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Since their first description in 1993 [1], single-domain antibody fragments derived from
heavy-chain-only antibodies of camelids have received increasing attention as highly versatile binding
molecules in the fields of biotechnology and medicine. The term “nanobody”—originally introduced
as a trademark of the company Ablynx in 2003—became the general label for those proteins, perfectly
reflecting their small dimensional size (2.5 nm × 4 nm; ~13 kDa). Since the expiration of main patent
claims in 2013, there has been an emerging tendency in commercializing nanobodies as research,
diagnostic and therapy agents.

Nanobodies can be efficiently selected from large (semi-) synthetic/naive or immunized
cDNA-libraries using well established display technologies like phage- or yeast-display [2,3]. The simple
and single-gene format enables the production of purified nanobodies in the mg–g range per liter of
culture, thereby offering an unlimited supply of consistent binding molecules. Additionally, nanobodies
can be easily genetically or chemically engineered. Nanobodies are characterized by high affinities and
specificities, robust structures, including stable and soluble behaviors in hydrophilic environments
and superior cryptic cleft accessibility, low-off target accumulation, and deep tissue penetration [4].
To date, many nanobodies have been evolved into versatile research and diagnostic tools and the
list of therapeutic nanobodies applied in clinical trials is constantly growing [5]. Nanobody-derived
formats comprise the nanobody itself, homo- or heteromultimers, nanobody-coated nanoparticles
or matrixes, nanobody-displayed bacteriophages or enzymatic-, fluorescent- or radionuclide-labeled
nanobodies. All these formats were successfully applied in basic biomedical research, cellular and
molecular imaging, diagnosis or targeted drug delivery and therapy. With caplacizumab from Sanofi,
the first therapeutic active nanobody, was approved by the FDA in February 2019 [6].

This Special Issue on “Nanobodies” includes original manuscripts and reviews covering various
aspects related to the discovery, characterization, engineering and application of nanobodies for
biomedical research, diagnostics and therapy.

Starting a series of original articles, Longhin et al. selected a set of six novel nanobodies from
an immunized library directed against the zinc-transporting PIB-ATPase ZntA from Shigella sonnei
(SsZntA). Further exploiting their ability of bind to cavities and active sites of the target protein,
with Nb9, the authors identified a highly selective inhibitor of the ATPase activity of SsZntA. These
nanobodies provide a versatile toolset for structural and functional studies of this subset of ATPases [7].
Focusing on more therapeutic application, nanobodies can be a rich source of neutralizing anti-viral
reagents. Liu et al. selected a panel of high affinity nanobodies against the E2/E3E2 envelope protein of
the Western equine encephalitis virus (WEEV) and demonstrated their potential as detection reagents.
The intrinsic modularity and stability of such nanobodies might also be exploited to create stable
neutralizing molecules adapted to storage in resource-limited areas [8]. Similarly, Ramage et al.
used alpacas immunized with recombinant hemagglutinin from two representative Influenza B
viruses to generate nanobodies with both cross-reactive and lineage-specific binding, and carefully
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analyzed their specificities over a large panel of viruses. The broadly reactive nanobodies might
have interesting applications in Influenza B virus diagnostics, vaccine potency testing and possibly as
neutralizing immunotherapeutics with potential for intranasal delivery [9]. Exploiting a similar concept,
Strokappe et al. generated a panel of neutralizing nanobodies targeting the HIV gp41 and gp120
envelope proteins, thereby describing three new epitopes on these targets. Interestingly, using detailed
biophysical and structural characterization, the author took advantage of the modularity of nanobodies
to successfully design bispecific constructs with up to 1400-fold higher neutralization potencies than
the mixture of the individual nanobodies, thus endowed with a high therapeutic or microbicide
potential [10]. Nanobodies also have therapeutic potential beyond virology. In this issue, Heukers et al.
took advantage of the small size of nanobodies to generate a new generation of biopharmaceuticals
with nanomolar potency by combining anti-hepatocyte growth factor receptor nanobodies to a
photosensitizer, thus allowing efficient targeted photodynamic therapy upon local illumination [11]. A
detailed epitope mapping is extremely helpful for downstream applications of nanobodies. In their
study, Angalakurthi and colleagues used hydrogen exchange-mass spectrometry (HX-MS) to identify
the epitopes of 21 nanobodies directed against the ribosome-inactivating subunit (RTA) of ricin toxin.
Modelling these epitopes on the surface of RTA not only showed the potential of HX-MS to identify
three dimensional epitopes but also supports the generation of a comprehensive B-cell epitope map
of ricin toxin [12]. One of the most important features of nanobodies is that they can be genetically
engineered for their desired downstream application. In this context, Anderson et al. demonstrated
the potential of nanobodies fused to Beta-galactosidase to detect antigens in immunoassays. Using the
example of a nanobody specific for the Bacillus collagen-like protein of anthracis (BclA), the authors
highlight the potential to engineer nanobodies as highly sensitive reagents for one-step detection of
antigen spores in sandwich immunoassays [13].

To generate an intracellular biosensor which monitors the activation of RHO-GTPases, Laura
Keller et al. selected a nanobody (RH57) specifically for the GTP-bound version of RHO-GTPase
from a synthetic library. When expressed as a fluorescent fusion protein (chromobody), it visualizes
the localization of activated endogenous RHO at the plasma membrane without interfering with
signaling. As a BRET-based biosensor, the RH57 nanobody was able to monitor RHO spatio-temporal
resolved activation in living cells [14]. To optimize the expression of such chromobodies for antigen
visualization in living cells, Bettina Keller and colleagues presented a strategy to stabilize biosensors
introduced into various cell lines. By site-directed integration of antigen sensitive chromobodies into
the AAVS1 safe harbor locus of human cells using CRISPR/Cas9 gene editing, they generated stable
chromobody cell lines which not only visualize the localization of the endogenous antigen but can
also be used to monitor changes in antigen concentration by quantitative imaging [15]. Nanobodies
fused to fluorescent proteins can also be applied for preclinical in vivo imaging. In this context,
Gorshkova et al. generated and produced two previously reported TNF-α specific nanobodies fused
to the far-red fluorescent protein Katushka. They evaluated the ability of both fluorescently labeled
nanobodies to bind and neutralize TNF-α in vitro and to serve as fluorescent probes for in vitro and
non-invasive molecular in vivo imaging. In addition to the visualization of local expression of TNF-α,
they demonstrated that in vivo fluorescence of the engineered nanobodies correlates with TNF levels
in living mice [16].

This set of original work is further complemented by a series of reviews highlighting the emerging
potential of nanobodies in biomedical research, diagnostics and therapy. Aguilar and colleagues, the
pioneers in the field, summarized recent developments on how intracellularly functional nanobodies
combined with functional or structural units can be used to study and manipulate protein function in
multicellular organisms and developmental biology [17]. As exemplified by several studies in this
Special Issue, nanobodies open new avenues for the treatment of viral infections. De Vlieger et al.
presented here an overview of the literature covering the use of nanobodies and derived formats to
combat viruses including influenza viruses, human immunodeficiency virus-1, and human respiratory
syncytial virus [18]. Jank et al. described another field of applications of nanobodies, namely their use
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as diagnostic and therapeutic reagents against stroke. They covered the advantages of nanobodies
over conventional antibody-based therapeutics in the context of brain ischemia and described several
innovative nanobody-based treatment protocols aiming at improving stroke diagnostic and therapy [19].
Exploring another very promising and new therapeutic field afforded by the peculiar nature of
nanobodies, Bélanger et al. presented the most recent advances in the development of nanobodies as
potential therapeutics across brain barriers, including their use for the delivery of biologics across the
blood–brain and blood–cerebrospinal fluid barriers, the treatment of neurodegenerative diseases and the
molecular imaging of brain targets [20]. Highlighting the unique potential and increasing applications
of nanobodies for in vivo imaging, Pieterjan Debie and colleagues presented a comprehensive overview
on the current state of the art on how to generate, functionalize and apply nanobodies as molecular
tracers for nuclear imaging and image-guided surgery [21]. Finally, Chanier and Chames provided an
in-depth coverage of the use of nanobodies as innovative building blocks providing new solutions
for the detection and imaging of cancer cells, as well as the development of next-generation cancer
immunotherapy approaches, including multispecific constructs for effector cell retargeting, cytokine
and immune checkpoint blockade, cargo delivery or the design of optimized CAR T cells [22].

We are convinced that this collection of articles will provide novel insights and information
which are valuable to many readers working on different aspects of nanobodies. The editors would
like to thank all the contributors for their excellent submissions to this Special Issue, as well as the
reviewers and the editorial office of MDPI Antibodies, namely Arya Zou and Nathan Li, for their
outstanding support.

Conflicts of Interest: The author declares no conflict of interest of interest.
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Abstract: P-type ATPases form a large and ubiquitous superfamily of ion and lipid transporters that
use ATP (adenosine triphosphate) to carry out their function. The IB subclass (PIB-ATPases) allows
flux of heavy metals and are key players in metal detoxification, critical for human health, crops,
and survival of pathogens. Nevertheless, PIB-ATPases remain poorly understood at a molecular level.
In this study, nanobodies (Nbs) are selected against the zinc-transporting PIB-ATPase ZntA from
Shigella sonnei (SsZntA), aiming at developing tools to assist the characterization of the structure and
function of this class of transporters. We identify six different Nbs that bind detergent stabilized
SsZntA. We further assess the effect of the Nbs on the catalytic function of SsZntA, and find that five
nanobodies associate without affecting the function, while one nanobody significantly reduces the
ATPase activity. This study paves the way for more refined mechanistical and structural studies of
zinc-transporting PIB-ATPases.

Keywords: P-type ATPase; nanobody; llama; Zinc-transport; Zinc-transporting P-ATPase; ZntA

1. Introduction

The protein superfamily of P-type ATPases is formed by phylogenetically related pumps that
actively transport ions and lipids across biological membranes of prokaryotes and eukaryotes [1] at
the expense of adenosine triphosphate (ATP). They are divided in five subfamilies (PI-PV) based on
sequence similarity and transport specificity [2]. PI-ATPases transport cations, with the PIB-subclass
being specific for heavy metals such copper and zinc. Noteworthy members of the other subfamilies
include the calcium and sodium-potassium ATPases of PII and the proton ATPase of PIII. The focus
here is on class 2 PIB-ATPases, PIB-2-ATPases, which comprises zinc-transporting P-type ATPases.
These ATPases are relatively poorly characterized from a mechanistic and functional point of view,
and only E2 states (metal-free) have been resolved structurally [3]. One reason is that metals such
as zinc render these targets unstable, and another that there are no identified compounds that can
bind specifically and exclusively to several specific states (including metal bound E1 conformations)
of PIB-ATPases. The overall structural architecture is conserved in all P-type ATPases, with four
domains [4]: The soluble domains, P (phosphorylation), N (nucleotide binding), and A (actuator),
and the M domain in the transmembrane region. The P domain contains the highly conserved
aspartic acid—lysine—threonine—glycine—threonine (DKTGT) motif with the catalytic aspartate that
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is targeted by ATP stimulated autophosphorylation. The N domain is responsible for orienting the
ATP towards the P domain. The A domain comprises the conserved threonine—glycine—glutamic
acid (TGE) loop, which allows for dephosphorylation of the catalytic aspartate in the P-domain and
the M-domain is composed by a variable number of helices that enclose membranous ion-binding
site(s) that are critical for transport. In addition, zinc transporting PIB-2-ATPases possess one or more
soluble subfamily-specific domains known as heavy metal-binding domains (HMBDs), whose function
remains unclear [5]. These domains work in a tightly coupled manner in order to achieve transport,
and the reaction cycle is summarized in the so called Post-Albers scheme [6–8] (Figure 1).

Figure 1. Post-Albers scheme of PIB-2-ATPases. The E1 (high zinc affinity) and E2 (low zinc
affinity) states of the enzyme alternate, and couple ATP (adenosine triphosphate) hydrolysis to
the export of zinc. The E1 state accepts one zinc (Zn2+) ion and ATP from the intracellular side,
which promotes autophosphorylation, reaching the zinc occluded Zn·E1-P state and releasing ADP
(adenosine diphosphate). Completion of phosphorylation triggers considerable conformational changes
that opens the pump towards the outside, allowing release of zinc in the E2-P state. Metal discharge is
associated with auto dephosphorylation, liberation of inorganic phosphate (Pi), and allows the enzyme
to reach the E2 conformation. The domains are represented as follows: The actuator (A) domain
in yellow, the phosphorylation (P) domain in blue, the nucleotide-binding (N) domain in red, the
transmembrane domain in light orange. Features specific for PIB-ATPases are shown in light blue, and
includes two transmembrane helices and heavy-metal binding domain(s) (HMBD).

Antibodies, or immunoglobulins, are large plasma proteins that play a fundamental role in
protection against pathogens, such as microorganisms, and are used for numerous basic and applied
science applications. Immunoglobulin gamma 1 (IgG1), which is the most abundant immunoglobulin,
comprises four polypeptide chains: Two heavy chains, each formed by a variable domain (VH)
and three constant domains (CH1, CH2, and CH3), and two light chains, composed by a variable
(VL) and a constant (CL) domain. The paratope (antigen binding-site) is formed by the VL and VH

domains and mediates the interaction with the antigen [9]. However, heavy-chain only antibodies
are present in certain species [10]: They are smaller (about 75 kDa) than other antibody isotypes and
are formed by two heavy chains, each containing a VHH, CH2, and CH3 domain. Their paratope
permits antigen-recognition despite being formed by a single VHH domain only, paving the way for
the development of single-domain antibodies also called nanobodies. These engineered antibodies are
derived from such heavy-chain only antibodies and consist of a single polypeptide chain (about 13 kDa)
folding into a variable domain (VHH). They can be obtained by immunization of camelids (e.g., llamas)
with the target antigen, followed by generation of phage display libraries and screening for antigen
binding [11].
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The aim of this work is to isolate nanobodies (Nbs) that selectively associate with the
zinc-transporter, ZntA, from Shigella sonnei (SsZntA), the target employed previously for structural
characterization of PIB-2-ATPases [3], to develop inhibitors for further structural and functional studies.
We successfully raise and purify Nbs against SsZntA and perform experiments to assess binding and
inhibition capacities. Notably, we identify six Nbs, which bind specifically to SsZntA, including one
that exhibits an inhibitory effect on the ATPase activity.

2. Materials and Methods

2.1. SsZntA Production

In the following text we refer to the manufacturers Sigma-Aldrich with location in Schnelldorf,
Germany; and to VWR with location in Søborg, Denmark, unless other is stated. The gene for ZntA
from the bacterium Shigella sonnei (UniProtID Q3YW59) was cloned in the vector, pET22 (Merck,
Novagen®, Darmstadt, Germany), containing an amino-terminus tag of eight histidine residues (HisTag)
for downstream affinity chromatography purification and a cleavage site for TEV protease (TEVp) to
allow removal of the HisTag. The construct, pET22-HisTag-SsZntA, was transformed into the E. coli
C43(DE3) expression strain and cells were grown in Terrific-Broth medium (12 % peptone (Sigma-Aldrich),
24% yeast extract (Sigma-Aldrich), 4% glycerol (VWR), 50 mM Phosphate buffer pH 7 (VWR)) at 37 ◦C
until OD600 reached 1. Then, protein production was induced with 1 mM isopropyl-β-D-thiogalactoside
(IPTG) (Biosynth AG, Staad, Switzerland) at 18 ◦C for 24 h. Cells were harvested at 8000× g for 15 min,
and resuspended at a concentration of 5 mL/g wet cells in buffer containing 50 mM Tris-HCl pH
8 (Sigma-Aldrich), 200 mM KCl (VWR), 20% v/v glycerol (VWR), 5 mM β-mercaptoethanol (BME)
(VWR), 1 SIGMAFASTTM protease inhibitor tablet (Sigma-Aldrich) per 6 L culture, and then stored
at −20 ◦C. To the thawed cells, a final concentration of 1 mM MgCl2 (VWR), 2 μg/mL DNase I
(Sigma-Aldrich) and 1 mM phenylmethanesulphonyl fluoride (PMSF) (Sigma-Aldrich) were added
before lysis. The solution was passed through a Constant Systems cell disruptor (Constant Systems
Limited, Daventry, UK) twice at 25 kpsi, large cell debris were spun down at 20,000× g for 40 min,
and membranes were isolated by ultracentrifugation at 190,000× g for 3 h. The membrane pellet was
resuspended in 20 mM Tris-HCl pH 7.5, 200 mM KCl, 20% v/v glycerol, 1 mM MgCl2, 5 mM BME,
1 mM PMSF at 3 mg (total protein) per mL (buffer), and solubilized in 1% w/v n-Dodecyl-β-D-maltoside
(DDM) (Anatrace, Maumee, OH, USA) for 1.5 h, followed by ultracentrifugation at 190,000× g for
45 min to remove insolubilized material. The supernatant from 6 L culture was adjusted to 50 mM
imidazole (Sigma-Aldrich) and 500 mM KCl prior to loading on a 5 mL HisTrap HP (GE Healthcare,
Life Sciences, Uppsala, Sweden) equilibrated in buffer containing 20 mM Tris-HCl pH 7.5, 200 mM KCl,
20% v/v glycerol, 1 mM MgCl2, 0.015% w/v octaethylene glycol monododecyl ether (C12E8) (Nikko
Chemicals Co., Ltd., Tokyo, Japan), 5 mM BME, using an Äkta pure chromatographic system (GE
Healthcare, Life Sciences, Uppsala, Sweden), and was eluted with the same buffer with 500 mM imidazole
added. Protein containing fractions were pooled and treated with TEVp to remove the HisTag while
dialyzing to diminish the excess of imidazole. The cleaved sample was loaded on the HisTrap again
(Reverse-affinity chromatography or R-IMAC) to separate uncleaved (HisTagged) protein and the TEVp;
the flow through was collected and tested by Western-blot using a conjugated antibody against 6×
HisTag (6× His mAb-HRP conjugated by Takara® Bio Europe AB, Göteborg, Sweden) to assess cleavage.
The cleaved sample was concentrated to 12 mg/mL and run on a 24 mL size-exclusion chromatography
(SEC) column with Superose6 beads (GE Healthcare, Life Sciences, Uppsala, Sweden) equilibrated in
SEC buffer (20 mM MOPS (3-(N-morpholino)propanesulfonic acid) (VWR) pH 6.8, 80 mM KCl, 20% v/v
glycerol, 3 mM MgCl2, 0.03% w/v DDM or 0.015% w/v C12E8, 5 mM BME). The fractions corresponding to
the main peak were collected, assessed for purity by SDS-PAGE (sodium dodecyl sulfate-polyacrylamide
gel electrophoresis) (Thermo Fisher Scientific, Roskilde, Denmark), concentrated to 10 mg/mL, and stored
at −80 ◦C.
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2.2. LpCopA and MmCadA Production

CopA from Legionella pneumophila (LpCopA, UniProtID Q5ZWR1) and CadA from Mesorhizobium
metallidurans (MmCadA, UniProtID I4IY19) were produced with the same buffers as SsZntA, but with
somewhat different approaches. LpCopA was cloned in the pET22 vector, without any affinity
chromatography tag nor cleavage site, and was purified by Ni2+-affinity chromatography exploiting
the endogenous histidine rich amino-terminus (no engineered HisTag). MmCadA was cloned in
the pET52 vector (Merck, Novagen®, Darmstadt, Germany) that includes an N-terminal Strep-tag II
with a HRV 3C cleavage site and was purified by StrepTactin® Superflow® (IBA GmbH, Göttingen,
Germany) [12] affinity chromatography at pH 7.8, followed by SEC at pH 7.4; this tag does not bind
metal ions and therefore does not need to be removed.

2.3. Llama Immunization and Nanobodies Identification

Llama immunization and library generation was performed as previously described, now using
a mixture of proteins including purified SsZntA for immunization [13]. Briefly, SsZntA solubilized
in 0.03% w/v DDM were injected four times (100 μg/injection) during a period of 12 weeks.
The immunization was performed under the permit of Capralogics Inc., which provides a healthy
housing environment for all animals and adheres strictly to the United States Department of Agriculture
Animal Welfare Act regulations for Animal Care and Use. Peripheral blood mononuclear cells
(PMBCs) were isolated with Ficoll paque plus (GE healthcare, Life Sciences, Uppsala, Sweden),
and total RNA were extracted using a RNeasy plus kit (Qiagen, Hilden, Germany). cDNA was
generated with Superscript III first strand (Invitrogen) and amplified using primers specific for the
VHH genes. PCR products were cloned into a phagemid vector designed to express Nbs as pIII
fusions and with a C-terminal E-detection tag. VCSM13 helper phages were used for generation of
a M13 phage-display library. For selection, 20 μg biotinylated SsZntA (solubilized in 0.015% w/v
C12E8) bound to streptavidin beads were blocked in SEC buffer (containing 0.015% w/v C12E8 and
supplemented with 2% w/v bovine serum albumin (BSA) (Sigma-Aldrich) for 30 min. 5 × 1013 M13
phage particles were incubated with the protein for 1 h before the beads were washed 15 times with
SEC buffer (with 0.015% w/v C12E8). Elution of the bound phage particles were achieved by addition
of 500 μL of 0.2 M glycine (Sigma-Aldrich) pH 2.2 for 10 min, which were added to 75 μL of 1 M
Tris pH 9.1 for neutralization before being added to E. coli ER2738 cells. Cells were incubated for 1 h
at 37 ◦C and plated on agar plates with 2% w/v glucose (Sigma-Aldrich). The enriched library was
amplified and used in a second round of phage display performed as the first round, but with 1 μg
SsZntA and 2 × 1012 M13 phage particles. For ELISA, single colonies were transferred to a 96-well
plate format and grown for 4 h in LB medium, before Nb production was induced by addition of IPTG
to 0.8 mM. The plate was incubated by shaking overnight at 30 ◦C. Next, the plate was centrifuged
and 50 μL of the supernatant was transferred to an ELISA plate coated with a total of 50 μg SsZntA in
SEC buffer (with 0.015% w/v C12E8) blocked with 2% w/v BSA. After incubation for 1 h, the plate was
washed four times with SEC buffer (with 0.015% w/v C12E8, without BME), and the anti-E-tag-HPR
antibody (Bethyl Laboratories Inc., Montgomery, TX, USA) was added. The plate was then washed
four times in SEC buffer (with 0.015% w/v C12E8, without BME) followed by the addition of 50 μL
3,3′,5,5′-tetramethyl-benzidine (Sigma-Aldrich). The reaction was quenched by addition of 50 μL of
1 M HCl and absorbance was measured at 450 nm. Positive phagemids were sequenced and subcloned
in pET22, containing a PelB signal at the amino-terminus for periplasmic secretion and a 6xHisTag at
the carboxyl-terminus.

2.4. Nanobodies Sequence Analysis

ELISA-identified Nb hits were sequenced and the obtained sequences were aligned using the
SeaView software (version 4.7, PRABI-Doua, Lyon, France) [14], and a phylogenetic tree was built
using the BLOSUM62 matrix. The aligned sequences were visualized using the Sequence Manipulation
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Suite© (Multiple Align Show) (version 2, Paul Stothard, University of Alberta, Edmonton, NA,
Canada) [15] to highlight the level of identity with a threshold of 90%, which allowed selection
of non-redundant Nbs for downstream efforts. The predicted secondary structure was obtained
combining the predictions from ABody Builder Antibody Modelling software (Oxford Protein
Informatics Group, Oxford, UK) [16] and iCAN analysis platform for nanobodies (Southeast University,
Nanjing, Jiangsu Province, China) [17].

2.5. Nanobodies Production

The vectors containing 11 selected Nbs (Nb1 to Nb11) were transformed in E. coli BL21 strain and
grown in 2 L Terrific Broth medium each, at 37 ◦C until OD600 of 0.6. The expression was induced with
1 mM IPTG at 18 ◦C over-night. Cells were harvested at 8000× g for 15 min and solubilized in 30 mL Nb
buffer (20 mM Tris-HCl pH 7.5, 400 mM KCl, 20 mM imidazole) prior to sonication and centrifugation at
25,000× g for 20min. Nb proteins were purified from the clarified supernatant by incubation with 1 mL
Ni2+ beads (Ni SepharoseTM 6 Fast Flow) (GE Healthcare, Life Sciences, Uppsala, Sweden) for 1 h at 4 ◦C,
followed by 3 washes in Nb buffer and elution in 15 mL Nb buffer with 400 mM imidazole added. Next,
the eluted Nbs were concentrated to 10–15 mg/mL and run on a SEC column with SEC buffer (20 mM
MOPS pH 6.8, 80 mM KCl, 20% v/v glycerol, 3 mM MgCl2, 0.015% w/v C12E8) without reducing agent.
The main peak was collected, concentrated to 5 mg/mL (370 μM), and stored at −80 ◦C.

2.6. Functional Assay

2.6.1. SEC Co-Elution

Samples of SsZntA (40 μM) were incubated with Nb from 1 to 11 (40 μM) in 40 mM MOPS
pH 6.8, 80 mM KCl, 20% v/v glycerol, 1 mM MgCl2, 1 mM TCEP (tris(2-carboxyethyl) phosphine)
(Sigma-Aldrich), 0.15 mg/mL C12E8 for 30 min at room temperature in a final volume of 50 μL and run
on analytic-scale SEC (column volume of 2.4 mL, flow 0.04 mL/min) equilibrated with the same buffer,
to separate SsZntA-Nb complex from unbound proteins. Then, fractions were run on a denaturing
SDS-PAGE to visualize the presence of SsZntA and Nb. For the Nbs that showed complex formation,
the assay was scaled-up to obtain more reproducible and stable signals: 40 μM SsZntA was incubated
with 100 μM Nb in 50 μL and then diluted to 500 μL prior to running in a medium-scale SEC (column
volume of 24 mL, flow 0.05 mL/min).

2.6.2. Ni-NTA Co-Elution

In this assay, 13 nmol of SsZntA were incubated with 44 nmol of one of Nb1-2-4-5-8-9 in 20
mM MOPS pH 7.5, 200 mM KCl, 20% v/v glycerol, 1 mM MgCl2, 0.015% w/v C12E8, 5 mM BME,
for 1 h on ice in a final volume of 500 μL. The samples were then adjusted to 400 mM KCl and 50
mM imidazole, and run on a 1 mL HisTrap HP (GE Healthcare, Life Sciences, Uppsala, Sweden)
equilibrated with the same buffer at 0.3 mL/min. Fractions were collected and run on a SDS-PAGE
gel, then stained with InVision™ HisTag In-gel Stain (Thermo Fisher Scientific, Roskilde, Denmark),
according to the manual, to assess the presence of HisTagged proteins followed by Coomassie-staining
for total protein detection.

2.6.3. ATPase Activity Assay

The Baginski assay was used to measure ATPases activity and was conducted as previously
described [3]. Briefly, 0.8 μM SsZntA was incubated with no Nb, 1.6 μM Nb 1 to 9, 1.6 μM AlF3, 2 mM
AlF3, and 0.2, 0.4, 0.8, 1.2, 1.6, 2, 2.4, 2.8, 3.2, 6.4 μM Nb9 in 40 mM MOPS pH 6.8, 150 mM NaCl,
5 mM MgCl2, 20 mM (NH4)2SO4 (VWR), 20 mM L-cysteine (VWR), 5 mM NaN3 (Sigma-Aldrich),
0.25 mM Na2MoO4 (Sigma-Aldrich), 1.2 mg/mL soybean lipids (Sigma-Aldrich), 0.3% w/v C12E8,
0.5 mM ZnSO4 (Alfa Aesar by Thermo Fisher Scientific, Karlsruhe, Germany), in a total volume of
50 μL for 1 h at room temperature and the assay was started by addition of 5 mM ATP. The reaction
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was stopped after 15 min and after 30 min by adding 50 μL Stop solution (2.5% w/v ascorbic acid
(Sigma-Aldrich), 0.4 M HCl, 0.48% w/v (NH4)6Mo7O24 (Fluka Analytical, Bucharest, Romania),
0.8% w/v SDS (Sigma-Aldrich)) and then 75 μL of arsenic solution (2% w/v arsenite (Sigma-Aldrich,
2% v/v acetic acid (VWR), 3.5% w/v sodium citrate (VWR)), respectively. The absorbance was
measured in a microplate reader at 860 nm and the signal normalized with a sample without protein
as phosphate background. When testing Nb9 with LpCopA and MmCadA, the same conditions were
applied, except the use of CuSO4 as a metal ion with LpCopA.

3. Results

3.1. Isolation of Native SsZntA

SsZntA was produced in E. coli C43 cells and initially purified by immobilized metal affinity
chromatography (IMAC). The 8× histidine tag (HisTag) was removed using the TEVp cleavage site,
which is important since the HisTag can bind zinc and other metals, potentially interfering with activity
and binding assays. Detergent solubilized SsZntA was purified by HisTag-based affinity chromatography
and treated with TEVp to remove the HisTag and subjected to affinity purification again, achieving
complete separation of cleaved SsZntA, uncleaved (HisTagged) SsZntA, and HisTagged TEVp (Figure 2).
The flow-through of the second affinity chromatography (R-IMAC) contained completely cleaved and
pure SsZntA, while uncleaved SsZntA and TEVp were present in fractions containing 250 mM and
500 mM imidazole, respectively. SsZntA was further purified using size-exclusion chromatography (SEC),
achieving a high degree of purity, as assessed by SDS-PAGE, and homogeneity, as assessed by SEC
(Figure 3). The final yield of SsZntA is 5 to 10 mg per liter of culture.

 
(a) 

 
(b) 

Figure 2. Purificaiton of the zinc-transporter SsZntA from Shigella sonnei: (Reverse-affinity
chromatography) R-IMAC. (a) Reverse (second) affinity chromatography profile: The first 60 mL
represent the flow-through containing cleaved SsZntA (without HisTag); at 80 mL, corresponding to
250 mM imidazole, uncleaved SsZntA is eluted; while at 90 mL, at 500 mM imidazole, HisTagged TEVp
is eluted. (b) On top, Coomassie stained sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE), and on the bottom, Western blot anti-HisTag; lane 1: Solubilized membranes, lane 2:
Clarified solubilized membranes, lane 3: Affinity-chromatography purified SsZntA (with HisTag),
lanes 4 to 6: Flow through of reverse affinity chromatography (SsZntA without HisTag) corresponding
to retention volume from 0 mL to 60 mL, lanes 7 to 9: Eluted fractions corresponding to retention
volume of 80, 85, and 90 mL, respectively.
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(a) (b) 

Figure 3. SsZntA purification: SEC. (a) Elution profile from a Superose6 size-exclusion column with
a column volume (CV) = 24 mL: The main peak elutes at 0.6 CV, followed by minor contaminants.
(b) Coomassie-stained SDS-PAGE containing the SEC fractions collected at 0.4, 0.5, 0.6, 0.7 CV; upper
band at 150 kDa is possibly SsZntA dimers (due to SDS artifacts).

3.2. Isolation of Nanobodies

The purified SsZntA sample (in 0.03% w/v DDM) was used for llama immunization with multiple
injections during a period of 12 weeks. We generated an Nb-library and, following two rounds of
phage-display followed by enzyme-linked immunosorbent assay ELISA analysis, we found about 100
positive clones. These were reduced for highly redundant ones, resulting in 45 different Nb sequences
that were grouped in three main families (Figure 4a). We decided to investigate 11 Nbs covering most
of the overall sequence variability: Nb1, Nb2, and Nb3 belong to the first family; Nb4 and Nb5 to
the second family; Nb6 and Nb7 to the third family; Nb8, Nb9, Nb10, and Nb11 did not fit in the
previous families and are therefore considered outliers. Figure 4b displays the primary structures of the
selected 11 Nbs, where the portions corresponding to the three complementarity-determining regions
(CDRs), as well as the predicted conserved secondary structure, are indicated. We then expressed
and purified the selected 11 Nbs (with HisTag) and tested them for SsZntA binding and inhibition.
Expression in E. coli BL21 yielded 4–5 g wet cell weight, which resulted in 9–13 mg affinity-purified
Nb, per liter of culture. Nb3 precipitated following affinity-chromatography and further work with it
was, therefore, discontinued. The purified Nbs were subjected to SEC, achieving relatively pure Nb
samples as analyzed using SDS-PAGE (Figure 5c). Purified SsZntA was tested with three different
assays to assess binding (size-exclusion and nickel-affinity chromatography) and inhibitory (ATPase
activity) properties of the purified Nbs.
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(a) 

 
(b) 

Figure 4. Sequence analysis of the identified Nbs. (a) Phylogenetic tree of 45 Nb sequences: The three
main families of Nbs are highlighted by colored boxes: The first family (blue box) includes Nb1-2-3,
the second family (green) includes Nb4-5, the third family (ochre) is composed of two subfamilies,
which include Nb6 and Nb7, while Nb8-9-10-11 were sampled as outliers. (b) Sequence alignment of
the 11 selected Nbs containing the predicted secondary structure (β-sheets are shown as green arrows),
the complementarity-determining regions (CDR1 to 3), and the conserved disulphide bond (orange
line). Identical (90% threshold) residues are in dark yellow while similar amino acids in light yellow.
Nbs that bind to SsZntA, but do not inhibit activity, are represented with a green name (Nb1-2-4-5-8),
while in red, the Nb that significantly inhibits ATPase activity (Nb9). The Nbs that precipitated during
purification (Nb3) or that caused precipitation of SsZntA (Nb6-7-10-11) are represented in black.

 
(a) 

 
(b) 

 
(c) 

Figure 5. Nanobody purification. Samples from purification of Nb1 are representative of all the
assessed Nbs. (a) Samples from insoluble fraction (pellet, P), flow-through of the IMAC (FT), first and
third wash of Ni2+-beads (W1 and W3, respectively), and eluted fraction containing Nb1 loaded on
Coomassie-stained SDS-PAGE. (b) SEC (24mL, Superose75) elution profile: The main peak elutes at 0.6
CV with only minor contaminants. (c) Coomassie-stained SDS-PAGE of SEC-purified Nbs: Nbs have a
molecular weight of approximately 13.5 kDa.
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3.3. Size-Exclusion Chromatography (SEC) Co-Elution

Nbs were incubated with SsZntA and subjected to SEC to assess complex formation. We tested
the binding in a small-scale size-exclusion column (2.4 mL) and in a medium-scale column (24 mL).
The latter was used only on Nbs, which proved to bind to SsZntA in order to obtain a more stable
signal and improve the signal-to-noise ratio. The chromatogram reported in Figure 6a is acquired from
the medium scale column obtained from Nb1 and is representative of those obtained from Nb2-4-5-8-9
(results not shown), and shows the first peak at 0.6 CV (14.5 mL) containing the SsZntA-Nb complex
and the second peak at 0.85 CV (20.5 mL) containing unbound Nb. The overlaying dashed and
dotted lines represent the chromatograms obtained from Nb1 and SsZntA, respectively, under the
same conditions. As summarized in Table 1, six Nbs (Nb1-2-4-5-8-9) displayed co-elution, suggesting
SsZntA-Nb interaction. Nb6-7-10-11 caused precipitation of SsZntA and hence these Nbs were not
tested in subsequent assays.

 
(a) 

 
(b) 

Figure 6. SsZntA-Nb complex analysis using size-exclusion chromatography. (a) Black line:
Chromatogram of SsZntA (40 μM) incubated with Nb1 (100 μM) in a final volume of 50 μL (then
diluted to 500 μM) and run through a size-exclusion column (Superose6, 1 CV = 24 mL) showing a peak
at 0.6 CV, which contains the SsZntA-Nb complex, and a peak at 0.85 CV, which contains unbound Nb.
The dashed line represents the chromatogram of Nb1 alone, while the dotted line the one from SsZntA
alone (under the same condition). (b) Coomassie-stained SDS-PAGE gel of the fractions collected at
0.35, 0.5, 0.55, 0.6, 0.65, 0.8, 0.85, 0.9, 1 CV.

Table 1. Size-exclusion chromatography co-elution results.

Tested Nb Binding Precipitation

Nb1 + -
Nb2 + -
Nb4 + -
Nb5 + -
Nb6 N.D. +
Nb7 N.D. +
Nb8 + -
Nb9 + -

Nb10 N.D. +
Nb11 N.D. +

Not determined (N.D.): Due to sample precipitation, binding could not be assessed.

3.4. Affinity Purification Co-Elution

The engineered HisTag of the Nbs was used to assess binding, as illustrated in Figure 7.
Nb1-2-4-5-8-9 were incubated with HisTag-free SsZntA and subjected to HisTag-based affinity
chromatography. The samples were then subjected to SDS-PAGE and stained with InVision® HisTag
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In-gel staining to evaluate the presence of the HisTag in the protein bands. The results in Figure 8
represent control experiments. Panel (a) confirms that the HisTag-free SsZntA appears in the
flow-through and is therefore lacking Ni2+-binding capacity; panel (b) shows that HisTagged SsZntA
(lane +) is stained by the InVision® dye, resulting in a clear band. Figure 9a reveals that binding of Nb1
to SsZntA allows for retention of the latter in the Ni2+-immobilized resin, proving that an Nb-SsZntA
complex forms; Nb2-4-5-8-9 behaved similarly to Nb1 (results not shown). In Figure 9b, it is verified
that the bands corresponding to SsZntA do not present a HisTag, while the Nbs do.

 

Figure 7. Affinity chromatography binding assay. SsZntA is treated with TEVp to remove the HisTag,
in this way it cannot bind to a Ni2+ beads, while the HisTagged nanobody can. The binding was
assessed by incubating HisTag-free SsZntA with HisTagged Nb and loading them to an Ni-NTA
column. When SsZntA forms a complex with the Nb, it indirectly binds to the Ni2+ beads (via the Nb’s
HisTag) and can be eluted from the Ni2+-immobilized resin. N.B. All the representations are out of
scale for clarity.

 
(a) 

 
(b) 

Figure 8. SsZntA-Nb complex analysis using affinity chromatography: SsZntA only. (a) Chromatogram
of HisTag-free SsZntA loaded on an Ni2+-immobilized column. Without Nb, the ATPase elutes in the
flow through (control). (b) Coomassie (left) and InVision® (right) stained SDS-PAGE of HisTagged
SsZntA as positive control for the staining (+), flow through (FT), and eluted fraction (E) of HisTag free
SsZntA loaded on the Ni2+-immobilized resin as negative control.
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(a) 

 
(b) 

Figure 9. SsZntA-Nb complex analysis using affinity chromatography: SsZntA + Nb. (a) Chromatogram
of HisTag-free SsZntA incubated with HisTagged Nb1. The complex elutes at 400 mM imidazole
and is here reported as representative of the other Nbs. (b) Coomassie (top) and InVision® (bottom)
stained SDS-PAGE of the eluted fractions at 400 mM imidazole of HisTag-free SsZntA in complex with,
respectively, Nb1-2-4-5-8-9.

3.5. Nb Effect on SsZntA Functionality

We used the Baginski assay to access Nb-induced inhibition of SsZntA, which estimates the
amount of released inorganic phosphate (Pi) associated with the catalytical cycle (ATP turn-over,
1 mole Pi equals 1 mole of transported zinc). Different batches of Nbs were tested for inhibitory
activity at a molar ratio of 1 (SsZntA) to 2 (Nb), corresponding to 8 μM SsZntA and 16 μM Nbs,
yielding the results shown in Figure 10a: Wild-type SsZntA without added Nb displays a specific
activity of 885 ± 87 nmol Pi mg−1 min−1, which is comparable to the activity previously reported [18].
Nb9 reduces the ATPase activity to around 50% of wild-type, showing a significant inhibition with a
p value < 0.0001 (Dunn’s multiple comparison test). The inhibition on the ATPase activity by the other
Nbs is non-significant at the concentrations tested. We included the phosphate analog, aluminum
fluoride (AlF3), as a control of the ATPase inhibition assay at two different concentrations: 1.6 μM
(as the Nbs) and 2 mM (previously reported [3] working concentration). AlF3 does not affect ATPase
activity at 1.6 μM, showing that the affinity for SsZntA of Nb9 is higher than that of AlF3. In Figure 10b,
a titration experiment of Nb9 with different molar ratios is reported: Nb9 inhibits ATPase activity of
SsZntA when present at least at a molar ratio 1:1 (SsZntA:Nb9) and has the maximum inhibitory effect
(at about 50%) at the molar ratio of 1:3 (SsZntA:Nb9). To assess Nb9 specificity, it was further tested
against CopA from Legionella pneumophila (LpCopA): A member of the same subfamily as SsZntA
(PIB-type, 34% identity to SsZntA), but transporting Cu+ instead of Zn2+, and against CadA from
Mesorhizobium metallidurans (MmCadA); a Cd2+ and Zn2+-transporting ATPase from the same subclass
as SsZntA (PIB-2-type, 53% identity). LpCopA and MmCadA were purified similarly to SsZntA and
yield highly pure protein (Figure 11a). As shown in Figure 11b, Nb9 did not inhibit ATPase activity for
any of the two proteins, suggesting that Nb9 is specific for SsZntA.
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(b) 

Figure 10. Nanobody effect on the catalytical function. (a) SsZntA was incubated with each Nb at a
1:2 molar ratio (i.e., 1.6 μM) and activity was assessed. Nb9 displayed an inhibitory effect of about
50% compared to untreated (no Nb) SsZntA. The difference between no Nb and Nb9 has a p value of
<0.0001 (*), as assessed by a Dunn’s multiple comparison test. The ATPase inhibitor aluminum fluoride
(AlF3) is shown as a positive control, at 1.6 μM (corresponding to the concentration of the tested Nbs)
and at 2 mM. (b) The inhibition stoichiometry was assessed as titration of SsZntA with different molar
ratios of Nb9. The inhibitory effect appears when Nb9 is present at a molar ratio of 1:1 (ZntA:Nb9),
and reaches the inhibitory plateau at a molar ratio of 1:3 (ZntA:Nb9), with an IC50 = 1.57 molar ratio.

 
(a) 

 
(b) 

Figure 11. Nb9 specificity. (a) SDS-PAGE of purified Cu+-transporting PIB-1-ATPase from Legionella
pneumophila (LpCopA) and Cd2+ and Zn2+-transporting PIB-2-ATPase from Mesorhizobium metallidurans
(MmCadA) (b) Nb9 was tested for specificity against LpCopA and against MmCadA, in the presence
of Cu+ or Zn2+, respectively. The results are normalized for the background in presence of the metal
ion chelator EDTA.

4. Discussion

P-type ATPases are characterized by a transmembrane domain, embedding the ion binding site(s),
and a large soluble portion, which includes catalytic and regulatory domains. Each domain has a
particular function that requires an overall maintained structural integrity: The relative arrangements
of these domains, and their ability to undergo conformational changes, is of crucial importance for
the ATPase function and the ion translocation activity [19]. Hence, ATP and phosphate analogs
(e.g., AMPPCP (Adenylylmethylenediphosphonate disodium salt) [20] or AlF3 [21]) that occupy the
nucleotide binding or phosphorylation site in the soluble portion, preventing hydrolysis, inhibit also
translocation of transported ion(s) through the transmembrane domain. In this study, Nbs were
selected as tool compounds, exploiting their ability to bind to cavities and active sites of proteins due
to a combination of the small size and convex paratope [22]. We identified Nbs that bind specifically to
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the model zinc-transporting PIB-type ATPase SsZntA to widen the toolset available for structural and
functional studies of this subclass of ATPases.

Isolated membranes containing SsZntA were solubilized in DDM, followed by detergent exchange
to C12E8 using affinity chromatography. For the samples exploited for immunization, but not
those used for selection, an additional detergent exchange to DDM was performed during SEC.
DDM is frequently the detergent of choice for membrane proteins, providing efficient solubilization,
stabilization, and preventing non-specific interaction for many membrane protein targets. This means
that DDM is suitable if the aim is to reduce interaction and aggregation with other soluble and
membrane proteins, as in the case of llama immunization. The SsZntA samples used for Nb selection
were instead purified in 0.015% w/v C12E8: This detergent provides a smaller micelle size and,
therefore, leaves more of the protein exposed for interactions. Detergents that give a small micelle size
are preferred for structural biology studies, increasing the possibility for protein-protein interactions,
which are essential for crystal-lattice formation [23]. In this work, the final aim was to provide
new tools for SsZntA crystallization, and thus the identified Nbs need to bind and/or inhibit in the
presence of the detergent used for crystallization studies of many P-type ATPases: C12E8 [3,24–26].
Therefore, the selection was performed using C12E8 solubilized SsZntA, but we anticipate similar
results in the presence of other mild detergents, including DDM.

Following screening of the initial Nb hits, we selected 11 for further studies, attempting to address
variability in the sequences. As shown in Figure 4 (b), the selected Nbs display distinct differences in
the complementarity determining regions (CDR), while the conserved motifs and predicted scaffold
structure are maintained. This observation is in line with previous findings on Nbs, since the CDRs are
constituted by residues responsible for antigen binding, and different residue combinations potentially
bind to different antigens. Among the selected 11 Nbs, one (Nb3) could not be purified and four (Nb6,
Nb7, Nb10, Nb11) caused precipitation of the sample when mixed with SsZntA, and could thus not
be tested in further assays. We believe that the observed precipitation can relate to the presence of
detergent, perhaps in combination with Nb binding, which apparently compromises SsZntA further
in this environment (e.g., through interaction with unstable intermediates or at sensitive regions of
the proteins, such as the membrane interface). We successfully identified six Nbs (Nb1, Nb2, Nb4,
Nb5, Nb8, Nb9) which bind to SsZntA, while only one (Nb9) displays significant (<50%) inhibition
of the ATPase activity. Nb9 was tested against two other members of the heavy metal-transporting
subfamily in order to assess its specificity: It does not inhibit the ATPase activity of neither a copper-
nor a zinc-transporting ATPase, denoting a high degree of specificity and a tight interaction with
specific residues and/or conformations of SsZntA, which make it an ideal tool for studying in detail
the transport cycle of this protein.

Further studies are needed to assess whether Nb9 inhibits the activity by binding between
domains (as allosteric inhibitors), or if it occupies the ATP or the metal binding site, thus inhibiting
the activity as competitive ligands, and if it blocks the reaction cycle by binding to a specific reaction
cycle state. The latter is of particular interest, since it could be the first E1-specific inhibitor to be
found for a metal-transporting P-type ATPase and would thus have extensive applications in both
structural and functional characterization efforts. The fact that five out of six Nbs bind, but do not
inhibit, the activity may hint that these Nbs associate to, for example, the more exposed portions of
the soluble domains, and not to domain-domain interfaces. In any case, they can still be exploited
as tools for structural biology studies: Co-crystallization of the Nbs with SsZntA is likely to alter
crystal contacts/crystal packing by, for instance, generating a wider hydrophilic surface for lattice
contacts. If stronger crystal contacts are obtained, it may result in an increased resolution of the
diffraction data generated from these crystals. Moreover, the identified Nbs may serve as chaperones
for cryo-EM experiments, with the aim of facilitating images’ orientation, domain identification, and to
render particles larger. In conclusion, this work provides the foundation for further usage of Nbs in
structural studies of PIB-type ATPases, aiming at expanding the available toolbox to achieve a greater
understanding of this important, yet elusive, subfamily of enzymes.
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Abstract: In this work, we describe the selection and characterization of single-domain antibodies
(sdAb) towards the E2/E3E2 envelope protein of the Western equine encephalitis virus (WEEV).
Our purpose was to identify novel recognition elements which could be used for the detection,
diagnosis, and perhaps treatment of western equine encephalitis (WEE). To achieve this goal,
we prepared an immune phage display library derived from the peripheral blood lymphocytes
of a llama that had been immunized with an equine vaccine that includes killed WEEV (West Nile
Innovator + VEWT). This library was panned against recombinant envelope (E2/E3E2) protein from
WEEV, and seven representative sdAb from the five identified sequence families were characterized.
The specificity, affinity, and melting point of each sdAb was determined, and their ability to detect
the recombinant protein in a MagPlex sandwich immunoassay was confirmed. Thus, these new
binders represent novel recognition elements for the E2/E3E2 proteins of WEEV that are available to
the research community for further investigation into their applicability for use in the diagnosis or
treatment of WEE.

Keywords: single-domain antibody; Western equine encephalitis virus; MagPlex

1. Introduction

Western equine encephalitis virus (WEEV), an alphavirus in the Togaviridae family, is an arbovirus
transmitted to people and horses by mosquitoes and is the causative agent of western equine
encephalitis (WEE). WEEV originated when Eastern equine encephalitis virus (EEEV), a new world
virus, and Sindbis virus, an old world virus, recombined [1–3]. WEEV, EEEV and the related Venezuelan
equine encephalitis virus (VEEV) can spread to the central nervous system, causing symptoms ranging
from mild febrile reactions to encephalitis, often resulting in permanent neurological damage that
can lead to death. In North America, WEE is seen primarily in U.S. States and Canadian provinces
west of the Mississippi River [4]. The disease is also seen in South and Central American countries.
WEEV causes serious disease in horses, with a case-fatality rate of 20–30% [5]. Although human
cases are relatively rare, in 1941 an outbreak in Canada caused more than 1000 human infections [6].
For humans, the WEEV case-fatality rate has been estimated at 3 to 7%, with 15 to 30% of convalescent
patients developing secondary neurological damage [7,8]. In addition to central nervous system
impairment, demyelination is a known sequela of this disease. Additional complications can include
mental retardation, behavioral changes, paralysis, permanent focal neurologic deficits, seizure
disorders, cerebellar damage, and choreoathetosis.

Alphaviruses can be produced in large quantities, are easy to disseminate and are highly infectious
aerosols [9,10]; thus, WEEV, as well as VEEV and EEEV, are considered to be potential biological
weapons [11–13] and are classified as category B bioterrorism agents/diseases by the US Centers for
Disease Control and Prevention (https://emergency.cdc.gov/agent/agentlist-category.asp).
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WEEV, like other alphaviruses, is an enveloped, positive-stranded RNA virus. Two envelope
proteins, glycoproteins E1 and E2, associate as trimers of E1-E2 dimers on the viral surface, and make
up 80 spikes on the viral surface. Structural studies of alphaviruses including cryo-EM of WEEV
have been reported [14]. The E3 protein binds the E1-E2 spike, and protects it from the low pH of the
secretory pathway [15].

There are available equine vaccines for WEEV which are recommended for the majority of
horses. The vaccines typically contain inactivated virus and an adjuvant. There is currently no
vaccine to protect humans from WEEV, however various vaccination strategies have been investigated.
Due to the virus’s broad geographic distribution but low levels of infection accompanied with serious
complications, an active human vaccination program is unlikely even if an effective vaccine were
available. Nonetheless, rapid and inexpensive detection methodologies are still needed, and once
identified, post-exposure therapies to reduce the risk of complications would be beneficial. A number
of antibodies have been developed, including two antibody fragments (scFv) generated from murine
IgGs for diagnostic purposes [16–18]. To date, the most extensively studied antibodies are scFv-Fc
recombinant antibodies selected via phage display from two macaques immunized with inactivated
WEEV. Several of these antibodies were found to be neutralizing [19] and in a later study were found
to protect mice from an aerosol challenge [20]. While much progress has been made, there is clearly
a need for additional reagents that possess properties different than those currently being investigated.

Single-domain antibodies (sdAb) are small and stable binding domains derived from the variable
domain of the heavy-chain-only antibodies (termed VHH) found in camelids including camels, llamas,
and alpacas. SdAb combine the sensitivity and specificity of conventional antibodies with advantages
that come from being comprised of only a single domain, such as high physical-chemical stability
including heat-resistance, the ability to refold after denaturation, excellent solubility in water, and the
capacity to be produced using recombinant technology in good yield [21–26]. SdAb that are produced
using recombinant technology, most often in Escherichia coli, are amenable to the formation of fusion
constructs to tailor their integration into a variety of assay formats and sensor systems [27–32].
They can also be modified to improve their biophysical properties; mutagenesis has led to variants
with improved protein production and stability, as assessed by the protein’s melting point [33–37].
In addition, one can take what is already a rugged and reliable immunoreagent and create even more
robust versions for detection applications in resource-limited areas that lack refrigeration. Challenges
remain for transitioning sdAb as therapeutics including rapid clearance from circulation due to their
small size [38], and the presence of anti-domain antibodies in many individuals [39]. In this work,
we describe the selection and characterization of seven new sdAb towards the E2/E3E2 envelope
protein of WEEV.

2. Materials and Methods

2.1. Reagents

Unless otherwise specified, chemical reagents were from Sigma Aldrich (St. Louis, MO, USA),
Thermo Fisher Scientific (Waltham, MA, USA), or VWR International (Radnor, PA, USA). Restriction
endonucleases and ligation reagents were from New England Biolabs (Ipswich, MA, USA). Recombinant
WEEV glycoprotein (E2/E3E2) was purchased from IBT Bioservices (Rockville, MD, USA). The data
in the product insert indicated that the majority of the preparation is E2, however E3E2 was also
observed by both gel electrophoresis and Western blotting. For simplicity, we refer to this product as
E3E2. The West Nile innovator + VEWT equine vaccine is produced by Zoetis (Parsippany-Troy Hills,
NJ, USA) and is available from numerous US veterinary supply outlets.

A number of recombinantly produced proteins and virus-like particles (VLPs) were used to assess
the specificity of selected binders. Chikungunya virus (CHIKV) E2 protein, E1 protein, and VLPs were
from The Native Antigen Company (UK); EEEV E2/E3E2 was from IBT Bioservices; West Nile virus
envelope protein was from Prospec (Israel); Lassa virus VLPs were from Zalgen (Germantown, MD, USA).
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2.2. Library Construction, Panning, and Production of sdAb

Llama immunizations were through Triple J Farms, Bellingham, WA. Peripheral blood
lymphocytes were isolated from a llama immunized with West Nile Innovator + VEWT, an equine
vaccine that includes killed WEEV. Starting from these cells, we prepared total RNA, produced cDNA,
amplified the coding sequence from the variable heavy domains, and constructed a phage display
library as described previously [40]. Three rounds of panning, using the E3E2 protein adsorbed to
wells of 96-well plates, were carried out essentially as previously described [40]. Positive clones were
identified by a combination of monoclonal phage ELISA and monoclonal phage MagPlex assay after
the second and third rounds [41].

The coding sequences for the sdAb were each mobilized from the pecan21 [42] phage display
vector into pET22b as NcoI-NotI fragments as described previously [43]. In two cases, the sequence
of the identified clone had an amber stop codon. In these cases, oligos were purchased to revert the
amber stop codon to glutamine [44], and the clone is indicated by the suffix “f”. The sdAb expression
plasmids were transformed into Tuner (DE3) for protein production. Freshly transformed colonies
were used to start overnight cultures in 50 mL terrific broth (TB) containing ampicillin (100 μg/mL) at
25 ◦C. The next day, the overnight cultures were poured into 450 mL of TB with ampicillin and grown
for 2 h at 25 ◦C prior to induction with isopropyl-D-1 thiogalactoside (IPTG, 0.5 mM) and a further
2 h growth.

Purification of sdAb expressed from pET22b, the periplasmic expression vector, was carried
out through an osmotic shock protocol as described previously [45], followed by immobilized metal
affinity chromatography (IMAC) resin (Ni Sepharose High Performance, GE Healthcare, Marlborough,
MA, USA) eluted with 0.25 M imidazole prior to purification by fast protein liquid chromatography
(FPLC) on a Enrich SEC 70 (10 × 300 mm) column (Bio-Rad, Hercules, CA, USA) equilibrated
with phosphate buffered saline (PBS) with 0.02% sodium azide. Typical FPLC results are shown
in Appendix A Figure A1. All sdAb eluted nearly entirely as monomers; only minor contaminants
were left to be removed by gel filtration following IMAC chromatography. Only the monomeric
fraction was used for further characterization. SdAb concentration was determined by UV absorption
and stored at 4 ◦C or at −80 ◦C for long-term storage.

2.3. Surface Plasmon Resonance

Affinity and kinetics measurements were performed using the ProteOn XPR36 (Bio-Rad, Hercules,
CA, USA). Two lanes of a general layer compact (GLC) chip were individually coated with WEEV
E3E2 His tagged recombinant protein from IBT Bioservices diluted to 20 μg/mL in 10 mM sodium
acetate pH 5.0, as described previously [46]. The other four lanes were left uncoated for this work.
The binding affinity of each sdAb was determined by doing what is referred to as “One-Shot kinetics”,
wherein each sdAb is flowed over the chip at a range of five concentrations and a blank to rapidly
provide an array of binding curves. The chip is then regenerated by brief exposure to 0.085% phosphoric
acid, then the next sdAb is analyzed. Data analysis was performed with ProteOn Manager 2.1 software,
corrected by subtraction of the zero-antibody concentration column as well as interspot correction.
The standard error of the fits was less than 10%. Binding constants were determined using the
Langmuir model or the Langmuir with Mass Transfer built into the analysis software with the average
of two determinations reported.

2.4. Determining Melting Temperature by Fluorescent Dye Melt Assay

The fluorescent dye melt assay which allows us to assess the inherent thermal stability of each
sdAb was performed as described previously [47]. Each sdAb was first diluted to a concentration of
500 μg/mL in a final volume of 20 μL PBS. Next, a 1:1000 dilution of Sypro Orange dye (Sigma Aldrich)
was added to each sample. Samples were measured in triplicate using a Step One Real-Time polymerase
chain reaction (PCR) machine (Applied Biosystems, Foster City, CA, USA). The heating program was
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run in continuous mode from 25 ◦C–99 ◦C at a heating rate of 1% (~2 ◦C per minute), and data was
recorded using the ROX filter. The melting point was determined to be the peak of the first derivative
of the fluorescence intensity.

2.5. MagPlex Direct Binding and Sandwich Assays

Specificity was evaluated via direct binding to WEEV E3E2 recombinant protein immobilized on
MagPlex magnetic microspheres (Luminex, Austin, TX, USA). The WEEV E3E2 along with a number
of other viral proteins and VLPs in PBS (pH 7.2), as listed in 2.1, were immobilized to different sets of
MagPlex microspheres using the standard two-step 1-ethyl-3-(3-dimethylaminopropyl)carbodiimide
hydrochloride /N-hydroxysulfosuccinimide (Thermo Fisher Scientific) immobilization protocol
recommended by the manufacture. Each of the sdAb was biotinylated using a 10-fold excess of
EZ-Link NHS-LC-LC-Biotin (Thermo Fisher Scientific) for 30 min and then the excess biotin was
removed using Zeba spin columns (Thermo Fisher Scientific) with the sdAb concentration determined
by absorbance at 280 nM. Dilutions of each biotinylated sdAb (Bt-sdAb) in PBSTB (PBS + 0.05% Tween
+ 0.1% BSA) were prepared in round bottom polypropylene microtiter plates (VWR). To each was
added the mixture of antigen-coated MagPlex microspheres sufficient to provide counts of least 50 for
each set per well. After an incubation of 30 min, the plate was washed twice with PBST and then
incubated with 5 μg/mL streptavidin-conjugated phycoerythrin (Thermo Fisher Scientific) for 30 min,
washed, and binding evaluated on the MAGPIX instrument (Luminex).

Sandwich format MagPlex bead assays were performed in order to demonstrate the ability of
the sdAb to act as both the capture and recognition reagent for the detection of WEEV E3E2 protein.
For this assay, each sdAb was immobilized to a set of MagPlex microspheres as described above,
and added to dilutions of WEEV E3E2 in PBSTB also as above. Then, each of the Bt-sdAb was utilized
as the recognition molecule.

3. Results

Following immunization of a llama with the West Nile Innovator + VEWT equine vaccine, a phage
display library was prepared that contained as much of the VHH immune repertoire of the animal
as possible. After three rounds of panning on WEEV E3E2 recombinant protein immobilized on
microtiter plates followed by evaluation of monoclonal phage from the second and third rounds by
ELISA and MagPlex, 24 potential binding clones were identified. Four positive clones were identified
from round 2 out of 32 screened, while 20 out of 64 round 3 clones had signal at least twice the
background and were considered positive. Following sequencing of the identified potential binding
clones, it was determined that the isolated clones segregated into five different sequence families based
on homology of their CDR 3 sequence. Every sequence family except the one typified by WF4 had at
least two different members. At least one representative clone was chosen from each family for further
characterization (Figure 1).

Figure 1. Deduced protein sequences of the seven single-domain antibodies (sdAb) that were evaluated.
Sequences are given in single letter amino acid code. Alignment was performed using Multalin; high
homology positions are shown in red, where lower homology is in blue [48].

Each of the selected sequences was then cloned into an expression vector (pET22b) and produced
via E. coli in 0.5 liter-scale shake flasks and purified. Protein yields are shown in Table 1. The majority
of produced protein was monomeric with very little potential aggregation observed; a typical FPLC
chromatogram is shown in Appendix A Figure A1. With the exception of WF4, all produced more
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than 10 mg/L; WE10 had the best yield at ~55 mg/L. The melting temperature (Tm) of each clone
was measured using a fluorescent dye melt assay to evaluate their innate utility for high temperature
applications, Table 1. Clone WF4 was least stable with a Tm of 43 ◦C, while WE10 was the most stable,
melting at 75 ◦C. In general, however, no correlation between yield and Tm was observed.

Table 1. Anti-WEEV sdAb yields, melting points, and binding affinities.

Clone Yield (mg/L) Tm ◦C ka (1/Ms) kd (1/s) KD (M)

WC10 48 51 1.0 × 108 8.5 × 10−1 8.5 ×10−9

WD11f 18 50 7.3 × 107 5.3 × 10−1 7.2 ×10−9

WE10 55 75 7.0 × 104 8.3 ×10−4 1.2 × 10−8

WE11f 38 60 nbo nbo nbo
WH11 15 72 1.5 × 105 3.3 × 10−3 2.2 × 10−8

WB9 21 54 1.1 × 106 2.9 × 10−3 2.6 × 10−9

WF4 3 43 6.3 × 104 1.5 × 10−3 2.4 × 10−8

nbo indicates no binding observed.

The affinity of each of the sdAb for the WEEV E3E2 recombinant protein was determined by SPR;
results also shown in Table 1. Representative SPR plots are shown in Appendix A Figure A2. The sdAb
showed a wide range of on rates as well as off rates, however they resulted in dissociation constants
that varied between 2.6 and 24 nM. Only one of the sdAb, WE11f, failed to show binding via SPR.
While it could be that its epitope was obscured during immobilization of the E3E2 recombinant protein
to the sensor chip, based on the direct binding results presented below, it is clear that it was at best
a relatively weak binder.

The MagPlex direct binding results, shown in Figure 2, do not show as much correlation with
the binding affinities determined by SPR as one might expect. The three best binders in the MagPlex
assay were WC10, WD11f, and WE10. While one did not expect much of WE11f, as it failed to bind
via the SPR, the other three possess affinities as good as or better than the three which displayed the
best binding in this assay. The two assays, SPR and MagPlex, have important differences, which can
easily lead to a lack of correlation; the SPR sensor chips and MagPlex microspheres both use a similar
chemistry for protein immobilization, but the reaction is done at different pHs, pH 5.0 for SPR and
pH 7.2 for MagPlex, which can impact the orientation of antigen attachment. Even more critically,
the sdAb is biotinylated for the MagPlex assays which can negatively impact the activity of the binder.
Nonetheless, the most important aspect of this assay was that all the selected binding sdAb showed
good specificity, having virtually no binding to any other antigen evaluated. The anti-CHIKV sdAb
CC3, tested primarily to demonstrate the activity of at least one of the specificity controls, showed better
binding activity than the selected WEEV binders likely due to its superior affinity for CHIKV VLP
(ka: 5.2 × 105; kd: 3.3 × 10−4, KD: 6.5 × 10−10) [49].

25



Antibodies 2018, 7, 44

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WC10

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WD11f

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WE10

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WE11f

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WB9

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000
M

FI
Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WF4

0

2000

4000

6000

8000

10000

12000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-WH11

0

5000

10000

15000

20000

25000

0 0.64 3.2 16 80 400 2000 10000

M
FI

Bt-sdAb Conc. (ng/mL)

CHIKV E2
WNV E
EEEV E3E2
WEEV E3E2
CHIKV E1
EEEV E3E2
CHIKV VLP
Lassa VLP

Bt-CC3

Figure 2. MagPlex direct binding assay to evaluate the specificity of the putative anti-WEEV E3E2
binding sdAb. Each sdAb was biotin labeled and mixed with MagPlex microspheres coated with
various antigens at a range of concentrations. Biotinylated sdAb are denoted by Bt-clone name. Median
fluorescence intensity versus Bt-sdAb concentration is plotted. The anti CHIKV sdAb CC3 was also
tested as a positive control for the activity of the other sets of microspheres [49].

The final experiment looked at using the anti-WEEV sdAb as both capture and biotinylated
recognition reagents in a MagPlex sandwich fluoroimmunoassay. The four best biotinylated recognition
elements paired with each of the capture bead sets are shown in Figure 3. Not surprisingly, three of the
four best biotinylated recognition sdAb were WC10, WD11f, and WE10, as those three also performed
best in the MagPlex direct binding assay. WB9 also performed well in this assay. While not doing well
in the direct binding assay, WB9 has a sequence very similar to WC10 and had the lowest dissociation
constant (2.6 nM), thus it was not surprising that it did well. These same four sdAb were also the
four best capture sdAb. Since the same sdAb could function as both the capture and biotinylated
recognition reagent, it can be assumed that the E3E2 protein is at least partially aggregated, however
the best capture for each biotinylated recognition sdAb was one of the other three, so it would appear
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a sufficient amount of the WEEV E3E2 protein was monomeric to make the use of separate epitopes
for the capture and recognition reagents beneficial.

0

1000

2000

3000

4000

0 1.6 8 40 200 1000

M
FI

WEEV E3E2 (ng/mL)

Bt-WC10
WC10
WD11f
WE10
WE11f
WH11
WB9
WF4

0

1000

2000

3000

4000

5000

0 1.6 8 40 200 1000

M
FI

WEEV E3E2 (ng/mL)

Bt-WD11f
WC10
WD11f
WE10
WE11f
WH11
WB9
WF4

0

1000

2000

3000

4000

0 1.6 8 40 200 1000

M
FI

WEEV E3E2 (ng/mL)

Bt-WE10
WC10
WD11f
WE10
WE11f
WH11
WB9
WF4

0

2000

4000

6000

8000

0 1.6 8 40 200 1000

M
FI

WEEV E3E2 (ng/mL)

Bt-WB9
WC10
WD11f
WE10
WE11f
WH11
WB9
WF4

Figure 3. MagPlex sandwich fluoroimmunoassay to evaluate the utility of the sdAb to function as both
a capture and recognition reagent for the detection of WEEV E3E2 protein. Only the four best Bt-sdAb
recognition reagents are shown. Median fluorescence intensity versus WEEV E3E2 concentration is
plotted; error bars represent the SEM.

4. Discussion

This work describes the initial isolation and characterization of anti-WEEV E2/E3E2 sdAb.
Several antibodies have now been described that are useful for the detection and perhaps the treatment
of WEEV [19,20]. We selected sdAb for binding to WEEV envelope protein, specifically E2 and E3E2.
This is a promising target, as several neutralizing epitopes have been found on the E2 of the related
VEEV [50]. There is also evidence that suggests antibodies directed against E3 can provide protection
against alphaviruses in mice [51].

SdAb offer an alternative to conventional antibodies and their derivatives that can be easily
tailored to possess additional functionalities as desired. For instance, the sdAb isolated here all
have affinities between ~2.6 and 24 nM, whereas to obtain adequate sensitivity or activity one
may desire sub-nM apparent affinities. This can easily be achieved for sdAb by the formation of
multimer constructs that can take advantage of avidity. For viral targets that are naturally multimeric,
this is a valid approach to increase the apparent binding affinity. These types of constructs have been
demonstrated by many groups including ourselves [52–54]. Additionally, several strategies have
been described for increasing the stability of sdAb [37], and have been shown to increase melting
temperatures by as much as 20 ◦C [43]. Similarly, sdAb can be engineered to tailor them for specific
assay formats [28,32,55].

There are many examples of viral neutralizing sdAb [56,57]; expressing the sdAb as genetic
fusions has led to improved neutralization [58–60]. In one example, viral neutralizing sdAb have
been generated through selections against the trimeric envelope proteins of Respiratory Syncytial
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Virus, Rabies virus and H5N1 Influenza. In that work, the researchers identified neutralizing sdAb
recognizing different epitopes in the receptor binding sites on the spikes with affinities in the low
nanomolar range. Multimeric constructs, in which the sdAb were genetically linked improved
neutralization potencies up to 4000-fold for RSV, 1500-fold for Rabies virus and 75-fold for Influenza
H5N1 and had potencies similar to or better than the best performing monoclonal antibodies [59].
The trivalent sdAb construct (ALX-0171) that inhibits RSV has also been successfully delivered by
inhalation [61], a route that may also prove valuable for treatment of alphaviruses that are transmitted
via aerosols.

It is probable that additional binders for WEEV E2 and E3E2 exist in our constructed library.
This was only our first look at this library and if additional binders are desired, a greater number of
clones can be evaluated or additional rounds of panning can easily be performed. If these anti-WEEV
binding sdAb are proven to be neutralizing and protective, they may make for attractive alternatives to
the larger antibody fragments, as their robust nature may allow them to be stored without refrigeration
making them ideal for use in resource-limited areas that lack the power grid infrastructure and where
the mosquito transmission of these arbovirus is widespread.
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Figure A2. Representative surface plasmon resonance data.
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Abstract: Influenza B virus (IBV) circulates in the human population and causes considerable disease
burden worldwide, each year. Current IBV vaccines can struggle to mount an effective cross-reactive
immune response, as strains become mismatched, due to constant antigenic changes. Additional
strategies which use monoclonal antibodies, with broad reactivity, are of considerable interest, both,
as diagnostics and as immunotherapeutics. Alternatives to conventional monoclonal antibodies, such
as single domain antibodies (NanobodiesTM) with well-documented advantages for applications in
infectious disease, have been emerging. In this study we have isolated single domain antibodies
(sdAbs), specific to IBV, using alpacas immunised with recombinant hemagglutinin (HA) from
two representative viruses, B/Florida/04/2006 (B/Yamagata lineage) and B/Brisbane/60/2008
(B/Victoria lineage). Using phage display, we have isolated a panel of single domain antibodies
(sdAbs), with both cross-reactive and lineage-specific binding. Several sdAbs recognise whole virus
antigens, corresponding to influenza B strains included in vaccines spanning over 20 years, and
were capable of neutralising IBV pseudotypes corresponding to prototype strains from both lineages.
Lineage-specific sdAbs recognised the head domain, whereas, sdAbs identified as cross-reactive could
be classified as either head binding or stem binding. Using yeast display, we were able to correlate
lineage specificity with naturally occurring sequence divergence, at residue 122 in the highly variable
120 loop of the HA1 domain. The single domain antibodies described, might have applications in
IBV diagnostics, vaccine potency testing and as immunotherapeutics.

Keywords: influenza; influenza B virus; hemagglutinin; single domain antibody; NanobodyTM;
phage display; yeast display; epitope mapping

1. Introduction

Seasonal influenza caused by the influenza A virus (IAV) and the influenza B virus (IBV) remains
a considerable public health challenge [1]. IBV has received less attention than IAV, largely because
it does not cause pandemics as there are no naturally occurring, non-human reservoirs to facilitate
the extensive antigenic changes, characteristic of a pandemic. However, there has been a recent
increase in the rate of IBV infection, globally, with between 20–30% of the total influenza burden now
due to influenza B [2]. Current vaccines can struggle to induce sufficient levels of cross-protective
immunity against IBV and strains often become mismatched, due to the constant antigenic changes
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in the influenza virus [3]. The virus also co-circulates as two antigenically distinct lineages and,
therefore, the dominant circulating lineage must be predicted for inclusion in the trivalent vaccine.
This highlights the need to develop additional approaches to both treat and protect from the influenza
B virus infection. Passive immunotherapy, using broadly neutralising antibodies against the major
viral coat protein hemagglutinin (HA), is one approach that has shown great promise for the treatment
of IAV infection [4]. The precursor HA protein (HA0) is cleaved by the host proteases into a form
that comprises a highly variable distal head domain, HA1, and a more conserved proximal stem
region, HA2 [5]. Most broadly, neutralising anti-HA monoclonal antibodies that have been described
to date, target the HA stem of IAV [6–8]; however, monoclonal antibodies with broad reactivity
have been described, which bind the more variable head domain, using a single CDR3 loop for
antigenic recognition [9]. The more recently reported broadly neutralising monoclonal antibodies
against IBV have also shown the presence of conserved epitopes, in both the stem region and the
head domain [10–12]. A feature common between the broadly neutralising human monoclonal
antibodies against both IBV and IAV, is the low levels of somatic hypermutation and ‘heavy-chain-only’
binding [7,10]. ‘Heavy-chain-only’ binding has been suggested to be the preferred mode of binding to
influenza HA, as has been described for HIV [13]. These observations highlight that the VL domain
might not be required for binding occluded epitopes onto the HA stem. Guided by these observations,
we have isolated naturally occurring ‘heavy-chain-only’ antibodies from camelids (also known as
NanobodiesTM), believing their small size, single domain structure and long CDR3 loops make this
unique antibody format well-equipped to access similar HA stem epitopes [14–16].

In the 1980’s, the influenza B virus diverged to give two distinct lineages, termed the
B/Yamagata/16/88 and B/Victoria/2/87 lineages [17]. Although the HA stem region remains highly
conserved, the head domain has diverged to become sufficiently antigenically and genetically distinct,
to warrant an independent inclusion in the current quadrivalent influenza vaccines [18]. The inclusion
of seasonal strains from both IBV lineages, in turn, presents a challenge for both vaccine production
and potency determination. Separate monoclonal antibodies, with either B-Victoria or B-Yamagata
lineage-specific recognition could find applications in determining the individual antigenic content of
each IBV lineage strain included in the seasonal vaccines [19]. However, the challenge in identifying
lineage-specific binding antibodies is that, such epitopes are expected to be in the more variable head
domain of the HA and, as such, are susceptible to antigenic change with associated loss of reagent
binding. The degree of antigenic divergence, tolerated by a given monoclonal antibody binding to
the variable head domain, which is subject to constant selective pressure to change, to some extent,
is determined by the size of the epitope footprint. It is interesting to speculate that a small epitope
footprint could be an advantage, as there may be less amino acid mutations that can impact antibody
reagent binding. Single domain antibodies isolated from camelids, have preferences for smaller crevices
and clefts on protein surfaces, as compared to the conventional two-chain monoclonal antibodies,
which generally bind to larger flatter epitopes [20,21]. As such, single domain antibodies (sdAbs)
may have a smaller epitope footprint and, therefore, might be able to retain binding to a constantly
changing virus, for longer. In addition, human monoclonal antibodies to the HA head domain derived
from either naturally infected or vaccinated patients might have already contributed to the antigenic
pathways of viral escape and might be pre-ordained to the loss of binding. For these reasons, we
have chosen to isolate the IBV lineage-specific sdAbs, rather than the conventional MAbs (Monoclonal
Antibodies), believing that this unique antibody format could also form the basis of a robust and
durable immunoassays for potency determination of the IBV containing vaccines [19].

By immunising alpacas with recombinant HA and the selection of phage display libraries, we
have isolated sdAbs with both cross-reactivity and lineage-specific recognition. Through combining
conventional phage display selections and next-generation sequencing, we have isolated rare sdAbs
with either B-Victoria or B-Yamagata lineage specificity. We have grouped sdAbs, on the basis
of head or stem binding, and used yeast display, to further de-lineate an epitope associated with
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B-Victoria lineage-specific recognition. The potential applications of these different classes of sdAbs
for applications in the IBV vaccine potency assays and as immunotherapeutics, are also discussed.

