figure 5. Working model of transcytosis-mediated nanoparticle delivery to the brain. Recent study
provides evidence that high-affine anti-transferrin receptor IgG conjugated to liposomes mainly
undergo transport into the brain at the site of post-capillary venules [14]. This observation counteracts
that of unconjugated antibodies that passes the BBB at the site of brain capillaries when designed
to be low in affinity or avidity [42]. Targeting the latter antibodies to gold nanoparticles leads
to capillary transport in vitro using isolated brain capillaries [58] suggesting that accumulation of
targeted nanoparticles in brain parenchyma in vivo may occur via transport across capillaries as
well. Studies concerning transport into brain across post-capillary venules using transferrin receptor-
targeted low-affine antibodies (lower right) have not been performed but can be stipulated to lead
to enhanced transport compared to the use of corresponding antibodies with high affinity. Red
bullets: high-affine anti-transferrin receptor IgG conjugated liposomes. Yellow bullets: low-affine or
low-avidity anti-transferrin receptor IgG conjugated to liposomes. Drawing created with BioRender,
inspired and modified from [14].
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8. Post-Capillary Venules Denote an Alternate Route for Transport

The use of 2-photon microscopy (2PM) for in vivo studies has revolutionized the
concept of how the brain works and has recently entered the field of the BBB research [74].
2 PM visualizes fluorescently labeled molecules in the brain with a sub-micron spatial
resolution and allows for visualization of individual nanoparticles in blood vessels to a
depth of 600 µm below the pial surface in vivo [74]. Recent studies using 2PM on the
transferrin receptor-targeted liposomes demonstrated how endothelial cells of both brain
capillaries and post-capillary venules in contrast to arterioles handle transferrin receptor-
targeted liposomes at the level of a single nanoparticle [14] (Figure 6). The major finding
was that the liposomes targeted with high-affine RI7217 were released to the brain almost
exclusively from endothelial cells of the post-capillary venules, with negligible results.
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Figure 6. Example of in vivo 2PM data, showing three-dimensional reconstruction of cortical mi-
crovasculature (left), and the distribution of intravenously-injected transferrin receptor-targeted
liposomes residing at the BBB interface (right). The transferrin receptor-targeted liposomes associate
primarily to capillaries, then venules, but are absent in arterioles. The images were collected 2 h post
injection. Modified from [14].

One study showed the contribution of endothelium at capillaries [14], which is sci-
entifically provocative, considering previous investigations using this antibody to study
transport across the brain endothelium. The release of the liposomes from the post-capillary
venules is surprising, and the mechanisms and explanation for this observation will need
further study. The barrier formed by the endothelial cells of the post-capillary venules
is less tight at the venous side with respect to the number of tight junctions compared to
BECs [75]. This could principally allow nanoparticles to enter the brain via paracellular
transport, but counteracting this notion, the targeted nanoparticles were clearly taken up by
the endothelial cells of the post-capillary venules before entering the brain on the abluminal
side, verifying transendothelial transport of the targeted liposomes. In all, the density of
transferrin receptor-targeted nanoparticles, being highest in capillaries, did not translate to
efficient transport of nanoparticles to the brain. Thus, the BBB is highly heterogeneous re-
garding transport mechanisms, and, in particular, the ability to transcytose large constructs
across the BBB [14].

The study of Kucharz et al. [14] clearly opens for novel considerations on the transport
of targeted nanoparticles to the brain. An interesting consideration related to prior studies
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demonstrating targeted liposomes within the brain [11–13,54] is that they could also have
passed into the brain via this hitherto overseen route at post-capillary venules.

9. Targeting Nanoparticles to the Brain Endothelium in Pathological Conditions

The use of targeting approaches to promote enhanced drug delivery to the brain
in pathology is only coming of age. Targeting approaches in conditions with cerebral
pathology can roughly be separated into attempts to treat the brain in acute and chronic
conditions. In acute conditions, e.g., ischemic stroke and traumatic brain injury, liposomes
are advantageous among nanoparticles because they can be formulated to contain degrad-
able lipids with enzymes like matrix metalloproteinases and phospholipases known to
be increased in expression and released from the brain in acute pathology [76–79]. In
terms of delivery to the brain, the liposomes will easily enter the affected brain regions
as the vasculature is deteriorating, leading to the opening of the BBB. The liposomes are
expected to start to degrade once they enter areas of the brain with a raised expression
of, e.g., matrix metalloproteinases. This approach does not demand the liposomes to be
functionalized by conjugation to a targeting antibody, but the targeting approach could
allow for more widespread uptake of the liposomes in the surrounding areas of a central
pathology, e.g., in ischemic stroke, the penumbra zone, where the BBB often remains in-
tact [80]. Targeting to the BECs could enhance the liposomal delivery, which might allow,
e.g., enhanced pharmacological preconditioning using focused ultrasound and microbubble
treatment [81]. However, it should be noted that many acute conditions are also associated
with obstructed blood flow due to pericyte-mediated constriction of capillaries, as observed,
e.g., post stroke [82,83]. As such, the obstructed blood flow may limit the ability of the
blood circulation to deliver the liposomes to the relevant, damaged areas in the brain.

Recent efforts aim to utilize a dual targeting approach using antibodies targeting
the transferrin receptor and intercellular adhesion molecule-1 (ICAM1), both conjugated
to liposomes. This resulted in higher binding compared to liposomes targeted to only
transferrin receptor or ICAM1 antibodies alone [84]. This approach led to enhanced
delivery of liposomes encapsulating the anti-inflammatory cytokine TNF-alpha in a model
of acute brain inflammation [84].

In chronic brain disorders, like Alzheimer’s disease and Parkinson’s disease, the brain
does not increase the expression of liposome-degradable enzymes like metalloproteinases
and phospholipases to the same extent as seen in acute neuropathology, and therefore, the
strategy of substrate degradable liposomes may not apply. Instead, it may be advantageous
that the BEC expression of the transferrin receptor remains unchanged in Alzheimer’s
disease [85], which further justifies attempts to target transferrin receptors expressed by
BECs in the neurodegenerative brain expected to have a near intact BBB.

10. Conclusions

BECs are practically incapable of uptake of native liposomes from the blood, which
requires the addition of targeted molecules. Experience gained from different targeting
approaches justifies the choice of antibodies targeting the transferrin receptor for targeted
delivery of nanoparticles to BECs. Liposomes functionalized by conjugated anti-transferrin
receptor antibodies are taken up by endothelial cells at both brain capillaries and post-
capillary venules. Modulating the number of transferrin receptor-targeted antibodies shows
that limiting the number of targeting antibodies conjugated to liposomes reduces uptake in
BECs. In comparison, lowering the affinity of the targeting antibodies or implementing bis-
pecific antibodies with low avidity increases transport by BECs into the brain parenchyma.
With increasing evidence of successful preclinical trials and advances in biochemical and
analytical approaches, the transferrin receptor-targeted nanoparticles have great promise
for future use in drug delivery as they evidently pass the BBB.
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Abstract: The blood–brain barrier (BBB), which is comprised of brain capillary endothelial cells,
plays a pivotal role in the transport of drugs from the blood to the brain. Therefore, an analysis of
proteins in the endothelial cells, such as transporters and tight junction proteins, which contribute to
BBB function, is important for the development of therapeutics for the treatment of brain diseases.
However, gene transfection into the vascular endothelial cells of the BBB is fraught with difficulties,
even in vitro. We report herein on the development of lipid nanoparticles (LNPs), in which mRNA
is encapsulated in a nano-sized capsule composed of a pH-activated and reductive environment-
responsive lipid-like material (ssPalm). We evaluated the efficiency of mRNA delivery into non-
polarized human brain capillary endothelial cells, hCMEC/D3 cells. The ssPalm LNPs permitted
marker genes (GFP) to be transferred into nearly 100% of the cells, with low toxicity in higher
concentration. A proteomic analysis indicated that the ssPalm-LNP had less effect on global cell
signaling pathways than a Lipofectamine MessengerMAX/GFP-encoding mRNA complex (LFN), a
commercially available transfection reagent, even at higher mRNA concentrations.

Keywords: lipid nanoparticle; ssPalm; mRNA transfection; blood–brain barrier; hCMEC/D3 cells;
cell toxicity; SWATH-MS; translation; chaperonin-containing TCP-1

1. Introduction

Various cells are currently available as in vitro models for the BBB model. However,
none of them completely reflect in vivo brain capillary endothelial cells. One example,
a human brain capillary endothelial cell line (hCMEC/D3), has a smaller claudin-5 ex-
pression than isolated brain capillaries and therefore results in the formulation of weaker
tight junctions [1]. Another example, human-induced pluripotent stem cell-derived brain
microvascular endothelial cells (hiPS-BMECs), show significantly lower expression levels
of the multidrug resistance protein (MDR1/P-gp), and therefore, they lack drug efflux
activity [2]. Therefore, the transfection of genes that can complement the protein to the
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level of that in the in vitro model cells would be a powerful tool for establishing a more
valid BBB model that can mimic in vivo. However, the transfection of brain capillary
endothelial cells has been reported to be difficult in some studies. It has been reported
that, in primary cerebral vascular endothelial cells, less than 5% of the cells are transfected
with plasmid DNA when a commercially available transfection reagent, LyoVec is used [3].
Such a low transfection efficiency has also been reported for hCMEC/D3 cells. For ex-
ample, when hCMEC/D3 cells were transduced with a P-gp fusion gene and the green
fluorescent protein (GFP) using the Lentivirus vector, the transfection efficiency was only
approximately 10% [4]. One of the reasons for the low transfection efficiency is attributed
to poor cellular uptake. In fact, it has been reported that the percentage of cells that took
up double-stranded DNA as an agonist of the toll-like receptor was less than half that of
hepatocytes and macrophages using a cationic polymer [5]. While there is no doubt that
hCMEC/D3 cells are potentially useful as an in vitro BBB model, a reliable method for
introducing specific genes remains to be developed. Lipofectamine is widely used, but a
major drawback to its use is that the cationic liposomes contained in it produce unintended
cytotoxicity. In human endothelium-derived cells (HUVECs), lipofectamine 2000 has been
reported to inhibit cell proliferation, reduce the expression of various proteins, and cause
an unfolded protein response (UPR) [6]. We here hypothesize that the use of an uncharged
neutral nanoparticle would be more feasible for use in conjunction with endothelial cells.

