
Edited by

Recent Advances 
in Antibody 
Therapeutics

Yong-Seok Heo

Printed Edition of the Special Issue Published in IJMS

www.mdpi.com/journal/IJMS



Recent Advances in Antibody
Therapeutics





Recent Advances in Antibody
Therapeutics

Editor

Yong-Seok Heo

MDPI • Basel • Beijing • Wuhan • Barcelona • Belgrade • Manchester • Tokyo • Cluj • Tianjin



Editor

Yong-Seok Heo

Konkuk University

Korea

Editorial Office

MDPI

St. Alban-Anlage 66

4052 Basel, Switzerland

This is a reprint of articles from the Special Issue published online in the open access journal

International Journal of Molecular Sciences (ISSN 1422-0067) (available at: https://www.mdpi.com/

journal/ijms/special issues/Antibody Therapeutics).

For citation purposes, cite each article independently as indicated on the article page online and as

indicated below:

LastName, A.A.; LastName, B.B.; LastName, C.C. Article Title. Journal Name Year, Volume Number,

Page Range.

ISBN 978-3-0365-4353-6 (Hbk)

ISBN 978-3-0365-4354-3 (PDF)

© 2022 by the authors. Articles in this book are Open Access and distributed under the Creative

Commons Attribution (CC BY) license, which allows users to download, copy and build upon

published articles, as long as the author and publisher are properly credited, which ensures maximum

dissemination and a wider impact of our publications.

The book as a whole is distributed by MDPI under the terms and conditions of the Creative Commons

license CC BY-NC-ND.



Contents

About the Editor . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . vii

Yong-Seok Heo

Recent Advances in Antibody Therapeutics
Reprinted from: Int. J. Mol. Sci. 2022, 23, 3690, doi:10.3390/ijms23073690 . . . . . . . . . . . . . . 1

Heesu Chae, Seulki Cho, Munsik Jeong, Kiyoung Kwon, Dongwook Choi, Jaeyoung Lee,

Woosuk Nam, Jisu Hong, Jiwoo Lee, Seonjoo Yoon and Hyojeong Hong

Improvement of Biophysical Properties and Affinity of a Human Anti-L1CAM Therapeutic
Antibody through Antibody Engineering Based on Computational Methods
Reprinted from: Int. J. Mol. Sci. 2021, 22, 6696, doi:10.3390/ijms22136696 . . . . . . . . . . . . . . 5

Se-Young Lee, Deok-Han Ko, Min-Jeong Son, Jeong-Ah Kim, Keunok Jung 
and Yong-Sung Kim

Affinity M aturation o f a  T -Cell R eceptor-Like A ntibody S pecific fo r a Cytomegalovirus 
pp65-Derived Peptide Presented by HLA-A*02:01
Reprinted from: Int. J. Mol. Sci. 2021, 22, 2349, doi:10.3390/ijms22052349 . . . . . . . . . . . . . . 21

Yu Jung Kim, Min Ho Lee, Se-Ra Lee, Hyo-Young Chung, Kwangmin Kim, Tae Gyu Lee 
and Dae Young Kim

Neutralizing Human Antibodies against Severe Acute Respiratory Syndrome Coronavirus 2 
Isolated from a Human Synthetic Fab Phage Display Library
Reprinted from: Int. J. Mol. Sci. 2021, 22, 1913, doi:10.3390/ijms22041913 . . . . . . . . . . . . . . 33

Dong-Hoon Yeom, Yo-Seob Lee, Ilhwan Ryu, Sunju Lee, Byungje Sung, Han-Byul Lee, 
Dongin Kim, Jin-Hyung Ahn, Eunsin Ha, Yong-Soo Choi, Sang Hoon Lee 
and Weon-Kyoo You

ABL001, a Bispecific Antibody Targeting VEGF and DLL4, with Chemotherapy, Synergistically 
Inhibits Tumor Progression in Xenograft Models
Reprinted from: Int. J. Mol. Sci. 2020, 22, 241, doi:10.3390/ijms22010241 . . . . . . . . . . . . . . . 51

Soo Bin Park, Sun-Jick Kim, Sang Woo Cho, Cheol Yong Choi and Sangho Lee

Blocking of the IL-33/ST2 Signaling Axis by a Single-Chain Antibody Variable Fragment (scFv)
Specific to IL-33 with a Defined Epitope
Reprinted from: Int. J. Mol. Sci. 2020, 21, 6953, doi:10.3390/ijms21186953 . . . . . . . . . . . . . . 65