2. Materials and Methods

2.1. Influenza Antigens and Immunisation of the Alpacas

The virus antigen standards used in this study were B/Brisbane/60/2008 (National Institute
for Biological Standards and Control (NIBSC) 14/146), B/Malaysia/2506/2004 (NIBSC 08/184),
B/Shangdong/9/97 (NIBSC 04/128), B/Victoria/2/87 (NIBSC 87/774) of the B-Victoria lineage;
the B/Yamagata/16/88 (NIBSC 92/628), B/Yamanashi/166/98 (NIBSC 99/586), B/Harbin/7/94
(NIBSC 97/748), B/Jiangsu/10/2003 (NIBSC 04/202), B/Florida/4/2006 (NIBSC 08/140),
B/Massachusetts/02/2012 (NIBSC 13/106), B/Phuket/3037/2013 (NIBSC 14/252), B/Utah/9/2014
(NIBSC 15/100) of the B-Yamagata lineage; and the pre-lineage split strain B/HongKong/8/73
(NIBSC 79/568). Seasonal H1N1 strain A/Brisbane/10/2007 (NIBSC 08/278) was used as a negative
control. Purified recombinant hemagglutinins used in this study were B/Brisbane/60/2008 (B-Victoria)
and B/Florida/04/2006 (B-Yamagata) (Protein SciencesTM, Meriden, CT, USA). Purified HA1 head
domains from B/Brisbane/60/2008 (B-Victoria) and B/Florida/04/2006 (B-Yamagata) were also
used (Sino BiologicalsTM, Beijing, China). Juvenile male alpacas were purchased through the Royal
Veterinary College, Hertfordshire, UK. All experiments were reviewed by a local ethics committee and
performed under a U.K Home Office licence PPL 80/2581. A blood sample, prior to immunization,
was obtained from the external jugular vein and this was followed by four intramuscular injections
on day 0 (primary immunisation), 21, 43 and 71, with injections being administered to the rear
legs (thigh region) on days 0 and 43, and to the front legs (thigh region) on days 21 and 71. The
primary immunisation consisted of 50 μg of recombinant HA B/Brisbane/60/2008 (B-Victoria) or
B/Florida/04/2006 (B-Yamagata) (ProteinSciencesTM) in 400 μL of sterile PBS (phosphate buffered
saline), which was emulsified with 800 μL of Freund’s complete adjuvant (Sigma Aldrich, St. Louis,
MO, USA), just prior to immunisation. Similarly, the three booster injections of 50 μg of the same
recombinant HA as the primary immunisation in Freund’s incomplete adjuvant (Sigma), were
administered. Approximately four days after each injection, a 10 mL blood sample was collected
from the external jugular vein, from which the serum was prepared, after allowing the blood to clot
overnight at 4 ◦C.

2.2. Construction and Selection of the Phage-Displayed Libraries

For the antibody library construction, approximately 10 mL blood samples were collected into the
heparinised tubes, from an immunised alpaca. Peripheral blood mononuclear cells were purified using
a Ficol Hypaque centrifugation procedure (Sigma) and RNA was extracted using a RiboPureTM RNA
extraction kit (Novagen, Thermo Fisher Scientific, Waltham, MA, USA) following the manufacturer’s
instructions. First strand cDNA synthesis was performed using Superscript IIITM reverse transcriptase
(Invitrogen, Thermo Fisher Scientific, Waltham, MA, USA) and oligo-dT primer with 200 ng of total
RNA per reaction. Primary PCR and secondary PCR to recover the alpaca VHH genes (DNA encoding
the variable region of the heavy-chain-only antibodies) appended with Sfi1 and Not1 restriction sites
were carried out, as previously described [14]. Approximately 5 μg of the VHH antibody DNA was
digested by the Not1 and SfiI restriction enzymes (New England BioLabs, Ipswich, MA, USA) and then
ligated into a phage-display vector, pNIBS-1, which contains a His tag for sdAb purification, a Myc tag
for detection and a suppressible stop codon for soluble expression [14]. After purification (Qiagen,
Hilden, Germany), the ligation mix was transformed into the TG1 electro-competent cells (Agilent,
Santa Clara, CA, USA), using electroporation. Phage antibody library selections were performed
using immunotubes (Nunc, Thermo Fisher Scientific, Waltham, MA, USA) coated overnight, at 4 ◦C,
with 1 mL of the 10 μg/mL recombinant HA (Protein SciencesTM) in PBS or the whole virus antigen
standards reconstituted in PBS [14].
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2.3. Antibody Expression and Screening

Individual colonies from each round of selection were picked and grown overnight, at 37 ◦C,
in 2 × TY supplemented with carbenicillin (100 μg/mL) and 2.0% (w/v) glucose and plasmid DNA
was isolated (Qiagen, Hilden, Germany). Cloned VHH genes were sequenced, aligned and grouped,
according to the CDR3 length and homology. CDR3 sequences of high homology and identical length
were assumed to have been derived from clonally related B cells and were likely to bind to the same,
or overlapping, epitope on HA. Representative members from each proposed epitope group were
expressed and purified. For single domain antibody production, pNIBS-1 clones were transformed into
the non-suppressor Escherichia coli strain WK6 (New England Biolabs). Soluble antibody expression was
induced with the addition of IPTG to the 1 mM final concentration, followed by a further incubation,
overnight, at 30 ◦C. Periplasmic extracts were prepared [14] and purified by immobilised metal chelate
chromatography (IMAC), using Ni-NTA spin columns (Qiagen) or TALONTM resin (Clontech, Takara
Bio Inc., Mountain View, CA, USA), according to manufacturer’s instructions, depending on the
scale. Purified samples were then dialysed, using Slide-A-Lyzer cassettes with a 3.5 kDa molecular
weight cut-off (Pierce, Thermo Fisher Scientific, Waltham, MA, USA) into the PBS and the size and
purity assessed by the SDS-PAGE. Purified single domain antibodies were screened for binding to the
recombinant HAs and to the influenza virus antigen standards. Influenza virus antigen standards
(National Institute for Biological Standards and Control, NIBSC) were reconstituted in 1 mL sterile
water and then diluted 1/20 in PBS (prior to incubation) overnight, at 4 ◦C, in a 96-well plate (Nunc),
followed by ELISA using an HRP (horseradish peroxidase) conjugated anti-c-Myc secondary reagent
and TMB (3,3’,5,5’ tetramethylbenzidine) detection at OD450nm [14].

2.4. Analysis Using Surface Plasmon Resonance

For binding and affinity ranking, a BIAcore T100 machine (GE Healthcare, Marlborough, MA,
USA) was used, in combination with a single-cycle kinetics procedure [22]. In brief, the purified
recombinant hemagglutinins from different Influenza B viruses were immobilised onto a BIAcoreTM

CM5 chip in 10 mM sodium acetate pH 5.5, using an amine coupling kit (GE Healthcare), to
approximately 3000 RU. A concentration series from 1–100 nM of purified sdAbs were run over the
different antigen surfaces. A reference surface was subtracted, prior to evaluation of the sensorgrams,
using the single-cycle kinetics procedure of the BIAevaluationTM software (GE Healthcare) and
a 1:1 fitting model. Binding the full length HA0 or the head domain, HA1, of hemagglutinin
was evaluated using the recombinant B-Victoria HA0, B/Brisbane/60/2008, and B-Yamagata HA0,
B/Florida/04/2006, (Protein SciencesTM) or B-Victoria HA1, B/Brisbane/60/2008, and B-Yamagata
HA1, B/Florida/04/2006 (Sino Biological Inc., Beijing, China).

2.5. Next-Generation-Sequence-Assisted Single Domain Antibody Discovery

Plasmid DNA was extracted from E. coli cultures grown from pre- and post-selection libraries
(Figure 1), to obtain template DNA for the next-generation sequencing (NGS). A primary PCR reaction
was performed using Phusion Hot Start II High Fidelity Polymerase (Thermo Fisher Scientific) and the
primers: NGS_Alp_Fr1_Q (5′-tcgtcggcagcgtcagatgtgtataagagacagCAGCCGGCCATGGCACAG-3′) and
NGS_FR4_Rev_AD (5′-gtctcgtgggctcggagatgtgtataagagacagTGAGGAGACGGTGACCTG-3′), which
encoded the VHH gene flanking plasmid sequence (upper case) and adaptor sequences for the Nextera
XT indexing (lower case), resulting in PCR products between 450 bp and 550 bp. The PCR products
were purified (Qiagen) and used as a template for a secondary low-cycle number indexing PCR, using
a Nextera XT indexing kit (Illumina, San Diego, CA, USA). Resulting PCR products were purified
(Qiagen), quantified using the Qubit 2.0 fluorimeter (Thermo Fisher Scientific) and the DNA1000 Kit
(Agilent Technologies, Santa Clara, CA, USA), followed by quality checking, using the Bioanalyzer
2100 (Agilent Technologies). Samples were prepared and multiplexed for use with the MiSeq reagent
kit v3 (2 × 300 cycle) and run on the Illumina MiSeq, according to the manufacturer’s protocol. The
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de-multiplexing and trimming of sequences were performed on the Illumina MiSeq instrument. Copy
numbers of the individual CDR3′s were obtained from the reverse read FastQ files, using the “antibody
mining toolbox” [23]. Our intention at this stage was not a full-length sdAb repertoire analysis but to
identify the unique high frequency CDR3′s, which were highly enriched by the selection of Influenza
B HA1 domain, compared to their frequency in the original phage library. Relative frequency of each
CDR3, as a percentage of the total, was determined by dividing the individual CDR3 copy number
by a total CDR3 copy number ×100 (%RF) and the enrichment level (fold) was determined by the
CDR3 %RF, after selection, divided by the CDR3 %RF, in the absence of any selection (the original
phage library). Candidate CDR3′s from the selections on recombinant HA1 that showed high levels
of enrichment, were compared with the enrichment levels of the same CDR3′s in the selections of
full-length HA0. Full-length DNA sequence for four sdAbs containing these highly enriched candidate
CDR3′s were then obtained, using the DNA sequence of the CDR3 of interest, to search the reverse read
FastQ file using the Geneious 7.1.2 (https//www.geneious.com), combining the sequences found with
the corresponding forward reads from the forward FastQ file. Sequences were synthesised (IDT), the
sdAbs were expressed and purified, as before, and the binding specificities were determined by ELISA.

Figure 1. Selection strategies to isolate cross-reactive and lineage-specific single domain antibodies
(sdAbs) against influenza B hemagglutinin. The figure shows the immunisation approaches, selection
and screening strategies. The number of VHH CDR3 sequences isolated from each approach
is indicated.

2.6. Lentiviral Pseudotype Assays

Lentiviral pseudotypes were produced by transient co-transfection of HEK293T/17 cells, using
polyethylenimine [24,25]. Plasmid p8.91 encodes the structural (gag, pol) genes, whereas, pCSFLW
represents the genome incorporated into the pseudotypes, bearing the firefly luciferase reporter.
Influenza B hemagglutinin genes, in the expression plasmid pI.18, were also added to this mix,
alongside the Human Airway Trypsin (HAT) expression plasmid, pCAGGS-HAT to allow for HA0
to HA1/2 maturation. The pseudotype-based microneutralisation assay (pMN) was carried out in
NuncTM F96 microplates (Thermo Fisher Scientific) [24,25]; 1:2 serial dilutions were performed with
the relevant sdAbs, across the 96-well plate in a total of 50 μL DMEM (10% foetal bovine serum, 1%
penicillin/streptomycin). HIV-1-derived lentiviral pseudotypes, bearing the influenza B HA of choice,
was then added to yield a relative luminescence unit (RLU) input of 1.5 × 106 per well, in a total
volume of 50 μL [26]. The plates were then incubated in a humidified incubator at 37 ◦C, 5% CO2, for
one hour, after which 1 × 104 HEK293T/17 cells were added, per well, in a total volume of 50 μL. After
48 h, the supernatants were removed and a 50:50 mix of PBS and Bright-GloTM (Promega, Madison,
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WI, USA) was added to each well. Plates were incubated at room temperature, for five minutes, and
then luminescence was read using a Glomax® luminometer (Promega). Results were normalised to
cell and virus only controls, representing 100% and 0% neutralization, respectively, and IC50 values
were calculated by non-linear regression, using GraphPad 5 Prism.

2.7. Construction and Screening of a Randomly Mutagenised HA Library Using Yeast Display

The coding sequence of the Influenza B virus hemagglutinin (HA0) of the strain
B/Brisbane/60/2008 (GenBank FJ766840.1, minus the N-terminal signal sequence and the C-terminal
transmembrane domain, comprising amino acids D1-I534) was codon-optimised for expression in
yeast and synthesised, with 5′ SfiI and 3′ NotI restriction sites (IDT). The construct was cloned as a
SfiI/NotI restriction fragment into the yeast display vector pNIBS-5 [16], which carried an SV5 tag, and
transformed into Saccharomyces cerevisiae EBY100 (Invitrogen), using a yeast transformation kit (Sigma).

A library of the HA0 mutants was generated by error-prone PCR, at a low error rate, to give
approximately, 1 mutation per HA gene [16]. Approximately 20 μg of the HA0 error-prone PCR product
was co-transformed with 20 μg of the Sfi1/Not1 digested pNIBS-5 vector, into the EBY100 competent
cells, for a recombination between the PCR products and the yeast vector to take place in the yeast
cells [16]. Standard procedures and recipes for growth, induction, yeast cell labelling, media and buffer
preparation were used [16]. Staining for the sdAb binding to HA0 was performed by incubating yeast
cells with 200 nM of purified sdAbs (c-Myc tagged), followed by a chicken anti c-Myc antibody (Bethyl
Laboratories, Montgomery, TX, USA), and then by a goat-anti-chicken IgG AlexaFluor647-labelled
secondary antibody (Jackson ImmunoResearch Europe, Ely, UK). Staining of yeast cells for HA0
display was performed by incubating yeast cells with mouse monoclonal anti-SV5 antibody (AbSerotec,
Bio-Rad, Hercules, CA, USA), followed by a goat anti-mouse IgG AlexaFluor488-labelled secondary
antibody (Thermo Fisher scientific). Staining was performed simultaneously for the sdAb binding
and the HA0 display. The mutant yeast library was grown in a selective medium for induction of the
HA display and, approximately, 106 cells were co-stained with purified sdAbs at 200 nM, followed
by anti-SV5 and anti-c-Myc detection antibodies, and then by fluorescent secondary antibodies, as
above [16]. Flow cytometric cell sorting was performed using the BDAria III and FACSDiva software
v8.0.1 (Becton Dickenson, Franklin Lakes, NJ, USA). A sorting gate was chosen to sort cells for the
display of HA0 (by virtue of the anti-SV5 signal), but also for the absence of sdAb binding. A second
round was then performed using the same conditions. Yeast DNA minipreps were made from the final
round of sorting and transformed into the TG1 electro-competent Escherichia coli cells (Agilent). Then,
plasmids from single bacterial colonies were sequenced. Resulting sequences were aligned to wt HA0
(wild-type B/Brisbane/60/2008 HA0), using Geneious 7.1.2 (https//www.geneious.com) to identify
candidate mutations. Plasmids containing single residue candidate mutations were re-created, where
required, using the QuikChangeII site directed mutagenesis kit (Agilent) and re-transformed into yeast
cells. Individual yeast clones containing either a mutant HA0 or a yeast containing the wt HA0, were
grown in a selective medium, for induction of the HA display and cells stained for display and sdAb
binding, as above. Binding of each sdAb to each mutant HA0 and wt HA0 yeast clone was determined
by flow cytometry on a FACS CantoII flow cytometer (Becton Dickinson). Data collection and analysis
was performed using the FACSDiva and FlowJo v10, (LLC, Ashland, OR, USA) software.

3. Results

3.1. Isolation and Characterisation of Cross-Reactive and Lineage-Specific Single Domain Antibodies against the
Influenza B Hemagglutinin

Two phage displayed sdAb libraries were constructed from purified peripheral blood
mononuclear cells of alpacas immunised with recombinant HA0 from the representative B-Victoria
(B/Brisbane/60/2008) or B-Yamagata (B/Florida/04/2006) lineage viruses. The size of the B-Victoria
library was 9.4 × 107 independent clones and the B-Yamagata library was 3.7 × 107 independent
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clones. Each phage library was selected for two rounds on the HA antigen used for immunization, for
an unbiased recovery of all sdAbs binding to the immunogen. To bias for the selection of cross-reactive
sdAbs, a second strategy was also performed, by alternating selections between the B-Victoria lineage
and the B-Yamagata lineage antigens (Figure 1).

After selection, sdAbs were sequenced and grouped into clonally related families, based on the
CDR3 sequence length and similarity. Single domain antibodies with identical CDR3 length and high
sequence similarity were assumed to be clonally related and, thus, binding to the same or overlapping
epitopes, so a single representative clone from each family was taken forward for further analysis.

Our ELISA screening identified sdAbs with a pre-dominantly cross-lineage reactivity (Figure 2),
which was not surprising, given the high sequence homology between the B-Yamagata and the
B-Victoria strains.

Figure 2. ELISA showing sdAb binding to the recombinant hemagglutinin (HA0). sdAb binding to the
recombinant HA0 from Influenza B-virus lineage representative strains used in immunisations and
phage display library selections. B-Vic is B/Brisbane/60/2008, B-Yam is B/Florida/04/2006. Control
sdAb A2c-3 is specific for influenza A hemagglutinin, PBS is a no sdAb negative control. ELISA signal
is an average of 2 assays.

In addition to cross-lineage reactive sdAbs, we were able to identify Vic2a-6 with B-Victoria
lineage-specific recognition, however, we were unable to isolate any B-Yamagata lineage-specific sdAbs,
using the conventional screening. We reasoned that epitopes defining B-Yamagata lineage specificity
would be rare and likely to bind to the more variable HA1 head domain [5]. Therefore, we selected the
B-Yamagata phage display library on a purified recombinant HA1 domain of B/Florida/4/2006, to
bias against the stem reactive sdAbs, which had dominated previous selection strategies, and then
used next-generation sequencing to identify new unique CDR3 sequences [27]. Highly enriched CDR3
sequences were identified, relative to the unselected CDR3 pool, and compared to those sequences
already recovered, using conventional phage display selections. This led to the identification of
several VHH CDR3 sequences which had not previously been identified (Figure S1). Full-length VHH
sequences were synthesised and four candidate sdAbs were expressed and tested for B-Yamagata
lineage-specific recognition, resulting in one unique B-Yamagata lineage-specific sdAb, YamNGS#1.
A final panel of thirteen unique sdAbs were taken forward, which included eleven cross-lineage
reactive sdAbs, one B-Victoria lineage, and one B-Yamagata lineage-specific sdAb (Table 1) (Figure 1).
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All sdAbs were shown to have the characteristic camelid heavy-chain-only antibody framework 2
“hallmark” residue substitutions [28]. CDR3 lengths varied from 5 to 20 residues (Table 1) and all
sdAbs were expressed at yields between 3 mg/L to 27 mg/L.

Table 1. VHH CDR3 sequences of specific single domain antibodies.

Nanobody CDR3 Sequence B-Yamagata B-Victoria

Vic2b-3 AADAVVAGPDDEYDY + +
Yam2a-10 NVGFNY + +
Vic2a-20 ASKGTDYIDGIYYISYQFNS + +
Vic2a-6 VASPFSTGRATLPYQYPY − +
YamNGS#1 AAASLCSFSSNDYFY + −
Yam2b-9 AAGSGGRYDY + +
Vic1b-10 NAPTYSN + +
Yam1b-9 ALGDFTGLTNLRQAFYDF + +
Yam2a-1 NFPRSSS + +
Yam2c-16 NTHDY + +
Vic2c-8 ALGDFSGSLWAYEYDF + +
Yam1b-6 AAAKGGGAYSMISAYTY + +
Yam2b-2 RLDHWLVSGY + +

Binding to recombinant HA0 from the B-Victoria strain (B/Brisbane/60/2008) and the B-Yamagata strain
(B/Florida/04/2006) in ELISA, indicated as binding (+) or not binding (−).

We tested the extent of cross-reactivity on a panel of whole virus antigen standards, corresponding
to the strains included in seasonal vaccines between 1973 and 2014 (Table 2). Most of the sdAbs initially
identified as cross-reactive with the B lineage representative strains B/Brisbane/60/2008 (B-Victoria)
and B/Florida/04/2006 (B-Yamagata), used for library construction (Table 1), showed extensive
cross-reactivity going, both, forward and backwards in time, including the pre-lineage split strain
(B/HongKong/08/73).

Single domain antibodies Yam2b-9, Vic1b-10, Yam 1b-9, Yam2a-1, Yam2c-16, Vic2c-8, and Yam1b-6
recognised all antigen standards tested from the pre-lineage split virus B/HongKong/8/73, up to more
recent vaccine viruses B/Brisbane/60/2008 (B-Victoria lineage) and B/Utah/9/2014 (B-Yamagata
lineage). The B-Victoria lineage-specific sdAb Vic2a-6 showed reactivity to all B-Victoria strains
tested between 1987–2008, but also bound the earliest B-Yamagata strain (B/Yamagata/16/1988), just
post-split. YamNGS#1 was identified as having B-Yamagata lineage-specific binding and was able to
recognize the Yamagata strains between 1994 and 2012, covering a duration of eighteen years (Table 2).
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3.2. Grouping sdAbs on the Basis of HA1 Head Domain or Stem Domain-Specific Binding

Single domain antibodies were tested for binding to the head domain, or the HA stem region,
using surface plasmon resonance on both full-length recombinant HA0 and HA1 (head domain) from
representative B-Yamagata and B-Victoria strains (Table 3, Supplementary Figure S2).

Table 3. Epitope classification of full-length (HA0) and head domain (HA1) using surface plasmon
resonance (SPR).

Single
Domain
Antibody

B Yam HA1 1

B/Florida
/4/2006

B Yam HA0 2

B/Florida
/4/2006

B Vic HA1 1

B/Brisbane
/60/2008

B Vic HA0 2

B/Brisbane
/60/2008

Domain Specificity

Vic2b-3 0.27 nM 1.57 nM 0.06 nM 0.11 nM Head Cross reactive
Yam2a-10 3.49 nM 6.70 nM + 3 3.30 nM Head Cross reactive
Vic2a-20 173 nM - 0.79 nM 0.48 nM Head Cross reactive
Vic2a-6 - - 0.07 nM 0.08 nM Head B-Vic lineage
YamNGS#1 11.8 nM 2.39 nM - - Head B-Yam lineage
Yam2b-9 - 2.13 nM - 10.0 nM Stem Cross reactive
Vic1b-10 - 0.28 nM - 1.1 nM Stem Cross reactive
Yam1b-9 - 0.10 nM - 0.08 nM Stem Cross reactive
Yam2a-1 - 0.14 nM - 7.40 nM Stem Cross reactive
Yam2c-16 - 1.46 nM - 0.76 nM Stem Cross reactive
Vic2c-8 - 0.13 nM - 0.37 nM Stem Cross reactive
Yam1b-6 - 5.43 nM - 0.60 nM Stem Cross reactive
Yam2b-2 - 10.0 nM - 1.36 nM Stem Cross reactive

1 HA1 is purified hemagglutinin head domain (Residues Met1-Arg361 of B/Florida/04/2006 and residues
Met1-Arg362 of B/Brisbane/60/2008). 2 HA0 is purified full-length hemagglutinin. 3 Binding could be seen
but could not be resolved using the BIAevaluationTM software.

Five sdAbs were shown to be specific to the HA1 domain and eight sdAbs only showed recognition
of the full-length HA0. Most of the cross-reactive sdAbs were classified as stem-specific, however,
three sdAbs were predicted to bind cross-reactive epitopes in the head domain. The B-Victoria
lineage-specific sdAb Vic2a-6, bound to the head domain of the B/Brisbane/60/2008 (B Victoria), but
did not bind to the B/Florida/04/2006 head domain or the full-length HA (B-Yamagata), which was
consistent with recognition of a B-Victoria lineage-specific epitope in the head domain. YamNGS#1
bound to the head domain of the B/Florida/04/2006 (B-Yamagata), but showed no binding to
the head domain of the B/Brisbane 60/2008 (B-Victoria), indicating that it binds to a B-Yamagata
lineage-specific epitope in the head domain. The sdAbs had a high affinity down to <100 pM, reflecting
the affinity maturation possible using the prime and boost immunisation of alpacas. The panel of
sdAbs were grouped as cross-reactive head binding (Vic2b-3, Yam2a-10, Vic2a-20), cross-reactive stem
binding (Yam 2b-9, Vic1b-10, Yam1b-9, Yam2a-1, Yam2c-16, Vic2c-8, Yam1b-6, Yam2b-2), B Victoria
lineage-specific head binding (Vic2a-6) or B-Yamagata lineage-specific head binding (YamNGS#1)
(Table 3).

3.3. In Vitro Neutralisation Activity of Single Domain Antibodies

Purified sdAbs were tested for their ability to neutralise influenza virus pseudotypes,
corresponding to the different IBV lineages, using micro-neutralisation assays [24]. Six of the eight
sdAbs identified as cross-reactive and binding to the epitopes in the HA stem region, were shown to
be capable of neutralising pseudoviruses of both lineages with the most potent sdAb, Vic1b-10, having
IC50 values of 0.2 nM and 15.5 nM on B-Vic and B-Yam lineage viruses, respectively (Table 4). Yam2b-9
and Yam2b-2, although cross-reactive on the recombinant antigen (Figure 2, Table 3), showed only a
lineage-specific neutralisation activity. There was generally a good correlation between affinity and
neutralisation activity, except for Vic2c-8, which was shown to be the least potent in neutralization,
despite having an affinity comparable to the other cross-reactive, sdAbs (Tables 3 and 4).
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Table 4. Neutralisation of the influenza B pseudotype viruses.

Single Domain
Antibody

B/Yamagata
/16/1988

(Yamagata)
IC50 [nM]

B/Victoria
/2/1987

(Victoria)
IC50 [nM]

B/Florida
/4/2006

(Yamagata)
IC50 [nM]

B/Brisbane
/60/2008

(Victoria)
IC50 [nM]

Vic2b-3 104 81 246 240
Yam2a-10 - - - -
Vic2a-20 - 1.1 - 112
Vic2a-6 315 159 - 10
YamNGS1#1 - - NT NT
Yam2b-9 30.5 - NT NT
Vic1b-10 0.2 15.5 NT NT
Yam1b-9 31.7 81.8 NT NT
Yam2a-1 81.8 6 NT NT
Yam2c-16 NT NT NT NT
Vic2c-8 202.5 228 NT NT
Yam1b-6 26.6 12.6 NT NT
Yam2b-2 - 113.5 NT NT

NT—Not Tested; IC50 is the sdAb concentration in nM that gives 50% inhibition; and (-) indicates no
neutralisation activity.

Both, Vic2a-6 and Vic2a-20 showed a B-Vic lineage-specific neutralisation activity with Vic2a-6
also showing a low level of neutralisation activity on the earliest post-split B/Yamagata/16/88 strain.
This was consistent with Vic2a-6 recognising an antigen standard corresponding to the same strain
(Table 2).

3.4. Identification of the B Victoria Lineage-Specific Epitope

For a more precise epitope mapping, we used the yeast surface display which we had previously
used to epitope map the sdAb binding to HA from A(H1N1)pdm09 [16]. The B/Brisbane/60/2008
HA0 precursor gene (B-Victoria lineage) (corresponding to the residues D1-I534 of the mature protein)
was sub-cloned into a yeast display vector, where it was fused to a SV5 epitope tag, enabling the
detection of a full-length expression and display of the folded HA0 on the yeast surface (Figure 3).
Yeast cells were simultaneously labelled with an anti-SV5 antibody to determine the HA0 display
levels and an anti c-Myc antibody to show binding of the individual sdAbs. The head binding sdAbs
Vic2b-3, Yam2a-10, Vic2a-20, and the Vic2a-6 bound yeast displayed the B-Victoria lineage HA0, whilst
YamNGS#1 did not show any binding, which was consistent with its B-Yamagata lineage specificity
(Table 3) (Figure 4). The stem binding sdAbs did not show any binding which suggested that their
epitope was not accessible on the yeast cell surface.

A library of the B-Victoria lineage HA0 mutants was generated using a low rate error-prone PCR
to give, approximately, 1 mutation per HA gene [16]. The library was then selected for two rounds, for
the loss of binding to the B-Victoria lineage-specific sdAb Vic2a-6 (Figure 3). Random clones from the
sorted population of yeast cells were sequenced to identify HA mutations that were enriched, relative
to the unselected library, and so were predicted to be residues directly involved in the binding epitope.
Clones with mutations introducing/replacing cysteine or proline residues were discarded, as they were
predicted to have indirect effects on the sdAb binding. Several mutations were identified relative to the
unselected library, which were all mapped within the 120 loop of the head domain between residues
116–137 (Figure 3), which has previously been identified as an antigenic site on the IBV-HA [29,30]. The
panel of mutant HA’s was tested on the other head binding sdAbs, and mutation G133D was shown
to interfere with the binding of all head-specific sdAbs, equally. Amino acid 133 sits within a highly
structured region ‘PGGP’, which is consistent with having a more destabilising pleiotropic effect. The
V124D mutation also interfered with all head binding sdAbs, equally, and was also classified as having
a pleiotropic effect. Both of these mutations could not be associated with lineage-specific binding, so
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were not investigated further. The I125T mutation was also ruled out as a direct contact residue for the
Vic2a-6, as it also abolished binding to all head binding sdAbs, equally. It is interesting to note that this
threonine mutation was also present as a ‘naturally’ occurring variant in the early pre-lineage split
strain B/HongKong/08/73, to which two of our head binding sdAbs (Vic2a-6 and Vic2a-20) did not
bind (Table 2). The remaining residues 122 and 129, on the other hand, were predicted to correlate with
the B-Victoria lineage binding and the enrichment of two separate mutations at position 122 (H122L
and H122Y), suggested the importance of histidine 122 for the binding of Vic2a-6.

Figure 3. Cell sorting and isolation of candidate mutations interfering with the Vic2a-6 sdAb binding.
Flow cytometry plots for two rounds of negative sorting for loss of binding to Vic2a-6, by gating cells
in the lower right quadrant of the FACS dot plot, as indicated. Plasmids from the sorted yeast clones
were sequenced and mutations in the HA which interfered with sdAb binding to HA, were identified.
Residue numbering was according to B/HongKong/8/73 [29].

Sequence alignment of the epitope region 116–137 of the B-Victoria and the B-Yamagata strains
tested in ELISA (Table 2), showed that histidine 122 and asparagine 129, spanned regions of divergence
between the two lineages (Figure 5). We, therefore, re-created three single residue mutants in a
wild-type HA0 background, H122L, N129D, and a naturally occurring substitution, H122Q, where
the B-Vic preferred residue (histidine) was substituted with the B-Yam preferred residue (glutamine)
(Figure 5). Flow cytometry experiments of the sdAb binding to the mutant HA0s (Figure 4), showed
that the H122L mutation completely abolished the binding of both Vic2a-6 and Vic2a-20, whereas, the
H122Q mutation reduced the binding of both sdAbs to between 14% and 24% of binding to the wt
HA0, confirming the importance of this residue in the epitope footprint of both sdAbs (Figure 4). The
N129D mutation only interfered with the Vic2a-6 binding, with no effect on the Vic2a-20, suggesting
that, although these two sdAbs recognized the overlapping epitopes, they were not identical. This was
consistent with their having unique VHH CDR3 sequences which defined their respective paratopes
and interactions with HA (Table 2). None of the above three mutations had any effect on the binding
of Vic2b-3, which bound to a different epitope on the HA0 head domain of the IBV.
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A

B
Figure 4. Binding of the sdAbs to the B-Victoria single residue mutant HA0’s. Candidate single residue
mutations predicted to correlate with lineage-specific binding and a naturally occurring substitution
H122Q, which differentiated between the B-Victoria and B-Yamagata strains, were generated and
binding was tested using yeast display and flow cytometry. (A) Detection of the HA0 display level,
using detection of the SV5 epitope tag attached to the HA0, showing that the mutations had no effect
on the HA0 display level relative to the wild-type (wt) HA0 (indicated by vertical arrow). (B) Flow
cytometry histograms showing binding of the Vic2a-6, Vic2a-20, Vic2b-3 and the YamNGS#1 to the
wild-type HA (B/Brisbane/60/2008 precursor HA0) and selected mutants (the positive population
is the right peak, whereas, the left peak shows the unbound and unstained populations). Mutations
that completely eliminated sdAb binding are shown in red, those that partially affected binding are
shown in orange and those that had no effect are shown in green. We determined the extent of sdAb
binding by dividing the geometric mean fluorescence intensity (MFI) of each sdAb mutant pair by the
value of the MFI of the wild-type B-Vic HA sdAb interaction and the resulting ratio, normalised to a
percentage value of the wild-type interaction. Relative binding of the sdAbs was categorised as ‘no
binding’ (in red)—< 5%; ‘intermediate binding’ (in orange)—between 20–40%; and ‘strong binding’
(in green)—> 40%; shown in the upper right-hand quadrant of the flow cytometry histograms. Graphs
shown are a representative of at least two independent experiments.
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Figure 5. Sequence logo of antigen standards spanning predicted the epitope for lineage-specific,
head-binding, single domain antibodies. Candidate residues, predicted to have a role in the
binding epitope footprint of the Vic2a-6 are numbered, according to the B/HongKong/8/73 [29]
within 116–137. Alignment of the B-Victoria (top) pre-lineage split strain (middle) and the
B-Yamagata strains (bottom) are shown for the strains used to determine the sdAb-specificity profile
(Table 2). Protein sequences used were translated from the DNA sequences: B/Brisbane/60/2008
(gb:ACN29380.1), B/Malaysia/2506/2004 (gb:ACR15732.1), B/Shangdong/9/97 (gb:AAM12546.1),
B/Victoria/2/87 (gb:M58428.1) of the B-Victoria lineage; B/Yamagata/16/88 (gb:ABL77255.1),
B/Yamanashi/166/98 (gb: CY019531.1), B/Harbin/7/94 (gb:AF060003.1), B/Jiangsu/10/2003
(gb:ACF54202.1), B/Florida/4/2006 (gb:ACF54246.1, B/Massachusetts/02/2012 (gb:KC892118.1),
B/Phuket/3037/2013 (GISAID, EPI529345), B/Utah/9/2014 (gb|AMB72003.1) of the B-Yamagata
lineage; and the pre-lineage split strain B/HongKong/8/73 (gb: AAA43717.1).

4. Discussion

Monoclonal antibodies are generally seen as requiring a paired light and heavy-chain to recognise
a target antigen. However, there are now several examples of stem binding human monoclonal
antibodies to both IAV and IBV, which only use their heavy-chain for binding, with no contacts being
made by the light chain [7,8,10]. Guided by this observation, we have previously used alpacas as a
route to high-affinity, cross-neutralising, single domain antibodies (NanobodiesTM), naturally devoid
of a paired LC, which bind to equivalent epitopes in the HA stem of the IAV [14,16]. This unique
antibody format has several advantages over the conventional MAbs and, in particular, their small
oblate structure and extended CDR3 loop makes them naturally equipped to access grooves and clefts,
such as those on viral surfaces [21,31]. In addition, the potential for a smaller epitope footprint of the
sdAbs, compared with conventional antibodies, which have evolved to bind to larger, flatter surfaces,
might translate into a higher genetic barrier for an escaping virus and retention of binding for a longer
period, in evolutionary time.

46



Antibodies 2019, 8, 14

Within this study we have identified the sdAbs, specific to the IBV-HA, which have broad
cross-reactivity and lineage-specific recognition. Single domain antibodies Vic1b-10, Yam1b-9, and the
Yam2a-1 were shown to have a broad cross-reactivity, covering strains spanning over 20 years. This
clearly shows that these sdAbs bind to the epitopes resistant to antigenic change and could be expected
to maintain recognition of the influenza B HA, over a significant period of time (Table 2). In addition,
these sdAbs were capable of neutralizing the influenza lentiviral pseudotypes, corresponding to the two
prototype viruses representing the two divergent lineages, B/Victoria/2/87 and B/Yamagata/16/88,
suggesting that they might have a potential in immunotherapeutics. Single domain antibodies, because
of their simple molecular structure, can be easily re-formatted for half-life extension [32,33]. This
could give immediate, short-term immunity, independent of influenza vaccination or the need for a
functioning immune system. Longer term passive immunity, using cross-neutralising antibodies, can
be achieved using a viral vector-mediated gene delivery [34,35]. In addition, the high stability and
ability to withstand nebulisation are distinct advantages of the sdAbs, over human antibody formats,
and mean intranasal delivery is possible, allowing deep penetration into the respiratory tract [36]. The
potential applications of the cross-reactive sdAbs against IBV, extend beyond immune prophylaxis [10],
and include a diagnosis of circulating IBV strains, or vaccine potency assays [19,37], for quantitating
the HA content of vaccines.

Given the current requirements of the quadrivalent vaccines we sought to prove that we could
isolate lineage-specific sdAbs, in a short timeframe, which would be able to maintain reactivity for a
significant length of time, ideally over several seasonal vaccine changes. The identification of sdAbs,
which bind to lineage-specific epitopes, is more challenging, given the high sequence and antigenic
similarity between the lineages. However, using phage display and next-generation sequencing, we
were able to identify, both, a B-Victoria (Vic2a-6) and a B-Yamagata (YamNGS#1) lineage-specific
sdAb. Initial attempts using conventional screening to identify B-Yam lineage-specific sdAbs were
unsuccessful. We reasoned that this was likely due to the low sampling of the selected clones and the
dominance of the cross-reactive sdAbs during selection. Using NGS, we were able to overcome
these difficulties and identify a B-Yam lineage-specific sdAb, demonstrating that NGS-assisted
screening is a useful addition to the phage display process, particularly, in identifying rare sdAb
specificities. The B-Victoria lineage-specific sdAb Vic2a-6 was shown to neutralise B/Brisbane/60/2008
(B-Victoria) but not the B/Florida/04/2006 (B-Yamagata), suggesting that it binds to a lineage-specific
epitope in the head domain (Table 3). Another sdAb, Vic2a-20, showed preferential binding to the
immobilised B-Victoria strains, using surface plasmon resonance (Table 3), with a greater than 100-fold
higher affinity for the B-Victoria than the B-Yamagata HA, which was consistent with the B-Victoria
lineage-specific neutralisation observed (Table 4). This suggests that the Vic2a-20 has a preferred
B-Victoria lineage-specificity rather than the absolute-specificity shown by the Vic2a-6. The sdAb
YamNGS#1 showed an absolute specificity for the B-Yamagata strains, with no binding to any of the
B-Victoria strains tested (Table 2). The immunogen used to generate the YamNGS#1 was the 2006
B-Yamagata vaccine strain (B/Florida/04/2006) and lineage-specific binding was maintained for a
period of 6 years, up to the 2012 strain (B/Massachusetts/02/2012).

In order to understand the structural basis of lineage-specific binding of the sdAb Vic2a-6, we
used yeast display and mutational scanning [16,38]. Yeast display has emerged as a powerful tool
for epitope mapping, as its eukaryotic translation machinery acts as a quality control for functional,
folded, protein variants [39]. In addition, simultaneous selection for, both, display and sdAb binding,
using flow cytometric cell sorting means, each protein variant can be selected on the basis of multiple
parameters. Selection of a HA0 mutant library on Vic2a-6 identified several candidate mutations,
predicted to specifically interfere with binding. All these mutations lie within the 120 loop spanning
residues 116–137, which is a region of high antigenic diversity [29,30]. The I125T mutation was
selected from our B-Victoria HA0 mutant library, which is also a naturally occurring substitution
(Figure 3). Analysis of naturally occurring IBV-HA sequences identified threonine as being present in
the very early pre-lineage split strain (B/Hongkong/8/73) (Figure 5), which mutated to an isoleucine
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in later IBV strains. The ability to relate the I125T mutation to the absence of binding of Vic2a-6 and
Vic2a-20, highlighted the potential of yeast display and mutational scanning to correlate sdAb binding
and strain-specificity profiles to the natural sequence divergence of IBV-HA. Mutational scanning
predicted that residues 122 and 129 were key residues in the epitope footprint of Vic2a-6. The H122L
mutation was shown to completely abolish binding of the Vic2a-6 and Vic2a-20, whereas N129D
completely abolished binding of the sdAb Vic2a-6, with no effect on the binding of Vic2a-20. This
demonstrated that although these sdAbs’ epitopes were overlapping, they were also distinct, which
was consistent with the Vic2a-20 only having a ‘preferred’ B-Vic lineage-specific binding (Table 2). The
naturally occurring H122Q mutation associated with the sequence divergence of IBV (Figure 5) gave a
significant reduction in binding to between 14% and 24% of the wild-type HA interaction but did not
completely abolish binding. This suggests that this conservative polar substitution was associated with
B-Victoria lineage-specific binding, but the N129 residue was a more significant determinant of the
lineage-specific binding of the Vic2a-6. The natural sequence diversity at residue 122, in the B-Victoria
strains (97% His: 1% Gln), compared to the B-Yamagata strains (94% Gln: 5% His) indicated that the
preferences for either amino acid, although significant, was not complete [30]. The close correlation
of binding specificity in ELISA with the identity of residue 122, was highlighted by the binding of
the Vic2a-6 to B/Yamagata/16/88 (Table 2) and the neutralisation of a pseudotype corresponding to
this same strain (Table 4). Although this was the earliest B-Yamagata strain, following the divergence
of the two lineages, it maintained a histidine at position 122, and retained binding to Vic2a-6, which
was only lost in the later B-Yamagata strains with the substitution of a glutamine. Correlating the
mutations which interfere with binding of the Vic2a-6 and Vic2a-20, with the structure of HA, showed
that the epitope footprint was adjacent to the receptor binding site and within the 120 loop (Figure 6).
The 120 loop was one of the four main regions on the influenza B HA1 head domain, identified as
being dominant in the antigenic evolution of the most recent strains [29,30,40]. The identification
of lineage-specific sdAbs, which are able to retain binding to an epitope, over such a long period of
time (20 years in the case of Vic2a-6 and 18 years in the case of YamNGS#1), despite binding to the
hyper-variable head domain, was somewhat surprising. It is interesting to speculate that this was due
to the well-documented ability of sdAbs to bind to small grooves and pockets on protein surfaces,
which might represent a higher genetic barrier for escape than conventional antibodies which bind to
larger flatter surfaces [16].

We have shown that it is possible to isolate high-affinity, cross-reactive and lineage-specific sdAbs
from alpacas immunised with a single seasonal vaccine strain, which can maintain binding and
resistance to natural antigenic changes, over a significant period of time. We have also highlighted that
next-generation sequencing analysis of phage displayed libraries can be useful in identifying sdAbs
that may have been missed using more limited conventional ELISA-based screening. In addition, using
yeast display and mutational scanning we have been able to correlate the lineage-specific binding with
the structure of HA and have related natural antigenic diversity within this epitope with the sdAb
(NanobodyTM) reagent binding. This suggests that yeast display epitope mapping could be adapted
to give a comprehensive analysis of the epitope of lineage-specific sdAbs, which could be used for
quadrivalent vaccine potency testing, and in addition, it could predict when a sdAb might lose its
binding and needs updating [37].
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Figure 6. Correlation of the sdAb epitopes with the Hemagglutinin structure. The structure of the HA0
monomer (B/Brisbane/60/2008 PDB structure 4FQM) is shown with the HA1 domain in blue, the
stem region in grey, the 120 loop in yellow and the receptor binding site (RBS) in green. The residue of
H122 and N129 associated with the B-Victoria lineage-specific binding of the sdAb Vic2a-6 or preferred
binding of the Vic2a-20 are shown in red. The binding specificity of the sdAb panel are shown in
relation to the HA head and stem region.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/8/1/14/s1,
Figure S1: Isolation of the B-Yamagata lineage-specific nanobodies, using NGS. High copy number CDR3’s using
antibody mining toolbox (A) were normalised for each sequencing run and presented as % Relative Frequency
(B,C). Fold increase in CDR3 frequencies were then calculated from a CDR3 frequency, in the unselected phage
library and the same CDR3’s frequency after selection of the HA1 domain, or of the full-length HA0 (D,E).
Figure S2: Grouping as head- or stem-specific binding using surface plasmon resonance (SPR). The kinetic
binding constants (kon and koff ) of the panel of nanobodies were determined using SPR and single-cycle kinetics.
Data are presented as rate plots with iso-affinity diagonals (RAPID) where the diagonals (dotted lines) are
connecting the points of equal dissociation constant (KD). Affinity on (A) the B-Yamagata head domain (HA1)
of the B/Florida/04/2006, (B) the full-length HA0 of the B/Florida/04/2006, (C) the B-Victoria head domain
(HA1) of the B/Brisbane/60/2008, and (D) the full length HA0 of the B/Brisbane/60/2008, is shown. Fitting was
with single-cycle kinetics and a 1:1 Langmuir fitting model, using the BIAevaluationTM software (GE Healthcare,
Marlborough, MA, USA). Equilibrium dissociation constants are given in Table 3.
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Abstract: Broad and potent neutralizing llama single domain antibodies (VHH) against HIV-1
targeting the CD4 binding site (CD4bs) have previously been isolated upon llama immunization.
Here we describe the epitopes of three additional VHH groups selected from phage libraries. The 2E7
group binds to a new linear epitope in the first heptad repeat of gp41 that is only exposed in the
fusion-intermediate conformation. The 1B5 group competes with co-receptor binding and the 1F10
group interacts with the crown of the gp120 V3 loop, occluded in native Env. We present biophysical
and structural details on the 2E7 interaction with gp41. In order to further increase breadth and
potency, we constructed bi-specific VHH. The combination of CD4bs VHH (J3/3E3) with 2E7 group
VHH enhanced strain-specific neutralization with potencies up to 1400-fold higher than the mixture
of the individual VHHs. Thus, these new bivalent VHH are potent new tools to develop therapeutic
approaches or microbicide intervention.

Keywords: Aids; HIV; Llama Antibodies; bi-specific VHH; pepscan; competition studies; epitope
mapping; co-crystallisation

1. Introduction

AIDS remains one of the largest global health problems and annually an estimated 1.8 million
people die an AIDS related death. While antiretroviral therapy and careful clinical management
can render HIV a chronic disease, the treatment is expensive and has many adverse effects [1].
Thus in the absence of a vaccine, prophylactic therapies to prevent HIV-1 infection are urgently
needed. The encouraging results of an antiretroviral-based gel microbicide [2] suggest that microbicidal
prevention methods merit investigation. Recently, many broad and potent HIV neutralizing monoclonal
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antibodies (mAb) have been discovered [3–11]. However, while monoclonal antibody (mAb)-based
microbicides have been evaluated before [12], the application of this is limited by their expensive
production and the need for cold distribution system. The variable domains of the heavy chain of
heavy chain only antibodies (VHH) derived from llamas or other Camelidae may be better alternatives,
as they can be produced relatively cheaply in microorganisms like bacteria or yeast [13] and are often
stable at high temperatures [14]. This is predominantly related to their small size, which is a 10-fold
smaller than that of a conventional antibody. Moreover, their small size and more than average length
of CDR 3 allows them to bind to recessed epitopes, like the CD4 binding site (CD4bs) of HIV-1.

Previous immunizations of llamas (Lama glama) have generated anti-HIV-1 VHH specific for the
CD4bs on gp120 or gp140 [15–17] with the most potent and broadest VHH, J3, neutralizing 96% of the
HIV-1 strains tested from subtypes A, B, C, D, G and circulating recombinant forms AC, ACD, AE, AG,
and BC [16]. A mix of these VHH together with J3 was tested in vitro and showed to be neutralizing as
potently as any of the individual VHH, and a 100% coverage for the panel of 60 viruses tested was
predicted. Similarly, combinations of antibodies that bind independent epitopes have also been shown
to neutralize in vitro as efficiently mixed together as when used in isolation [18].

A number of broadly neutralizing VHH, with breadths up to 82%, targeting epitopes on the HIV
envelope glycoprotein (Env) other than the CD4bs, e.g., the co-receptor binding site or gp41, have
been isolated as well, but their epitopes had not been defined [17,19,20]. Some of these VHH are able
to neutralize the few strains that are not neutralized by J3 or by 3E3, another VHH obtained from
our immunized llamas, which neutralizes 80% of virus strains [21]. By using a mix of VHH targeting
the CD4bs and VHH targeting other epitopes, broader neutralization is expected. An additional
advantage of the use of a mix of VHH is that it reduces the chance of the emergence of escape mutants.
This has been observed in studies in which a combination of some broadly neutralizing conventional
human antibodies targeting independent epitopes were passively transferred to humanized mice [3,4].
Using covalently linked VHH often has an advantage over using monovalent VHH or a mix of VHH, as
the bivalent VHH may have higher potencies than the constituent monovalent VHH, due to enhanced
avidity [22,23]. Furthermore, HIV-1 neutralization potency can be enhanced by heteroligation of two
distinct single-chain Fv (scFv), into bi-specific molecules [24]. In contrast, bi-specific VHH targeting the
CD4bs as well as the co-receptor binding site did not show any increase in potency, but an extended
breadth was confirmed. Nevertheless bi-specific VHH may have an advantage when used in gene
therapy in a vectored-immunoprophylaxis (VIP) adeno-associated virus (AAV) [25], because the size
of a bi-specific VHH genes do not exceed the maximal allowed size of the transgene insert.

Therefore, we aimed to design and produce bi-specific anti-HIV-1 VHH, which have neutralization
abilities superior to those of the two best VHH, J3 and 3E3, regarding breadth and potency, for various
applications. In order to design these molecules, i.e., to make the best combinations, we first determined
the epitopes of several VHH. VHH that bound to epitopes other than the CD4bs were linked to J3
and 3E3 and most of these bi-specific VHH have improved breadth and potency against certain viral
strains, compared to the equimolar mix of the constituent VHH.

2. Results

2.1. Competition-Based Determination of 4 Different Epitope Groups

Previously, we have selected over 100 different HIV-1 neutralizing VHH starting with various
immune libraries (Most important data summarized in Figures 1 and 2) [15–17,21,26]. To be able
to make bi-specific VHH, two VHH that target independent epitopes need to be linked together.
Preliminary evidence indicated that a number of the selected VHH do not compete with J3 or 3E3 [19].
To determine the epitopes of the preselected VHH we performed a (cross-) competition assay in
which seven of these VHH (3E3, J3, 1B5, 2E7, 1F10, 11F1F, 1H9) were tested for their competition
against each other and against six other VHH that neutralize HIV-1 (Figure 3A). In the assay, Env was
immobilized and a total of 13 neutralizing and an irrelevant VHH were added in excess to the plate.
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Following incubation, seven biotinylated VHH of interest were added and their binding was detected
via peroxidase-conjugated streptavidin (Figure 3A), showing the competition against gp140UG37
(and Table S1 showing the competition against gp120IIIB and gp140CN54). These competition assays
enabled the clear division into four groups of VHH targeting different epitopes. The first group is
comprised of phylogenetically diverse VHH (Figure 2) targeting the CD4bs, which includes J3, 3E3,
A12, D7 and C8. The second group includes phylogenetically related 2E7 and 11F1F and unrelated
VHH 11F1B and 1E2. The third group of VHH, that probably block the co-receptor binding site,
is composed of phylogenetically related 1B5, 1H9 and 2B4F and the unrelated 4D4. The fourth group
contains one VHH, 1F10, which does not fully compete with any of the other VHH, indicating that it
binds to a separate epitope. To obtain more insight into the location of the different epitopes on Env,
a competition assay was performed with these VHH versus b12 (a bnAb targeting the CD4 binding
site), 17b (a bnAb targeting the co-receptor binding site), sCD4 and anti-gp41 MPER bnAbs (2F5,
4E10) were performed (Figure 3B). This revealed that group I targets the CD4 binding site, group II
targets gp41 independent of the MPER epitope, group III targets the co-receptor binding site and group
IV also seems to target the co-receptor site (Figure 3B). Since this competition was only performed
in one way, differences in affinity between the VHH and the mAb may have led to false negatives.
The epitopes recognized by the VHH were subsequently further characterized by pepscan analyses
and structural studies.

 

Figure 1. Clade Specific Neutralization of VHH. (A) J3, (B) 3E3, (C) 2E7, (D) 1B5 and (E) 1F10. The total
neutralization per clade is shown by the height of the bar in the graph and the neutralization potency
by the colors of the bar. Red indicates an IC50 < 1 μg/mL, yellow between 1 and 10 μg/mL and green
between 10 and 50 μg/mL.
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Figure 2. Phylogenetic Tree and Characteristics of the Selected VHH. VHH A12 (and D7) and
C8 originate from an immunization with gp120 in llama 44, where the other VHH orginate from
immunizations of llamas 8 and 9 with gp140 of UG037 and CN54. The neutralization (breadth), Medium
IC50 values, epitopes (this study).

A 

 

Figure 3. Interaction of the selected VHH with HIV-1 Env proteins. (A) Is showing the VHH competition
among themselves for binding to gp140UG37, this is presented as a percentage. Gp140UG37 trimers
used in this study are non-native trimers that contain a substantial amount of “open” Env structures.
The signal observed for VHH competing with themselves was defined as 0%, signal during competition
with an irrelevant VHH was defined as 100%. The VHH represented in the columns are the competing
VHH, which were present in large excess. The VHH represented in the rows are the detected VHH.
(B,C) are showing the binding of VHH (B) and bi-valent VHH (C) to gp140UG37, gp120IIIB and gp41,
and their ability to compete with several mAbs and sCD4. Binding is expressed as the IC50 value in
nM, competition as a percentage of the signal obtained where no competing VHH was present.
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2.1.1. Epitope Group I, VHH That Bind to CD4bs

This group consists of J3, 3E3, A12, C8, D7 and their family members. The VHH were obtained
directly from the phage library or selective elution with sCD4, of phages carrying these VHH. Moreover,
previous work on competition experiments of these VHH, with sCD4 and b12, pointed out that this
group of VHH is targeting the CD4bs [19]. During these studies it became clear that J3 as well as
3E3 enhance binding of 17b by approximately 3- or 4-fold, respectively. Although J3 and 3E3 are
phylogenetically not related and were selected from different llamas, they have several features in
common. For example, they share the very rare feature that they lack three residues in the CDR2
relative to their respective germ line [27]. The reinsertion of these three residues in J3 or 3E3 abrogates
the binding abilities of either VHH (data not shown and McCoy et al. [16]). Unlike e.g., VRC01, which
also binds to the CD4bs, J3 and 3E3 do not bind to RSC3, a resurfaced gp120 molecule in which there
are many alterations outside the structurally invariant part of the CD4bs, including in the bridging
sheets [9]. These data suggest that that J3 and 3E3, like CD4, bind to the bridging sheets of gp120.
Moreover, J3 in particular shows unusual degrees of maturation outside of its paratope, although less
than bnAb selected from humans. The foot print of J3 and 3E3 were determined by modeling [27].
The most characteristic feature of the binding of J3 to gp120 is that its foot print is very similar to the
foot print of CD4. It was predicted by the model that Tyr99J3 occupies a position similar to Phe43CD4

resulting in a similar hydrophobic interaction with gp120. Recently these interactions were confirmed
by co-crystallization [manuscript in preparation]. The competition assay shows that sCD4 competes
with J3, 3E3, A12 and C8 for binding to Env. However, A12 and C8 also compete with 17b, indicating
that the interaction surface of A12 is also outside the CD4bs, which is less conserved than the CD4bs
itself. This may be an explanation for the relatively low breadth of A12, which neutralized 42% of the
viruses tested.

2.1.2. Epitope Group II Consisting of 2E7, 11F1F, 1E2 and 11F1B and Their Family Members

2E7 and 11F1F share 91% DNA and 89% protein sequence identity and neutralize 21 out of 26
(81%) and 36 out of 45 (76%) viruses tested, respectively. While the potencies of 2E7 and 11F1F (median
IC50 of 19 and 21 μg/mL respectively) are much weaker than those of the CD4bs VHH 3E3 and J3, these
VHH can neutralize some viral strains (e.g., Du172.17 and CAP45.2.00.G3) that are resistant to either
3E3 or J3 (Table S1). Based on the binding and competition experiments described above it is clear
that 2E7, 11F1F, 1E2 and 11F1B bind to gp41 outside the MPER epitope as they don’t compete with
bnAbs 2F5 and 4E10. Furthermore, no competition was observed with gp41 Heptad Repeat 1 (HR1)
Abs HK20 and 3D6, that target amino acids 535–581 [8] and the immunodominant area (amino acids
579–613) [28] of gp41, respectively. Inhibition of 2E7 and 11F1F binding was seen in the presence of
antibody 246-D (epitope sequence 590-QQLLGIWG-597 with the epitope core being LLGI), suggesting
that these VHH bind to the C-terminal part of the HR1 region of gp41, but not to the epitope of 3D6,
which is 599-SGKLICTTA-607.

This region of gp41 has been characterized as being immunodominant, thus it is not surprising that
immunization of llamas with recombinant gp140 yielded antibodies targeting this region. However, it
is novel that the VHH antibodies elicited can not only neutralize HIV, but do so with a breadth ranging
across many subtypes. Therefore, the epitopes of 2E7, 11F1F, 1E2 and 11F1B were investigated by
measuring their binding to overlapping linear and cyclic 15-mer peptides covering gp160 proteins
derived from subtype A, B, C and CRF BC viruses (strains UG037, HXB2, SF162, ZM96 and CN54).
All VHH showed binding to a peptide containing the sequence AVERYLKDQQLLGIWG (corresponding
to residues 582–597 in HXB2 numbering, data not shown). Therefore, we focused on the broadest
VHH, 2E7 in the following analysis. A peptide containing the epitope of 2E7 was used as a seed for
a library in which each amino acid was uniquely substituted with Ala, Arg, Glu, Phe, Gly or Trp to
obtain a limited substitution mutagenesis scanning. Clear binding peaks were observed corresponding
to the peptides indicated in Figure 4, and were largely consistent for all tested subtypes represented
in the peptide sets. The consensus sequence for the 2E7 epitope is (I/V)ERYL(R/K)DQQL (583–592).
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The limited substitution mutagenesis screening was in good agreement with the results obtained in
the initial gp160 screening, showing that 2E7 is particularly sensitive to mutations in residues K/R588,
D589, and L592.

 

Figure 4. Epitopes Determination of the VHH 2E7, 11F1F and 1F10. After initial pepscan analyses,
the amino acids in the gp140 envelop protein that interact with these VHH have been fine mapped by
limited substitution of the amino acids of the epitopes of 2E7 (A) and full substitution for 1F10 (B).
The key residues of the interaction are indicated by red arrows.

Gp41 residues 582 to 596 adopt a helical conformation in the native gp140 structure and form the
C-terminal part of the HR1 triple stranded coiled coil, which is hidden within the trimer interface [29].
We therefore tested binding of 2E7 to a fusion intermediate conformation of gp41 (gp41int) that
contains part of HR1 including the 2E7 epitope fused in frame to the pIIGCN4 triple stranded coiled
coil [30]. SPR measurements revealed a KD of 0.592 nM (k(on): 9.52 × 105 (1/Ms); k(off): 5.64 × 104

(1/s) (Figure 5A) corroborating the interaction of 2E7 with activated gp41 that has the HR1 coiled coil
exposed similar to the mode of action described for HR1 antibodies D5 and HK20 [31,32]. We next
solved the crystal structure of 2E7 in complex with the peptide 582-AVERYLKDQQLLGIW-596 to a
resolution of 2.9 Å (Table 1). The structure shows that the VHH interacts with the gp41 peptide in an
unusual way. The gp41 helix packs lateral to one side of the VHH beta sheet (Figure 5B). The major
contacts are hydrogen bonds between gp41 D589 and the hydroxyl and backbone amide of the CDR 2
residue T53 as well as gp41 W596 and framework residue T50. A salt bridge from gp41 K588 to CDR1
D32 (Figure 5B) and hydrophobic contacts of gp41 L592 to CDR1 A33 and CDR2 I51, and gp41 I595
and W596 to framework P47 further stabilize the interaction. Cα super-positioning of the 2E7-gp41
peptide structure and the native gp140 structure confirms that 2E7 would not be able to access the HR1
epitope which is hidden in the native Env conformation (Figure 6). We conclude that 2E7 targets the
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HR1 coiled coil, which is temporarily exposed during membrane fusion before refolding into the six
helical bundle post fusion conformation [33].

Figure 5. Structural analysis of 2E7 in complex with its gp41 HR1 epitope. (A) SPR analysis of
VHH 2E7 with gp41int. 2E7 concentrations ranging from 6.25 to 100 nM were tested for binding to
gp41int. Kinetic constants were derived by global fitting the data corresponding to the five indicated
concentrations to a 1:1 Langmuir model (dotted lines) using local Rmax parameters. (B)Ribbon diagram
of the crystal structure of the 2E7 VHH in complex with a gp41 HR1 peptide. The gp41 peptide is
shown in wheat and the VHH CDR regions are indicated by different colors. Polar interactions are
shown as dashed lines.
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Figure 6. Mapping of the VHH epitopes onto the HIV-1 BG505 trimer (PDB ID 4TVP). (A) One monomer
of the trimer is shown as a space filling model, carbohydrates are shown as sticks. The positions
of the different VHH epitopes determined by crystallography and/or pepscan mapping are show in
different colors. The distances between the epitopes were estimated and used to determine the linker
length between VHH recognizing CD4bs (J3 and 3E3 and the epitopes recognized by the other VHH in
the construction of a set of bi-specific VHH. The gp41 residues contacted by 2E7 are shown in Cyan,
1F10 in green. The 2E7 epitope located on gp41 HR1 is hidden in the trimer of the native Env gp140
conformation and not accessible for 2E7 binding. (B) Schematic of the domain organization of Env and
location of the epitopes.

Table 1. Data collection and refinement statistics of 2E7GP41.

2E7GP41

Data Collection Native Anisotropic Scaling **

Wavelength (Å) 0.97239
Space group P22121

Cell dimensions a, b, c (Å) 37.95, 121.26, 132.21
Resolution (Å) * 44.68–2.95 (3.03–2.95) 44.68–2.95 (3.03–2.95)

Unique reflections * 13440 (993) 12538 (327)
Rmerge (%) 8.4 (76.4) 7.9 (34.2)

I/σI * 13.8 (2.3) 14.6 (3.9)
Completeness (%) * 99.0 (100.00) 96.6 (34.5)

Redundancy * 4.7 (5.0) 4.3 (1.3)
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Table 1. Cont.

2E7GP41

Data Collection Native Anisotropic Scaling **

Wilson B factor (Å2) 63.85 58.0
Refinement
Resolution 44.68–2.96 (3.07–2.96)

Rwork/Rfree (%) * 19.42 (30.07)/24.91 (34.4)
No. atoms

Protein 3087
Water 0

B factors (Å2)
Protein 55.4
Water 0

r.m.s. deviations

Bond lengths (Å) 0.006
Bond angles (◦) 1.26
Ramachandran

Favored (%) 99.0
Outliers (%) 0.0

Clashscore ***
Molprobity score ***

3.78 (100th percentile)
1.47 (100th percentile)

* Values in parentheses refer to highest resolution shell; ** The data were truncated according to the Diffraction
Anisotropy Server of UCLA to 2.95 Å, 3.1 Å and 2.95 Å along a, b, c, respectively. M. Strong, M.R. Sawaya, S. Wang,
M. Phillips, D. Cascio, D. Eisenberg, Proc. Natl. Acad. Sci. USA. 103, 8060-8-65, 2006. *** Percentiles are indicated
for resolution range 2.962 Å ± 0.25 Å based on analysis with Molprobity.

2.1.3. Epitope Group III Consisting of 1B5 and 1H9 and Family Members Recognize Part of the
Co-Receptor Binding Site

Figure 3A shows that VHH 1B5 and 1H9 show a similar cross-competition pattern, moreover they
compete with each other, indicating that they target a similar epitope. They compete with 17b, but not
with b12 or sCD4 (Figure 3B). 1B5 and 1H9 were subjected to pepscan analysis, but neither bound to any
of the peptides of the arrays of overlapping linear and cyclic 15-mer peptides covering gp160 proteins
derived from various subtypes (data not shown). Escape mutant studies indicated that residues P417
and R419 [34] are involved in the interaction of 1B5 with gp120. We this suggest that group 3 VHH
target the coreceptor site largely based on the competition assays (Figure 3B). The proposed locations
of the 1B5 and 1H9 epitopes are shown in Figure 6, in which the residues P417 and R419 are shown
in magenta.

2.1.4. Epitope Group IV Consisting of 1F10 Binds to the Crown of the V3 Loop

1F10 neutralizes 18 out of the 26 viruses tested (69%). Based on the competition experiments it is
clear that 1F10 competes with 17b, but not with sCD4 or b12. It competes marginally with all the other
VHHs except for the CD4bs targeting VHH J3 and 3E3 (Figure 3 and Table S1). Furthermore, 1F10
does not compete with CD4bs antibody HJ16 either [8], supporting that this VHH binds a non-CD4bs
epitope. However, 1F10 does compete with HGN194, a neutralizing Ab which binds to the crown of
the V3 loop. Pepscan analysis with 1F10 was performed on subtype A, C and CRF BC viruses (strains
UG037, ZM96 and CN54). Clear binding peaks were observed for peptides derived from the V3 region
and were largely consistent between the three subtypes. (data not shown). The consensus sequence
for the 1F10 epitope is IRIGPGQT (307–314 according to the HXB2 numbering) which overlaps with
the HGN194 epitope RRSVRIGPGQTF (304–315). Single amino acid full replacement analyses were
performed using a cyclic peptide (CRSVRIGPGQTFYAC) and two linear peptides (KRIRIGPGQTFY
and KSINIGPGRAFA), each containing the sequence region recognized by 1F10. The replacement
analysis identified the core epitope of 1F10 as IxIGPGxT (Figure 4B). The epitope of 1F10 is depicted in
Figure 6A, where it is highlighted in green.
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2.2. Construction of Bispecific anti-HIV VHH

Of the four CD4bs (group 1) VHH, J3 and 3E3 have the broadest and most potent HIV neutralization
ability (Table S1). Thus, these two VHH were chosen for the construction of bi-specific molecules.
VHH targeting distinct epitopes were paired with either 3E3 or J3 to maximize breadth. From group 2,
VHH 2E7 and 11F1F were chosen and 1H9 is representing group 3 as it neutralizes CAP45.2.00.G3,
a strain not neutralized by J3, and because its median IC50 is lower than that of 1B5 (5 μg/mL versus
13 μg/mL). The sole representative of group 4, VHH 1F10 (targeting the V3 loop), was also chosen as
candidate for bi-specific VHH as it is broad and neutralizes at least two of the viruses (e.g., Du172.17
and CAP45.2.00.G3) J3 does not [16,17]. An overview of the neutralization IC50 values for these VHH
is given in supplementary Table S1.

VHH targeting the CD4bs were joined with VHH targeting the HR1 of gp41, the co-receptor
binding site or the V3 loop (Figure 6) by a flexible 15 or 25 amino acid glycine-serine (GGGGS)
repeat linker to form bi-specific VHH molecules. As the 15 and 25 linkers did not show a significant
difference in their functionality (data not shown), the 15 linkers were chosen for further investigation.
The bi-specific VHH with the CD4bs VHH on the N-terminal side seem to behave superior to those
with the CD4bs VHH on the C-terminal side (data not shown). The bi-specific VHH bind to all tested
Env proteins if either constituent VHH is able to bind (Figure 3C).

In general, the ability of the bi-specific VHH to compete with human bnAbs is equal to the
combined competing abilities of both monomeric components. However, for bi-specific constructs
containing 1F10, the ability to compete with 17b is reduced (J3-1F10) or turned into enhanced binding
(3E3-1F10). This may be due to conformational changes induced by J3 and 3E3, as both individual
VHH enhance 17b binding. Reduced competition with 17b is also seen with 3E3-1H9.

2.3. Broad and Potent HIV Neutralization by bi-Specific VHH Targeting a Combination of gp120 and
gp41 Epitopes

Preliminary neutralization experiments indicated that the bi-specific constructs containing 1H9
did not yield a large improvement of breadth or potency and thus it was not characterized further.
The remaining bi-specific VHH were tested for the ability to neutralize viruses resistant to either
J3 or 3E3 to test whether the breadth of the bivalent construct was higher than that of J3 and 3E3
alone. Du172.17, a subtype C tier 3 virus, is not neutralized by J3, but is neutralized by all three
J3-containing bi-specific VHH with IC50 values equal or lower than those of 1F10, 2E7 or 11F1F alone
(Figure 7A). The same holds true for TV1.2, this subtype C tier 2 virus, is resistant to 3E3, but is
neutralized by all three 3E3-containing bi-specific VHH or their mixes (Figure 7B). However, for some
combinations the mixed monomers appear to be more potent than the linked constructs, therefore
an additional six viruses from different subtypes and tiers were tested (Figure 7C). These viruses
were in some cases susceptible to neutralization by the mix of both VHH constituting the bi-specific
VHH, however, neutralization at least as potent as that of the most potent component VHH was seen
for both linked and unlinked VHH mixtures in all cases (data not shown). Dependent on the HIV
strain, some bi-specific VHH were substantially more potent than the equimolar mix of the constituent
VHH. The bi-specific VHH containing 1F10 did not show greatly enhanced potencies compared to
the equimolar mixes of the constituent VHH for any of the strains tested, whereas the bi-specific
VHH with 2E7 and 11F1F have greatly enhanced potencies up to a 1400-fold, especially on the two
C-clade viruses. For the subtype A and B viruses, approximately equivalent potency was seen for all
bi-specific VHH compared to their respective unlinked equimolar mixtures, only J3-11F1F showed an
increase in potency of a factor 6.3 against MS208.A1 and up to a 5-fold potency increase for Bal.26.
In contrast, large increases in potency for the bi-specific VHH relative to the unlinked equimolar mixes
were observed against the two subtype C viruses. A particularly large potency increase was seen for
3E3/J3-11F1F and J3-2E7 against the tier 2 ZM214M.PL15 virus and 3E3/J3-11F1F against the tier 1
96ZM651.02 virus. We conclude that the increase in breadth and potency was most efficient against
clade C with a combination of anti-CD4bs VHH and anti-gp41 VHH.
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Figure 7. Broad and Potent HIV Neutralization by bi-specific VHH. (A,B) IC50 values in μg/ml for
the indicated bi-specific VHH in comparison with the unlinked component VHH against viruses
((A) Du172.17 or (B) TV1.2) that were resistant to one of the VHH. Dotted lines represent the IC50
(μg/mL) for each component VHH and are color-coded in line with the legend. (C) IC50 nM for the
indicated bi-specific VHH and the unlinked component VHH against the viruses indicated. IC50 values
were generated from duplicate titrations of VHH onto TZM-bl cells as described in the materials and
methods. Schematic representations of J3-2E7 bi-specific VHH (D).

3. Discussion

To broaden neutralization capacities, but also to reduce the chance of the emergence of escape
mutants, targeting two independent epitopes on Env is likely to be beneficial [35]. Recently, bi-specific
antibodies, targeting amongst others, the CD4bs [36,37] and MPER [38,39] showed broad and potent
neutralization. Furthermore, fusions of CD4 and mAb 17b revealed synergetic effects [36,40] as well as
VHH fusions revealed important synergistic effects [22,40,41]. To determine optimal combinations for
the construction of bi-specific VHH we first determined and characterized a number of new VHH,
which could be combined with the most potent neutralizing VHH J3 or 3E3 [16,21]. 13 new VHH were
classified into four groups recognizing non-overlapping epitopes. Only for 1F10 was some competition
seen with the epitopes of other VHH (1B5/1H9 and 2E7/11F1F). This competition is most likely due
to steric hindrance or because of conformational changes occurring after binding of one of the VHH,
preventing the binding of the other.

To determine the epitopes of the VHH binding to the three epitope groups other than the CD4bs
in more detail, we subjected the VHH of these groups to pepscan analysis. 2E7, as a representative
of epitope group 2, binds to gp41. It binds to the linear sequence (I/V)ERYL(R/K)DQQLLG(L/I)W
at position 583–596 according to the HXB2 numbering. Binding to the predicted gp41 epitope was
confirmed by the crystal structure of 2E7 in complex with a peptide of this epitope. The epitope is part
of the C-terminal part of the HR1 coiled coil that stabilizes the trimer interface in the native gp140
conformation [29,42,43]. In this native like conformation, the epitope is inaccessible to 2E7 due to
steric clashes. Instead we show that 2E7 binds with high nanomolar affinity to the fusion intermediate
conformation of gp41 that bridges the viral and cellular membranes during the initial step of membrane
fusion [33] and is occluded by HR2 in the gp41 post fusion conformation [44]. Its mode of action
is thus similar to HR1 mAbs D5, HK20 and 8066 whose epitope is located at the N-terminal part of
HR1 [31,32,45]. Although these mAbs neutralize HIV-1, their breadth and potency is largely increased
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when they are used as smaller Fabs or single chain antibodies [31,32,45], indicating that the site is
difficult to access for a conventional antibody during the fusion reaction. It therefore remains to be
tested whether 2E7 has the same breadth and potency as a complete Fc containing antibody.

1B5 and 1H9, (epitope group 3) compete with 17b, an Ab that targets the co-receptor site. This in
combination with preliminary data of co-crystallization experiments [manuscript in preparation]
suggests an epitope overlapping with the co-receptor binding site.

High resolution pepscan analysis revealed that 1F10 (epitope group 4) binds to the sequence
IRIGPGQT (HXB2 position 307–314) in the crown of the V3 loop, an epitope also targeted by the human
mAbs 447-52D and HGN194. The latter is able to prevent the mucosal transmission of a subtype C
SHIV when passively transferred [46]. The VHH described here thus target the following four distinct
epitopes: the CD4bs, cluster1/HR1 of gp41, the co-receptor binding site or the V3 loop. All of the VHH
epitopes are depicted in Figure 6A.

Bi-specific antibodies are currently investigated for a number of purposes and in general the
bi-specific antibodies are performing quite well in vitro as is demonstrated by Asokan et al. [36].
In particular the construct VRC07-PG9-16 performed very well by neutralizing up 97% of the viruses
tested with a median potency of 0.055 μg/mL. However, the situation in vivo is more complicated as
there is a reasonably high chance that the bi-specific antibody initiates an immune response. Results of
clinical trials of Ablynx show that VHH have a low risk for triggering immune responses in humans,
because of their physical-chemical properties, the folding of CDR1 and 2 and their small size.

We constructed bi-specific VHH, containing either J3 or 3E3 (epitope group 1) in combination with
a VHH that binds to an independent epitope. The constructs containing 1H9, did not show enhanced
neutralization compared to the mix of the constituent VHH in preliminary experiments, so therefore
they were not studied further. This observation agrees well with the fact that other bi-specific
VHH targeting the CD4bs and the co-receptor binding site simultaneously did not show enhanced
potency [20]. The increases in potency of the bi-specific VHH containing 1F10 were not spectacular for
the viruses that were neutralized by either constituent VHH. This suggests that 1F10 hardly binds
simultaneously with J3 or 3E3. The bi-specific VHH with the CD4bs VHH on the N-terminal side
neutralize superior to those with the CD4bs VHH on the C-terminal side. The largest improvements in
potencies, up to 1400-fold, are obtained with the constructs containing the gp41 targeting 2E7 or 11F1F
as counterparts. The improvements are highest towards the viruses 96ZM651.02 and ZM214, both
C-clade viruses, whereas towards the viruses from other clades, the improvements are less than 10-fold.
Unexpectedly, J3-11F1F as well as 3E3-11F1F showed more than 200-fold increased potencies towards
ZM214, whereas monomeric 11F1F was unable to neutralize this virus at a concentration of less than
1 μM. A plausible explanation for this may be that the binding of J3 or 3E3 causes conformational
changes that allow 11F1F to bind or enhance 11F1F binding, confirming an epitope present on the
intermediate conformation of HR1.