To achieve a more efficient gene delivery into human brain capillary endothelial
cells, hCMEC/D3, we developed lipid nanoparticles (LNPs) that contain encapsulated
mRNA [7]. This LNP was designed to satisfy two fundamental properties, namely, high
biocompatibility and high intracellular auto-degradability. To achieve this, we developed
an ss-cleavable pH-activated lipid-like material (ssPalm), which was equipped with tertiary
amines that develops a positive charge in response to the acidic pH and a disulfide-bonded
unit that undergoes molecular disintegration in the intracellular reductive environment
(Figure S1). When the ssPalm molecules are reconstituted into the LNPs (ssPalm-LNPs),
the entire LNP had an apparent acid dissociation constant (pKa) of around 6.3. Therefore,
under physiological conditions, the ssPalm-LNP would behave as a neutral nanoparticle.
However, in the acidic environment of endosomes, they would become positively charged
and then fuse with the negatively charged cell membrane. The fusion between LNP
and cell membrane in acidic endosome led to membrane disruption and subsequent
endosomal escape of LNP to cytosol. The ssPalm also reacts with reducing agents such
as the glutathione present in the cell and disintegrates, thus releasing the loaded nucleic
acid into the cytoplasm [7]. Controlling the intracellular dynamics of encapsulated nucleic
acids through such multi-step actions of these functional units enabled mRNA to be
efficiently introduced into cells that are generally considered to be relatively resistant to
transfection [8]. In this study, we attempted to apply the ssPalm-LNP for the transfection
of mRNA into hCMEC/D3 cells, for which introducing genes has been difficult.

Regarding the evaluation of adverse effects after the transfection, a comprehensive
analysis of the protein expression level would be useful. The SWATH-MS (sequential
window acquisition of all theoretical fragment ion spectra mass spectrometry) method is one
of the recently developed quantitative proteomics methods, whose quantitative accuracy is
higher than previous comprehensive proteomics technology [9]. Using this methodology,
we compared the variation in the level of protein expression after the transfection with the
ssPalm-LNP.

Based on these analyses, we report herein on the advantage of using the ssPalm-LNP
in terms of achieving a high mRNA transfection to the non-polarized human brain capillary
cells, hCMEC/D3, with low adverse effects.

2. Materials and Methods
2.1. Cell Culture

The detail in the hCMEC/D3 culture procedure was almost the same as previously
reported but slightly modified [1,10,11]. The hCMEC/D3 cells were cultured in Endo-GRO
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complete Media Kit (Merck-Millipore, Burlington, MA, USA) on the plate coated with
Cultrex Rat type-I collagen (R&D Systems, Minneapolis, MN, USA) at 37 ◦C under a 5%
CO2 atmosphere for 3–4 days, and maintained until used for mRNA transfection.

2.2. Preparation of ssPalm-LNP Encapsulating GFP-Encoding mRNA

The GFP-encoding mRNA modified with 5-methoxyuridine was obtained from TriLink
Biotech (San Diego, CA, USA). The ssPalm-LNP using SS-OP (provided by NOF COR-
PORATION), 1,2-dioleoyol-sn-glycerophosphocholine (DOPC, NOF CORPORATION),
cholesterol (Chol, Sigma-Aldrich, Burlington, MA, USA) and poly(ethylene) glycol (av-
erage molecular weight 2000)-1,2-dimyrisotyl-sn-gycerol (PEG-DMG, NOF CORPORA-
TION) was prepared as previously [12,13]. The structures of these lipids are depicted in
Figure S1. We formulated mRNA into LNP using ethanol dilution methods, in which lipid
molecules/mRNA was spontaneously assembled by gradual decrease in ethanol concen-
tration, based on previously published methodology [14]. Briefly, 3 µg of GFP-encoding
mRNA, dissolved in 45 µL of 25 mM malic buffer (30 mM NaCl, pH 3.0), was gradually
added to the lipid mixture (total 131.5 nmol (SS-OP/DOPC/Chol 52.5/7.5/35.0) with
3.95 nmol PEG-DMG) in 30.26 µL of ethanol. The solution was then further diluted with
1 mL of 20 mM 2-(N-morpholino)ethanesulfonic acid) (MES) buffer (pH 5.5, 30 mM NaCl)
under vigorous mixing with a vortex mixer. The resulting mixture was diluted with 3 mL
of MES buffer and then ultrafiltered with an Amicon Ultra-4 (Merck-Millipore, molecular
weight cut off: 100 kDa). The concentrate was again ultrafiltered after the dilution with
phosphate-buffered saline without Mg2+ and Ca2+ (PBS). The obtained LNP was character-
ized using a ZetaSizer Pro (Malvern Panalytical, Malvern, UK). The recovery rate and the
encapsulation efficiency of the mRNA were determined by a RiboGreen assay, as previously
reported [12,13]. To label the LNP with near-infrared fluorescence, 1,1′-dioctadecyl-3,3,3′,3′-
tetramethylindodicarbocyanine (DiD) was added to the lipid mixture at 0.5 mol% to total
lipid moles before mixing it with the mRNA solution.

2.3. Preparation of Lipofectamine/GFP-Encoding mRNA Complex (LFN)

Lipofectamine MessengerMAX (ThermoFisher Scientific, Waltham, CA, USA) was
used as a control. According to the manufacturers’ protocol, 1.5 µL of Lipofectamine
Messenger MAX was incubated with 1000 ng of GFP-encoding mRNA for 10 min.

2.4. Flow Cytometry Analysis of Cellular Uptake and Gene Expression

hCMEC/D3 cells were plated on a 12-well plate at a density of 7.5 × 104 cells/well
24 h before the addition of the ssPalm LNP and LFN. The cells were incubated with the
DiD-labeled ssPalm-LNP at a dose of 300 ng mRNA in 750 µL of culture medium with 5%
fetal bovine serum (0.4 µg/mL) for 2 h (cellular uptake) at 37 ◦C. To prepare the DiD-labeled
LFN, DiD was first mixed with the Lipofectamine MessengerMAX solution so that the
final fluorescence intensity in the LFN solution was the same as that for the ssPalm-LNP
solution.

To measure GFP expression, the cells were exposed to the ssPalm-LNP solution that
had been diluted with a culture medium at an mRNA concentration of 300 ng in 750 µL
(0.4 µg/mL) for 16 h. The dilution volume of the ssPalm-LNP was adjusted based on the
mRNA recovery ratio measured by the RiboGreen assay result in each experiment. As a
control, the LFN was then added to cells cultured in a 12-well plate and incubated for 16 h.
The incubated cells were then washed twice with 1.0 mL of PBS and then trypsinized. The
obtained cells were suspended in PBS with 0.5% bovine serum albumin and 0.1% sodium
azide and analyzed using a NovoCyte (Agilent Technology, Santa Clara, CA, USA).

2.5. Observation of Cellular Uptake and Gene Expression with Con-Focal Laser Scanning
Microscopy

hCMEC/D3 cells were plated onto a glass-based 8-well chamber plate, which had been
pre-coated with type-I collagen, at a density of 500 cells/well 48 h before the addition of
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the ssPalm-LNP or LFN. The cells were incubated with the ssPalm-LNP at a concentration
of 300 ng/200 µL (0.4 µg/mL) for 48 h at 37 ◦C in the presence of 5% fetal bovine serum.
As a control treatment, cells were exposed to LFN at the same dose as the ssPalm LNP.
Both the ssPalm-LNP and the LFN complex were first diluted in 200 µL of culture medium.
Nuclei were stained by a 10-min incubation in 1.0 µg/mL Hoechst33342. After washing
with 200 µL of PBS, cells were observed by a Nikon C1 confocal laser scanning microscope
system (Nikon, Tokyo, Japan).

2.6. Evaluation of Cytotoxicity in mRNA Transfection Using ssPalm-LNP and LFN in
hCMEC/D3 Cells

The hCMEC/D3 cells were treated with the ssPalm-LNP containing GFP-encoding
mRNA, and the LFN with 1250, 2500, and 6250 ng of GFP-mRNA in 1 mL (1.25, 2.5, and
6.25 µg/mL) for 48 h at 37 ◦C in 5% CO2 in the presence of 5% fetal bovine serum, and
observed under a microscope.