Yuko Abe, Yasuhiko Suga, Kiyoharu Fukushima, Hayase Ohata, Takayuki Niitsu, 
Hiroshi Nabeshima, Yasuharu Nagahama, Hiroshi Kida and Atsushi Kumanogoh

Advances and Challenges of Antibody Therapeutics for Severe Bronchial Asthma
Reprinted from: Int. J. Mol. Sci. 2021, 23, 83, doi:10.3390/ijms23010083 . . . . . . . . . . . . . . . 79
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Antibody-based therapeutics have achieved unprecedented success in treating various
diseases, including cancers, immune disorders, and infectious diseases. Since the approval
of OKT3 in 1986, more than 100 antibody-based drugs have been approved by the FDA. In
this Special Issue, “Recent Advances in Antibody Therapeutics”, promising discoveries
and developments of this most prevalent biologics are presented. In addition, the review
articles covering the clinical and technical advances for antibody usage and discovery could
provide valuable insight into applications by clinicians and scientists in this field.

As an antibody discovery is advanced to preclinical development, it is essential to
consider its biophysical properties to determine whether it can be successfully developed
into an efficacious drug. Chae et al. reported the successful result for improving biophysical
properties of an antibody against the L1 cell adhesion molecule for cancer therapy [1]. In
this study, one of the variants derived by a computer-aided method demonstrated reduced
aggregation propensity, increased stability, higher purification yield, lower pI, higher
affinity, and greater in vivo anti-tumor efficacy, leading to a promising candidate antibody
for preclinical development.

T-cell immune responses are initiated by the interaction between the T-cell receptor
(TCR) and peptide-HLA complex. In January 2022, the U.S. Food and Drug Administration
(FDA) approved KIMMTRAK (tebentafusp-tebn), which is the first T-cell receptor (TCR)
therapeutics fused with an anti-CD3 T-cell engaging scFv. The approval of this biologic
verified TCR-based protein engineering as a valuable therapeutic modality. Lee et al.
reported a TCR-like antibody specific for HLA-A*02:01 in complex with a peptide derived
from human cytomegalovirus (CMV) pp65 protein [2]. The binding affinity was matured
by sequential mutagenesis of complementarity-determining regions using yeast surface
display technology for its application to the diagnostics and therapeutics of CMV infection.

The FDA has approved several monoclonal antibodies neutralizing the SARS-CoV-2 virus
for treating COVID-19. Kim et al. discovered human monoclonal antibodies that neutralize
SARS-CoV-2 through the phage display method against the receptor-binding domain (RBD)
of the SARS-CoV-2 spike protein [3]. Some of them elicit cross-reactivity with the SARS-CoV
spike protein and neutralize activities on pseudo-typed and authentic SARS-CoV-2 viruses,
anticipating their therapeutic and diagnostic application against SARS-CoV-2.

Bispecific antibodies against two distinct antigens have been extensively explored for
therapeutic purposes. Due to a biophysical bridge between two targets by simultaneous
binding, bispecific antibodies can achieve specific therapeutic efficacy with multiple MoA.
Yeom et al. reported a bispecific antibody targeting VEGF and DLL4, eliciting more potent
anti-angiogenic activity than investigational antibodies targeting VEGF or DLL4 alone [4].
In addition, the combination of this bispecific antibody with paclitaxel or irinotecan syner-
gistically inhibited tumor progression in xenograft models.

A significant number of the antibodies in clinical use target interleukins (ILs) or
their receptors for treating chronic inflammatory diseases, including psoriasis, rheumatoid
arthritis, Castleman disease, atopic dermatitis, and asthma. Park et al. discovered a single-
chain antibody variable fragment (scFv) against interleukin 33 (IL-33) to block its binding
to the suppressor of tumorigenicity 2 (ST2) receptor using the phage display library [5].
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Downregulation of IL-33-mediated signaling has been recognized as a therapeutic strategy
to prevent allergic inflammation and chronic diseases such as asthma, atopic dermatitis,
and allergic rhinitis asthma. The antibody fragment in this study can be further engineered
and improved for therapeutic application.