4. Methods

4.1. Materials and Methods

4.1.1. Proteins

Monoclonal antibodies b12 (EVA3065, by Dr D. P. Burton [47], 17b (ARP3071 by Dr J. Robinson) [48],
2F5 (EVA 3063, by Dr H. Katinger), 4E10 (ARP3239, by Polymun), and L120 ARP359, by Becton
Dickinson) the recombinant proteins gp120IIIB (EVA607, by ImmunoDiagnostics), gp140UG37 (ARP698,
by Polymun), gp140CN54 (ARP699 by Polymun), gp41 (ARP680) and human soluble CD4 (EVA609,
by ImmunoDiagnostics) were obtained through the Centralized Facility for AIDS Reagents (CFAR),
the National Institute for Biological Standards and Controls (NIBSC).
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4.1.2. Viruses

Replication competent virus stocks were prepared from HIV-1 molecular clones by transfection
of 293T cells. HIV-1 envelope pseudotyped viruses were produced in 293T cells by co-transfection
with the pSG3Δenv plasmid. The subtype B and C HIV-1 Reference Panels of Env Clones [49,50]
were obtained through the NIH AIDS Research and Reference Reagent Program, Division of AIDS,
NIAID, NIH, USA. The 96ZM651.02 gp160 clone was kindly provided by Dr D. Montefiori (Duke
University Medical Center, Durham, NC) through the Comprehensive Antibody Vaccine Immune
Monitoring Consortium (CA2 VIMC) as part of the Collaboration for AIDS Vaccine Discovery (CAVD).
All additional pseudoviruses were produced at the VIMC laboratory.

4.1.3. Cells

TZM-bl cells [49,51,52] were obtained through the NIH AIDS Research and Reference Reagent
Program from J. C. Kappes, X. Wu, and Tranzyme, Inc., and cultured in Dulbecco’s modified Eagle
medium (Invitrogen) containing 10% (v/v) fetal calf serum (FCS).

4.1.4. VHH

A12, C8 and D7 were described by [15], and the 3D structure of D7 (highly homologous to A12)
has been determined by Hinz et al. [53] A12 has been analyzed with EM tomography in complex with
trimeric spikes [54]. 2E7, 1F10 and 1B5 are described in reference [17]. Selection of 1H9, 2B4F, 11F1F,
11F1B were not described earlier in detail (manuscript in preparation), J3 and 3E3 have previously
been described [16,17,21]. VHH were purified as described previously [16,17].

4.2. Cross-Competition Assay

To be able to detect only one of the two VHH that are present during this assay, part of them had
to be biotinylated. NHS-LC-LC-biotin (Thermo scientific, Cat. No: 21343), was incubated 10:1 with
VHH, 1 h, RT. Unbound biotin was removed by dialysis. Biotinylated VHH (bVHH) were titrated.

MaxiSorp plates were coated with 100 ng/well gp140UG37 or gp140CN54 (for J3 250 ng gp140CN54)
or 250 ng for gp120IIIB 250. After blocking, competing (non-biotinylated) VHH was added for 1 h.
As control, binding of all competing VHH was detected separately. Subsequently 10 μL b-VHH
was added to the competing VHH in concentration determined previously. B-VHH was detected
by horseradish peroxidase (HRP) conjugated Streptavidin and visualized by o-Phenylenediamine,
supplemented with 0.03% H2O2. Reaction was stopped using 1 M H2SO4 and signals measured
at 490 nm. These values were then converted to percentages, in which competition with itself was
regarded as maximal competition, i.e., 0%, and the competition against an irrelevant VHH as the
unhindered binding, i.e., 100%.

4.3. Binding to Various Env Proteins

MaxiSorp plates were coated o/n with 100 ng gp140UG37, gp120IIIB or gp41. After blocking VHH
(mono or bivalent) were added and detected by mouse anti Myc (9E10) and peroxidase conjugated
donkey anti mouse (DAMPO). Visualization occurred as stated above.

4.4. Competition Assay with mAbs and sCD4

MaxiSorp plates were coated o/n with 100 ng gp140UG37 (for b12, 17b, sCD4 and partially 2F5
competition) or gp41 (4E10 and partially 2F5 competition). After blocking, VHH (mono or bivalent)
were added and allowed to bind for 1 h, RT. 10 μL of competitor was added to the wells in a final
concentration of 0.4 μg/mL b12, 1 μg/mL 17b, 0.07 μg/mL 4E10, 0.07 μg/mL 2F5 (gp140UG37) or
0.6 μg/mL 2F5 (gp41). Competitors mAbs b12, 17b, 2F5 and 4E10 were detected with peroxidase
conjugated goat anti human (Jackson Immunoresearch), sCD4 by L120 and peroxidase conjugated
donkey anti mouse. Visualization occurred as stated above.
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For the titrated competition assays, MaxiSorp plates were coated overnight at 4 ◦C with 200 ng
per well gp140UG37 (for 3E3, 1H9 and 1F10 competition) or gp41 (2E7 and 11F1F competition).
Following blocking, the binding of HRP conjugated streptavidin to biotinylated VHH was detected
using TMB-ELISA substrate (Pierce).

4.5. Construction of bi-Specific VHH

Essentially the procedure described by Hultberg 2011 has been followed, in short N- and
C-terminal VHH fragments were amplified from their expression vectors, by PCR using DreamTaq
green (Fermentas). Primers were used that annealed just outside of the VHH coding region and
would add a linker and restriction sites to allow cloning of the N and C terminal VHH respectively.
The resulting PCR products were purified using the NucleoSpin® Extract II kit (Machery-Nagel,
Düren, Germany), restricted with the appropriate enzymes and cloned into the VHH expression vector.
Bacteria were transformed with the constructs by heatshock and subsequently clones were picked
for sequence analysis. Bi-specific VHH were expressed in bacteria and purified by metal affinity
chromatography in the same way as the monovalent VHH, which has been described before [16,17].

4.6. HIV Neutralization Assay

The HIV-1 neutralizing activities of the VHH were assessed in the TZM-bl cell based assay,
as described previously [15–17]. No virus inactivation was observed with a negative control VHH.
Cells were lysed with Bright-Glo luciferase reagent (Promega, Madison, WI, USA) and the luminescence
measured. Fifty % inhibitory concentration (IC50) titers were calculated using the XLFit4 software
(ID Business Solutions, Guildford, UK).

4.7. Epitope Mapping

The binding of VHH to arrays of peptides was assessed in a pepscan-based ELISA. Each well
in the card contained covalently linked peptides that were incubated overnight at 4 ◦C with VHH,
at a concentration of approximately 1 μg/mL, in PBS supplemented with 1% BSA and 0.1% Tween
80. After washing, the plates were incubated with a mouse anti-Histidine followed by HRP linked
Rabbit anti-mouse (Southern Biotech, Birmingham, AL, USA) for 1 h at 25 ◦C. After further washing,
peroxidase activity was assessed with an ABTS based substrate. The color development was quantified
after 60 min using a charge-coupled device camera and an image-processing system.

4.8. Crystal Structure of VHH 2E7 in Complex with a gp41 Peptide

Purified VHH 2E7 was incubated with a 1.5 M excess of the gp41 peptide 582-AVERYLKD
QQLLGIW-596 and crystallized at a concentration of 2.5 mg/mL. Crystals were obtained by the vapor
diffusion method in sitting drops, with equal volumes of protein and reservoir solution (in 0.1M Hepes
pH 7.0, 30% PEG 6000). The crystal was cryo-cooled at 100 K in absence of surrounding liquid [55].
A complete dataset was collected at the ESRF (Grenoble, France) beamline ID29. Data were processed
and scaled with MOSFLM [56], and SCALA [57]. The crystals belong to space group P212121 with
unit cell dimensions of a = 37.95 Å, b = 121.26 Å, c = 132.21 Å and three copies of the 2E7-gp41
peptide complex. The structure was solved by molecular replacement using PHASER [58] and the
VHH structure from Protein Data Bank (PDB) ID 3EZJ as a search model. An initial model was built
with ARP/wARP [59] and completed by several cycles of manual model building with Coot [60] and
refinement with Refmac [61] using data to 2.9 Å resolution. The final model contains 2E7 residues
1–120 and gp41 residues 582 to 596. The R and Rfree of the refined model are 19.5 and 24.6, respectively
with 99% of the residues in the allowed regions of a Ramachandran plot. Molecular graphics figures
were generated with PyMOL (W. Delano; http://www.pymol.org). Coordinates and structure factures
have been deposited in the Protein Data Bank with accessions code 5HM1 (2E7).
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4.9. SPR Analysis of 2E7 Binding to gp41int

The fusion intermediate conformation of gp41, gp41int was purified as described before [30].
Surface plasmon resonance (SPR) analysis was performed with a Biacore 3000 (GE Healthcare). As a
flow buffer 10 mM HEPES, 150 mM NaCl, pH 7.4 with 0.005% Tween-20 was used. Gp41int was
immobilized to ~1200 response units using 50 μg/mL protein in flow buffer on an activated CM-5
sensor chip (GE Healthcare: BR-1000-50) according to the manufacturer’s instructions. Specific binding
to the target protein was corrected for nonspecific binding to the deactivated control channel. The flow
rate was 50 μL/min. Regeneration of the sensor chip was achieved with 10mM HCl followed by 4 M
MgCl2 for 60 s at 60 μL/min. Data were analyzed with the BIA evaluation software version 4.1 and
globally fit to t a 1:1 Langmuir model double referenced by subtraction of the blank surface and a
blank injection.

5. Conclusions

Using various techniques we selected VHH against 4 different epitopes on HIV 1 gp140.
This enabled us to rationally design bi-specific VHH. We show that increased potencies and extended
breadths can be achieved by bi-specific VHH targeting two independent epitopes most likely on the
same trimer, thereby producing important synergistic effects. Due to the lower risk of development of
escape mutants and an improved efficacy, bi-specific anti-HIV-1 VHH may have great advantages over
monovalent VHH in preventing HIV-1 transmission, either in a topical microbicide or when expressed
from a gene therapy vector. Moreover, the lower production costs and higher stability of bi-specific
VHH, make them superior to conventional antibodies. Because of its breadth and potency, VHH J3
was tested against SHIVs in a macaque challenge study quite successfully (manuscript in preparation).

At present the mono- and bispecific VHH are tested on their capability to recognize and destroy
immune cells infected by HIV-1. Furthermore, an AAV based vector expressing VHH may provide
prevention against infection and additional effects might be achieved by adding human Fc fragments
to bi-specific VHH to suppress viremia, as was shown recently for the human antibody 3BNC117 [62].

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/8/2/38/s1,
Table S1: Summary of neutralization data.
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Abstract: Photodynamic therapy (PDT) is an approach that kills (cancer) cells by the local production
of toxic reactive oxygen species upon the local illumination of a photosensitizer (PS). The specificity
of PDT has been further enhanced by the development of a new water-soluble PS and by the specific
delivery of PS via conjugation to tumor-targeting antibodies. To improve tissue penetration and
shorten photosensitivity, we have recently introduced nanobodies, also known as VHH (variable
domains from the heavy chain of llama heavy chain antibodies), for targeted PDT of cancer cells
overexpressing the epidermal growth factor receptor (EGFR). Overexpression and activation of
another cancer-related receptor, the hepatocyte growth factor receptor (HGFR, c-Met or Met) is
also involved in the progression and metastasis of a large variety of malignancies. In this study
we evaluate whether anti-Met VHHs conjugated to PS can also serve as a biopharmaceutical for
targeted PDT. VHHs targeting the SEMA (semaphorin-like) subdomain of Met were provided with a
C-terminal tag that allowed both straightforward purification from yeast supernatant and directional
conjugation to the PS IRDye700DX using maleimide chemistry. The generated anti-Met VHH-PS
showed nanomolar binding affinity and, upon illumination, specifically killed MKN45 cells with
nanomolar potency. This study shows that Met can also serve as a membrane target for targeted PDT.

Keywords: targeted photodynamic therapy; hepatocyte growth factor receptor; HGFR; c-Met; Met;
nanobodies; VHH; photosensitizer

1. Introduction

Photodynamic therapy (PDT) is a type of cancer treatment in which tumor cells are killed by
reactive oxygen species, such as singlet oxygen, formed by the local and light-induced activation of a
photosensitizer (PS) [1]. By locally reacting with proteins, lipids, and nucleic acids, the reactive oxygen
species generated can induce cell death, vascular damage, and an inflammatory response [2]. It is for
this mode of action that PDT is used in clinic to treat malignancies. Unfortunately, the PSs generally
used in the clinic are relatively hydrophobic, are systemically applied, and are non-targeted. These
factors combined can result in off-target toxicity and long lasting photosensitivity [2,3]. Improved
strategies involve the development of more water-soluble PS, delivery of PS with nanocarriers and

Antibodies 2019, 8, 26; doi:10.3390/antib8020026 www.mdpi.com/journal/antibodies73



Antibodies 2019, 8, 26

photo-immunotherapy (PIT), among others [4–6]. PIT is one of the strategies of targeted PDT, in which
the PS is delivered selectively to tumors via conjugation to tumor-targeting antibodies.

In order to increase the efficacy of targeted PDT and reduce the period of photosensitivity, we
have recently introduced smaller PS conjugates with enhanced tumor penetration in combination
with reduced blood circulation time [7,8]. These smaller conjugates were generated by conjugating
a water-soluble PS to small antibody fragments originating from heavy chain antibodies found in
animals of the Camelidae family (i.e., nanobodies, single domain antibodies (sdAbs) or VHHs (variable
domain of the heavy chain from heavy chain-only antibodies)) [9]. Compared to commonly used
conventional antibodies of the IgG class, VHHs are 10 times smaller and consist of only a single domain
with in general only one, rarely two, disulfide bridges [10,11]. These features favor the selection and
production process and make VHHs very stable [11]. Also, because the C-terminus of a VHH is
located opposite to its epitope-binding loops (i.e., complementary determining regions), C-terminal
conjugation to effector molecules generally does not affect the binding properties [12–16].

Previously, we have described the nanobody-PS or VHH-PS conjugates specifically targeting the
epidermal growth factor receptor (EGFR), a receptor tyrosine kinase (RTK) that is found overexpressed
on a large variety of cancers, such as head and neck, lung, or colon cancer [17,18]. In vitro, upon
illumination, VHH-PS conjugates selectively killed EGFR-overexpressing tumor cells with nanomolar
IC50 values. In vivo, VHH-targeted PDT induced 80%–90% tumor necrosis, as measured 24 h
after illumination [7,8]. Another receptor tyrosine kinase, which is frequently overexpressed or
deregulated in a large number of carcinomas, sarcomas, hematopoietic malignancies, and other
neoplasms is the hepatocyte growth factor receptor (HGFR, c-Met or Met) [19,20]. Met is a 195 kDa
hetero-dimeric single-membrane spanning receptor tyrosine kinase that is activated by hepatocyte
growth factor (HGF, also known as scatter factor) [21]. The extracellular part of Met consists of
three subdomains: an N-terminal 7-bladed β-propeller-like SEMA (semaphorin-like) subdomain,
a PSI (plexin, semaphorin, integrin-like) subdomain, and four IPT (immune-globulin-like, plexins,
transcription factors) subdomains [22,23]. Blades 2–3 of the SEMA subdomain and IPT 3–4 interact
with its natural ligand HGF [24]. In a previous study, multiple VHHs targeting the extracellular part
of Met were developed (i.e., E9, F5, and G2) [25]. Of these VHHs, G2 was used to target cross-linked
albumin nanoparticles to Met-expressing cells [25]. By using the anti-Met VHH G2, the targeted
nanoparticles showed specific binding and uptake into Met-expressing cells.

In this study, we have characterized these Met-targeting VHHs further by assessing the
subdomains they bind to. Moreover, we have used the best of these VHHs for the specific delivery of
water-soluble PS to Met-expressing cells for targeted PDT. That VHH was extended with a C-terminal
C-Direct tag, allowing affinity purification from yeast supernatant and directional conjugation of the
PS to an unpaired cysteine using maleimide chemistry. Subsequently, binding of this conjugate to cells
and their ability to kill Met-expressing cells by PDT were evaluated.

2. Methods

2.1. Molecular Modeling

The molecular structure of G2c with the C-Direct tag was modeled with I-TASSER [26] and
visualized using the PyMOL Molecular Graphics System, Version 2.0 (Schrödinger, LLC, Cambridge,
USA). Nb10 from PDB ID 4DKA:A showed 85% homology to G2 and was taken as a reference [27].

2.2. VHH Production and Purification

Selection and characterization of VHH clones targeting Met have been described previously [25].
VHH protein for epitope mapping was obtained from production in E. coli TG1. For this, the VHH
genes were cloned into the pMEK222 vector for productions in E. coli, which provides the VHH with a
C-terminal FLAG-His tag. VHHs were produced and purified from E. coli TG1 using immobilized
metal-affinity chromatography (IMAC, Thermo Fisher Scientific, Waltham, MA, USA) as previously
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described [7,28]. For production in yeast, VHH genes were recloned in the pYQVQ11 vector for
VHH production in yeast, which provides the VHH with a C-terminal C-Direct tag containing a free
thiol (cysteine) and an EPEA (Glu, Pro, Glu, Ala) purification tag (C-tag, Thermo Fisher Scientific).
To improve production yields and facilitate purification from supernatant, C-Direct-tagged VHH were
produced in S. cerevisiae strain VWK18 as described previously [28–31]. VHHs were purified from the
yeast supernatant using an Äkta Start (GE Healthcare, Chicago, IL, USA), a Capture-Select affinity
chromatography column (Thermo Fisher Scientific) and size-exclusion chromatography (Thermo
Fisher Scientific) according to the manufacturer’s protocols. Purified VHH was filter sterilized and
stored in PBS (phosphate buffered saline).

2.3. Cell Culture

Met-overexpressing human gastric cancer cell line MKN45 (ACC-409) was obtained from the
Deutsche Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunschweig, Germany).
The human ovarian carcinoma cell line TOV112D (CRL-11731) was obtained from the American Tissue
Culture Collection (ATCC, LGC Standards GmbH, Wesel, Germany). TOV112D cells that stably express
Met (TOV + Met) were previously described [25]. These cell lines were cultured as previously described
in either DMEM (Dulbecco’s Modified Eagle Medium) (Thermo Fisher Scientific) for TOV112D cells
or RPMI 1640 (Thermo Fisher Scientific) for MKN45 cells [25]. HepG2 cells were obtained from
ATCC (LGC Standards GmbH) and were cultured in DMEM low-glucose (Thermo Fisher Scientific).
All media was supplemented with streptomycin, penicillin, l-glutamine, and FCS (fetal calf serum) as
described previously [25].

2.4. VHH Binding ELISA

Binding affinity and binding epitopes were determined by ELISA on the Met ectodomain.
The human Met, llama Met, llama/human chimeric Met ectodomains, and control antibody c224G11
were described previously [32]. Maxisorp 96-wells plates (Thermo Fisher Scientific) were coated
overnight with 100 μL of 2 μg/mL of ectodomain and subsequently blocked with 4% milk in PBS.
Bound c224G11 was detected with donkey-anti-mouseHRP (Bio-Rad, Hercules, CA, USA), and bound
VHH was detected using mouse-anti-FLAG (clone M2, Sigma-Aldrich, St. Louis, MO, USA) followed
by donkey-anti-rabbitHRP (Bio-Rad) with TMB Ultra as substrate (Thermo Fisher Scientific). Antibody
incubations were performed in 1% milk in PBS and for 1 h at room temperature. Absorbance was
measured using a Multiskan Go plate reader (Thermo Fisher Scientific). Binding of PS-conjugated
VHH was carried out in cells in binding medium (DMEM without phenol red, 50 mM HEPES pH
7.5, supplemented with 1% bovine serum albumin) for 2 h at 4 ◦C to prevent internalization. Bound
VHH-PS was detected using the Odyssey near-infrared scanner (LI-COR Biosciences, Lincoln, NE,
USA). Data was plotted and fitted for one-site-specific binding using Prism 7 software (GraphPad,
La Jolla, CA, USA).

2.5. Surface Plasmon Resonance (SPR)

Met ectodomain variants (human, llama and chimera LS1 and LS5) were amine-coupled on a
pre-activated G-COOH sensor chip (SensEye) with a Continuous Flow Microspotter (CFM, Wasatch
Microfluidics Inc., Salt Lake City, UT, USA) at pH 4.5 (50 mM Sodium acetate buffer, 0.005% Tween
20). Beforehand, the sensor chip was equilibrated in 50 mM MES (4-Morpholineethanesulfonic
acid) buffer pH 5.5, then activated with 400/100 mM EDC/NHS [1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide hydrochloride/N-Hydroxysuccinimide]. After ectodomain coupling, excess reactive
esters were deactivated with 100 mM ethanolamine pH 8. The amount of immobilized protein ranged
from 700 to 3000 response units (RU); 1 RU corresponds to approximately 1 pg of protein per mm2.
Surface plasmon resonance (SPR) experiments were performed at a constant temperature of 25 ◦C
on a MX96 (IBIS Technologies). G2 was flowed over the sensor chip as analyte at concentrations
ranging from 20 pM to 200 nM for 60 min in buffer containing 25 mM phosphate-buffered saline
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pH 8.0 and 0.005% Tween 20. After each injection, an 8 min dissociation time was set, followed by
a regeneration step of 30 s with 50 mM acetic acid buffer, pH 4.5. Calibration of sensor signals and
reference subtraction was evaluated with SprintX (IBIS Technologies, Enschede, The Netherlands),
and further analyses were performed in Scrubber 2 (BioLogic Software, Seyssinet-Pariset, France).
Association- and dissociation-rate constants (ka/kd) were determined by globally fitting the SPR data
to a 1:1 Langmuir binding model. The dissociation constant (KD) was calculated from the ka and
kd parameters. In addition, the KD was determined from the steady state analyte binding levels
(averaged between 40 and 60 min association time) plotted against concentration, and by fitting a
one-site saturation model.

2.6. Conjugation to PS

VHHs were site-directionally conjugated to the photosensitizer IRDye700DX–maleimide
(LI-COR Biosciences). First, the VHHs were incubated with an 2.75-fold molar excess of
TCEP (tris(2-carboxyethyl) phosphine hydrochloride) (VWR International, Radnor, PA, USA) to
reduce the C-terminal cysteine upon which the VHH were incubated with a four-fold molar
excess of IRDye700DX-maleimide for 16 h at 4 ◦C. Free label was removed by size-exclusion
chromatography using three consequent Zeba Desalting Columns (Thermo Fisher Scientific) according
to the manufacturer’s protocols. Degree of conjugation was determined using the Multiskan Go
spectrophotometer (Thermo Fisher Scientific), and the amount of free dye was determined after size
separation by SDS-PAGE (Bio-Rad) on the Odyssey scanner (Li-COR Biosciences). Afterwards, the
SDS-PAGE gel was stained with Page Blue (Thermo Fisher Scientific) to show total protein. For the
internalization assay, G2c was conjugated to HiLyte Fluor 647 (HL647)–maleimide (Eurogentec, Liege,
Belgium) according to the protocol described above.

2.7. Internalization Assay

MKN45 cells were seeded in eight-well chamber slides (Lab-Tek, Nunc, Thermo Fisher Scientific)
two days before the experiment. Cells were incubated with 1 μM G2-Alexa647 conjugate for 2 h
at 37 ◦C. Unbound conjugate was removed by washing three times with PBS. Cells were fixed in
4% PFA for 10 min at room temperate (RT). PFA-induced autofluorescence was quenched using
100 mM glycine in PBS (10 min, RT). Cells were washed with PBS and then incubated with DAPI
(4′,6-diamidino-2-phenylindole, 0.25 μg/mL, Thermo Scientific) for 10 min at RT. The slides were
mounted using SlowFade (Invitrogen) and pictures were taken with a LSM700 confocal microscope
using a 63× oil immersion objective (Carl Zeiss Microscopy, Jena, Germany). The images were analyzed
with ImageJ.

2.8. Photodynamic Therapy

Photodynamic therapy was performed similarly to the process previously described [7,8]. Cells
(24,000/well) were seeded in 96-well cell culture plates (Greiner) and allowed to adhere overnight.
Cells were then pulsed with VHH-PS in medium without phenol red for 2 h at 37 ◦C, after which
unbound VHH-PS was removed by washing the cells twice with 100 μL medium. Bound VHH-PS
was then detected using the Odyssey scanner and an EVOS fluorescence microscope (Thermo Fischer
Scientific). Cells were illuminated for 1 h using a 690 diode laser (Modulight, Tampere, Finland) with
a 5 mW/cm2 fluence rate for a total light dose of 18 J/cm2, then were incubated overnight at 37 ◦C
in the cell culture incubator. The next day, the cells were screened for viability. For this, cells were
incubated with calcein (Thermo Fisher Scientific) and propidium iodide (Thermo Fisher Scientific) to
stain live and dead cells, after which they were imaged on an EVOS fluorescence microscope. Cell
viability was quantified using the alamarBlue reagent (Thermo Fisher Scientific), which was quantified
using a FLUOstar Optima plate reader (BMG Labtech, Ortenberg, Germany). Data were plotted and
fitted using Prism 7 software (GraphPad, La Jolla, CA, USA).
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3. Results

Three previously selected VHHs recognizing the Met ectodomain were taken for further
characterization, i.e., E9, G2 and F5 [25]. These VHHs were recloned in an Escherichia coli production
vector, and binding to the human Met ectodomain was assessed with ELISA (Figure 1A–C). The two
VHH clones E9 and G2 bound to the human Met ectodomain with apparent binding affinities (KD)
of 7 ± 8 nM and 4 ± 3 nM, respectively. The KD value of F5 could not be determined properly, but
was estimated to be at least higher than 50 nM. To investigate which subdomain these VHHs bind to,
ELISAs on chimeric human/llama Met ectodomains were performed. In these chimeric constructs
(LS, llama SEMA), either the first 122 (LS1) or 473 (LS5) amino acids of human Met were replaced by
those of llama Met (Figure 1B) [32]. Integrity of these constructs was confirmed by the binding of the
anti-Met antibody c224G11 (ABT-700 or Telisotuzumab), which is directed against the first IPT region
(Figure 1C, left) [32–34]. c224G11 showed a similar binding affinity to both human Met and the two
chimeric mutants, whereas no binding of c224G11 to llama Met was observed. Because the VHHs were
raised in llama, no cross-reactivity of the VHHs with llama Met or parts of llama Met was expected.
The binding affinity and Bmax of all three VHHs was completely lost for LS5 and strongly reduced
on LS1, as compared to human Met, suggesting that the binding epitopes for all three VHHs involve
propeller blades 2–6 of the SEMA subdomain. Due to its high affinity for Met and the additional
characterization performed previously [25], G2 was selected as the lead clone for Met-targeted PDT.

In order to facilitate directional conjugation of photosensitizers to VHHs without affecting their
binding integrity, an additional cysteine was introduced to the C-terminus of G2 via incorporation
into the C-terminal C-Direct tag, thereby creating G2c (Figure 2A). Molecular modeling of G2c was
performed based on the published structure of a VHH with high homology (Nb10, PDB ID 4DKA:A,
C-score 0.13) [27]. This model showed that the unpaired cysteine in the C-Direct tag is located opposite
of the CDRs (complementarity determining regions) and close to its framework, which should allow
functionalization of VHHs without affecting their binding characteristics (Figure 2B). For higher yield
productions, G2c was produced in Saccharomyces cerevisiae and purified from supernatant using affinity
chromatography and size-exclusion chromatography.

We examined the propensity of G2c to interact with the four variants of the Met ectodomain
(human, llama, LS1 and LS5) using surface plasmon resonance (SPR). In agreement with the ELISA
data (Figure 1), the SPR experiments confirm that G2c interacts with both human Met and the LS1
variant but not with llama Met or the LS5 variant (Figure 3A), suggesting the involvement of propeller
blades 2–6 of the Met SEMA subdomain to be involved in the binding of G2c. The association constant
was four times lower towards LS1 compared with human Met (Figure 3B,C). Kinetic parameters
calculated at equilibrium conditions (Figure 3D) showed that the binding affinity of G2c for LS1 is
lower as compared with its affinity to human Met (KD of 2.3 ± 0.1 nM for human Met and 4.7 ± 0.5 nM
for LS1, n = 3). In conclusion, addition of a cysteine residue to the C-terminal region of G2 did not
affect binding affinity to human Met nor did it affect domain specificity.

Subsequently, the free thiol in G2c was conjugated to the water-soluble PS IRDye700DX using
maleimide chemistry, resulting in a degree of conjugation of ~1, as determined spectrophotometrically.
However, because ~40% of the signal in the solution was still free PS (Figure 4A), a degree of
conjugation of ~0.6 would be a more realistic estimation. Because of the hydrophilic nature of
IRDye700DX and the lack of toxicity observed for free PS in our previous study [7], we decided to
continue with the conjugated G2c-PS. Conjugation of PS to G2c only mildly affected its apparent
binding affinity for Met, as determined by ELISA (with apparent affinity values of 2.2 ± 0.2 nM
for G2, 1.8 ± 0.1 nM for G2c, and 5.9 ± 0.3 nM for G2c-PS, Figure 4B). In addition, G2c-PS was
also still able to bind to the Met-overexpressing MKN45 cells (Figure 5A). No binding of G2c was
detected on Met-negative TOV112D cells. For the in vitro PDT experiments, cells were pulsed with a
concentration range of G2c-PS for 2 h at 37 ◦C, a pulse duration that reflects the circulation of VHHs
in blood and the time required for tumor uptake of fluorescently labeled VHHs [35]. Besides acting
as a PS via the production of reactive oxygen species, IRDye700DX is also a fluorophore and can
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therefore be used for detecting binding of the conjugate to cells. During the pulse, G2c-PS was able to
associate with Met-expressing MKN45 cells with half-max signals being obtained at concentrations
comparable to the binding affinity of the VHH for the Met ectodomain (Figure 5B). Little association of
G2c-PS was observed for the Met-negative TOV112D cells. Uptake of G2c-PS by MKN45 cells was
initially suggested in wide-field microscopy images (Figure 5C), which was confirmed by confocal
microscopy imaging (Figure 5D). Exposure of MKN45 cells to different concentrations of G2c-PS,
combined with illumination, resulted in ~0% cell viability at nanomolar concentrations (Figure 6A).
This was also confirmed by fluorescence microscopy, in which almost all cells that were pulsed with
G2c-PS and subsequently illuminated showed an uptake of propidium iodide and an absence of calcein
staining (Figure 6B). We subsequently assessed the ability of G2c-PS to induce cell death of two other
Met-expressing cell lines. Although showing lower EC50 values compared with MKN45 cells, G2c-PS
could reduce the viability of the previously described TOV + Met cell line and the liver hepatocellular
carcinoma cell line HepG2 in a dose-dependent manner (Figure 6C).

Figure 1. Selected VHHs (variable domains from the heavy chain of llama heavy chain antibodies)
recognize SEMA (semaphorin-like) subdomain on human Met ectodomain. (A) Met ectodomain
consisting of a large SEMA subdomain (a cleaved seven-bladed propeller alpha and beta subunit),
a PSI (plexin, semaphorin, integrin-like) subdomain, and four IPT (immune-globulin-like, plexins,
transcription factors) subdomains. HGF (hepatocyte growth factor) binds with low affinity to the
SEMA subdomain and with high affinity to the IPT subdomains. (B) Schematic representation of
human (blue) and llama (white) Met and the two chimeric Met variants LS1 and LS5 (llama SEMA) in
which either the first 122 or 473 amino acids of the human Met were replaced with those from llama.
(C) Representative figure of binding of either the conventional control antibody c224G11 or the VHHs
E9, G2, or F5 to the four Met variants in ELISA (n = 2).
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Figure 2. Production of G2 with a C-terminal tag containing a free thiol (G2c) and conjugation to PS.
(A) Schematic representation of the anti-Met VHH G2, expressed as a FLAG-His tagged protein (top)
and G2c carrying an additional cysteine in its C-terminal C-Direct tag. The molecular weights of the
proteins are indicated, as well as the expression vector and production organism used. LS, pelB leader
sequence. SS, Suc2 secretion sequence. (B) Predicted model of G2c in which the C-terminal tag (purple)
containing the unpaired cysteine and the EPEA (Glu, Pro, Glu, Ala) affinity tag is indicated with red
arrows. CDRs (complementarity determining regions) are located on the opposing end of the VHH.
The model was based on the structure of Nb10 (85% amino acid sequence homology with QME-G2) as
published by Park et al. (PDB ID 4DKA:A, C-score 0.13) [27].

Figure 3. Binding analysis of G2c on Met using surface plasmon resonance (SPR). (A) Binding of G2c
to wild-type human Met ectodomain and the LS1 llama/human chimera, but not the llama or the LS5
chimeric Met ectodomain proteins. (B,C) Representative SPR sensorgrams of the association phase and
dissociation phase (8 min) (starting at arrow) of G2c binding to human Met (B) and LS1 chimera (C).
Kinetic fitting is shown in orange. (D) Equilibrium-binding plot of G2c to human Met and LS1 chimeric
variant. RU refers to response units. Kinetic parameters and equilibrium dissociation constants are the
average ± SD of three independent measurements.

Figure 4. Conjugation of G2c to photosensitizer IRDye700DX. (A left) Reducing SDS-PAGE gel showing
purified G2 from Escherichia coli, G2c from Saccharomyces cerevisiae, and G2c-PS. Size-separated proteins
were stained with PageBlue stain. (A right) G2c-PS and free PS in the gel shown on the left, as detected
with an Odyssey scanner before the PageBlue stain. (B) Binding of G2, G2c, and G2c-PS to Met
ectodomain in ELISA (representative figure, mean ± SD).
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Figure 5. Met-targeting G2c-PS conjugates associate with Met-overexpressing MKN45 cells. (A) Binding
of G2c-PS to MKN45 cells and not to TOV112D cells. Cells were incubated with 50 nM G2c-PS for
2 h on ice and PS fluorescence was detected with an Odyssey infrared scanner. Mean ± SD of n = 2
is shown. (B) Increased cell association of G2c-PS with MKN45 cells with increasing concentrations.
MKN45 and TOV112D cells were pulsed with G2c-PS for 2 h at 37 ◦C. PS fluorescence was detected
with an Odyssey infrared scanner. Mean ± SD of n = 3 is shown. (C) Association of G2c-PS in MKN45
cells. Cells were pulsed for 2 h with 1 μM of G2c-PS and imaged by wide-field fluorescent microscopy.
(D) Uptake of G2c-HL647 in MKN45 cells. Cells were pulsed for 2 h with 1 μM of G2c-HL647 (red) and
imaged by confocal laser scanning microscopy.

Figure 6. Met-targeting G2c-PS induce cell death of Met-expressing cells upon activation by
illumination. (A) Selective killing of Met-overexpressing MKN45 tumor cells and not of Met-negative
TOV112D cells by G2c-targeted PDT. Cells were pulsed for 2 h at 37 ◦C and subsequently illuminated
to activate the PS. Cell viability was assessed one day later. Mean ± SD of n = 3 is shown. (B) Phase
contrast and fluorescence microscopy (EVXOS) of PDT-treated MKN45 cells showing G2c-PS (blue in
merge, visible as magenta (red + blue)), live cells (calcein, green), and dead cells (propidium iodide,
red). (C) Induction of cell death of Met-expressing TOV + Met and HepG2 cells by G2c-PS upon a 2 h
pulse followed by PS activation via illumination. Representative plot of n = 2.

4. Discussion

PDT is a valuable method for inducing local cell death of malignant cells by the local activation of
PS. Unfortunately, clinically employed PS are administered systemically, are relatively hydrophobic,
and passively accumulate in the tumor as a result of their hydrophobicity in combination with the
enhanced permeability and retention (EPR) effect [36,37]. This results in a sub-optimal tumor uptake
of PS, off-target toxicity, and long photosensitivity [38]. To enhance the specific tumor uptake of
photosensitizers, PS-delivering nanocarriers have been developed and water-soluble PSs have been
conjugated to tumor-specific peptides and antibodies (the latter is also known as photo-immunotherapy,
or PIT) [39–41]. Because the extent of damage caused by PDT is correlated to the amount of PS
delivered, ideal targets for these approaches are highly expressed on tumor cells and preferably in a
homogeneous fashion throughout the solid tumor mass. Examples of tumor targets are the typical
tumor-related receptors EGFR [42,43] and HER2 [44], although the interleukin-2 receptor [43] and
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carcinoembryonic antigen have also been used as valuable tumor biomarkers [45–47]. In some types
of cancers (e.g., non-small cell lung cancer, or colorectal cancer), treatment with anti-EGFR therapy
has resulted in the intratumoral clonal selection of therapy-resistant cells [48]. This can be the result
of activating mutations of signaling proteins from the EGFR signaling pathways, such as KRAS.
Alternatively, other receptor tyrosine kinases (RTK) can become activated and, in most of these cases,
upregulation of the Met receptor tyrosine kinase is regarded as one of the main mechanisms for this
type of resistance [49–52]. (The Met RTK is also considered a good tumor target, and therapeutic
anti-Met antibodies have been developed [32,34,53].) In order to expand possible therapeutic strategies
for certain cancers, we here evaluated whether Met could also serve as a target for targeted PDT.

Targeted PDT using antibodies as targeting agents (i.e., PIT) is currently being clinically evaluated
for the treatment of recurrent head and neck cancer (ClinicalTrials.gov: NCT02422979). These results
are eagerly awaited, as these are the first tests in patients and thus could significantly advance the
field of targeted PDT. Nevertheless, we consider further improvements a necessity, and in the current
study we have employed nanobodies or VHHs as targeting agents. Conventional antibodies of the
IgG-type are large, dimeric molecules, typically designed for extended blood circulation. These
characteristics may lead to slow tumor penetration/accumulation, poor tumor to normal tissue ratios,
and long photosensitivity [54]. Reduction of the duration of photosensitivity might be achieved by the
rapid tumor accumulation and subsequent rapid clearance of PS from the body. Antibody fragments
smaller than IgG like Fabs, scFvs, or VHH/nanobodies have these properties without compromising
their affinity for their tumor biomarkers [55]. As we have described before, VHHs in particular are
characterized by rapid tumor accumulation and rapid blood clearance, combined with the ability to
bind targets with high affinity [16,35]. Another argument for using VHHs over conventional antibody
fragments might be the short distance between the conjugated PS and the paratope on the target
(~4 nm). Because the reactive oxygen species generated by PS are short lived (<40 ns) and may travel
only a short distance (<20 nm), the delivery of the PS close to the cell membrane or to vital cell
organelles might favor its potency [56,57]. For that same reason, it would be of interest to assess the
potency of Met-targeting PS conjugates recognizing epitopes closer to the membrane than the SEMA
subdomain, such as the PSI or IPT subdomains [23]. This would require new PSI- or IPT-specific VHHs.

By using chimeric constructs consisting of different human and Llama Met fragments, we were
able to show that all three Met-targeting VHHs used in this study bind to the SEMA subdomain of
the Met ectodomain. The best SEMA binder (i.e., G2) was provided with a C-terminal tag containing
an unpaired cysteine to allow conjugation to the PS using maleimide chemistry. The addition of this
thiol-containing C-Direct tag did not affect the binding characteristics of the VHH, which is in line
with previous studies of C-terminal-labeled VHHs via an unpaired cysteine [14–16]. Multiple methods
have been described to site-directional functionalize antibody fragments [15,58]. In our experience,
incorporation of an unpaired cysteine in the C-terminal tag allowed the straightforward production,
purification, and conjugation to commercially available tracers with the use of a single tag [15,16,59].

The binding affinity of G2c for Met was determined on purified ectodomains using two different
technologies: ELISA and SPR. In these experiments, the apparent binding affinity of G2c in ELISA was
comparable (low nanomolar range) to the KD values determined under equilibrium by SPR. The SPR
analysis does, however, allow the determination of association and dissociation rate constants, which
provided additional information on the binding kinetics of G2c on wild-type and chimeric Met proteins.
Moreover, similar affinities for G2 were found for binding to Met-expressing cells [25], indicating that
cellular components do not influence VHH binding.

Application of the anti-Met conjugate G2c-PS in in vitro PDT resulted in the efficient and specific
killing of the Met-overexpressing MKN45 cells and the Met-expressing TOV + Met and HepG2 cells,
while the Met negative cell line TOV112D remained undisturbed. The observation that the treated cells
could be stained with propidium iodide suggests that cells could have died through necrosis. Further
studies would be needed to determine the exact mechanism of cell death. The potency of G2c-PS
in killing MKN45 cells was in the nanomolar range. In the two other cell lines, the Met-expressing
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HepG2 tumor cells and the TOV112D cells stably expressing Met (TOV + Met), the observed potencies
were lower. These differences in potencies might be related to the relative Met expression levels of
these cells. MKN45 is a highly Met-overexpressing cell line due to genomic amplification of the Met
gene [60]. It would be interesting to assess the potencies and efficacies of Met-targeted PDT on a
wider range of Met-expressing tumor cells types. As a consequence of the high expression in MKN45
cells, the receptor is constitutively auto-active and internalized, allowing uptake and intracellular
accumulation of the Met-targeted PS [61]. This is in line with what we have observed for G2c-PS and
G2c-HL647. As the subcellular localization of PS can influence the mechanism of cell death and the
overall potency of the PDT, as suggested in our previous study with different formats of EGFR-targeted
VHHs [62], it would be interesting to determine the contribution of PS uptake in the observed effects.
The potency and efficacy of the VHH-PS conjugates could be further enhanced by employing a mixture
of these Met-targeting conjugates with the previously developed EGFR-targeting ones. This could also
affect a larger population of tumor cells, including cells that upregulate Met expression as a resistance
mechanism against anti-EGFR therapy, and could be an advantage in tumors with heterogeneously
expressed markers such as EGFR and Met. [24,51].

In conclusion, this study has demonstrated that targeting Met using site-directionally conjugated
VHH-PS has the ability to specifically kill Met-overexpressing tumor cells. Follow up studies should
evaluate the potency of this approach in more relevant models (in vivo). Taken together, Met-targeted
PDT might serve as an alternative or complementary approach for combating cancer.
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Abstract: In this report, we used hydrogen exchange-mass spectrometry (HX-MS) to identify
the epitopes recognized by 21 single-domain camelid antibodies (VHHs) directed against the
ribosome-inactivating subunit (RTA) of ricin toxin, a biothreat agent of concern to military and public
health authorities. The VHHs, which derive from 11 different B-cell lineages, were binned together
based on competition ELISAs with IB2, a monoclonal antibody that defines a toxin-neutralizing
hotspot (“cluster 3”) located in close proximity to RTA’s active site. HX-MS analysis revealed that
the 21 VHHs recognized four distinct epitope subclusters (3.1–3.4). Sixteen of the 21 VHHs grouped
within subcluster 3.1 and engage RTA α-helices C and G. Three VHHs grouped within subcluster
3.2, encompassing α-helices C and G, plus α-helix B. The single VHH in subcluster 3.3 engaged RTA
α-helices B and G, while the epitope of the sole VHH defining subcluster 3.4 encompassed α-helices
C and E, and β-strand h. Modeling these epitopes on the surface of RTA predicts that the 20 VHHs
within subclusters 3.1–3.3 physically occlude RTA’s active site cleft, while the single antibody in
subcluster 3.4 associates on the active site’s upper rim.

Keywords: toxin; antibody; camelid; vaccine; biodefense; hydrogen exchange-mass spectrometry

1. Introduction

Ricin is a member of the ribosome-inactivating protein (RIP) family of toxins and classified as
a biothreat agent due to its high potential to induce morbidity and mortality after inhalation [1–3].
The toxin is a ~65 kDa heterodimeric glycoprotein from the castor bean plant (Ricinus communis)
consisting of a binding subunit (RTB) and an enzymatic subunit (RTA). RTB is a galactose/N-acetyl
galactosamine (Gal/GalNAc)-specific lectin that promotes toxin attachment and entry into mammalian
cells [4]. RTA is an RNA N-glycosidase (EC 3.2.2.22) that depurinates a conserved adenosine within
the sarcin-ricin loop (SRL) of 28S rRNA, thereby stalling ribosome translocation [5,6]. At the structural
level, RTA is a globular protein with a total of 10 β-strands (A–J) and seven α-helices (A–G). RTA folds
into three distinct domains: domain 1 (residues 1–117) is dominated by a six-stranded β-sheet, domain
2 (residues 118–210), by five α-helices, and domain 3 (residues 211–267), which interfaces with RTB
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through hydrophobic interactions and a single disulfide bond [7,8]. RTA’s active site constitutes
a shallow pocket formed at the interface of the three domains [8,9]. Active site residues include Tyr80,
Tyr123, Glu177, Arg180, and Trp211 (Figure 1A) [10].

 

Figure 1. Structure of enzymatic subunit (RTA) with active site residues and IB2’s epitope highlighted.
(A) The residues that constitute the RTA’s active site are in α-helices C, G and E, and a loop between
β-strands e and f. The following residues are colored: Tyr80 (green); Tyr123 (red); Glu 177 (blue); Arg
180 (cyan) Trp211 (orange). (B) IB2’s epitope on RiVax adapted from previous publication [11]. The
color shading corresponds to strong (deep blue) and intermediate (light blue) protection. No significant
interaction is colored gray.

Inhalation of ricin results in severe lung inflammation characterized by an influx of neutrophils,
alveolar edema, and hemorrhage, presumably initiated by the intoxication of alveolar macrophages
and lung epithelial cells [1,12,13]. Non-human primates (NHPs) exposed to ricin by aerosol succumb
to the effects of the toxin within 24–52 h [12,14]. At the present time, medical intervention following
ricin exposure is strictly supportive [15]. However, vaccination strategies have shown great promise in
affording complete or near complete protection against ricin intoxicosis in mice and NHPs [16].
For example, intramuscular administration of RiVax, a non-toxic thermostabilized recombinant
RTA-based subunit vaccine adjuvanted with aluminum salts, to Rhesus macaques was sufficient to
confer immunity to a lethal dose (LD) ricin challenge delivered by aerosol [14]. In vivo neutralization
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of ricin toxin following vaccination is associated with onset of anti-RTA IgG antibodies in serum and
bronchoalveolar lavage (BAL) fluid [13,14,17].

Monoclonal (mAb) and polyclonal (pAb) antibody responses in mice, rabbits, and NHPs elicited
by RiVax vaccination are directed against four spatially distinct immunodominant regions on RTA,
which we refer to as epitope clusters 1–4 [11,18–23]. A combination of competition ELISAs, X-ray
crystallography, and hydrogen exchange-mass spectrometry (HX-MS) has revealed key secondary
elements associated with each cluster. Cluster 1 encompasses RTA’s β-strand h (residues 113–117) and
α-helix B (94–107), a protruding immunodominant secondary structure element previously known
to be a target of potent toxin-neutralizing antibodies [24]. Cluster 2 consists of two subclusters: one
involving α-helix A (14–24) and α-helices F–G (184–207) and the other encompassing β-strands d-e
(62–69) and parts of α-helices D–E (154–164). Cluster 3 involves α-helices C (121–135) and G (207–217)
near RTA’s active site, while Cluster 4 is proposed to form a diagonal sash from the front to back
of RTA spanning β-strands b, c, and d (35–59). Our long-term goal is to generate a comprehensive
molecular B-cell epitope map of each of these clusters and define the specific antibody-contact points
on RTA that render the toxin inactive. Such information will be invaluable in efforts to deconvolute
the complex human antibody response profile to ricin toxin and RiVax [25].

While much has been learned about clusters 1 and 2 over recent years, comparatively little is
known about cluster 3, as it is defined by only a single mAb called IB2 [11]. IB2 was first identified
as a toxin-neutralizing mouse mAb that, in competition ELISAs, proved to be distinct from other
mAbs in our collection at the time [18,26]. IB2 can passively protect mice against a 5 × LD50 ricin
challenge by injection, indicating it has neutralizing activity in vivo, and must, by definition, interact
with an important element on ricin toxin. As noted above, we recently demonstrated by HX-MS
analysis that IB2 recognizes an epitope involving RTA’s α-helix C (residues 121–135) and α-helix G
(residues 207–217), which is not only in close proximity to RTA’s active site but includes two active
site residues, Tyr123 and Trp211 (Figure 1B). However, efforts to interrogate cluster 3 in more detail
have been hindered by the absence other cluster 3-specific mAbs. Indeed, recent screens of B-cell
hybridomas derived from RiVax and ricin toxoid immunized mice failed to identify additional cluster
3 antibodies [27].

Whereas isolation of additional IB2-like mouse mAbs has not been fruitful, we did recently
identify 21 unique heavy chain-only single-domain camelid antibodies (VHHs) that are competed by
IB2 for binding to ricin toxin (D. Vance, C. Shoemaker, N. Mantis, manuscript in preparation) [23].
We wished to characterize these VHHs in detail with respect to their binding affinities, epitopes,
and capacities to neutralize ricin. In this report, we localized by HX-MS the epitopes of all 21 of
these VHHs. We found that the 21 VHHs fall within one of four distinct but overlapping subclusters
(3.1–3.4) that share at least one secondary element contacted by IB2. Only two of the 21 VHHs, V6D4
and V1D3, have appreciable toxin-neutralizing activity (TNA), which we speculate is due to their
epitope specificity along with strong binding affinity to toxin. This work furthers our overall goal of
constructing a complete B-cell epitope map of ricin toxin.

2. Materials and Methods

2.1. RiVax and VHH Production

RiVax was expressed and purified from E. coli, as described [28]. Please note that RiVax differs
from native RTA at two positions, which render the enzyme inactive: there is an Ala at position
80 substituted for Tyr, and a Met at position 76 in place of Val [29]. RiVax also lacks high mannose
residues normally found on RTA, due to the fact that RiVax is expressed in E. coli. In addition, the RiVax
used here has the addition of an Ala at the N-terminus, which we denoted as residue 0 for simplicity.
VHHs were expressed in E. coli as either thioredoxin- and E-tagged constructs or tag-free variants [22].
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2.2. Competition ELISA

NUNC microtiter plates (Fisher Scientific, Hampton, NH) were coated with competitor mAbs
(1 μg/mL in Phosphate Buffered Saline (PBS)) overnight at 4 ◦C and then blocked for 2 h with 2%
goat serum (Gibco, Gaithersburg, MD, USA) in 0.1% PBST. Ricin (1 μg/mL) (Vector Labs, Burlingame,
CA, USA) was then captured by the mAbs and probed with VHH analytes at 330 nM. Bound VHHs
were detected with an anti-E-tag-HRP secondary antibody (Bethyl Labs, Montgomery, TX, USA) and
developed with SureBlue 3,3′,5,5′-tetramethylbenzidine (TMB) substrate (SeraCare, Milford, MA, USA).
After quenching with 1 M phosphoric acid (Sigma Aldrich, Carlsbad, CA, USA), absorbance was read
at 450 nm on a VersaMax microplate reader (Molecular Devices, Sunnyvale, CA, USA). % inhibition
was calculated by comparing absorbance of captured VHHs on each mAb-ricin complex with that of
the absorbance of each VHH captured onto SylH3-ricin, where SylH3 is an anti-RTB mAb that does not
interfere with the binding of any VHHs to RTA’s cluster 3.

2.3. Vero Cell Cytotoxicity Assay

Vero cells were detached from culture dishes with trypsin (Gibco), seeded into white 96-well cell
culture treated plates (Fisher Scientific) (100 uL per well, 5 × 104 cells/mL) and allowed to adhere
overnight. The cells were then treated with Dulbecco’s Modified Eagle Medium (DMEM) alone, ricin
alone (10 ng/mL), or a mixture of ricin with VHHs at five-fold dilutions. After 2 h at 37 ◦C, the culture
medium was changed, and the cells were incubated at 37 ◦C for ~48 h. Viability was assessed using
CellTiter-GLO (Promega, Madison, WI, USA). All treatments were performed in triplicate and repeated
at least three times.

2.4. Affinity Determinations

VHH association and dissociation rates were determined by SPR using a ProteOn XPR36 system
(Bio-Rad Inc., Hercules, CA, USA). Ricin was immobilized on a general layer compact (GLC) chip
(Bio-Rad Inc.) equilibrated in PBS-0.005% Tween running buffer at a flow rate of 30 μL/min. Following
EDAC [N-ethyl-N=-(3-dimethylaminopropyl) carbodiimide hydrochloride] (200 mM)–sulfo-NHS
(N-hydroxysulfosuccinimide) (50 mM) activation (3 min), ricin was diluted in 10 mM sodium acetate
(pH 5.0) at either 4 μg/mL or 2 μg/mL and coupled for 2 min. A third vertical channel received
only acetate buffer and served as a reference channel. The surfaces were deactivated using 1 M
ethanolamine for 5 min. A ProteOn array system multichannel module (MCM) was rotated to the
horizontal orientation for affinity determination experiments. Each VHH was serially diluted in
running buffer and then injected at 50 μL/min for 180 s, followed by 1 to 3 h of dissociation. After each
experiment, the chip was regenerated with 10 mM glycine (pH 1.5) at 100 μL/min for 18 s, until the
response unit (RU) values had returned to baseline. All kinetic experiments were performed at 25 ◦C.
Kinetic constants for the antibody/ricin interactions were obtained with ProteOn Manager software
3.1.0 (Bio-Rad Inc.) using the Langmuir fit model.

2.5. HX-MS

HX-MS experiments for epitope mapping were conducted essentially as described previously [11].
Briefly, a H/DX PAL™ robotic system (LEAP Technologies, Morrisville, NC, USA) was used for sample
preparation, mixing and injection. For the free RiVax, 4 μL of 20 μM RiVax stock solution was incubated
with 36 μL of deuterated buffer (10 mM sodium phosphate, 150 mM sodium chloride, pD 7.4). For the
bound states, the stock solution had a final concentration of 20 μM RiVax and 40 μM VHH resulting
in 1:2 molar ratio of RiVax:VHH. Four μL of the stock was incubated with 36 μL of deuterated buffer.
Samples were incubated at 25 ◦C for five HX times between 13 s and 24 h and subsequently quenched
using 200 mM phosphate-4 M guanidine hydrochloride solution (pH 2.5) held at 0 ◦C. The quenched
samples were then injected onto an immobilized pepsin column where proteolysis occurs overlapping
peptides from RiVax. The peptides were desalted using a C18 trap and separated using a segmented
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gradient with water/acetonitrile/0.1% formic acid on a C18 column (Zorbax 300SB-C18 2.1 × 50 mm,
1.8 μm particle diameter, Agilent, Santa Clara, CA, USA). The entire liquid chromatography system
(immobilized pepsin column, C18 trap and a C18 RP-UHPLC column) was kept in a refrigerated
cabinet that is maintained at 0 ◦C to minimize back exchange. Nevertheless, the first two residues in
a peptide generally undergo rapid back exchange [30]. RiVax peptides were analyzed by an QTOF
mass analyzer (model 6530, Agilent Technologies, Santa Clara, CA, USA) for their increase in mass i.e.,
for deuterium uptake. All HX-MS measurements were based on triplicate independent HX reactions
of each labeling time.

2.6. Data Analysis

The HX-MS data processing was carried out using HDExaminer (version 2.3, Sierra Analytics,
Modesto, CA, USA). A total of 138 peptides (Table S1) that cover the entire sequence of RiVax were
analyzed. For each peptide, the magnitude of protection from each HX time was averaged and
normalized to its peptide length to obtain a ΔHX value, ΔHX = HXbound − HXbound, as described
previously [11]. The propagated standard error in delta HX was estimated as described in [31].
The magnitudes of delta HX values of overlapping peptides that span the entire RiVax are then
classified using K-means clustering into three categories and were colored as follows: strong protection,
intermediate protection, no significant protection. For visualization, the HX-MS results were mapped
onto the crystal structure of RiVax (PDB: 3SRP) [32] using PyMoL (The PyMOL Molecular Graphics
System; Schrodinger LLC, San Diego, CA, USA). For better visualization purpose, only overlapping
peptides that fall in strong and intermediate protection category are colored.

3. Results

3.1. Identification and Characterization of Cluster 3 VHHs

Using a variety of screening strategies that are described in detail in separate manuscripts (D.
Vance, J. Tremblay, C. Shoemaker, N. Mantis, manuscript in preparation) [23], we identified from
different phage-displayed alpaca single chain libraries a total of 21 VHHs whose binding to ricin
toxin was partially or completely inhibited by IB2 in a capture ELISA (Figure 2). The competitive
ELISA was designed such that IB2 was immobilized on microtiter plates and then allowed to capture
ricin in solution. The plates were washed to remove unbound ricin and then probed with query
VHHs, as described in the figure legend and Materials and Methods. The DNA sequences and mAb
competition profiles of ten of the VHHs were reported in a recent study, although only two (JNM-D1
and V1B11) HX-MS epitopes were described [23].

To further differentiate among the 21 VHHs, they were subjected to a more comprehensive
competition array using a panel of nine additional RTA-specific mAbs representing cluster 1 (PB10,
WECB2), cluster 1–2 (SWB1), cluster 2 (PH12, TB12, PA1, SyH7), and cluster IV (JD4, GD12) [11].
The competition ELISA revealed a wide range of profiles (Figure 2), indicating the 21 VHHs, as a whole,
represent a diversity of epitopes on RTA. Indeed, the predicted CDR3 amino acid sequences of the
21 VHHs suggest they represent at least 11 different B-cell lineages: five unique VHHs and 16 others
that fell into one of six sequence families (Table 1; Figure S1).
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Table 1. VHH Families based on CDR3 similarity.

Family Members

V1D3 * JIV-F6, V1B10
V2A11 V6H8
V2G10 V1G6
V6D8 V6F12
V6A6 V6A7, V6G10, V8C7, V8E6

V6D4 * V6B4

*, indicates VHHs with toxin-neutralizing activity; The following VHHs were not assigned to a family: JNM-A11,
JNM-D1, V1B11, V5A2, V7H7.

The binding kinetics of each VHH for ricin holotoxin was determined by surface plasmon
resonance (SPR). Twelve of the 21 VHHs had dissociation constants (Kd) of greater than 1 nM, while
the remaining nine had dissociation constants ranging from 0.2–1 nM (Table 2; Figure S2). The VHHs
were also tested for ricin TNA in a Vero cell assay. Only two VHHs, V6D4 (IC50, 200 nM) and V1D3
(IC50, 80 nM), had demonstrable TNA (Figure S3). Neutralizing activity was not solely a function
of binding affinity, as several VHHs with KDs comparable to V6D4 and V1D3 lacked detectable
neutralizing activity. For that reason, we sought to localize the epitopes on RTA recognized by each
of the 21 VHHs with the expectation that such information would offer insight into the basis of
toxin-neutralizing activity.

Table 2. Cluster 3 VHH TNA and Binding Affinities.

VHH Subcluster IC50 (nM) KD
a (nM) kon

b koff
c

V1D3 3.1 80 0.460 3.15 × 105 1.45 × 10−4

V8C7 - 0.597 1.58 × 105 9.40 × 10−5

V6B4 - 0.652 1.70 × 105 1.11 × 10−4

V8E6 - 0.830 1.26 × 105 1.04 × 10−4

V1B10 - 0.917 8.29 × 104 7.60 × 10−5

V6A6 - 0.996 5.06 × 105 5.04 × 10−4

V6H8 - 1.150 6.63 × 104 7.66 × 10−5

V2G10 - 1.160 8.48 × 104 9.84 × 10−5

JNM-D1 - 1.190 1.80 × 105 2.15 × 10−4

V6G10 - 1.270 1.77 × 105 2.24 × 10−4

V5A2 - 1.460 2.15 × 105 3.14 × 10−4

V6A7 - 1.760 7.70 × 104 1.36 × 10−4

V2A11 - 1.820 2.97 × 104 5.41 × 10−5

JIV-F6 - 1.860 1.94 × 105 3.61 × 10−4

V1G6 - 5.340 3.05 × 104 1.63 × 10−4

V1B11 - 8.840 2.76 × 104 2.44 × 10−4

V7H7 3.2 - 0.507 1.65 × 105 8.36 × 10−5

V6D8 - 1.130 2.14 × 105 2.41 × 10−4

V6F12 - 1.210 1.80 × 105 2.17 × 10−4

V6D4 3.3 200 0.222 1.44 × 105 3.21 × 10−5

JNM-A11 3.4 - 0.212 4.20 × 105 8.91 × 10−5

a, determined by SPR with Langmuir fit model; b, 1/Ms; c, 1/s.

3.2. VHH Epitope Mapping by HX-MS

We have previously used HX-MS to localize more than two dozen VHH and mAb epitopes on RTA
or on RiVax, an attenuated recombinant RTA subunit vaccine antigen with point mutations at positions
V76 and Y80 [11,23,27,31,33]. We used RiVax in place of RTA because it is non-toxic to humans and
therefore poses no hazard to research staff. RiVax also assumes a tertiary structure essentially identical
to RTA [32]. Therefore, HX-MS was performed with RiVax in the presence of two-fold molar excess
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of each of the cluster 3 VHHs at five exchange times between 13 s and 24 h. Epitope assignment
was based on reduced (slower) HX exchange for peptides in the presence of a VHH, as compared
to RiVax alone. For example, in the presence of V6B4, the HX rate in the peptide corresponding
to RiVax residues 57–60 was unaltered, whereas there was much slower exchange observed for the
peptide corresponding to residues 206–218 (Figure 3). While reduced hydrogen exchange is generally
attributed to direct antibody-protein interaction, we cannot necessarily exclude possible allosteric
effects that may occur upon antibody engagement, especially when reduced exchange is observed at a
distance not consistent with being part of a core epitope [11].

Figure 3. Hydrogen exchange (HX) kinetics of two representative RiVax peptides in presence of V6B4.
Hydrogen deuterium exchange kinetics of two representative RiVax peptides in presence of V6B4.
(A) Peptide 14 (56–59), where the HX rate was not affected by association with V6B4. (B) Peptide 94
(205–217) where the rate of HX was substantially slowed by V6B4. Significance limit for HX differences
was defined as described in the Experimental section.

3.3. Identification of Epitope Subclusters

The results of epitope mapping studies revealed that the Cluster 3 VHHs grouped within four
subclusters, referred to as 3.1–3.4 (Table 3; Table S2;). Subcluster 3.1 involves contact with RiVax
α-helices C and G, a profile very similar to mAb IB2. Subcluster 3.2 encompasses α-helices B, C and G,
while subcluster 3.3 covers α-helices B and G, but not α-helix C. Finally, subcluster 3.4 encompasses
α-helices C and E, but not G. Each of these subclusters is now described in more detail.
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Table 3. Localization of epitopes on RiVax recognized by representative Cluster 3 VHHs.

Strong and Intermediate Protected Elements in RiVax a

VHH Subcluster Peptides Residues Structure(s)

V6B4 3.1 48–51 119–133 α-helix C
91–102 205–217 α-helix G
132–134 249–255 C-terminus

V1D3 * 54,55 127–135 α-helix C
91 205–210 α-helix G

112–116 226–243 β-strands i, j
132–134 249–255 C-terminus

V6D8 3.2 35–39 92–107 α-helix B
49–54 123–135 α-helix C

102 211–217 α-helix G
129–134 247–255 C-terminus

V6F12 35–40 92–107 α-helix B
47,49 118–126 α-helix C

94,97,100,102–103 205–217 α-helix G
132–134 249–255 C-terminus

V7H7 35–39 92–107 α-helix B
49 123–126 α-helix C

94–95,97–98,100,102 205–217 α-helix G
129–131 249–255 C-terminus

V6D4 * 3.3 35–37,39 92–107 α-helix B
102 211–217 α-helix G

132–134 249–255 C-terminus
JNM-A11 3.4 45,46 108–122 β-strand h

49–51 124–133 α-helix C
70,71 162–168 α-helix E

a, Peptides on RiVax are indicated in supplementary Table S1. *, indicates VHHs with toxin-neutralizing activity.
Underline indicates intermediate protection determined by HX-MS.

Subcluster 3.1: Sixteen of the 21 VHHs shared an HX-MS profile involving contact with α-helices
C and G, which we refer to as subcluster 3.1 (Table 3; Table S2; Figures S4 and S5). While the HX-MS
profiles of the VHHs within 3.1 were qualitatively similar, there were quantitative differences that
may be significant in terms of neutralizing activity. For example, V1D3, one of the two VHHs with
toxin-neutralizing activity, had a binding pattern virtually identical to IB2 in that it strongly protected
α-helix C (peptides 54–55, residues 127–135) and the C-terminus region (peptides 132–134, residues
249–255) (Figures 4 and 5). Moreover, V1D3 demonstrated intermediate protection of α-helix G (peptide
91, residues 205–210), as well as strands i and j (peptides 112–116, residues 226–243). In contrast, V6B4,
an antibody without toxin-neutralizing activity, strongly protected RiVax residues 119 to 133 (peptides
48–51), corresponding to α-helix C, and residues 205–217 (peptides 91 to 102), corresponding to α-helix
G (Figures 4 and 5). However, V6B4 differed from V1D3 in three respects. First, V6B4 had stronger
protection of α-helix G than C, as compared to V1D3. Second, V1D3 interacted with β-strands i and
j, while V6B4 did not, possibility indicating that V1D3 overall contact interface with RiVax is larger
than V6B4’s. Finally, the patterns of protection in α-helix C are distinct. In case of V6B4, the entirety of
α-helix C is strongly protected, while in the case of V1D3 it is only the C-terminal end that is strongly
protected (Figures 4 and 5). V1D3 also caused intermediate protection in the N-terminal end of helix
G, while V6B4 protected all of helix G. It is unclear if these differences in α-helix C and α-helix G
protection explain V1D3’s TNA.
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Figure 4. HX-MS analysis of RiVax bound to two VHHs in subcluster 3.1. The ΔHX values for each
RiVax peptide are shown for VHHs (A) V6B4 and (B) V1D3. The ΔHX values are clustered using
k-means clustering into three categories: strong (deep blue), intermediate (light blue) or no significant
protection (gray). The dotted lines represent “3σ” confidence intervals for statistically significant
changes in hydrogen exchange.
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Figure 5. Epitope localization for two subcluster 3.1 VHHs. HX protection categories shown in
Figure 4 were mapped onto the crystal structure of RiVax for (A) V6B4 and (B) V1D3. The most
relevant secondary structure elements, α-helices C and G and β-strands i and j, are labeled. The color
shading corresponds to strong (deep blue), intermediate (light blue) or no significant protection (gray),
as represented in Figure 4.

The competition ELISA with the panel of RTA-specific mAbs revealed additional degrees of
difference among the 16 VHHs in subcluster 3.1 (Figure 2). Not only was there a clear gradation
of competition with IB2 (range 25–90%), but there were marked disparities with other mAbs. For
example, V1B11 is a potent inhibitor of WECB2, V1D3 stood out because of competition with SWB1,
while JNM-D1 competes strongly with SyH7. Because the footprints of all 10 anti-RTA mAbs have
been defined, we can infer from the various inhibition profiles how different VHHs engage RTA. Thus,
looking directly at the RTA active site, with RTB oriented on the bottom, we predict that V1B11 likely
approaches RTA from the top down, V1D3 likely from top left, and JNM-D1 likely from bottom left.

Subcluster 3.2: Three VHHs, V6D8, V6F12 and V7H7, were grouped within subcluster 3.2 based
on a common HX-MS profile encompassing α-helices B, C and G (Figures 6 and 7). For example, V6D8
strongly protected α-helices B (residues 92–107; peptides 35–39), C (residues 123–135; peptides 49–54),
G (residues 211–217; peptides 102) and a short region near the C-terminus of α-helix G (residues
247–255, peptides 129–134). V6F12 shared a binding profile with V6D8, which was not surprising since
the two VHHs are likely from the same B-cell lineage (Table 1; Figure S1). Although the protection
profiles of V6D8, V6F12, and V7H7 were qualitatively similar, and all three VHHs were competed
by IB2 to a similar degree, the magnitudes of protection in the three secondary structural features
were distinct. V6D8 and V6F12 interacted primarily with α-helices B and C, and secondarily with
α-helix G. V7H7, by contrast, primarily protected several overlapping peptides in α-helix G, and
secondarily protected α-helices B and C (except for one peptide in α-helix C). Finally, HX-MS indicated
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that V6D8, V6F12, and V7H7 each contact α-helix B, which has been postulated as being a neutralizing
hotspot on RTA [22]. However, none of the VHHs within this subcluster had any detectable TNA,
possibly because their binding affinities do not achieve a minimum threshold required to inactivate
ricin. Other previously described VHHs that engage α-helix B and have potent toxin-neutralizing
activities each have binding affinities of less than 200 pM, including JIV-F5 (19 pM), JIY-E5 (191 pM),
and JPF-A9 (102 pM) [21,22,33]. This contrasts with V7H7, the strongest binder in subcluster 3.2, which
has a binding affinity of ~500 pM.

Figure 6. HX-MS analysis of RiVax bound to two VHHs in subcluster 3.2. The ΔHX values for each
RiVax peptide are shown for VHHs (A) V6D8 (B) V6F12 and (C) V7H7. The ΔHX values are clustered
using k-means clustering into three categories: strong (deep blue), intermediate (light blue) or no
significant protection (gray). The dotted lines represent “3σ” confidence intervals for statistically
significant changes in hydrogen exchange.
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Figure 7. Epitope locations of V6D8, V6F12 and V7H7 on RiVax. HX protection categories shown in
Figure 6 were mapped onto the structure of RiVax for (A) V6D8 (B) V6F12 and (C) V7H7. Secondary
structure elements including α-helices B, C and G and β-strand h are labeled. Intermediate protection
by V6D8 is spread over much of RiVax’s surface and the magnitudes of protection are low. Therefore,
only strongly protected elements are mapped onto the crystal structure of RiVax. The color shading
corresponds to strong (deep blue) or no significant protection (gray).

Subcluster 3.3: The third subcluster is populated by V6D4, which had weak toxin-neutralizing
activity (IC50 ~200 nM) in the Vero cell cytotoxicity assay. HX-MS analysis demonstrated strong
protection of α-helix G (peptide 102, residues 211–217) and intermediate protection of α-helix B
(peptides 35–39, residues 92–107). V6D4 also protected a short region in the C-terminus of RiVax,
but not α-helix C itself (Figure 8). Whether V6D4’s neutralizing activity is a result of contact with
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α-helix B is unclear, though its high affinity for ricin (Kd = 222 pM) may put it above any relevant
affinity threshold.

Figure 8. Epitope mapping of V6D4 from subcluster 3.3. (A) Relative levels of protection of RiVax
peptides by V6D4 as defined by HX-MS. The color shading corresponds to strong (deep blue),
intermediate (light blue) or no significant protection (gray), as represented in Figure 4. (B) The
HX protection categories, as shown in panel A, were mapped onto the crystal structure of RiVax.
Secondary structures α-helices B and G are labeled.

Subcluster 3.4: The fourth subcluster is also populated by a single antibody, JNM-A11. JNM-A11
showed strong protection of residues in RTA’s α-helix C (peptides 49–51; residues 124–133) and
intermediate protection of the N-terminal region of α-helix E (peptides 70 and 71; residues 162–168)
and β-strand h (peptides 45 and 46; residues 108–122) (Figure 9). JNM-A11 did not protect α-helix
G, which differentiates it from the 20 other VHHs in cluster 3. JNM-A11’s competition profile against
a panel of RTA-specific mAbs is consistent with results obtained by HX-MS. Namely, JNM-A11
competed with both Cluster 1 (PB10, WECB2) and cluster 1–2 (SWB1) mAbs (Figure 2A). Finally,
JNM-A11 did not neutralize ricin, despite a strong binding affinity (Kd = 212 pM). Since JNM-A11
appears to target α-helix C almost exclusively, we infer that contact with α-helix C alone is not sufficient
to affect ricin function.
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Figure 9. Epitope mapping of JNM-A11 from cluster 3.4. (A) Relative levels of protection of RiVax
peptides by JNM-A11, as defined by HX-MS. The color shading corresponds to strong (deep blue),
intermediate (light blue) or no significant protection (gray), as represented in Figure 4. (B) The HX
protection categories, as shown in panel a, are mapped onto the crystal structure of RiVax. Secondary
structures α-helices C and E and β-strand h are labeled.

4. Discussion

As part of our long-standing effort to generate a comprehensive B-cell epitope map of ricin toxin,
we have characterized 21 unique VHHs that share the common property of being within the shadow of
IB2 based on competition ELISAs. IB2 is a toxin-neutralizing mAb that engages with α-helices C and G
on RiVax and defines so-called epitope cluster 3 [11,18]. Cluster 3 is of interest because it encompasses
the residues on RTA involved in ribosome inactivation [10,34,35]. The 21 VHHs originated from
different phage-displayed libraries, each generated from alpacas immunized with ricin toxin antigens,
including RiVax (D. Vance, C. Shoemaker, N. Mantis, manuscript in preparation) [23]. As a result,
of epitope mapping studies by HX-MS, the 21 VHHs were further grouped into four distinct subclusters
(3.1–3.4) based on their interactions with RiVax α-helix C and α-helix G, as well as other local secondary
structures including α-helix B, α-helix E, and β-strand h (Figure 10). The fact that all 21 VHHs engage
RiVax via α-helix C and/or α-helix G explains the observed competition with IB2 by ELISA (Figure 2).
However, we are unable to explain exactly why V1D3 and V6D4 are the only VHHs within cluster
3 that have toxin-neutralizing activity, since other VHHs have similar footprints on ricin and nearly
identical binding affinities as V1D3 and V6D4 but are devoid of neutralizing activity. We can only
speculate that neutralizing activity is due to specific residue contacts or combinations of contact that
are not apparent by HX-MS epitope mapping methodologies (see below).
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Figure 10. Visual representation subcluster 3 binding sites on ricin toxin. (A) Linear depiction of RTA
with arrows denoting β-strand secondary structure and coils indicating α-helices, as per Protein Data
Bank (PDB) format. Below, the colored bars denote epitope coverage for each of the VHH subclusters
3.1–3.4. The colors correspond to secondary structures highlighted in panel B. Horizontal line below
refers to RTA amino acid residue number. (B) Surface representations of ricin (PDB 2AAI) using PyMol
showing the regions of protection for each of the four subclusters (3.1–3.4). Colors are as follows: RTA,
light gray; RTB, dark gray; active site, yellow; α-helix B, blue; α-helix C, red; α-helix G, green; α-helix
E, orange; β-strand h, purple.

RTA’s active site consists of a large solvent-exposed cleft on one face of the molecule [10,34–37].
Active site residues include Tyr80, Tyr123, Arg180, and Glu177, which are involved in stacking the
purine ring of target adenosine moiety (Tyr80, Tyr123) and transition state stabilization (Glu177,
Arg180). Viewing the active site pocket head on, α-helices C (121–135) and G (207–217) would be
located at 10 o’clock and 7 o’clock, respectively (Figure 10). Thus, antibodies in subclusters 3.1, 3.2 and
3.3 would be expected to physically occlude (straddle) or even occupy the active site pocket, whereas
the single antibody (JNM-A11) in subcluster 3.4 is probably associated with upper rim (11 o’clock) of
the active site (Figure 10). To examine these possibilities, efforts are ongoing to solve the X-ray crystal
structures of all 21 of these VHHs in complex with RTA.