2.7. SWATH-MS Analysis in hCMEC/D3 Cells Treated with ssPalm LNP and LFN

The ssPalm-LNP and the LFN were treated with hCMEC/D3 cells at a concentration
of 2.5 µg/mL for 48 h at 37 ◦C in 5% CO2. The SWATH-MS analysis was then performed
for the whole cell lysate of hCMEC/D3 cells, as previously described [15,16]. Briefly,
after a 48-h treatment, 6 well plates of cells were placed on ice, and the cell surface was
immediately washed with ice-cold PBS. A denaturing buffer (7 M guanidium hydrochloride,
0.5 M Tris–HCl (pH 8.5), 10 mM EDTA) was directly added to the cell surface in order to
prepare a whole cell lysate. The dissolved cells were subjected to up-and-down strokes
in a 27G × 1/2 syringe (Terumo, Tokyo, Japan) to completely lyse the cells. The protein
concentration of the whole cell lysate was determined by a BCA assay (Thermo Fisher
Scientific Inc., Waltham, MA, USA). A 50 µg sample of protein in the whole cell lysate
was reduced, S-carboxymethylated, and purified by methanol-chloroform precipitation.
The precipitate was solubilized in a urea buffer containing 0.05% ProteaseMax surfactant
(Promega, Madison, WI, USA), and the proteins were digested with lysyl endopeptidase
(Lys-C, Wako Pure Chemical Industries, Osaka, Japan) at an enzyme/substrate ratio of
1:100 for 3 h at 30 ◦C. The resulting Lys-C digested proteins were then digested with TPCK-
treated trypsin (Promega, Madison, WI, USA) at an enzyme/substrate ratio of 1:100 for 16 h
at 37 ◦C. After a C18 clean-up, the digested protein sample was injected into a NanoLC
Ultra system (Eksigent Technologies, Dublin, CA, USA) coupled with an electrospray-
ionization Triple TOF 5600 mass spectrometer (SCIEX, Framingham, MA, USA), which was
set up for single direct injection, and analyzed by SWATH-MS acquisition. The details of
measurement and subsequent data analysis have been described previously [17,18]. Finally,
the relative expression levels among the control, ssPalm-LNP-treated, and LFN-treated
groups were determined for all the quantified proteins. Benjamini–Hochberg adjusted
p values were calculated, and based on a cutoff of 0.05, the issue of whether there is a
significant difference in protein expression level between the groups was determined.

3. Results
3.1. The mRNA Introduced by the ssPalm-LNP Is Homogeneously Translated in hCMEC/D3 Cells

The ssPalm-LNPs that were manually prepared by the vortex method had an average
particle size of 106.0 ± 15.0 nm, and polydispersity index was 0.09 ± 0.02 in PBS. The ζ-
potential of−1.5± 1.0 mV in 10 mM HEPES buffer (pH 7.4). The distribution in particle size
is shown in Figure S2A and indicates that particles with homogenous size distribution were
successfully prepared. The mRNA recovery rate was 91.7 ± 12.8%, and the encapsulation
efficiency was 86.5 ± 6.1%. This was comparable to a previous report using in vitro a
transcribed mRNA encoding luciferase [12]. Considering LFN, size distribution is also
homogenous (polydispersity index 0.17 ± 0.03) but slightly large (diameter 340.5 ± 2.5 nm)
in PBS (Figure S2B), indicating colloidal formulation of LFN/mRNA complex is also stable
even in an isotonic condition.
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GFP expression was initially observed by microscopy (Figure 1). Most of the cells
treated with the ssPalm-LNPs expressed GFP (Figure 1 left), while only a small fraction
of cells was positive in the LFN-treated group (Figure 1 right). To quantitatively evaluate
the heterogeneity in gene expression, GFP fluorescence was analyzed by flow cytometry
(Figure 2). The mean for the GFP fluorescence intensity in the ssPalm-LNP-treated cells was
significantly higher than that in the LFN-treated cells. Of note, the ssPalm-LNP induced
GFP expression in a majority (95.0 ± 2.1%) of the cells (Figure 2C), consistent with the
microscopic observations. On the other hand, the LFN treatment resulted in the GFP
expression in a small fraction of cells (0.43 ± 0.27%). In conclusion, the ssPalm-LNPs
showed a drastically higher transfection in hCMEC/D3 cells compared to LFN.
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Figure 2. Flow cytometry analysis of GFP expression after mRNA transfection by the ssPalm-LNP
or LFN. The GFP expression in hCMEC/D3 cells after mRNA transfection at a concentration of
0.4 µg/mL. (A) The representative histogram of the GFP expression in hCMEC/D3 cells. Black, blue,
and red lines indicate non-treatment (NT), LFN treatment, and ssPalm-LNP treatment, respectively.
(B,C) The mean GFP fluorescence intensity (B) and the percentage of GFP-positive hCMEC/D3
cells (C) were analyzed in several independent experiments. Data represent the mean ± standard
deviation. Student’s t-test was performed between ssPalm and LFN. ****: p value < 0.001.

3.2. Higher Amount of the ssPalm-LNP Internalizes hCMEC/D3 Cells Than LFN

Cellular uptake was also evaluated to determine the reasons for the ssPalm-LNPs being
highly expressed in hCMEC/D3 cells. We found that the more homogenous the particles
(Figure 3A), the higher the uptake of the ssPalm-LNPs (Figure 3B) in comparison with
LFN (Figure 3B). Additionally, the % of DiD-positive cells were also higher in ssPalm-LNP
treatment group (Figure 3C).
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Black, blue, and red lines indicate the non-treated (NT), the LFN-treated, and the ssPalm-LNP-
treated group, respectively. (B,C) The mean of DiD fluorescence intensity (B) and the percentage
of DiD-positive hCMEC/D3 cells (C) were calculated in several independent experiments. Data
represent mean ± standard deviation. Student’s t-test was performed between ssPalm and LFN.
**: p value < 0.01.

3.3. mRNA Transfection into hCMEC/D3 Cells by ssPalm-LNP Is Significantly Less Cytotoxic
Than LFN

To observe the cytotoxicity of the ssPalm-LNP and LFN, hCMEC/D3 cells were
observed after treatment at a higher concentration than the above concentrations that were
used in these gene expression experiments. In the LFN-treated group, some cells were
detached at higher concentrations (Figure 4). The morphology of the cells also differed from
that of non-treated cells. At an mRNA concentration of 6.25 µg/mL, these morphological
changes were more prominent. In contrast, in the ssPalm-LNP treatment, no change in cell
morphology and no detachment of cells were observed, even at the highest concentration
(Figure 4).
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LFN. The ssPalm-LNP and the LFN were treated with hCMEC/D3 cells for 48 h at the indicated
concentrations.

3.4. ssPalm LNP Has Significantly Fewer Adverse Effects than LFN

To evaluate possible effects on off-target proteins, hCMEC/D3 cells were analyzed
after being exposed to a higher concentration of the ssPalm-LNP and LFN than used in
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the gene transfection experiment. A total of 1899 proteins were quantified by SWATH-MS
analysis in the control, ssPalm-LNP-, and LFN-treated groups (Table S1). The levels of
expression of four typical proteins in cerebral vascular endothelial cells (PECAM1, GLUT1,
MDR1, and ZO-1) were unchanged among these three groups (Figure S3). Out of 1899
proteins, the significantly up- and down-regulated proteins in the ssPalm-LNP-treated
group against the control group were 14 and 26 molecules, respectively (Figure 5). In
contrast, the proteins that were significantly up- and down-regulated in the LFN-treated
group compared to the control group were 7 and 77 molecules, respectively (Figure 5).
This suggests that the LFN treatment results in a more prominent perturbation (mainly
decreased) in protein expression, whereas this was minimal in the case of the ssPalm-LNP
treatment.
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Figure 5. Volcano plot representation for the protein expression levels of all the quantified proteins
by SWATH-MS analysis. The ssPalm-LNP (A) and LFN (B) were treated with hCMEC/D3 cells for
48 h at a concentration of 2.5 µg/mL. Then, the SWATH-MS analysis was performed for the whole
cell lysate of hCMEC/D3 cells. The levels of expression of all the quantified proteins were compared
with those in the control group (n = 5–9). X-axis represents the log2 values for the fold changes in
protein expression levels compared with the control group. Y-axis represents the minus log10 values
of the Benjamini–Hochberg (BH) adjusted p values for the differences between two groups. Blue and
red areas represent the down- and up-regulated proteins with p values less than 0.05.

In the above experiments, unlike LFN, the ssPalm-LNPs did not cause cytotoxicity.
To understand the molecular mechanisms that are involved in this difference, proteins
with significant differences in expression between the LFN and control groups, but not
between the ssPalm and control groups, were extracted. As a result, 67 proteins were
extracted (Table S2). These were analyzed by a “String functional protein association
network” analysis, and as the top two clusters, translation-related proteins and chaperonin-
containing TCP-1 (CCT) (Figure 6) were then identified. As translation-related proteins, the
levels of expression of RPS3, RPL11, RPL27, EIF2S3, EIF3F, EFTUD2, and HSPD1 proteins
were significantly decreased by the LFN treatment by 1.17-, 1.17-, 1.28-, 1.20-, 1.27-, 1.10-,
and 1.12-fold, respectively, whereas no significant reduction was observed in ssPalm-LNP-
treated group (Figure 6). As CCTs, the levels of expression of the TCP1, CCT2, CCT3, and
CCT4 proteins were significantly reduced by the LFN treatment by 1.15-, 1.13-, 1.10-, and
1.16-fold, respectively, but not significantly in the ssPalm-LNP-treated group (Figure 6).
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Figure 6. Top 2 clusters that are down-regulated in the LFN group but not in the ssPalm group. (A) 67
proteins whose expression levels were significantly changed in the LFN-treated group but not in the
ssPalm-LNP-treated group (Table S2 analyzed using the STRING Database (https://string-db.org/
accessed on 2 May 2022) to visualize functional protein association networks [19] with an MCL
clustering mode based exclusively on experimentally determined interactions. For the top 2 clusters,
the interaction maps obtained on the String website are shown in this figure. The first cluster consists
of translation-related proteins (red-colored nodes), and the second cluster consists of chaperonin-
containing TCP-1 (CCT) proteins (green-colored nodes). (B,C) the levels of expression of CCT (B)
and translation-related proteins (C) were compared among the control, ssPalm-LNP-treated group,
and LFN-treated groups (n = 5–9). The band inside the box represents the median, and the bottom
and top of the box indicate the first and third quartiles, respectively. Whiskers indicate the minimum
and maximum values of the protein levels. X plots show the average in each group. * the Benjamini–
Hochberg adjusted p value < 0.05 was significantly down-regulated compared to control group.
N.S.—not significantly different (Benjamini–Hochberg adjusted p value > 0.05).