Abe et al. recently reviewed the therapeutic antibodies in clinical use for treating severe
asthma, including omalizumab, mepolizumab, reslizumab, benralizumab, and dupilumab,
describing their distinct mechanisms of action, achievements, and limitations [6]. They also
emphasized the importance of biomarkers for the clinical prediction of good responders
to each antibody therapy. They summarized new potential targets for asthma treatment,
including thymic stromal lymphopoietin (TSLP), IL-25, IL-33, IL-13, and chemokines,
with investigational antibodies against them. Further studies to fully understand the
pathogenesis and clarify the effects of each antibody type in asthma endotypes will guide
decision-making regarding appropriate antibody therapeutics with improved efficacy.

Donà et al. reviewed the state of the art of the therapeutic antibodies targeting human
papillomavirus (HPV) oncoproteins developed so far in different formats and outlined
their mechanisms of action [7]. Cervical cancer is by far the most common HPV-related
disease. To date, as there is no treatment for HPV itself, an infection could cause abnormal
cell changes that might lead to cancer. Given that the global burden of HPV-associated
cancers is unacceptably high, antibody-based therapies can be a promising strategy for
fighting HPV-associated cancers in parallel with vaccination.

Kouhi et al. reviewed the various methods currently used for antibody delivery to the
central nervous system (CNS) at the preclinical stage and the underlying mechanisms of
blood–brain barrier (BBB) penetration, with the description of the recent efforts to improve
or modulate antibody distribution and disposition into the brain [8]. Very recently, the
FDA approved the first BBB-penetrating antibody, aducanumab, for Alzheimer’s disease
treatment. Further development in this field can revolutionize the treatment of diseases of
the CNS.

Ji et al. reviewed the recent findings on the preclinical and clinical studies of therapeu-
tic antibodies in atherosclerosis and their underlying mechanism of action targeting LDL
and cytokines [9]. In clinical trials, many antibodies targeting PCSK9, TNFα, IL-1β, IL-6,
IL-17, and IL-12/23 have shown ambivalent results, with some cases showing significant
alleviation of symptoms and others experiencing adverse events such as the aggravation of
cardiovascular diseases. Further studies to fully understand the exact mechanism of action
of the target molecules would be very helpful in overcoming the side effects or applying
the appropriate treatment.

Register et al. reviewed recent advances and case studies of bioassay development
for different types of bispecific antibodies [10]. As bispecific antibodies have complicated
mechanisms of action, diverse structural variations, and dual-target binding, developing a
bioassay method is challenging. The detailed description of the diverse bioassay technolo-
gies and case studies in this review article can provide insight into designing strategies for
developing and characterizing bispecific antibodies.

Lin et al. reviewed current findings and applications to identify functional antibodies,
especially agonist antibodies capable of activating cell-signaling cascades, selected from
combinatorial antibody libraries [11]. This review suggests that the use of phenotypic
screening with combinatorial antibody libraries shows great promise in allowing the
identification of receptor pleiotropism and the selection of antibodies capable of modulating
the differentiation, growth, and function of cells.

Despite the high value of G-protein-coupled receptors (GPCRs) as a therapeutic target,
only two antibodies targeting GPCR, erenumab and mogamulizumab, have been approved
by the FDA. One of the main reasons for the slow development of therapeutic antibodies
against this attractive drug target is the difficulty in preparing functional GPCR antigens.
Ju et al. reviewed various successful technologies to prepare active GPCR antigens that
enable the isolation of therapeutic antibodies to proceed toward clinical validation [12].
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The treatment of bladder cancer has advanced rapidly since the approval of immune-
checkpoint inhibitors. Bednova et al. reviewed recent clinical trials of targeted therapeutics,
including the antibody-drug conjugates (ADCs) enfortumab vedotin and sacituzumab
govitecan, for patients with metastatic bladder cancer [13]. In addition, they described the
cost-effectiveness of these targeted molecular therapeutics relative to the antibody drugs
blocking immune checkpoints PD-1 and PD-L1.