The current study also highlights both the advantages and shortcomings of HX-MS for use
in B-cell epitope mapping. On the upside, the HX-MS pipeline proved to be robust and relatively
high throughput due to the fact that we had already established a RiVax peptide map and baseline
HX kinetics [11]. HX-MS was able to assess RiVax-VHH binding in solution and parse cluster 3
epitopes into four subclusters that we are currently compared to interaction sites observed by X-ray
crystallography. On the other hand, HX-MS provides only peptide level resolution in terms of defining
actual antibody contacts on the target antigen and cannot reveal subtle interactions that may ultimately
be of consequence to toxin-neutralizing activity. As a case in point, we recently described two VHHs
(JPF-A9 and V8A7) with essentially identical HX-MS profiles but that differ in both binding affinity
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and toxin-neutralizing activity as a result of a single residue difference in CDR2 [33]. Coupling
HX-MS with high density competition ELISAs and/or site-directed mutagenesis can significantly
improve epitope definition [23,38–40]. The magnitude of HX protection will depend on the affinity
and kinetics of binding. Lower affinity generally leads to weaker protection against HX, thereby
making it more difficult to resolve the epitope from allosteric effects. However, in practice we have
found that introduction of point mutations in VHHs that led to ~10-fold differences in binding affinity
(e.g., 0.4 to 4 nM) did not notably alter their HX profiles [31]. Since each epitope mapping data set is
treated independently, our analysis still finds the most strongly protected regions.

At this point in time, more than 30 alpaca B-cell epitopes and more than a dozen murine B-cell
epitope on RTA have been reported [18,19,21–23,41–44]. The availability of this dense epitope map
and a collection well characterized antibodies has already proven to have utility in terms of pre-clinical
evaluation of RiVax and other candidate RTA-based vaccine antigens. In one instance the mAbs were
used as tools in competition ELISAs to demonstrate epitope use within humans and non-human
primates vaccinated with RiVax [14]. More recently, the mAbs were used to evaluate the integrity
of key neutralizing epitopes on RiVax during long-term storage [25]. The 21 VHHs described here
focused around RTA’s active site now add to that growing list of critical reagents.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/7/4/45/s1,
Table S1: RiVax peptic peptides, Table S2: HX-MS analysis of VHHs in subcluster 3.1, Figure S1: Alignment of
cluster 3 VHH families, Figure S2: Representative sensorgrams of Cluster 3 VHHs, Figure S3: Representative
toxin-neutralizing activities of cluster 3 VHHs, Figure S4: HX-MS analysis of RiVax bound to VHHs in subcluster
3.1, Figure S5: Epitope localization of subcluster 3.1 VHHs on the surface of RiVax.
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Abstract: The Bacillus collagen-like protein of anthracis (BclA), found in Bacillus anthracis spores, is an
attractive target for immunoassays. Previously, using phage display we had selected llama-derived
single-domain antibodies that bound to B. anthracis spore proteins including BclA. Single-domain
antibodies (sdAbs), the recombinantly expressed heavy domains from the unique heavy-chain-only
antibodies found in camelids, provide stable and well-expressed binding elements with excellent
affinity. In addition, sdAbs offer the important advantage that they can be tailored for specific
applications through protein engineering. A fusion of a BclA targeting sdAb with the enzyme Beta
galactosidase (β-gal) would enable highly sensitive immunoassays with no need for a secondary
reagent. First, we evaluated five anti-BclA sdAbs, including four that had been previously identified
but not characterized. Each was tested to determine its binding affinity, melting temperature,
producibility, and ability to function as both capture and reporter in sandwich assays for BclA.
The sdAb with the best combination of properties was constructed as a fusion with β-gal and shown
to enable sensitive detection. This fusion has the potential to be incorporated into highly sensitive
assays for the detection of anthrax spores.

Keywords: Bacillus anthracis; immunoassay; single-domain antibody; genetic fusion; Beta
galactosidase

1. Introduction

Bacillus anthracis, the causative agent of anthrax, is a biothreat of grave concern [1,2]. Capable
of lethality in both animals and humans, B. anthracis has been investigated since the early 1930s
for use as a potential bioweapon by several countries around the world. The letter-based attacks
of 2001 in the United States is an example of the impact this bacterium has when exploited as a
bioweapon. B. anthracis spores are easily produced and once aerosolized and disseminated can remain
dormant and viable for extended periods. Additionally, cleanup of contaminated areas requires harsh
chemical agents and repeated treatments to ensure complete inactivation of the bacterial spores. Much
research is centered on developing decontamination methods that are both effective and gentle [3,4],
as well as biosensors and reagents for the rapid detection of spores [5–8]. The Bacillus collagen-like
protein of anthracis (BclA), a spore protein, is a good target for antibody development; BclA is an
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immunodominant glycoprotein and the major component of the hair-like projections that cover the
exosporium of B. anthracis spores [9–12].

By nature, antibodies can target and bind to specific antigens. Heavy-chain-only antibodies are
found in camelids (camels, llamas, and alpacas) and sharks and lack the light chains that pair with
the heavy chains in conventional antibodies [13,14]. Binding takes place through a single unpaired
variable heavy domain, which in camelids is known as a VHH. Recombinantly produced VHH are
termed single-domain antibodies (sdAbs), or nanobodies [15]. At ~15 kDa sdAbs are about a tenth
the size of conventional antibodies; however sdAbs are highly effective in targeting and binding to
antigens, while also possessing robust thermal stability and good production characteristics [16–18].
Another advantage of sdAbs is that they can readily be engineered and produced as fusions with
other protein domains to introduce additional functionalities [19–24]. A popular type of fusion is the
pairing of a sdAb with the enzyme alkaline phosphatase (AP) [19,20,25,26]. These fusions have two
advantages. First, when using a sdAb-AP fusion, there is no need for a secondary antibody, eliminating
a step from immunoassays. Secondly, AP is a dimer, so it yields a dimeric binding element with
improved apparent affinity due to avidity. The enzyme Beta galactosidase (β-gal) can also be used
with secondary reagents in immunoassays [27,28]. Additionally, β-gal is a tetramer with a molecular
weight of 464 kDa, so fusions with this enzyme would also benefit from avidity. Previously, it had been
reported that the enzyme β-gal is able to function with a scFv (linked variable heavy and variable light
chain from a conventional antibody) inserted at the N-terminus of the enzyme [29]. Unlike fusions
with AP, the β-gal fusions need to be produced in the cytoplasm. This is because periplasmicly directed
β-gal fusions cause lethality which, depending on the fusion, can be due to jamming the translocation
pore or misfolding of the β-gal in the periplasm [30,31].

Previously, we described the isolation of sdAbs that recognize several B. anthracis spore proteins
including BclA [6]. In that work, we constructed a library of phage displayed sdAbs derived
from llamas that had been immunized with recombinant spore proteins. Numerous sdAbs that
appeared to bind BclA were identified and they fell into several families based on sequence similarity.
However, only three of the BclA binding sdAbs were produced and characterized. In the current
work, we re-visited the previously isolated BclA binding sdAbs, and characterized four additional
clones that had been identified by phage display but neither produced nor tested. These new sdAbs,
along with one previously characterized clone, were assessed for their binding kinetics and ability
to be integrated into an immunoassay for the detection of BclA. Each was produced in both the
periplasm and cytoplasm, and their binding ability and melting temperatures measured. Clone A5,
which had been previously characterized, offered the best combination of properties, and thus was
further developed as a genetic fusion with β-gal. This sdAb-β-gal fusion was incorporated into an
enzyme linked immunosorbent assay (ELISA) for the detection of BclA. We showed that genetic fusions
of sdAbs with β-gal provide a route to generate detection reagents.

2. Materials and Methods

2.1. Reagents

The BclA binding sdAbs (A4, A5, C5, D4, E6) had been isolated previously [6]. Sequences are
shown in Figure 1.

A C-terminal fragment of BclA (iBclA) was the kind gift of Dr. Michael Weiner (AxioMx, Inc.,
Branford, CT, USA). The iBclA includes both a His tag as well as a biotinylation tag and was produced
and purified as previously described [21]. The iBclA protein is more soluble than non-truncated
recombinant BclA and was used for all BclA assays described in this work.

Unless otherwise specified, chemical reagents were from Sigma Aldrich (St. Louis, MO,
USA), Thermo Fisher Scientific (Waltham, MA, USA), or VWR International (Radnor, PA, USA).
Restriction endonucleases and ligation reagents were from New England Biolabs (Ipswich, MA, USA).
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DNA amplification was accomplished with the Roche Expand High Fidelity DNA polymerase kit
(Sigma Aldrich, St. Louis, MO, USA). Specific kits and assays are defined where applicable.

Figure 1. Deduced protein sequences of the five single-domain antibodies (sdAbs) that were evaluated.
Sequences have been aligned using Multalin [32] to help identify similarities and differences in the
protein sequence of the sdAbs. Red denotes high consensus and blue low consensus. Sequences are
given in single letter amino acid code.

2.2. Periplasmic and Cytoplasmic Production of sdAbs

The coding sequences for the sdAbs were each mobilized from the pecan21 phage display vector
into pET22b as NcoI-NotI fragments as described previously [33], or into pET28b using an analogous
protocol. The sdAb expression plasmids were transformed into Tuner (DE3) for protein production.
Freshly transformed colonies were used to start overnight cultures in 50 mL terrific broth (TB) with
appropriate antibiotics (for pET22b: ampicillin 100 μg/mL; for pET28b kanamycin 30 μg/mL) at 25 ◦C.
The next day the overnight cultures were poured into 450 mL of TB with appropriate antibiotics and
grown for 2 h at 25 ◦C prior to induction with isopropyl-β-D-1 thiogalactoside (IPTG, 0.5 mM) and a
further 2 h growth.

Purification of sdAbs expressed from pET22b, the periplasmic expression vector, were carried
out through an osmotic shock protocol as described previously [34]. For cytoplasmic expression
of the sdAbs, purification was similar to the protocol described previously [21] with some minor
modifications. Cell pellets were suspended in phosphate-buffered saline (PBS) containing 0.05% Tween
20 prior to sonication, and the immobilized metal affinity chromatography (IMAC) resin was eluted
with 0.25 M imidazole prior to purification by fast protein liquid chromatography (FPLC) on a ENrich
SEC 70 10 × 300 mm column (Bio-Rad, Hercules, CA, USA).

2.3. Surface Plasmon Resonance

Affinity and kinetics measurements were performed using the ProteOn XPR36 (Bio-Rad, Hercules,
CA, USA). Lanes of a general layer compact (GLC) chip were individually coated with BclA and
measurements were essentially as described previously [6]. Data analysis was performed with ProteOn
Manager 2.1 software, corrected by subtraction of the zero-antibody concentration column as well
as interspot correction. The standard error of the fits was less than 10%. Binding constants were
determined using the Langmuir model built into the analysis software.

2.4. Determining Melting Temperature by Fluorescent Dye Melt Assay

The fluorescent dye melt assay was performed as described previously [35]. Each sdAb was first
diluted to a concentration of 500 μg/mL in a final volume of 20 μL PBS. Next a 1:1000 dilution of
Sypro Orange dye was added to each sample. Samples were measured in triplicate using a Step One
Real-Time polymerase chain reaction (PCR) machine (Applied Biosystems, Foster City, CA, USA).
The heating program was run in continuous mode from 25 ◦C–99 ◦C at a heating rate of 1% (~2 ◦C per
minute), and data was recorded using the carboxy-X-rhodamine (ROX) filter. The melting point was
determined to be the peak of the first derivative of the fluorescence intensity.

2.5. Producing Fusion of sdAbs with β-gal

The E. coli β-gal was first synthesized and cloned as described previously [36]. Briefly, the β-gal
gene from E. coli K12 was synthesized by Genscript (Piscataway, NJ, USA) to include a 5’ NotI site
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and a 3’ XhoI site. The NotI-XhoI fragment was purified and cloned into the pET28b expression
vector (Millipore Sigma, Burlington, MA, USA). Next, the sdAb A5 was cloned into the pET28 vector
containing β-gal as a NcoI-NotI fragment. Sequencing (Eurofins Genomics, Louisville, KY, USA)
confirmed that the constructs were correct.

For protein production, plasmid DNA was transformed to the E. coli expression strain BL21(DE3).
Colonies were inoculated into 3 mL TB with kanamycin (30 μg/mL) and grown overnight at 25 ◦C.
The next day, 1 mL of the overnight culture was added to 450 mL TB with kanamycin and grown for
~7 h at 30 ◦C prior to induction (IPTG, 0.5 mM) and then grown overnight at 25 ◦C. The next morning
cells were pelleted and processed as described above for the cytoplasmically grown sdAb.

2.6. ELISA

Each sdAb was biotinylated using a 10-fold excess of EZ-Link NHS-LC-LC-Biotin (Thermo Fisher
Scientific, Waltham, MA, USA) for 30 min and then the excess biotin was removed using Zeba spin
columns. The sdAb concentration was determined by absorbance at 280 nm. ELISAs were performed
similar to those described previously [34,37] to determine optimum sdAb pairs. Briefly, wells of 96-well
plates (Nunc Maxisorb from Thermo Fisher Scientific, Waltham, MA, USA) were coated by incubating
100 μL capture sdAb (2 μg/mL in PBS) overnight at 4 ◦C. Wells were washed with PBS containing
0.05% Tween 20 (PBST) and blocked for an hour at room temperature with 4% powdered milk in
PBS. After blocking, BclA was added to the wells. For the checkerboard assay 5 μg/mL was used in
each well, whereas for dose response, dilution series of BclA were employed. All conditions were
measured at least in duplicate, and wells containing just PBS were included as a no-antigen control.
After washing with PBST, biotinylated sdAb reporter was added at 2 μg/mL. Wells were washed and
then incubated for an hour with streptavidin-horseradish peroxidase (HRP) (100 μL, 1 μg/mL). After
a final washing with PBST, signal was developed by the addition of SureBlue (SeraCare, Gaithersburg,
MD, USA). Finally, 100 μL 1 N HCl was added to stop color development and the plate read at 450 nm
with Tecan Plate Reader (Morrisville, NC, USA).

A dose-response sandwich ELISA was performed with the optimum fusion pair. The plates
were coated overnight with 10 μg/mL A5 and blocked for 2 h the next day. Starting with 10 μg/mL
β-gal, 1:3 serial dilutions were performed. For the tracer steps, either biotin-labeled A5 (1 μg/mL)
followed by streptavidin-HRP and SureBlue or A5-β-gal (1 μg/mL) followed with MuGal (50 μg/mL)
to generate a fluorescent product was used. The substrate for HRP is colorimetric and the absorption
was read at 450 nm after the color development had been stopped by addition of 1 N HCl. The β-gal
assay used a florescent substrate, the fluorescent mixture was excited at 365 nm and the emission
collected at 445 nm.

3. Results

3.1. Evaluating BclA Binding sdAbs

The BclA binding sdAbs (A4, A5, C5, D4, E6) had been isolated previously [6]; however only
A5 from the group had been moved to an expression vector and characterized. In prior work it
was determined that A5 could be expressed and produced both in the periplasm as well as in the
cytoplasm [6,21,38]. Here, in addition to A5, we chose to revisit anti-BclA sdAbs that had been
identified through rounds of phage display panning [6], but were not characterized. Each was
cloned into pET22b for periplasmic expression and pET28b for cytoplasmic expression. Table 1
shows representative yields, as well as binding kinetics and melting temperatures for both expression
protein variants.
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Table 1. Single-domain antibody (sdAb) properties: yields, binding kinetics, affinity, and melting
temperature (Tm).

SdAb Production Yield (mg/L) ka (1/Ms) kd (1/s) KD (M) Tm (◦C)

A4
periplasmic 15 9.3 × 105 1.8 × 10−4 2.0 × 10−10 57
cytoplasmic 0.3 1.6 × 105 5.8 × 10−5 3.7 × 10−10 58

A5
periplasmic 7 3.7 × 105 3.7 × 10−5 1.0 × 10−10 67
cytoplasmic 6 2.4 × 105 2.8 × 10−5 1.1 × 10−10 56

C5
periplasmic 6 2.5 × 105 2.7 × 10−4 1.1 × 10−9 58
cytoplasmic 4 2.8 × 105 7.5 × 10−4 2.7 × 10−9 45

D4
periplasmic 11 1.5 × 106 1.9 × 10−4 1.3 × 10−10 67
cytoplasmic 3 8.6 × 104 2.1 × 10−4 2.5 × 10−9 50

E6
periplasmic 20 3.4 × 105 1.2 × 10−4 3.6 × 10−10 60
cytoplasmic 5 1.9 × 103 5.7 × 10−5 2.9 × 10−8 59

Each of the sdAbs was tested by surface plasmon resonance (SPR) to determine its binding
affinity. The on and off rate constants, as well as the calculated dissociation constant (KD) from a
typical measurement are shown in Table 1. The representative SPR data from which these numbers are
derived is shown in Appendix A. Measurements were made at least twice, and generally agreed within
a factor of 2 (see Appendix B for a table of average values and the average deviations). The periplasmic
version of these sdAbs all had excellent affinity, with low nM or sub nM KD values. Some of the sdAbs,
in particular E6, were measured to have much poorer affinity when produced in the cytoplasm.

As an indicator of thermal stability, melting temperatures were measured using a
fluorescent-based dye melt assay [39,40]. Results from both periplasmically and cytoplasmically
produced sdAbs are reported in Table 1. Three out of the five sdAbs (A5, C5, and D4) showed lower
melting temperatures when produced in the cytoplasm.

Finally, we evaluated how the five sdAbs perform as both capture and tracer reagents for the
detection of BclA in a sandwich format. First, a checkerboard-type assay with a single concentration
of BclA was performed (Figure 2). For this experiment, only periplasmically produced sdAbs were
examined. Clone C5, with the poorest affinity, also was the worst performer both as a capture and
tracer. Overall A4 and A5 performed the best in this assay. An assay using combinations of A4 and
A5 capture tracer pairs was performed to determine dose response curves for BclA detection, and to
choose the best capture tracer pair (Figure 3). As was seen in the checkerboard assay, the sdAb A5
performed very well as both a capture and tracer, while A4 performed well as a capture or tracer in
combination with A5.

Figure 2. Checkerboard-enzyme linked immunosorbent assay (ELISA) to determine the optimal
capture and tracer pairs. Each of the five sdAb captures are shown on the X axis and tracers indicated
by the symbol (key to the right of the graph). Each tracer sdAb was biotinylated, while the capture
sdAbs were adsorbed on the ELISA plate. Measurements were performed in duplicate. The average
background (0.41) was subtracted from the average values; error bars represent the average deviation.
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Figure 3. Dose response curves using combinations of A4 and A5 capture/tracer pairs. In each case
the tracer is biotinylated (Bt). Measurements were performed in duplicate; the error bars represent the
average deviation.

From the characterization of the sdAbs, the originally characterized clone, A5, exhibited the best
combination of producibility in both the periplasm and cytoplasm, affinity, melting temperature, and
function as a reporter in sandwich assays for BclA. Therefore, we chose A5 to produce a fusion with
β-gal.

3.2. Construction and Evaluation of β-gal Fusion

Before constructing a sdAb fusion, the β-gal gene from E. coli was cloned into pET28 for
cytoplasmic expression, and the enzymatic function of the construct verified [36]. Once enzymatic
functionality had been confirmed, the A5 anti-BclA sdAb was cloned before the N-terminus of β-gal
with no linker sequence other than the “AAA” encoded by the NotI restriction site separating the two
functional units of the genetic fusion. The fusion construct produced well, with a protein yield of ~25
mg/L.

The function of the β-gal component of the fusion was demonstrated as previously described [36].
Assessing function of the A5 component was achieved through a sandwich ELISA. The BclA was
captured through A5 adsorbed on wells of a 96-well plate. Results are show in Figure 4 in comparison
to a standard ELISA using a secondary reagent. Both methods enabled the detection of BclA down to
the lowest levels tested (0.14 μg/mL).

Figure 4. Dose response curves using A5 capture with A5-β-gal tracer (left) and A5 capture with
Bt-A5 tracer (right). Measurements were performed in triplicate; the error bars represent the
standard deviation.
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4. Discussion

Immunoassays based on the detection of spore surface antigen have the potential to be a valuable
asset for the detection of B. anthracis, the causative agent of anthrax, providing a rapid and facile
method to detect spores. Previously, we had isolated several families of sdAbs that recognized BclA [6],
a spore protein of B. anthracis that has been a target for immunoassays for sensitive spore detection [7]
though only a small subset of the isolated sdAbs were initially characterized. One goal of this current
work was the construction of a genetic fusion between β-gal and sdAbs. Therefore, it was necessary to
examine the ability of each sdAb to be produced and to function when expressed in the cytoplasm. We
examined additional anti-BclA sdAbs spanning four additional sequence families, and characterized
each in terms of producibility, affinity, melting temperature, and ability to function in immunoassays
for BclA.

As with variable domains from conventional antibodies, VHH contain a pair of cysteines that form
an intra-chain disulfide bond. It has been demonstrated that deletion of this conserved disulfide bond,
either through mutagenesis or cytoplasmic expression can lead to loss of protein stability, reflected in
a lower melting temperature [41–44]. We observed a lower melting temperature in cytoplasmically
produced sdAbs for three out of the five clones examined, suggesting the disulfide fails to form in
the reducing environment of the cytoplasm. For clones A4 and E6 the melting temperature measured
for cytoplasmically and periplasmically produced sdAb was essentially identical. This may indicate
that disulfide bond is either formed or not formed in these two clones regardless of environment.
Alternatively, it is possible that the canonical disulfide bond does not contribute significantly to the
stability of these particular sdAb clones. Loss of the disulfide bond can also, in some instances,
lead to a decrease in affinity for antigen [42]. Among the five BclA binding sdAbs examined, two
(D4 and E6) showed a decrease in affinity for BclA when the sdAb was purified from the cytoplasm as
determined by SPR. Oddly, E6 was one of the sdAbs for which a decreased melting temperature in
the cytoplasmically produced protein was not observed. Perhaps the disulfide bond of E6 contributes
more to its affinity than its stability. A definitive assessment of the disulfide bond status in the purified
sdAbs could be determined through classical titration methods or a more sensitive mass spectrometry
assay to quantify the state of the disulfide bonds in these sdAbs.

For the majority of the sdAbs examined in this study, we observed sdAb production was
compromised when produced in the cytoplasm. In particular, clone A4 decreased from 15 mg/L
production in the periplasm to less than 1 mg/mL for cytoplasmic expression. Cytoplasmic expression
of A4 was attempted three separate times with low protein expression consistent between the biological
replicates. Several researchers reporting high cytoplasmic expression of sdAbs [45] use a specialized
E. coli strain that promotes disulfide bond formation in the cytoplasm [46,47]. Future work could
involve testing expression of sdAb-β-gal genetic fusions in these strains.

After characterizations of their producibility, binding kinetics, and melting temperatures, sdAbs
were evaluated for their ability to be employed as either a capture or tracer recognition molecule in an
ELISA-type assay. From these studies, A5 functioned well as either capture or tracer reagent; clone
A5 also showed good production in the cytoplasm with cytoplasmically produced protein showing
the same high affinity as protein produced in the periplasm. This sdAb was then used to form the
β-gal fusion. Specific detection of BclA with A5-β-gal fusion as tracer demonstrated the feasibility of
using an enzyme-sdAb fusion that can be employed to reduce the number of immunoassay steps and
possibly increase sensitivity.

The availability of β-gal fusions with sdAbs offers an alternative to fusions with AP that could be
of great benefit to sensitive detection techniques such as the single-molecule array method [28,48–51].
Currently these assays require use of secondary reagents; often the sdAb is biotinylated and used
in conjunction with streptavidin-β-gal [28,51]. Biotinylation of sdAbs is straightforward; however
occasionally it can lead to labeling within the binding loops (complementarity determining regions,
CDRs) that participate in antigen binding. In addition, the biotinylated reagent can vary from batch to
batch depending on the extent of biotin labeling which can provide inconsistent results.
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5. Conclusions

When examining the combination of properties (cytoplasmic expression, affinity, melting
temperature, and function in immunoassays for the detection of BclA), clone A5 was the best choice
for construction of a β-gal fusion. Previously, researchers demonstrated that β-gal was tolerant to
N-terminal fusions and could be produced genetically fused to a scFv for use in immunoassays [29].
We have expanded upon this prior work, demonstrating a functional genetic fusion between β-gal
and an sdAb. In general, we have found that sdAb fusion proteins often are more soluble and better
produced than fusions with scFv [22]. The fusion of A5 and β-gal expressed well and functioned
for the detection of antigen in immunoassays, demonstrating the ability of sdAbs to function in
cytoplasmically produced fusions with the enzyme β-gal. Using a sdAb fusion with β-gal eliminates
the need to biotinylate the sdAb or to use a secondary antibody, which simplifies the optimization of
the assay and reduces assay time. This work demonstrates the feasibility of fusing sdAbs with β-gal
for use in detection assays, highlighting the ability to engineer sdAbs. The fusion of A5 with β-gal has
the potential to provide sensitive detection of B. anthracis spores when integrated into an assay, such as
the single-molecule array method, that uses β-gal to generate signal [28,51].
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Appendix A

Representative surface plasmon resonance (SPR) data from periplasmically and cytoplasmically
produced sdAbs. Concentrations, in nM are noted to the right of each plot.
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Appendix B

Kinetic constants reported as average value/average deviation, based on two measurements.

SdAb Production ka (1/Ms) kd (1/s) KD (M)

A4
periplasmic 9.1 × 105/2.2 × 104 1.4 × 10−4/4.1 × 10−5 1.6 × 10−10/4.1 × 10−11

cytoplasmic 1.6 × 105/1.5 × 103 6.6 × 10−5/9.5 × 10−6 4.3 × 10−10/5.6 × 10−11

A5
periplasmic 3.6 × 105/9.5 × 103 3.7 × 10−5/7.0 × 10−7 1.0 × 10−10/5.0 × 10−12

cytoplasmic 2.2 × 105/2.2 × 104 2.4 × 10−5/3.7 × 10−6 1.1 × 10−10/6.0 × 10−12

C5
periplasmic 2.0 × 105/5.3 × 104 2.2 × 10−4/5.3 × 10−5 1.1 × 10−9/2.5 × 10−11

cytoplasmic 3.0 × 105/2.8 × 104 6.9 × 10−4/5.4 × 10−5 2.4 × 10−9/3.0 × 10−10

D4
periplasmic 1.5 × 106/3.0 × 104 2.0 × 10−4/1.3 × 10−5 1.4 × 10−10/1.1 × 10−11

cytoplasmic 9.5 × 104/9.0 × 103 2.3 × 10−4/2.1 × 10−5 2.5 × 10−9/1.0 × 10−11

E6
periplasmic 3.0 × 105/3.2 × 104 1.2 × 10−4/4.0 × 10−6 4.0 × 10−10/3.3 × 10−11

cytoplasmic 9.8 × 102/9.4 × 102 4.7 × 10−5/9.0 × 10−6 6.0 × 10−7/5.7 × 10−7

References

1. Spencer, R.C. Bacillus anthracis. J. Clin. Pathol. 2003, 56, 182–187. [CrossRef] [PubMed]
2. Inglesby, T.V.; O’Toole, T.; Henderson, D.A.; Bartlett, J.G.; Ascher, M.S.; Eitzen, E.; Friedlander, A.M.;

Gerberding, J.; Hauer, J.; Hughes, J.; et al. Anthrax as a biological weapon, 2002: Updated recommendations
for management. JAMA 2002, 287, 2236–2252. [CrossRef] [PubMed]

3. Buhr, T.L.; Young, A.A.; Barnette, H.K.; Minter, Z.A.; Kennihan, N.L.; Johnson, C.A.; Bohmke, M.D.;
DePaola, M.; Cora-Laó, M.; Page, M.A. Test methods and response surface models for hot, humid air
decontamination of materials contaminated with dirty spores of bacillus anthracis Δsterne and bacillus
thuringiensis al hakam. J. Appl. Microbiol. 2015, 119, 1263–1277. [CrossRef] [PubMed]

4. Buhr, T.L.; Young, A.A.; Bensman, M.; Minter, Z.A.; Kennihan, N.L.; Johnson, C.A.; Bohmke, M.D.;
Borgers-Klonkowski, E.; Osborn, E.B.; Avila, S.D.; et al. Hot, humid air decontamination of a c-130 aircraft
contaminated with spores of two acrystalliferous bacillus thuringiensis strains, surrogates for bacillus
anthracis. J. Appl. Microbiol. 2016, 120, 1074–1084. [CrossRef] [PubMed]

5. Walper, S.A.; Anderson, G.P.; Brozozog Lee, P.A.; Glaven, R.H.; Liu, J.L.; Bernstein, R.D.; Zabetakis, D.;
Johnson, L.; Czarnecki, J.M.; Goldman, E.R. Rugged single domain antibody detection elements for bacillus
anthracis spores and vegetative cells. PLoS ONE 2012, 7, e32801. [CrossRef] [PubMed]

115



Antibodies 2018, 7, 36

6. Walper, S.A.; Lee, P.A.B.; Anderson, G.P.; Goldman, E.R. Selection and characterization of single domain
antibodies specific for bacillus anthracis spore proteins. Antibodies 2013, 2, 152–167. [CrossRef]

7. Morel, N.; Volland, H.; Dano, J.; Lamourette, P.; Sylvestre, P.; Mock, M.; Creminon, C. Fast and sensitive
detection of bacillus anthracis spores by immunoassay. Appl. Environ. Microbiol. 2012, 78, 6491–6498.
[CrossRef] [PubMed]

8. Kuehn, A.; Kovác, P.; Saksena, R.; Bannert, N.; Klee, S.R.; Ranisch, H.; Grunow, R. Development of antibodies
against anthrose tetrasaccharide for specific detection of bacillus anthracis spores. Clin. Vaccine Immunol. CVI
2009, 16, 1728–1737. [CrossRef] [PubMed]

9. Redmond, C.; Baillie, L.W.; Hibbs, S.; Moir, A.J.; Moir, A. Identification of proteins in the exosporium of
bacillus anthracis. Microbiology 2004, 150, 355–363. [CrossRef] [PubMed]

10. Steichen, C.; Chen, P.; Kearney, J.F.; Turnbough, C.L., Jr. Identification of the immunodominant protein and
other proteins of the bacillus anthracis exosporium. J. Bacteriol. 2003, 185, 1903–1910. [CrossRef] [PubMed]

11. Sylvestre, P.; Couture-Tosi, E.; Mock, M. A collagen-like surface glycoprotein is a structural component of
the bacillus anthracis exosporium. Mol. Microbiol. 2002, 45, 169–178. [CrossRef] [PubMed]

12. Todd, S.J.; Moir, A.J.; Johnson, M.J.; Moir, A. Genes of bacillus cereus and bacillus anthracis encoding proteins
of the exosporium. J. Bacteriol. 2003, 185, 3373–3378. [CrossRef] [PubMed]

13. Hamers-Casterman, C.; Atarhouch, T.; Muyldermans, S.; Robinson, G.; Hamers, C.; Songa, E.B.;
Bendahman, N.; Hamers, R. Naturally occurring antibodies devoid of light chains. Nature 1993, 363,
446–448. [CrossRef] [PubMed]

14. Greenberg, A.S.; Avila, D.; Hughes, M.; Hughes, A.; McKinney, E.C.; Flajnik, M.F. A new antigen receptor
gene family that undergods rearrangement and extensive somatice diversificatino in sharks. Nature 1995, 374,
168–173. [CrossRef] [PubMed]

15. Ghahroudi, M.A.; Desmyter, A.; Wyns, L.; Hamers, R.; Muyldermans, S. Selection and identification of single
domain antibody fragments from camel heavy-chain antibodies. FEBS Lett. 1997, 414, 521–526. [CrossRef]

16. Muyldermans, S. Nanobodies: Natural single-domain antibodies. Annu. Rev. Biochem. 2013, 82, 775–797.
[CrossRef] [PubMed]

17. De Marco, A. Biotechnological applications of recombinant single-domain antibody fragments.
Microb. Cell Fact. 2011, 10, 44. [CrossRef] [PubMed]

18. Wesolowski, J.; Alzogaray, V.; Reyelt, J.; Unger, M.; Juarez, K.; Urrutia, M.; Cauerhff, A.; Danquah, W.;
Rissiek, B.; Scheuplein, F.; et al. Single domain antibodies: Promising experimental and therapeutic tools in
infection and immunity. Med. Microbiol. Immunol. 2009, 198, 157–174. [CrossRef] [PubMed]

19. Sherwood, L.J.; Osborn, L.E.; Carrion, R.; Patterson, J.L.; Hayhurst, A. Rapid assembly of sensitive
antigen-capture assays for marburg virus, using in vitro selection of llama single-domain antibodies,
at biosafety level 4. J. Infect. Dis. 2007, 196, S213–S219. [CrossRef] [PubMed]

20. Liu, J.L.; Zabetakis, D.; Brozozog Lee, P.A.; Goldman, E.R.; Anderson, G.P. Single domain antibody alkaline
phosphatase fusion proteins for antigen detection—Analysis of affinity and thermal stability of single domain
antibody. J. Immunol. Methods 2013, 393, 1–7. [CrossRef] [PubMed]

21. Walper, S.A.; Battle, S.R.; Lee, P.A.B.; Zabetakis, D.; Turner, K.D.; Buckley, P.E.; Calm, A.M.; Welsh, H.S.;
Warner, C.R.; Zacharko, M.A.; et al. Thermostable single domain antibody–maltose binding protein fusion
for Bacillus anthracis spore protein bcla detection. Anal. Biochem. 2014, 447, 64–73. [CrossRef] [PubMed]

22. Liu, J.L.; Zabetakis, D.; Walper, S.A.; Goldman, E.R.; Anderson, G.P. Bioconjugates of rhizavidin with single
domain antibodies as bifunctional immunoreagents. J. Immunol. Methods 2014, 411, 37–42. [CrossRef]
[PubMed]

23. Pleschberger, M.; Saerens, D.; Weigert, S.; Sleytr, U.B.; Muyldermans, S.; Sara, M.; Egelseer, E.M. An s-layer
heavy chain camel antibody fusion protein for generation of a nanopatterned sensing layer to detect the
prostate-specific antigen by surface plasmon resonance technology. Bioconjugate Chem. 2004, 15, 664–671.
[CrossRef] [PubMed]

24. Sherwood, L.J.; Hayhurst, A. Hapten mediated display and pairing of recombinant antibodies accelerates
assay assembly for biothreat countermeasures. Sci. Rep. 2012, 2, 807. [CrossRef] [PubMed]

25. Liu, X.; Xu, Y.; Wan, D.-B.; Xiong, Y.-H.; He, Z.-Y.; Wang, X.-X.; Gee, S.J.; Ryu, D.; Hammock, B.D.
Development of a nanobody–alkaline phosphatase fusion protein and its application in a highly sensitive
direct competitive fluorescence enzyme immunoassay for detection of ochratoxin a in cereal. Anal. Chem.
2015, 87, 1387–1394. [CrossRef] [PubMed]

116



Antibodies 2018, 7, 36

26. Sherwood, L.J.; Hayhurst, A. Ebolavirus nucleoprotein C-termini potently attract single domain antibodies
enabling monoclonal affinity reagent sandwich assay (MARSA) formulation. PLoS ONE 2013, 8, e61232.
[CrossRef] [PubMed]

27. Liu, Z.; Gurlo, T.; von Grafenstein, H. Cell-elisa using β-galactosidase conjugated antibodies.
J. Immunol. Methods 2000, 234, P153–P167. [CrossRef]

28. Gaylord, S.T.; Dinh, T.L.; Goldman, E.R.; Anderson, G.P.; Ngan, K.C.; Walt, D.R. Ultrasensitive detection of
ricin toxin in multiple sample matrixes using single-domain antibodies. Anal. Chem. 2015, 87, 6570–6577.
[CrossRef] [PubMed]

29. Alcalá, P.; Ferrer-Miralles, N.; Villaverde, A. Engineering of Escherichia coli β-galactosidase for solvent display
of a functional scfv antibody fragment. FEBS Lett. 2003, 533, 115–118. [CrossRef]

30. Snyder, W.B.; Silhavy, T.J. Beta-galactosidase is inactivated by intermolecular disulfide bonds and is toxic
when secreted to the periplasm of Escherichia coli. J. Bacteriol. 1995, 177, 953–963. [CrossRef] [PubMed]

31. Dwyer, R.S.; Malinverni, J.C.; Boyd, D.; Beckwith, J.; Silhavy, T.J. Folding lacz in the periplasm of Escherichia
coli. J. Bacteriol. 2014, 196, 3343–3350. [CrossRef] [PubMed]

32. Corpet, F. Multiple sequence alignment with hierarchical-clustering. Nucleic Acids Res. 1988, 16, 10881–10890.
[CrossRef] [PubMed]

33. Walper, S.A.; Liu, J.L.; Zabetakis, D.; Anderson, G.P.; Goldman, E.R. Development and evaluation of single
domain antibodies for vaccinia and the L1 antigen. PLoS ONE 2014, 9, e106263. [CrossRef] [PubMed]

34. Shriver-Lake, L.C.; Zabetakis, D.; Goldman, E.R.; Anderson, G.P. Evaluation of anti-botulinum neurotoxin
single domain antibodies with additional optimization for improved production and stability. Toxicon
2017, 135, 51–58. [CrossRef] [PubMed]

35. Liu, J.L.; Zabetakis, D.; Goldman, E.R.; Anderson, G.P. Selection and evaluation of single domain antibodies
toward ms2 phage and coat protein. Mol. Immunol. 2013, 53, 118–125. [CrossRef] [PubMed]

36. Brown Iii, C.W.; Oh, E.; Hastman, D.A.; Walper, S.A.; Susumu, K.; Stewart, M.H.; Deschamps, J.R.;
Medintz, I.L. Kinetic enhancement of the diffusion-limited enzyme beta-galactosidase when displayed
with quantum dots. RSC Adv. 2015, 5, 93089–93094. [CrossRef]

37. Anderson, G.P.; Bernstein, R.D.; Swain, M.D.; Zabetakis, D.; Goldman, E.R. Binding kinetics of antiricin
single domain antibodies and improved detection using a b chain specific binder. Anal. Chem. 2010, 82,
7202–7207. [CrossRef] [PubMed]

38. Goldman, E.R.; Brozozog-Lee, P.A.; Zabetakis, D.; Turner, K.B.; Walper, S.A.; Liu, J.L.; Anderson, G.P.
Negative tail fusions can improve ruggedness of single domain antibodies. Protein Expr. Purif. 2014, 95,
226–232. [CrossRef] [PubMed]

39. Lavinder, J.J.; Hari, S.B.; Sullivan, B.J.; Magliery, T.J. High-throughput thermal scanning: A general, rapid
dye-binding thermal shift screen for protein engineering. J. Am. Chem. Soc. 2009, 131, 3794–3795. [CrossRef]
[PubMed]

40. McConnell, A.D.; Spasojevich, V.; Macomber, J.L.; Krapf, I.P.; Chen, A.; Sheffer, J.C.; Berkebile, A.;
Horlick, R.A.; Neben, S.; King, D.J.; et al. An integrated approach to extreme thermostabilization and
affinity maturation of an antibody. Protein Eng. Des. Sel. 2013, 26, 151–163. [CrossRef] [PubMed]

41. Hagihara, Y.; Mine, S.; Uegaki, K. Stabilization of an immunoglobulin fold domain by an engineered disulfide
bond at the buried hydrophobic region. J. Biol. Chem. 2007, 282, 36489–36495. [CrossRef] [PubMed]

42. Saerens, D.; Conrath, K.; Govaert, J.; Muyldermans, S. Disulfide bond introduction for general stabilization
of immunoglobulin heavy-chain variable domains. J. Mol. Biol. 2008, 377, 478–488. [CrossRef] [PubMed]

43. George, J.; Compton, J.R.; Leary, D.H.; Olson, M.A.; Legler, P.M. Structural and mutational analysis of
a monomeric and dimeric form of a single domain antibody with implications for protein misfolding.
Proteins Struct. Funct. Bioinform. 2014, 82, 3101–3116. [CrossRef] [PubMed]

44. Saerens, D.; Pellis, M.; Loris, R.; Pardon, E.; Dumoulin, M.; Matagne, A.; Wyns, L.; Muyldermans, S.;
Conrath, K. Identification of a universal vhh framework to graft non-canonical antigen-binding loops of
camel single-domain antibodies. J. Mol. Biol. 2005, 352, 597–607. [CrossRef] [PubMed]

45. Veggiani, G.; de Marco, A. Improved quantitative and qualitative production of single-domain intrabodies
mediated by the co-expression of erv1p sulfhydryl oxidase. Protein Expr. Purif. 2011, 79, 111–114. [CrossRef]
[PubMed]

117



Antibodies 2018, 7, 36

46. Zarschler, K.; Witecy, S.; Kapplusch, F.; Foerster, C.; Stephan, H. High-yield production of functional soluble
single-domain antibodies in the cytoplasm of Escherichia coli. Microb. Cell Fact. 2013, 12, 97. [CrossRef]
[PubMed]

47. Djender, S.; Schneider, A.; Beugnet, A.; Crepin, R.; Desrumeaux, K.E.; Romani, C.; Moutel, S.; Perez, F.;
de Marco, A. Bacterial cytoplasm as an effective cell compartment for producing functional vhh-based
affinity reagents and camelidae igg-like recombinant antibodies. Microb. Cell Fact. 2014, 13, 140. [CrossRef]
[PubMed]

48. Li, Z.; Hayman, R.B.; Walt, D.R. Detection of single-molecule DNA hybridization using enzymatic
amplification in an array of femtoliter-sized reaction vessels. J. Am. Chem. Soc. 2008, 130, 12622–12623.
[CrossRef] [PubMed]

49. Walt, D.R. Optical methods for single molecule detection and analysis. Anal. Chem. 2013, 85, 1258–1263.
[CrossRef] [PubMed]

50. Walt, D.R. Protein measurements in microwells. Lab Chip 2014, 14, 3195–3200. [CrossRef] [PubMed]
51. Dinh, T.L.; Ngan, K.C.; Shoemaker, C.B.; Walt, D.R. Rapid and ultrasensitive detection of botulinum

neurotoxin serotype A1 in human serum and urine using single-molecule array method. Forensic Toxicol.
2017, 35, 179–184. [CrossRef]

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

118



antibodies

Article

Selection and Characterization of a Nanobody
Biosensor of GTP-Bound RHO Activities

Laura Keller 1,2,†, Nicolas Bery 3,†, Claudine Tardy 1, Laetitia Ligat 1, Gilles Favre 1,2,

Terence H. Rabbitts 3 and Aurélien Olichon 1,2,*

1 Centre de Recherche en Cancérologie de Toulouse (CRCT), Inserm, Université Paul Sabatier-Toulouse III,
CNRS, 31037 Toulouse, France; keller.laura@iuct-oncopole.fr (L.K.); claudine.tardy@inserm.fr (C.T.);
laetitia.ligat@inserm.fr (L.L.); favre.gilles@iuct-oncopole.fr (G.F.)

2 Institut Claudius Regaud (ICR), Institut Universitaire du Cancer de Toulouse-Oncopole (IUCT-O),
Laboratoire de Biologie Médicale Oncologique (LBMO), 31059 Toulouse, France

3 Weatherall Institute of Molecular Medicine, MRC Molecular Haematology Unit, University of Oxford,
Oxford OX3 9DS, UK; nicolas.bery@ndcls.ox.ac.uk (N.B.); terence.rabbitts@imm.ox.ac.uk (T.H.R.)

* Correspondence: aurelien.olichon@inserm.fr
† These authors contributed equally to this work

Received: 29 November 2018; Accepted: 20 December 2018; Published: 9 January 2019

Abstract: RHO (Ras HOmologous) GTPases are molecular switches that activate, in their state
bound to Guanosine triphosphate (GTP), key signaling pathways, which involve actin cytoskeleton
dynamics. Previously, we selected the nanobody RH12, from a synthetic phage display library,
which binds the GTP-bound active conformation of RHOA (Ras Homologous family member A).
However, when expressed as an intracellular antibody, its blocking effect on RHO signaling led to
a loss of actin fibers, which in turn affected cell shape and cell survival. Here, in order to engineer
an intracellular biosensor of RHOA-GTP activation, we screened the same phage nanobody library
and identified another RHO-GTP selective intracellular nanobody, but with no apparent toxicity.
The recombinant RH57 nanobody displays high affinity towards GTP-bound RHOA/B/C subgroup
of small GTPases in vitro. Intracellular expression of the RH57 allowed selective co-precipitation with
the GTP-bound state of the endogenous RHOA subfamily. When expressed as a fluorescent fusion
protein, the chromobody GFP-RH57 was localized to the inner plasma membrane upon stimulation of
the activation of endogenous RHO. Finally, the RH57 nanobody was used to establish a BRET-based
biosensor (Bioluminescence Resonance Energy Transfer) of RHO activation. The dynamic range of
the BRET signal could potentially offer new opportunities to develop cell-based screening of RHOA
subfamily activation modulators.

Keywords: nanobody; phage display; intrabody; intracellular antibody; GTPase RHO; BRET; RAS

1. Introduction

The RAS HOmologous RHO GTPases are small G proteins that act as molecular switches.
These GTPases cycle between two conformational states depending on their binding to GDP
(Guanosine diphosphate) or GTP (Guanosine triphosphate). A plethora of guanine nucleotide exchange
factors (GEF) can stimulate the GTP loading of the small GTPases in a spatio-temporal manner, leading
to local activation of effector proteins. A number of GTPase-activating proteins (GAP) can then
catalyze the nucleotide hydrolysis to switch off the signaling [1]. Like for RAS, a subtle conformational
change involving the two switch loops in the GTP-bound conformation of RHO enables the binding of
the signaling effectors [2]. In contrast to the GTPase RAS-GTP, which can be massively induced [3],
co-precipitation of the RHO-GTP pool by recombinant effector binding domains (RHO binding domain,
RBD) showed that only a small fraction of the total RHO GTPases cellular pool is stimulated [4].

Antibodies 2019, 8, 8; doi:10.3390/antib8010008 www.mdpi.com/journal/antibodies119
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The RHOA-like subfamily includes RHOA/B/C members, which have been extensively studied for
their involvement in actin cytoskeleton dynamics regulation, in cell proliferation and migration, or in
development [5]. According to the physiological context, they can drive several other key signaling
pathways such as YAP (Yes associated protein) for RHOA [6,7] or AKT for RHOB (RAS Homologous
family member B) [8,9]. Their potential involvement in cancer cell migration and metastasis [5,10,11],
or in targeted therapy resistance [9,12], suggests that the development of small molecule inhibitors
targeting these GTPases would be valuable. For example, the small molecule RHOSIN inhibits the
interaction of RHO with several GEFs (LARG, DBL, LBC, p115-RHOGEF, PDZ-RHOGEF), but this
inhibitor presents limited efficiency in most cellular contexts [13].

The difficulty in identifying potent cellular inhibitors of RHO is partly the result of the lack
of quantitative tools to precisely monitor their cellular activation. To date, all the molecular tools
available to study RHO activity states are based on the use of effector RBDs either in pull down or
capture ELISA (Enzyme-linked Immunosorbent assay) assays on cellular lysates, as intramolecular
FRET-based sensors (Fluorescent probes based on Förster Resonance Energy Transfer) [14,15], or as
tripartite split-GFP protein–protein interaction reporters in cells [16]. However, the poor stability of
the RBD, as well as its low affinity towards the GTP-bound RHOs, has hampered the dynamic range
of these assays [17,18]. In addition, the use of such effector domains in cells could be per se a potential
competitor of the endogenous effectors, thus these tools require optimization of expression level in
stable cell lines. Therefore, artificial affinity binding domains with higher stability and selectivity offer
an attractive alternative to develop biosensors of RHO activation.

Nanobodies or stable single domain antibodies have emerged as useful molecular reagents to sense
or track antigens in the reducing intracellular environment when used as intracellular antibodies [19,20].
Their high solubility in the reducing cytosol retains their conformational specificity and high affinity
required for the selective recognition of antigens in living cells. We and others have already reported
such alternative binding domains selective towards the GTP-bound conformation of a GTPase such
as H-RAS [21], Dynamin [22], or RHO/RAC subfamilies [23]. In particular, we identified a synthetic
nanobody (designated RH12) with high affinity towards the RHOA-like subfamily and RAC1 proteins,
and with high specificity to their GTP-bound form in vitro and in cells. When expressed as an
intracellular antibody, RH12 nanobody induced a dramatic effect on cell shape that was associated
with actin polymerization defects [23]. We assumed that the RH12 nanobody acts as a macrodrug
by blocking GTP-bound RHO and RAC signaling and inhibiting the RHO-RAC/effector interactions.
Therefore, such a blocking intracellular antibody would not be suitable to build a biosensor.

Here, we report the characterization of another high affinity nanobody (referred to hereafter as
RH57) that is specific to the GTP-bound fraction of RHOA and RAC1 subfamilies in vitro, but with no
apparent competition with RHOA-like effectors when used as an intracellular antibody. We expressed
it as a chromobody and observed its re-localization to the plasma membrane upon RHO stimulation.
We functionalized the nanobody in order to produce a versatile dynamic BRET biosensor of RHO
activation in cells. This clone not only provides an additional example of the diversity and functionality
of the synthetic nanobody phage library from which it has been generated, but also illustrates the
ability of intracellular antibodies to study the activity of challenging proteins.

2. Material and Methods

2.1. Plasmids

p-IB-6His-Myc and pIB-GFP intracellular antibodies and chromobodies expression vectors,
in which any humanized synthetic single domain antibody (hs2dAb) from the NaLi-H1 library
can be inserted by NcoI and NotI cloning sites, were described previously [23]. The 2x-Strep-tag®

(similar to Twin-Strep-tag®from IBA-Lifesciences®) followed by HA tag (2SHA)-RHO plasmid
expression was described previously [23]. pHEN-hs2dAb 6xhis-myc-6xhis was constructed
as following: hs2dAb-6xhis-myc was digested from pIB-GFP and inserted into a modified
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pHEN6-VHH-6xhis that was previously described [24], thus creating a periplasmic expression vector
pHEN6-hs2dAb-6xhis-myc-6xhis. The tag downstream of the NotI site was replaced by a synthetic
Flag-Ctag DNA fragment encoding the following translated sequence: A A A G G G S G G D Y K
D D D D K G Y Q D Y E P E A *, thus producing pHEN-hs2dAb-Flag-Ctag. The hs2dAb-Flag-Ctag
was then sub-cloned into the previously described pAOT7 vector [23] using NcoI and EcoRI sites to
produce the pAOT7-hs2dAb-Flag-Ctag, which allowed the production in E.coli cytoplasm.

2.2. Cell Lines, Transfection Method, and Reagents

HeLa cells (cervix adenocarcinoma; ATCC® CRM-CCL-2™, ATCC, Manassas USA) were grown
in Dulbecco’s Modified Eagle Medium (DMEM) (Lonza®, Basel, Switzerland) supplemented with
10% FBS (Foetal Bovine Serum) (Sigma Aldrich®, St. Louis, MO, USA). Transient transfections of
DNA plasmids were performed using the Jet Prime method, as indicated by the supplier (PolyPlus
Transfection®, Illkirch, France).

HEK293T human embryonic kidney cells (ATCC® CRL-3216) were grown in DMEM medium
(Life Technologies®, Carlsbad, CA, USA) supplemented with 10% FBS (Sigma Aldrich®) and 1%
Penicillin/Streptomycin (Life Technologies®). HEK293T cells were transfected with Lipofectamine
2000 (Thermo-Fisher®, Waltham, MA, USA, see BRET2 section). All cells were grown at 37 ◦C in a
humidified incubator with 5% CO2.

Western blots were probed with a mouse monoclonal 26C4 anti-RHOA (1/500, O/N, 4 ◦C, Santa
Cruz Biotechnology®, Dallas, TX, USA), goat polyclonal anti-myc tag HRP conjugated (1/3000, 1 h,
room temperature (RT), Novus Biologicals®, Centennial, CO, USA), and mouse monoclonal anti-RAC1
(1/1000, O/N, 4◦C, Millipore). Detection was performed using peroxidase-conjugated secondary
antibodies and a chemiluminescence detection kit (Biorad®, Hercules, CA, USA). F-Actin was stained
with Alexa568-conjugated phalloidin (Molecular Probes, Eugene, USA).

2.3. Subtractive Phage Display Panning for Isolating RHO-GTP Specific hs2dAb

The NaLi-H1 library of humanized synthetic single domain antibody [23] was used for this
study. A subtractive panning protocol was designed to isolate hs2dAb selective for RHOA-GTP
conformation. The chitin binding domain (CBD) from chitinase A1 (New England Biolabs®, Ipswich,
USA) or 2x-Strep-tag® (IBA-Lifesciences®, Göttingen, Germany) fusion of RHOA GTPase active mutant
(RHOA L63) were expressed transiently for 24 h in HEK293 cells and captured freshly after cell lysis
on magnetic beads before incubation with the library phages. Chitin magnetic beads (New England
Biolabs®) or Strep-Tactin®-coated beads (IBA-Lifesciences®) were used alternatively for the capture
of antigens for the four rounds of phage display. Phages were previously adsorbed on empty chitin
or Strep-Tactin®-coated magnetic beads to remove nonspecific binders. From the second round of
panning, depletion steps on GDP-loaded wild type RHOA or N19 inactive mutant and on RHOB
L63, RHOC L63, and RAC1 L61 active mutants were included (Figure 1B). The adequate amount of
antigen-coated beads was incubated for 2 h with the phage library (1013 phages diluted in 1 mL of PBS
+ 0.1% Tween 20 + 2% non-fat milk). Phages and antigens-bound Strep-Tactin®-coated beads or Chitin
beads were recovered on a magnet. Beads were washed with PBS–Tween 0.1% 10 times (round 1),
15 times (round 2), or overnight (rounds 3 and 4), and in the presence of an excess of untagged RHOA
and RHOC L63 to further deplete in binders with a high dissociation rate. Bound phages were eluted
using triethylamine (Sigma Aldrich®) and E. coli (TG1 strain) were infected with the eluted phages.
For rounds 2, 3, and 4, only 1012 phages were used as input.
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Figure 1. Antibody phage display selection of GTP-bound RHO conformational nanobodies. (A) View
of the structure of RHOA-GTP V14 mutant (shown in wine-red and pink, Protein Data Base (PDB):
1a2b) superimposed with the structure of RHOA-GDP (shown in green and cyan, PDB: 1ftn). RHOA
G14V mutant in the active state is bound to the GTP (purple-blue nucleotide) and Mg2+ (shown as
a yellow sphere). RHOA displays the inactive conformation bound to GDP (red nucleotide) and
Mg2+ (shown as an orange sphere). The structural alignment in this view shows a subtle closure of
the switch I and switch II loops (SWI and SWII loops currently in cyan in RHOA-GDP and in pink
in RHOA-GTP) around the phosphate gamma and the Mg2+ (orange to yellow). (B) Scheme of the
subtractive phage display enrichment of hs2dAb to GTP-bound RHOA (wine-red) by depletion with
the inactive GDP-bound state (green) and with the GTP-bound state of RHOB and RHOC (see Methods).
The phages presenting hs2dAb are shown in pink/grey. The RHOA structures were produced using
PyMOL software 2.1 (Schrödinger, Mannheim, Germany).

2.4. Hs2dAb Purification

Briefly, hs2dAb-6 × His-Myc-6 × His was produced in the periplasm of XL1BLUE E. coli
grown in TB/ampicillin (100 μg/mL) medium supplemented with 1% glucose in the start culture
and 0.5% glucose during induction with 1 mM IPTG (Isopropyl β-D-1-thiogalactopyranoside).
After overexpression for 16 h at 28 ◦C, the cells were harvested, suspended in 15 mL ice-cold TES buffer
(200 mM Tris (Sigma Aldrich®) pH 8.5, 0.5 mM EDTA, 500 mM Sucrose), and stored at −80◦C. Thirty
milliliters of a one-quarter dilution of TES buffer was briefly added to the re-suspended pellets prior to
vortex and kept at 4 ◦C for 30 min. After centrifugation (30 min, 13000× g, 4 ◦C), the periplasmic extract
containing hs2dAb was purified by affinity chromatography. The protein extract was incubated for
2 h in the presence of complete His-Tag purification beads (ROCHE®, Basel, Switzerland) previously
equilibrated with an equilibration buffer (50 mM Tris pH 8.0, 0.125 mM EDTA, 125 mM sucrose, 100 mM
NaCl, 10 mM imidazole pH 7.0). The beads were washed with 30 mL of washing buffer (10 mM
Tris pH 8.0, 150 mM NaCl, 10 mM imidazole pH 7.0). Hs2dAb were then eluted with elution buffer
(500 mM imidazole pH 7.0, 25 mM Tris pH 6.8, 300 mM NaCl) and dialysed against PBS containing 20%
glycerol for 16 h at 4 ◦C, and purity was assessed by SDS-PAGE followed by InstantBlueTM (Expedeon,
Cambridgeshire, UK) Coomassie staining (Figure 2B).

Cytosolic expression of hs2dAb-Flag-Ctag was performed in BL21(DE3) E.coli cells from the
pAOT7 vector. Transformed bacteria cells were used to grow 3 mL TB/kanamycin (35 μg/mL) cultures
overnight at 37 ◦C prior to dilution of the pre-culture in baffled flasks containing 1 L of the same media.
Cells were allowed to grow at 37 ◦C until OD600 reached 0.5 to 0.7. Cells were then induced with IPTG
at a final concentration of 100 μM and grown for an additional 16 h at 18 ◦C. Cells were harvested
by centrifugation at 4000× g for 20 min. The pellets were re-suspended in lysis buffer (PBS pH 7.4,
1X lysozyme and DNase I, proteases inhibitors) and lysed by sonication on ice prior to centrifugation
(30 min, 15,000× g, 4 ◦C). A CaptureSelect C-tag affinity matrix (Thermo-fisher®) was equilibrated in
PBS pH 7.4. After loading clarified lysate and washing in PBS pH 7.4, 300 mM NaCl, 20 mM MgCl2,
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C-tagged antibodies were eluted in 20 mM Tris pH 7.4 in the presence of 2 M MgCl2. Dialysis was
performed overnight against PBS containing 20% glycerol, and purity was assessed by SDS-PAGE
followed by InstantBlueTM (Expedeon, Cambridgeshire, UK) Coomassie staining (Figure 2B).

Figure 2. In vitro characterization of recombinant RH57 hs2dAb. (A) Amino acid sequence of the RH57
hs2dAb. Complementary-determining region (CDR) are underlined. (B) Representative Coomassie
staining of SDS-PAGE showing the purification of RH57 fused to its carboxy terminal end with
6xHis-Myc-6xHis tag expressed in the periplasm (left) or RH57 fused to its carboxy terminal end with
Flag tag and C-tag (right) used in the study. PE = periplasmic extract, L = clarified lysate, FT = flow
through, W = wash, E = elution, and M = molecular weight marker. (C) ELISA detection of recombinant
RHOA L63 constitutively active (CA) mutant versus RHO N19 dominant negative (DN) mutant. RHO
proteins were captured on a Strep-Tactin coated plate and incubated with increasing concentrations of
recombinant RH57-Flag-Ctag. Anti-Flag antibody was used to reveal the bound fraction of recombinant
RH57 hs2dAb. (D) Single cycle kinetics (SCK) surface plasmon resonance (SPR) measurements on
RH57-6xhis-myc-6xhis captured on an Ni-NTA (Nickel affinity capture of 6xHis) chip. Red lines
correspond to the raw data measurements, and the fit curves are displayed in black or green according
to the condition. Analytes were recombinant RHOA L63 CA mutant (black line, left SCK); RHOA N19
DN mutant (green line, left SCK); or RHOA WT loaded with either GTPγS (black line, right SCK) or
GDP (green line, right SCK), injected at increasing concentrations (arrows, see Methods).
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2.5. RHO GTPases Purification

RHO proteins deleted for the carboxy terminal four amino acids referred to as CAAX motif were
expressed with an amino terminal tag that consisted of 2x-Strep-tag followed by HA tag (2SHA).
2SHA-RHO were expressed in BL21(DE3) E.coli cells from a pET vector. Transformed bacteria cells
were used to grow 3 mL LB/carbenicillin (100 μg/mL) cultures overnight at 37 ◦C prior to inoculation
in baffled flasks containing 1 L of the same media. Cells were allowed to grow at 37 ◦C until OD600
reached 0.5 to 0.7. Cells were then induced with IPTG at a final concentration of 100 μM and grown for
an additional 20 h at 25 ◦C. Cells were harvested by centrifugation at 4000× g for 20 min. The pellets
were re-suspended in lysis buffer (50 mM Tris HCl pH 8.0, 150 mM NaCl, 5 mM MgCl2, 0.1% triton,
1 mM DTT, 1X lysozyme and DNase I, proteases inhibitors) and lysed by sonication on ice prior to
centrifugation (15 min, 10,000× g, 4 ◦C). Strep-Tactin SuperFlow Plus (IBA-Lifesciences ®) matrix was
equilibrated in buffer A (50 mM Tris HCl pH 8.0, 150 mM NaCl, 5 mM MgCl2) and was incubated with
supernatant for 2 h at 4 ◦C. Then, the supernatant and matrix were loaded on a simple column in order
to maximize the capture of 2SHA-RHO proteins. The matrix was washed by 15 mL of washing buffer
(300 mM NaCl, 50 mM Tris pH 8.0, 5 mM MgCl2, 0.1% Tween20). RHO proteins were then eluted in
buffer A containing 10 mM Biotin (Sigma Aldrich®). Dialysis was performed overnight against buffer
A containing 15% glycerol.

2.6. ELISA Assays

Wells of Strep-Tactin-coated plates (IBA-Lifesciences®) were coated with 100 nM of recombinant
2S-HA-tagged RHOA protein (200 μL in TBS by well) during 2 h at RT and then blocked with 5% milk
in TBS–Tween 0.05% (blocking buffer) for 1 h at RT. Several dilutions of hs2dAb in blocking buffer
were applied to the ELISA plates in duplicates for 1 h at RT. Next, we added 0.5 μg/mL anti-Flag HRP
antibody (F1804, Sigma-Aldrich®) in blocking buffer for 1 h at RT and the reaction was visualized
by the addition of 100 μL chromogenic substrate (Thermoscientific®, 1-step ultraTMB) for 3 min.
The reaction was stopped with 50 μL H2SO4 1N and absorbance at 450 nm was measured using a
FLUOstar OPTIMA microplate reader (BMG LABTECH, Ortenberg, Germany). Plates were washed
three times with washing buffer (TBS–Tween20 0.05%) after each step. All steps were performed under
agitation (400 rpm).

2.7. Loading Recombinant Proteins with GTPγS/GDP

We added 10 mM EDTA and 1 mM GDP or 100 μM GTPγS to recombinant proteins 2S-HA-RHOA
wt. We incubated the reaction for at least 30 min at 30 ◦C for recombinant proteins. The reaction was
stopped by adding 60 mM MgCl2, and the mix was vortexed and put on ice.

2.8. Immunofluorescence Staining

Cells transfected with intracellular antibodies fused to a monomeric GFP (GFP carrying mutation
Cys48Val) were fixed in 3.7% paraformaldehyde and permeabilized with PBS–Triton 0.1%, blocked
with PBS–BSA 8%. Actin fibers were stained with Alexa 568-Phalloidin (1/40, 1 h, RT, Invitrogen®).
All coverslips were mounted in Mowiol. Data acquisition was carried out on a Zeiss axiovert inverted
microscope and analysed using Image J software (Fiji open-source platform).

2.9. Endogenous RHO Proteins Intracellular Antibodies Co-Immunoprecipitation Assays

The hs2dabs RH12, RH57, or NR with a 6xhis and carboxy Myc tags were transiently expressed in
HeLa cells. After 24 h, cells were harvested and lysed in buffer (50 mM Tris pH 7.4, 500 mM NaCl,
10 mM MgCl2, 1% TritonX100, supplemented with proteases and phosphatases inhibitors). To load
the GTPases (Figure 3A), 10 mM EDTA and 1 mM GDP or 100 μM GTPγS were then added to cell
lysates, and incubated for at least 30 min at 37 ◦C. The reaction was stopped by adding 60 mM MgCl2,
and the mix was vortexed and put on ice. To pull down the intracellular antibody from the cell lysate,
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the loaded lysate or the fresh lysate (in Figure 3A,B, respectively) were incubated on Complete His-Tag
Ni2+-NTA Purification Resin (ROCHE®) that had previously been equilibrated in the lysis buffer.
After one hour at 4 ◦C, the beads were washed three times in buffer (50 mM Tris-HCl pH 7.4, 150 mM
NaCl, 10 mM MgCl2, 0.1% Tween20) and denatured in 1X Laemmli reducing sample buffer, boiled for
5 min, and separated on 12.5% SDS-PAGE for Western blot analysis.

Figure 3. Intracellular antibody characterization of RH57 hs2dAb. (A) The hs2dabs RH12 and
RH57 were expressed in HeLa cells with a 6xhis and carboxy Myc tag and the endogenous RHO
GTPases were loaded with either GTPγS or GDP in the cell lysate. The intracellular antibodies were
immuno-precipitated with Capture Select His tag affinity beads and an anti-RHOA antibody was used
to monitor which pool of RHO (GTP or GDP) was bound by the intracellular antibodies. The recovered
intracellular antibodies were monitored by immuno-blotting with anti-Myc tag. The GST-RHOTEKIN
RHO binding domain (RBD), which allows to pull down GTP-bound RHO proteins on glutathione
beads, was used as positive control. (B) Intracellular antibody immuno-precipitation assays on
endogenous RHO proteins. Assays were performed as in panel A, but on non-loaded endogenous
RHO proteins. The non-related NR hs2dAb was used as a negative control. (C) GST-RHOTEKIN RBD
interference assay intracellular antibodies. The hs2dabs NR, RH12, and RH57 were expressed in HeLa
cells with a 6xHis and carboxy Myc-tag. Intracellular expression of RH12 impedes the GST-RBD capture
of RHOA-GTP. RH57 induced an increase of RHOA-GTP. NR binds to the beads. Representative blot
of three independent experiments. Right: scheme of the binding competition events. Quantification
of RHOA-GTP fold increase in RH57 conditions compared with the NR condition reveals potential
stabilization of RHOA-GTP or GAP inhibition activity by the RH57. Error bars are mean ± SD of the
biological repeats. * p < 0.05. IP = immuno-precipitation; IB = immuno-blot.
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2.10. GST-RBD Assay

The hs2dabs RH12, RH57, or NR with a 6xhis and carboxy Myc tags were transiently expressed in
HeLa cells. After 24 h, cells were harvested and lysed on ice in buffer (50 mM Tris-HCl pH 7.4, 500 mM
NaCl, 10 mM MgCl2, 1% TritonX100, supplemented with proteases and phosphatases inhibitors).
To pull down the GTP-bound RHOA/B/C with the reference method, the lysates were incubated
with GST-RBD beads (Figure 3A,C). After 45 min at 4 ◦C, the beads were washed three times in buffer
(50 mM Tris-HCl pH 7.4, 150 mM NaCl, 10 mM MgCl2, 0.1% Tween20) and denatured in 1X Laemmli
reducing sample buffer, boiled for 5 min, and separated on 12.5% SDS-PAGE for Western blot analysis.
Quantification of the RHOA immunoblot signal was done with ImageLabTM version 6.0 (Biorad®,
Hercules, CA, USA) software for each condition to determine the ratio of RHOA-GTP/total RHOA.
The results for the RH57 condition were normalized to NR. Statistical analysis (t-test) was calculated
using GraphPad Prism software version 6.0 (California corporation, USA) * for p < 0.05 (Figure 3C).

2.11. Affinity Measurement

Hs2dAb binding studies based on SPR (surface plasmon resonance) technology were performed
on a BIAcore T200 optical biosensor instrument (GE Healthcare®, Uppsala, Sweden). Capture of
recombinant hs2dAb-6xHis was performed on a nitrilotriacetic acid (NTA) sensor chip in HBS-P +
buffer (10 mM HEPES pH 7.4, 150 mM NaCl, and 0.05% surfactant P20) (GE Healthcare®). The four
flow cells (Fc) of the sensor chip were used: one (Fc 1) to monitor nonspecific binding and to
provide background corrections for analyses and the other three flow cells (Fc 2, 3, and 4) containing
immobilized hs2dAb-6xHis for measurement.

For immobilization strategies, flow cells were loaded with nickel solution (Sigma Aldrich®)
(10 μL/min for 60 s) in order to saturate the NTA surface with Ni2+ and an extra wash using running
buffer containing 3 mM EDTA after the nickel injection. His-tagged hs2dAb in running buffer was
injected in flow cells at a flow-rate of 10 μL/min. The total amount of immobilized hs2dAb-6xHis
was 250–300 resonance units (RUs; 1 RU corresponds to approximately 1 pg/mm2 of protein on the
sensor chip). A single-cycle kinetics (SCK) analysis to determine association, dissociation, and affinity
constants (ka, kd, and KD, respectively) was carried out. The SCK method prevents potential inaccuracy
due to sensor chip regeneration between cycles, which is necessary in the conventional multiple
cycle kinetics (MCK). The SCK binding parameters are evaluated for each injection according to
the tools and fit models of the BIAevaluation software, giving similar values to MCK. As hs2dAb
were smaller proteins than their respective antigens, hs2dAb were captured on the sensor chip,
then the recombinant antigens were used as analyte and were injected sequentially with two-fold
increased concentrations in a single cycle without regeneration of the censorship between injections.
Concentrations of recombinant 2S-HA-RHOA L63 or N19 mutants ranged between 3.125 nM and
50 nM, and concentrations of 2S-HA-RHOA WT loaded with GDP or GTPγS ranged between 12.5 nM
and 200 nM. Binding parameters were obtained by fitting the overlaid sensorgrams with 1:1. Langmuir
binding model of the BIAevaluation software version 1.0 (GE Healthcare®, Uppsala, Sweden).

2.12. BRET

2.12.1. Molecular Cloning

RHOA WT, RHOA L63, RHOB L63, RHOC L63, and RHOA N19 were cloned between NotI/XbaI
of the pEF-RLuc8-(GGGGS)1-MCS described elsewhere [25]. The RH57 nanobody was inserted
between NcoI/XhoI into pEF-GFP2-(GGGGS)1-MCS [25].

2.12.2. BRET2 Titration Curves and Stimulation Assays

For all BRET experiments (titration curves and stimulation assays), 650,000 HEK293T were seeded
in each well of six-well plates. After 24 h at 37 ◦C, cells were transfected with a total of 1.6 g of
DNA mix, containing the donor (RLuc8 plasmid) + acceptor (GFP2 plasmid) using Lipofectamine
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2000 transfection reagent (Thermo-Fisher). Cells were detached 24 h later, washed with PBS, and
seeded in a white 96-well plate (clear bottom, PerkinElmer) in OptiMEM without phenol red medium
complemented with 4% FBS or no FBS for the stimulation assays. Cells were incubated for an additional
20–24 h at 37 ◦C before the BRET assay readings. Cells were stimulated for 12 min with 20% serum
(20 L of 100% serum added in 80 L of BRET medium without FBS) before the BRET readings.

2.12.3. BRET2 Measurements

The BRET2 signal was determined immediately after addition of coelenterazine 400a substrate
(10 M final) to cells (Cayman Chemicals), using a CLARIOstar instrument (BMG Labtech) including
the luminescence module (filter settings: 515 nm–30 nm and 410 nm–80 nm). Total GFP2 fluorescence
was detected with excitation and emission peaks set at 405 nm and 515 nm respectively. Total RLuc8
luminescence was measured with the filter set up at 410 nm–80 nm.

The BRET signal (or BRET ratio) corresponds to the light emitted by the GFP2 acceptor constructs
(515 nm–30 nm) upon addition of coelenterazine 400a divided by the light emitted by the RLuc8
donor constructs (410 nm–80 nm). The background signal is subtracted from that BRET ratio using the
donor-only negative control, where only the RLuc8 plasmid is transfected into the cells. Total GFP2

and RLuc8 signals were used to control the protein expression level from each plasmid.

3. Results

3.1. Phage Display Selection of a New High Affinity GTP-Bound RHO Conformational hs2dAb

We previously selected, by phage display, the RH12 (hs2dAb from the synthetic nanobody library
NaLi-H1 [23]. The RH12 pan-RHO-GTP blocking intracellular antibody was the only specific clone
after five rounds of phage display selection and enrichment cycles. Albeit, RHOA conformational
change according to its bound nucleotide involves only a small interface that comprises the switch
domains (SWI and SWII, Figure 1A), we hypothesize that several other epitopes can be targeted by
affinity reagents as small as nanobodies for an alternative selective recognition of the small GTPase
active state. In order to obtain other RHO-GTP conformational nanobodies with different properties
than those of the RH12, we slightly modified our subtractive phage display selection protocol that
included depletion steps on an excess of inactive GDP-bound RHOA before capture on the active
RHOA bound to non-hydrolysable GTPγS (Figure 1B). First, we reduced the number of washing
steps in the first two rounds of panning to initially select more diversity of binding domains, then we
increased the washing time in the third and fourth rounds up to overnight to keep high affinity
nanobodies. We also increased the excess of competitors RHOA-GDP or the active mutant of the
closest RHO (RHOB L63, RHOC L63, and RAC1 L61). After phage and fragment ELISA preliminary
screening of monoclonal hs2dAb on both conformations of RHOA, sequencing revealed that one of the
positive clones selective to RHOA-GTP was different from the RH12. This new RHOA-GTP nanobody
is referred to as RH57 (Figure 2A).

We proceeded with the production and characterization of the binding properties of the
RH57 clone in vitro. The nanobody was expressed in E.coli periplasm with a carboxy terminal
6xhis-Myc-6xhis fusion or in E.coli cytosol with a carboxy terminal Flag-Ctag fusion (see Methods),
both fusions including a purification tag and a second epitope tag for further detection (Figure 2B).
We focused on the selectivity of the RH57 towards RHOA-GTP by producing and purifying mutants
of RHOA that mimic the active and inactive conformations. RHOA L63 is a constitutively active
mutant of RHOA (RHOA-CA), which is locked in the GTP-bound conformation, whereas RHOA
N19 is considered as a dominant negative one (RHOA-DN). These mutants were expressed with an
amino-terminal tag that consists of 2-Strep-Tag® and HA tags. Strep-Tag® was used to capture the
GTPase mutants on Strep-Tactin® coated ELISA wells in order to address the RH57 capacity to detect
RHOA L63 or N19 mutants. Figure 2C shows a selective detection of RHOA L63 protein in a dose
response manner down to 1 nM RH57-Flag-Ctag. This result was consistent with the differential
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screening on loaded RHOA that led to the identification of the nanobody RH57. As the ELISA
sensitivity suggested a relatively high affinity of the RH57 towards RHOA, we evaluated its binding
kinetics properties by surface plasmon resonance (SPR). His tagged purified RH57 nanobody was
captured on an Ni-NTA chip to perform single cycle kinetics measurements with the two RHOA
mutants as analytes or RHOA WT loaded with either GTPγS or GDP. The KD values for RHOA
L63 were two-fold lower than for the GTP-bound RHOA WT at 28 nM and 60.5 nM (Figure 2D),
respectively, indicating a relatively high affinity of the RH57, but one log lower than the one previously
reported for the RH12 [23]. Barely any resonance unit was obtained while RHOA was loaded with GDP,
and a low signal was measured with the inactive RHOA N19, allowing an assessment of a KD value
above 2 μM, which is a drop of two orders of magnitude compared with the L63 active conformation
(Figure 2D). These data demonstrated the high affinity and selectivity of the RH57 nanobody towards
the GTP-bound conformation of recombinant RHOA GTPase in vitro, regardless of its production in
the oxidative periplasm or in the reducing cytosol of E.coli.