4. Discussion

In the present study, we reported that mRNA-loaded ssPalm-LNPs can be used to
efficiently transfect hCMEC/D3 cells with a marker gene GFP without any obvious toxicity.
Although previous reports have not provided a clear reason for the low transfection
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efficiency in BBB-derived endothelial cells, the present results suggest that one major
factor is the low uptake of cationic substrates (Figure 3). Commonly used cancer cells
and mouse embryo fibroblasts exhibited a much higher uptake of cationic nanoparticles
compared to neutral ones [7,20,21]. This high uptake of cationic substances is thought
to be, at least in part, due to interactions with negatively charged proteoglycans on the
outer surface of the cell membrane [22]. Although the exact mechanism is unclear, it is
possible that this uptake pathway might not be available in hCMEC/D3 cells. On the other
hand, the uptake of neutral LNPs, including ssPalm-LNPs, is attributed to the formation of
complexes of LNPs with Apoproteins (Apos) in the culture medium or in the biological
fluid, and apolipoprotein receptors such as low-density lipoprotein receptors (LDLR)
subsequently recognize these complexes [23–25]; it has been reported that LDLR and low-
density lipoprotein receptor-related protein (LRP), a receptor for Apos, are expressed in
BMEC [26,27]. The current SWATH-MS results showed the expression of LRP2, LRP8,
and various apoproteins such as apoproteins A-I, B, E, and L3 (Table S1), although the
amounts are not currently known. Taken together, the uptake of ssPalm-LNP may have
been much higher than that of LFN due to the interaction of these receptors in hCMEC/D3
with medium-derived Apos that are adsorbed on the LNPs. In addition, it should be noted
that the mRNA localization and whole structure of these nanoparticles were completely
different: mRNA would be encapsulated into lipid molecules (LNP), or mRNA would be
attached to the cationic surface of liposomes (LFN). Actually, the size of the ssPalm LNP
was smaller than LFN (106.0 nm vs. 340.5 nm). The effect of the difference in the size and
structure on the gene transfection efficacy should be taken into account.

The ssPalm-LNPs did not alter the morphology of the hCMEC/D3 cells (Figure 4),
even though cells were treated with the ssPalm-LNP at 15.6-fold higher concentrations
than that for the controls where >95% of the cells were transfected (Figures 1 and 2).
Furthermore, compared to the LFN, the ssPalm-LNPs had less adverse effects on cellular
protein expression (Figure 5). These data suggest that the ssPalm-LNPs developed in
this study are superior for mRNA delivery to brain capillary endothelial cells in terms
of cytotoxicity and off-target effects. It should also be noted that the levels of expression
of many proteins were significantly down-regulated as the result of the LFN treatment
(Figure 5). This is consistent with a report showing that the expression of various proteins
was reduced in Lipofectamine 2000-treated HUVEC cells [6]. This may be attributed to
the significant reduction in protein translation, such as ribosomal proteins and chaperonin
(HSPD1/HSP60 and CCT/TRiC) in the LFN-treatment group (Figure 6).

When misfolded proteins accumulate in the cell, the unfolded protein response (UPR)
is activated at the endoplasmic reticulum (ER) to reduce the accumulation of misfolded
proteins. If the UPR fails to restore the ER to normality, ER stress can promote apoptosis [6].
In HUVEC cells, lipofectamine 2000 causes UPR and suppresses cell proliferation [6].
CCT/TRiC and HSPD1/HSP60 are two important chaperonins that interact with misfolded
proteins to prevent misfolding and aggregation and facilitate correct folding. These levels of
expression of these proteins were reduced in the case of the LFN treatment in hCMEC/D3
cells (Figure 6). This may have resulted in an over-accumulation of misfolded proteins in
the cells, causing cell death. Since ssPalm-LNPs do not adversely affect the expression of
molecules that are involved in protein translation and chaperonins (HSPD1/HSP60 and
CCT/TRiC), they would be expected to be safe materials for future in vivo gene delivery to
brain capillary endothelial cells.

The currently reported mRNA transfection technology could be applied to the expres-
sion of various genes. We demonstrated the successful encapsulation of mRNA molecules
ranging from 850 bases to more than 4.5 kilobases regardless of the presence or absence of
chemical modification (i.e., N1-Methylpseudouridine) [7]. Additionally, the introducible
proteins are not limited to cytosolic proteins such as GFP: membrane proteins such as
transporters and tight junction-related proteins can also be expressed. Further, although
we demonstrate herein the efficient gene transfection with monocultured, non-polarized
brain capillary endothelial cells, the mRNA transfection by the ssPalm-LNP is expected
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to be applied for multiplexed culture (endothelial cells, astrocytes, pericytes, and related
cells), which are currently used as in vivo BBB model [28,29] since the LNP can transfect
mRNA even in complete medium containing serum.

5. Conclusions

We report herein that the ssPalm-LNP is a promising carrier for efficiently transporting
mRNA into the non-polarized human brain capillary endothelial cells, hCMEC/D3. The
transfection efficiency of the ssPalm LNP was found to be much higher than that of a
commercially available transfection reagent Lipofectamine MessengerMAX. Treatment
with high concentrations of the ssPalm-LNP did not induce cytotoxicity in comparison with
LFN. Further, a SWATH-MS analysis revealed that the exposure of hCMEC/D3 cells to the
ssPalm-LNP had only minimal effects on cellular proteins. These results indicate that the
ssPalm-LNP represents a potent tool for elucidating the functional, biological chrematistics
of the brain endothelium by the transfection of a gene of interest.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/pharmaceutics14081560/s1, Figure S1: The structures of lipid
molecules used in the ssPalm LNP; Figure S2: The particle size distribution of ssPalm LNP; Figure
S3: Protein expression levels of BBB marker proteins in hCMEC/D3 cells treated with ssPalm LNP
and Lipofectamine; Table S1: Relative protein expression levels of all the proteins quantified by
SWATH-MS analysis among control, ssPalm LNP, and lipofectamine groups; Table S2: The proteins
whose expression levels were significantly changed in Lipofectamine group but not changed in
ssPalm group.
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Abstract: Our understanding of the pharmacokinetic principles governing the uptake of endogenous
substances, xenobiotics, and biologicals across the blood–brain barrier (BBB) has advanced signif-
icantly over the past few decades. There is now a spectrum of experimental techniques available
in experimental animals and humans which, together with pharmacokinetic models of low to high
complexity, can be applied to describe the transport processes at the BBB of low molecular weight
agents and macromolecules. This review provides an overview of the models in current use, from
initial rate uptake studies over compartmental models to physiologically based models and points
out the advantages and shortcomings associated with the different methods. A comprehensive
pharmacokinetic profile of a compound with respect to brain exposure requires the knowledge
of BBB uptake clearance, intra-brain distribution, and extent of equilibration across the BBB. The
application of proper pharmacokinetic analysis and suitable models is a requirement not only in the
drug development process, but in all of the studies where the brain uptake of drugs or markers is
used to make statements about the function or integrity of the BBB.

Keywords: pharmacokinetics; blood–brain barrier; compartmental models; physiologically based
PK models

1. Introduction

It has been over 120 years since the earliest publications on the distinct features
of the brain vasculature compared to other organs, which over time gave rise to the
concept of a “blood–brain barrier” (BBB). As recently reviewed [1], there have been many
misconceptions along the way about its structure and function. It is now established
that the physical and biochemical BBB is formed by the endothelial cells of the brain
microvasculature, which are connected by tight junctions (Figure 1). The barrier function
is induced or modulated by other elements of the “neurovascular unit” [2], including
pericytes, astrocytes, neurons, and microglial cells. Some misunderstandings linger to this
day in parts of the literature. One area concerns the methods of measuring the brain uptake
of drugs and the proper evaluation and interpretation. The present review will provide
an overview of the development and application of modeling approaches to describe the
pharmacokinetics (PK) of brain uptake of low molecular weight drug-like solutes and
macromolecules. We will not attempt to include all of the aspects of the extensive and
rapidly growing literature in this field, but aim to focus on practical applicability with
some examples.

The purpose of the PK models covers a range from the evaluation and the fitting of sets
of experimental data that are as good as possible to simulations and predictions based on
few or no experimental data, to employing complex physiologically based pharmacokinetic
(PBPK) models with parameter values obtained from in silico, in vitro, and in vivo studies.
Which model is appropriate also depends on the experimental design in each case and
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the physicochemical characteristics of the agent to be evaluated. Macromolecules differ
greatly in kinetic behavior from small molecule drugs and studying poorly permeable
substances requires a different experimental design and PK evaluation approaches than
highly permeable drugs. From an experimental perspective, it is feasible in preclinical
studies to obtain blood and (brain) tissue samples at multiple time points, while clinical
studies are typically limited to blood sampling, and occasionally CSF sampling, and
noninvasive imaging modalities (MRI, SPECT, PET), if applicable. Finally, a distinction can
be made, based on whether the parameter of primary interest is the uptake rate across the
BBB or the brain exposure (fraction of a dose, or extent). These models will be presented,
from the simple to the more complex.
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Figure 1. Scheme of the BBB: The endothelial cells of the capillaries are connected by tight junctions 
and form a physical and biochemical barrier. The pericytes and astrocytes play critical roles in the 
induction and maintenance of the endothelial barrier properties. Microglial cells and neurons also 
secrete signals, which can influence the endothelial cells. The diameter of the capillaries is on the 
order of 7–10 µm. Figure adapted from Reference [3] with permission. Copyright 2010, Elsevier.  
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Figure 1. Scheme of the BBB: The endothelial cells of the capillaries are connected by tight junctions
and form a physical and biochemical barrier. The pericytes and astrocytes play critical roles in the
induction and maintenance of the endothelial barrier properties. Microglial cells and neurons also
secrete signals, which can influence the endothelial cells. The diameter of the capillaries is on the
order of 7–10 µm. Figure adapted from Reference [3] with permission. Copyright 2010, Elsevier.