The five research articles and eight reviews published within this Special Issue, “Recent
Advances in Antibody Therapeutics”, are excellent studies of the advances made in the field
of therapeutic antibodies for treating various diseases. I want to thank all the authors and
reviewers for their contributions and the editor, Sydney Tang, for outstanding dedication
and professionalism throughout this Special Issue.
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Abstract: The biophysical properties of therapeutic antibodies influence their manufacturability, effi-
cacy, and safety. To develop an anti-cancer antibody, we previously generated a human monoclonal
antibody (Ab417) that specifically binds to L1 cell adhesion molecule with a high affinity, and we
validated its anti-tumor activity and mechanism of action in human cholangiocarcinoma xenograft
models. In the present study, we aimed to improve the biophysical properties of Ab417. We designed
20 variants of Ab417 with reduced aggregation propensity, less potential post-translational modifica-
tion (PTM) motifs, and the lowest predicted immunogenicity using computational methods. Next, we
constructed these variants to analyze their expression levels and antigen-binding activities. One vari-
ant (Ab612)—which contains six substitutions for reduced surface hydrophobicity, removal of PTM,
and change to the germline residue—exhibited an increased expression level and antigen-binding
activity compared to Ab417. In further studies, compared to Ab417, Ab612 showed improved bio-
physical properties, including reduced aggregation propensity, increased stability, higher purification
yield, lower pI, higher affinity, and greater in vivo anti-tumor efficacy. Additionally, we generated a
highly productive and stable research cell bank (RCB) and scaled up the production process to 50 L,
yielding 6.6 g/L of Ab612. The RCB will be used for preclinical development of Ab612.

Keywords: therapeutic antibody; anti-cancer antibody; antibody engineering; biophysical properties;
computational methods; research cell bank

1. Introduction

Therapeutic monoclonal antibodies (mAb) are the leading class of drugs on the bio-
pharmaceutical market, largely due to their high specificity, affinity, potency, and their long
in vivo half-life. Since approval of the first mAb (OKT3) in 1983, 79 therapeutic antibodies
have been approved by FDA and are currently on the market, including 30 mAbs for cancer
treatment [1]. Innovations in antibody engineering technologies—such as humanization of
murine mAbs, phage display and transgenic mice for generating fully human mAbs, Fc
engineering, antibody-drug conjugates, and bispecific antibodies—have contributed to the
development of these important drugs [2–9]. Therapeutic antibody discovery and devel-
opment starts with early candidates (hits), followed by selection of advanced candidates
(leads). A critical element of antibody development is termed chemistry, manufacturing,

Int. J. Mol. Sci. 2021, 22, 6696. https://doi.org/10.3390/ijms22136696 https://www.mdpi.com/journal/ijms5
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and controls (CMC), which includes construction of an antibody-producing cell line, devel-
opment of a manufacturing process, and development of suitable analytical methods to
validate the antibody’s safety and efficacy [10–12].

During the manufacturing process, including cell culture and downstream processing,
therapeutic antibodies are at risk of physical and chemical degradation through multiple
pathways [13]. Degradation may affect antigen binding, decrease antibody efficacy, or
even lead to immunogenic products [14–16]. Protein aggregation is the most common and
substantial type of physical degradation associated with therapeutic antibodies [13,17,18].
High concentrations are associated with increased protein–protein interaction frequency,
which proportionally increases the opportunity for aggregation formation. Changes in
extrinsic conditions—including pH, salt, temperature, shaking, and viscosity—can also
promote protein–protein associations that can lead to aggregation events [13,19–22].

Post-translational modifications (PTMs) may also cause problems during therapeutic
antibody development. For example, asparagine (Asn) deamidation, the most common
pathway for the chemical degradation of therapeutic antibodies, results from hydrolysis
of the amide side-chain of Asn, which cumulatively produces a heterogeneous mixture of
aspartate (Asp) and isoAsp at the affected position [23,24]. Asn residues are more prone
to deamidation when they are in a solvent-accessible region or are followed by a small or
flexible residue, such as serine (Ser) or glycine (Gly). Asn deamidation can affect function
if it occurs at a binding interface, such as the complementarity determining regions (CDRs)
of an antibody molecule [19,23,25]. Another PTM, Asp isomerization, involves the non-
enzymatic interconversion of Asp and isoAsp residues [19]. Asp isomerization may occur
more commonly when Asp is followed by Ser, Gly, or Asp; it can affect protein function
when it occurs in CDRs; and it can potentially result in fragmentation [26,27].

Each mAb has unique biophysical properties, mainly due to differences in the CDR
residues and framework scaffolds. Thus, the identification of degradation-prone or unstable
regions early in antibody development could allow for re-engineering of leads. This
approach is aided by computational modeling tools that predict regions susceptible to
physical and chemical degradation [28–30]. To develop a therapeutic antibody with anti-
tumor activity, we previously isolated a human mAb (Ab4) that specifically binds to
human and rodent L1 cell adhesion molecule (L1CAM) from a human naïve Fab library
using phage display [31]. We next generated an affinity-matured version (Ab417) of this
hit through site-directed mutagenesis of CDR residues, and we validated its anti-tumor
efficacy and mechanism of action in rodent models [31,32].