3.2. Characteriation of the RH57 Intracellular Antibody Binding Properties

Next, we characterized the biochemical properties of the RH57 nanobody when transiently
expressed in HeLa cells as an intracellular antibody. For this new molecular construct, we added a
carboxy-terminal 6xhis tag for its capture on an IMAC (Nickel ion metal affinity chromatography)
matrix followed by a Myc-Tag for detection. We first investigated, by co-precipitation assays, whether
the conformational selectivity towards RHO-GTP was preserved while the RH57 was expressed in
the intracellular reducing environment. As RHO GTPases are activated at a relatively low basal level
in cells cultivated in serum containing medium, we artificially increased the fraction of endogenous
proteins in active conformation by loading the cellular extract with GTPγS or GDP as a negative
control. We used the GST-RHOTEKIN RBD pulldown, which is the standard biochemical assay to trap
the GTP-bound RHO-GTPases, as a positive control. As expected, the RH57 intracellular antibody
co-precipitated RHOA only in the GTPγS loaded condition, as did RH12 (Figure 3A). The clear
conformational selectivity towards cellular RHOA-GTP led us to perform co-precipitation of the
endogenous RHOA subfamily members. The RH57 intracellular antibody captured similar amounts
of the active conformation of RHOA/B/C proteins to the RH12 (Figure 3B). To further characterize
the binding properties of RH57 intracellular antibody on RHOA protein, we investigated competition
with GST-RHOTEKIN RBD/RHOA interaction. Unlike RH12, which totally depleted the RHOA-GTP
pull down by the GST-RHOTEKIN RBD, RH57 did not interfere with GST-RHOTEKIN RBD/RHOA
interaction (Figure 3C), suggesting that this intracellular antibody did not block endogenous RHO
activity inside the cells. Moreover, the RHOA-GTP fraction trapped by the GST-RHOTEKIN RBD in
the RH57 expressing cells lysate appeared significantly increased compared with the negative control
NR (Figure 3C).

3.3. Evaluating the RH57 intracellular antibody as a biosensor of RHOA-GTP.

After the initial biochemical validation of the RH57 intracellular antibody, we investigated its
behaviour when fused to GFP at its carboxy terminal end. Fluorescent nanobodies, also called
chromobodies, have been mainly developed to trace the endogenous localization of the recognized
antigen [26,27]. However, the intracellular localization of a chromobody depends on the binding
kinetics of the antibody fragment, the expression level of the intracellular antibody as well as its
target, and mostly if the target displays a specific localization where it is concentrated enough to
re-localize the chromobody. One of the representative cells shown in Figure 4A exemplified the
cellular re-localization to the nucleus of the chromatibody S12, which binds Histone H2A/H2B [27].
This condition contrasted with the whole cell staining obtained with the RH57 chromobody or with
the non-related negative NR control. Nevertheless, we observed at low confluency that the signals
at the cell edge displayed irregular intensities in 60% of the cells expressing the RH57-GFP at a
moderate level. Thin areas of higher signal intensity with length of 2 to 5 μm could be observed at
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the cell periphery (Figure 4A and Figure S1). Such areas were barely detectable in cells expressing
the NR-GFP control. The stronger intensity at the cell periphery may reflect membrane dynamics
areas where RHO GTPases activity occurs to regulated local actin dynamics in the formation of
lamellipodia or membrane ruffles [28]. Moreover, we compared the shape of cells expressing the
RH57-GFP chromobody with the one expressing the RH12-GFP. As we have previously reported [23],
the RH12 intracellular antibody expression led to a typical phenotype of RHO/RAC inhibition, with
impeded acto-myosin dynamics, actin fiber loss, and cell cytoplasm shrinkage, associated with cell
death. The cellular shape of cells expressing the RH57-GFP did not induce such dramatic perturbation
of the cell even at a high expression level (Figure 4A), indicating that this domain could be a building
block to generate a biosensor.

To complete our characterization of the chromobody RH57, we analyzed the signal on fixed
HeLa cells transiently transfected, starved for 24 h, and then stimulated with 20% serum for 30 min
(Figure 4B). We focused on the fluorescence staining at the edge of the cell and clearly found areas of
higher intensity upon serum-mediated RHO stimulation. Lateral cut plot profiles on more than 20
transfected cells showed very heterogeneous pattern of GFP chromobody fluorescence according to
the thickness and width of the cells, as well as the expression level in transient transfection. As shown
in representative plot profiles (Figure 4B and Figure S2), a peak at one edge of the cell was observed in
the profile plot of the stimulated cells expressing the RH57-GFP, whereas the profile of the lateral cut
in starved, but not serum stimulated cells displayed a bell-like shape similar to the one found in the
NR-GFP control conditions. The peak of RH57-GFP at the cell border co-localized with the cortical actin
fibers peak (Figure 4B). This accumulation could correspond to RHO activities, as RHOA-like activity
or GEF activities are known to occur close to plasma membrane zones of protrusion or retractions
linked to acto-myosin dynamic networks [28,29]. These results suggest that the RH57 intracellular
antibody could be used to establish a biosensor of the GTP-bound state of the RHOA-like subfamily.

Finally, we used the RH57 nanobody to produce a BRET biosensor of RHOA activation (Figure 5).
We previously developed a BRET-based RAS biosensor toolbox [25] between full-length RAS GTPases
and their effectors or binders (such as the anti-RAS intracellular domain antibody, iDAb RAS [20]).
Using a similar approach, we have established BRET-based RHO biosensors using the nanobody RH57.
The full-length RHO GTPases are fused on their amino terminal end with the donor molecule Renilla
Luciferase variant 8 (RLuc8). The anti-RHO-GTP binder RH57 is tagged to its amino terminal end with
the acceptor molecule GFP2. Both donor and acceptor plasmids are transfected into HEK293T cells and
if the RLuc8-RHO fusion protein does not interact with the GFP2-hs2dAb, the excitation of the donor
molecule (RHO) by the luciferase substrate (coelenterazine 400a) will not excite the acceptor fusion
molecule (nanobody) (Figure 5A, left panel). However, if an interaction occurs between RLuc8-RHO
and a GFP2-hs2dAb fusion, bringing the RLuc8 and GFP2 within 10 nm, an energy transfer occurs from
the RLuc8-RHO donor to the GFP2 acceptor and a BRET2 signal is achieved (Figure 5A, right panel).
The BRET signal (or BRET ratio) is the ratio between the light emitted by the GFP2 acceptor constructs
(at 510 nm) upon addition of coelenterazine 400a, divided by the light emitted by the RLuc8 donor
constructs (at 395 nm) [30] (see Methods). We performed BRET donor saturation assays to determine
whether we could detect an interaction between the RHO and the RH57. If the two proteins interact,
the BRET signal will increase and reach saturation, whereas if they do not interact, the BRET signal
will increase linearly [31]. Here, RH57 interacts specifically with RHOA, RHOB, and RHOC L63
active mutants, but not with the RHOA N19 dominant negative mutant (Figure 5B), confirming our
in vitro data.
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Figure 4. Chromobodies expression in HeLa cells. (A) Nanobodies NR, S12 (anti-Histone2A/B), RH12,
and RH57 hs2dAb were fused to GFP and expressed in HeLa cells as chromobodies. While RH12
hs2dAb significantly alters cellular shape, potentially by interfering with RHO/RAC pathways,
RH57 hs2dAb does not induce such a phenotype on HeLa cells. Arrowheads indicate areas of the
plasma membrane with localized increased concentration of the chromobody (enlarged in Figure S1).
The scale bars shown in the DAPI panels represent 20 μm. (B) HeLa cells transfected with RH57-GFP
or NR-GFP and serum starved for 24 h were stimulated with 20% serum to activate RHO GTPases.
Arrowheads indicate areas of the plasma membrane with a localized increased concentration of
chromobody RH57-GFP upon treatment (enlarged in Figure S2). Cut profile plots display the DAPI
(blue), the GFP chromobody (green), and F-Actin (red) intensities corresponding to the dash line shown
in the merge channel and arrows in GFP and actin staining channels. F-actin was stained with Alexa
568-Phalloidin. Co-localization of RH57-GFP pixels with F-actin is indicated by large arrows on the
plot profile and the channels. Images are representative of transfected cells at moderate expression
level. The scale bars shown in the DAPI panels represent 20 μm.
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Figure 5. Set up of BRET-based RHO biosensors with anti-RHO hs2dAb to detect RHOA activation.
(A) Schematic of the BRET2-based RHO biosensor system involving anti-RHO hs2dAb. The full-length
RHO proteins are fused at their amino termini to the donor molecule RLuc8. The anti-RHO RH57,
selected against the active RHO conformation (RHO-GTP), are fused at their amino termini to the
acceptor molecule GFP2. When the inactive RHO is expressed with the GFP2-hs2dAb, only a weak
BRET signal will be detected (left), while when the GFP2-hs2dAb interact with the active RHO, they
will induce a strong BRET signal (right). The BRET signal or BRET ratio is the ratio between the light
emitted at 510 nm divided by the light emitted at 395 nm minus a background correction from the
donor only construct. (B) BRET donor saturation assays between RHOAQ63L, RHOBQ63L, RHOCQ63L,
and RHOAT19N (donors) and the acceptors RH57. Acceptor/donor ratio is the ratio between the
quantity of plasmid expressing the acceptor construct divided by the quantity of plasmid expressing
the donor construct transfected into HEK293T cells. A ratio of 0 represents the donor only transfected
cells condition. Control of the expression of the acceptor (GFP2-RH57, GFP2 signal) and donors
(RLuc8-RHO, RLuc8 signal) from the BRET donor saturation assays are shown. The GFP2 level at the
acceptor/donor ratio of 0 shows the autofluorescence of the cells [25]. (C) Schematic of the BRET2-based
RHO biosensor with RH57 to detect RHOAWT activation. Upon serum stimulation, RHOAWT will be
activated and interact with RH57. (D) BRET donor saturation assay of RHOAWT with RH57. After 20%
serum stimulation for 12 min, RH57 contacts RHOAWT, as indicated by an increase of the BRETmax

and a decrease of the BRET50 values. The experiments were performed twice (biological repeats) in
quadruplicates (technical repeats). Error bars are mean ± SD of the biological repeats.

We have implemented the BRET-based biosensor using the RH57 nanobody to detect an activation
of RHOA WT upon RHO stimulation with serum (Figure 5C). The serum treatment leads to RHOA
activation and to its interaction with RH57 (Figure 5D). Indeed, it largely decreased the BRET50

(an approximation of the relative affinity of the acceptor fusion for the donor fusion proteins,
corresponding to the acceptor/donor ratio necessary to reach 50% of the BRETmax) and slightly

131



Antibodies 2019, 8, 8

increased the BRETmax (an approximation for the total number of complex RHOA/RH57 and the
distance between the donor and the acceptor within the dimer), which together are consistent with an
increased affinity of the RH57 nanobody towards RHOA-GTP (Figure 5D). These results suggest that
our RHOAWT/RH57 biosensor could detect an activation of RHOA in living cells.

4. Discussion

Targeting the conformational active state of intracellular proteins requires high affinity and high
specificity reagents such as intracellular antibodies. Antibody phage display selection has been useful
to isolate very selective intracellular antibodies that discriminate between different cellular pools of
a target protein according to its conformational state [32–34]. Small RHO GTPase cellular activities
rely on such a conformational switch. Their spatio-temporal activation patterns regulate cytoskeleton
dynamics and cell morphogenesis in various physiological contexts [35]. Therefore, intracellular
antibodies appear as appropriate molecular reagents to develop biosensors of the GTP-bound state
of RHO-GTPases, provided that their binding properties are not blocking the cellular function of the
target. As a previous selection led to a blocking intracellular antibody that was unsuitable for the
production of a sensor, in our current work, we screened the same synthetic nanobody phage display
library to identify another intracellular domain antibody that was also selective of a GTP-bound
RHOA-like subfamily, but with no apparent inhibitory effect. We demonstrated its high affinity and
selectivity in immunoassays and validated its functionality as an intracellular antibody to produce a
BRET biosensor of RHO activation.

RHO GTPase activation networks are tightly regulated to avoid sustained activation of
morphogenetic signalling pathways [14,15]. Overall, the GTP-bound state is maintained as a minor
proportion within the total pool of RHO proteins, which is mostly inactive as judged by biochemical
precipitation assays [4,17]. Therefore, the ability of nanobodies to specifically recognize the RHO-GTP
target relies on both a strong selectivity towards the GTP-bound conformation of the GTPase and
appropriate on- and off-rates of interaction. As the structural superimposition of the two states suggests
that the interface of the nanobody interaction should be close to the switch domains, the boundary
between a blocking intracellular antibody and a sensing intracellular antibody will depend mainly on
their affinity and the epitope overlap with binding domains of natural partners in the intracellular
complexity. As the nanobody RH12 was unsuitable for biosensor purposes, we screened the phage
display library and identified RH57, which does not compete with the RBD domain, indicating that
its binding epitope is unlikely to involve the same interface as the RHO/RH12 interaction. However,
we cannot clearly correlate the identification of the RH57 RHO-GTP sensor with any specific modified
conditions we have implemented during the phage display selection. For instance, we introduced
a depletion step with L63 CA mutants of RHOB and RHOC during the phage display, but we still
selected RH12 and the RH57 clones, which are pan-RHO/RAC GTPases antibodies. This indicates
that epitopes on the GTP-bound state may not favour the discrimination between RHOs, or that the
depletion steps should have been implemented from the first round of selection.

Chromobodies are powerful tools to trace endogenous antigens within the cell in live cell
imaging [19,27]. However, the intracellular localization of a chromobody depends on the binding
kinetics of the antibody fragment to the recognized antigen and the expression level of the intracellular
antibody as well as its target. Importantly, locally concentrated targets that display a specific
localization will give a signal background ratio favourable to distinguish the bound and unbound
chromobodies pools. The low expression level of the RHO-GTP state, as well as their transient
activation mechanism, may explain the weak signal background ratio of potentially bound to
unbound RH57-GFP chromobodies. Although we observed an increased signal at the border of
fixed cells, acute sensing and tracking of RHO activities in live cells may require more advanced
microscopy approaches dedicated to membrane dynamics imaging such as TIRF (total internal reflction
fluorescence) [22,36]. Alternatively, engineering the hs2dAb such that the bound pool displays a shift
in fluorescence intensity, such as coupling with solvent sensitive dyes [37], could improve the signal
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to background ratio. As the RH57 chromobody cannot be easily used as a sensor of endogenous
RHO activity for the study of regulators or for the screening of compounds that would modulate
RHO activation, we developed a BRET-based RHO biosensor using the RH57 nanobody. BRET-based
biosensors have been successfully used to monitor the modulation of interactions with ligands [38–40].
Here, we show that the RH57 could be used to detect an activation of RHOA by serum stimulation
of the cells. However, the determination of the binding interface of the RH57 on RHOA should be
performed by resolving the crystal structure of the complex before using the BRET-based biosensor as
a screening platform of ligand/small molecules modulating RHO activation. Indeed, even though the
RH57 does not compete with the RBD, we cannot rule out that the RH57 interferes with GAP proteins
or other regulators of RHO activity, as we noticed that this intracellular antibody led to an increase of
the RHOA-GTP ratio in the GST-ROTHEKIN RBD assay.

In conclusion, we have identified a nanobody from a synthetic library suitable for the production
of RHOA subfamily activation biosensors. This genetically encoded molecular tool will allow a broad
range of applications to target RHO activity without interfering with RHO signaling. The RH57 domain
could also be compared with some RBD used in BRET-based biosensors to monitor RHO activation
with a fine spatio-temporal resolution. In the future, the BRET biosensor could allow the screening of
small molecules that modulate RHOA/B/C activation. Small molecules could also be selected with
this nanobody, adapting analogous methods to those used for intracellular antibody-derived (Abd)
compounds targeting RAS [41].

5. Patents

L.K., N.B., G.F., and A.O. are co-inventors on the patent PTC/EP2016/052136, concerning the
RHO GTP single domain antibodies discovery and their applications.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/8/1/8/s1,
Figure S1: Chromobodies RH57-GFP expression in HeLa cells, Figure S2: Chromobodies RH57-GFP expression in
HeLa cells stimulated with 20% serum after 24h starvation.
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Abstract: Single-domain antibodies have emerged as highly versatile nanoprobes for advanced
cellular imaging. For real-time visualization of endogenous antigens, fluorescently labelled
nanobodies (chromobodies, CBs) are introduced as DNA-encoded expression constructs in living cells.
Commonly, CB expression is driven from strong, constitutively active promoters. However, high
expression levels are sometimes accompanied by misfolding and aggregation of those intracellular
nanoprobes. Moreover, stable cell lines derived from random genomic insertion of CB-encoding
transgenes bear the risk of disturbed cellular processes and inhomogeneous CB signal intensities due
to gene positioning effects and epigenetic silencing. In this study we propose a strategy to generate
optimized CB expressing cell lines. We demonstrate that expression as ubiquitin fusion increases the
fraction of intracellularly functional CBs and identified the elongation factor 1α (EF1-α) promoter as
highly suited for constitutive CB expression upon long-term cell line cultivation. Finally, we applied
a CRISPR/Cas9-based gene editing approach for targeted insertion of CB expression constructs into
the adeno-associated virus integration site 1 (AAVS1) safe harbour locus of human cells. Our results
indicate that this combinatorial approach facilitates the generation of fully functional and stable CB
cell lines for quantitative live-cell imaging of endogenous antigens.

Keywords: nanobodies; chromobodies; live-cell imaging; compound screening; cellular models

1. Introduction

Cell culture models provide substantial information on various cellular responses ranging from
exposure to small chemical compounds to genetically mediated target depletion [1]. In combination
with advanced microscopy techniques such as quantitative live-cell imaging they can be directly
employed to monitor cellular events and phenotypic changes with spatial and temporal resolution.
In vitro cell models are essential tools in basic biomedical research and are applied to identify novel
cellular targets and compound candidates in pharmaceutical development [2,3]. For imaging-based
analysis, expression of fluorescent fusion proteins (FP fusions) is the most commonly used approach
to study localization and dynamic changes of proteins in living cells. Commercially available FP-based
live-cell assays enable the investigation of processes such as cell proliferation, apoptosis or DNA
damage. However, this approach is limited to the visualization of ectopically expressed FP fusions,
which may considerably differ from their endogenous counterparts in terms of expression level,
activity, localization and protein half-life [4–8]. Recently evolved gene editing methods such as the
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CRISPR/Cas9 or the ZFN/TALEN technology can now be used to generate cell lines expressing
fluorescently tagged proteins under their endogenous expression control. While these technologies
offer novel opportunities for protein analysis the possibility of functional interference by the attached
fluorescent moiety still remains.

Intracellular affinity reagents provide a straightforward approach to overcome the drawbacks of
FP fusions as they exclusively visualize and trace the dynamics of endogenous target structures [9,10].
Due to their robustness and structural simplicity, fluorescently labelled nanoprobes derived from
single-domain antibody fragments of camelids (chromobodies, CBs) can be selected to detect antigens
in their native surroundings in living cells [9,11]. Since their first description in 2006, numerous CBs
have been established and applied to visualize and monitor their target molecules in various cell
models and whole organisms [12–17].

While transient expression of CBs is sufficient to visualize the dynamics and relocalization
of endogenous proteins on single-cell level, larger screening campaigns require the development
of stable cell lines with a homogenous and consistent CB expression [16–18]. Although various
stable CB cell lines have been reported by us and others, the selection and characterization of
cell lines compatible for quantitative live-cell imaging is still very cumbersome. Most importantly,
quantitative image analysis often suffers from inconsistent CB expression levels, aggregation and
a strong cell-to-cell variance of CB fluorescence intensities (Figure 1). In this context it has to be
considered that in most available cell models CB expression is driven from the strong and constitutively
active cytomegalovirus-(CMV) promoter. Although high CB levels are desired in general, elevated
transgene expression is sometimes accompanied by misfolding and aggregation [19,20]. Additionally,
following the conventional workflow of stable cell line generation CB transgenes are usually randomly
inserted in the cellular genome (Figure 1). Notably, this not only bears the risk of unintended genomic
manipulation which might affect cellular processes but can also lead to inconsistent CB signal intensities
due to the integration of different copy numbers of the CB transgene, chromatin positioning effects [21]
and epigenetic silencing of the promoter upon continuous sub-culturing [22].

Figure 1. Typical workflow of stable chromobody cell line generation following random genomic
integration of chromobody (CB) transgene.

Here, we explore a combination of previously established methods to improve the generation
of stable CB cell lines. Based on comparative analyses we propose to (i) implement our recently
developed turnover-accelerated CBs expressed as ubiquitin fusions in order to monitor changes in
the antigen concentration and to avoid intracellular CB aggregation, (ii) select a promoter, which is
less prone to epigenetic silencing and (iii) insert these optimized CB expression constructs into the
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adeno-associated virus integration site 1 (AAVS1) safe harbour locus of human cells using a targeted
CRISPR/Cas9 gene editing approach.

2. Material and Methods

2.1. Expression Constructs

All primer sequences, synthesized DNA fragments and plasmids are listed in Table S1. All expression
constructs used in this study are listed in Table S2.

The expression constructs encoding for Ub-M-LMN-CB and Ub-R-LMN-CB were generated by
amplification the Lamin-NB from the Lamin-CB plasmid [23] using the following primer set: NB-ubi-for
and NB-ubi-rev. The amplified DNA fragment was purified and ligated into PstI and BspEI restriction
site of Ub-M-BC1-eGFP and Ub-R-BC1-eGFP (both [24]), respectively. To generate the Ub-R-BC1-CB
containing the EF1-α promoter (referred to as EF1-α_Ub-R-BC1-eGFP), the EF1-α promoter was
synthesized as gBlock® gene fragment (IDT, integrated DNA technologies) and Gibson Assembly [25]
was performed after restriction digest of Ub-R-BC1-eGFP [24] using the restriction enzymes AseI und
NheI. Fragments were assembled using Gibson-Assembly Master Mix (New England Biolabs, Ipswich,
MA, USA) according to the manufacturer’s protocol. The BC1-CB expression construct containing the
human β-actin promoter (referred to as h-βact_Ub-R-BC1-eGFP) was generated by amplification of
the promoter from pDRIVE-hβ-Actin plasmid ([26], kindly provided by Hiroyuki Konishi, Aichi
Medical University School of Medicine, Japan) using the primer set β-actin-promoter-for and
β-actin-promoter-rev and ligation into AseI und NheI digested Ub-R-BC1-eGFP [24]. To eliminate the
PstI restriction site within the hβ-act promoter site-directed mutagenesis was performed utilizing the
primer set β-actin-promoter-mutPstI-for and β-actin-promoter-mutPstI-rev using the Q5 Site-Directed
Mutagenesis Kit (New England Biolabs) according to the manufacturer’s protocol. For molecular
cloning of the AAVS1-CB-donor plasmid (as described in Figure 4A) two DNA fragments were used,
which were produced by gene synthesis. At first, AAVS1-CB-donor fragment 1 (gene synthesis,
plasmid DNA, IDT) was digested using PciI and MfeI and directly ligated into a PciI and MfeI
digested pEGFP-N1backbone (Clontech, Mountain View, CA, USA). Secondly, the resulting plasmid
was digested with MfeI and XbaI and completed by AAVS1-CB-donor fragment 2 insertion (gBlock®

gene fragment), which was amplified with the following primer set: AAVS1-CB-donor-fragment-2-for
and AAVS1-CB-donor-fragment-2-rev. In a last step the complete cassette was sequence verified
using primers Seq-AAVS1-CB-donor-1 - 4 for sequencing. To generate an AAVS1-CB-donor plasmid
containing the EF1-α_Ub-R-BC1-CB (resulting plasmid AAVS1_Ub-R-BC1-CB), we used the AseI and
XbaI restriction site to integrate the CB cassette including the promoter. For the AAVS1-CB-donor
plasmid containing the EF1-α_Ub-R-ACT-CB (AAVS1_Ub-R-ACT-CB) the actin NB was amplified with
the primer set NB-ubi-for and NB-ubi-rev and ligated into AAVS1_Ub-R-BC1-CB backbone using PstI
and BspEI restriction site. All generated constructs in this study were sequence analysed after cloning.

2.2. Cell Culture, Transfection, Stable Cell Line Generation and Compound Treatment

HeLa Kyoto cells (Cellosaurus no. CVCL_1922) were obtained from S. Narumiya (Kyoto
University, Japan), whereas DLD-1 (ATCC® Number CCL-221TM) and HCT116 (ATCC® Number
CCL-247TM) were obtained from ATCC. All cell lines were tested negative for mycoplasma using
the PCR mycoplasma kit Venor GeM Classic (Minerva Biolabs, Berlin, Germany) and the Taq DNA
polymerase (Minerva Biolabs). Since this study does not include cell line-specific analysis, all cell
lines were used without additional authentication. All cell lines were maintained according to
standard protocols. Briefly, growth media containing DMEM (high glucose, pyruvate, ThermoFisher
Scientific, Waltham, MA, USA) for HeLa Kyoto and HCT116 cells and RPMI 1640 (ThermoFisher
Scientific) for DLD-1 cells supplemented with 10% (v/v) foetal bovine serum (FCS, ThermoFisher
Scientific) and penicillin-streptomycin (ThermoFisher Scientific) were used for cultivation. Cells were
routinely passaged using 0.05% trypsin-EDTA (ThermoFisher Scientific) and were cultivated at
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37 ◦C in a humidified chamber with a 5% CO2 atmosphere. Plasmid DNA was transfected with
Lipofectamine 2000 (ThermoFisher Scientific) in HeLa cells, whereas DLD-1 and HCT116 were
transfected with TransIT-X2® (Mirus Bio, Madison, WI, USA) according to the manufacturer’s
instructions. For site-directed integration of the CB into AAVS1 genomic locus, 5 × 105 cells were
co-transfected with 2.5 μg of the respective donor plasmid and 2.5 μg plasmid encoding for Cas9
nuclease and gRNA specific for the AAVS1 locus. 24 h post transient transfection cells were subjected
to a 48 h selection period using 0.6 μg/mL puromycin dihydrochloride (Sigma-Aldrich, St. Louis,
MO, USA). Puromycin-resistant cells were allowed to grow for one week before single clones were
isolated. Single clones were analysed regarding the CB expression level by fluorescence microscopy.
To verify site-directed integration of the CB-donor plasmid at the AAVS1 locus, genomic DNA of the
single clones and the respective parental cell line was isolated using QIAamp DNA mini Kit (QIAGEN,
Venlo, the Netherlands). Next, the primer pair genPCR-AAVS1-int-for and genPCR-AAVS1-int-rev [27]
was used for PCR-based genotyping. CB integration into the AAVS1 locus results in an amplicon
of ~1400 bps (strategy outlined in Figure 4B). The resulting amplicon was purified and verified via
sequence analysis. Compound treatment with FH535 (Sigma-Aldrich) and XAV939 (MedChemExpress)
was performed for up to 24 h. For dose-response experiments cells were treated with 1 μM, 10 μM and
50 μM for FH535 and 1 μM, 5 μM and 10 μM for XAV939.

2.3. Fluorescence Imaging, Image Segmentation and Analysis

For fluorescence imaging 5000 cells per well were plated in a black μClear 96-well plate
(Greiner Bio-One, Kremsmünster, Austria). For staining of the nuclei in PFA-fixed cells 0.02 μg/mL
4′,6-diamidino-2-phenylindole (DAPI, Sigma-Aldrich) was used while living cells were continuously
incubated with 2 μg/mL Hoechst33258 (Sigma). Images were acquired with an ImageXpress micro XL
system (Molecular Devices, San Jose, CA, USA) and analysed by MetaXpress software (64 bit, 6.2.3.733,
Molecular Devices). Fluorescence images comprising a statistically relevant number of cells (>200)
were acquired for each condition. For quantitative fluorescence analysis the mean fluorescence of the
respective CB expression construct in mCherry or mCherry-CTNNB1 transfected cells was determined.
Using the Custom Module Editor (version 2.5.13.3) of the MetaXpress software, we established an
image segmentation algorithm that identifies areas of interest based on the parameters of size, shape
and fluorescence intensity above local background. To segment the whole cell including the nucleus
and the cytosolic compartment, the ectopically antigen mCherry-CTNNB1 or its respective control
mCherry was used to generate the corresponding segmentation mask. The average fluorescence
intensities were determined for each image followed by subtraction of background fluorescence.
From these values the mean fluorescence and standard errors were calculated for three independent
biological replicates and student’s t-test was used for statistical analysis.

2.4. Western Blot

DLD-1_AAVS1_Ub-R-BC1-CB cells were seeded in a 10 cm2 cell culture dish (Corning) with
3 × 106 cells per dish. After two days the cells were treated with DMSO or 10 μM FH535 for 24 h.
For the lysis cells were harvested with a cell scraper and cold PBS and centrifuged at 500× g and 4 ◦C
for 3 min. Per 50 μL pellet 100 μL lysis buffer (10 mM Tris/HCl, pH 7.5, 150 mM NaCl, 0.5 mM EDTA,
0.5% NP40, 1mM PMSF, 1× protease inhibitor cocktail (Serva, Heidelberg, Germany), 1× phosphatase
inhibitor (PhosSTOP, Roche, Basel, Switzerland) 250 μg/μL DNase, 2.5 mM MgCl2) was added.
The samples were pipetted 30 times every 10 min for 30 min and centrifuged at 16,000× g for 10 min
at 4 ◦C. The samples were boiled in 2× reducing SDS-sample buffer (60 mM Tris/HCl, pH 6.8, 2%
(w/v) SDS, 5% (v/v) 2-mercaptoethanol, 10% (v/v) glycerol, 0.02% bromophenol blue) for 15 min at
95 ◦C. The SDS-PAGE and western blot were performed according to standard procedure. For western
blotting the proteins were transferred on nitrocellulose membrane (Amersham, GE Healthcare, Chicago,
IL, USA). The blots were scanned on a Typhoon-Trio laser scanner (GE Healthcare). The analysis was
done with Image Quant TL Toolbox (GE Healthcare, version 7.0).
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For immunoblot detection following antibodies were used: Total-CTNNB1 (mouse monoclonal,
BD, #610154, 1:1000), Active-CTNNB1 (mouse monoclonal, 8E7, Millipore, #05-665, 1:500), Tubulin
(mouse monoclonal, Sigma-Aldrich, #T9026, 1:2000). For the detection of the primary antibodies
fluorescently labelled secondary antibodies (goat-anti-mouse, Alexa Fluor 647, ThermoFisher Scientific,
1:1000) was used.

3. Results

3.1. Expression of CBs as Ubiquitin Fusions Reduces Intracellular Aggregation

Recently, we observed that CBs are stabilized in the presence of their antigens and conceived
a strategy to reduce the levels of non-bound CBs [24]. We utilized the N-end rule describing the
N-terminal amino acid as one of the key determinants for the half-life of proteins [28,29]. Based on
the ubiquitin fusion technique, we designed novel CB expression constructs comprising a N-terminal
ubiquitin fusion, which is co-translationally cleaved by deubiquitinases. By this technique we were
able to generate CBs displaying any desired amino acid at their N-termini and identified that arginine
(Arg, R) mediated the fastest CB turnover when exposed at the N-terminus. Functionally, we showed
that CBs containing a N-terminal Arg were highly antigen responsive and suitable to monitor and
quantify dynamic changes of the concentration of endogenous antigens in real-time [24]. Besides
the generation of proteins with a desired N-terminus, the ubiquitin fusion technique has also been
reported to increase solubility and functionality of ectopically expressed proteins [30]. According to
these findings we noticed that ubiquitin fusions of CBs are less prone to aggregation irrespective of the
adjacent amino acid. Thus we asked, whether these potential benefits can be transferred to CBs such
as the lamin-specific CB (LMN-CB), which has previously been shown to form aggregates upon high
expression levels in HeLa cells [23,31].

To test whether the ubiquitin fusion approach is able to reduce the amount of aggregated LMN-CB
we generated expression constructs encoding for Ub-M-LMN-CB and the turnover-accelerated version
Ub-R-LMN-CB (Figure 2A). For microscopic analysis HeLa cells were transiently transfected either
with the modified LMN-CB constructs or the original LMN-CB expression plasmid. 24 h post
transfection HeLa cells were subjected to fluorescence imaging and the percentage of cells containing
aggregates were determined for each LMN-CB variant (Figure 2B). In most of the cells expressing the
original LMN-CB construct we observed the formation of fluorescent aggregates (~70% of all analysed
cells). Upon transient expression of the LMN-CB as an ubiquitin fusion followed by a methionine
(Ub-M-LMN-CB) the number of cells displaying aggregates was significantly reduced to ~27% and to
only 8% in cells transfected with the turnover-accelerated version of the LMN-CB (Ub-R-LMN-CB)
(Figure 2C). Notably, while the nuclear lamina was hardly detectable in the majority of cells expressing
the original LMN-CB construct, the modified CB versions displayed the typical nuclear rim structure
more prominently. These results confirmed our previous observations showing that the addition of
the ubiquitin moiety increased the intracellular solubility of CBs while leaving the binding properties
unaffected (Figure 2B).
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Figure 2. N-terminal fusion to ubiquitin reduces aggregation of the LMN-CB upon expression in HeLa
cells. (A) Schematic illustration of different expression constructs: one encoding for an unmodified
LMN-CB and two constructs encoding the CB as ubiquitin fusion displaying either methionine
(Ub-M-LMN-CB) or arginine (Ub-R-LMN-CB) as the N-terminal amino acid. (B) Representative
fluorescence images of HeLa cells transiently expressing either LMN-CB, Ub-M-LMN-CB or
Ub-R-LMN-CB. Fluorescence images were acquired 24 h post transfection, scale bars images: 50 μm,
insets: 10 μM. (C) Quantification of HeLa cells showing aggregates upon transient expression of
the indicated LMN-CB variants. Number of analysed cells: LMN-CB: 198; Ub-M-LMN-CB: 142;
Ub-R-LMN-CB: 155.
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3.2. Comparison of CB Expression Driven by the CMV-, EF1-α or β-actin Promoter to Monitor Changes in
Antigen Concentration

As recently described, high expression levels of turnover-accelerated CBs are necessary to
optically monitor rapid changes in antigen concentration within living cells via antigen-mediated
CB stabilization (AMCBS) [24]. For larger screening campaigns using quantitative live-cell imaging
the expression levels have to be consistently high over longer cultivation periods. One major critical
factor causing reduction and thus heterogeneities in transgene expression lies within the epigenetic
silencing of the promoter of the transgene, mainly caused by DNA methylation [32,33] and/or histone
modification [34]. While the constitutive CMV promoter provides suitable expression levels, this viral
promoter is reported to be highly sensitive to DNA methylation [35]. Indeed, after prolonged
cultivation times we noticed heterogeneous CB fluorescence intensities in cell lines comprising a
stable integration of the CB transgene controlled by the CMV promoter (Figure S1).

To optimize the stability of CB expression suitable for monitoring changes of endogenous antigen
concentration we aimed for a strong promoter that is less prone to epigenetic silencing. Thus, we
compared CMV-driven expression with the expression mediated by the human elongation factor 1α
(EF1-α) promoter and the human β-actin (h-βact) promoter. While all three candidates were described
to convey medium-to-high expression levels within different cell lines [26,36] both, the EF1-α and
h-βact promoter were previously reported to be less prone to epigenetic silencing and maintain stable
transgene expression levels over several passages [26,37].

For comparative analysis we replaced the CMV promoter in our previously reported expression
construct encoding the turnover-accelerated β-catenin (CTNNB1)-specific BC1-CB (Ub-R-BC1-CB, [24])
by the EF1-α or h-βact promoter (Figure 3A).

We compared the expression levels and the performance with regard to antigen-mediated
stabilization of the original CMV-driven and the newly generated EF1-α or h-βact-driven CB constructs
by transfecting HeLa cells either in combination with mCherry as control or mCherry-CTNNB1 as
the corresponding antigen. Quantitative fluorescence imaging revealed substantial differences in CB
expression levels (Figure 3B,C). For the CMV-driven expression we observed the highest expression
levels within HeLa cells with a mean fluorescence intensity (MFI) of ~700 in mCherry-transfected
control cells and a MFI of ~5000 in the presence of mCherry-CTNNB1. An intermediate strength in
CB expression was determined for the EF1-α-containing variant indicated by a MFI of ~130 in control
cells and a MFI of ~1000 in the presence of the antigen. For the h-βact-driven expression we detected
rather weak signals, which were close to background level. Interestingly, similar stabilization factors
(8.5–9.7) were calculated for all constructs, indicating that AMCBS was not affected by the exchange of
the promoter (Figure 3C). Considering that EF1-α promoter is less sensitive to DNA methylation [37]
but provides similar CB expression levels compared to the original CMV promoter, we decided to
implement the EF1-α promoter in our strategy to generate optimized stable CB cell lines.
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Figure 3. Quantitative image analysis of promoter-driven Ub-R-BC1-eGFP expression. (A) Schematic
illustration of the CB expression construct for promoter testing. Promoter sequences can easily be
exchanged using unique indicated restriction sites (AseI, NheI). (B) Representative images of HeLa
cells transiently expressing Ub-R-BC1-CB driven by different promoters (CMV, EF1-α and h-βact)
in combination with either mCherry (control) or mCherry-CTNNB1 (antigen). Nuclei were stained
with DAPI, scale bar: 50 μm. (C) Bar chart represents mean CB fluorescence intensity (MFI) detected
by quantitative fluorescence imaging in either control (mCherry) or antigen (mCherry-CTNNB1)
expressing cells (n = 3, >200 cells each). (D) For every promoter construct, MFI of the CB in antigen
expressing cells was normalized to the respective CB-signal determined in cells co-expressing mCherry
as control, leading to the indicated stabilization factors. Error bars: S.D. Statistical analysis was
performed using student’s t-test, *** p < 0.001, ** p < 0.01.
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3.3. Design and Construction of AAVS1 Donor Vector for Site-Directed Stable Integration of
Turnover-Accelerated CBs

Typically, the generation of stable CB cell models is based on the transfection of a cell line with a
CB expression vector comprising a selection marker, which for example, confers resistance to antibiotics.
Subsequently, cells are continuously cultivated in the presence of appropriate antibiotics to select clones
that comprise a stable genomic integration of the CB transgene (Figure 1). Although this workflow
was successfully applied to generate numerous stable CB cell lines, some pitfalls have to be considered.
As the integration of the CB transgene occurs randomly, neither a prediction about the chromatin
structure at the integration site can be made nor the number of CB transgene copies within the cellular
host can be foreseen. Notably, the site of integration has a major effect on the expression levels of
the transgene summarized as positioning effect [38]. Additionally, such stable cell lines have to be
continuously cultured under constant selective pressure, which has been reported to affect host cell
physiology, genetic stability and metabolism [39–41]. To address these shortcomings, we aimed to
establish a new protocol that allows site-directed integration of turnover-accelerated CBs into the host
cell DNA by applying the CRISPR/Cas9 gene editing technology.

Recently, the adeno-associated virus site 1 (AAVS1, position 19q13.42), located in the first intron of
the protein phosphatase 1 regulatory subunit 12C (PPP1R12C), was described as genomic safe-harbour
(GSH) integration site [27,42–46]. As transgene expression from this GSH integration site was
previously reported to result in robust and persistent protein levels [47], we chose the AAVS1 locus
to integrate our turnover-accelerated CBs. For targeted engineering we constructed a donor plasmid
containing a turnover-accelerated CB expression cassette, which is driven by an EF1-α promoter
and flanked by AAVS1-specific homology arms (HA-L/R) (Figure 4A). Additionally, a puromycin
resistance gene containing a splice acceptor site (SA) linked to a self-cleaving peptide sequence (T2A)
was added. Upon correct genomic integration, the expression of the puromycin N-acetyl-transferase
will be driven by the endogenous PPP1R12C promoter (Figure 4A), which allows the selection of clones
that underwent the desired CRISPR event. All fragments within the construct were sequence-optimized
and the indicated restriction sites (Figure 4A) allow an easy exchange of the different components
including promoter, nanobody binding moiety and fluorescent marker. In addition, we adapted a
PCR-based genotyping strategy to verify clones comprising a correct transgene integration (illustrated
in Figure 4B [27]).
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Figure 4. Strategy for stable integration of turnover-accelerated CBs into the human AAVS1 locus.
(A) Schematic illustration of CB containing donor plasmid for stable integration into the human AAVS1
locus. (B) Strategy for PCR-based genotyping of host cell DNA to verify site-directed CB integration.

3.4. Site-Directed Integration of the Turnover-Accelerated Actin-Specific CB into the AAVS1 Locus

We applied this strategy to generate HeLa cells stably expressing the actin-specific CB (ACT-CB).
The ACT-CB has been previously shown to bind to F-actin without affecting the dynamic reorganization
of the cytoskeleton [15], thus the detection of filamentous actin provides a suitable read-out to
validate the functionality of the CB transgene upon CRISPR/Cas9-mediated integration. In a first
step, we co-transfected HeLa cells with plasmids encoding for (i) Cas9 nuclease and the respective
gRNA for the AAVS1 locus [27] and (ii) the donor plasmid containing the turnover-accelerated
ACT-CB (Ub-R-ACT-CB, Figure 4A). After transfection, cells were cultured for 48 h in the presence of
puromycin to enrich cells that underwent stable AAVS1 integration of the CB transgene. After clonal
expansion, we identified two clones (referred to as clone B5 and clone B6) showing filamentous
structures indicative for the actin cytoskeleton (Figure 5A). Both clones were similar in cell morphology
and size and displayed a homogenous expression of the ACT-CB. However, we noticed that the
fluorescence intensity of clone B5 was slightly higher compared to clone B6 (Figure 5B). PCR-based
genotyping (as outlined in Figure 4B) revealed for clone B6 an amplicon at the expected size of
~1400 bps (Figure 5C), indicating that a correct CB transgene integration at the AAVS1 locus was only
obtained for clone B6, which was further verified by sequence analysis of the PCR fragment. Next, we
qualitatively compared the morphology of the novel CRISPR-engineered HeLa_AAVS1_Ub-R-ACT-CB
cell line with a stable ACT-CB expressing HeLa cell line previously generated by random integration
of a CMV-driven, non-turnover-accelerated ACT-CB (Figure 5D). Fluorescence live-cell imaging
revealed a more homogenous CB expression and cell morphology for the CRISPR-modified cell clone,
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while we detected a quite heterogeneous cell morphology along with some CB aggregates in cells
stably expressing the non-modified ACT-CB transgene (Figure 5D).

Figure 5. Generation of a HeLa cell line expressing Ub-R-ACT-CB stably integrated into the AAVS1
locus by using CRISPR/Cas9 technology. (A) Fluorescence images of two CRISPR-engineered HeLa
cell clones expressing ACT-CB, scale bar: 50 μM. (B) Comparison of fluorescence intensity between
HeLa_AAVS1_Ub-R-ACT-CB clone B5 and B6, scale bar: 100 μm. (C) PCR-based genotyping of
HeLa_AAVS1_Ub-R-BC1-CB clones B5 and B6 in comparison to parental HeLa cells. Genomic DNA
of the monoclonal cells was extracted and subjected to PCR using the genotyping strategy illustrated
in Figure 4B. Shown are the resulting PCR products (indicated by arrow) on a 1% agarose gel stained
with ethidiumbromid. (D) Representative fluorescence images of living HeLa cells stably expressing
the respective ACT-CB. Left image illustrates HeLa_ACT-CB cells generated by random integration of
the non-modified ACT-CB. The right image shows HeLa_AAVS1_Ub-R-ACT-CB cells generated by
site-directed integration of the ubiquitin-modified ACT-CB using CRISPR/Cas9 technology, scale bar:
50 μm.

3.5. Site-Directed Integration of the Turnover-Accelerated BC1-CB into the AAVS1 Locus of Human CRC
Cell Lines

In a next step, we aimed to apply our approach to generate cell lines, which are suitable to
monitor changes in endogenous protein concentration upon compound treatment by quantitative
image analysis of the CB signal. In previous studies we demonstrated that our CTNNB1-specific CB
(BC1-CB) traces changes in the levels of transcriptionally active, hypophosphorylated CTNNB1 upon
induction of the β-catenin/WNT pathway [16,24]. These findings motivated us to generate more
sophisticated CB cell models to monitor the effects of compounds on the reduction of endogenous
CTNNB1 levels by following the BC1-CB signal. In over 90% of all colorectal cancer the β-catenin/WNT
signalling pathway is mutated [48] resulting in an accumulation of transcriptionally active CTNNB1
involved in the initiation and progression of this cancer type. Consequently, cellular models which
can be employed to screen for compound candidates affecting the endogenous levels of this particular
CTNNB1 fraction would be advantageous for preclinical drug development. Thus, we chose two
human colorectal carcinoma (CRC) cell lines DLD-1 and HCT116, which exhibit elevated level of active
CTNNB1 to generate disease relevant CB-based screening cell lines [49].
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For generation of the donor plasmid we replaced the actin binding moiety (ACT-NB) with the
CTNNB1 binding nanobody BC1 using PstI and BspEI restriction site as outlined in Figure 4A and
applied our CRISPR strategy as described above. Following puromycin selection we identified
single clones of DLD-1 and HCT116 cells displaying a green fluorescence, which were isolated
and expanded as monoclonal cell lines (Figure 6A). To confirm correct CB integration at the
AAVS1 locus we performed PCR-based genotyping as illustrated in Figure 6B (strategy outlined
in Figure 4B). By this we detected PCR products at ~1400 bps in DLD-1_AAVS1_Ub-R-BC1-CB and
HCT116_AAVS1_Ub-R-BC1-CB cells, which were absent in the parental cells. Sequence analysis of the
amplicons further verified that in both cell lines the CB transgene was successfully integrated into the
AAVS1 locus. Next, we compared the phenotype of a monoclonal DLD-1 cell line generated by random
integration of the non-modified BC1-CB with our newly generated DLD-1_AAVS1_Ub-R-BC1-CB
cell line by fluorescence imaging (Figure 6C, Figure S2). For the DLD-1_AAVS1_Ub-R-BC1-CB
cells we observed a more homogenous phenotype regarding cell area and CB fluorescence, while
the conventional DLD-1_BC1-CB cells displayed a more heterogeneous morphology accompanied
by miscellaneous CB signal intensities (Figure S2). Finally, we applied the novel generated
DLD-1_AAVS1_Ub-R-BC1-CB cell line to monitor the effect of two compounds, FH535 and XAV939,
which were previously reported to affect the level of endogenous CTNNB1 [50,51]. We performed
time lapse imaging of DLD-1_AAVS1_Ub-R-BC1-CB for 24 h followed by quantitative analysis of CB
fluorescence intensity in the nucleus upon treatment with different inhibitor concentrations (Figure 6D,
Figure S3). By monitoring the BC1-CB fluorescence over time we observed a strong reduction of
CTNNB1 to ~50% upon treatment with 10 μM and 50 μM of FH535 after 6 h. For XAV939 we
detected milder effects as indicated by a reduction of the CB fluorescence to ~80% at the highest
concentration of 10 μM after 12 h (Figure 6D). To verify whether the decreased CB fluorescence
actually reflects a reduction of hypophosphorylated CTNNB1, we performed immunoblot analysis
of DLD-1_AAVS1-Ub-R-BC1-CB cells treated either with DMSO as control or 10 μM FH535 for 24 h
(Figure S4). While we observed only a minor effect of compound treatment for total CTNNB1 we
observed a clear reduction of hypophosphorylated CTNNB1 in the soluble protein fraction upon
treatment with FH535 (Figure S4).

Taken together, these data demonstrate that our CRISPR-based strategy to introduce optimized
turnover-accelerated CB at a defined genomic locus results in the generation of highly versatile and
disease relevant CB cell models. In combination with quantitative live-cell imaging these models can
now be applied to monitor even subtle dose- and time-dependent compound effects on the level of
endogenous proteins.
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Figure 6. Generation of colorectal carcinoma cell lines with stable AAVS1 integration of the
turnover-accelerated Ub-R-BC1-CB encoding transgene. (A) Representative fluorescence images of
isolated DLD-1 (upper panel) and HCT116 (lower panel) clones stably expressing Ub-R-BC1-CB.
Nuclei were stained with DAPI, scale bar: 50 μm. (B) Genotyping of HCT116_AAVS1_Ub-R-BC1-CB
and DLD-1_AAVS1_Ub-R-BC1-CB. Genomic DNA of host cells was extracted and subjected to
PCR using the primer strategy illustrated in Figure 4B. Corresponding PCR products are indicated
by arrow. (C) Representative fluorescence images of DLD-1 cell lines stably expressing the
indicated BC1-CB. Left image illustrates DLD-1_BC1-CB cells generated by random integration of
the non-modified BC1-CB. The right image shows DLD-1_AAVS1_Ub-R-BC1-CB cells generated by
CRISPR/Cas9-mediated site-directed integration of the ubiquitin fused BC1-CB, scale bar: 50 μm.
(D) Quantification of nuclear CB fluorescence in DLD-1_AAVS1_Ub-R-BC1-CB cells upon compound
treatment. DLD-1_AAVS1_Ub-R-BC1-CB were either treated with the indicated concentrations of
FH535 or XAV939 or treated with 0.01% DMSO as control. Cells were continuously imaged every 2 h
for up to 24 h. Fluorescence intensity of nuclear CB-signal was quantified and the fluorescence values
were normalized to the DMSO control and plotted against time (n = 2, >200 cells each). Error bars: S.D.

4. Discussion

Considering the importance of cellular imaging in biomedical research and preclinical drug
development there is a continuous need for advanced labelling strategies to reliably visualize cellular
components in a physiologically meaningful state [3,52]. During the last decade, fluorescently
labelled nanobodies (chromobodies, CBs) emerged as versatile nanoprobes for cellular imaging of
endogenous targets in living cells [9,10,12,53]. Recently, we demonstrated that quantitative analysis of
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CB fluorescence can additionally be employed to monitor changes in the concentration of endogenous
proteins due to a mechanism termed antigen-mediated CB stabilization (AMCBS) [24]. To monitor
changes in antigen concentration with high precision a strong CB expression has to be combined with
a fast CB turnover [24]. However, for some CBs we previously observed that high expression levels are
accompanied with the formation of intracellular aggregates. Here, we showed that expression of CBs
as ubiquitin fusions can not only be used to generate turnover-accelerated CBs but also can be applied
to reduce the fraction of intracellularly aggregated CBs. Our results are consistent with previous
findings reporting an increased solubility and functionality of recombinant proteins expressed as
ubiquitin fusions in mammalian cells and bacteria [30,54]. While the underlying mechanism is not fully
understood, a chaperone-similar function is suggested, where a partially unfolded nascent protein
weakly interacts with the nearby, upstream located ubiquitin moiety and thereby transiently precludes
unspecific intermolecular interactions [30].

To date most stable CB cell lines are still generated by transfection of an expression plasmid
followed by antibiotic selection of cells comprising a stable genomic integration of the CB transgene.
However, this method is very imprecise since neither the integration site nor the number of integrated
copies of the transgene can be adjusted. Additionally, the most widely used CMV promoter is prone to
epigenetic silencing [35]. Accordingly, we noticed heterogeneous and overall weaker CB fluorescence
intensities for a multitude of stable CB cell lines upon long-term cultivation. With the EF1-α promoter,
we identified a suitable alternative promoter providing strong CB expression and stabilization ratios
in the presence of the antigen which is less prone to epigenetic silencing [37]. However, with the CMV,
EF1-α and h-βact promoter we compared only three different promoter types. A more comprehensive
analysis of further alternatives including a determination of the methylation status of the promoter
regions upon long term cultivation might reveal promoter constructs which are even better suited for
a more stable CB expression.

Besides epigenetic modulation, CB expression and thus CB fluorescence is affected by the
number of integrated transgenes and chromatin positioning effects [21,38]. Here, the CRISPR/Cas9
gene editing technology has been demonstrated as a highly superior approach since it enables the
integration of one (heterozygous) or two (homozygous) transgene copies at a predefined genomic
site [27]. In the search of transcriptionally active insertion sites, so-called genomic safe harbour sites
(GSH) have been described, which allow robust and stable transgene expression. Most importantly,
transgene insertion at GSH does not have adverse effect on the host cell genome. In this context, the
adeno-associated virus integration site (AAVS1) on human chromosome 19 was identified as a safe
genomic location for integration and high yields of transgene expression [27,42–46]. Based on emerging
knowledge regarding CRISPR-targeted genome editing using homology-dependent repair [27,55] we
used the AAVS1 locus to insert CB-based nanoprobes in human cell models. To validate the versatility
and flexibility of this approach, we designed ubiquitin-fused, turnover-accelerated CB expression
constructs flanked by AAVS1-specific homology arms (HA-L/R) and introduced actin- (ACT-CB) and
CTNNB1-specific CB (BC1-CB) in three human cell model systems.

Although this approach is experimentally straightforward, we faced some problems, which
remain to be addressed. Firstly, while the puromycin resistance should only allow the selection of
clones that underwent a correct transgene insertion at the AAVS1 locus, we obtained a stable HeLa
cell clone with an unspecific integration of the ACT-CB transgene. It can be speculated that due to the
increased genomic instability of HeLa cells the CB transgene was inserted randomly [56]. Notably, for
HCT116 and DLD-1 cells our PCR-based genotyping approach revealed only clones with a correct CB
insertion at the AAVS1 integration site. Secondly, in this study CB integration was exclusively analysed
by PCR-based genotyping which provides no information regarding homo- or heterozygosity of the
transgene at the AAVS1 locus or possible off-target integration. This could be analysed by junction
PCR using primers binding outside the homology arms or Southern blot analysis [57].

Besides targeted genomic integration and expression of a CB transgene from a GSH to visualize
an endogenous antigen, gene editing can also be used to directly add a fluorescent protein (FP) to the
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endogenous protein of interest (PoI) [58–60]. However such modifications are restricted either to the
N- or the C-terminus of the PoI and from our experience it is not always possible to identify suitable
gRNAs to target the intended genomic loci without affecting the integrity of the endogenous protein.
Additionally, as repeatedly described, FP tagging can interfere with crucial protein parameters such as
turnover, subcellular localization and participation in multi-protein complexes [6–8].

In summary, here we combined previously established methods and conceived a strategy to
generate optimized CB expressing cell lines. We illustrate that the expression of CBs as ubiquitin
fusion constructs substantially increases solubility and functionality of these intracellular nanoprobes.
In addition, by implementing the EF1-α promoter for stable CB expression it can be assumed that
unwanted epigenetic silencing during long-term cultivation will be reduced. Lastly, we established a
protocol for site-directed integration of turnover-accelerated CBs into the AAVS1 locus by using the
CRISPR/Cas9 gene editing technology. By applying this approach, we engineered the AAVS1 locus of
three different cell lines (DLD-1, HCT116 and HeLa cells) to stably express turnover-accelerated CBs
which are suitable not only to visualize the subcellular localization and dynamics of their respective
antigens but also allows the quantification of changes of the endogenous protein levels. Notably, the
generated CRISPR donor CB expression vector can be easily modified for integration of different CBs
or FPs.

Considering the successful demonstration we are convinced that this approach is a substantial
improvement over currently applied strategies to generate stable cell lines comprising intracellularly
functional nanoprobes such as CBs. To our knowledge it is the first study describing a targeted
insertion of an intrabody into a GSH loci for live-cell imaging. Although not tested yet, it is conceivable
that this approach is easy transferable to other live-cell imaging probes such as fluorescently labelled
single chain variable fragments (scFvs) [61]. As those nanoprobes have a high tendency to aggregate,
fusion to ubiquitin might be particularly beneficial. However, we have to acknowledge that several
aspects such as a comprehensive analysis of other promoters for CB expression, determination of
epigenetic modification of the CB transgene upon long term cell cultivation and comparative analysis
of additional GSH loci are still lacking. Thus we cannot not judge whether this approach is already
optimal or can be further improved. Nevertheless, we expect that our strategy will facilitate the
generation of more reliable CB cell models for biomedical research and preclinical compound screening
campaigns in the future using advanced cellular imaging.
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Abstract: Upregulation of the expression of tumor necrosis factor (TNF-α, TNF) has a significant role
in the development of autoimmune diseases. The fluorescent antibodies binding TNF may be used
for personalized therapy of TNF-dependent diseases as a tool to predict the response to anti-TNF
treatment. We generated recombinant fluorescent proteins consisting of the anti-TNF module based
on the variable heavy chain (VHH) of camelid antibodies fused with the far-red fluorescent protein
Katushka (Kat). Two types of anti-TNF VHH were developed: one (BTN-Kat) that was bound both
human or mouse TNF, but did not neutralize their activity, and a second (ITN-Kat) that was binding
and neutralizing human TNF. BTN-Kat does not interfere with TNF biological functions and can be
used for whole-body imaging. ITN-Kat can be evaluated in humanized mice or in cells isolated from
humanized mice. It is able to block human TNF (hTNF) activities both in vitro and in vivo and may
be considered as a prototype of a theranostic agent for autoimmune diseases.

Keywords: TNF; fluorescent; nanobodies; sensor; anti-cytokine therapy; autoimmune disease

1. Introduction

Therapeutic neutralization of the inflammatory cytokines, in particular TNF, has revolutionized
the treatment of autoimmune diseases including rheumatoid arthritis (RA), Crohn’s disease,
spondyloarthritis (SpA), and others. However, a significant number of the patients (~50%) with
RA and SpA do not respond, showing only marginal improvement, or initially responding but
then relapsing [1–4]. Molecular imaging may be employed to investigate the mechanisms of the
disease pathogenesis [5]. Several attempts to monitor the disease activity and the localization of
therapeutic antibodies in the inflamed joints using molecular imaging with radiolabeled monoclonal
anti-TNF antibodies (certolizumab pegol, adalimumab, and infliximab) in rheumatic diseases were
reported [6–10]. At the same time, real-time images could be captured in vivo using a fairly simple
equipment and appropriate fluorescent proteins [11]. The use of far-red fluorescent proteins, such as
Katushka [12], allows for in vivo imaging of fluorescence in the deep tissues. To be able to visualize
TNF in living tissue, fluorescent proteins can be genetically fused to a binding moiety, so that the
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resultant protein meets three criteria: (1) stable folding, (2) small size, and (3) affinity that is sufficient
for specific antigen binding [13].

Since 1989, when a novel type of antibody devoid of the light chains was identified in the sera
of various members of the Camelidae family [14], a number of therapeutic proteins and tools based
on the variable heavy chain (VHH) of camelid antibodies were developed and evaluated. VHHs are
the smallest functional antigen-binding domains of these heavy-chain-only antibodies, which are also
called “nanobodies”. Their distinctive features are a small size, good stability and solubility, and high
levels of expression in bacterial systems [15]. Also, it was shown that nanobodies are able to bind
the epitopes inaccessible for conventional antibodies [16,17] and could display binding affinities in
the lower nanomolar or even picomolar range [18]. All these features made nanobodies the ideal
modules to be used in genetically encoded fluorescent proteins for successful molecular imaging.
Several imaging techniques such as SPECT, PET, optical imaging, and ultrasound were successfully
employed for nanobody-based imaging [19,20]. Nanobodies fused to fluorescent proteins were termed
“chromobodies” and were used to visualize endogenous cellular structures in real-time studies of live
cellular processes [21].

In this study two fluorescent sensors specific to TNF, both fused to far-red protein Katushka, were
evaluated. One is based on VHH derived from Bactrian camel [22] and binds TNF without interfering
with its functions. Therefore, it can be used to study the role of TNF in both normal and pathological
conditions. The other protein is based on llama VHH, which binds and neutralizes human TNF
bioactivity and can be used for the experimental therapy of the TNF-dependent autoimmune conditions
in humanized mice with simultaneous visualization of the pathological processes in real time.

2. Materials and Methods

2.1. Design, Expression, and Purification of BTN-Kat and ITN-Kat Recombinant Proteins

DNA fragments encoding single-domain anti-TNF antibodies VHH41 [23] or ahTNF-VHH
(GenBank: KU695528.1) [24,25] were cloned into the expression vector pET-28b (Merck Millipore,
Darmstadt, Germany) between restriction sites BamHI and NcoI. To assemble the fluorescent-binding
TNF nanobody (BTN-Kat) and the fluorescent-inhibiting TNF nanobody (ITN-Kat), the corresponding
expression vector (which contained VHH41 or ahTNF-VHH, respectively) was digested with BamHI
and NcoI and then ligated to PCR-amplified DNA fragment containing far-red fluorescent protein
Katushka (TurboFP635, excitation/emission maxima at 588/635 nm) excised by Xhol- NcoI and
DNA fragment encoded flexible glycine-serine linker. The C-terminal 6XHis tag sequence was in the
same reading frame as the rest of the cDNA (Figure S1). Detailed information about expression and
purification of the proteins is provided in Supplemental Material (Method S1, Table S1, Result S1).

2.2. Size Exclusion Chromatography

ITN-Kat (5 mg/mL) or BTN-Kat (5 mg/mL) was applied to a Superose 6 column (GE Healthcare,
Amersham, UK) equilibrated in gel-filtration buffer (20 mM NaPi, pH 7.4, 150 mM NaCl). The flow rate
was kept at 0.5 mL/min. Experimental and standard proteins were solubilized in gel-filtration buffer.
The Superose 6 column was calibrated with standard proteins (Protein Standard Mix 15–600 kDa,
Sigma-Aldrich, St. Louis, MO, USA). Elution volumes of ITN-Kat were found to be 12 mL, 4 mL,
and 11 mL, and those of BTN-Kat were 11 mL, 3 mL, and 10.9 mL. To estimate their molecular masses,
we used the plot of log10 molecular mass against elution volume. The same data were used to calculate
the predicted molecular mass of the complex using the plot of molecular mass against elution volumes.

2.3. Mice

Human TNF knock-in mice (huTNFKI) described earlier [26,27] were bred in the SPF animal
facility in the Institute of Biology and Biomedicine, Lobachevsky State University, in Nizhniy Novgorod
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on 12-h light/dark cycle at room temperature. All animal procedures were approved by the Scientific
Council of the Institute of Biology and Biomedicine, Lobachevsky State University.

2.4. ELISA Measurement of the TNF Concentration in Murine Blood

Blood was taken from the buccal sinus of mice using sterile medical needles. To isolate the
serum, blood was incubated at room temperature for 20–30 min and centrifuged at +4 ◦C and
14,000 rpm in clot activator tubes (Becton Dickinson, Franklin Lakes, NJ, USA). After that, the serum
was transferred to fresh test tubes. TNF concentration was measured in sera by the Human-TNF ELISA
Ready-SET-Go®(Fisher Scientific, Hampton, NH, USA).

2.5. Cytotoxic Assay

The inhibiting activity of BTN-Kat and ITN-Kat in TNF-mediated cytotoxicity was
analyzed on WEHI-164 cell line [28]. The cells were plated at 5000 cells/well in 96-well
culture plates. Recombinant hTNF was added at constant concentration (100 U/mL).
The fluorescent antibodies were applied at serial dilutions 1 mM–2 pM. After 24 h of incubation,
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma-Aldrich, St. Louis, MO,
USA) was added at concentration 4 μg/mL. After 4 h of incubation, formazan crystals were solubilized
in 10% w/v SDS solution in DMSO, and OD was measured at 560 nm. The percentage of living
cells was calculated and fitted to a nonlinear regression curve using Prism 5 (GraphPad Software,
San Diego, CA, USA) software. One unit was defined as the amount of TNF inhibitor sufficient to
mediate half-maximal protection from cytotoxicity in the presence of 100 U/mL human TNF.

2.6. LPS/ D-Galactosamine-Induced Acute Hepatotoxicity Model

TNF-humanized mice were individually weighted and received intraperitoneal injection of 150,
300, or 450 pmol/g of BTN-Kat; 75, 150, or 300 pmol/g of ITN-Kat; or 150 pmol/g of infliximab or PBS
buffer followed 30 min later by an otherwise lethal dose of lipopolysaccharide and D-Galactosamine
(LPS/D-Gal) (Sigma-Aldrich, St. Louis, MO, USA) 400 ng/g and 800 μg/g, respectively. Mice were
euthanized when moribund. Kaplan–Meier survival curves were plotted, and pairwise statistical
comparison of BTN-Kat, ITN-Kat, and infliximab was performed.

2.7. Flow Cytometry Analysis of Bone Marrow-Derived Macrophages

Bone marrow-derived macrophages (BMDM) from TNF-humanized mice or from C57Bl/6 mice
were cultured for 10 days in DMEM, L-glutamune, Pen/Strep, 20% (v/v) horse serum, and 30% (v/v)
of L929 conditioned medium, and then detached with ice-cold PBS and counted. Activation of TNF
production by the macrophages was performed using LPS (100 ng/mL, 4 h, 37 ◦C, 5%, CO2). The cells
mortality was obtained by measuring the percentage of dead macrophages by Trypan blue exclusion.
Fcγ receptor was blocked by anti-Fcγ receptor antibodies (Biolegend, San Diego, CA, USA), and then
cells were stained with anti-F4/80-FITC antibodies (Thermo Fischer, Waltham, MA, USA) and BTN-Kat
or ITN-Kat by intracellular cytokine staining protocol using BD Fixation and Permeabilization Solution
Kit with BD GolgiPlug™ (Becton Dickinson, Franklin Lakes, NJ, USA). The samples were analyzed on
Cytoflex S flow cytometer (Beckman Coulter, Brea, CA, USA). The fluorescent signal from Katushka
was detected with 585 nm laser excitation and 660/20 nm emission filter. Twenty thousand cells were
evaluated per test; in a list mode, data were analyzed using CytExpert 2.0 software (Beckman Coulter,
Brea, CA, USA).

2.8. Flow Cytometry Analysis of Murine Blood

Blood, collected from buccal sinus and treated with heparin (10 U/mL), was incubated with 1×
RBC lysis buffer (Biolegend, San Diego, CA, USA) and then was resuspended in 100 μL of FACS buffer
(PBS with 2% FBS), with Fixable Live/Dead Stain (Life Technologies, Carlsbad, CA, USA) and an
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appropriate combination of fluorescent antibodies specific to CD45, F4/80, CD3, CD45R (Thermo
Fischer, Waltham, MA, USA), and FcR block (Biolegend, San Diego, CA, USA). After that, cells were
incubated with BTN-Kat and ITN-Kat on ice without permeabilization, or stained by intracellular
cytokine staining protocol using BD Fixation and Permeabilization Solution Kit with BD GolgiPlug™
(Becton Dickinson, Franklin Lakes, NJ, USA). Data were analyzed using CytExpert 2.0 (Beckman
Coulter, Brea, CA, USA).

2.9. Fluorescence Whole-Body Imaging

150 pmol/g of the fluorescent sensors were injected intraperitonealy (i/p), and after 30 min
animals were i/p injected with LPS (400 ng/g) and D-Gal (800 μg/g) or the same volume of PBS. As a
control, mice were injected with PBS 30 min prior to the injection of LPS/D-Gal instead of the proteins
or the PBS only. Fluorescence imaging was performed on the IVIS-Spectrum system (Caliper Life
Sciences, Waltham, MA, USA) in the epi-luminescence mode; the fluorescence was excited at 605/30
nm and detected at 660/20 nm [29]. Before the procedure, the mice were shaven using a shaving
machine and additionally depilated with the cream. In 1, 3, and 6 h after the injection of LPS/ D-Gal, the
mice were euthanized by isoflurane, and whole-body fluorescence images of the animals were acquired.
Quantitative analysis was performed in the Living Image Software 4.2 (PerkinElmer, Waltham, MA,
USA) by calculation of the fluorescence intensity averaged over the abdominal region and normalizing
to the values of autofluorescence measured from the mice injected with PBS alone. To analyze the
uptake of the BTN-Kat or ITN-Kat by the liver, ex vivo fluorescence imaging was performed.

2.10. Statistical Analysis

Statistically significant differences of values were determined using STATISTICA 10 (StatSoft,
Moscow, Russia) using the Mann–Whitney U-test. Differences were considered statistically significant
at p ≤ 0.05.

3. Results

3.1. Anti-TNF Antibodies Fused to Far-Red Katushka Protein Form Oligomers

Two genetically encoded fluorescent sensors based on two distinct TNF-binding modules and
far-red protein Katushka (Figure 1A) were designed and successfully expressed in prokaryotic system
(Result S1, Figure S2). Native electrophoresis of purified proteins showed that both proteins formed
a single structure under native conditions (Figure S3). Profiles from size exclusion chromatography
showed that fluorescent proteins had a tendency to form oligomers (Figure 1C). Apparent molecular
weight values of 113,260 kDa and 36,413 kDa for ITN-Kat corresponded to trimeric and monomeric
forms, respectively. For BTN-Kat, apparent MW values were 85,979 kDa and 118,904 kDa, which
corresponded to the dimeric and trimeric proteins (Figure 1C). Previously the ability of the fluorescent
protein Katushka to form dimers and tetramers were reported [12,30], thus, we believe that
oligomerization is due to the presence of the Katushka module. However, in our experiments a
trimeric form for both proteins was also observed. The mixture of the protein’s oligomer forms was
used for all subsequent experiments.
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Figure 1. Fluorescent far-red anti-tumor necrosis factor (TNF) nanobodies spontaneously form
oligomers. (A) Map of genetic constructs that encode fluorescent TNF sensors; (B) expected structure of
BTN-Kat and ITN-Kat proteins in native conditions; (C) profile of size exclusion chromatography
of ITN-Kat and BTN-Kat, imposed on the chromatogram of molecular weight markers (protein
standard mix).

3.2. Fluorescent Nanobodies Interact with TNF In Vitro

Inhibitory activities of BTN-Kat and ITN-Kat toward recombinant human TNF were evaluated in
TNF-dependent colorimetric MTT cytotoxicity assay with WEHI 164 murine fibrosarcoma cell line,
which is sensitive to human TNF. The analysis was prepared in 96-well plates. Each well contained
20,000 cells, the concentration of TNF was 100 U/mL in accordance with a predetermined TNF DL50
(1U). Cells were incubated with a mixture of TNF and inhibitor in a range of concentrations overnight.
In contrast to BTN-Kat, ITN-Kat demonstrated a dose-dependent hTNF inhibitory activity (half
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maximal effective concentration (EC50) = 9.73·103 pM). The clinically utilized chimeric monoclonal
antibody infliximab was used as a positive control (EC50 = 2.83·103 pM) (Figure 2).

Figure 2. ITN-Kat, but not BTN-Kat, inhibited human TNF (hTNF) activity in vitro. TNF-neutralizing
activities of BTN-Kat, ITN-Kat, and infliximab were evaluated by MTT cytotoxicity test using the WEHI
164 cell line. Percentage of living cells ±SD is plotted. Dashed lines indicate half maximal effective
concentration (EC50)

Additionally, in vitro TNF binding activity of BTN-Kat and ITN-Kat was examined using flow
cytometry. Bone marrow-derived macrophages (BMDM) derived from TNF humanized mice were
activated by bacterial LPS and then stained with BTN-Kat and ITN-Kat using an intracellular cytokine
staining protocol that resulted in specific staining of the TNF-expressing cells. BTN-Kat demonstrated
lower staining than ITN-Kat in BMDM cells from huTNFKI mice (Figure 3A); however, BTN-Kat was
also able to interact with mouse TNF derived from the BMDM of C57Bl6 mice while ITN-Kat did not
(Figure 3B). This observation suggested that imaging with BTN-Kat may be feasible in wild-type mice.
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Figure 3. ITN-Kat is specific for human TNF while BTN-Kat interacts with both human and murine
TNF. (A) BTN-Kat and ITN-Kat binding activity to bone marrow-derived macrophages (BMDM) from
TNF-humanized (huTNFKI) mice. (B) BTN-Kat binding activity to BMDM from C57Bl6 mice (WT).
Macrophages were activated by lipopolysaccharide (LPS) (100 ng/mL for 4 h) in the presence of
brefeldin A and stained for TNF by BTN-Kat or ITN-Kat using intracellular cytokine staining protocol.
Shown cells are gated on F4/80 expression.

3.3. ITN-Kat Showed TNF Neutralizing Activity In Vivo, while BTN-Kat Did not

The ability of BTN-Kat and ITN-Kat to inhibit systemic TNF was evaluated in TNF-humanized
mice in the experimental model of acute hepatotoxicity (Figure 4).

Mice injected with ITN-Kat at concentration 150 pmol/g survived (Figure 4B), as did mice treated
with infliximab at the same dose. BTN-Kat was not able to protect mice from lethality at the same dose
nor at higher doses (Figure 4A).
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Figure 4. Protection from LPS/D-Galactoseamine (LPS/D-Gal) toxicity in vivo is provided by ITN-Kat,
but not by BTN-Kat. TNF-humanized mice were injected either with ITN-Kat, BTN-Kat, infliximab,
or PBS. Thirty minutes later, mice were injected with the otherwise lethal dose of LPS/D-Gal.
(A) Survival curves of mice injected with 300 pmol/g and 150 pmol/g of BTN-Kat compared with the
buffer or 150 pmol/g infliximab; (B) survival curves of mice injected with 150 pmol/g and 75 pmol/g
of ITN-Kat as compared with the buffer or 150 pmol/g infliximab.

3.4. The In Vivo Fluorescence of Anti-TNF Nanobodies Correlates with TNF Levels in Mice

TNF plays a critical role in liver injury induced by LPS/D-Gal. Thus, the model of acute
hepatotoxicity is characterized by an inflammatory process in the abdominal cavity, and, as expected,
the highest level of fluorescence of the sensors was detected in the abdominal area. The peak
of the fluorescence intensity was observed at 1 h post-injection of the LPS/D-Gal. In this group
fluorescence signal was significantly higher (p < 0.05) than in the control mice injected with PBS
and LPS/D-Gal or PBS alone (Figure 5A–C). These results are consistent with the data obtained
by ELISA, in which the highest level of TNF concentration in the blood was observed 1 h after
the LPS/D-Gal injection (Figure 5D). However, at the 3-h time point after the LPS/D-Gal injection,
the level of the BTN-Kat and ITN-Kat fluorescence did not differ from the mice injected with the
sensor alone without LPS/D-Gal. At 6 h, the fluorescence intensity in mice injected with BTN-Kat fell
to the baseline level of autofluorescence (Figure 5B), which suggested either complete excretion of
BTN-Kat protein from the body or its degradation. However, at 6-h point, the fluorescent signals of
control ITN-Kat-injected mice and ITN-Kat-injected mice challenged with LPS/D-Gal were significantly
distinct from autofluorescence (p < 0.05) (Figure 5C). The results of ex vivo imaging confirmed the
accumulation the fluorescent anti-TNF antibodies in the liver with the maximum of fluorescence
signals at 1 h after LPS/D-Gal injection (Figure 5E).
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Figure 5. Fluorescent anti-TNF nanobodies accumulate in the liver of mice after the LPS/D-Gal
injection. Visualization of TNF production in adult humanized TNF knock-in mice using BTN-Kat and
ITN-Kat during LPS/D-Gal acute hepatotoxicity. (A) Fluorescence intensity images in mice during
acute hepatotoxicity in comparison with the control; the abdominal region for quantitative analysis
is displayed by the yellow circle; (B) fluorescence signal analysis of mice after injection of BTN-Kat
followed by LPS/D-gal or PBS injection. Intensity of fluorescence ±SD is plotted; (C) fluorescence
signal analysis of mice after injection of ITN-Kat followed by LPS/D-gal or PBS injection. Mean ±
SD is plotted; (D) TNF level in mice serum after LPS/D-gal or PBS injection measured by ELISA;
(E) fluorescence intensity ex vivo images of mice liver 1 h after LPS/D-gal injection.

3.5. LPS/ D-Galactosamine-Induced Acute Hepatotoxicity Depends on TNF Expression by Monocytes

We then evaluated the expression levels of TNF by F4/80, CD3, and CD45R-positive cells
(Figures 6 and S5) using flow cytometry protocols for both surface and intracellular staining during
LPS/D-gal-induced acute hepatotoxicity. The results showed that the main source of TNF corresponded
to F4/80-positive cells. At the same time, the maximal number of TNF-positive cells was observed at
1 h after the LPS/D-gal injection, in correlation with the TNF level in the blood (Figure 5D). Of note,
we did not observe any significant changes in the TNF levels produced by other cell types (Figure S5).
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Figure 6. F4/80-positive cells are the main source of TNF. Levels of TNF-positive F4/80-positive
cells 1 h, 3 h, and 5 h after LPS/D-gal injection were measured using BTN-Kat and ITN-Kat by flow
cytometry surface and intracellular staining protocols. Mean levels of TNF-positive cells ±SD are
plotted. Data are representative of five independent experiments. (* p < 0.05).