2. Models Assuming Unidirectional Brain Uptake

As the name implies, unidirectional organ uptake models are based on the concept
that for the duration of the experiment, a drug or tracer diffuses (or is undergoing transport)
only from the blood side (luminal) to the brain side (abluminal) across the BBB. Provided
that there is no significant backflux, it allows the determination of the initial rate of brain
uptake. The approach can be most readily illustrated considering the examples of carotid
injection and carotid artery brain perfusion techniques.

2.1. Brain Uptake Index (BUI)

The technique, as introduced by Oldendorf [4,5], uses radiotracers labeled with differ-
ent isotopes and measures the brain tissue-extraction ratio (brain concentration: injectate
concentration) of a compound during a single pass through the cerebral vasculature after
bolus injection into the carotid artery under anesthesia. BUI (as a percentage) is then
estimated from the brain extraction ratio of the test substance (Etest), relative to that of a
permeable reference substance (ErefP) with a known, near total extraction:

BUI =
Etest

Ere f P
× 100 =

Ctestin brain/Ctestin injectate
Cre f Pin brain/Cre f Pin injectate

× 100 (1)

where Ctest refers to the concentrations of the test substance and CrefP refers to the concen-
trations of the permeable reference. The examples of highly permeable substances with a
complete (100%) extraction include iodoamphetamine [6] and diazepam [7]. In order to
correct for brain intravascular volume, an additional reference substance was introduced,
which is assumed to show no tissue uptake during the single passage.
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BUI in percent is then calculated as the ratio:

BUI = 100 ×
(

Etest − Ere f V

)
/Ere f P (2)

where ErefV is the apparent “extraction” of the vascular marker (non-permeant reference).
Etest can then be used to calculate the permeability surface area product (PS), applying a
rearranged Renkin–Crone equation:

PS = −F ln(1 − E) (3)

where F is the tissue perfusion flow rate. The BUI method allows wide flexibility in
the composition of the injectate and the concentrations of the test substance. In the BUI
technique, the brain tissue is treated as one compartment. It has been successfully applied
to study, in particular, the BBB transport of nutrients, including the characterization of
saturable transport by applying Michaelis–Menten kinetics [8]. A limitation of the technique
is its low sensitivity for poorly permeable solutes. For example, the brain uptake of the
classical CNS-active drug, morphine could not be distinguished from [14C]sucrose, which
behaves as a vascular marker in a single-pass experiment [9].

2.2. In Situ Brain Perfusion

These techniques perfuse the brain in anesthetized animals with oxygenated buffer
solutions via the carotid artery. Similar methods have been established in the rat [7], guinea
pig [10], and mouse [11,12] and are in widespread use. The pharmacokinetic principle is
analogous to the BUI method, in the assumption that the initial rate of brain uptake can be
measured as long as the effective tissue concentrations are much lower than the perfusate
concentration and unidirectional transport prevails. The evaluation is based on a plot of the
apparent volume of distribution (VD) in the brain compartment against perfusion time (T),
where VD is the ratio of the amount of the test substance in the brain per unit weight, Abr
(e.g., nmol/g brain) over the perfusate concentration (Cperf) of the analyte (e.g., nmol/mL),
with Cperf being constant. With a unidirectional uptake, this results in a linear increase,
and the slope of a linear regression line represents the unidirectional transfer constant, Kin,
from the perfusate fluid into the brain compartment, which is a clearance parameter, e.g.,
in units of [mL/min]:

VD =
Abr

Cper f
= KinT + Vi (4)

The y-intercept of the regression line represents an “initial” volume of distribution, Vi.
It corresponds to the sum of the intravascular volume, V0, which in rodents typically is in a
range of 8–10 µL/g [13], and a potential residual volume, which is physiologically difficult
to characterize, e.g., caused by nonspecific binding to the vascular wall, or associated
with cellular components of the BBB. In cases where substantially higher values of Vi are
observed, the inclusion of a marker substance, such as albumin or inulin, which is expected
to undergo negligible transport across the BBB, can be applied to experimentally measure
the intravascular space. Kin approaches the value of the PS product at the BBB within
10% for conditions of permeability-limited transport (low E), when flow F is greater than
5x PS. Depending on the test compound, in situ perfusions are typically conducted over
a few seconds up to several minutes. Similar to BUI, the experimental advantages are
that the perfusate compositions and concentrations of the test substance can be controlled
within wide limits, outside of the conditions tolerated in the whole animal with systemic
administration. On the other hand, the sensitivity for accurate permeability measurements
of analytes with low permeability is superior to the single-pass technique, but is still limited.
The extended perfusion times (e.g., 10–20 min) require the inclusion of oxygen carriers,
such as washed erythrocytes in the perfusate, to avoid hypoxic conditions [10].
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2.3. Intravenous Injection

The most physiological technique for the analysis of BBB transport is the intravenous
administration (as a bolus or infusion), followed by the analysis of the concentration
time course in blood and brain. To obtain reliable and correct measurements, several
conditions have to be met in such studies. First, considering the free drug hypothesis [14],
the free fraction in plasma needs to be determined by microdialysis in vivo, or by ex vivo
techniques, such as ultrafiltration. This will be discussed in more detail below in Section 4.
Second, if metabolism occurs, the analytical method used must be able to measure the
intact substance in the plasma and tissue.

2.3.1. Multiple Time Point Analysis

Depending on the experimental design, different options for the pharmacokinetic
evaluation of brain uptake are available. With a series of brain and plasma samples taken
at different time points, the multiple time-point graphical evaluation, also known as a
Patlak plot, is frequently used [15–17]. In its original form, it modeled the brain tissue
as consisting of several reversible compartments and one irreversible compartment [17].
A practical example is the intracellular entrapment of tracers, such as deoxy-glucose or
α-amino-isobutyric acid. Under the condition that the reversible compartments are in
rapid exchange with the plasma compartment, Patlak and colleagues showed that the
unidirectional brain uptake can be analyzed by plotting the time-dependent apparent
volume of distribution against the ratio of the plasma area under the curve (AUC) from
time zero to time T and terminal plasma concentration at time T:

Abr(T)
Cp(T)

= Kin

∫ T
0 Cp(t)dt
Cp(T)

+ Vi (5)

where Cp(T) is the plasma concentration at sampling time T; and Vi is the initial volume of
distribution, as introduced above. The term [AUC0

T/Cp(T)] gives a value in units of time.
It is, however, distinct from the experimental time in all of the cases where plasma concen-
trations are not constant, and is labeled “effective time” or “stretch time”. After the initial
phase of rapid equilibration of Vi, a phase of linear increase in the plotted data is expected,
as long as the unidirectional uptake into the brain compartment occurs. This linear phase
allows for an analysis by linear regression, yielding Kin as the slope of the regression line
as described above for the in situ perfusion technique. The intravascular content may be
experimentally accounted for by the inclusion of a vascular marker injected shortly before
the terminal experimental time and tissue sampling, or by a vascular wash procedure to
clear out the intravascular content from the tissue. Both options, if appropriately applied,
yield equivalent corrections, as recently demonstrated [13].

2.3.2. Single Time Point Analysis

This evaluation only requires one terminal brain sample and sufficient blood samples
obtained over the experimental period to accurately describe the plasma concentration
time-course of the test substance. The calculation of the brain uptake clearance is then
performed, utilizing a version of Equation (5) re-arranged as follows:

Kin =
(VD − V0)Cp(t)

AUCt
0

(6)

where VD corresponds to the apparent brain volume of distribution (Abr/CpT); and V0 is
the intravascular volume. The latter needs to be either measured experimentally, using
a vascular marker, taken from the literature, or eliminated by a buffer wash through the
left heart ventricle. When serial blood samples can be taken from one animal, the single
time-point method has the advantage of reducing the number of experimental animals.
The disadvantage is that it is challenging to select the best terminal sampling time, up
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to which the unidirectional BBB transport can be expected. There is a trade-off between
sensitivity for the analysis of low permeability substances in the brain tissue and the risk of
violating the initial rate condition (see also the next section). At short experimental times,
when the tissue concentrations beyond the BBB are relatively low and the intravascular
concentrations are still high, minor errors in correction for vascular content may have
outsized effects on the apparent Kin.

2.4. Caveats Associated with Unidirectional Uptake Models

While the original Patlak model was developed assuming an irreversible brain com-
partment, the multiple-time graphical method has found widespread application in the
analysis of the uptake of compounds, which are unbound or reversibly bound by brain
tissue beyond the BBB. In these scenarios, a deviation from the linearity at later time points,
when the backflux cannot be neglected, is theoretically expected. Applying a linear regres-
sion analysis should then result in a systematic underestimation of the apparent value of Kin
and an overestimation of Vi. Unfortunately, it is difficult to identify such errors in practice
from the output of linear regression of the experimental data, which are also inherently
associated with error. The dilemma has been explored with the example of an in situ brain
perfusion study of [14C]iodoacetamide, a moderately lipophilic test substance [18]. The
data acquired experimentally, up to 40 s perfusion time, were corrected for vascular content
by [3H]inulin. Within the experimental period, the [14C]iodoacetamide reached an apparent
VD in brain of 0.15–0.2 mL/g, indicating quite rapid BBB transport. A linear regression
of the Patlak plot (after vascular correction) gave a value of 4.39 ± 0.33 × 10−3 mL/s/g
and a Vi not significantly different from zero, as predicted. The same data were fitted to a
two-compartment model, allowing for backflux from the brain, resulting in a slightly higher
Kin of 5.08 ± 0.14 × 10−3 mL/s/g. When the parameters of the two-compartment model
were applied to simulate the later data points from 60 up to 240 s, the Patlak analysis still
showed an r2 coefficient of 0.973 in support of linearity. However, the Kin estimate dropped
more than half to 2.06 ± 0.24 × 10−3 mL/s/g and the Vi increased to 0.15 mL/g. Therefore,
the assumption of linearity based on the r2 values close to one cannot be taken as proof of
an accurate estimate of Kin. Importantly, this conclusion not only applies to the compounds
with moderate or high permeability, but also to poorly permeable substances, such as
the hydrophilic markers [13C]sucrose and [13C]mannitol. A recent study was performed
with IV bolus injections of these compounds in awake mice, followed by the sampling of
blood and brains, with terminal sampling time points between 30 min and 480 min [19].
Separate Patlak analyses were conducted, using multiple-time point graphical analysis
for data covering experimental periods either up to 30, 60, 120, 240, or 480 min (Figure 2).
Analogous to the simulation scenario with [14C]iodoacetamide, the inclusion of the late
experimental time points resulted in a substantial underestimation of Kin, with values
for both mannitol and sucrose decreasing at 120 min by 40–50% and by 480 min around
70% from the estimates obtained, with 30 min as the terminal sampling time. When the
same dataset was analyzed using the single time technique, there was a similar gradual
decline in the apparent Kin calculated from the late terminal time points of brain tissue
sampling (Figure 3), while the mannitol and sucrose values compared at each time point
remained significantly different. The figure also reveals that the variability coefficient of
the Kin estimates at the earliest time point (15 min) is highest, likely due to the argument
outlined above, about the impact of the intravascular content.
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Figure 2. Multiple time point-analysis covering different sampling time points up to 480 min for (a) 
mannitol and (b) sucrose. Dashed lines represent the 95% confidence intervals. n = 4–7 animals per 
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Figure 2. Multiple time point-analysis covering different sampling time points up to 480 min for
(a) mannitol and (b) sucrose. Dashed lines represent the 95% confidence intervals. n = 4–7 animals per
marker per time point. Reprinted with permission from Reference [19]. Copyright 2022, Springer Nature.
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different time points from 15 to 480 min (n = 4–7 animals per marker per time point). Sucrose and 
mannitol values at each time point were compared by t-test. ** p < 0.01, *** p < 0.001. reprinted with 
permission from Reference [19].  Copyright 2022, Springer Nature. 

2.5. PK Analysis in Brain Imaging Techniques 
Notwithstanding the limitations of the standard version of the Patlak analysis, the 

graphical evaluation technique is widely used in the fields of PET imaging and MRI, 
where a time series can be acquired of the regional brain uptake and from the regions over 
large arteries, as reference measurements of the input function. Patlak and Blasberg pre-
sented a generalized, non-linear version of their original approach, which allowed for the 
loss of the test substance from the brain [16]. The modified equation: 𝐴 (𝑇)𝐶 (𝑇) = 𝐾 𝑒 ( ) 𝐶 (𝑡)𝑑𝑡𝐶 (𝑇) + (𝑓𝑉 + 𝑉 ) (7)

includes a rate constant kb for the test substance leaving the brain tissue, where it is as-
sumed that kb << Kin. The term fVe denotes a fraction of the extravascular distribution vol-
ume in brain tissue, and Vp is brain plasma space. The non-linear generalized Patlak equa-
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dition, for the PET imaging of radioligands showing reversible binding to receptors or 
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[23]. Subsequently, a number of variations of the “Logan plot” were introduced in an ef-
fort to reduce the bias for the underestimation of VD, caused by noisy data in the original 
version [24]. Due to their non-invasiveness, advanced imaging modalities such as dy-
namic-contrast enhanced MRI (DCE-MRI) and fluid-attenuated inversion recovery MRI 
(FLAIR MRI) are in widespread clinical use. The regional BBB dysfunctions can be de-
tected and quantified in multiple disease states, ranging from neuroinflammatory dis-
eases, such as multiple sclerosis [25] and brain tumors [26], to ischemic brain diseases [27]. 
The enhanced sensitivity for the detection of subtle BBB leakage in patients could recently 
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Figure 3. Single time point analysis of sucrose and mannitol brain uptake clearance values (Kin) at
different time points from 15 to 480 min (n = 4–7 animals per marker per time point). Sucrose and
mannitol values at each time point were compared by t-test. ** p < 0.01, *** p < 0.001. Reprinted with
permission from Reference [19]. Copyright 2022, Springer Nature.

2.5. PK Analysis in Brain Imaging Techniques

Notwithstanding the limitations of the standard version of the Patlak analysis, the
graphical evaluation technique is widely used in the fields of PET imaging and MRI, where
a time series can be acquired of the regional brain uptake and from the regions over large
arteries, as reference measurements of the input function. Patlak and Blasberg presented a
generalized, non-linear version of their original approach, which allowed for the loss of the
test substance from the brain [16]. The modified equation:

Abr(T)
Cp(T)

= Kin

∫ T
0 e−kb(T−t) Cp(t)dt

Cp(T)
+
(

f Ve + Vp
)

(7)

includes a rate constant kb for the test substance leaving the brain tissue, where it is assumed
that kb << Kin. The term fVe denotes a fraction of the extravascular distribution volume in
brain tissue, and Vp is brain plasma space. The non-linear generalized Patlak equation is
used in the evaluation of preclinical and clinical PET and MRI data [20–22]. In addition, for
the PET imaging of radioligands showing reversible binding to receptors or enzymes in the
brain, Logan et al. proposed a graphical analysis to estimate the steady state volume of the
distribution of a tracer from the slope of a linear segment of the plot [23]. Subsequently, a
number of variations of the “Logan plot” were introduced in an effort to reduce the bias for
the underestimation of VD, caused by noisy data in the original version [24]. Due to their
non-invasiveness, advanced imaging modalities such as dynamic-contrast enhanced MRI
(DCE-MRI) and fluid-attenuated inversion recovery MRI (FLAIR MRI) are in widespread
clinical use. The regional BBB dysfunctions can be detected and quantified in multiple
disease states, ranging from neuroinflammatory diseases, such as multiple sclerosis [25] and
brain tumors [26], to ischemic brain diseases [27]. The enhanced sensitivity for the detection
of subtle BBB leakage in patients could recently be shown under high field strength (7T)
MRI [28].

3. Compartmental Models of Brain Uptake

The methods discussed in the previous sections are based on the presence of at least
one central compartment representing the input source for brain uptake, and possibly addi-
tional compartments, which can determine the characteristic concentration–time course of a
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drug in the circulation after systemic administration, and one or more brain compartments.
However, the determination of the initial rate of uptake Kin from the intravascular space
across the BBB does not require analytic or numerical solutions of intercompartmental
transfer rates. The plasma AUC in Equations (5) and (6) may be readily calculated by
a non-compartmental trapezoidal approach. The unidirectional clearance transfers the
analyte from the intravascular fluid into brain tissue, which is reduced to a single com-
partment, represented by an apparent volume of distribution. However, to analyze the
exchange in both directions across the BBB, and the potential transport between additional
compartments within the tissues of the central nervous system, compartmental PK models
or PKPB models are required.

The analysis of this type of model is based on the law of mass action for mass transfer
between compartments, for which a series of corresponding differential equations can be
formulated. To enable the fitting of model parameters to the data and to obtain values
describing the rates and extent of tissue distribution, a compartmental model should not
be over-parameterized, i.e., be only as complex as necessary. This may be illustrated by our
recent approach to describe the PK behavior of the hydrophilic solutes presented above,
[13C]sucrose and [13C]mannitol, using a three-compartment model. The model (Figure 4)
consists of central and peripheral compartments, in addition to a brain compartment. The
clearance rates across the BBB in either direction (CL13, Figure 4) are equal and based on
passive diffusion for both the mannitol and sucrose, which are not substrates of known
transporters and are metabolically stable in tissues. However, a PK model based only on
symmetrical exchange across the BBB failed to adequately describe the time course in the
brain. An additional term was required for clearance from the brain (CL31). This resulted in
an extension of the two-compartment model used by Rapoport’s group for the description
of the brain uptake of small nonelectrolytes [29]. The model (Figure 4) is expressed by the
following mass transfer equations:

dA1/dt = −CL10·
A1

V1
− CL12·

A1

V1
+ CL12·

A2

V2
− CL13·

A1

V1
+ ((CL13 + CL31)·A3))/(Ve·Wbrain) (8)

dA2/dt = CL12·A1/V1 − CL12·A2/V2 (9)

dA3/dt = CL13·A1/V1 − ((CL13 + CL31)·A3))/(Ve·Wbrain) (10)

where,
C1 = A1/V1

C2 = A2/V2

C3 = A3/Wbrain
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Figure 4. Schematic of a three-compartment semi-physiologic model for the pharmacokinetic study. 
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the concentration in the central compartment 1, analogous in the peripheral compartment 2. A3 is 
the amount in brain tissue; Ve the volume fraction of brain ISF (mL/g); Wbrain is brain weight; and C3 

Figure 4. Schematic of a three-compartment semi-physiologic model for the pharmacokinetic study.
Parameter definitions are given in the methods above. A1, V1, C1 are the amount, the volume, and
the concentration in the central compartment 1, analogous in the peripheral compartment 2. A3 is
the amount in brain tissue; Ve the volume fraction of brain ISF (mL/g); Wbrain is brain weight; and
C3 the concentration in brain tissue after correction for the intravascular content. Reprinted with
permission from Reference [19]. Copyright 2022, Springer Nature.
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A1 and A2 denote the amount of analytes in the central and peripheral compartment,
respectively. V1 and V2 are the volumes of these compartments. A3 is the amount in the
brain compartment, Ve is equal to the volume of distribution of sucrose and mannitol in the
brain tissue, expressed as a dimensionless volume fraction (assuming mL/g ≈ mL/mL).
Wbrain equals the brain weight. C1, C2, and C3 in Figure 4 are the concentrations. The
clearance parameter CL31 denotes an efflux mechanism, which likely represents the bulk
flow from the brain interstitial fluid, based on physiological considerations. The model
parameters were fitted to the data by numerical solution of the differential equations using
WinNonlin. Ve was fixed at 0.2, corresponding to the literature values of the extracellular
volume fraction [30].