4. Discussion

Molecular imaging is a promising approach to address the role of TNF in various inflammatory
pathologies. Recent studies highlighted applications of red fluorescent proteins fused with VHH
antibodies for bioimaging and theranostics [31–33]. The small size and the absence of Fc-fragment in
VHH modules may reduce side effects caused by interactions with receptors of immunocompetent
cells and with complement system, as it usually happens with classical antibodies [34]. Also, the earlier
study [35] demonstrated that red fluorescent proteins with maximum of emission spectra >600 nm are
more effective, because the emitted light is not absorbed by the tissues.

We attempted to utilize far-red-emitting nanobody-based fusion proteins for imaging both
systemic TNF as well as TNF at the sites of its local expression in vivo. VHH domains from Camelidae
antibodies VHH41 [23] and ahTNF-VHH [24] were used as targeting modules. It has been shown
that those module had a similar affinity to hTNF, however VHH41’s target region of hTNF was not
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involved in interaction with the TNF receptor [23]. Fluorescent protein Katushka chosen as the imaging
molecule emits in the range of 620–660 nm that fits the window of biological tissue transparency in
which case the absorption is minimal [35]. Moreover, Katushka was characterized by a very high
pH and photostability, and by intensity of the signal 7- to 10-fold brighter than the spectrally close
HcRed [36] or mPlum [37] proteins. Additionally, it readily forms tetrameric structures at pH 5.5
to 8.5, but can dissociate into the dimer at pH below 5.0 [30]. We noticed that proteins fused with
Katushka also showed a tendency to form oligomeric structures (Figure 1C). The other advantage
of the fluorescent complexes “VHH-Katushka” is their relatively simple and sufficiently effective
expression in prokaryotic systems (Method S1, Result S1).

In human TNF knock-in (huTNFKI) mice [26] used here, human TNF was expressed in vivo
instead of murine TNF. It mediated normal and pathological functions of this cytokine which can be
neutralized by clinically used anti-hTNF drugs. One of the studied nanobodies, ITN-Kat, was able to
bind to human TNF (Figure 3) and neutralize its activity in vitro (Figure 2) as well as in vivo (Figure 4B).
The protective effect of ITN-Kat was confirmed by liver histology (Result S2, Figure S4E). On the other
hand, although BTN-Kat can bind both human and murine TNF (Figure 3), it lacks blocking ability
(Figure 2) and therefore could not prevent the development of acute hepatotoxicity (Figures 4A and
S4D). Moreover, ITN-Kat showed higher sensitivity to hTNF than BTN-Kat. We observed a higher
level of fluorescence in activated macrophages stained with ITN-Kat compared to BTN-Kat in a similar
concentration range using flow cytometry (Figure 3A).

As a systemic reaction, septic shock affects all body systems, including immune cells. TNF is
known to play a critical role in the process of liver injury induced by LPS/D-Gal. Soluble TNF is
the main hepatotoxic mediator in this toxicity model [38]. Using fluorescent sensors targeting TNF,
we confirmed that the main source of TNF during the development of LPS/D-gal-induced acute
hepatotoxicity is the myeloid cell compartment (Figure 6) [39]. More specifically, our results indicate
that TNF expressed by F4/80-positive cells plays the key role in the development of pathology, while
T-cells and B-cells do not contribute to the increase of serum TNF levels in the process of acute
inflammation (Figure S5).

The inflammatory processes in the abdominal cavity of humanized mice after LPS/D-gal
administration were studied using BTN-Kat and ITN-Kat in whole-body and ex vivo imaging mode.
The peak of fluorescence at the time of maximal concentration of TNF in the blood occurred 1 h
after LPS/D-gal. intraperitoneal injection, consistent with the data obtained by ELISA (Figure 5D).
Furthermore, the level of BTN-Kat fluorescence gradually decreased, and this paralleled the level of
TNF in the blood. The elevated expression of TNF in joints in the murine model of collagen-induced
arthritis was successfully visualized by BTN-Kat [40]. These data confirmed the ability of BTN-Kat
to bind both human and murine TNF, with subsequent successful visualization using bioimaging
methods. The level of ITN-Kat fluorescence did not correlate with the level of TNF in the blood
during acute hepatotoxicity. This may indicate that this TNF inhibitor affected regulation of TNF
expression since cytokine gene regulation may include positive feedback loops. This hypothesis
requires additional experimental evaluation.

In summary, we developed and characterized TNF fluorescent sensor (BTN-Kat) and fluorescent
sensor-inhibitor (ITN-Kat), utilizing two single-domain anti-TNF antibodies. We evaluated their ability
to bind and neutralize TNF in vitro, and to serve as imaging labels in vitro and in the whole body
non-invasive analysis. We concluded that BTN-Kat is a convenient tool for studying the dynamics
of TNF expression without interfering with its biological functions, while ITN-Kat is a prototype
theranostic agent for TNF-dependent autoimmune diseases.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/7/4/43/s1,
Figure S1: Protein sequences of BTN-Kat and ITN-Kat proteins; Figure S2: The yields of the BTN-Kat and ITN-Kat
proteins purified from the various E. coli strains; Figure S3: Native electrophoresis of BTN-Kat and ITN-Kat;
Figure S4: Liver histology (H&E stain) of mice; Figure S5: Levels of TNF-positive CD3 and CD45R-positive
cells; Table S1: The E. coli strains used in this study; Method S1: Expression and purification of BTN-Kat and
ITN-Kat recombinant proteins; Method S2: Preparation of Liver Tissues for Histological Analysis; Result S1:
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Fluorescent antibodies expressed in BL21(DE3) strain of E. coli; Result S2: The therapeutic effect of BTN-Kat and
ITN-Kat proteins.
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Abstract: Polyclonal and monoclonal antibodies have been invaluable tools to study proteins over
the past decades. While indispensable for most biological studies including developmental biology,
antibodies have been used mostly in fixed tissues or as binding reagents in the extracellular milieu.
For functional studies and for clinical applications, antibodies have been functionalized by covalently
fusing them to heterologous partners (i.e., chemicals, proteins or other moieties). Such functionalized
antibodies have been less widely used in developmental biology studies. In the past few years,
the discovery and application of small functional binding fragments derived from single-chain
antibodies, so-called nanobodies, has resulted in novel approaches to study proteins during the
development of multicellular animals in vivo. Expression of functionalized nanobody fusions from
integrated transgenes allows manipulating proteins of interest in the extracellular and the intracellular
milieu in a tissue- and time-dependent manner in an unprecedented manner. Here, we describe
how nanobodies have been used in the field of developmental biology and look into the future to
imagine how else nanobody-based reagents could be further developed to study the proteome in
living organisms.

Keywords: nanobody; GFP; C. elegans; development; drosophila; zebrafish

1. Introduction

Antibodies have been invaluable tools in basic biological sciences for several decades. Polyclonal
and monoclonal antibodies can be used for manifold studies, for example, to detect the amount of a
given protein in Western blots, to isolate proteins or protein complexes from cell lysates, or to localize
proteins in fixed cells and tissues, just to name a few applications. More rarely, antibodies have been
used for functional studies in cultured cells or in developing organisms, in particular via injection
either into cells, into the body cavity of developing organisms, or into the blood stream of developing
or adult organisms. The large size and multi-domain nature of antibodies as well as their instability
in the intracellular milieu has hindered their more widespread use to manipulate protein function
in vivo.

A major breakthrough in antibody research was made when Hamers and colleagues reported
in 1993 that camels produce, in addition to the well-characterized antibodies containing a heavy
and a light chain, an additional and distinct species of antibodies containing only a heavy chain [1].
The binding affinity and selectivity of these single-chain antibodies turn out to be comparable to that
of classical antibodies, and the high-affinity antigen-recognizing region can be isolated from the single
heavy chain and expressed as a single polypeptide chain. Such small antibody fragments were called
VHH (from variable domain of heavy chain antibodies, also referred to as nanobodies) and they have
dramatically changed the way antibodies have been used in developmental biology (and in many
other research fields, such as structural biology, super resolution microscopy, etc., see other articles in
this issue).
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2. From Cultured Cells to Developing Organisms

The function and the behavior of a cell is to a large extent determined by its proteome, i.e., by the
proteins that are expressed in a given cell as a function of complex transcriptional regulation in the
nucleus. While CRISPR/Cas technologies have paved the way to fast, cheap, and efficient genome
editing [2], it remains more difficult to acutely manipulate proteins in a direct and desired manner
in time and space. Recognition of DNA sequences via the injection or expression of the CRISPR/Cas
module is highly efficient and selective due to guide RNAs providing target site selectivity. In contrast,
recognition of proteins by classical antibodies in the intracellular milieu is often inefficient since
antibodies consist of four chains that have to be properly assembled and folded and then kept in a stable
configuration via disulfide bridges. The small size of single-chain antibody fragments and the ease to
express them from integrated transgenes in cells has opened up the route to many novel applications
in the complex context of multicellular organisms. In this article, we summarize studies in the field of
developmental biology that have made use of nanobodies in multicellular animals and refer the reader
to excellent recent reviews summarizing studies done in cultured cells [3–6]. Several developmental
studies have used protein binders other than nanobodies, including single-chain antibodies (scFvs),
Designed Ankyrin Repeat Proteins (DARPins) [7] monobodies [8], and others; we will not describe
these studies here, but refer the reader to recent reviews on the topic [9,10].

3. Use of Functionalized Nanobodies in Multicellular Animals in the Context of Developmental
Biology Studies

While antibodies and nanobodies have often been used to mask (and thereby inhibit) a functional
domain of a protein of interest (POI) [11,12], the availability of the easily cloneable binding domains of
nanobodies has stimulated researchers to generate transgenes that link this binding region to specific
functional domains. This allows for the expression of protein fusions that are not only able to associate
with the POI, but also to manipulate its function in a desired manner. First reports to do so using
the nanobody scaffold involved the fusion of a fluorescent protein to a nanobody recognizing a POI,
thereby visualizing the POI within cells (such nanobody fusions are also referred to as chromobodies,
see below). Further experimental setups included the fusion of degradation-inducing domains,
localization domains, and enzymatic domains to nanobodies. In the next sections, we highlight
studies done in multicellular model organisms using nanobodies. Rather than describing in detail the
biological findings resulting from these studies, we describe the generation and application of different
nanobody-based tools and how they allow to manipulate and study protein function.

3.1. Protein Degradation

A straightforward approach to studying the function of a protein during development is to
remove it from a given cell population and investigate the molecular, developmental or physiological
consequences of its absence. In most cases, such studies have been done indirectly using forward
and reverse genetic approaches, as well as tissue-specific genetic manipulations in more recent years
(using site-specific recombination or RNA interference) [13]. Another way to remove a POI is to target it
for proteasomal degradation. To achieve this, a nanobody can be fused to a subunit of the E3 ubiquitin
ligase complex (there are several protein domains such as F-boxes or SOCS-boxes that characterize such
E3 ligases), which ultimately results in the recruitment of the POI to the complex, polyubiquitination of
the nanobody-binding POI and its subsequent degradation via the proteasome. This approach was first
reported by Kuo and colleagues [14] in cell culture and by Caussinus and colleagues (called deGradFP),
who used it to degrade proteins in living drosophila embryos and larvae [15,16]. Caussinus et al. [17]
made use of a nanobody which recognizes the Green Fluorescent Protein (GFP) and fused it to
the N-terminal F-box domain of the drosophila Slmb protein, an adaptor protein which is part of
the E3 ubiquitin ligase complex SCF and is required to mediate substrate-specific ubiquitination.
This functionalization of the GFP nanobody allows GFP-, Venus- and YFP-tagged proteins to be
recognized by the SCF complex and to be targeted for degradation.
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deGradFP has been used in a number of different studies in drosophila to address, for example,
the role of actomyosin during tissue morphogenesis [18–21], to study the function of proteins in adult
memory function and maintenance [22], to degrade POIs and study their contribution to Septate
Junction establishment and maintenance [23], to analyze the role of the tissue-specificity of Hox gene
function [24] and the role of certain proteins during microtubule network remodeling [25].

deGradFP has been used mostly in drosophila and was also shown to be able to induce protein
degradation in mammalian cells [16]. However, as it turned out more recently, expression of the Slmb
F-box to the GFP nanobody does not result in very efficient degradation of GFP fusion proteins when
assayed in zebrafish embryos [26]. Based on this finding, two groups have further developed the
method. In one case, the GFP nanobody was fused to an auxin-induced degron (AID), which was
then shown to allow efficient and reversible degradation of GFP fusion proteins in zebrafish embryos
upon addition of auxin [27]. In another study, the F-box of drosophila Slmb in the deGradFP fusion
protein was replaced with the homologous sequence from zebrafish Slmb to generate a system called
zGrad [26]. Using tissue-specific and inducible promoters in combination with functional GFP fusion
proteins, it was shown that zGrad can induce the degradation of transmembrane, cytosolic, and nuclear
proteins globally, locally, and temporally-controlled in different zebrafish tissues, and that such protein
degradation can generate loss-of-function phenotypes. A system for protein degradation similar to
deGradFP was also developed for Caenorhabditis elegans. In this particular case, the GFP nanobody
was fused to a SOCS-box containing ubiquitin ligase adaptor in order to target GFP-tagged proteins
for degradation [28]. To deplete a POI, GFP was either inserted into the endogenous locus of interest
using CRISPR-Cas9 or via the rescue of a null mutant with a GFP fusion construct. This approach
allowed for efficient tissue-specific protein ablation in C. elegans [29–32].

Several similar strategies have been reported and used in the last few years to induce degradation
of specific POIs. Shin et al. [33] reported that the fusion of the GFP nanobody to a portion of SPOP
(Speckle-type POZ-domain protein), a E3 ligase adaptor protein based on Cullin 3 acting in the nucleus,
can induce exclusive nuclear degradation of GFP-tagged proteins in zebrafish embryos. This is an
interesting addition to the other nanobody-based degradation methods, since it targets only the nuclear
fraction of a POI.

As more and more lines expressing endogenously-tagged fluorescent proteins are becoming
available in the different model systems due to the widespread use of Crispr/Cas9-based genome
editing technologies, these degradation systems will become extremely useful new additions to the
existing toolbox for the analyses of protein function in complex multicellular animals. The advantage
of using protein degradation in contrast to classical genetic approaches to study the consequences of
depleting a POI are several-fold. First, mRNA and proteins might be delivered by the mother into
the egg, in which case zygotic loss of function genetic analyses are complicated by the prevailing
maternal contribution. As shown by several studies, such maternal proteins can efficiently be degraded
by deGradFP and zGrad [34,35]. In other cases, the use of tissue-specific and/or inducible drivers
expressing the nanobody-F-box chimera can lead to tissue-specific and inducible protein degradation,
respectively, and allows to study a subset of functions of a POI. Alternatively, proteins might be very
stable and persist for extended periods of time, despite the removal of the gene or the mRNA under
study. This is particularly important to keep in mind for studies in adult organisms, in which many
proteins might be rather stable and do not dilute out by cell division. Interestingly, expression of
nanobody-ubiquitin ligase adaptor fusions can be controlled by temperature-controlled promoters,
thus allowing reversible expression and recovery of protein levels in adult flies, as pioneered by the
Hugo Bellen’s lab [22], and it is to be expected that many more studies of this type will be reported in
the near future.

3.2. Protein Relocalization and Trapping

Many proteins function in distinct cellular compartments (nucleus, cytoplasm, etc.) or are linked
to specific cellular structures (different membrane compartments, surface of different organelles).
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To investigate the role of such distinct localization, nanobodies have proven to be extremely useful in
altering the localization of POIs and investigate the consequences thereof.

In a system called GrabFP, Harmansa et al. [36] constructed three nanobody-based GFP traps that
localize to defined regions along the apico-basal axis of epithelial cells in drosophila. By fusing the
GFP nanobody to a transmembrane domain such that the nanobody moiety is either exposed to the
extracellular or to the intracellular milieu, the different GrabFP constructs allow to trap or localize
proteins to distinct apico-basal positions and ask what developmental and molecular consequences
this might have. GrabFP has been used to study myosin activation via Yorkie localization at the
junctional cortex [37], to better define the role of Dishevelled activity in maintaining planar polarity
complexes in epithelial tissues [38], the role of Dpp/Bone morphogenetic protein 2/4 dispersal in the
basolateral compartment of the wing imaginal disc in drosophila [36], and to study the importance
of plasma membrane location of apoptotic caspases for non-apoptotic functions [39]. In addition
to this, transmembrane scaffolds, a lipid binding domain (PH domain) has also been proposed as
membrane-tether for nanobody functionalization [40].

Such relocalization or trapping experiments might be particularly interesting when it comes
to study secreted molecules that depend on their dispersal in in vivo settings. Secreted signaling
molecules such as morphogens or hormones play crucial roles in animal development [41]. Being able
to interfere with the extracellular distribution of such molecules in a predictable manner might allow
to better understand the way and the importance of their dispersal in complex tissues. A system called
Morphotrap, consisting of a GFP-binding nanobody fused to a transmembrane domain exposed on
the surface of expressing cells, has been used to trap the GFP-fused ligand Dpp/Bmp2 in drosophila
imaginal discs [42], to trap secreted GFP-fused Wnt in C. elegans [43] and to trap GFP-fusion proteins
of the Nodal family in zebrafish [44]. Such studies allow to investigate the requirement for dispersal
of secreted signaling molecules in vivo. Furthermore, these methods provide a means to generate
gradients of different shapes across tissues and to investigate the developmental consequences of such
altered gradients.

This toolbox has been recently been further expanded by the addition of a low affinity Morphotrap
version [45]. In this case, the authors exchanged the previously used high-affinity GFP nanobody [17]
with a low-affinity GFP nanobody [46]. This new tool allowed to finely tune extracellular GFP
diffusivity in living zebrafish embryos.

In addition to the relocalization or trapping of proteins using nanobodies, Janusche and
colleagues [47] made use of the modular nature of protein domains and combined the MS2 system
and nanobody expression to alter the subcellular localization of mRNA molecules in drosophila
neuroblasts. In this particular case, the mRNA was tagged with GFP using the MS2 system [48],
while the nanobody against GFP was fused to specific subcellular localization domains, resulting in
the efficient mislocalization of the GFP-decorated mRNA molecules.

3.3. Protein Post-Translational Modification

Several enzymes (for example kinases) have many different substrates in a given cell or in
different cells during development, and it remains rather challenging to unravel the complexity
of such complex networks. Nanobodies can be used to direct enzymes to specific and unique
substrates through direct protein–protein interaction and thereby lead to enhanced target specificity.
In a proof-of-principle study, Roubinet et al. [49] fused the constitutively active minimal kinase domain
of Rho kinase to a GFP-binding nanobody and an apical localization domain. Co-expression of this
fusion construct together with GFP-myosin regulatory light chain in drosophila neuroblasts resulted in
the ectopic accumulation of the phosphorylated form of the myosin light chain in the apical cytoplasmic
compartment. In case this approach would work well with other enzymes, it would certainly contribute
to a better understanding of complex regulatory circuits in developing organisms.
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3.4. Protein Visualization

A very interesting application of nanobodies is the visualization of endogenous proteins in
living organisms using fluorescently labelled nanobodies (also referred to as chromobodies; [17]).
Chromobodies as ready-to-use tools in developmental biology might be particularly useful if they
are directed against proteins of general interest or against proteins that mark different cellular
compartments or cell states. Rothbauer and colleagues have generated chromobodies against the major
cytoskeletal component Actin and the cell cycle marker PCNA and validated their use in zebrafish
embryos [50]. For this purpose, nanobodies binding directly to these proteins were isolated from
camelids [51,52]. Chromobodies should be built from binders directed against functionally inert
epitopes such as to avoid unwanted effects on mobility and function of the POI, and thus have to
be carefully selected and validated for each POI. Due to the usefulness for a wide community of
biologists, such chromobody-expressing transgenic animals will most likely become reliable and
important additions for future developmental studies.

When proteins are tagged endogenously with GFP, distinguishing protein dynamics of a single
cell can be difficult in crowded tissues where neighbor cells also express the tagged protein. To achieve
single neuron protein dynamics, Kamiyama et al. [53] designed a chromobody against GFP that,
when expressed in particular neurons by tissue-specific promoters or expression systems, was able to
mark the GFP-fused POI with a red fluorescent protein, and thereby differentially label these neurons
from the neighboring cells.

Given the highly dynamic protein expression in the developing drosophila embryo, some proteins
are degraded faster than the fluorescent tag matures (up to >30 min for GFP in vivo), impeding protein
visualization via this method. To solve this problem, a different tool has been designed, the LlamaTags.
Instead of fusing the POI to GFP, the POI was fused to a nanobody recognizing GFP, and GFP itself was
used as soluble cytoplasmic substrate that follows the POI by binding to it; while GFP itself distributed
in the cytoplasm, the expression of the nanobody-fused transcription factor resulted in the nuclear
translocation of GFP [54]. Following the same concept, mCherry nanobodies and soluble mCherry
allowed to perform multicolor visualization of protein dynamics. Using LlamaTag, the dynamics
of transcription factors in the early drosophila embryo was followed in time and space, allowing
unprecedented insight into the mechanisms of coordinated gene expression in these syncytial embryos.

3.5. Protein Scaffolding and Cell–Cell Contact Reporters

Nanobodies have also been used in developmental studies in a more synthetic approach, allowing
to trigger certain functions when a scaffolding protein is present. This is achieved in the cell of
interest via the use of two distinct binders recognizing a scaffold in a non-overlapping fashion,
bringing two different components to the same scaffold complex. The Cepko laboratory has used
two GFP-binding nanobodies to assemble different activities in only those cells that express GFP.
In a method called “transcription device dependent of GFP” (T-DDOG; [55]), both a DNA-binding
domain and a transcription regulatory domain (resulting in activation or repression) was fused to one
and the other GFP binder, respectively; these two activities are only assembled into one protein complex
in those cells that express GFP, thus allowing to target the activation or repression of desired genes to
those particular cells. This method was used to regulate gene expression in both mice and zebrafish.
The same approach has also been used to reconstitute a split Cre recombinase [56], allowing to make
recombination dependent on the presence of GFP, and can be adopted for many more applications.

While T-DDOG exploits the presence of an intracellular GFP to trigger a response, others have
designed receptors to elicit transgene activation upon recognition of extracellular antigen in other
cells. To achieve that, the Notch receptor was engineered by replacing the extracellular region with
a protein binder and the intracellular tail by a transcriptional activator. Upon recognition of the
extracellular antigen, the intracellular domain is cleaved, and the C-terminal transcriptional activator
is thereby released to translocate to the nucleus and activate transgene expression [57]. This concept
has been used in developing drosophila embryos to trace cell–cell contacts between cells expressing
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membrane-bound GFP and cells containing synthetic Notch receptors exposing GFP nanobody on
the cell surface as well as a transgene expressing a fluorescent label upon activation of this synthetic
Notch receptor [57].

4. A look Into the Future

With the exception of chromobody applications, one striking aspect of all the nanobody-based
developmental studies described above is that they have relied on the almost exclusive use of one or
two nanobodies binding to GFP. These nanobodies have been isolated from camels upon immunization
with GFP and were well characterized in vitro and in vivo [58,59]. Since GFP was discovered [60] and
its sequence cloned [61], it has been extensively used as a fusion partner to follow protein expression
and dynamics in vivo. The many transgenic GFP lines available in the different model systems make
the use of validated GFP nanobody-based tools rather straightforward.

Probably the most favored applications of antibodies in biomedical research is their use as blocking
reagents, binding with high affinity to an active site or a site involved in essential protein–protein
interactions and hence interfering with protein function upon binding. This approach has not been
used much thus far in developmental biology, because nanobodies against endogenous proteins of
model organisms such as C. elegans, drosophila, or zebrafish have not been identified and reported,
with the exception of the nanobodies used in the context of chromobodies. In the last few years,
several labs have generated and studied nanobodies directed against cellular proteins [5], but most
of the studies reported so far have targeted human proteins and have been studied in cultured cells.
It will be very interesting to use these or similar nanobodies in multicellular animals to dissect cell
biological processes in vivo. However, the ease with which GFP binders can be used across species is
most likely not replicated by these nanobodies isolated against cellular proteins, since it is unlikely
that many nanobodies isolated against human proteins will recognize the homologous protein from
C. elegans or drosophila. Nevertheless, the availability of recently described screening devices [62] or
platforms will speed up the isolation and characterization of nanobodies against endogenous proteins
in different model organisms used in the field of developmental biology. Therefore, it can be expected
that nanobodies binding endogenous POIs will be used more often in the future, especially in species,
in which tools for efficient genetic manipulation are less common. They might be used in the context of
similar functionalization as already described (degradation, relocalization, chromobodies, etc.), to mask
the function of a protein or certain subdomains thereof, to detect or interfere with post-translational
modifications, or even as reagents stabilizing specific protein conformations, as already proposed for
some nanobodies in cell culture [62]. In each case, however, the specificity of the nanobody has to be
carefully evaluated in the context of the developmental system used.

One of the obvious limitations of the use of the GFP nanobodies is the failure to endogenously tag
certain proteins with GFP due to functional interference. Recently, nanobodies that are able to bind to
short linear epitopes have been isolated [63,64]. Upon the insertion of such a tag at the endogenous
locus of a protein to be studied, it should be possible to manipulate the latter with the corresponding
functionalized binder, thereby bypassing the isolation and validation procedures involved in obtaining
POI-specific nanobodies. Other binders, such as single-chain antibodies derived from IgGs, have been
shown to bind short epitopes; however, the multidomain structure of these binders is normally far
from ideal in the cell cytoplasm (with some exceptions, [65,66]). Since binders against small epitopes
can more easily be validated in complex multicellular animals (by showing that they do not influence
developmental processes in the absence of the epitope tag), and since endogenous gene tagging has
become very efficient using Crisp/Cas, such binders will probably be used extensively to manipulate
protein function intracellularly in combination with the available functionalization domains.

One of the most exciting aspects of the use of nanobodies in developmental biology is that they
can be fused to functionalization domains to generate novel reagents which specifically and directly
target a POI and manipulate it in a given, desired manner (see Figure 1). The list of such potential
functionalization is long, but it is likely that many possible manipulations have not even been thought
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of in the early days of these novel possibilities to investigate the proteome. The emergence of more
and more complex functionalization strategies requires a tight control of their performances to avoid
undesired effects. The development of nanobodies that promote their own degradation when the POI
is not present [67] is among the incipient strategies to achieve this tight control. It will be interesting to
follow how the use of nanobody-based tools will evolve in the future, and it is hoped that this approach,
combined with many other approaches (such as optogenetics), will allow to better understand the role
of the proteome in development and disease.

 

 

Figure 1. Different nanobody-based methods applied to developmental biology [16,18–32,36–40,42–44,
47,49,50,53,54,68–70].

Author Contributions: Conceptualization, M.A, G.A, S.M, A.V.; writing-original draft preparation, M.A., G.A.;
Figure design, G.A.
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Abstract: Since their discovery in the 1990s, single-domain antibodies (VHHs), also known as
Nanobodies®, have changed the landscape of affinity reagents. The outstanding solubility, stability,
and specificity of VHHs, as well as their small size, ease of production and formatting flexibility favor
VHHs over conventional antibody formats for many applications. The exceptional ease by which
it is possible to fuse VHHs with different molecular modules has been particularly explored in the
context of viral infections. In this review, we focus on VHH formats that have been developed to
combat viruses including influenza viruses, human immunodeficiency virus-1 (HIV-1), and human
respiratory syncytial virus (RSV). Such formats may significantly increase the affinity, half-life, breadth
of protection of an antiviral VHH and reduce the risk of viral escape. In addition, VHHs can be
equipped with effector functions, for example to guide components of the immune system with high
precision to sites of viral infection.

Keywords: virus; nanobody; formatting; Fc-domain; half-life

1. Introduction

The discovery of heavy chain-only antibodies in the serum of camels, first reported by Hamers et al.
in 1993, opened the way for a new tool box for diverse therapeutic applications [1]. Sera from
camelids such as camels, dromedaries and llamas contain conventional antibodies (IgG1 isotype)
and, surprisingly, also antibodies that lack the light chain component as well as the first constant
domain of the heavy chain (CH1) (IgG2 and IgG3 isotype). The epitope-binding unit of these so-called
heavy chain-only antibodies thus consists of a single variable domain, called a single-domain antibody
(VHH) or Nanobody®. Despite their small size (~15 kDa) these single domain binding units can
have exquisite affinities and antigen-binding specificities [2–5]. Similar to the variable domain of
conventional antibodies, VHHs consist of four constant framework regions (FR1–4) separated by three
hypervariable complementarity determining loops (CDR1, -2 and -3). A distinct feature of VHH FR2 is
the presence of a hydrophilic surface exposed patch that likely evolved to compensate for the loss of
light chain binding. In addition, the CDR3 loop of a VHH often folds back over the site that normally
interacts with the variable light chain. Moreover, the CDR3 of VHHs is more variable in length and
typically somewhat longer than the CDR3 of conventional antibodies [5]. To compensate for the higher
flexibility and otherwise entropically unfavorable binding to the target antigen, the CDR3 loop often
forms a disulfide bond with the CDR1, CDR2 or FR2 [6–8].

The small size, single domain build-up and the presence of hydrophilic amino acids in FR2 go
together with a typically high solubility and physical stability of VHHs. As a result, these proteins can
withstand relatively harsh formulations and environments, have excellent tissue penetration capacities,
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can be formatted in multiple ways and can be efficiently produced at low cost in microorganisms [9].
Not surprisingly, given these appealing properties, VHHs directed against a number of viruses
including influenza viruses, human immunodeficiency virus-1 (HIV-1), and human respiratory
syncytial virus (RSV) have been isolated from immune, naïve or synthetic VHH libraries. Immune
libraries can be generated based on peripheral blood lymphocytes isolated from a camelid that has
been immunized with complete virus or a viral antigen of interest in a prime-boost strategy [10].
However, VHHs with reasonable target specificity can also be isolated from naïve libraries that were
generated from a camelid that was not immunized with the target viral antigen of interest. Synthetic
VHH libraries do not require any experimental animal handling. Such libraries are built based on a
well characterized VHH of which the conserved FRs are retained and amino acids in the CDRs are
altered by saturating site specific mutagenesis [11–14]. Immune libraries are often the first choice
to isolate high affinity VHHs because natural somatic antibody maturation can create an enormous
diversity. Antigen-specific VHHs are then usually isolated by phage, yeast or ribosome display [14–17].

Numerous virus-neutralizing VHHs have been described and different steps in the viral life
cycle can be perturbed (Figure 1). For example, VHHs that prevent virus entry by blocking the
receptor binding have been described for influenza (targeting the hemagglutinin (HA) protein), HIV
(targeting gp120) and Middle East respiratory syndrome coronaviruses (MERS CoV) (targeting the
spike proteins) [18–21]. Furthermore, a VHH that arrests the RSV fusion protein (F) in its prefusion
state could prevent virus entry by inhibiting membrane fusion between virus and host cells [22].
When expressed within the target cell, the VHHs are often referred to as intrabodies, where they can
affect, for example, viral replication and nuclear transport of viral ribonucleoproteins (vRNPs), as was
shown for an anti-influenza nucleoprotein VHH, while a VHH against the HIV Rev protein could
inhibit nuclear export of viral mRNA [23–25].

Apart from the direct antiviral activity that VHHs may have, VHHs can be formatted to serve as a
targeting moiety to bring an effector function such as a toxin, an antiviral drug or an antibody-derived
Fc domain to the site of a viral infection. VHH formatting can also be used to increase their half-life, the
affinity for their target or to deliver the VHH to a certain compartment. At last, VHH formatting can
be explored to develop new diagnostic tools for infectious diseases. Here we focus on the multitude of
formats that have been applied to VHHs that target human viruses (Table 1).
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Figure 1. Schematic overview of the steps in a standard viral replication cycle that can be targeted by
monovalent single-domain antibodies (VHHs) and antibody-mediated effector functions. General steps
in viral replication include: (i) attachment and entry; (ii) penetration and uncoating; (iii) replication
and translation of genomic viral RNA into proteins; (iv) assembly of virions; (v) budding and
release. Antibodies (immunoglobulins or IgGs and heavy chain-only antibodies or HcAbs) employ
different mechanisms to remove the infected target cells: (i) interact with Fc receptors (FcR) on
effector cells to induce antibody-dependent cell-mediated cytotoxicity (ADCC) or antibody-dependent
polymorphonuclear neutrophils (PMN)-mediated cytolysis (ADPC) and (ii) cell lysis through
complement dependent cytotoxicity (CDC) by binding to the C1q receptor (C1qR).
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2. Formatting of VHHs to Increase the Half-Life in Circulation

A single VHH molecule has a molecular weight of approximately 15 kDa, which is ten times
smaller than a conventional IgG antibody (size around 150 kDa). Injected monomeric, dimeric and
even trimeric VHHs are thus rapidly cleared from circulation by free glomerular filtration in the kidney
(molecular weight cut-off 66 kDa) [26]. Such rapid removal, within a couple of hours after injection
compared to 2–3 weeks for a conventional antibody, most often limits the therapeutic efficacy of a
VHH [27,28]. As a result, VHHs have to be administered by infusion or repeat injection, or they are
even restricted to loco-regional treatment [29]. It is important to note that there is no strict correlation
between the molecular weight of a molecule and its half-life. For example, by genetic fusion of a
VHH to an Fc domain the capacity to interact with the neonatal Fc receptor or FcRn is restored, which
increases the retention of the VHH even more than expected based on the size [30]. It is clear that, in
most cases, the half-life of the VHHs needs to be extended in order to obtain a maximal therapeutic
efficacy. Prolonging the half-life will not only maintain the therapeutic threshold for a longer time but
will also reduce the frequency of drug administration which will significantly benefit the patient [31].
Four major strategies, as discussed below, can be used to improve the pharmacokinetics of VHHs.
In general, the goal is to limit their renal elimination and to recover the already available circulating
VHH molecules.

A first frequently employed method aims to increase the size and the hydrodynamic radius
of the VHH to avoid glomerular filtration. A simple way to accomplish this is by coupling two or
three homologous or heterologous VHHs via a specific linker. However, even bivalent constructs
are still rapidly cleared. A more complex method is the oligomerization of VHHs using a platform
technology that allows to display VHHs. Different formats have been described, including the so-called
fenobodies by Fan et al [32]. This display platform is based on ferritin, a spherical iron storage protein,
to which, for example, broadly reactive anti-influenza VHHs have been anchored [33]. By doing
so, the resulting VHH-displaying fenobody had a target affinity that was 360 times higher than the
monovalent counterpart as well as a 10-fold higher half-life [32].

VHHs can also be chemically modified in order to increase the molecular weight. Such a chemical
modification, for example with a polyethylene glycol (PEG) group, may also protect the VHH against
proteases. The covalent attachment of PEG, a procedure that is often referred to as PEGylation and
is approved by the Food and Drug Administration, to therapeutic proteins has been widely used to
prolong the half-life of biopharmaceuticals. Interestingly, PEGylation of VHHs that can neutralize
the highly contagious foot and mouth disease virus (FMDV, a picornavirus) did not only increase the
half-life in guinea pigs but also significantly increased its neutralizing capacity [34]. The addition
of a PEG molecule with a molecular mass higher than 50 kDa might result in accumulation of the
VHH of interest in tissues, thereby reducing target access [35]. Next to this, chemical modification of
a biotherapeutic can also result in reduced bioactivity or affinity of the molecule of interest [36,37].
Furthermore, there are safety concerns associated with the use of PEGylated protein drugs because
PEG cannot be metabolized by the human body, and PEGylated biopharmaceuticals that are taken up
by cells lead to vacuolation [38]. Combined with the relatively high cost of PEGylated molecules, the
above-mentioned cautionary notes on the use of PEGylation to extend a drug’s half-life have roused
the interest of companies to explore safer and more economical alternatives. The use of recombinant
PEG mimetics that can be genetically fused to the molecule of interest is one example of such an
alternative (reviewed in [29,39]).

A second approach to try to avoid renal clearance of biopharmaceuticals is based on the interesting
observation that negatively charged small proteins remain longer in circulation than neutral proteins.
Most likely, this is due to repulsion between the negatively charged molecule and the negatively
charged glomerular basement membrane in the kidney [40]. There are several ways to add negative
charges to proteins including the addition of sialic acid polymers (polysialylation) or hydroxyethal
starch (HESylation) and by fusion with the highly sialyated beta carboxyterminal peptide (CTP) amino
acid-residue found in the human chorionic gonadotropin (hCG) hormone [39]. Unlike PEG, these
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naturally occurring polymers are biodegradable [41]. It would be of interest to modify VHHs with
such negatively charged polymers and to assess the outcome in terms of half-life and in vivo efficacy.

Another strategy to extend the half-life of a VHH is by coupling the VHHs to long-lived serum
proteins or to building blocks that target these long-lived proteins. The long serum half-life of serum
albumin, for example, results from its ability to escape from catabolism after cellular uptake. Once
in the acidic endosomal compartment albumin is able to bind to the FcRn, which recycles the bound
albumin back to the pH neutral extracellular milieu. Human serum albumin has a terminal elimination
half-life of 17–19 days in human and is a preferred target of choice for direct or indirect fusion of
VHHs [42,43]. A study by Hoefman et al. reported a significant increase in half-life of different
mono-, di- or trimeric VHH constructs by fusing them to an albumin binding VHH. Following a single
intravenous bolus administration, these half-life extended constructs could still be detected in the
serum after 10 days in mice and 35 days in monkeys while constructs fused to an irrelevant VHH
were no longer detectable within one day after administration [44]. Terryn et al. also genetically fused
homo-and hetero-bivalent VHHs that target the glycoprotein G of Rabies virus with an albumin-specific
VHH in order to extend the half-life. The albumin-binding capacity of the construct resulted in an
approximately 100-fold higher systemic exposure and improved the median survival time after Rabies
virus challenge of treated mice by several weeks compared with the bivalent constructs [45]. In this
respect it is important to mention that the half-life of albumin in rodents and other small mammals,
is only around 1–2.5 days, which is markedly shorter than the several days to weeks observed for
different immunoglobulins (Igs) [46]. An additional advantage of fusion or binding to albumin is
the fact that it might help to target VHHs to specific sites in the body since it has been reported that
albumin can accumulate in tumors and inflamed tissues [47].

The half-life of Igs ranges from one to almost four weeks depending on the subclass and
the isotype. Therefore, IgG-based fusion constructs are also widely used to extend the half-life
of therapeutic proteins including VHHs. For example, the so-called VHH2, a genetic fusion
between a FMDV-neutralizing VHH and a VHH that targets the porcine IgG, was constructed by
Harmsen et al. [30,34]. When binding to porcine IgG was possible, a 100-fold increase in half-life was
observed. Prophylactic intramuscular treatment with VHH2 also reduced viral load and shedding.
Unfortunately, the FMDV challenge-associated clinical signs and transmission of the disease could
not be prevented with this molecule in the model that was used. Altogether, the data obtained by
Harmsen et al. showed that prolonging the exposure time is imperative for immunotherapy efficacy
but additional fine tuning of other parameters is also important [34].

A fourth approach of extending the VHH half-life is to fuse the VHH of interest to the Fc region
or other Fc-binding moieties of an IgG molecule. The extended half-life of such a chimeric antibody
construct was demonstrated by Raj et al., who C-terminally extended a VHH that can neutralize
the MERS-CoV with the Fc part of a human IgG2. The protein, that resembles a heavy chain-only
antibody, showed an enhanced MERS-CoV neutralizing capacity and protection that correlated with
sustained high levels of the VHH-Fc in circulation [48]. In parallel, Zhao et al. showed stable binding
of a MERS-CoV neutralizing VHH fused with a human IgG1 Fc to recombinant MERS-CoV S1 spike
protein in serum collected 10 days post-injection. This is in contrast to the monovalent format of the
MERS-CoV VHH where no binding could be detected by day 10 [20]. In both cases, the improved
protection against MERS-CoV infection with the Fc fused constructs was attributed to the increase in
size by dimerization and thus the extended half-life. The effect of binding to the FcRn was not reported
in these studies.

3. Increasing Valency to Improve Potency

In some instances, the affinity of an antiviral VHH picked up by an initial selection step still needs
to be improved in order to enhance and broaden its neutralizing capacity. In addition, increasing the
affinity might be important to reduce viral escape. To this end, one could change the affinity between
the VHH and its target antigen by in vitro affinity maturation in which a second-generation library is
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constructed by introducing random mutations in a selected part of the VHH scaffold, usually the CDRs.
For example, the affinity of a parathyroid hormone (PTH)-derived peptide-specific VHH that was
isolated from a phage display library that was generated from a naive llama, could be enhanced 30-fold
by selecting VHH derivatives from a library of VHHs with mutations that were randomly introduced
in the CDR2 and CDR3 codons [49]. Another way to increase affinity is to introduce an avidity effect
by joining two or more VHHs into multivalent constructs using flexible linkers. Several studies have
demonstrated the beneficial outcome of that type of VHH formatting to improve affinity through
avidity effects. In addition to increasing the binding avidity, formatting could also increase neutralizing
activity by increased structural restriction when 2 sites on different protomers or proteins are linked
by the VHH construct. Three types of multivalent VHH formats can be distinguished: monospecific
fusions in which two identical VHHs recognizing the same epitope are joined, bispecific fusions in
which two VHHs each recognizing a different epitope are connected, and formats where the VHH is
fused to a protein moiety that has the tendency to dimerize or multimerize [50].

The strength of introducing avidity on the affinity of the VHHs for their target antigens was
extensively examined by Hultberg et al. [21]. In this study, multivalent constructs were generated
against the RSV F fusion protein, influenza H5N1 HA and Rabies G protein. Remarkably, linking two
identical anti-F VHHs increased the RSV neutralizing capacity by approximately 4000. In addition,
bivalent and trivalent anti-HA and bivalent anti- vesicular stomatitis virus (VSV) G VHHs had
significantly higher neutralizing potency than their monovalent counterparts. Flexible Gly4Ser (GS)
linkers ranging from 9 to 35 amino acid residues were tested. The optimal linker length needed
to achieve an avidity effect most likely depends on the availability and spacing between the viral
epitopes and needs to be empirically tested for each VHH combination. Trivalent anti-influenza HA
VHHs with a 20 amino acid residue linker had lower neutralizing activity compared with constructs
with a 10 amino acid residue linker. In contrast bivalent RSV F specific VHH with either a 10 or 20
amino acidlinker were equally potent in neutralizing RSV [21]. Further, Hulsik et al. developed a
VHH (VHH 2H10) directed against the membrane proximal external region (MPER) epitope on the
HIV gp41, the viral fusion protein [51]. Bivalent constructs in which two VHH 2H10 molecules were
linked by a 15 or 17 GS linker, had a 20-fold higher binding efficacy compared with monomeric VHH
2H10. This increased affinity was associated with an increased breadth of neutralization: various
HIV-1 strains that were resistant to monovalent VHH 2H10 could now be neutralized. In addition to
using a GS linker, Cardoso et al. used the llama IgG2c hinge as a flexible linker to fuse two identical
anti-influenza neuraminidase (NA) (H5N1) VHHs [52]. Similar to the above-mentioned studies, the
antiviral potency of the bivalent format was significantly enhanced. Another example of a VHH that
acquired increased virus neutralizing breadth by increasing its avidity, was reported for influenza A
viruses as a target. A bivalent version of the VHH R1a-B6, generated by fusing two identical VHHs
directed against the stem of HA of the 2009 H1N1 pandemic virus using a 30 amino acid GS linker,
had a similar neutralizing potency against H1N1 and H5N1 viruses as monovalent R1a-B6. However,
neutralization against a more divergent H9N2 virus strain was increased and the bivalent format even
gained the ability to neutralize a H2N2 strain [18]. The authors proposed that this increase in antiviral
breadth is the result of a slower off rate which can rescue low affinity interactions. Similarly, a broader
antiviral spectrum was observed for bivalent formats of VHHs directed against the CD4-binding site
or CD4-binding-induced site of the HIV-1 surface envelope glycoprotein (gp120) while no significant
improvement of the neutralizing potency of these multivalent proteins in terms of IC50 was observed
compared to those of the parental monovalent VHHs [53]. Apart from the in vitro increase in antiviral
potency, the impact of the avidity effect was also observed in in vivo experiments. Ibañez et al. showed
that an H5N1-neutralizing VHH in a bivalent format protected mice against a lethal H5N1 virus
challenge and was at least 60-fold more effective in doing so than the monovalent counterpart based on
lung viral titers in a dose-response comparison experiment [54]. Similarly, the intranasal administration
of a bivalent RSV F-specific VHH and a bivalent rabies G-specific VHH showed increased in vivo
potency compared to the monovalent counterpart [45,55]. Furthermore, ALX-0171, a homotrimeric
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VHH with high binding affinity for RSV F and potent RSV neutralizing activity, is currently being
evaluated in a phase IIb clinical trial for the treatment of disease caused by RSV infections in infants.
Interestingly, in in vitro experiments, the trivalent VHH outperformed palivizumab, a monoclonal
humanized IgG1 antibody directed against the same epitope of the RSV F protein and currently used as
a prophylactic anti-RSV treatment [56]. This could possibly be explained by the enhanced accessibility
of the epitope due to the small size of the VHH, a more flexible GS linker compared with the antibody
hinge or the presence of a third F-binding module in ALX-0171. To explore the impact of the avidity
effect on the emergence of escape mutants in vitro, Palomo et al. serially passaged the RSV long strain
in the presence of the monovalent or trivalent VHH [57]. This revealed that it was much more difficult
for the virus to escape from the trivalent compared to the monovalent VHH. In addition, the trivalent
format was still able to neutralize the RSV escape mutants.

Another way to overcome viral escape and broaden the neutralizing activity is to use a bispecific
format, comprised of two VHHs that each target a different viral epitope. Hultberg et al. demonstrated
that cross-neutralization was significantly improved with both RSV- and Rabies-neutralizing bispecific
formats compared to the corresponding monovalent and bivalent monospecific constructs [21].
The generation of a single molecule (a head-to-tail fusion with a GS linker) with bispecific target
recognition was key for this improvement because mere mixing of the monovalent VHHs in an
equimolar ratio hardly increased the potency compared with the individual monovalent VHHs.
Interestingly, the position of the VHHs relative to each other in the bispecific fusion construct can
influence the potency [17]. Such an influence was also observed for bispecific VHHs (JM2x5 or JM5x2)
directed against the CD4-binding site or CD4-binding induced site of HIV-1 gp120. The bispecific
construct with JM5 VHH at the N-terminal and JM2 VHH at the C-terminal position outperformed the
construct with the VHHs in the opposite position [53].

Finally, it is also possible to increase affinity and neutralizing potency by fusing a VHH with a
protein moiety that has a tendency to oligomerize. For example, Tillib et al. fused a trimerizing variant
of the leucine zipper domain derived from the yeast transcription factor GCN4 to the C-terminus of an
anti-influenza HA (H5N2) VHH [58]. The formatted VHHs adopted a trimeric conformation and were
approximately 100 times more active compared with the unformatted VHHs. Likewise, Boruah et al.
used another type of coiled-coil forming domain to generate multivalent VHHs [59]. It is even possible
to generate so called combodies, constructs in which the VHH is fused with the coiled-coil domain
derived from the human cartilage oligomeric matrix protein (COMP48), which results in a pentavalent
VHH format. Compared with the monovalent format, the combodies were able to neutralize an
85-fold higher input of Rabies virus pseudotypes in vitro. Since the pentamerizing building block in
combodies is of human origin, they have a reduced risk to become immunogenic upon administration
in humans compared with the yeast leucine zipper domain. Another oligomerization approach is the
development of the so-called fenobodies, as described before [32]. A very attractive way to generate
bivalent VHHs is by fusion to the Fc domain of a conventional antibody (an IgG or IgA). For example,
Cardoso et al. fused influenza H5N1 NA-specific VHHs to a mouse IgG2a-derived Fc domain [52].
The Fc formatted VHHs showed a 250-fold higher NA inhibition and approximately 50-fold higher
in vitro antiviral activity compared to the monovalent VHHs. An important advantage of a VHH-Fc
fusion construct is the introduction of Fc receptor-dependent effector functions such as complement
activation and the possibility to engage effector functions such as antibody-dependent phagocytosis
activity (discussed in the next paragraph).

4. Arming VHHs with Effector Functions

Next to direct virus neutralization, conventional antibodies can also employ Fc-mediated
effector functions to control viral infections. These effector functions include antibody-dependent
cell-mediated cytotoxicity (ADCC), antibody-dependent cell-mediated phagocytosis (ADCP) and
complement-dependent cytotoxicity (CDC); mechanisms that can eliminate infected cells or virions [60].
The importance of these effector functions is increasingly recognized for antibody mediated protection
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against infections with e.g., influenza virus, RSV, Zika virus and HIV [61–67]. VHHs lack the Fc
region and therefore cannot facilitate such effector functions as such. However, thanks to their single
domain nature, VHHs can be readily equipped with various effector functions through molecular or
biochemical engineering. As such VHHs can be linked to Fc regions but also to toxins, liposomes, and
other ligand binding scaffolds.

Fc regions (CH2-CH3) of different human and mouse antibody subclasses have been genetically
fused to VHHs that target different viruses. As outlined above, an Fc fusion greatly increases the serum
half-life and enhances target antigen binding through an avidity effect (Table 1). For some antiviral
VHH-Fcs the importance of the acquired Fc-associated effector functions has been investigated, e.g., in
in vitro assays. VHH VUN400 targets the second extracellular loop of the CXCR4 chemokine receptor
and can prevent entry and replication of an HIV-1 strain that uses CXCR4 as a co-receptor [68]. Fusing
VUN400 to the CH2-CH3 domains of a human IgG1 antibody strongly increased the potency of this
VHH to bind CXCR4 on the surface of T cells and to prevent HIV-1 infection. In addition, VUN400-Fc
enabled ADCC of CXCR4-expressing target cells as evidenced by activation of FcγRIIIa, induction of
natural killer (NK) cell degranulation and selective killing of target cells by NKs. VUN400-Fc could also
mediate complement-dependent killing of cells that expressed high levels of CXCR4. Whether those
acquired effector functions can also contribute to protection (both in vitro and in vivo) by VUN400-Fc
remains to be determined.

The potential impact of VHH-Fc effector functions in vivo has been well illustrated for VHHs
targeting the rotavirus VP6 protein and the influenza NA and HA proteins. The anti-rotavirus
protein 1 (ARP1) is a VHH directed against the conserved rotavirus inner capsid protein VP6.
Whereas conventional antibodies directed against the outer capsid protein VP7 can typically mediate
serotype specific neutralization, antibodies directed against VP6 generally fail to do so. Remarkably,
some non-neutralizing VP6 specific IgA monoclonal antibodies do protect mice against rotavirus
infection when given systemically but not when delivered at the luminal side of the intestine [69].
When delivered intracellularly by protein lipofection, these antibodies were able to block rotavirus
transcription by interfering with the rotavirus capsid structure [70]. As such non-neutralizing
VP6-specific IgA could control rotavirus replication in vivo during transcytosis [69]. In sharp contrast
to conventional VP6-specific antibodies, VHHs such as ARP1 that target VP6 can potently neutralize
rotaviruses of diverse serotypes and control rotavirus infection in neonatal mice when fed orally [71,72].
A recently reported clinical trial demonstrated that therapeutic oral administration of yeast produced
ARP1 was safe and effective in reducing diarrhea in male infants with severe rotavirus-associated
diarrhea [73]. To try to further improve its protective capacity, the ARP1 VHH was fused to a mouse
IgG1 Fc region and evaluated in vivo. Compared to monovalent ARP1 VHH, oral prophylactic
treatment of Fc-ARP1 was far more effective in reducing the prevalence, duration and severity of
diarrhea in rotavirus-infected neonatal mice pups. The observation that the (Fab’)2 fragment of
Fc-ARP1 was much less effective illustrates that the capacity of Fc-ARP is not due to its bivalent nature,
suggesting the importance of the Fc-associated effector functions. The role of Fc effector functions was
further demonstrated by the reduced protective capacity of the FcN434D-ARP1 variant. In contrast to
Fc-ARP1, FcN434D-ARP1 cannot interact with FcRn or the intracellular antibody receptor TRIM21 but
is expected to have unaffected interaction with the Fcγ receptors. This suggests that next to direct
neutralization, Fc-ARP may additionally mediate intracellular neutralization after internalization via
FcRn and binding to TRIM21. In the cell, the intracellular antibody receptor TRIM21 can recognize
virus–antibody complexes and target these for proteasomal degradation and initiate antiviral innate
immune responses [74]. As the FcN434D-ARP1 was still more potent than the ARP1 VHH, other Fc
effector functions might also contribute to the protection provided by Fc-ARP1.
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The potential contribution of Fc effector functions in VHH-Fc mediated protection was also
observed for a non-neutralizing Fc-VHH directed against the H5N1 NA protein [52]. We isolated H5N1
NA binding VHHs that can block the NA activity and consequently also in vitro viral replication.
Bivalent formats of VHHs with NA inhibiting activity generated by head-to-tail or Fc fusion were
at least 200-fold more potent than their monovalent counterparts at inhibiting NA activity and at
least 30-fold in a plaque size reduction assay. In contrast, VHHN1-7-VHHm and its Fc fusion format
bind H5N1 NA but fail to inhibit NA activity and viral replication in vitro. However, despite the
lack of detectable anti-viral activity in vitro, prophylactic treatment of mice with N1-7-VHH in its Fc
fusion format but not as a monovalent VHH could partially protect against an otherwise lethal H5N1
influenza virus infection. This suggests that the protective activity of pN1-7-VHH-Fc is dependent on
its Fc effector functions.

More direct evidence for the importance of the Fc effector functions was recently reported for
a multivalent VHH-Fc protein that can provide very broad protection against influenza A and B
virus infection [75]. In this study, the experimental molecule MD3606 is comprised of a head-to-tail
fusion of four different VHHs linked to a human IgG Fc region. Separately, these VHH can potently
neutralize group 1 influenza A viruses, group 2 influenza A viruses, Victoria lineage influenza B or
Yamagata lineage influenza B viruses. Prophylactic treatment of mice with MD3606 could protect
them from an infection with diverse influenza A and B viruses at a challenge dose that was lethal for
control treated animals. Leucine to alanine mutations in the Fc regions (LALA for human IgG1 and
IgG2σ for mouse IgG2a MD3606 variants) that abrogate the interactions with Fcγ receptors and C1q
(thereby eliminating ADCC, ADCP and CDC activity) substantially decreased the protective capacity
of MD3606. This clearly demonstrates the importance of the Fc effector functions for the antiviral
activity of VHH-Fc proteins.

Next to fusion with Fc regions also other approaches can be used to arm VHHs with Fc effector
functions. For example, Sun et al. fused a conventional anti-CD4 antibody to a VHH that targets a HIV-1
gp120 co-receptor binding site that is exposed upon CD4 binding [77]. This antibody-VHH chimera
was more efficient in blocking HIV-1 infections of T cells than the VHH as such. If the Fc region in this
antibody-VHH construct could also engage effector functions was however not investigated. Gray et al.
linked a HER-2-specific VHH to dinitrophenyl (DNP) which can recruit anti-DNP antibodies that are
omnipresent in human sera. These DNP-fused VHHs could engage peripheral blood mononuclear
cells (PBMCs) to kill HER-2 expressing target cells by ADCC [88]. Alternatively, a VHH that specifically
targets the human FcγR III (CD16) fused to a tumor antigen-specific VHH could kill tumor cells by
inducing ADCC and reduce tumor growth in mice that were xenografted with tumor cells and human
PBMCs [89]. These last approaches might be of interest for arming virus-specific VHHs with various
Fc effector functions.

Next to exploiting host Fc effector functions, VHHs can also be equipped with foreign effector
functions. A VHH targeting the herpes simplex type 2 (HSV-2) glycoprotein D can bind to cells that
express this protein but fails to neutralize HSV-2 infection in vitro. However once fused to the cytotoxic
domain of Pseudomonas aeruginosa exotoxin A, this VHH (R33ExoA) can efficiently kill HSV-2 infected
cells and as such reduce viral replication [78]. Fusion of CD7- and CD38-specific VHHs with toxins has
been explored as a strategy to respectively control T-cell acute lymphoblastic leukemia and multiple
myeloma [90,91]. VHH-based immunotoxins could represent a valuable approach for the control of
latent viral infections such as those caused by HSV-2. Virus-specific VHHs could also be used to bring a
cargo comprised of e.g., liposomes loaded with an antiviral drug selectively to infected cells. Shielding
a toxic drug in a liposome may reduce systemic toxicity while increasing the efficacy of the delivered
antiviral at the site of infection. Wang et al. conjugated the neutralizing HIV-1 gp120 specific VHH J3
to liposomes. Whereas non-covalent conjugation did not interfere with the neutralization by VHH J3,
covalent conjugation of J3 to liposomes did. Although the reverse transcriptase inhibitor dapivirine
encapsulated in liposomes had higher antiviral activity than free dapivirine, conjugation of J3 to
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dapivirine loaded liposomes did not further increase the antiviral activity [79]. Further optimization
could potentially lead to a more pronounced antiviral therapy.

5. Targeting and Delivery of VHHs

In some cases, VHHs are only effective or needed in a certain organ, cell type or cell compartment.
Multiple formatting options are available to specifically target or deliver VHHs to one of these regions,
e.g., linkage to antibodies or peptides, provide posttranslational modifications or in situ expression by
bacterial vectors.

Delivery of VHHs to an organ system such as the gastrointestinal tract can be easily achieved by
the use of bacterial vectors. This approach was used to develop a therapy against rotavirus infections.
Direct oral administration of the anti-rotavirus VHH ARP1 reduced rotavirus-induced diarrhea with
22.5% in a clinical study [71,73,92]. Delivering the VHHs with the use of a bacterial vehicle could result
in enhanced and sustained protection. VHH expression by a bacterial vector can be accomplished by
directing the VHH to the surface of the bacteria or by secretion of the VHH. Lactobacillus paracasei was
engineered in two ways, resulting in either expression of mono- or bivalent ARP1 (or ARP3, another
rotavirus-neutralizing VHH) on the bacterial surface, or the production of the monovalent ARP1 and
ARP3 as secreted and/or surface displayed proteins [76,80]. The first strategy led to Lactobacilli which
could reduce the rate of diarrhea in mice in both a prophylactic and therapeutic setting with a slightly
improved efficacy for the bivalent VHH- compared to the monovalent VHH-expressing bacterium.
Using the second, combined strategy, the virus could be captured by a VHH on the surface of the
Lactobacillus whereas the secreted VHH could bind to a distinct epitope. The efficacy of this strategy
has not yet been tested in vivo. Another group made use of the probiotic strain Lactobacillus rhamnosus
GG, which was modified to display ARP1 on its surface [81]. Display of ARP1 on this Lactobacillus
strain, which has intrinsic anti-rotavirus activity, resulted in ameliorated clinical parameters upon
rotavirus challenge infection in mice compared to the original strain. None of these modified bacteria
have been tested yet in clinical studies. Such studies are somewhat complicated from a regulatory
perspective because it concerns the use of genetically modified micro-organisms. Also, the use of
bacterial vectors is restricted to organs with a microbiome such as the gut, the skin, the nasal cavity
and the vagina. Other organs can be targeted by linking the VHH of interest to a VHH that specifically
binds to an organ-specific marker protein, which can enrich the VHH in the organ of choice upon
systemic administration.

Next to targeting a complete organ, it can be advantageous to target only one cell type. This is the
case with the anti-HIV iMabM36 antibody format, consisting of the HIV-neutralizing Ibalizumab (iMab)
monoclonal antibody that was linked to two copies of the broadly HIV-neutralizing VHH m36 [77].
iMab is specific for CD4, the receptor of HIV. By linking the VHH to this antibody, the concentration
of the broadly neutralizing VHH is enhanced at the site of infection resulting in a synergistic 10-fold
antiviral effect compared to a mixture of the separate iMab and m36 VHHs.

At last, VHHs can also be targeted to a specific cell compartment to exert their function. Liu et
al., for example, described a strategy to target HIV-neutralizing VHHs towards the lipid rafts on the
cell membrane [82]. For entry and viral release, HIV relies on lipid rafts on the host cell membrane.
Targeting anti-HIV VHHs to this site of infection could therefore increase the effectiveness of the VHHs.
This is possible with the use of a glycosylphosphatidylinositol (GPI) signal, a hydrophobic moiety
which guides proteins to the lipid rafts in the plasma membrane. A gene construct was made linking
the coding information of the HIV CD4-receptor gp120-binding JM4 with the GPI signal sequence [53].
Transduction of CD4+ T cells with this construct resulted in broad and potent neutralization of HIV-1,
while transduction with a construct coding for secreted JM4 did not neutralize any of the HIV-1
subtypes at all. A limitation of this technique is that the GPI-VHHs need to be produced by the CD4+

cells for them to be functional. This could be achieved by modifying patient-derived CD4+ cell with
lentiviral vectors carrying the GPI-VHH sequence and then transfusing these cells back to the patient.
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Another example of a GPI-linked VHH was described by Tiwari et al. who developed an anti-RSV
strategy based on mRNA coding for an (GPI-linked) RSV-neutralizing VHH (F-VHH-4 described in
Rossey et al.) [22,83]. In this strategy, in vitro produced VHH-coding mRNA is directly delivered to the
lung resulting in a transient expression of the therapeutic VHH in the respiratory epithelial cells. By
including a GPI anchor in the construct, the VHHs are directed to the epithelial cell surface, the site of
RSV entry. Compared to a construct where the RSV-VHH is secreted, GPI-anchored RSV-neutralizing
VHH could further reduce RSV infection in mice, even when administered seven days before infection.
This is mainly due to the enhanced lung retention thanks to the GPI anchor.

Some viral targets may be located inside the infected cell and thus hard to reach by antiviral
VHHs. This problem can however be overcome by linking the VHH to a cell-penetrating peptide such
as penetratin. This approach has been applied for the development of anti-hepatitis C virus (HCV)
VHHs. Several intracellular viral proteins were considered as targets: the viral RNA-dependent RNA
polymerase, the NS3 helicase/NTPase and the multifunctional HCV NS4B protein [84–87]. In vitro,
penetratin-linked VHHs directed against these targets could suppress HCV replication. These VHHs
have not been tested yet in vivo.

6. Antiviral Single Domain Antibodies as Tools for Diagnostic and Antigen Display

The sturdy nature, small size and ease of production make single domain antibodies very well
suited as building blocks that can be used in applications such as diagnostics. However, in the context
of virus-targeting VHHs, we came across very few examples in the literature that exploited VHH for
the detection of viral antigens. One explanation for this paucity of studies is probably the tremendous
sensitivity of nucleic acid-based detection methods for the diagnosis of a viral infection. However,
in terms of speed, it is clear that rapid antibody-based detection methods outcompete DNA- and
RNA-based detection methods. For some viruses that are known to manifest antigenic diversity in
their structural proteins, a VHH-based detection method is a challenge unless a broadly reactive, yet
highly specific VHH is available. Human noroviruses are an example of antigenically variable viruses,
with more than 40 different genotypes that are classified into two main genogroups [93]. Furthermore,
norovirus outbreaks can spread at an astonishing speed, warranting the availability of a rapid and
robust diagnosis method, which could help to contain an outbreak as soon as possible after the first
patients fall ill. One VHH that recognizes an epitope in the lower region of the protruding domains of
the norovirus capsid that is conserved among genotype II noroviruses was developed into a tool for
rapid diagnostics [94]. The norovirus capsid-binding VHH was modified with biotin and conjugated to
gold, modifications that allowed its use in a rapid lateral flow immunoassay. Interestingly, compared
with a commercially available ELISA for the analysis of human stool samples, the VHH lateral flow
immunoassay had a higher specificity (86% compared with 67%), although one out of five cases were
missed with the VHH set up (sensitivity of 80% for the lateral flow immunoassay compared with 100%
for the commercial ELISA) [94]. The use of multiple VHHs, that ideally also can recognize genotype I
noroviruses, would likely contribute to a higher sensitivity. Influenza viruses likewise display a high
antigenic variability. Here also, a rapid detection method based on single domain antibodies would
require those to be broadly reactive. A sandwich type ELISA has been proposed based on two single
domain antibodies derived from a camel that had been immunized with inactivated semi-purified
A/Texas/1/1977 H3N2 virus. These single domain antibodies were specific for the hemagglutinin
of an H3N2 virus. In a sandwich ELISA, in which one of the single domain antibodies was tethered
to magnetic beads and the second one was coupled with a reporter enzyme, the semi-purified H3N2
virus was detectable up to a minimal concentration of 50 ng/mL. It is unclear from this report if the
single domain antibody pair was able to recognize multiple H3N2 strains [95].

A second VHH-based tool in the context of a virus has been developed by the group of David
Rowlands. This group has a long standing in the design of hepatitis B core-based virus-like particles
(VLPs) that can be expressed in robust expression systems such as those based on E. coli and plants.
Recently, the group reported a so-called tandem fusion hepatitis B core VLP assembly method. When
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a single-domain antibody directed against green fluorescent proteins (GFP) was inserted in the major
immunodominant region of the second hepatitis B core moiety of the tandem construct, recombinant
VLPs were produced and purified that could capture GFP on their surface [96]. A similar VLP with a
VHH directed against a nondisclosed virus was also generated by transient expression in Nicotiana
benthamiana leaves. These so-called tandibodies could be used to display antigens for vaccination
purposes. It will be interesting to see further reports on this technology for vaccine design purposes.
Most likely, the hepatitis B core as well as the VHH will also be immunogenic. In addition, the VHH
might shield an epitope on the displayed antigen.

7. Conclusions

Due to their unique properties such as high solubility, stability, ease of production and formatting
flexibility, VHHs seem to be very well suited to develop high affinity reagents to fight human viral
diseases. Currently eight VHHs are in clinical development (all from the company Ablynx), of which
one, ALX-0171, a trivalent anti-RSV VHH currently tested in a phase IIb clinal trial, is directed against a
viral target. Their single-domain build-up allows formatting in multiple ways to obtain “best-in-class”
molecules. Head-to-tail fusion of identical VHHs or VHHs recognizing different epitopes or fusion
to multimerizing protein moieties have successfully been demonstrated to enhance and broaden
neutralization activity. The first strategy being exemplified by the superior antiviral activity and
strain coverage of the trivalent VHH ALX-0171 compared with its monovalent counterpart. A key
component in the generation of long-lasting antiviral therapeutics is the implementation of half-life
extension techniques such as PEGylation, fusion to a serum albumin-binding VHH or fusion to an
IgG Fc-domain. Clinical proof-of-concept of the extended half-life that is obtained in this way has
been achieved for an anti-IL-6R and anti-TNF VHH fused to a serum albumin-binding VHH, used
in the treatment of rheumatoid arthritis. PEGylated VHHs or VHHs fused to an Fc tail have not
yet been tested in clinical trials. The fusion to an Fc tail however seems a promising approach since
not only half-life is extended but also avidity and Fc effector functions are introduced. Moreover,
several Fc fusion-based therapeutics are already on the market [97]. Alternatively, immune effector
functions can also be added by fusion to an anti-CD3 VHH, resulting in the recruitment of T-cells.
Next to improving affinity, extending the half-life and introducing effector functions, formatting can
also improve VHH activity by targeting a certain organ, cell type or cell compartment. In this context,
using a bacterial vector to deliver the VHH to specific organs seems an interesting approach to explore
further. Finally, although VHHs are also well suited for the development of diagnostic tests, this is still
a poorly explored area in the context of viral infections.
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Abstract: Antibody-based biologics are the corner stone of modern immunomodulatory therapy.
Though highly effective in dampening systemic inflammatory processes, their large size and
Fc-fragment mediated effects hamper crossing of the blood brain barrier (BBB). Nanobodies (Nbs) are
single domain antibodies derived from llama or shark heavy-chain antibodies and represent a new
generation of biologics. Due to their small size, they display excellent tissue penetration capacities and
can be easily modified to adjust their vivo half-life for short-term diagnostic or long-term therapeutic
purposes or to facilitate crossing of the BBB. Furthermore, owing to their characteristic binding
mode, they are capable of antagonizing receptors involved in immune signaling and of neutralizing
proinflammatory mediators, such as cytokines. These qualities combined make Nbs well-suited for
down-modulating neuroinflammatory processes that occur in the context of brain ischemia. In this
review, we summarize recent findings on Nbs in preclinical stroke models and how they can be used
as diagnostic and therapeutic reagents. We further provide a perspective on the design of innovative
Nb-based treatment protocols to complement and improve stroke therapy.

Keywords: nanobodies; ischemia; stroke; MCAO; single domain antibodies

1. Stroke and Post-Stroke Inflammation

According to the WHO Global Health, strokes are the second leading cause of death worldwide
(10.2% of all deaths in 2016) and the second leading cause for loss of healthy years (5.2% of all
disability-adjusted life years in 2016). In the future, these numbers are expected to further increase.
In upper-middle income countries, prevalence is increasing due to the aging population [1], while
in low-income countries, stroke incidence is rising due to changes in lifestyle and lack of adequate
risk factor management [2]. Ischemic stroke is characterized by a reduced blood supply to the brain
parenchyma. The following four underlying causes each account for about 25% of the ischemic strokes:
(1) Embolization of a cardiac thrombus, (2) occlusion of a large vessel with atherosclerotic lesions, (3)
small vasculature pathology usually leading to lacunar infarcts, and (4) other causes [3,4]. Due to
the reduced blood flow, there is an energy deficit in neuron as well as a build-up of cellular waste
products, such as lactate. This causes ionic disbalance, inducing the release of neurotransmitters,
notably glutamate [5]. Glutamate binds to ionotropic glutamate receptors on neurons and calcium
accumulates intracellularly. The calcium overload activates enzymatic cascades involved in neuron
necrosis and apoptosis. These enzymes include phospholipases compromising membrane integrity as
well as proteases mediating cell death and mitochondrial reactive oxygen species (ROS) production [6,7].
Furthermore, lack of adenosine triphosphate (ATP) reduces the activity of Na+/K+ ATPase, inducing
neuronal edema [8].
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Ischemic damage to neurons and tissue necrosis in the infarct core involves the release of damage
associated molecular patterns (DAMPs) into the extracellular space, such as high mobility group
protein B1 [9], ATP [10], heat shock protein 70 [11,12], histones, and DNA [13]. Extracellular DAMPs
can bind to pattern recognition receptors (including the receptor for advanced glycation end products
(RAGE), P2X7, and Toll-like receptors) on brain resident innate immune cells such as microglia,
initiating an innate immune response within the first minutes after vessel occlusion [14]. In the first
hours following stroke onset, microglia activation orchestrates the infiltration of other mononuclear
cells in the peri-infarcted region, the penumbra [15]. The main functions of microglia include initiation
and amplification of sterile inflammation by releasing proinflammatory cytokines (tumor necrosis
factor α (TNFα), IL-1β and IL-6), generating ROS and nitric oxide (NO), phagocytosis to clear cell
debris, and attracting peripheral immune cells to the penumbra with cytokines and chemokines,
including monocyte chemoattractant protein 1 (MCP-1), macrophages inflammatory protein 1 α

(MIP-1α), and CXCL-8 [16–19]. Three days post-ischemia, the influx of peripheral immune cells is at its
maximum [15]. Neutrophils are the most abundant peripheral immune cell population in the ischemic
brain, which further enhance the sterile inflammation and contribute to infarct size growth [14]. At the
peak of peripheral immune cell infiltration, T-cells are also attracted to the penumbra. CD4+ and
CD8+ T-cells are involved in a major histocompatibility complex (MHC) dependent, i.e., antigen
specific adaptive immune response, while more innate-like lymphocyte populations, such as γδ T-cells,
NKT cells, and NK cells are activated by cytokines and other molecules of the inflammatory milieu.
This heterogeneous population of cells can contribute to infarct size growth either directly by cell-cell
interactions, or indirectly through the induction of a humoral immune response or the release of
cytotoxic substances [14,20].

To reach the penumbra, the attracted leukocytes need to cross the blood brain barrier (BBB).
This structure consists of a monolayer of brain endothelial cells (ECs) surrounded by a basal membrane,
pericytes, and astrocytes [21]. Proinflammatory cytokines released during cerebral ischemia activate
ECs, leading to an increase in vesicles for transcellular transport and an increase in cell surface
molecules associated with leukocyte recruitment [22] e.g., P-selectin and intercellular adhesion
molecule 1 (ICAM-1), which mediate leukocyte rolling and adhesion, respectively [23,24]. Furthermore,
matrix metalloproteases (MMPs) released in the penumbra change the tight junction conformation,
enabling paracellular transport across the BBB [25].

2. Nanobodies—Single Domain Antibodies

2.1. Structure of Nanobodies and Conventional Antibody Fragments

Camelids, nurse sharks, and spotted ratfish exhibit naturally occurring heavy-chain-only
antibodies (HcAbs) (Figure 1A). Interestingly, in camelids, HcAbs have evolved from conventional
antibodies (cAbs), suggesting that they exhibit certain functional characteristics that are missing in
cAbs [26]. This might be attributed to their smaller size and unique structure. Immunoglobulin G
(IgG), the most abundant serum antibodies isotype in humans, consists of two heavy chains with three
constant (CH1-3) and one variable domains (VH) each and two light chains with one constant (CL) and
one variable domain (VL) each. In contrast, HcAbs only contain two heavy chains with two constant
and one variable heavy-chain domain (VHH). Therefore, antigen binding by HcAbs is reduced to the
VHH domain [27,28].

Both cAbs and HcAbs can be fragmented into smaller antigen-binding subunits in order to
improve their tissue penetration. Common IgG modifications include: Cleavage of the Fc region
to obtain Fab fragments, fusion of VH and VL domains with linker peptides to obtain single chain
variable fragments (scFv), and the generation of autonomous human heavy-chain variable fragments
(VH) [29,30].

VHH domains derived from HcAbs can be expressed as recombinant proteins, termed
“Nanobodies” (Nbs), since they are one-tenth of the molecular size of an IgG molecule (Nbs: 15 kDa
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and IgG: 150 kDa). Nbs consists of four conserved framework regions and three antigen-binding loops,
known as the complementarity determining regions (CDRs). The particularly long CDR3 rends the
paratope its convex shape, building protrusions that can reach cryptic epitopes often not accessible to
cAbs [27,28,31,32].

Figure 1. Structure of Nanobodies. (A) Structure of conventional antibodies (cAb), single-chain variable
fragments (scFv), heavy-chain antibody (HcAb), and Nanobodies (Nbs). (B) Nbs can be produced as
dimers and multimers to improve binding to their target or linked to an anti-albumin Nb to increase
their in vivo half-life. Latter can be also achieved by fusing an Fc region of e.g., human IgG. Further,
bispecific Nb-Fc-fusion proteins can also be expressed.

The first step in Nb generation is usually the immunization of HcAb-bearing large animals,
such as llamas, alpacas, or sharks, followed by multiple boost immunizations in order to achieve an
enrichment of high-affinity binders [33,34]. To overcome some of the logistical and financial limitations
associated with immunization of large camelids, mice producing heavy-chain antibodies are being
generated [35].