The estimates of the model parameters fitted to the data for mannitol and sucrose
are listed in Table 1, and the plots of plasma and brain concentrations of the marker are
shown in Figure 5. The parameter estimate for CL13 is the brain uptake clearance and
is equivalent to Kin. The fitted CL13 values for mannitol and sucrose (Table 1) are close
to the Kin values obtained by the Patlak analysis over a 30 min period, and to the val-
ues of single time point analysis up to 30 min terminal sampling time (Figures 2 and 3).
The CL13 of mannitol is twice as high compared to sucrose (1.46 ± 0.02 µL·min−1· g−1

vs. 0.68 ± 0.005 µL·min−1·g−1). It is noteworthy that the CL31 estimates of both of the
markers are not different (0.881 ± 0.20 µL·min−1·g−1 and 0.693 ± 0.106 µL·min−1·g−1).
The same efflux value, despite differences in molecular weight, size, and octanol/water
partition coefficient, is consistent with the bulk flow. This efflux clearance mechanism can
be separated from diffusional exchange across the BBB because of the very low passive
permeability of mannitol and sucrose. Therefore, the bulk flow clearance should have a
significant impact on the brain kinetics of any endogenous substance or xenobiotic with
similar physicochemical characteristics (low passive permeability, not a substrate of influx
or efflux transport), and needs to be considered in the PK models used for analysis. The
previous experimental estimates of the bulk flow in the brain typically relied on invasive
techniques, such as ventriculo-cisternal perfusion or stereotaxic injection of tracers or dyes
into the brain tissue [30–32]. The estimates of bulk flow in rodents range from 0.56 to
1.2 µL·min−1·g−1, as compiled in a recent review [33]. The above case study with sucrose
and mannitol illustrates how relatively simple semi-physiological compartmental PK mod-
els can describe the PK behavior of extracellular markers, based on the measurement of
whole tissue concentrations. The plots of plasma and brain concentration–time profiles
of these markers after IV bolus injection (Figure 5) reveal that a model of BBB transport
assuming unidirectional uptake cannot be applied for any time point beyond 30 min, be-
cause the brain concentrations already declined. This is consistent with the progressively
decreasing Kin estimates discussed above (Figures 2 and 3).

More complex compartmental models have been described in the literature, begin-
ning with the distributed model introduced by Fenstermacher, Patlak, and Blasberg [34]
and later by Collins and Dedrick [35], which considers the exchange between the plasma
compartment, the brain tissue, and the cerebrospinal fluid. Deeper insights into the PK
characteristics of analytes can be gained when the experimental data are acquired from
the additional tissue compartments. Of particular relevance in this regard is the in vivo
microdialysis technique, which has been in use for drug analysis in brain interstitial fluid
(ISF) since the 1990s [36–38]. Its value in brain uptake studies can be readily illustrated with
the recent comparison of two isotopically labeled versions of sucrose [39]. A radiolabeled
version, [14C]sucrose, accumulated in the whole brain tissue to about four-fold higher con-
centrations than the stable isotope labeled [13C]sucrose, while the brain ISF concentrations,
measured in microdialysate from the striatum, were comparable. The discrepancy could
be explained by the presence of a low amount of contaminants in the [14C]sucrose tracer
solution [40], which are more lipophilic, more BBB permeable, and able to distribute into
brain cells.
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Table 1. Parameters of the 3 compartmental semi-physiologic model for fitting [13C12] sucrose and
[13C6] mannitol plasma and brain uptake data simultaneously in adult male mice.

[13C12] Sucrose [13C6] Mannitol

Parameters Units Value SE CV % Value SE CV%

V1 mL 4.97 a 0.326 6.56 6.06 0.34 5. 6

V2 mL 14.1 b 8.28 58.6 3.22 0.63 19.7

Ve (fixed) mL/g 0.2 0.2

CL10 mL/min 0.226 c 0.011 4.84 0.212 0.008 3.86

CL12 mL/min 0.019 d 0.005 23.2 0.010 0.001 9.94

CL13/Wbrain µL/(min × g) 0.068 e 0.005 7.73 0.146 0.020 9.64

CL31/Wbrain µL/(min × g) 0.693 f 0.106 15.4 0.881 0.20 22.5

Wbrain (fixed) g 0.4 0.4
Parameter definition as in Figure 4. Reprinted with permission from Reference [19]. Copyright 2022, Springer
Nature. a p < 0.05 (Z-test value 2.31) compared to mannitol V1; b not significant (Z-test value 1.31) compared to
mannitol V2; c not significant (Z-test value 1.03) compared to mannitol CL10; d not significant (Z-test value 1.77)
compared to mannitol CL12; e p < 0.01 (Z-test value 3.85) compared to mannitol CL13/Wbrain; f not significant
(Z-test value 0.8) compared to mannitol CL31/Wbrain.
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Choice of Permeability Markers

While it is beyond the scope of this paper to broadly cover the range of markers used
in the studies of the BBB, which have been discussed in several recent reviews [41,42], a
comment is appropriate, considering the potential impact of technical issues on the results
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and interpretation of brain uptake studies. Evidently, any markers allowing only qualitative
or semiquantitative analysis in blood and tissue cannot be reasonably used in PK models.
The examples include horseradish peroxidase, (unlabeled) IgG, fibrinogen and dextrans,
Trypan blue, and Evans blue [42]. Radiolabeled markers (e.g., radiolabeled forms of sucrose,
mannitol, or inulin) can yield quantitative data, but careful chromatographic analysis of
the integrity of the labeled substance in blood and tissue is required, as first pointed out
decades ago [43], and illustrated in the preceding paragraph. Stable isotope-labeled and
metabolically stable solutes, such as [13C] sucrose or [13C] mannitol, which lack affinity
to transporter proteins appear as superior choices, because LC-MS/MS analysis is highly
specific and sensitive [40,44], and the handling of radioisotopes is avoided. Fluorescein re-
mains among the most frequently used permeability markers in the literature [42]. Typically,
the total plasma and tissue concentrations are measured in plate readers, although it has
been demonstrated that a seemingly higher brain uptake can be caused by altered plasma
protein binding, especially under pathophysiological conditions, without actual changes in
the BBB permeability [45]. Therefore, free fluorescein concentrations should be analyzed
after ultrafiltration by sensitive chromatographic techniques. An additional caveat with
fluorescein is that reports have implicated it as a substrate of probenecid sensitive efflux
transporters for organic anions at the BBB [46,47]. Another drug initially considered to
represent a hydrophilic marker suitable for PK studies of passive BBB permeability is
S-atenolol, which was subsequently shown to be subject to efflux at the BBB [48].

4. Extent of Brain Drug Exposure

The majority of small molecule drugs will distribute to some degree into the cells or
bind to the cell membranes, and this also applies to the brain tissue after passage of the
BBB. The knowledge of the value of BBB uptake clearance alone is therefore insufficient.
In addition, depending on the location of the drug target (e.g., membrane receptors vs.
intracellular) the relevance of the total tissue concentrations is limited. Based on these
considerations and on the free drug hypothesis, the group of Hammarlund-Udenaes
developed a concept to describe the brain exposure, using a newly defined parameter, the
unbound brain-to-plasma partition coefficient, Kp,uu,brain [49,50]:

Kp,uu,brain =
AUCu,brainISF

AUCu,plasma
(11)

With AUCu,brainiSF denoting the AUC of the unbound concentrations in the brain inter-
stitial fluid (ISF), and AUCu,plasma denoting the AUC of the free drug in the plasma. This
parameter has been widely adopted, in particular in industrial CNS-drug development pro-
grams, and has largely supplanted the previously prevalent brain tissue to plasma partition
coefficients, which represented the ratio between the total brain concentration and the total
plasma concentration (Kp) or the free plasma concentration (Kp,u). Kp,uu,brain is experimen-
tally obtained from measurements of the brain extracellular fluid-drug concentrations by
intracerebral microdialysis. The unbound plasma concentrations can also be determined by
an indwelling microdialysis probe, or by ultrafiltration of the plasma samples ex vivo. As
is evident from Equation (11), the determination of Kp,uu,brain is independent of any specific
compartmental model and can be performed after IV, bolus administration, or infusion.
In practice, it is often based on a constant rate infusion schedule with a sufficiently long
infusion time to achieve steady state conditions. At a steady state, the ratio of AUCs in
Equation (11) can be replaced by the ratio of the free drug concentrations in the brain ISF
and plasma. Kp,uu,brain does not depend on partitioning processes inside the brain tissue
between the ISF and cells. Further, because at steady state (ss) there is no net exchange
between the drug in the brain ISF and plasma, the amounts, A, of drug influx into the brain
and efflux from the brain are equal. With:

dAin
dt

= CLin × Cu,ss,plasma =
dAout

dt
= CLout × Cu,ss,brainISF (12)
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Kp,uu,brain =
Cu,ss,brainISF