2.2. Advantages and Limitations of Nanobodies

One major advantage of Nbs is their small molecular size, which enables good tissue penetration
and distribution. Furthermore, Nbs can refold after certain denaturation processes. This makes them
very stable at extreme temperatures, low pH, and in the presence of proteases [36–38]. Additionally,
Nbs are highly soluble in aqueous solutions, even at high concentrations [39,40]. These properties
facilitate different routes of administration (e.g., intravenous, intraperitoneal, intrathecal, etc.), as well
as various sites of action, such as pathological micro milieus. Due to their relatively simple structure,
Nbs can be optimized by genetic engineering to obtain desired properties. They can be genetically
linked to anti-albumin Nbs (Figure 1B) to extend their in vivo half-life. Further, Nb-Fc-fusion proteins
allow binding to Fc receptors [41]. Several of these genetic modifications are aiming at facilitating
crossing of the blood-brain-barrier (BBB) and are discussed below.

The small size of Nbs allows good tissue penetration, and also accounts for their short
in vivo half-life when injected into experimental animals or into humans, since monovalent Nbs
(≈15 kDa) are rapidly eliminated via the kidney (70 kDa cut-off for renal filtration in humans) [42].
Though this might be beneficial for short-term applications, such as molecular imaging, it also is
considered to be detrimental in long-term therapeutic applications. Increasing the size of Nbs through
dimerization/multimerization, fusion to an anti-albumin Nb [43,44] or Fc engineering [45,46] can
increase their serum half-life (Figure 1B). However, an increase in size and change in structure may also
affect tissue penetration, affinity, stability, and solubility of Nbs. Another limitation of Nbs is that they
are potentially immunogenic in humans since they originate from camelid species. Though recombinant
Nbs lack an Fc region and share a large sequence identity with the human VH of family 3 [47], the risk of
eliciting an anti-Nb adoptive immune response increases upon repeated application. Humanization of
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Nbs is a strategy to address this problem, but it does not always sufficiently prevent antidrug antibody
responses. Repeated injections of humanized Nbs (Caplacizumab) against von Willebrand Factor (vWF)
resulted in a low incidence (9%) of antidrug antibody responses in the TITAN phase II study [48,49],
while a clinical trial with a humanized anti-DR5 Nb (TAS266) had to be terminated because the applied
Nbs evoked adverse host immune responses [50]. To this end, human scFvs or mutated human IgG
lacking Fc-mediated effector functions have to be considered as a nonimmunogenic alternative to Nbs.
However, for stroke diagnostic and therapy e.g., modulation of post-stroke inflammation, a single
application of Nbs early after stroke onset might not reach the threshold for inducing an anti-Nb
adaptive immune response. Since this threshold is highly dependent on the individual Nb, future
studies on the application of Nbs in stroke should also address the issue of immunogenicity.

2.3. Nanobodies at the BBB

A major challenge for brain-targeting biologics is crossing of the BBB (Figure 2A). Under
physiological conditions, only a very small fraction of intravenously injected cAbs cross the BBB
(IgG CNS/plasma ratio: 0.1–1%), and once reaching the brain parenchyma, they are rapidly cleared
by FcRn mediated efflux [51,52]. Nbs, on the other hand, lack an Fc region, are smaller in size,
and more stable, promising facilitated delivery to the brain. However, when administered under
non-pathological conditions, monovalent Nbs do not reach sufficient concentrations for in vivo brain
imaging [53] and therapeutic purposes [42]. Pierre Lafaye’s group was able to show that the brain
penetration of Nbs can be improved by exploiting the process of adsorptive mediated transcytosis [54,55].
This transcytosis mechanism has been earlier identified to shuttle basic proteins and peptides across
the BBB [56]. The basicity of a Nb can be increased by exchanging the carboxyl groups of the Nb with
positively charged amino groups, thereby increasing the isoelectric point. The same group developed
Nb-fluorochrome constructs (with pI = 8.3 and 9.5) that successfully label targets in an Alzheimer’s
disease model after being administered intravenously [57]. Nevertheless, high Nb concentrations
(10–50 mg/kg) are required for detection and Nbs were only detectable for 4 h post-injection, suggesting
a half-life too short for therapeutic purposes. The latter issue can be addressed by extending the half-life
of Nbs. However, there is some controversy about the benefit of half-life extended Nbs for brain
targeting. Iqbal et al. showed that fusion of an anti-EGFR Nb to a human Fc fragment improved the
imaging of brain tumors [58], while another study of the kinetics of Nb-Fc fusion proteins showed that
despite the extended serum half-life, the modification did not improve delivery across the BBB [59].

An alternative approach to deliver drugs to the brain is by receptor mediated transport (Figure 2B).
Therapeutics are linked to ligands of or antibodies against receptors that are highly expressed on the
BBB, such as the transferrin receptor [60,61], the insulin receptor [62,63], or the low-density lipoprotein
receptor-related protein [64]. This antibody-mediated delivery of therapeutic proteins or peptides
was studied in various neurological diseases, including stroke [65,66]. However, to date, there is
only a limited number of studies in which therapeutic Nbs are delivered across the BBB via receptor
mediated transcytosis. Rotman et al. loaded anti-amyloid Nbs into glutathione PEGylated liposomes.
Glutathione can bind to receptors on cerebral endothelial cells and by this the liposomes are transported
across the BBB [59].

Furthermore, Nbs that facilitate receptor mediated transport of biologics have been generated.
The Nb clone FC5 was generated by phage-display in order to select Nbs that transmigrate across
human cerebromicrovascular endothelial cells [67]. Later, it was discovered that FC5 targets a
luminal sialoglycoprotein receptor (TMEM-30A), which induces the formation of clathrin vesicles
and ultimately transcytosis [68]. By this mechanism, FC5 can act as a Trojan horse, transporting
attached molecules across the BBB. Webster et al., for instance, generated FC5-Fc fusion proteins and
conjugated these with the analgesic peptides dalargin and neuropeptide Y to deliver them across
the BBB. Brain penetration of the FC5-Fc proteins was up to 30-fold higher compared to Fc protein
alone [46]. The same group created bispecific antibodies with one FC5-arm and one arm targeting the
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metabotropic glutamate receptor-1 (mGluR1). These bispecific constructs showed a 20-fold higher
brain penetration than unmodified anti-mGluR1 IgG [69].

Figure 2. Blood-brain-barrier (BBB) crossing Nanobodies. (A) The BBB is built by the neurovascular
unit consisting of endothelial cells connected via tight junctions, a basal membrane, pericytes and
astrocytes foot processes. (B) Various strategies have been applied to shuttle Nbs (VHH) across the
BBB: increasing the isoelectric point (pI) to facilitate uptake by endothelial cells (EC); package of Nbs in
glutathione coated liposomes and receptor-mediated uptake into EC. Nbs such as the Tmem30a-specific
Nb FC5 that target EC membrane receptors can act as Trojan horse to shuttle other Nbs or peptides
across the BBB.

3. Stroke Imaging—New Job Opportunities for Nanobodies?

3.1. Principles of Stroke Imaging

In stroke therapy, early intervention by thrombolysis or mechanical thrombectomy is essential to
save hypoxic tissue. However, the mere assessment of clinical signs and symptoms of stroke are not
sufficient for diagnosis. Hence, imaging plays an important role in stroke diagnostics and management.

Acute imaging has to be fast and rule out other possible diagnoses, such as intracerebral bleeding,
or so-called stroke mimics (e.g., epileptic seizures or migraine) [70]. The current standard procedure is
computed tomography (CT) or magnetic resonance imaging (MRI) (if applicable with angiograms)
within the first 4.5 h of stroke onset [71]. In the subacute stage, imaging reveals risk factors of
cerebrovascular events, such as atherosclerotic plaques or dissections, in order to initiate adequate
secondary prevention. To this end, imaging of the extracranial and intracranial arteries, the aorta and
the heart is performed with CTA, MRA, carotid Doppler ultrasonography and echocardiography.

Anatomical imaging modalities, such as conventional CT and MRI, detect the secondary
consequences of post-ischemic inflammation e.g., changes in diffusion and edema. Molecular and
cellular imaging techniques, on the other hand, can be used to visualize and quantify distinct molecules,
cell populations and processes. Here, we will focus on antibody- and Nb-assisted molecular imaging.

3.2. Imaging Endothelial Activation

Most studies on antibody-mediated molecular imaging in stroke target endothelial markers.
These molecules are upregulated directly after occlusion and the antibody can bind these epitopes
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without crossing the BBB [72]. For example, Quenault et al. used microparticle of iron oxide (MPIOs)
coated with P-selectin-targeting antibodies to identify transient ischemic attacks and to exclude other
differential diagnosis, such as epilepsy and migraine, in MRI scans [73]. Other known endothelial
activation markers used for antibody-mediated MRI stroke imaging include vascular cellular adhesion
molecule 1 (VCAM-1) [74,75], platelet and endothelial cell adhesion molecule 1 (PECAM-1) [76], and
ICAM-1 [77].

MRI is the modality of choice because it combines desirable properties, including relatively fast
acquisition times, easy accessibility, and high safety. Nevertheless, molecular, nuclear, and optical
imaging are important alternatives due to their high sensitivity. However, each imaging modality has
its own drawbacks, including radiation for nuclear and CT imaging, possible tissue accumulation
of MRI contrast agents, and limited imaging depth for optical imaging. Besides imaging-based
limitations, cAb-mediated imaging may cause further difficulties in clinical application, including their
long serum half-life (1–3 weeks), and therefore, strong background signal [78]. This could be addressed
by replacing cAbs with Nbs. Devoogdt’s group, for instance, created Nb-based imaging probes for
positron-emission tomography (PET)/CT [79] and single photon emission computed tomography
(SPECT) [80] targeting VCAM-1 for atherosclerosis plaque risk assessment. It is worth noting that Nbs
unite several beneficial characteristics for endovascular imaging, including a high affinity to withstand
shear forces in the vascular lumen and short serum half-life, which is essential, since imaging is
preformed after the unbound contrast agent has been cleared from the blood [81].

As mentioned above, antibody-based molecular imaging of the brain is restricted to extracerebral
markers, since antibodies usually do not spontaneously cross the BBB [72]. However, under brain
pathophysiological conditions, such as stroke, multiple sclerosis, or Alzheimer’s disease, the integrity
of the BBB is impaired [82], allowing antigen-binding constructs facilitated access to the brain. Several
studies have shown that Nbs labelled with fluorochromes or radioligands can access the brain in
mouse models of Alzheimer disease [57], glioblastoma [58], and sleeping sickness [83], visualizing
intracerebral processes, such as amyloid deposition, tumor-marker (EGFR) expression, and cerebral
Trypanosoma invasion. Interestingly, Vandesquille et al. could even show that an MRI contrast agent
(gadoterate meglumine), which alone does not cross the BBB, is able to pass once bound to a Nb [84].
Further, Li et al. could show that intravenously injected fluorochrome-labelled Nbs can be used to
visualize brain amyloid plaques in an Alzheimer’s disease mouse model [57]. However, to date, no
Nbs have been utilized to image stroke-induced cerebral inflammation.

4. Nanobodies as New Thrombolytic Agents

The only FDA-approved treatment for acute cerebral ischemia is thrombolysis, i.e., the
pharmaceutical resolution of occluding blood clots with recombinant tissue plasmin activator (rt-PA).
However, in 2009, only 3.4–5.2% of acute stroke patients received this treatment in the USA [85].
Despite recent efforts to extend the therapeutic window with MRI imaging [86], the indications for
rt-PA remain limited because of the high risk of bleeding.

Nbs-based thrombolysis may be a promising alternative to rt-PA or might improve its efficacy
while simultaneously reducing adverse effects of thrombolysis, such as bleeding [87]. Interestingly, in
August 2018, Caplacizumab, a Nb directed against von Willebrand Factor (vWF), was EMA-approved
for acquired thrombotic thrombocytopenic purpura (aTTP) [48,88]. Caplacizumab inhibits the
interaction of vWF with platelet glycoprotein Ibα (GPIbα) receptors by binding the vWF A1 domain.
This reduces platelet adhesion to damaged vessels and thrombus growth without increasing the risk
for intracerebral hemorrhage [89]. Momi et al. showed that Caplacizumab is an effective therapy
in a guinea pig stroke model. When given up to 15 min after occlusion, Caplacizumab prevented
both clot formation and induced reperfusion, thereby reducing brain damage. In contrast to tirofiban
(GP-IIb/IIIa-antagonist) and rt-PA, Caplacizumab did not increase intracerebral hemorrhage [90].
Furthermore, vWF inhibition also dampens thrombo-inflammatory processes including leukocyte
infiltration [91].
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Another potential target for pharmaceutical thrombolysis in stroke is thrombin-activatable
fibrinolysis inhibitor (TAFI). TAFI is activated by thrombin or thrombin-thrombomodulin complexes
during fibrinolysis. It acts as a negative feedback regulator, i.e., inhibits fibrinolysis. In stroke patients
TAFI is elevated in the acute phase of ischemia [92] and is associated with a poor outcome [93].
Furthermore, studies on murine stroke models have shown that anti-TAFI monoclonal antibodies
(MA-TCK26D6) reduce fibrinogen deposition, hence improving reperfusion [94]. Nbs against TAFI have
been developed. They induce fibrinolysis in vitro and in vivo in a mouse model of thromboembolism [87].
The advantage of Nbs over conventional anti-TAFI antibodies is that Nbs can target different activation
states of TAFI [95]. Hence, Nbs not only counteract TAFI activation, but can additionally inhibit already
activated TAFI. It remains to be tested if this therapeutic Nb has beneficial effects in stroke.

5. Nanobodies to Modulate Post-Stroke Inflammation

The concept of post-stroke inflammation was established a decade ago. However, so far, no studies
on Nanobody-based therapy for post-ischemic inflammation have been carried out. Therefore, in this
section we will point out possible options to use already existing Nbs as modulators of post-stroke
sterile inflammatory processes. The therapeutic approaches discussed include: DAMP inactivation,
cytokine neutralization, and inhibition of cell migration.

5.1. Targeting DAMP Signaling

Within the first few minutes after stroke onset, DAMPs such as high mobility group protein B1 [9],
ATP [10], heat shock protein 70 [11,12], histones, and DNA [13] are released. These molecules play a
central role in initiating a sterile innate immune response by binding to corresponding DAMP receptors
(including RAGE, P2X7, and Toll-like receptors) [14]. Inhibition of DAMPs and their receptors is a
promising therapeutic strategy in stroke. Interestingly, Nbs inhibiting ATP/P2X7 signaling have
been generated and successfully tested in two different inflammatory mouse models [96]. During
inflammation, ATP is released into the extracellular space by damaged neurons and glial cells. Binding
of ATP to P2X7 ion channel induces gating leading to Na+/Ca2+ influx and K+ efflux. This activates
the inflammasome, a multiprotein complex that cleaves inactive pro-IL1β into its active form. In stroke
patients the release of proinflammatory cytokine IL-1β is associated with poor outcome [97]. Hence,
inhibiting P2X7 may be a successful therapeutic approach. However, in vivo preclinical studies show
opposing results when it comes to evaluating P2X7 as therapeutic target in stroke. In some studies, P2X7
inhibitors such as Reactive Blue 2 [98], Brilliant Blue G [99], adenosine 5′-triphosphate-2′,3′-dialdehyde
(oATP), and A438079 [100] reduced ischemic brain damage in rat stroke models. Conversely, other
studies suggest that P2X7 has neuroprotective effects. Kaiser et al. for instance found that P2X7
knockout mice develop worse cerebral edema after experimental stroke [101] and Yanagisawa et al.
observed increased brain damage after P2X7 inhibitor (oATP) treatment [102]. Using P2X7 knockout
mice and P2X7 inhibitors (oATP, PPADS, and KN62), another group observed that P2X7 had no
significant effect on brain damage in experimental stroke [103]. These contradictory results may be
attributed to differences in the stroke model, dosage, as well as starting time and duration of P2X7
inhibitor treatment. Furthermore, many of the used inhibitors have a poor specificity for P2X7 [104].
The latter issue may be addressed by using the P2X7-blocking Nbs developed by Danquah et al. [96],
since they are highly specific and potent with an IC50 in the subnanomolar range. Therefore, they
represent valuable tools to further study the role of P2X7 in post-ischemic inflammation.

5.2. Inflammatory Cytokine Neutralization

Cytokines are major regulators of post-ischemic sterile inflammation. The main proinflammatory
cytokines in stroke are TNFα, IL-1β, and IL-6. In stroke patients, these cytokines rise after occlusion
and correlate with neurological outcome [105]. In the following section we will discuss TNFα and
IL-1β as two potential targets for Nb-based therapy. In contrast to TNFα and IL-1β, IL-6 mainly
has neuroprotective effects [106] and plays a major role in body temperature regulation in stroke
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patients [107]. Therefore, benefits of interfering with the IL-6 signaling pathway, especially with
neutralizing anti-/nanobodies, are of potential negative outcome.

5.2.1. TNFα

In stroke patients, serum TNFα is elevated, peaking at day seven post-ischemia [108] and early
TNFα levels in the cerebrospinal fluid (CSF) correlate with neurological outcome [109]. TNFα is
mainly produced in macrophages and microglia [110] and binds to TNFα receptors 1 or 2 (TNFR1/2).
These receptors initiate several different signaling cascades, e.g., MAPK, NF-κB and caspase 8/10
pathways. Hence, depending on the target cell and the micromilieu, TNFα ligation can lead to
inflammation, apoptosis or proliferation [111]. Neutralizing TNFα has different effects depending
on the nature (transitory/permanent) and time point of inhibition. Several authors have described
that post-ischemic TNFα neutralization significantly reduces the infarct volume in both transient and
permanent ischemia models [112–114]. On the contrary, Lambertsen et al. showed that TNFα and
TNFR knockout mice had larger infarct volumes compared to wild-type mice [115]. Nawashiro et al.
demonstrated that low-dose TNFα pretreatment increases the ischemic tolerance [116], suggesting
protective effects of TNFα. Targeting TNFα in stroke, therefore, demands careful planning of the time
of administration and, ideally, specific inhibitors that only target certain TNFα signaling pathways.

TNFα inhibitors approved by the FDA and EMA are etanercept (TNFR2-Fc-fusion protein),
infliximab, adalimumab, golimumab (anti-TNFα monoclonal antibodies), and certizumab (anti-TNFα
Fab fragment). Although these inhibitors are currently used to treat autoimmune diseases such as
rheumatoid arthritis, they can have severe side effects, such as increased risk for infectious diseases
and malignancies, notably lymphomas [117,118]. Another complication during treatment with these
biologics is secondary non-response due to the formation of antidrug antibodies [119].

TNFα-targeting Nbs represent a promising alternative that addresses several limitations of the
therapeutics listed above. When engineered into dimers or bispecific constructs, TNFα-specific Nbs
show a higher potency to neutralize TNFα both in vitro and in mouse models of RA when compared to
monoclonal antibodies [118]. Several groups have developed Nbs that inhibit TNFα signaling more
selectively, thereby reducing possible adverse effects. Efimor et al. for instance linked antihuman TNFα
Nbs to cell lineage marker, such as F4/80 for myeloid cells to neutralize TNFα in a targeted manner [120].
Steeland et al. generated anti-TNFR1 Nbs that selectively inhibit TNFα-TNFR1 interaction, hence
sustaining beneficial effects (promoting Tregs) mediated by TNFR2 [121]. This group also tested these
Nbs in the EAE mouse model for multiple sclerosis and observed an increase of Nbs in the brain of
EAE-induced mice compared to healthy controls [122]. These studies suggest that targeting TNFα
signaling with Nbs might be a promising therapeutic approach to dampen post-stroke inflammation.

5.2.2. IL-1β

IL-1β is one of three cytokines in the IL-1 superfamily: IL-1α, IL-1β, and IL-1Ra (IL-1 receptor
antagonist). After stroke, the expression of IL-1β, IL-1Ra, and the IL-1 receptors increases [123–125].
The two main IL-1 signaling molecules studied in stroke are IL-1β and IL1Ra. IL1Ra competes
with IL-1α/β for the IL-1 receptors, thereby inhibiting downstream pro-inflammatory effects [126].
In murine models of stroke, Anakinra, a modified recombinant IL1Ra, improves the neurological
outcome, even when administered up to 3 h after onset [127]. Anakinra is FDA-approved for
rheumatoid arthritis [128] and phase II trials in stroke patients were successful [129]. In contrast
to IL1Ra, IL-1β has detrimental effects in stroke. Preclinical studies with IL-1α/β knockout mice [130]
and intrathecal injection of recombinant IL-1β [131] show that IL-1β worsens the neurological outcome.
Liberale et al. showed that inhibiting IL-1β with a monoclonal antibody dampens post-ischemic
inflammation and reduces infarct size [132]. Canakinumab, a human anti-IL-1β monoclonal antibody,
is FDA-approved for arthritis, but remains to be tested in stroke patients. To the best of our knowledge,
no Nbs targeting IL-1β or its receptors have been developed so far.
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5.3. Cell Migration

After stroke onset, leukocytes from the periphery migrate to the ischemic lesion and contribute to
post-ischemic inflammation [15]. The most abundant cell type recruited are neutrophil granulocytes,
which promote both neuroinflammatory and neuroprotective effects [133]. To this end, regulating
cell migration, in particular neutrophil influx, may be a new therapeutic approach to control
post-ischemic inflammation.

5.3.1. CXCR2

The CXCR2/CXCL8 axis is involved in chemotaxis of granulocytes and NK cells to the infarcted
area after stroke [134]. Targeting this signaling pathway may therefore be beneficial in reducing
post-ischemic inflammation. In a rat model of stroke, Connell et al. showed that CXCR1/2 antagonists
Repertaxin [135] and G31P [136] significantly reduce ischemic brain damage. Similarly, He et al.
suggest that targeting CXCR2 may be beneficial in humans [134]. Interestingly, Brait et al. also found
that treatment with a CXCR2 antagonist (SB225002) reduced neutrophil infiltration, but had no effect
on neurological outcome [137]. Therefore, the benefits in terms of disease outcome and the optimum
time of CXCR2 inhibition to dampen inflammatory effects without limiting regenerative effects of
neutrophils still need to be studied. Hereby, Nbs may be a useful instrument, due to their short serum
half-life and high specificity. Antihuman CXCR2 Nbs have been developed [138].

5.3.2. CXCR4

Another well-studied chemokine axis in stroke involves CXCR4 and CXCL12. It is associated
with both proinflammatory and regenerative processes, including angiogenesis, and the recruitment
of neural stem cells and various immune cells to the infarct zone [139]. Inhibiting this pathway
with CX549 [140] and AMD3100 [141,142] reduces ischemic brain damage and improves neurological
outcome. As for CXCR2, anti-CXCR4 Nbs have been developed [143,144], but have not yet been tested
in stroke.

6. Conclusions

According to WHO Global Health estimates, strokes are the second leading cause of death
worldwide (10.2% of all deaths in 2016). In the future, the prevalence is expected to rise further.
This scenario has led to an extensive amount of research in this field. Today, there are many different
clinical and preclinical studies evaluating the causes of stroke, diagnostic tools, and possible therapeutic
targets. However, despite the extensive research, particularly on post-stroke inflammation, the only
treatment for acute ischemic stroke is rt-PA. In part, this can be attributed to the difficult delivery of
therapeutics across the BBB. Here, Nbs may be of great benefit. They are small in size, but have a high
specificity and can be modified to facilitate crossing of the BBB. Nevertheless, further research has to
be undertaken to fully understand which Nb modifications optimize brain penetration and which
targets are best suited for Nb-based therapy of stroke.
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Abstract: Antibodies have become one of the most successful therapeutics for a number of oncology
and inflammatory diseases. So far, central nervous system (CNS) indications have missed out on
the antibody revolution, while they remain ‘hidden’ behind several hard to breach barriers. Among
the various antibody modalities, single-domain antibodies (sdAbs) may hold the ‘key’ to unlocking
the access of antibody therapies to CNS diseases. The unique structural features of sdAbs make
them the smallest monomeric antibody fragments suitable for molecular targeting. These features are
of particular importance when developing antibodies as modular building blocks for engineering
CNS-targeting therapeutics and imaging agents. In this review, we first introduce the characteristic
properties of sdAbs compared to traditional antibodies. We then present recent advances in the
development of sdAbs as potential therapeutics across brain barriers, including their use for the
delivery of biologics across the blood–brain and blood–cerebrospinal fluid (CSF) barriers, treatment
of neurodegenerative diseases and molecular imaging of brain targets.

Keywords: single-domain antibodies; neurodegenerative diseases; brain imaging; blood–brain
barrier; delivery

1. Introduction to sdAbs

1.1. Structure and Characteristics

The concept of single-domain antibodies (sdAbs) originated in the 90’s, with the proof-of-concept
experiments demonstrating sdAbs as bone fide antigen binding fragments [1], and the discovery
of camelid [2] and shark [3] heavy chain-only antibodies (HCAbs). Single-domain antibodies
can be derived from the antigen binding variable domains of homodimeric, light-chain lacking
immunoglobulins, such as camelid HCAbs [4] and shark immunoglobulin new antigen receptors
(IgNARs) [5], variable light chain (VL) or variable heavy chain (VH) domains of tetrameric—typically
human—conventional immunoglobulins [6] (Figure 1). The variable domains of camelid HCAbs and
shark IgNARs are referred to as VHHs (or nanobodies) and VNARs, respectively. While VHHs and VNARs
are almost without exception non-aggregating and highly soluble, the opposite is true for VHs and
VLs. However, various strategies have been developed to successfully obtain aggregation resistant and
soluble human VHs and VLs ([7,8] and references therein) including transgenic mice technology [9,10].
Human VH and VL domains are of interest because of their human nature, a property that presumably
makes them less immunogenic in humans compared to camelid VHHs or nurse shark VNARs.
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The desirable biophysical, biochemical, and structural properties of sdAbs, particularly
those from natural repertoires are generally well known, and have been described in several
reviews [4–6,11,12]. Despite their significantly smaller combining site, consisting of only three
complementarity-determining regions (CDRs) or hypervariable loops—as opposed to six for
conventional antibodies such as monoclonal antibodies (mAbs)—sdAbs demonstrate comparable
antigen binding affinities. Interrelated properties such as small size (12–15 kDa vs. 150 kDa for
mAbs); strict monomericity; high solubility, including at therapeutic doses; aggregation resistance;
chemical, physical and protease stability; efficient folding /refolding; good recombinant expression,
notably in economic microbial expression systems such as yeast and E. coli; excellent shelf life;
excellent manufacturability; and low cost of production make sdAbs an attractive alternative to
other antibody formats such as mAbs, Fabs (fragments antigen binding), and scFvs (single chain
variable fragments) as therapeutic and diagnostic agents. Resistance to aggregation is particularly
noteworthy as it significantly reduces the risk of immunogenicity. Furthermore, their small size and
frequently extended CDR3 make sdAbs the antibody of choice when targeting recessed epitopes of
proteins such as enzymes’ active sites or receptors’ cavities. Longer CDR3s also increase the combining
site’s surface area, and to a significant degree compensate for the absence of VL CDRs. In addition,
their fast blood clearance and effective tissue penetration, attributed to their small size, make sdAbs
ideal imaging agents, e.g., against tumors. In this respect, the high stability and folding properties of
sdAbs provide flexibility for labeling reactions with optimal outcomes. Modularity is another hallmark
of sdAbs, and becomes a key property when engineering sdAb-based multimeric and multispecific
constructs as CNS diagnostics and therapeutics (see Section 1.3).

Figure 1. Schematic representation of the four types of sdAbs described in the current review. Antibody
constant domains are in grey, whereas antibody variable domains from which sdAbs are derived are
in color.
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1.2. Single-Domain Antibody Libraries and Selection

Single-domain antibodies have been typically isolated from display libraries mostly
phage-displayed, although other display platforms also exist, such as yeast and ribosome display [13].
While VHHs and VNARs have been obtained from all types of libraries including immune, non-immune,
semi-synthetic/synthetic libraries [4,14,15], human VHs and VLs have been most commonly obtained
from synthetic libraries [6]. Unlike immune VNARs and VHHs that have high affinities as a result
of in vivo somatic hypermutation, sdAbs obtained from non-immune or synthetic/semi-synthetic
sdAb libraries are of low affinity, and often require further mutation for improved affinity and
function. However, more recently, human VHs have also been isolated from immune VH display
libraries derived from HCAb-producing transgenic mice that are immunized with a target antigen of
interest [9,10]. While these VHs display high solubility, stability and affinity of immune VHHs, they are
advantageously expected to be less immunogenic.

Constructing natural repertoire sdAb libraries is well established and relatively
straightforward [4,15,16]. Human VH and VL synthetic libraries are typically built on a single
scaffold with demonstrated good biophysical properties, such as high thermostability, solubility,
and expression ([6,8] and references therein, [17,18]). Library diversity generation entails introducing
random or specific amino acids at all or selected positions in the three CDRs. Owing to their small size
and single-domain nature, in contrast to more complex, multidomain scFvs and Fabs, sdAbs lend
themselves to a facile and straightforward library construction, and are not associated with VH/VL

mispairing phenomenon that occurs during the construction of scFv and Fab libraries, which adversely
affects the library quality.

In its simplest and most commonly practiced format, the selection, or panning, the process for the
isolation of sdAbs from phage-displayed libraries, involves selecting for a single property—affinity for
the target antigen. Most commonly, this involves exposure of a library to an antigen immobilized on a
microtitre plate, washing away unbound phage, and eluting the bound phage molecules, which are
amplified for another round of panning. Depending on the type of library, between two and four
rounds of panning are typically sufficient to obtain around half a dozen sdAbs with affinity for the
target antigen. With human sdAb libraries, affinity selection may be coupled with selection for stability
for a more efficient isolation of aggregation-resistant binders [6].

One of the great advantages of antibody library display technologies over hybridoma technology
for the isolation of mAbs is the capability to drive, in some measure, the selection process towards
isolating antibodies with specific properties. For example, by panning in the presence of proteases it
has been possible to isolate sdAbs with enhanced protease resistance [19]. In the context of this review,
it is especially noteworthy that sdAbs that transmigrate across an in vitro human blood–brain barrier
(BBB) model have been isolated [20].

1.3. Modular Building of Multispecific Molecules

Their small size and monomeric nature make sdAbs ideal building blocks for the construction of
multivalent and multispecific therapeutic and imaging molecules of improved function and potency
(compared to monomeric versions) with good development capacity and manufacturability [11,21,22].
For example, bivalent or bispecific sdAbs have been generated by linking two identical or two
different sdAbs using a short spacer sequence [23–32]. Successful generation of trivalent bispecific and
tetravalent bispecific sdAbs—where sdAb moieties are linked through short linker sequences—have
also been reported [28,29,33–36]. Monospecific pentavalent sdAbs have been constructed by fusing
sdAbs to the N- or C-terminus of the verotoxin 1B (VT1B) subunit [37]. Similarly, fusing different
sdAbs to the N- and C-terminus of VT1B has yielded bispecific decavalent molecules [38]. Bivalent
monospecific or tetravalent bispecific sdAbs can also be made by fusing sdAbs to an antibody
Fc fragment [8,39–43]; this has the added advantage of greatly extending the serum half-life
of sdAbs [44] and imparting effector functions such as antibody-dependent cellular cytotoxicity
(ADCC) [42] or complement-dependent cytotoxicity (CDC) [45]. Single-domain antibodies should also
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be ideal molecules for constructing bivalent and bispecific antibodies incorporating a heterodimeric
Fc region [46]. More complex constructs such IgG-sdAb fusions have also been reported [47].
For therapeutic applications, sdAbs have been linked to enzymes or toxins, either by cloning or
by chemical conjugation [48–53].

1.4. Developing sdAbs as CNS Diagnostics or Therapeutics

Treating CNS disorders remains one of the greatest challenges in modern medicine. Although
several promising therapeutics are developed every year, their failure to reach brain target prevents
their advancement to the clinic. This is mainly due to the presence of the BBB acting as a gatekeeper
to maintain brain homeostasis and protect neurological capabilities [54]. The BBB is composed of
specialized endothelial cells sealed together by tight junctions to form a physical barrier lining the
brain blood vessels. These cells differ from endothelial cells lining peripheral vessels by their lack
of fenestrations and limited pinocytic activity thereby restricting transcellular transport. The brain
endothelial layer is surrounded by pericytes and astrocyte end-feet, which are essential for maintaining
the integrity of the BBB. In addition, several efflux transporters are present at the BBB and function
to remove unwanted molecules from the brain. Although this restrictive physiology is necessary
to prevent undesirable blood-borne material from penetrating the brain, it also limits the effective
delivery of CNS therapeutics. Therefore, agents designed for use as CNS diagnostics or therapeutics
must be delivered to sites of action via administration routes that circumvent the BBB, such as
intrathecal/intraventricular, intracerebral administration, or combined with delivery technologies that
increase their penetration across the BBB upon systemic administration.

The brain neuropil is packed with interacting cells, including neurons, neuronal processes,
and various types of glial cells. The brain extracellular space (ECS), filled with brain extracellular
fluid, is tight and very convoluted—modeling studies estimate its width between 35 and 60
nm [55]. Any compound administered directly into the neuropil will diffuse through the ECS
to distances inversely proportional to the size of the molecule. Monoclonal antibodies exhibit
limited diffusion in the brain ECS due to their large size and interactions with the extracellular
matrix (ECM). Single-domain antibodies have a distinct advantage as intracerebrally administered
reagents/therapeutics, achieving diffusion across longer distances from the site of injection [55]. In
addition, the lack of a Fc fragment reduces their interactions with the ECM and brain efflux via
an FcRn-mediated reverse transcytosis. A recent study on the brain biodistribution of antibodies
via perivascular transport after intrathecal infusion in rodents [56] demonstrated both deeper brain
penetration and broader brain exposure of a smaller VHH fragment compared to a full mAb. This
study demonstrated that sdAbs are advantageous as a CNS therapeutic antibody modality developed
for intracerebral (local) or intrathecal administration. This is particularly relevant for brain diseases
originating from or confined to a specific brain area, such as Parkinson’s disease.

However, the majority of CNS diseases can be considered ‘whole-brain’ diseases, even when they
initially affect more localized brain regions. The brain’s vascular network is particularly dense, and thus
each brain capillary supplies only few neurons, the diffusion distance of compounds, including
antibodies, delivered across the BBB to their neuronal targets is only ~25 μm. Transvascular (cross-BBB)
brain delivery would therefore achieve a more global brain distribution of antibodies, regardless of
their size, since these diffusion distances are readily achievable even by mAbs. Systemic delivery
of therapeutic antibodies targeting the CNS could be improved using ‘carrier’ molecules selected or
engineered for the ability to traverse the BBB.

In the following sections, sdAbs that have been developed as delivery agents across the BBB,
as treatments against the most common neurodegenerative diseases and as neuroimaging tools are
descried and summarized in Table 1.
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2. Single-Domain Antibodies as Delivery Agents across the BBB

The most investigated method to deliver macromolecules into the brain is via receptor-mediated
transcytosis (RMT) [57]. This process is crucial for the proper delivery of macromolecules essential
for brain function such as vitamins, proteins and nutrients. They use naturally occurring transport
systems to shuttle between the blood and the brain. Such systems can potentially be ‘hi-jacked’ to
facilitate the delivery of therapeutics into brain.

The process of RMT is initiated by ligand binding to its receptor expressed at the luminal face
of endothelial cells to trigger internalization of the receptor-ligand complex into endosomal vesicles
(Figure 2). These vesicles then travel inside the cytoplasm of the cell via a complex vesicular sorting
pathway to finally fuse with the abluminal surface of endothelial cells and deliver their cargo in the
brain parenchyma. The receptor is then recycled at the luminal cell surface. Currently, the main
RMT receptors that have been studied are the transferrin receptor (TfR) and insulin receptor (IR) [57].
Ligands against these receptors, including different antibody formats, have been used as carriers to
deliver their therapeutic cargo inside the brain [7,58–65]. Single-domain antibodies present numerous
advantages over conventional antibodies as potential transvascular brain delivery vectors including
small size, low non-specific interactions with tissues expressing high levels of Fc receptors (e.g., liver,
spleen), remarkable stability against harsh conditions and low immunogenicity (see Section 1). In the
case of IR, although there are examples of mAbs and peptides specific for this receptor, no IR-specific
sdAbs have been described to date. The only example of a sdAb targeting TfR is a VNAR, termed TBX4,
which was obtained from a synthetic library following a combination of in vitro and in vivo phage
display techniques [66]. When fused to an immunoglobulin Fc backbone, this antibody was enriched
in the brain parenchyma of mice following vein tail injection. Furthermore, bispecific variants of this
antibody fused to a CD20 targeting agent were able to reach aberrant B cells in the brain and induced
cell toxicity. The use of this VNAR for the delivery of a variety of biologics to the brain is currently
under investigation.

Figure 2. Representation of the receptor-mediated transcytosis (RMT) process. (a) Initially, an RMT
ligand binds to a specific RMT receptor on the luminal cell membrane, which (b) leads to the
internalization of both receptor and ligand in intracellular vesicles via endocytosis. (c) These vesicles
then travel within the cell cytoplasm to reach the abluminal membrane where fusion of endosomes
with the cell membrane releases the vesicular cargo inside the brain.
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Although there is now growing evidence that the use of the aforementioned receptors for
therapeutic delivery into the brain is a promising avenue, recent studies suggest that these may
not be ideal RMT targets [67–69]. Major drawbacks associated with these receptors include their
ubiquitous expression in numerous peripheral organs and their involvement in essential physiological
functions, which may raise significant safety concerns. Therefore, the chase for alternative RMT
receptors with more optimal BBB crossing properties continues.

FC5 and FC44, two camelid VHHs of a non-immune phage-displayed library, were isolated
by phenotypic panning for their ability to interact and internalize into the human brain
cerebromicrovascular endothelial cells (HBECs) [20]. The two antibodies were found to transmigrate
in an in vitro rat BBB model, and to accumulate in the brain at high levels following tail vein injection
in rodents [20,70]. The investigation of their mechanism of action led to the finding that it was
RMT-mediated [71], and in the case of FC5, the receptor was later identified as transmembrane domain
protein 30A (TMEM-30A) [72]. Engineered fusions of FC5 to the human IgG1 Fc in a monovalent or
bivalent format showed increased migration across the BBB in vitro, and achieved a significantly higher
brain exposure in vivo compared to the control antibody-Fc [73]. FC5-Fc constructs were also detected
in brain vessels and in the brain parenchyma in rat brain sections. Furthermore, the conjugation
of FC5 antibodies with impermeable analgesic peptides, dalargin or neuropeptide Y, induced an
important analgesic effect in a thermal hyperalgesia model whereas the systemic administration of the
neuropeptides alone had no suppressive effect. Although all antibody formats were able to reduce
hyperalgesia, the bivalent and monovalent Fc fusions showed a pronounced increase in the response
at equal dose compared to the VHH suggesting that improving serum pharmacokinetics plays a
determining role in the pharmacological potency of FC5. In addition to peptides, the CNS delivery of
a monoclonal antibody antagonist of metabotropic glutamate receptor 1 (mGluR1) was successfully
achieved using the BBB-crossing VHH FC5 [74]. Following intravenous injection in a rat model of
persistent inflammatory pain, the BBB-mGluR1 bispecific antibody co-localized with thalamic neurons
involved in mGluR1-mediated pain processing, and subsequently inhibited hyperalgesia.

Insulin growth factor 1 receptor (IGF1R) has been identified as a potential RMT candidate based
on observation that its ligand, IGF-1 is transported across the BBB. A panel of VHHs, targeting the
ectodomain of this receptor was isolated from a phage-displayed immune library [75]. Following
humanization, the ability of several IGF1R-binding VHHs to transmigrate in rat and human BBB
models in vitro was confirmed [75,76]. When expressed in fusion with a murine antibody fragment,
the resultant IGF1R-specific VHHs were found to significantly increase brain and CSF exposure
in mice and rats compared to the control [75]. IGF1R-targeting VHHs conjugated to galanin—A
systemically restricted neuroactive peptide that produces analgesia by binding GalR1 and GalR2
receptors expressed in the brain [77]—Induced a strong analgesic effect in a rat model of inflammatory
hyperalgesia following a single dose injection [75], suggesting the ability of these IGF1R-binding VHHs
to act as delivery carriers across the BBB.

The above studies provided evidence for the feasibility of using sdAbs as carriers targeting a new
generation of RMT receptors for the development of CNS therapeutics.

3. Single-Domain Antibodies as Treatments against Neurodegenerative Diseases

3.1. Protein-Misfolding Diseases (PMDs)

A vast majority of neurodegenerative diseases are associated with misfolded proteins that
interact with each other to form large aggregates referred to as amyloid fibrils [78]. These complexes
are insoluble, highly organized and extremely stable, and their accumulation is toxic to the cell.
Although all PMDs share a common mechanism of action, the nature of the misfolded proteins differs
between each disorder and dictates the identity of the disease. Alzheimer’s disease is caused by the
accumulation of amyloid β (Aβ) peptides and Tau proteins, whereas the aggregation of α-synucleins
(αSyn) is at the origin of Parkinson’s disease. Similarly, aggregates formed by huntingtin (Htt) proteins
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lead to Huntington’s disease while Prion disease is associated with the conversion of the normal,
cellular prion protein (PrPc) into its disordered scrapie isoform (PrPsc), which accumulates into large
oligomers. The formation of fibrils is a complex phenomenon involving several intermediate distinct
structures [78,79]. The identification and characterization of the various species formed during the
process is essential for the development of early diagnostic tools and new therapeutic strategies. This is,
however, an extremely difficult task due to the insolubility and heterogeneity of the different forms
involved in the process of fibril formation. This explains the lack of effective treatments against the
devastating PMDs to date.

Single-domain antibodies represent a promising asset for the treatment of PMDs since they possess
unique characteristics allowing them to access unprecedented epitopes (see Section 1). In addition,
their high specificity and stability ensured the targeting of specific species under harsh solubilizing
conditions along the process of fibril maturation. In this next section, we will review recent advances
in the use of sdAbs for the diagnostic and treatment of the main PMDs affecting the CNS.

3.1.1. Alzheimer’s Disease (AD)

The first description of AD goes back to 1906 [80]. However, it took several decades until it was
finally established as a major neurodegenerative disorder. It is now considered the main cause of
dementia accounting for up to 80% of all cases [81]. Patients affected with the disease suffer several
symptoms including the loss of memory and cognitive functions. This is believed to be due to two
main phenomena. First, the extracellular accumulation of Aβ peptides made of 39–42 amino acids
to form amyloid plaques in the CNS [82] and second, the aggregation of hyperphosphorylated Tau
proteins into Tau tangles inside neurons [83]. The presence of these aggregates or their precursor
forms severely affects the normal function of neurons leading to cell death. In recent years, several
efforts have been deployed to generate antibody fragments against Aβ and Tau aggregates in view of
developing novel therapeutics for AD.

VHH B10 emerged from a synthetic phage-displayed library panned against biotinylated Aβ

(1-40) fibrils [84]. This antibody was shown to bind specifically to mature amyloid fibrils as well as
to protofibrils which were defined as the aggregated species forming prior to the assembly of more
stable mature fibrils [85]. VHH did not interact with disaggregated peptides or other non-fibrillar
Aβ oligomers. In addition, the authors demonstrated the antibody’s ability to stabilize protofibrils
upon interacting with it, thus inhibiting mature fibril formation. However, B10 did not have the ability
to disintegrate preformed fibrils. Similarly, another VHH isolated from a synthetic phage-displayed
library, was shown to interact specifically with non-fibrillar Aβ (1-40) oligomers and prevent the
formation of mature fibrils [86]. The antibody could not induce the disaggregation of already
formed fibrils. In their report, the authors immobilized biotinylated Aβ (1-40) oligomers to select a
conformation-specific binder that they named KW1. They demonstrated that the addition of KW1 to
preformed Aβ oligomers prevented their synaptotoxic effect. Nevertheless, another report published
two years later showed that Aβ oligomers formed in the presence of the same KW1 antibody were
highly toxic [87], which seems to indicate a time-sensitive beneficial effect by the VHH. ni3A is a
VHH that was isolated from a non-immune phage-displayed library using Aβ (1-42) as antigen [88].
This VHH bound to its target with high specificity and affinity and showed BBB-crossing abilities
in vitro [89]. When tested in vivo [90], ni3A successfully detected Aβ deposits in a transgenic mouse
model of AD, suggesting its potential as a diagnostic tool.

In contrast to the VHHs described above, three additional ones were isolated from a
phage-displayed library made from the blood of a llama immunized with a mixture of Aβ (1-42)
monomers, small oligomers and fibrils [91]. These antibodies bound specifically to monomers and
small oligomers formed exclusively by Aβ (1-42) but not to higher molecular-mass aggregates or fibrils
or to Aβ (1-40)-originating species. One VHH in particular, V31-1, was found to inhibit the formation
of amyloid fibrils and to prevent the toxic cellular effect of Aβ oligomers [91]. Another immunization
campaign—this time using brain homogenates from an AD patient as immunogen in alpacas—Led to
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the identification of three VHHs, PrioAD12, PrioAD13 and PrioAD120 targeting Aβ (1-40), Aβ (1-42) or
Tau (1-16) peptides, respectively [92]. PrioAD12 had the ability to detect Aβ plaques in brain sections
from an individual affected with AD while no detection (staining) was observed on sections from a
normal brain. Finally, Aβ-specific VHs were isolated following immunization of a mouse with Aβ

(1-42) peptides and construction of a phage-displayed VH library [93]. Selected antibodies were found
to interact with different regions of the full-length peptide and inhibit its cell toxicity. Moreover, one VH

(VH1.27), when tested for its ability to clear amyloid deposits in a mouse model of AD following
intracranial injection was shown to significantly reduce the amyloid burden compared to the control.

Perchiacca and colleagues developed a new strategy to generate a series of sdAbs against
disordered proteins [94–97]. They used defined algorithms to select motifs within disordered proteins
that are predicted to participate in amyloid formation based on charge, hydrophobicity and propensity
to form β-sheets [94]. They subsequently grafted peptides corresponding to the selected motifs
into the CDR3 of a human VH with good solubility characteristics. By using their technique, the
authors generated a pool of antibodies against amyloidogenic epitopes within Aβ (1-42) peptides.
The VHs demonstrated specific and sensitive recognition of Aβ monomers, soluble oligomers or
fibrillar intermediates depending on the region covered by the grafted peptide and prevented toxicity
induced by the targeted conformers [94]. It was later demonstrated that binding of the VHs with their
amyloidogenic target led to the assembly of Aβ-VHs non-toxic complexes thereby preventing the
formation of mature amyloid fibrils [95]. This technique was extended to construct one VH specific for
an aggregation-prone epitope within αSyn with the ability to inhibit fibrillization by the protein.

A similar grafting method was used to generate additional VHs targeting Aβ (1-42) or αSyn [98].
In this case, complementary peptides to the target sequence were designed based on interactions
between amino acid sequences in the Protein Data Bank (PDB) and inserted into the CDR3 of a
human VH. Resulting antibodies all showed specific binding to their respective target. In addition,
one anti-αSyn VH was tested for its neutralization potency in in vitro assays and demonstrated the
ability to significantly reduce the aggregation of the targeted protein [98].

3.1.2. Parkinson’s Disease (PD)

PD represents the second most common neurological disorder affecting approximately 10 million
people worldwide, and this number is predicted to increase over the coming years due to population
aging [99]. Hallmarks of the disease include the loss or degeneration of dopamine producing neurons
leading to severe motor control impairment. At the molecular level, PD is associated with the
appearance of intracellular fibrillar aggregates known as Lewy bodies (LB) or Lewy neurites composed
mostly of αSyn [100]. These large inclusions are responsible for neuronal cell death. Therefore,
antibodies targeting the small, αSyn protein represent a promising treatment against PD.

Three sdAbs recognizing αSyn have been described in addition to the ones mentioned in the
previous section [94,101–103]. First, following immunization of a dromedary with monomeric αSyn
and subsequent construction and screening of a phage-displayed library, a VHH (NbSyn2) interacting
with the soluble form of the protein was identified [101]. Based on nuclear magnetic resonance (NMR)
spectroscopy and X-ray crystallography, the epitope of NbSyn2 was mapped to the C-terminus of αSyn
within the last four residues [104]. Interestingly, VHH also interacted with amyloid fibrils formed by
αSyn suggesting that this region of the protein remains exposed following its aggregation. In this same
report, the authors demonstrated that the binding of NbSyn2 to αSyn did not induce any structural
changes nor did it have any effect on the kinetics of formation of fibrils [101]. However, the affinity
of the binding decreased as the process of fibril formation progressed suggesting that there might be
conformational rearrangements of the C-terminal region of αSyn upon fibril maturation.

The same group isolated a second VHH (NbSyn87) from a phage-displayed library generated
from the blood of an immunized llama this time using a mutant of αSyn (A53T) [102], which has been
associated with early onset of PD [105]. This antibody also interacted with a region encompassing
the C-terminus of the monomeric αSyn distinct from the NbSyn2 epitope and had the ability to
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bind to amyloid fibrils without structural consequences. As was observed for NbSyn2, there was a
time-dependent decrease in the affinity of the antibody for its amyloid target. Further characterization
of NbSyn2 and NbSyn87 led to the observation that both VHHs could inhibit the formation of mature
fibrils in vitro [103]. They also had the ability to induce the conversion of αSyn from more stable
oligomers into less stable oligomers significantly reducing the cellular toxicity caused by the protein.

The last αSyn-specific sdAb is a human VH (VH14) against the non-amyloid component (NAC)
region of monomeric αSyn, which was selected from a non-immune yeast-displayed scFv library [106].
Although it was shown to have the highest affinity for its target, this antibody failed to rescue the
cytotoxicity induced by αSyn. Nevertheless, fusion of this domain antibody to a proteosomal targeting
PEST motif increased its solubility and conferred the ability to induce αSyn clearance thereby reducing
the toxic effect associated with protein aggregation both in situ [107] and in vivo [108]. When compared
to NbSyn87-PEST, the VH14-PEST fusion demonstrated a more pronounced effect suggesting that the
NAC region of αSyn is a preferable therapeutic target.

3.1.3. Huntington’s Disease (HD)

HD is caused by an autosomal dominantly inherited CAG trinucleotide repeat expansion in the
Htt gene [109]. Due to its high tendency to aggregate, the resulting mutant protein is at the origin of
neuronal anomalies leading to cell death. In patients, this translates into numerous psychiatric and
motor dysfunctions. There appears to be an inverse correlation between the length of expansion and
age of onset. Although there are currently no curative treatments for HD, it certainly represents one of
the most treatable neurological disorder since the molecular triggers are clearly defined. In this regard,
sdAbs binding to mutant Htt have the potential to reduce its associated toxicity.

The use of a non-immune yeast-displayed scFv library led to the isolation of a human VL sdAb
targeting the first 20 amino acids of the Htt protein [110]. The VL showed the same affinity for its target
compared to its precursor scFv while achieving higher levels of cytoplasmic expression. However,
inhibition of Htt aggregation demonstrated in a cell-free in vitro assay as well as in mammalian cells
was only modest, requiring high amounts of the sdAb. In view of increasing the potency of VL,
the same group submitted it to mutagenesis to remove its disulfide bond for efficient expression of
natively folded sdAbs in the cytoplasm and subsequently increase its binding affinity [111]. The
mutant, VL12.3, was able to strongly inhibit the formation of Htt aggregates and rescue cell toxicity
in rat and yeast HD models. Adenoviral-delivery of this sdAb was shown to significantly improve
behavior and neuropathology in a lentiviral mouse model of HD [112]. In contrast, when injected in
transgenic HD mice, the antibody was found to increase the severity of the disease leading to a higher
mortality rate. This was later attributed to a higher nuclear retention of Htt in the presence of VL12.3
in the transgenic HD mouse model [113].

Similarly, two more VL domain antibodies (Happ1 and Happ3) targeting the proline-rich
region of Htt were selected from a non-immune phage-displayed human scFv library [113]. Their
capacity to reduce Htt-induced toxicity in cell culture increased compared to their scFv predecessors.
Furthermore, they both had a greater ability to prevent neurodegeneration in a brain slice model of HD.
Their mechanism of action involved an increased turnover rate of mutant Htt. Adenoviral-delivery of
Happ1 demonstrated its efficacy in vivo in different mouse models of HD in which marked reduction
of the disease-associated symptoms was observed following administration of the sdAb [112].

The first VHHs (iVHH1–iVHH4) against the N-terminal region of Htt have been isolated from an
immunized llama using phage display technologies [114]. Although the functionality of these sdAbs
remains to be examined, they were found to interact with purified human wild-type and mutant Htt
and also co-immunoprecipitated with both species following incubation with human HD brain lysates.

3.1.4. Prion Diseases

Prion diseases, also known as transmissible spongiform encephalopathies (TSEs) comprise of a
group of fatal transmissible neurodegenerative diseases caused by the misfolding of the cellular prion
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protein (PrPc) into the abnormally shaped scrapie prion protein (PrPsc). The emergence of the diseased
state of the prion protein (PrP) can be spontaneous, genetic, or acquired [115]. In all cases, each newly
formed PrPsc acts as a template and promotes the conversion of more PrPc leading to the assembly
of large insoluble amyloid fibrils associated with neurotoxicity and spongiform change in the brain
parenchyma. The most common TSE is the Creutzfeldt-Jakob disease with a new incidence rate of
about 1–2 cases per million of population worldwide [116]. People suffering from this disorder show a
wide variety of psychiatric symptoms that rapidly progress leading ultimately to death. Despite the
severity of prion diseases, only two sdAbs targeting PrPs have been generated to date.

The first one, PrioV3 was isolated from a phage-displayed VHH library generated from the blood
of dromedaries immunized with brain homogenates from scrapie-infected mice adsorbed on magnetic
beads [117]. The VHH showed high affinity binding to a linear epitope at the C-terminus of both
PrPc and PrPsc. PrioV3 was shown to cross the BBB in vitro in rat and human brain endothelial cell
lines via RMT [92,117]. Moreover, when injected intravenously in rats, the VHH was detected in the
brain parenchyma suggesting its ability to cross the BBB in vivo. It also had the capacity to reduce
PrPc expression and PrPsc accumulation in prion-permissive cells following its addition to the culture
medium. When the treatment was prolonged over four days, PrPsc was undetectable by Western blot
suggesting complete and permanent inhibition of its replication by the antibody. Similar results were
obtained in vivo in mice inoculated with scrapie-infected brain homogenates receiving a weekly dose
of PrioV3 [92,117]. This treatment severely abrogated the accumulation of PrPsc in the spleen of the
animals. Finally, PrioV3 showed no sign of neurotoxicity in vitro.

Nb484 was selected from a pool of 14 VHHs identified following llama immunization with murine
PrPs and construction of phage-displayed VHH libraries [118]. This specific VHH showed the highest
affinity for human PrPs. Assessment of its neutralizing properties revealed that the antibody could
delay the formation of fibrils and abrogate the expression of PrPsc in scrapie-infected murine cells.
In addition, Nb484 was used as a crystallization chaperone, allowing the solution of the first crystal
structures of the full length human PrPc and a C-terminal truncated version of the protein, revealing
novel structural insights on the early events of the conversion of PrPc into PrPsc.

3.2. Glioblastoma Multiforme (GBM)

GBM is the most common type of brain tumors with the emergence of approximately 1000 new
cases every year worldwide [119]. It is a highly aggressive malignancy showing rapid growth,
intensive vascularization and predominant necrosis. Current treatments generally consist of maximal
surgical resection followed by radiotherapy and chemotherapy. However, even with the use of these
interventions, the prognosis remains extremely low and patients usually succumb to the disease within
the first two years following diagnosis. This is in part due to the highly invasive nature of GBM and
the difficulty of surgically removing all tumor cells. In addition, there is now growing evidence that the
presence of chemotherapy and radiotherapy resistant stem-like cells within the tumor contributes to
the resilience and recurrence of GBM [120]. Since early stages of the disease are mostly asymptomatic,
current therapeutic strategies also suffer from late diagnosis. Alternative tools for the treatment and
diagnosis of GBM are therefore urgently needed. Here we will review the different applications for
sdAbs to improve current therapeutic modalities against GBM.

In view of identifying novel biomarkers for GBM, Jocevzka and colleagues prepared a
phage-displayed VHH library from the blood of a llama immunized with a human GBM cell line
enriched in stem-like cells [121,122]. Following several rounds of selection using protein extracts from
diverse biological samples, three GBM-specific VHHs were designated for further characterization.
Identification of their antigen by mass spectrometry revealed two proteins, Trim28 and β-actin,
which showed enrichment in GBM compared to control samples. The relevance of these proteins
as GBM biomarkers remains to be determined. Using a similar approach, the same group isolated
seven additional VHHs specifically interacting with GBM antigens [123]. Initial Western blot and
qPCR analyses complemented with bioinformatics demonstrated differential expression of some of
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the identified proteins in GBM compared to low grade gliomas suggesting their potential application
as glioma class differentiation markers. Moreover, one antigen, mitochondrial translation elongation
factor (TUFM) was isolated in a second independent screening by the same authors in which the
selection of a VHH specific for GBM stem cells (GSCs) was achieved [124]. The specificity of the
VHH for its target was confirmed by immunocytochemistry, and cytotoxicity assays demonstrated its
profound effect on GSC growth.

VH-9.7 is a GSC-binding human VH that emerged from a non-immune yeast-displayed human
scFv library using a patient-derived GSC line for selection [125]. This sdAb showed selective binding
to five GSC lines and successfully identified GSCs in mouse brain xenografts by flow cytometry.
Its ability to detect and localize to GSCs was also demonstrated in vivo in mice harboring orthotopic
GSC xenografts following intravenous injection of a fluorophore-conjugated VH-9.7.

The following study aimed to develop novel strategies to target GBM vasculature using an
in vivo panning technique to isolate camelid phage-displayed sdAbs specifically accumulating in
tumor vessels [126]. This led to the identification of the C-C7 VHH, which was later shown to
target a distinct population of tumor vessels in mice xenografts as well as in GBM patient samples.
The antibody also had the capacity to accumulate in the tumor vasculature following injection in mice
harboring orthotopic xenografts while no antibodies were detected in normal brain vessels. Using a
yeast-two-hybrid method, the antigen of C-C7 was identified as Dynactin-1-p150Glued, which was
expressed exclusively on activated endothelial cells and may represent a valuable tumor vessel target.
The antibody presented here could be used to assess the level of angiogenesis in GBM patients and
determine the severity of the disease.

Finally, VHHs targeting the epidermal growth factor receptor (EGFR) have been investigated
as GBM therapeutic agents [127]. EGFR is well known to be overexpressed and mutated in a wide
variety of tumors including GBM and has been extensively studied as an anti-cancer target [128,129].
VHHs targeting this receptor were isolated from an immune phage-displayed library following llama
immunization with overexpressing cell preparations [130]. These antibodies (ENb1 and ENb2) were
selected specifically for their ability to prevent binding of the EGF ligand to the receptor via competitive
elution strategies. When engineered for sustained on-site delivery by neural-stem cells, the VHHs were
shown to localize specifically in the tumor environment and inhibit EGFR signaling in vitro and to
significantly reduce tumor growth in mouse models of malignant and invasive GBMs [127].

4. Single-Domain Antibodies as Neuroimaging Tools

4.1. Single-Domain Antibodies as Targeted Molecular Imaging Agents

Molecular imaging using advance and hybrid imaging modalities such as computed tomography
(CT), positron emission tomography (PET), single photon emission computed tomography (SPECT),
magnetic resonance imaging (MRI), and optical imaging, provide noninvasive means to characterize
physiological processes and correlate molecular alterations with clinical outcomes. These technologies
are improving early disease diagnosis, surgical guidance, patient stratification, and treatment
monitoring [131]. Molecular imaging has advanced significantly during the last few decades through
the identification of novel molecular targets and the development of multifunctional contrast agents
along with new imaging instrumentation and analysis tools to extract quantitative data.

Targeted molecular imaging consists of an imaging probe linked to an agent that targets a specific
biomarker of clinical relevance. Targeted molecular imaging agents have unique requirements that
often differ from those of targeted therapeutic agents. In both cases, a high expression of the target
antigen in the diseased versus normal tissue is required. However, for a targeted molecular imaging
agent, a short half-life in circulation is preferable. Standard mAbs have a long half-life with slow
liver clearance, which is a major hindrance for imaging applications, where a high contrast at early
time points is critical for clinical applications [132]. The small size of sdAbs enables good tissue
penetration and a fast clearance of the unbound fraction primarily via renal filtration (~60 kDa
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cutoff) [133–135]. This also allows the use of short-lived radionuclides, such as 68Ga (t1/2 = 68 min) or
18F (t1/2 = 109.8 min) for PET imaging which significantly reduces the patient’s exposure to radiation.
A first-in human PET study using an anti-HER2 sdAb labeled with 68Ga-NOTA in female patients
with metastatic breast cancer showed that imaging at 60–90 min provides suitable contrast to detect
small and large tumor lesions with a fast blood clearance of the sdAb, such that only 7.2% of initial
activity was remaining at 90 min [131].

The unique modularity of sdAbs to be engineered in different multivalent formats, including
monomers, dimers, and pentamers provide additional flexibility to fulfill their antigen binding and
pharmacokinetic characteristics to specific applications [136]. For instance, anti-EGFR sdAbs in
monomer and pentamer formats showed to be particularly suitable for molecular optical imaging
of glioblastoma tumors due to their respective short half-lives of 40 min and 80 min, while the same
sdAbs engineered into a bivalent format fused with human IgG Fc have better potential to be exploited
for therapeutic applications due to their extended half-lives (12.5 h) and enhanced avidity [136].

4.2. Single-Domain Antibodies for Imaging Brain Tumor Vasculature

The brain tumor vasculature represents a readily reachable target for molecular imaging due
to its direct access via blood perfusion after intravenous administration. For brain tumors, such as
GBM, assessment of tumor angiogenesis can provide information on the severity of the disease and
guide appropriate treatment regimens [137,138]. Various tumor vascular targets that are overexpressed
in the disease brain tissue and not in normal brain have been previously exploited by molecular
targeted moieties for the non-invasive assessment of tumor angiogenesis using PET, optical imaging,
and MRI. These include vascular endothelial growth factor receptor 2 (VEGFR2) [139], endothelial
cell adhesion molecules (αvβ3 and αvβ5 integrins) [140], and insulin-like growth factor binding
protein 7 (IGFBP7) [141,142]. IGFBP7, in particular, is a secreted protein that accumulates in the
basement membrane of tumor endothelial cells, and its expression is believed to be associated with
higher-grade gliomas [141–143]. Since the tumor’s malignancy is highly correlated with the degree
of angiogenesis [137,138], the use of anti-IGFBP7 sdAb linked to a contrast agent for tumor vascular
imaging could aid in the diagnosis and clinical management of brain tumors. In preclinical mouse
models of GBM, an anti-IGFBP7 sdAb linked to a fluorophore was capable of non-invasively imaging
the degree of angiogenesis [142]. Furthermore, bimodal optical-MRI contrast agents were developed
by the bio-conjugation of anti-IGFBP7 sdAbs and the near-infrared fluorophore Cy5.5 to the surface of
two types of nanoparticles, gadolinium-coated lipid particles for T1-weighted MRI imaging [144] and
PEG functionalized-iron oxide nanoparticles for T2-weighted MRI imaging [145]. In both cases, after
intravenous administration, the agents elicited an increased MRI contrast enhancement and fluorescent
signal in a xenograft GBM tumor compared to a non-targeted nanoparticle. The molecular localization
of the anti-IGFBP7 sdAb in the tumor brain vessels was further demonstrated by fluorescence
microscopy [142].

4.3. Single-Domain Antibodies for Imaging Brain Targets

Due to the presence of the BBB, which limits the access of most biologics (i.e., proteins, peptides,
antibodies) to the brain, radioligands used for PET imaging of CNS targets have been based on
small molecular weight (<500 Da) molecules [146]. Targeted radioligands utilizing antibodies,
antibody fragments, or sdAbs have been mainly developed for peripheral targets and used in
different applications, including the detection of tumor markers, monitoring inflammatory processes,
and visualization of antitumor immune responses [147]. However, a variety of strategies have
been employed to allow the delivery of protein molecules across the BBB using both disruptive
and non-disruptive methods.

As previously described, transmigration of antibodies across the BBB via RMT is a non-disruptive
method for gaining access to brain targets (see Section 2). Using this strategy molecular imaging probes
coupled to BBB carriers can be shuttled to the brain. For instance, taking advantage of the modularity
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of the BBB-transmigrating FC5 sdAb, a lipid-based nanoparticle was designed to encapsulate the
anti-cancer drug doxorubicin and to display on its surface both a near-infrared (NIR) imaging agent
and FC5 sdAb [148]. Upon intravenous injection in mice, in vivo optical imaging indicated increased
brain delivery of the FC5-targeted versus non-targeted doxorubicin-containing liposomes. The optical
fluorescent signal detected in vivo in the brain parenchyma correlated with the amount of doxorubicin
delivered in the brain and measured ex vivo. Thus, this method allows for a non-invasive estimation
of drug delivery into the brain.

BBB transmigration of macromolecules may also be achieved via adsorptive-mediated endocytosis
through non-specific, charge-based interactions with the endothelial cell surface [149]. Endothelial
cells are characterized by the presentation of negatively-charged clathrin-coated pits at the luminal
surface, which can bind cationic proteins and facilitate their penetration through the BBB [150]. In an
AD in vivo two-photon imaging study, sdAbs, selected for a basic isoelectric point (i.e., due to cationic
amino acids) and for their binding to brain Aβ deposits or Tau inclusions were able to penetrate
the BBB and bind to their respective brain target in vivo [135]. Interestingly, it was suggested that,
in addition to the basic isoelectric pI, the molecular size of the sdAb was an important factor in
the BBB penetration capability, as larger constructs (i.e., sdAb dimers) demonstrated reduced BBB
penetration [151].

Some sdAbs have also been shown to interact with intracellular targets (i.e., penetrate cells) [152].
For instance, VHHs against the astrocyte marker glial fibrillary acidic protein (GFAP) has been
shown to cross the BBB, reach the brain tissue, and penetrate into astrocytes, as demonstrated by
immunofluorescence studies on injected animal tissue sections [151]. This feature of sdAbs has the
potential to open up “difficult to access” intracellular targets in the brain or within brain cell subtypes.

In summary, sdAbs hold promise for dynamic imaging compared to other antibody-based agents
due to their small size that allows better tissue penetration, rapid and homogeneous tumor/brain
accumulation and fast blood clearance, which results in high tissue-to-background noise ratios.
Single-domain antibodies are versatile, stable in very harsh conditions (pH, temperature), easy to
conjugate to different imaging probes, and relatively safe due to their high specificity.

Table 1. Overview of single-domain antibodies developed for central nervous system applications.

Product Name Target sdAb Type Source References

BBB Shuttles

TBX4 TfR1 VNAR

Synthetic
phage-displayed

VNAR library
[66]

IGF1R-3 IGF1R VHH
Immune

phage-displayed
VHH library

[75,76]

FC5 TMEM-30A VHH
Non-immune

phage-displayed
VHH library

[20,70–74]

FC44 Unknown VHH
Non-immune

phage-displayed
VHH library

[20,70,71]
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Table 1. Cont.

Product Name Target sdAb Type Source References

Neurodegenerative diseases

Alzheimer’s disease

B10
Mature Aβ (1-40)

fribrils and
protofibrils

VHH
Synthetic

phage-displayed
VHH library

[84]

KW1 Non-fibrillar Aβ

(1-40) oligomers VHH
Synthetic

phage-displayed
VHH library

[86,87]

ni3A Aβ (1-42) deposits VHH
Non-immune

phage-displayed
VHH library

[88–90]

V31-1
Monomers and
small Aβ (1-42)

oligomers
VHH

Immune
phage-displayed

VHH library
[91]

PrioAD12 Aβ (1-40) peptide VHH
Immune

phage-displayed
VHH library

[92]

PrioAD13 Aβ (1-42) peptide VHH
Immune

phage-displayed
VHH library

[92]

PrioAD120 Tau (1-16) peptide VHH
Immune

phage-displayed
VHH library

[92]

VH1.27, VH1.28, VH2.8 Aβ (1-42) peptide VH

Immune
phage-displayed
mouse VH library

[93]

Aβ (1-10),
Aβ (3-12),
Aβ (6-15),
Aβ (9-18),

Aβ (12-21),
Aβ (15-24),
Aβ (18-27),
Aβ (21-30),
Aβ (24-33),
Aβ (27-36),
Aβ (30-39),
Aβ (33-42)

AB monomers,
soluble oligomers

or fibrils
VH

Grafted
amyloid-motif

antibodies
(Gammabody)

[94–97]

DesAb-Aβ Aβ (15-21) peptide VH Gammabody [98]

Parkinson’s disease

αSyn (69-78) αSyn fibrils VH Gammabody [95]

DesAb-D,
DesAb-E,
DesAb-F

αSyn (61-67) or
αSyn (70-76)

peptide
VH Gammabody [98]

NbSyn2 Monomeric αSyn
and mature fibrils VHH

Immune
phage-displayed

VHH library
[101,102,104]
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Table 1. Cont.

Product Name Target sdAb Type Source References

Parkinson’s disease

NbSyn87
Monomeric

αSyn(A53T) and
mature fibrils

VHH
Immune

phage-displayed
VHH library

[102,103,107,108]

VH14 Monomeric αSyn VH

Non-immune
yeast-displayed

human scFv
library

[106–108]

Huntington’s disease

VL12.3 Htt protein VL

Non-immune
yeast-displayed

human scFv
library

[110–113]

Happ1, Happ3 Htt protein VL

Non-immune
phage-displayed

human scFv
library

[112,113]

iVHH1, iVHH2, iVHH3,
iVHH4 Htt protein VHH

Immune
phage-displayed

VHH library
[114]

Prion diseases

PrioV3 PrPc and PrPsc VHH
Immune

phage-displayed
VHH library

[92,117]

Nb484 MoPrP (23-230) VHH
Immune

phage-displayed
VHH library

[118]

Glioblastoma multiforme

Nb237 TRIM28 VHH
Immune

phage-displayed
VHH library

[122]

Nb141 β-actin VHH
Immune

phage-displayed
VHH library

[122]

Nb10 ACTB/NUCL
complex VHH

Immune
phage-displayed

VHH library
[123]

Nb79 VIM VHH
Immune

phage-displayed
VHH library

[123]

Nb179 NAP1L1 VHH
Immune

phage-displayed
VHH library

[123]

Nb225 TUFM VHH
Immune

phage-displayed
VHH library

[123]

Nb314 DPYSL2 and
MTHFD1 VHH

Immune
phage-displayed

VHH library
[123]
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Table 1. Cont.

Product Name Target sdAb Type Source References

Glioblastoma multiforme

Nb394 CRMP1 VHH
Immune

phage-displayed
VHH library

[123]

Nb395 ALYREF VHH
Immune

phage-displayed
VHH library

[123]

Nb206 TUFM VHH
Immune

phage-displayed
VHH library

[124]

VH-9.7 GSC VH

Non-immune
yeast-displayed

human scFv
library

[125]

C-C7 Dynactin-1-p150Glued VHH
Non-immune

phage-displayed
VHH library

[126]

ENb1, ENb2 EGFR VHH
Immune

phage-displayed
VHH library

[127,130]

Neuroimaging

EG(2) EGFR VHH
Immune

phage-displayed
VHH library

[136]

sdAb 4.43 IGFBP7 VHH
Immune

phage-displayed
VHH library

[142,144,145]

FC5 TMEM-30A VHH
Non-immune

phage-displayed
VHH library

[148]

R3VQ Aβ (1-42) peptide VHH
Immune

phage-displayed
VHH library

[135]

A2 Phospho-Tau
protein VHH

Immune
phage-displayed

VHH library
[135]

mVHH A10,
mVHH E9,
mVHH E3

GFAP VHH
Immune

ribosome-displayed
VHH library

[151]

5. Conclusions

Singe-domain antibody technologies are ‘coming of age’ with many being tested in clinical
trials. Several notable advantages of this compact antibody format, including ease of engineering,
stability, recognition of unusual epitopes, and versatility for creating bi- and multifunctional molecules,
have resulted in sdAbs being poised to address some of the most difficult target and disease spaces,
most notably those of the CNS. CNS diseases are among the most difficult to treat not only because
therapeutic targets (e.g., misfolded proteins, ion channels and G-protein coupled receptors) are very
complex, but also because they are ‘hidden’ behind brain barriers and are thus difficult to access
systemically. Selectivity of targeting of receptor/channel subtypes, often in specific activation states,
specific targeting of point mutations, or epitopes ‘embedded’ in misfolded proteins present unique
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challenges, often difficult to address by either synthetic molecules or mAbs. While ‘precision’ targeting
of desired epitopes is achievable by both sdAbs and mAbs, compact sdAb format could improve access
to hidden epitopes. One distinct advantage of this format is improved diffusion in brain tissue after
direct intracerebral administration, and enhanced brain tissue penetration after intrathecal infusion via
perivascular flow. Furthermore, sdAbs are proving to be a versatile format for designing BBB carriers
that could be easily combined in various display linkages (mono-, bi-, multivalent) with therapeutic
monoclonal antibodies and other therapeutic cargos (peptides, proteins, nanocarriers, and imaging
agents). The pipeline of sdAbs, both camelid and human, raised against CNS targets from naïve or
immune libraries and tested in preclinical models is growing with prospects for entry into clinical
testing in the near future. With parallel and significant progress in the development of BBB-delivery
technologies based on sdAbs, the field of CNS, so far dominated by small molecule therapeutics,
is slowly but steadily progressing into a new era of biological treatments, most notably antibody
therapies for chronic neurodegenerative diseases.
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Abstract: Molecular imaging is paving the way towards noninvasive detection, staging, and
treatment follow-up of diseases such as cancer and inflammation-related conditions. Monoclonal
antibodies have long been one of the staples of molecular imaging tracer design, although their long
blood circulation and high nonspecific background limits their applicability. Nanobodies, unique
antibody-binding fragments derived from camelid heavy-chain antibodies, have excellent properties
for molecular imaging as they are able to specifically find their target early after injection, with little
to no nonspecific background. Nanobody-based tracers using either nuclear or fluorescent labels
have been heavily investigated preclinically and are currently making their way into the clinic. In this
review, we will discuss different important factors in nanobody-tracer design, as well as the current
state of the art regarding their application for nuclear and fluorescent imaging purposes. Furthermore,
we will discuss how nanobodies can also be exploited for molecular therapy applications such as
targeted radionuclide therapy and photodynamic therapy.

Keywords: single-domain antibody fragments; molecular imaging; molecular therapy; nuclear
imaging; targeted fluorescence imaging; intraoperative imaging

1. Introduction

Molecular imaging has been defined as “the visualization, characterization, and measurement of
biological processes at the molecular and cellular level in living subjects” [1]. The technique makes use
of molecular tracers in probing for biomarkers expressed in (patho)physiological processes. Molecular
tracers most often consist of a targeting moiety to direct the tracer and a signaling moiety for detection.
Following administration, the molecular tracer will specifically accumulate in areas where the biomarker
reveals itself, while unbound tracer will be eliminated. The bound molecular tracer is then visualized by
means of an appropriate imaging modality. Radioactivity and fluorescence are particularly suited for the
application because of their high detection sensitivity. Yet, the choice of detection system and associated
signaling molecule is directly linked to the intended application. In the clinic, nuclear molecular imaging
is mainly used as a noninvasive technique for diagnosis of diseases, treatment follow-up, or early
patient stratification according to the expression of predictive biomarkers [2]. Contrarily, as fluorescence
signals have limited depth penetration (several mm), the use of fluorescence imaging is restricted to
imaging of the skin surface and interventional procedures, i.e., surgery, endoscopic, and intravascular
imaging. Over the last decade, fluorescence-guided interventions have gained interest as a method to
assist surgeons in real-time by demarcating cancerous tissues for precise and complete resection [3], by
highlighting healthy tissues that should be preserved [4,5], by guiding biopsy [6,7], or by interrogating
suspicious lesions in vivo at the molecular level [8].