Cu,ss,plasma
=

CLin
CLout

(13)

Therefore, Kp,uu,brain can also be expressed as the ratio of the clearances CLin/CLout,
where CLin comprises the sum of all of the passive and active influx clearances, and CLout
represents the sum of all of the elimination clearances from the brain, i.e., passive and
active BBB transport, metabolism in the brain, and bulk flow clearance [50]. If passive
processes dominate the transport across the BBB, a value near unity would be expected.
Correspondingly, if active influx is prevalent, Kp,uu,brain is larger than unity, and if active
efflux prevails, Kp,uu,brain is less than one. This ratio provides, therefore, a powerful and
simple tool to identify the principal transport mechanism of a drug at the BBB. It also
follows from Equation (13) that the absolute clearance values cannot be assessed from this
type of analysis. An estimate for CLin can be provided as complementary information from
the measurement of the total brain concentrations, as discussed in the previous sections.

Another relevant parameter, the unbound drug volume of distribution, Vu,brain, can be
calculated from the measurement of microdialysate concentration and total brain tissue
concentration at steady state:

Vu,brain =
Abrain

Cu,brainISF
(14)

where Abrain is the amount in the brain per unit weight, after correction for the intravascular
content. This parameter may also be estimated from an in vitro assay, the brain slice
technique [51]. Vu,brain provides information on the drug distribution inside the brain tissue
between ISF and cells [50]. Importantly, Vu,brain, according to Equation (14), is distinct from
the apparent brain volume of distribution as used in the multiple time graphical analysis,
which puts the plasma concentration in the denominator (see Equation (5)).

The synopsis of the plasma data, brain microdialysate sampling and whole tissue
analysis provides unique pharmacokinetic insights, exemplified by a series of studies
with morphine [52], its glucuronide metabolites [53–56], and the opioids, codeine and
oxycodone [57,58]. The following conclusions can be derived from the comparison of these
CNS-active drugs, as discussed before [50]: There is a vast range of BBB permeabilities, for
example 167-fold in favor of oxycodone over morphine, and 1,150 fold over morphine-6-
glucuronide. The Kp and Kp,u values also show differences of two log orders, because more
lipophilic drugs tend to have a high affinity with brain tissue, which results in high values
of Vu,brain. In contrast, the Kp,uu,brain values among these opioids differ only by a factor
of about 10, between about 0.3 (morphine, morphine-6-glucuronide) and 3 (oxycodone).
As explained above, these differences in Kp,uu,brain can be attributed to the properties of
the drugs as either a substrate of efflux transport (by P-gp and MRPs in case of mor-
phine, morphine-6-glucuronide), of active uptake (oxycodone), or being a non-substrate
(codeine) [52,56–59]. The impact of the transporters on the PK of opioids and its clinical
implications have been discussed in a recent review [60]. Based on the relations outlined
above, it can be argued that a complete picture of the delivery of CNS-active drugs requires
knowledge of: (i) BBB permeability clearance; (ii) intra-brain distribution; and (iii) extent of
equilibrium across the BBB. The appreciation of this concept is important in the decision
processes for drug development.

5. Physiologically Based Pharmacokinetic Models

As a concept, PBPK dates back to the beginnings of the PK field [61,62]. Physiologically
based models aim to describe the organism in terms of the compartments based on actual
organs and their associated blood flow rates, with differential equations for mass transfer,
tissue binding, and metabolic activity. In the classical compartmental models and semi-
physiological models presented in the previous sections, all or part of the compartments
were hypothetical spaces, defined by the apparent volumes of distribution, which were
calculated from the plasma concentrations. While the compartmental and semi-physiologic
models require fewer parameters, values for all or the majority of parameters can be
obtained by fitting the models to experimental data (blood or plasma concentrations, and
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organ concentrations when available). A limitation of the compartmental models is that
they cannot be readily scaled from one experimental species to another. In addition, the
invasive nature of the animal experiments used in generating the input data for the models
discussed above implies that a direct translation to the human condition is limited, which
is one of the main drivers of the growing interest in PBPK models.

While there is no convincing evidence for major species’ differences in passive BBB
permeability, the active transporters show marked differences among species. The recent
advances in tandem mass spectrometry have enabled quantitative proteomics studies of
transporter protein expression in animal and human brain microvessels [63]. Striking exam-
ples of species differences between a model organism and humans include the expression
levels of the breast cancer-resistance protein, which is 1.85-fold higher expressed at the
human BBB than in mice, and of p-glycoprotein (MDR), which is less expressed at the
human BBB by a factor of 2.33 compared to mdr1a in mice. These quantitative data are now
being utilized in the new field of pharmacoproteomics, to predict the Kp,uu,brain in humans
from the data in experimental animals [64]. This will be beneficial in addressing the issue
in PBPK involving the numerous parameters that these cannot be all determined by fitting
to the available, sparse experimental data. Many of the parameters need to be fixed to the
values from independent in vitro or in vivo studies, which are typically taken from the
literature. The better estimates of transporter activity based on proteomics plugged into
PBPK models would then facilitate interspecies scaling beyond the usage of the known
values of organ weights, blood flow, and metabolic capacity, among others. The simulations
with PBPK models have, in recent years, gained popularity as tools in drug development
in industry and with regulatory agencies. The potential pitfalls in the widespread use of
complex PBPK models due to over-parameterization and parameter optimization are under
debate [65].

In the BBB field, different academic groups proposed PBPK models aimed at predicting
drug concentrations at the target sites, taking into account the different brain compartments,
e.g., ISF and CSF, and eventually down to the level of intracellular vs. extracellular distribu-
tion and subcellular compartments, e.g., lysosomes [66–68]. Figure 6 depicts the scheme of
such a model, which also includes different, connected CSF compartments, and asymmetry
factors derived from the Kp,uu values to account for the net effect of the influx and efflux
transporters between compartments. An extensive list of published parameter values taken
from experimental animals, human data, and in vitro studies has been compiled in a recent
review [69]. Running simulations with this model for 10 diverse small molecule drugs with
the published data on plasma kinetics, brain, and CSF concentrations, resulted in a less
than two-fold prediction error of the concentration–time course in plasma, brain ISF, and
two CSF sites (lateral ventricle and cisterna magna) [66].

The PBPK modeling is also increasingly applied to biotherapeutics, in particular
monoclonal antibodies. An early example is the study of the distribution into tumor
xenografts and organs of mice of an antibody targeting colon cancer [70]. Besides the
specific target affinity, the later PBPK models also considered the role of the neonatal Fc
receptor (FcRn) in the organ distribution and kinetics in plasma [71,72]. While the brain as
a target organ had been previously ignored, in recent years the PBPK models have been
proposed for the analysis of data generated with antibodies, which are under development
as drug delivery vehicles, including antibodies targeted to the transferrin receptor (TfR) and
insulin receptor [73–75]. The PBPK studies with TfR antibodies, in particular, benefit from
a considerable body of published experimental data with full length antibodies, antibody
fragments, bispecific antibodies, as well as antibody variants covering a wide range of
target affinities, from low nanomolar to micromolar KD values, over a range of doses. Two
recent papers presented for the prediction of the brain disposition of TfR antibodies put an
emphasis on the partially different sets of model parameters [73,75]. For example, in the
model put forward by Pardridge and Chow, the binding kinetics and trafficking inside the
BBB endothelial cells of the endogenous receptor ligand, transferrin, play major roles [75].
On the other hand, the model by Chang et al. did not consider transferrin-binding kinetics
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relevant with respect to the trafficking of TfR antibodies, but rather included the parameters
for binding to FcRn and to TfR expressed on brain cells beyond the BBB [73]. Therefore, the
output of simulations generated by these different models cannot be readily compared.
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6. Conclusions and Perspectives

A selection of models is now at the disposal of investigators to evaluate pharmacoki-
netics and brain uptake in vivo in animal models and humans. The initial uptake rate
measurements appear superficially straight forward, but they have associated caveats,
which need to be considered. A full appreciation of the brain exposure of known com-
pounds and of drug candidates requires knowledge of the uptake rate, the distribution in
brain tissue, and the extent of equilibration across the BBB. The semi-physiological models,
and complex PBPK models introduced in recent years, rely to a varying degree on the
availability of the values for some of the parameters taken from independent in vitro or
in vivo studies. The progress of quantitative pharmacoproteomics in experimental species
and humans, which allows for interspecies adjustments and the scaling of the PK effect
of transporter activities, as discussed in Section 5, is expected to enhance the predictive
accuracy of the PBPK models. At this stage of maturation of the PK field, efforts should
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also be undertaken by the BBB PK expert community to push towards an improved quality
of the host of studies being conducted in the neuroscience field, in which the measurement
of the BBB permeability of drugs or markers serves only an ancillary purpose. In particular
with respect to studies in disease models, the claims of altered permeability are often
based on inadequate kinetic approaches, as pointed out for the use of markers viewed as
imperfect by today’s standards (e.g., Evans Blue [42]), or neglecting the role of protein
binding in plasma [45], or the common case of measurements at a single time point in brain
tissue only, without considering the plasma kinetics as input.
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