The design of molecular tracers is driven by certain requirements: the tracer should remain stable
in vivo, it must accumulate specifically and in sufficient amounts into the tissue of interest, no or low
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uptake in nontargeted tissues and organs should be detected in order to reach high contrast, and an
appropriately fast imaging time point and sufficiently extended imaging window should be attained.
These parameters are predominantly defined by the pharmacokinetics of the tracer, and thus by the
choice of targeting agent. Several classes of targeting agents can be considered, including antibodies,
antibody fragments, scaffolds, peptides, or small molecules [9]. Antibodies, given their natural capacity
to recognize specific epitopes as part of the body’s humoral immune system, have been extensively
considered for in vivo targeting. However, their large size results in slow systemic clearance and hampers
deep tissue penetration [10]. In consequence, molecular imaging performed using antibody tracers often
yields low-contrast images with low specificity, and only several days after tracer administration [11].
This review will focus on nanobodies as a platform technology, since nanobody-based tracers have
been shown to possess unique characteristics in terms of versatility, specificity, and the short time
needed to attain high contrast [12]. Following the description of what nanobodies are, we will give
an overview of the application of radiolabeled nanobodies in nuclear medicine. Subsequently, we will
discuss how the attractive properties of nanobodies can also be exploited for fluorescence-guided surgery
and photodynamic therapy. The different aspects that are important to their design and utilization as
molecular tracers in these fields will be addressed in more detail.

2. Nanobodies and Their Unique Properties

Conventional antibodies are Y-shaped and are composed of two light and two heavy polypeptide
chains. In camelids, besides these, a substantial fraction of IgG-like antibodies devoid of light chains
also occur naturally [13]. Although only half of the complementarity-determining regions (CDRs)
needed for antigen recognition are present, these heavy-chain-only antibodies retain a similar affinity
and specificity to conventional IgGs. This interesting finding has led to the exploitation of the variable
domain of heavy-chain-only antibodies for many biotechnological and medical applications. This
monomeric domain of 12–15 kDa in size and with nanometer-range dimensions is often referred to as
a single-domain antibody (sdAb) or the variable domain of a heavy-chain antibody (VHH), and has
been given the commercial name NanobodyTM [14].

Crystallographic studies of nanobodies revealed, as for conventional VH fragments, a classical
immunoglobulin fold with nine antiparallel β-strands forming two β-sheets, connected through a
conserved disulfide bridge (Figure 1A). In camel-derived nanobodies, more so than for llama-derived
nanobodies, an additional disulfide bridge is often present between the CDR1 and CDR3 or the CDR2
and CDR3 loops. The three CDR loops are located near the amino (N)-terminal end of the domain and
opposite to the carboxy (C)-terminal end. However, adaptations are essential to compensate for the
absence of a variable light chain (VL). On the one hand, four hydrophobic residues which normally
interact with the VL domain are changed to more hydrophilic ones [15–17]. This results in a structure
with improved water solubility and which is less prone to aggregation [18]. On the other hand, the lack
of three extra loops for antigen recognition is compensated by elongated CDR1 and CDR3 loops that
are able to adopt alternative canonical structures. As a consequence of the often more convex shape of
the paratope, nanobodies tend to bind epitopes located within cryptic clefts [19].

An important advantage of nanobodies is their high thermal and chemical stability. They typically
exhibit melting temperatures above 60 ◦C, and antigen-binding activity is retained even after prolonged
incubation at such high temperatures [20,21]. These properties open opportunities for novel chemical
modifications and labeling methods.

Despite these differences, nanobodies are considered to be very weakly immunogenic due to
their high degree of homology with human variable heavy-chain (VH) fragments [22]. This has since
been confirmed by several clinical trials where no immunogenicity or adverse effects were detected
following administration [23,24]. While preexisting anti-nanobody antibodies were found in one
clinical study using a tetravalent agonistic nanobody targeting the Death Receptor 5 as an antitumor
agent [25], no more preexisting anti-nanobody antibodies appear to be present than preexisting
autoantibodies against conventional VH fragments [26].
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Nanobodies can be readily generated against many targets through the immunization of camelids
with either the antigen of interest, DNA coding for it, or cells expressing the antigen on their surface.
Subsequent amplification of the nanobody gene sequences from peripheral blood mononuclear cells
yields an immune cDNA library from which specific nanobodies can be selected through various
affinity (e.g., phage display) and/or functional screens [27]. Alternatively, synthetic libraries can be
used. These generally utilize a fixed framework, where residues in the CDR regions are randomized to
obtain specificity for different targets [28,29].

Nanobodies with single-digit nanomolar affinities should preferentially be selected for further
in vivo applications, especially when the target is only expressed at low levels. The affinity of
nanobodies across species furthermore facilitates their preclinical characterization, as the uptake
in organs and tissues constitutively expressing the target can be better assessed.

The selected nanobody clones can then straightforwardly be expressed in bacteria (e.g., E. coli) or
yeast strains (e.g., S. cerevisiae and P. pastoris) at yields of several milligrams of soluble nanobodies per
liter of culture. Their relatively simple and single gene form allows the engineering of nanobodies into
all kinds of formats, including the generation of multimeric and multispecific compounds, creation of
fusion proteins, and addition of small peptide sequences (tags) for later functionalization [30].

In the last 15 years, nanobodies have been proposed as a new class of antibody-derived agents
for molecular imaging because of their unique features regarding affinity, specificity, and rapid
pharmacokinetics, ensuring good uptake in the targeted tissues and high target-to-background ratios [31].

3. Radiolabeled Nanobodies for Same-Day, High-Contrast Nuclear Imaging and Targeted
Radionuclide Therapy with Minimal Toxicity

3.1. Radiolabeling of Nanobodies

Nuclear molecular imaging requires the targeting moiety, in this case a nanobody, to be labeled with
a diagnostic radioisotope. The latter can either be a gamma-emitting isotope for single photon emission
computed tomography (SPECT) or a positron-emitting isotope for positron emission tomography (PET).
Clinically, the higher resolution, sensitivity, and quantitative potential of PET/Computed Tomography
(CT) imaging is driving its adoption and is expected to result in a shift towards the increasing use of
this technology over SPECT/CT [32]. On the contrary, microSPECT devices specifically developed for
small-animal imaging typically achieve higher spatial resolution than microPET systems. It is thus an
attractive imaging technology for the initial in vivo screening and characterization of a set of nanobodies,
especially since nanobodies can be easily labeled with 99mTc. Conveniently, 99mTc–tricarbonyl reacts
site-specifically with a genetically inserted C-terminal hexahistidine tag, which can also be used for
purification purposes via immobilized metal affinity chromatography [33].

Radiolabeling of proteins with other radiometals (e.g., 64Cu, 68Ga, and 89Zr for PET or 67Ga
and 111In for SPECT) or radiohalogens (e.g., 18F and 124I for PET and 123/131I for SPECT) usually
necessitates the use of a chelator for complexation or a prosthetic group for electrophilic substitution,
respectively. For human applications, the PET isotopes 68Ga and 18F are particularly suited to imaging
with nanobodies due to their short half-lives (68 and 110 min, respectively), which match up well
with the nanobodies’ biological half-life. For the attachment of chelators and prosthetic groups to
the nanobody, different conjugation strategies are possible. These can be broadly divided into two
categories: random or site-specific labeling. Random labeling typically occurs through conjugation to
primary amines (lysines) in the framework. Although this is a common and straightforward method, it
however results in a heterogenous mixture with varying amounts of labels per nanobody at different
positions. Contrarily, site-specific strategies aim to obtain homogenous and consistent tracers through
the conjugation of a single contrast agent to predetermined, specific sites. Positioning of the contrast
label opposite to the antigen-binding site furthermore avoids interference with the binding capacity of
nanobodies [34]. Different types of site-specific labeling methods with nanobodies have been explored
for in vivo applications. For example, the incorporation of a C-terminal cysteine tag enables reaction with
maleimide-functionalized agents after the prior reduction of dimeric nanobodies or nanobodies with a

249



Antibodies 2019, 8, 12

blocked cysteine. Importantly, the reduction reaction must be carefully titrated to prevent disruption of
the nanobodies’ internal disulfide bridges [35]. Although reversal of the thioether bond is known to occur
in vivo [36,37], this is not expected to happen fast enough to pose a problem to nanobody probes due to
their fast pharmacokinetics [34]. A more elegant method for site-specific conjugation is enzyme-mediated
ligation through the transpeptidase Sortase A. Here, the enzyme catalyzes the formation of a new
peptide bond between the peptide motif LPXTG expressed C-terminally on the nanobody and the label
containing a N-terminal oligo-glycine motif [38,39]. Other methods under investigation for the design of
site-specifically labeled nanobodies for molecular imaging are alkyne–azide click reactions and those
involving the incorporation of unnatural amino acids into the nanobody structure [34,40].

3.2. In Vivo Biodistribution of Radiolabeled Nanobodies

Upon intravenous administration, radiolabeled nanobodies are rapidly cleared from the blood
circulation. In mice, normally less than 0.5% Injected Activity (IA)/g remains present in the blood
pool at 1 h post-injection [41–44]. In humans, the early- and late-phase half-life of the anti-human
epidermal growth factor receptor 2 (HER2) 68Ga-labeled nanobody 2Rs15d was calculated as 2.9
and 25.5 min, respectively, and at 1 h post-injection of the tracer, only 10% of the injected activity
remained in the blood pool [23]. The size of nanobodies being below 60 kDa causes them to be
filtered through the glomeruli in the kidneys. However, nanobodies are subsequently reabsorbed
by the proximal tubuli, resulting in their retention in the renal cortex. It has been previously shown
that the endocytic receptor megalin, which is abundantly expressed in the brush border, is at least
partially involved in the renal retention of nanobodies (megalin-deficient mice show 40% less renal
retention of a 99mTc-labeled nanobody than wild-type mice) [45]. The long-term renal retention of
(radiolabeled) nanobodies and/or their (radio)catabolites can be an issue as it can possibly lead to
undesired nephrotoxicity. Furthermore, the imaging of molecular targets in the vicinity of the kidneys
is hampered due to intense renal signals. Therefore, several possible strategies to reduce the renal
reabsorption of nanobodies have been investigated. Coadministration of positively charged amino
acids or gelofusin, which competitively interact with megalin/cubulin receptors, have long been known
to reduce the renal retention of radiometal-labeled antibody fragments and peptides [46,47], and this
has also been confirmed for nanobodies [45,48]. Alternatively, the removal of charged amino-acid tags,
for example, used for purification or radiolabeling purposes, has an effect on the polarity of nanobodies
and consequently has an important impact on the degree of kidney retention. Indeed, Myc–His-
and His-tagged nanobodies show considerably higher kidney values compared to their untagged
analogues [48,49]. For clinical applications, the His tag is recommended to be removed anyway to
prevent immunogenic reactions [50,51]. Finally, the degree of kidney retention for radiohalogenated
(fluorinated and iodinated) nanobodies is significantly lower than for radiometal-labeled analogues.
Catabolites of radiohalogenated compounds formed in the kidneys are thought to be nonresidualizing
and hydrophobic and rapidly excreted via the urine [52–54].

Other than the accumulation in kidneys and urine, the uptake of radiolabeled nanobodies in
nontargeted organs and tissues is very low (Figure 1). In combination with efficient penetration into
and diffusion through tissues and fast targeting, this consequently results in high target-to-background
ratios early after administration, allowing same-day imaging [55]. This is in stark contrast to full-length
antibodies, where due to their long circulation time, optimal tumor-to-background contrast is only
obtained several days after administration of the tracer and nonspecific uptake is generally much
higher [11]. Other non-immunoglobulin low-molecular-weight protein scaffolds (e.g., Affibodies,
DARPins, Adnectins, ADAPTs, or knottins) share many of the in vivo characteristics of nanobodies.
A recent review discusses in detail the clinical application and promising preclinical developments of
nanobodies and other small proteins for radionuclide-based imaging within the field of oncology [55].
The main advantage of nanobodies over these scaffolds remains the relatively simple process to generate
new nanobodies with high affinity through the immunization of camelids. On the other hand, further
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size-reduced compounds could eventually be produced synthetically instead of via fermentation, once a
lead compound has been identified [56].

3.3. Nuclear Medicine Applications with Nanobodies

A major application field for nanobody-based radiotracers is cancer imaging. Radiolabeled
nanobodies targeting tumor biomarkers such as the epidermal growth factor receptor (EGFR),
carcinoembryonic antigen (CEA), mesothelin, prostate-specific membrane antigen (PSMA), CD20,
or HER2 showed high specific tumor uptake (ranging typically between 2 and 10% IA/g, depending
on the expression level of the target) in preclinical tumor models as soon as 1 h after administration,
with tumor-to-blood ratios of up to 10–30 (Figure 1B,C) [23,35,38,41,42,45,48,49,53,54,57–71]. Of particular
interest is the anti-HER2 nanobody 2Rs15d that has been selected as a lead compound for clinical
translation. In the very first clinical trial with a radiolabeled nanobody, Keyaerts et al. demonstrated
that 68Ga–NOTA–2Rs15d PET/CT enabled the visualization of both primary lesions and/or local or
distant metastases in HER2-positive breast cancer patients, without adverse effects (Figure 1H). Good
tumor uptake was observed, with mean standard uptake values of up to 11.8 for primary tumors and
6.0 in metastases between 60 and 90 min post-injection. With the exception of the kidneys, intestines,
and liver, background uptake was low (weak uptake in glandular tissues such as the salivary glands,
pituitary, lacrimal glands, and axillary sweat glands was thought to be related to low levels of HER2
expression or chelator-mediated trapping mechanisms). Ultimately, 90 min post-injection was chosen
as the optimal imaging time point, due to decreased liver uptake compared to 60 min post-injection.
In this study, no preexisting or tracer-induced antibodies against the nanobody 2Rs15d could be detected.
These findings imply the potential application of 68Ga–2Rs15d for the noninvasive assessment of the
HER2 status of patients [23]. A phase II study with this tracer has since been initiated, evaluating its
potential to detect brain metastasis in breast cancer patients (NCT03331601).

B D E

F G

HC

A

Antigen-binding domain Framework

N-terminus
C-terminus

Figure 1. Schematic representation of the structure of a nanobody and illustrative positron emission
tomography (PET) and single photon emission computed tomography (SPECT) preclinical and clinical
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images obtained using nanobodies that are labeled with distinct radionuclides in diverse medical
applications, from oncology, immunology, atherosclerosis, and arthritis to the theranostic imaging of a
radiotherapeutic probe. (A) Ribbon diagram of the nanobody 2Rs15d. The complementarity-determining
regions (CDRs) are shown in orange, lysines (used for random conjugation methods) in blue, and
cysteines and cysteine bridges in red. The C-terminus (in yellow) can be easily genetically modified for
site-specific conjugation methods. (B) SPECT/Computed Tomography (CT) images of the biodistribution
of 111In-labeled JV7 nanobodies at 3 h post-injection in PSMA+ tumor-bearing mice (on the left shoulder).
Effect on renal retention by the removal of tags (top panels: Myc–Cys-tagged nanobody, bottom:
Cys-tagged nanobody) and coinjection of positively charged amino acids and gelofusin (left panels:
no injection, right panels: with coinjection) is shown. Adapted from [48]. (C) SPECT/CT imaging of an
EGFR+ tumor-bearing mouse 1 h after injection of 99mTc-labeled 7C12 nanobody. Adapted from [64]. (D)
PET/CT immune cell imaging 90 min after injection of 18F-labeled nanobodies against murine CD11b
and major histocompatibility complex (MHC) class II. Top: C57Bl/6 mice inoculated with B16 tumor cells
on the left shoulder; bottom: animals injected with complete Freund’s adjuvant on the left paw. Adapted
from [72]. (E) SPECT/CT coronal image taken at 2–3 h post-injection of 99mTc-labeled cAbVCAM1-5
nanobody, showing uptake in atherosclerotic lesions (ao) of ApoE-/- mice (bottom) and absence of
signals in the aortic arch of C57Bl/6J mice (top) [43]. (F) SPECT/CT images of the biodistribution of
the 131I-labeled 2Rs15d therapeutic nanobody in a mouse model with subcutaneous HER2+ xenograft
at 1 and 4 h post-injection. Adapted from [54]. (G) SPECT/CT imaging of arthritis in a mouse model
with a VSIG4/CRIg-specific 99mTc-labeled nanobody. Adapted from [73]. (H) PET/CT image of the
biodistribution of 68Ga-labeled anti-HER2 nanobody in a breast cancer patient 90 min post-injection
showing uptake in breast tumor lesions. Adapted from [23].

Next to imaging the tumor cells themselves for the prognosis and prediction of therapy response,
a different application is the characterization and quantification of specific immune cells within the
tumor environment. This approach could eventually also aid in better understanding and evaluating
drug action during drug development. In mice, radiolabeled nanobodies have been proven to be
able to track the infiltration of CD11b (macrophages, dendritic cells, and neutrophils) and major
histocompatibility complex (MHC) class II (macrophages and dendritic cells) positive cells in both
xenogeneic and syngeneic tumors, as well as after injection of complete Freund’s adjuvant [72]
(Figure 1D). Similarly, macrophage mannose receptor (MMR)-specific nanobodies were used to image
tumor-associated macrophages in mice [44,74]. The human-MMR-specific nanobody MMR3.49 labelled
with 68Ga is currently being translated to the clinic, with a phase I safety trial to be initiated soon [75].
Of growing interest is the prediction of immune-checkpoint blockade therapy outcome. Nuclear
imaging with radiolabeled nanobodies against the T-cell marker CD8 or programmed death-ligand 1
(PD-L1) shows promising results as a tool to image antitumor immune responses [76–79].

Macrophage-specific nanobodies have also been found to be of interest for imaging in other
inflammatory diseases, examples of which are hepatic inflammation and collagen-induced arthritis
(CIA). Indeed, radiolabeled nanobodies targeting MMR or the complement receptor of the Ig
superfamily (CRIg or VSIG4) were found to accumulate specifically in inflamed joints of mouse
CIA models (Figure 1G). Furthermore, CRIg/VSIG4 imaging appeared to be sufficiently sensitive to
detect early signs of inflammation, even before the manifestation of clinical signs [73,80–82].

Applications that heavily rely on an elevated uptake with low nonspecific surrounding background
signals are the imaging of pancreatic islets after transplantation [83] and the imaging of vulnerable
atherosclerotic plaques. The feasibility to noninvasively detect small, inflamed atherosclerotic lesions in
the aortic arch of mice or along the aortas of atherosclerotic rabbits has been shown with radiolabeled
nanobodies targeting MMR, vascular cell adhesion molecule-1 (VCAM-1) (Figure 1E), and lectin-like
oxidized low-density lipoprotein receptor (LOX-1) [43,52,84–89]. However, their prognostic value for
the identification of high-risk patients remains to be demonstrated in clinical trials. Within this context,
the anti-VCAM-1 nanobody cAbVCAM1-5 is currently in the process of being translated into the clinic.
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In analogy with molecular imaging, the incorporation of high-energy β- (177Lu, 131I) or α-emitters
(211At, 213Bi, and 225Ac) allows the use of nanobodies for targeted radionuclide therapy (TRNT).
The nanobody is used as a vehicle to specifically bring damaging ionizing radiation to the tumor cells.
Radiation can inflict damage to tumor cells either by direct DNA damage or by the generation of
reactive oxygen species (ROS). Furthermore, the destruction of cancer cells can release antigens and
immune-triggers into the environment, activating an anticancer immune response [90,91]. β-emitters,
which have a lower linear energy transfer (LET), deposit their energy over a longer path length than
α-emitters, and can thus be advantageous in heterogenous tumors where not all malignant cells
express the molecular target. On the other hand, α-emitters deliver higher therapeutic absorbed doses,
but might require internalization as these operate at very short distances. α-TRNT is mostly suggested
for the treatment of micro-metastasis and minimal residual disease [92,93].

In a theranostic approach, therapy is combined with molecular imaging, the latter being used
to predict susceptibility to TRNT and as a means to follow up treatment. This can be accomplished
either by using the same nanobody for both the preparation of the diagnostic and therapeutic
radio-analogue (e.g., pairing of 68Ga/177Lu or 123/124I/131I-labeled agents) or by radiolabeling the
nanobody with a radioisotope with both diagnostic and therapeutic properties (e.g., 177Lu and
131I) [92,93]. This strategy has successfully been applied preclinically in breast and ovarian cancer,
non-Hodgkin lymphoma, and multiple myeloma using anti-HER2 (Figure 1F), anti-CD20, and
anti-idiotypic (multiple myeloma) nanobodies, respectively [49,54,68]. Efficient tumor therapy in
a preclinical setting could be demonstrated through either significant improvement in overall survival
compared to all controls in mice inoculated subcutaneously or intraperitoneally with HER2- or
CD20-positive tumors cells, or the inhibition of disease progress in the 5T2 multiple myeloma mouse
model. Furthermore, the fast pharmacokinetics and low nonspecific uptake of nanobodies lead
to minimal toxicity. Contrarily, the prolonged blood residence time of monoclonal antibodies has
important implications for toxicity to bone marrow and other highly perfused organs such as the
spleen and liver. So far, renal toxicity due to kidney retention has not been observed in mice, even
after repeated administration. Furthermore, by using 131I-labeled nanobodies and having nonresidual
catabolites in the kidneys, the absorbed dose to the kidneys could even be reduced below the dose
delivered to the tumor [49,54,68]. A phase I trial using a low-dose 131I-labeled anti-HER2 nanobody
2Rs15d in breast cancer patients has recently been completed (NCT02683083) [94].

While monovalent nanobodies are most often used for nuclear imaging and TRNT, the use
of multimeric nanobodies has also been investigated. Dimeric monospecific nanobodies generally
show similar pharmacokinetics to monovalent tracers with regard to fast blood elimination and renal
clearance. Tumor uptake of bivalent nanobodies at early time points has been found to be slightly lower
than that of monovalent ones, although the bivalent compound shows considerably longer tumor
retention [69]. However, due to the increased avidity and size of bivalent nanobodies, they likely exhibit
inferior tumor penetration properties and are more limited to the perivascular region [95,96]. Bivalent
nanobodies can consequently be used as a means to cope with on-target off-tumor uptake. This was
demonstrated by Movahedi et al., who used a bivalent unlabeled anti-MMR nanobody to modify the
biodistribution of the radiolabeled monomeric nanobody. Impact on tumor uptake was minimal, while
specific uptake in nontumor organs and tissues was almost completely blocked [44]. When extension
of the blood half-life is desirable, multimeric constructs containing one or more tumor-specific domains
and an albumin-binding domain can be engineered. The resulting radiolabeled compounds show vastly
increased blood retention, and consequently, tumor values significantly increase over time, although
so does the nonspecific uptake [69,97–99]. Half-life-extended nanobodies are thus theoretically more
relevant in a therapeutic context, and less so for diagnostic applications. The negative impact on deep
tumor penetration should also be considered.

An overview of nanobody-based radiopharmaceuticals with potential application in clinical
nuclear medicine is provided in Table 1.
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4. Image-Guided Surgery and Photodynamic Therapy Using Fluorescent Nanobodies

4.1. Design of Fluorescent Nanobody-Based Tracers

Alternatively to nuclear imaging, fluorescence imaging requires the presence of a fluorescent
label for sensitive detection. While a wide range of fluorescent dyes are available for biotechnological
purposes, for in vivo imaging applications, the choice of fluorophore is limited to those emitting in
the near-infrared (NIR) region, and more specifically, those with a maximal excitation and emission
wavelength between 650 and 900 nm. In this range, scattering, nonspecific tissue autofluorescence
and absorption by endogenous chromophores are minimal. These characteristics infer intrinsically
improved signal-to-background ratios and as such provide sharper contrast, better resolution, and
deeper signal detection (from several mm to 1 cm) [107]. Commonly, hydrophilic (sulfonated) variants of
cyanine dyes with a penta- or heptamethine chain are used, e.g., Cy5, Alexa Fluor (AF)680, IRDye680RD,
or IRDye800CW. The actual choice of the dye will depend on the specifications of the camera system
used for detection (the wavelength(s) the system is able to detect) and whether the tracer is intended to
be used in combination with a second tracer providing complementary information, e.g., highlighting of
the tumor tissue to be resected and the nerves to be preserved (multiplexing).

Analogous conjugation strategies to those described above for chelators and prosthetic groups are
applicable for fluorophore conjugation. However, it is increasingly being recognized that fluorophore
conjugation can have a significant impact on the pharmacokinetics of antibody tracers [108]. The impact
is most likely even more pronounced for smaller fragments such as nanobodies. In fact, randomly
IRDye800CW-labeled nanobodies have been demonstrated to have an atypical tissue distribution with
high background signals, high liver accumulation, and low tumor contrast [109–111]. Likewise, randomly
IRDye680RD- and AF680-labeled nanobodies do not exhibit such persistent background signals, but are
partially excreted via the hepatobiliary route [111–113]. The chosen conjugation chemistry appears to
be an additional determining factor, as the site-specific labeling of IRDye800CW and IRDye680RD via
a C-terminal cysteine tag yields nanobody tracers with normal biodistribution profiles, meaning fast
tumor targeting, renal excretion, and no nonspecific uptake (Figure 2A) [111]. Conjugation of more
than one dye per nanobody is furthermore undesirable since a higher dye/nanobody ratio may cause
quenching of the fluorescent signal due to the close proximity of the dyes.

Compared to nuclear imaging techniques, fluorescent imaging requires sufficient uptake of the
tracer in the tissue of interest for sensitive detection. Because of the depth-related attenuation of
fluorescent signals, high injected doses are often required in humans, at the limits of or above the
microdose level (less than 30 nmol or 100 μg [114]) [115–119]. Moreover, as for equal doses, the maximal
tumor signal that can be attained will be lower for nanobodies than for long-circulating antibodies,
a higher molar concentration will likely be needed as well [113]. In mice, typically, 1–5 nmol of
fluorescent nanobody based on the dye concentration (25–75 μg of protein) is injected. Adjusting the
injected dose does not appear to significantly affect the biodistribution of nanobodies (in comparison,
a higher dose of antibodies results in an increase of nonspecific signal), and dose optimization could
thus lead to superior image quality in terms of signal intensity and tumor-to-background ratios [113].
The use of radio- or bimodal (radioactivity in combination with fluorescence)-labeled tracers could
be an alternative approach to increase sensitivity for the intraoperative detection of deeper located
lesions, but this remains to be investigated for nanobodies [120].

4.2. Fluorescence-Guided Surgery Using Nanobody-Based Contrast Agents

Several fluorescently labeled nanobodies have been successfully evaluated in the context of
intraoperative imaging (an overview is provided in Table 2). IRDye800CW-labeled anti-EGFR
nanobodies could clearly delineate orthotopic tongue tumors in mice, and even enabled the
identification of a lymph node metastasis (Figure 2C) [109]. Of note, in this study the optimal
imaging time point appeared to be 24 h post-injection, likely due to the random characteristic of
the labeling method. The site-specifically IRDye800CW- and IRDye680RD-labeled nanobodies 11A4
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and B9, respectively targeting HER2 and carbonic anhydrase IX (CAIX), showed accumulation in
breast cancer lesions (DCIS) and lung metastasis in an experimental setup mimicking the surgical
setting [121,122]. Furthermore, it was demonstrated that the combination of nanobodies targeting these
two independent tumor markers, but labeled with the same fluorescent dye, could further improve
tumor-to-background ratios and overcome tumor heterogeneity [122]. Finally, using a mouse model
of intraperitoneal disseminated tumor lesions mimicking late-stage ovarian cancer, the advantage of
fluorescence guidance with the anti-HER2 nanobody tracer 2Rs15d-IRDye800CW on the efficiency of
debulking surgery was demonstrated. Submillimeter lesions could be visualized with high contrast at
1.5 h post-injection, leading to the excision of significantly more tumor tissue as compared to traditional
surgery and resection of less false-positive tissue (Figure 2B) [123].

Table 2. Overview of in vivo preclinically evaluated fluorescent nanobodies with potential for clinical
interventional molecular imaging and photodynamic therapy.

Molecular
Target

Lead
Compound

Fluorophore
Conjugation

Strategy
Intended Clinical

Application
References

HER2
2Rs15d

IRDye800CW
IRDye680RD

Random
(Lys–NHS) - [111]

IRDye800CW
IRDye680RD

Site-specific
(Cys–maleimide)

Intraoperative imaging of
breast/ovarian cancer [111,123]

Cy5 Site-specific
(Sortase A)

Intraoperative imaging of
breast cancer [38]

11A4 IRDye800CW
IRDye680RD

Site-specific
(Cys–maleimide)

Intraoperative imaging of
breast cancer [122,124]

CAIX B9 IRDye800CW Site-specific
(Cys–maleimide)

Intraoperative imaging of
breast cancer [121,122]

EGFR
7D12 IRDye800CW Random

(Lys–NHS)
Intraoperative imaging of

head and neck cancer [109]

7D12,
7D12-9G6 IRDye700DX Random

(Lys–NHS)
Photodynamic therapy of

head and neck cancer [125]

NHS: N-Hydroxysuccinimide, HER2: human epidermal growth factor receptor 2, CAIX: carbonic anhydrase 9,
EGFR: epidermal growth factor receptor.

Figure 2. Examples of in vivo fluorescent molecular imaging with nanobody tracers in mouse tumor
models. (A) Comparison of the biodistribution and tumor-targeting potential of the anti-HER2 nanobody
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2Rs15d conjugated with IRDye800CW either randomly (top) or site-specifically (bottom). Adapted with
permission from [111]. Copyright 2017 American Chemical Society. (B) Fluorescence image acquired
during the surgical resection of intraperitoneally disseminated HER2+ tumor lesions. Site-specifically
IRDye800CW-labeled 2Rs15d nanobody was injected 90 min before surgery. Fluorescent signal in
tumor lesions (indicated by green arrows) is clearly discernible from background signal. Adapted
with permission from [123]. (C) Real-time fluorescence imaging of orthotopic tongue tumor 24 h
post-injection of an EGFR-specific randomly IRDye800CW-conjugated nanobody. Colocalization with
bioluminescence imaging (BLI) and green fluorescent protein (GFP) signals is shown. Adapted with
permission from [109]. (D) Fluorescent imaging of an orthotopically inoculated tongue tumor at 1 h
post-injection of an EGFR-specific randomly IRDye700DX-conjugated nanobody for photodynamic
therapy (PDT). Stars denote the presence of fluorescent tracer uptake in invaded lymph nodes. Adapted
with permission from [125].

Similarly to the theranostic approach in nuclear medicine, where TRNT is combined with
diagnostic imaging, the conjugation of a photosensitizer to a tumor-targeting nanobody enables
its use for image-guided resection followed by photodynamic therapy (PDT) of residual malignant
cells. In PDT, a photosensitizer is activated by incidence light to produce ROS. These ROS can
damage the tumor by directly causing cell death through apoptosis and necrosis, damaging the tumor
vasculature, and inducing an immune response [126]. This was investigated in a mouse orthotopic
tongue tumor model with EGFR-specific nanobodies conjugated randomly to the photosensitizer
IRDye700DX (Figure 2D). The effectiveness of a monovalent nanobody and bispecific variant, which
binds two different sites on EGFR, was compared with that of a conventional antibody. Both nanobody
photosensitizers outperformed the antibody after therapeutic illumination, with more homogenous
damage to the tumor and less nontarget damage. Furthermore, despite the higher internalization seen
in vitro for the bispecific variant, better in vivo therapeutic results were obtained with the monovalent
nanobody. This is in accordance with the assumption that smaller, monovalent compounds diffuse
more homogenously through tumor tissue [125,127].

5. Conclusions and Perspectives

Nanobodies, with their unique properties, show great promise as targeting moieties in molecular
imaging and therapy. Their fast blood clearance, rapid and homogenous tissue penetration, and low
background retention allow highly specific imaging at early time points after administration and
effective therapy with minimal nonspecific toxicity. The utility of nanobody tracers is now broadly
recognized thanks to the convincing preclinical data obtained so far. However, clinical data on their
use in this field is still very limited. The expensive and time-consuming process required to translate
nanobodies into the clinic (current Good Manufacturing Practice (cGMP) production, toxicity studies,
and Investigational Medicinal Product Dossier (IMPD) filing) is probably the major limiting factor.
This, however, holds true for any molecular tracer.

The first clinically translated radiolabeled nanobody, the anti-HER2 nanobody 2Rs15d, labeled
either with 68Ga or 131I, has been investigated in two phase I trials as a potential tool to provide
predictive and responsive information on targeted tumor therapies. Follow-up studies respectively
evaluating the diagnosis and treatment of breast cancer brain metastasis are now ongoing or planned.
In the next years, clinical data of two additional radiolabeled nanobodies is expected, as their clinical
translation is almost completed. A nanobody targeting the inflammatory marker VCAM-1 will
be evaluated for vulnerable plaque screening, and a macrophage-specific nanobody will also be
investigated, which opens up opportunities to image immune cell activation and dynamics in oncology
and inflammatory diseases. The latter approach is expected to be further exploited in the future to aid
in the development, selection, and monitoring of (novel) immunotherapies.
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In the context of intraoperative imaging, properly designed fluorescent nanobody tracers seem to
be promising tools to assist and guide surgeons during complex interventions. Evaluated only in a
preclinical setting so far, their feasibility and surgical benefit in humans remains to be demonstrated.
The strategy to move most rapidly towards the clinic would be to fluorescently label clinical-grade
nanobodies which are already available (e.g., anti-HER2 nanobody), in analogy with antibodies
currently under investigation as fluorescent contrast agents. However, preferentially, novel nanobodies
targeting more relevant biomarkers for the application of image-guided surgery are expected to be
developed and clinically translated.

Regarding the design of nanobody tracers, further advances towards novel chemistries permitting
conjugation of contrast labels in a more controlled manner are warranted, as ultimately, any
labeling method that is considered for clinical translation must be evaluated in a regulatory context.
Furthermore, developments of chelators, prosthetic groups, fluorescent dyes, and bimodal labels with
improved effects on the pharmacokinetics of nanobodies would be of interest, especially related to
kidney retention. This aspect remains a critical point for potential toxicity issues, particularly for
therapeutic applications.
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Abstract: In the last decade, cancer immunotherapies have produced impressive therapeutic results.
However, the potency of immunotherapy is tightly linked to immune cell infiltration within the
tumor and varies from patient to patient. Thus, it is becoming increasingly important to monitor
and modulate the tumor immune infiltrate for an efficient diagnosis and therapy. Various bispecific
approaches are being developed to favor immune cell infiltration through specific tumor targeting.
The discovery of antibodies devoid of light chains in camelids has spurred the development of single
domain antibodies (also called VHH or nanobody), allowing for an increased diversity of multispecific
and/or multivalent formats of relatively small sizes endowed with high tissue penetration. The small
size of nanobodies is also an asset leading to high contrasts for non-invasive imaging. The approval
of the first therapeutic nanobody directed against the von Willebrand factor for the treatment of
acquired thrombotic thrombocypenic purpura (Caplacizumab, Ablynx), is expected to bolster the rise
of these innovative molecules. In this review, we discuss the latest advances in the development of
nanobodies and nanobody-derived molecules for use in cancer immunotherapy and immunoimaging.

Keywords: Nanobody; Single Domain Antibody; Cancer; Immunotherapy; Imaging

1. Introduction

It is now well established that tumor cells can interact with their environment to promote an
immunosuppressive environment to favor their survival and proliferation. Targeting the tumor
environment for therapy has become a major interest in the past decade and is now a paradigm for new
cancer therapies. Success of immunotherapy in cancer treatment, particularly the use of PD-1/PD-L1
and CTLA-4 antibodies, has led to the development of treatment targeting other immunological
pathways [1,2]. However, immunotherapies are only efficient in a fraction of cancer patients [3].
Combination therapies are emerging as the path to increase response rates and tackle cancer cell escape
mechanisms [4]. Their success often relies on the presence of immune cell within the tumor and their
interaction with immunosuppressive ligands expressed by tumor cells. Cancers are currently best
classified according to the immune infiltrate as well as the tumor cell type and localization [5].

In the case of non-infiltrated (“cold”) tumors resistant to checkpoint inhibitors, new immunotherapy
approaches tend to use bispecific construction targeting a tumor antigen and an immune receptor
to favor immune cells infiltration and tumor cell specific targeting. Two bispecific antibodies have
been approved by the US food and drug administration (FDA) (catumaxomab, CD3 × EpCAM and
blinatumomab, CD3 × CD19) and many more are under clinical or pre-clinical development [6].
With the rise of molecular antibody engineering, a lot of different bispecific formats combining the
heavy and light variable domains (VH + VL) with different specificities are being used for various
therapeutic modalities [7].

Heavy chain only antibodies (HcAbs) have been identified in camelids. These antibodies are
lacking the CH1 domain compared to conventional IgGs and are devoid of light chain. The specificity
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of HcAbs only relies on heavy variable domains called VHH. The recombinant production of a VHH
generates a fragment called single domain antibody (sdAb), or nanobody [8]. Thanks to their high
degree of sequence identity with human VHs (of family 3), nanobodies are expected to exhibit a low
immunogenicity in human, and are easy to humanize for therapeutic perspectives [9], as confirmed by
several phase clinical trials involving nanobodies and the recent approval by the European medicines
agency (EMA) of the first therapeutic nanobody, caplacizumab [10]. The CDR3 loop of nanobodies
is usually longer than conventional VH, allowing the binding to non-conventional epitopes such
as protein clefts [11]. Moreover, structural studies have established that nanobodies usually have
greater paratope diversity, involving amino acids within variable loops and framework regions [12].
Nanobodies are also characterized by a good solubility and stability to pH and temperatures.
Importantly their small size allows for a better penetration within tissue and in cell–cell interfaces
like immune synapses [13]. Conversely, this can be seen as a disadvantage for therapy, due to a
quick renal elimination causing a very short serum half-life (close to 30 min). Different strategies to
increase their serum half-life have been developed. One of them is based on a fusion to anti-albumin
nanobody, increasing the serum half-life to 4–10 days without drastically increasing the molecule
size [14]. Other strategies consist in a fusion to a human Fc fragment (CH2 and CH3 domains) allowing
neonatal Fc receptor-based recycling and generating a bivalent molecule with a higher apparent affinity.
Nanobodies can also be used to engineer larger molecules with several valencies or specificities and
can be easily conjugated to imaging agent or drug delivery systems. Importantly, their high modularity
increases further the format possibilities to crease small size antibody-derived molecules for therapy
and imaging (Figure 1). In this review, we discuss the potential of nanobodies and nanobody-based
engineered molecules for the immunotherapy and immunoimaging of tumors (Figure 2).

270



Antibodies 2019, 8, 13

 
Figure 1. Nanobody-based formats in development for tumor immunotherapy and imaging.
(A) Camelids specificity domains derived of conventional IgG1 or HcAbs (IgG2 and IgG3).
The nanobody crystal structure shown is pdb entry 6GZP. (B) Formats of nanobody engineered
molecules discussed in this review. Nb: nanobody; ARD: antigen recognition domain; TAA: tumor
associated antigen.
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Figure 2. Nanobody-based strategies targeting the immune stroma of tumors. Nanobody-derived
immunomodulatory molecules are under investigation to increase anti-tumor immunity (orange
arrows) and prevent tumor-driven immune suppression (blue arrows). TAA: Tumor associated antigen;
IC: Immune checkpoint; ARD: Antibody recruiting domain.

2. Targeting T Cell Activation and Cytotoxicity

T cells are adaptive immune cells endowed with a crucial role in anti-tumor cytotoxicity. Following
the success of immune checkpoint blockade therapies, different strategies based on monoclonal
antibodies aiming at activating the T cell mediated anti-tumor response and overcome immunotherapy
resistance are currently under intense investigation [15]. Within this line, the high modularity of
nanobodies is being actively exploited to design innovating drug candidates. Current research mostly
covers T cell redirection strategies through the generation of bispecific format to recruit and activate
cytotoxic or γδ T cells, and the design of nanobody-derived chimeric antigen receptor (CAR) T cells.
Some immune checkpoint blocking nanobodies are also being developed.

2.1. CD3 Bispecific Nanobodies: BiTE-Like Formats

CD3, and most specifically its ζ chain, belongs to the T cell receptor (TCR) complex. Anti-CD3
antibodies are commonly used to activate T cells in vitro. However therapeutic anti-CD3 antibodies
can induce systemic inflammation and strong adverse effects. Bispecific antibodies allow a specific
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recognition and killing of tumor cells by bridging together the tumor and immune cells. Importantly,
monovalent CD3 binding in the periphery does not trigger T cell activation and cytokine release
syndrome. Bispecific T cell engagers (BiTEs) rely on a bispecific format combining an anti-CD3 single
chain Fv (scFv) with a tumor associated antigen (TAA) specific scFv. BiTEs have been developed
against several tumor antigens and blinatumomab (Blincyto, Abgen), a CD3 × CD19 BiTE is now
approved by the FDA for the treatment of B-cell acute lymphoblastic leukemia [16]. Nanobodies allow
for generation of BiTE-like format with a smaller size and higher modularity, and have been used to
target several tumor antigens.

Her2 is a member of the epidermal growth factor receptor (EGFR) family, commonly known as a
tumor antigen over-expressed in 20 to 30% of breast cancers, but also expressed in many other cancer
types [17]. An anti-Her2 antibody-based immunotherapy with two monoclonal antibodies targeting
different Her2 epitopes (trastuzumab + pertuzumab) is now first line treatment for patients with
metastatic Her2+ breast cancer. Lin et al. designed the S-Fab format, combining the Fab fragment of the
well characterized anti-CD3 UTCH1 clone bearing an anti-Her2 nanobody fused to the C-terminus of
its light chain [18]. The construction led to encouraging pre-clinical results, including a strong in vitro
cytotoxicity and in vivo tumor growth inhibition. An alternative of the CH1-Cκ heterodimerization
motif is the knob-into-hole technology, relying on CH3 engineering to prevent homodimerization of
two distinct CH3 mutants [19]. The resulting bispecific Fc fragment increases the size of the molecule
to ~80 kDa, still significantly smaller than a full-size IgG (~150 kDa). This format retains the serum
half-life and effector functions of an IgG while affording a higher tissue penetration. A Her2 × CD3
bispecific antibody using the anti-CD3 UTCH1 scFv and an anti-Her2 nanobody (Nb) was generated
with this technology [20]. The construction led to a strong anti-tumor growth effect with 4 doses
spaced every 3 days instead of daily doses for 7 days for the previous Fab-Nb format.

Carcinoembryonic antigen (CEA) is a cell surface GPI-anchored glycoprotein commonly
overexpressed in solid tumors [21]. It is a popular antigen for targeted therapy designs. A CEA
× CD3 S-Fab showed strong T cell-mediated cytotoxicity against CEA+ colon carcinoma cells LS174T
and in vivo tumor inhibition [22]. In a more recent study, the authors used PEGylation to increase
the in vivo serum half-life of the construct from 3 to 36 h in rats [23]. The anti-tumor effect was not
impacted in a daily injection model, showing that PEGylation does not reduce the molecule activity,
thus permitting to reach the same efficacy with less frequent injections.

Mølgaard et al. generated a bispecific light T cell engager (LiTE) comprising an anti-CD3 UTCH1
scFv fused in N- or C-terminal with an anti-EGFR nanobody [24]. The very small size of the LiTE
format leads to a high tissue penetration but requires continuous injection for therapeutic applications
or gene-based delivery. The authors reported similar binding properties and in vitro effects for C and N
terminal fusions. The team used the nanobody modularity to build an original new format combining
the CD3 scFv and 3 anti-EGFR nanobodies in a trimerbody format [25]. The interest of this format
resides in a controlled orientation of the 3 nanobodies via collagen-derived trimerization domains
(TIE), causing an increased affinity for EGFR without losing affinity for CD3. Although high affinity to
tumor antigens can also lead to off-target effect on healthy cells expressing the receptor at lower levels,
this model can be applied to target more tumor-specific antigens or to combine several lower affinity
nanobodies. This format was further developed into a bispecific trivalent 4-1BB × EGFR construct
combining 3 4-1BB scFv-TIE-EGFR Nb chains [26]. The 4-1BB is a strong co-stimulatory receptor
expressed on T and NK cells and induces cytotoxicity, proliferation and cytokine release. However,
systemic activation of 4-1BB causes over-activation of T and NK cell responses and sometimes severe
toxicities. This trivalent/bispecific format was able to mainly localize into tumors, allowing an efficient
anti-tumor effect with significantly reduced off-target cytotoxicity.

2.2. γδT Cell Activation

γδT cells are a subpopulation representing 1–10% of leukocytes. Their activation is MHC-
independent, and leads to cytokine release and cytotoxicity. They are a heterogeneous population with

273



Antibodies 2019, 8, 13

pro-tumor (regulatory γδT, γδT17) and anti-tumor (Vγ9Vδ2 T) activities. Vγ9Vδ2 T cells constitute the
main population of γδT cells and their tumor infiltration have been associated with good prognosis
factor in various tumor types [27–29]. Proliferation and activation of anti-tumor Vγ9Vδ2 T cells appear
as a promising therapeutic strategy [30]. De Bruin et al. screened several nanobodies for their ability
to specifically bind to Vγ9Vδ2 TCR and activate these γδ T cells [31]. Using one of the activating
nanobodies, they built a bispecific antibody combining anti-EGFR and anti-Vγ9Vδ2 TCR nanobodies,
separated with a G4S linker [32]. This antibody was able to activate Vγ9Vδ2 T cells and triggered
in vitro cytotoxicity against EGFR+ cancer cell lines. In humanized xenografted mice, Vγ9Vδ2 T cells
injection alone caused improved survival and lower tumor burden and this effect was further increased
with co-injection with the bispecific antibody.

2.3. Engineering Nanobody-Derived TCR in CAR-T Cell Therapy

Alternatively, T cell retargeting can be achieved through genetic engineering. Chimeric antigen
receptor (CAR) T cells are genetically modified T cell expressing a non MHC-restricted antigen receptor.
The intracellular domain is a fusion between a CD3ζ signaling domain and one or two co-stimulatory
intracellular domains (CD28, OX-40, 4-1BB), and the extracellular domain is an antigen-binding site
derived from an antibody. Great success and FDA-approval of anti-CD19 scFv-based CAR T cells
(KYMRIAH) for treatment of B cell ALL has further increased interest in this field for cancer therapies.
The main issues with CAR T cells are adverse reactions and the difficulty to control T cell proliferation
in patients [33]. Many CAR T cell formats have been described, varying substantially is their antigen
binding site, extracellular spacer and intracellular signaling domains.

More recently, CARs have been designed with a nanobody as antigen recognition site. The first
nanobody-based CAR T cell used a MUC-1 targeting nanobody [34]. Interestingly, in a second
generation of this CAR T cell, the authors added a caspase8-mediated suicide switch to control in vivo
T cell proliferation and reduce potential unwanted damages [35]. This switch is triggered by adding a
dimerization protein inducing caspase8 cell death signaling.

A novel modular universal CAR platform technology named UniCAR was developed to control
the T cell activity and proliferation after injection. The authors used an inert CAR directed against
a short peptide (5B9) and a targeting module (TM) directed against a tumor antigen and tagged
with 5B9 [36]. The specific anti-tumor activity of these CAR T cells relies on the presence of a
targeting module that can be switched during treatment to change antigen specificity, or to stop
treatment. Recently, a nanobody-based anti-EGFR CAR-T cell was generated using the UniCAR
technology [37]. As expected, these CAR T cells were unable to induce significant lysis of EGFR+

cells and cytokine release in the absence of the anti-EGFR TM. PET imaging showed that the TM
was rapidly eliminated via kidneys and that TM-CAR complexes were reversible. The team recently
published a nanobody-based bivalent anti-EGFR module with increased affinity for EGFR to be used
in the UniCAR system [38]. The increased affinity allows binding on EGFRlow cells. The bivalent
construct showed increase cytokine release and tumor rejection. This strategy could also be used to
produce bispecific CAR T cells.

Bispecific CAR T cells can be designed to reduce the risk of tumor escape by loss of a tumor
antigen and increase targeting accuracy. A bispecific Her2 × CD20 CAR was designed using a dual
nanobody tandem as antigen recognition domain [39]. In this study, the dual specific CAR were equally
efficient against CD20 or Her2 cells, proving the potential of bispecific CAR T cells to overcome the
loss of antigen issue.

Sharifzadeh et al. generated different CAR formats with an anti-TAG72 nanobody to compare
different costimulatory domains. They confirmed that CD28-OX40-CD3ζ CAR was more potent
than the shorter CD28-CD3ζ intracellular domain. Similarly, significant anti-tumor effects in mice
was achieved with nanobody-derived CAR targeting Her2 in breast cancers [40], glypycan-2 in
neuroblastoma models [41] or CD38 in multiple myeloma [42].
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2.4. Immune Checkpoint Blockade

Immune checkpoints are a group of inhibitory receptors mainly expressed in T and NK cells.
The success of checkpoint therapy led to FDA approval of monoclonal antibodies against PD-1, PD-L1,
and CTLA-4 [43]. Nanobodies are being developed as an alternative to monoclonal antibodies for
therapy or as tools to investigate immune checkpoint biology. For instance, using an anti-murine
CTLA-4 nanobody either as a monovalent domain, as a bivalent dimer or fused to an IgG2a constant
region, Ingram et al. demonstrated that blocking CTLA-4 was not sufficient to trigger an anti-tumor
activity. Indeed, only a Fc fusion of the nanobody triggered Treg depletion, controlled tumor growth
and increased overall survival, suggesting a role of the Fc receptor-mediated immune response
through the involvement of NK-mediated antibody dependent cell-mediated cytotoxicity (ADCC) [44].
However, another study showed an anti-tumor effect for a monovalent anti-CTLA-4 nanobody in a
similar B16 mice model [45].

A recent study demonstrated a comparable level of CD4+ T cell activation and tumor growth
inhibition for a bivalent anti-PD-L1 nanobody-Fc fusion and durvalumab (a FDA-approved anti-PD-L1
IgG1κ) [46]. In addition to T cell activation, an effect was mediated by ADCC against PD-L1+ tumor
cells, consistent with the known involvement of FcγRs in PD-1/PD-L1 therapies [47].

Other checkpoint blocking nanobodies are being investigated, such as an anti-TIM-3 nanobody
that demonstrated an anti-proliferative effect against the human leukemia cell line HL-60 [48].

3. Enhancing NK Cell-Mediated Antitumor Activity

3.1. Anti-CD16 Bispecific Antibodies

NK cells are innate effector immune cells playing a role in eliminating malignant cells and
pathogens. They play a role in early cancer killing and immunosurveillance [49]. NK cell infiltration
within tumor is a good prognosis in cancer patients [50]. They mediate direct killing of tumor
cells independently of antigen presentation. NK cells are also important mediators of the adaptive
immune response through cytokines and chemokine release, dendritic cells recruitment and T
cell activation [51–53].

CD16 (FcγRIII) is a receptor for IgG1 and IgG3 Fc fragment expressed on NK cells, macrophages
and γδT cells and mediates ADCC and phagocytosis of antibody-opsonized cells. NK cell-mediated
ADCC is an important factor in the success of anti-tumor antigens antibody therapies and CD16
polymorphisms with higher affinity for Fc fragment are correlated with improved response to these
treatments [54–57]. Fc engineering has become a major approach to improve efficiency of therapeutic
antibodies [58]. As stated previously, the presence or absence of an Fc fragment can impact the action
of nanobody-based constructs [44]. The engagement of CD16 also activates NK cell proliferation and
functions independently of the ADCC effect through PI3K/MAPK pathways, without the need of a
costimulatory signal [59,60]. The use of CD16 × TAA bispecific antibodies rather than Fc fragments
was proposed to avoid binding to other Fc receptors, and sensitivity to CD16 polymorphisms. C21,
A nanobody with high affinity for CD16 (10 nM, as determined by Biacore) was able to induce IL-2
and IFNγ secretion by NK cells in vitro after multimerization by sdAb biotinylation and incubation
with streptavidin [61]. Different bispecific formats using the C21 nanobody are being developed to
achieve this dual effect to improve tumor targeted therapy and allow a better recruitment of NK cells.

Tandem: The smallest bispecific nanobody format consists in a tandem of two nanobodies linked
head to tail by a short peptide linker. Wang et al. constructed two tandems based on the anti-CD16
nanobody C21 and an anti-MUC-1 nanobody with a 2 amino acid linker (GS) [62] or an anti-CEA
nanobody with a larger linker ((G4S)3) [63]. The major interests of this format are an effective and
low-cost production in bacterial systems and a high stability compared to classical scFvs. In both
studies, the authors observed a high in vitro cytotoxicity and in vivo tumor growth inhibition in
NOD/SCID mice xenografted with MUC-1+/CEA+ colon carcinoma line LS174T, humanized by
PBMC injection and treated daily with bispecific antibody injections. Therapeutic molecules based
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on this format would thus require PEGylation or the addition of an anti-albumin binding domain to
increase their serum half-life, or the use of infusion pumps to deliver a constant flow rate, such as
those used for blinatumomab in the clinic.

BsFab: The so-called bsFab format, combining the C21 nanobody with an anti-CEA nanobody
through CH1-Cκ heterodimerization motif was developed [64]. The team showed that albeit the bsFab
alone could not activate CD16-transfected Jurkat cells, it could induce IL-2 and IFN-γ secretion through
CD16 clustering in the presence of CEA+ colon carcinoma cells (LS174T). The bsFab showed potent
in vitro NK cytotoxicity against CEA+ cancer cells independently of CD16 polymorphisms, leading
to tumor growth inhibition in vivo. Such bispecific formats might constitute a promising approach
to specifically activate NK cells within tumor tissues. A similar construct using C21 nanobody with
an anti-Her2 nanobody was compared to Trastuzumab [65]. The anti-Her2 bsFab showed increased
cytokine release in vitro and similar tumor growth inhibition in vivo on Her2+ breast cancer cell lines
SK-BR-3 and BT 474. Interestingly the bsFab also led to NK cell activating and tumor growth inhibition
using the trastuzumab-refractive Her2low cell line MCF-7 model.

BsFc: A bispecific CD16 × CEA was generated using anti-CD16 and anti-CEA nanobodies linked
to two different mutants of an IgG1 to produce a bispecific Fc via the knob-into-hole technology [66].
This construct resulted in tumor growth inhibition in mice models. Unfortunately, the half-life of this
molecule was not assessed in this study but can be expected to be higher than bsFab or tandem formats.

S-Fab: Wang et al. used the S-Fab format by combining an anti-CD16 Nanobody with the Fab
of the anti-Her2 mAb Trastuzumab [67] or Pertuzumab [68]. The authors compared the efficiency
of both constructs and showed that the pertuzumab-based construct was efficient at lower doses,
but both induced potent tumor cell killing in vitro and reduced tumor growth in vivo. Interestingly
the 2 antibodies used together seemed to synergize on Her2med cell line LS174T. An anti-Glypican 3
(GPC3) × anti-CD16 antibody was developed using the same S-Fab format. GPC3 is a tumor antigen
overexpressed in hepatocellular carcinomas (HCC) with low normal tissue expression. In this video
article, the authors described the process of production of this antibody and showed an effective
in vitro cytotoxicity effect on HCC cell lines [69].

3.2. Nanobody Coupling to An Antibody Recruiting Domain

Alternatively, recruiting NK cells on target cells and trigger ADCC can be achieved by the
coupling of an antibody recruiting domain (ARD) to an antigen binding domain (ABD). One study
used an anti-Her2 nanobody as ABD and a dinitrophenol group (DNP) as the ARD [70]. DNP is an
environmental chemical contaminant, and around 0.8% of IgG1s circulating in human serum bind DNP.
The ABD binds HER2 positive tumor cells, thereby recruiting DNP-specific IgG1 serum antibodies,
which trigger NK cells through FcγRIII, resulting in tumor cell killing by ADCC. The modularity of
this approach might translate into broad and potent therapies, however patient-to-patient variability
in serum reactiveness to DNP could be an issue.

4. Modulation of Antigen Presenting Cells

Antigen presenting cells (APC) are key mediators of the adaptive immune response.
APC phenotypes are very heterogeneous. M2 macrophages, myeloid derived suppressor cells (MDSCs)
and tolerogenic dendritic cells promote an immunosuppressive environment and favor tumor growth
and angiogenesis [71]. At the opposite of the spectrum, M1 Macrophages, B cells, and cDC1 dendritic
cells mediate the anti-tumor immune response through antigen presentation [72,73]. These last
populations are very important to trigger an effective lymphocyte response. Nanobody-based
therapeutics can be used to reprogram or eliminate suppressor cells or to enhance anti-tumor APC
effector functions.
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4.1. Innate Immune Checkpoint Blockade

The SIRPα-CD47 axis is one of the most important innate checkpoints. CD47 is a ubiquitous
marker of self and acts as a “don’t eat me” signal. It prevents phagocytosis by macrophages through
interaction with the immune checkpoint receptor SIRP-α. By overexpressing CD47, many cancer
types hijack this pathway to protect themselves from immune attacks [74]. Consequently, anti-CD47
nanobodies have been developed to restore macrophage-mediated phagocytosis. For instance,
an anti-mouse CD47 nanobody significantly increased antibody-dependent phagocytosis of tumor
cells by macrophages in vitro. However in vivo anti-tumor activity was only achieved in combination
with anti-PD-L1 treatment [75]. The main issues with CD47 blockade are healthy cells toxicity (anemia)
and antigen sink due to the ubiquitous expression of CD47. The challenge of CD47 therapy is thus to
address the antibodies to the tumor site to reduce toxicity. Ingram et al. genetically engineered a B16
cell line to express the anti-CD47 nanobody within the tumor microenvironment to simultaneously
address the antigen sink and nanobody intrinsic low half-life. This approach showed an effect of local
CD47 therapy in combination with anti-TAA mAbs [76].

4.2. Nanobody-Based Immunization Strategies

One of the challenges in immunotherapy is to engineer dendritic cells to present TAA and provide
effective immunization against the tumor. Adoptive transfer of autologous DCs matured in vitro
to present TAA has been extensively studied in phaseI/II trials with promising results for glioma,
melanoma, and lung cancers [77,78]. However, feasibility and cost of such strategies can negatively
impact their therapeutic development. An easier and cheaper strategy for DC-based vaccine is to
target TAA or TAA-derived peptides to the DC in vivo directly into patients. The major interests of
nanobodies are their high penetrability within tissues and efficient coupling. Duarte et al. isolated
nanobodies against the APC markers CD11b, CD36, and MHC-II combined to immunogenic peptides
to determine the best marker for targeted antigen delivery [79]. An anti-MHC-II nanobody fused to an
antigen was able to deliver the antigen to all DC and B cells subpopulations and induced a strong B
cell response, as measured by serum responsiveness against the antigen. Interestingly, dimerization
of the nanobody further increased B cell response, suggesting a role of antibody affinity or receptor
clustering, or both, for internalization of the construction. This MHC-II nanobody was used to induce
an immune response against the tumor antigen MUC1 [80]. Injection of the nanobody conjugated to
MUC1-derived peptide induced strong humoral and CD4 responses. This strategy was applied to
a different peptide format. A plant peptide scaffold was used to generate cyclic peptide and graft
them onto the anti-MHC-II nanobody. Cyclization makes peptides more stable and less susceptible to
proteolytic degradation. The nanobody targeting effectively activated an immunization against cyclical
conformation of the peptides [81]. These studies highlight the potential of nanobody-conjugated TAA
to induce an effective immune response against different antigen configurations in a non-invasive and
cost-effective manner.

4.3. Drug Delivery

Macrophage mannose receptor (MMR)-expressing tumor associated macrophages (TAM) are
involved in immune suppression and angiogenesis and are a marker of bad prognosis [82,83]. Specific
elimination of the MMR+ macrophages is proposed as a therapeutic strategy to increase the M1/M2
ratio towards a more favorable for tumor regression. Nuhn et al. used a nanobody with a high
affinity to MMR (~20 nM) and conjugated it to a polymeric nanogel to produce MMR-specific 40 nm
particles carrying drugs or imaging agents [84]. In a mouse lung cancer model, they successfully
induced fluorescent nanogel internalization by MMR+ TAMs and that phenotype was reverted in MMR
KO mice. Drug delivery can be achieved by linking an internalization receptor. A nanobody-drug
conjugate Targeting MHC-II on B cell lymphoma models presented a quick internalization and efficient
drug delivery [85]. While this shows the potential of monovalent nanobody for MHC-II-dependent
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internalization and drug delivery, possibly representing a good alternative for therapy of anti-CD20
resistant lymphomas, it cannot be effectively use for specific APC targeting as it will kill pro-tumor as
well as anti-tumor APCs.

4.4. APC Reprogramming

APC reprogramming from immunosuppressive to inflammatory phenotype has achieved great
success in re-establishing an anti-tumor microenvironment in pre-clinical studies [86]. Gefitinib
(Gef) and simvastatin (SV) are anti-tumor drugs with an effect on TAM activation [87,88]. In vitro
treatment of macrophages with Gef/SV treatment inhibits HIF-2α and vascular endothelial growth
factor expression. Recently, Yin et al. generated anti-PD-L1-nanobody-decorated liposomes to deliver
Gef/SV treatment to PD-L1-expressing cancer cells and macrophages [89]. The liposome was effectively
delivered to NSCLC endothelial cells and M2-like macrophages and the drug combination had potent
anti-tumor effect on Gef-resistant and SV-resistant cells. Moreover, the M1/M2 ratio switched from
M2-dominant to M1-dominant. This research shows the effective use of a nanobody to target both
immune and cancer cells and remodel the tumor environment.

CD1d is a non-classical MHC involved in glycolipid presentation to NKT cells. This interaction
activates NKT cell to produce cytokines and enhances IL-12 secretion and stimulatory capabilities
of DCs. CD1d engagement potentiates anti-tumor T cell response [90]. Lameris et al. generated 22
anti-CD1d nanobodies with distinct biological activities [91]. Two of these nanobodies were able to
induce NKT-independent IL-12 production by monocyte-derived DCs. Other nanobodies could block
the NKT TCR-CD1d interaction or induce CD1d+ cell apoptosis, with a potential use for CD1d+ B
lymphoblasts or multiple myelomas. This work highlights the small size of nanobodies and their
ability to bind non-conventional epitopes as strong assets for the generation of molecules with various
and well-defined effects.

Goyvaerts et al. developed a very interesting nanobody-lentivirus approach to address lentiviral
vectors to specific cell populations [92]. The modified virus could effectively transduce DCs in a
nanobody-dependent manner by targeting a so far unidentified target, with a strong potential for
DC immunization. Unfortunately, the approach induced a weaker antigen-specific CD8+ response
compared to a broad tropisms lentivirus, possibly due to an infection-related inflammation [93].
However, this works clearly demonstrates the potential of nanobody–lentivirus constructs to transduce
cell populations for reprogramming and activation of dendritic cells.

5. Targeting the Tumor Environment Cytokines and Chemokines

5.1. Pro-Tumor Cytokines Targeting: TNF/G-CSF

Cytokines are key modulators of immune cell states of activation. Inflammatory cytokines
and growth factor are involved in cancer progression. Another immunotherapy approach aims at
modulating the immune cells or cancer cells activity by targeting cytokines and their receptors.

TNF-α is a pro-inflammatory cytokine inducing many cellular processes, among which cell death,
but also proliferation and angiogenesis. TNF-α serum levels are increased in cancer patients and
correlate with disease progression [94]. Many tumors evolve to escape TNF-α-mediated cytotoxicity
and use it as a growth factor helping their survival and migration. Moreover TNF-α acts as
an immunosuppressive cytokine by increasing MDSC and Treg proliferation [95,96]. Anti-TNF-α
blockade has shown interesting anti-tumor effects [97]. An anti-TNF-α nanobody was able to reduce
TNF-mediated proliferation and migration potency of breast cancer cell lines. The nanobody alone
did not significantly reduce tumor growth in vivo but greatly inhibited lung metastasis and increased
potency of the antimitotic Paclitaxel [98].

An alternative to block a cytokine activity is to target its receptor expressed on tumor cells.
Bakherad et al. isolated an anti-granulocyte-colony stimulating factor receptor (G-CSFR) nanobody [99].
G-CSFR is mostly expressed in neutrophils and mediates their proliferation and activity. G-CSFR is
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expressed on gastric, colon, or lung carcinomas and leads to increased tumor growth and metastasis in
a G-CSF-dependent matter [100–102]. In this study, the blocking nanobody successfully inhibited the
G-CSF-induced gastric cancer cell proliferation in vitro via the SOCS3 signaling pathway.

5.2. Modulating the CXCR4/CXCR7/CXCL12 Chemokines Axis in Solid Cancers

Chemokines are important signals to orient cell migration within the organism, in particular for the
immune cell infiltration into the tumor [103]. However, cancer cells can also use these signals to favor
their migration into the blood stream. The CXCR4/CXCR7/CXCL12 chemokine axis is physiologically
critical for hematopoiesis and T cell homing into inflammation sites. Chemokines CXCR4 and CXCR7
are overexpressed in many solid cancers and involved in metastasis towards CXCL12-rich tissues (such
as lung, liver, and bone marrow) [104,105]. CXCR7 can also induce angiogenesis and tumor growth
independently of its effect on tumor cell migration. CXCR4 blocking strategies using antibodies [106]
or small inhibitors [107,108] have proven to be effective to reduce metastatic burdens and a phase IIb
clinical trial for a CXCR4 antagonist in combination with anti-PD1 therapy in advanced pancreatic
cancer is ongoing (NCT02907099).

Some nanobodies targeting immune cell chemotaxis are being developed to prevent tumor cell
migration. An anti-CXCR7 nanobody was selected to block its interaction with CXCL12. The nanobody
reduced tumor growth via its anti-angiogenesis effect [109]. However, blocking CXCR7 alone does
not appear sufficient to stop epithelial-mesenchymal transition and metastasis. It would thus be
of interest to associate CXCR7 and CXCR4 blockade to reduce CXCL12-mediated migration in
addition of the anti-tumor effect of CXCR7 antagonists [110,111]. Several blocking anti-CXCR4
nanobodies have been used to reduce T cell chemotaxis in HIV infections contexts. These nanobodies
prevented CXCL12-mediated migration of CXCR4+ cells [112,113]. By fusing these nanobodies to
an Fc domain, the authors increased the apparent affinity and the blocking potency against CXCR4,
and induced ADCC and complement dependent cytotoxicity of CXCR4-expressing cells [114]. To our
knowledge these anti-CXCR4 nanobodies have not been tested in cancer cell migration models but
the combination of anti-CXCR4 and CXCR7 blocking nanobodies could be synergizing tools to tackle
CXCL12-mediated metastasis.

5.3. Nanobody as Carriers for Cytokine Delivery

With the well-demonstrated anti-tumor effect of some cytokines, numerous anti-tumor cytokines
have been proposed as cancer treatment. IL-2, a cytokine involved in immune cell activation and
proliferation, was the first immunotherapy approved for cancers as early as 1992 [115]. However,
while cytokines have great anti-tumor potency, the main limitation is off-target activation and
associated toxicity. The main strategies to circumvent this limitation are gene transfer to produce
cytokines locally, or antibody-directed cytokines (immunocytokines). Nanobodies can also be used as
carrier for cytokines to restrict the activation to the tumor microenvironment. Dougan et al. used an
anti-PD-L1 nanobody to deliver the anti-tumor cytokines IL-2 and IFN-γ to immunologically impaired
pancreatic tumors [116]. The nanobody was able to deliver the cytokines in well vascularized B16
melanoma tumors but also to denser mice pancreatic tumors, whilst the nanobody-Fc fusion did
not achieve equally well. Both IL-2-nanobody and IFN-γ-nanobody synergized with an anti-TAA
antibody for tumor growth inhibition. Immune infiltrate analysis showed increased CD8+ counts but
also Tregs proliferation with the IL-2 construct. The IFN-γ-nanobody significantly decreased MDSCs
and redirected the DCs towards a MHC-II+ phenotype. A similar approach was developed by Liu
et al. with an IL15-Linker-IL-15Rα construct fused to the C-terminus of an anti-CEA nanobody-Fc
fusion [117]. IL-15 binding to its soluble receptor IL15-Rα increases IL-15 effector function [118].
Contrarily to the broad spectrum of IL-2, IL-15 mostly affects NK and CD8+ T cells proliferation and
activation. Despite the relatively large size of this construct (~140 kDa), the authors demonstrated a
strong anti-tumor effect associated with CD8+ recruitment within the tumor in mouse models.
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6. Nanobodies as Potent Imaging Tools

6.1. Importance of Molecular Imaging for Cancer Diagnostics

With the ongoing development of in targeted therapies, it has become more and more important
to visualize the presence tumor antigens and immune infiltrates to predict responsiveness. Molecular
imaging with labeled antibodies has been intensely developed but the difficult tissue penetration
and long half-life are strong obstacles to obtain good contrast and cancer detection. Consequently,
nanobodies recently emerged as powerful tools for in vivo and in vitro imaging for diagnosis [119].
As opposed to the therapeutic setting, the fast elimination of nanobodies in vivo due to their small
size and the absence of Fc fragment avoiding recycling constitutes a strong advantage for imaging,
as it reduces background and generates a high contrast rapidly after injection. For in vitro staining,
the small size of nanobodies also affords a better tissue penetration and staining compared to full size
IgG (Figure 3) [120]. Nanobody-based imaging agents are very promising for an accurate and fast
diagnosis in cancer therapy. Immuno-imaging requires the labeling of the targeting agent with an
imaging probe. NHS ester-based chemistry targeting lysine side chains is often not ideal for nanobody
labeling, because their small size is associated with a relatively high risk of impacting their binding
activity. Moreover, it is of crucial importance to control batch-to-batch reproducibility concerning
labeling ratio and orientation. Most current strategies are using sortase-mediated coupling. Sortase
is a transpeptidase coupling a LPXTG motive to an N-terminal glycine [121,122]. This strategy is a
very simple, cost-effective, and versatile way to label biomolecules in a controlled fashion. Moreover,
the reaction cleaves the end of the LPXTG motive, allowing the convenient use of a purification tag
(such as polyHis), which is ultimately replaced by the probe after coupling. Other site-directed coupling
strategies can be used, such as His tag directed coupling using 99mTc-tricarbonyl for Single-photon
emission computed tomography (SPECT) [123].

Figure 3. Nanobodies as potent tools for tumor immunoimaging. (A) Nanobody labelling strategies
allow for site-specific and oriented conjugation. (B) Penetration of an anti-GFP nanobody (left) or
full-size IgG (right) within an YFP-expressing brain tissue in vitro. Adapted from Fang T. et al. [120].
(C) SPECT/CT imaging of PD-L1 positive mouse lung epithelial cell line TC-1 in C57/BL6 mice with
radiolabeled 99mTc nanobodies 1 h after injection. The arrows indicate the tumor site. Adapted from
Broos K. et al. [124].

6.2. Cancer Cell Detection

The most advanced molecule in non-invasive imaging is an anti-Her2 nanobody used to
detect Her2 expression in breast cancers via positive electron tomography-computed tomography
(PET/CT). A phase I trial demonstrated a quick elimination, allowing measurement at 60–90 min after
injection [125]. An ongoing phase II clinical trial investigates the uptake of the radiopharmaceutical
68-GaNOTA-Anti-HER2 nanobody in brain metastasis using PET/CT imaging (NCT03331601).
Many nanobodies, including anti-CD20 [126], anti-Dipeptidyl-Peptidase 6 [127], and anti-HER3
nanobodies [128] are currently being studied.
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6.3. Monitoring of Immune Infiltration

Nanobody-based imaging agents are very promising for an accurate and fast diagnosis in cancer
therapy. Importantly, nanobodies are been explored as imaging agents to assess the immune infiltration
within tumors prior or during immunotherapy. Indeed, therapeutic responses and patient prognosis
are often linked to the nature, density, and activation status of immune cells infiltrated within the
tumor microenvironment. Understanding the immune contexture of tumor would help in delivering
the right treatment to patients.

6.3.1. Tumor Infiltrating Lymphocyte Monitoring

T cells are a particularly interesting target for molecular imaging as their infiltration and state of
activation are crucial to immunotherapy responsiveness. Bannas et al. used an anti-ART2 nanobody
as imaging tool for optical imaging of T cells within lymph nodes. While a nanobody-Fc fusion
displayed better in vitro staining, the single domain nanobody had more imaging potency in vivo
due to reduced background. Good signal/noise ratio was observed 2 h post administration, while a
monoclonal antibody required at least 24 h. Interestingly, this nanobody possesses a functional ART2
inhibiting property and could be used for both therapy and immunomodulation [129]. A PEGylated
89Zr anti-CD8+ nanobody was produced to monitor the CD8+ T cell infiltration within the tumor by
PET/CT. PEGylation with a 20 kDa PEG moiety greatly reduced kidney retention of the antibody
and thus gave a more specific staining of lymphoid organs [130]. In an immunized B16 mouse
model giving partial regression with anti-CTLA-4 therapy, the authors showed that a homogeneous
CD8+ infiltration detected with the anti-CD8 nanobody in PET/CT correlated with anti-CTLA-4
responsiveness. Direct assessments of the checkpoint blockade targets have been investigated
with a 99mTc-laballed anti-PD-L1 nanobody for SPECT imaging. Potent PD-L1+ tumor labeling
was achieved 1 h post-inoculation and PD-L1 expression correlated with CD8+-dependent reduced
tumor development [124].

6.3.2. APC Monitoring

Macrophage polarization is another important prognosis marker. The ratio between pro and
anti-inflammatory macrophages shapes the tumor microenvironment.

Anti-MMR nanobodies have been evaluated to detect pro-tumor TAMs. Using a 99mTc-labeled
nanobody, Movahedi et al. managed to detect TAMs in mice [131]. In a following study, the authors
compared the use of an anti-MMR nanobody with 99mTc or 18F labeling respectively for SPECT or
PET/CT imaging. Their work showed a greatly reduced liver and kidney uptake of the fluorinated
nanobody compared to the radiometal-labeled version [132].

Conversely to MMR, MHC-II is a good prognosis marker and is associated with an efficient
antigen presentation. An anti-MHC-II nanobody labeled with a near infrared fluorochrome was
used to monitor human cell infiltration in NOD/SCID humanized mice. That probe was efficient for
organ labeling and flow cytometry analysis, but the authors used a 64Cu staining for in vivo imaging.
The nanobody displayed a good PET/CT signal/noise ratio 2 h after injection, and allowed imaging of
MHC-II+ cells in the spleen and bones despite kidney and bladder non-specific accumulation [133].
To take advantage of the higher availability of 18F-2-deoxyfluoroglucose (18F-FDG) compared to
other 18F probes, the authors developed an interesting strategy using 18F-FDG as a labeling probe.
The labeled high affinity nanobody could detect MHC-II lymphoid organs more efficiently than the
previously described low affinity anti-MHC-II 18F-nanobody. This approach allowed the detection
of early tumors (~1 mm diameter) that cannot be detected with 18F-FDG due to their low metabolic
activity [134]. This strategy combines the feasibility of 18F-FDG PET/CT imaging and precision of
molecular nanobody-based imaging.

281



Antibodies 2019, 8, 13

7. Conclusions

As shown by the multitude of different formats with promising pre-clinical effects reported in the
last years, nanobodies emerge as powerful antibody engineering tools to replace scFv fragments as
building blocks, and allow the generation of molecules with carefully designed affinities, valencies,
and specificities. Nanobodies also rise as very potent imaging agents due to their stability, production
and coupling efficiency, tissue penetrability, and fast elimination from the blood stream. We forecast
that, in the near future, nanobodies will lead to many innovative and high potential molecules for
cancer immunoimaging and immunotherapy.
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