In the present study, we aimed to improve the biophysical properties of the lead
antibody (Ab417). We analyzed the heavy (VH) and light (VL) chain sequences and
the three-dimensional (3D) model of Ab417, using computational methods to identify
potential PTMs and to calculate aggregation propensities. Next, we designed 20 variants
of Ab417 with reduced aggregation propensity, fewer potential PTM motifs, and the
lowest predicted immunogenicity. We constructed these Ab417 variants and analyzed
their expression levels and antigen-binding activities. One variant (Ab612), which was
generated by substituting the four VH residues and two VL residues of Ab417, exhibited
a higher expression level and higher antigen-binding activity compared to Ab417. Further
studies demonstrated that compared to Ab417, Ab612 also showed higher productivity,
improved biophysical properties, and a higher affinity and in vivo anti-tumor efficacy.
For the preclinical development of Ab612, we generated a highly productive and stable
research cell bank (RCB), and scaled up the production process to 50 L, which yielded
6.6 g/L of the antibody. Ab612 is now considered a candidate antibody to progress to
preclinical development.

2. Results

2.1. Design and Selection of an Ab417 Variant with Improved Biophysical Properties

To design Ab417 variants with reduced aggregation propensity and increased stability,
we first aligned the VH and VK sequences of Ab417 with a set of human germline genes
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and screened for potential PTMs, while constructing a structural model of the Fv of
Ab417. Secondly, we calculated the sequence- and structure-based aggregation propensities
to identify aggregation hotspots and made substitutions with the aim of reducing the
aggregation propensity and improving the stability, using Lonza’s AggreSolveTM in silico
tools. We evaluated the aggregation propensity by analyzing regions outside the CDRs
with high aggregation propensity, screening for positions with potentially problematic
PTMs, identifying positions that were out of line with a conserved consensus in the human
germline genes, and screening for solvent-exposed aliphatic or hydrophobic residues.
Thirdly, we screened the engineered sequences of Ab417 for Th epitopes using EpibaseTM

in silico tools to ensure that aggregation-reducing substitutions would not increase the
immunogenic potential. Finally, we designed 19 Ab417 variants with engineered VH and
VK (Figure S1).

To select the Ab417 variants with improved biophysical properties, the genes coding
for the VH and VK of the variants were synthesized and individually subcloned into the
heavy and light chain expression plasmids, respectively. Then, the variant combinations
were introduced into HEK293F cells for transient expression. After six days of cell cultiva-
tion, the culture supernatants were analyzed by quantitative ELISA and indirect ELISA.
The results revealed that the variant H3L7 exhibited a higher expression level and retained
the same antigen binding activity compared to Ab417. In contrast, the other variants with
higher expression levels exhibited lower antigen-binding activities compared to Ab417
(data not shown).

The sequence differences between Ab417 and H3L7 include two substitutions in
the VL of H3L7 (I31S and V96S) and four in the VH (R16G, D54E, K76A, and P88A), as
shown in Figure 1. The substitutions I31S and V96S in the VL were designed to reduce
the surface hydrophobicity in the light chain CDR1 (LCDR1) and LCDR3, respectively.
The substitutions in the VH—R16G in the FR1 and K76A in the FR3—were designed to
reduce the number of positive charges. Compared to other therapeutic antibodies on
the market, Ab417 has a high isoelectric point (pI, 9.6), and large numbers of positive
charges may cause the antibody to readily interact with any negatively charged molecules.
The D54E substitution was designed to remove two potential PTMs (deamidation and
isomerization) in the heavy chain CDR2 (HCDR2) without affecting the binding affinity.
The P88A substitution was included because all of the most similar germline genes contain
an alanine instead of proline at position 88 of the VH.

 

Figure 1. Schematic representation of the substitutions of Ab417 for improved biophysical properties. (A) Design of the VL
and VH residue substitutions. (B) The 3D model of Ab417. The I31S and V96P in the VL and the R16G, D54E, K76A, and
P88A in the VH are shown in red. Gray, VL; Green, VH; Lime, LCDR; Light green, HCDR.

To further improve the variant H3L7, we substituted Pro96 for Ser96 in the LCDR3 to
reduce the flexibility of the LCDR3 loop. The LCDR3 of Ab417 has a length of 10 residues
rather than 9, with no conserved proline residue at position at 95a, and also has two flexible
glycine residues. The resulting H3L7 variant (Ab612), as well as Ab417, were transiently
expressed in HEK293F cells. Analysis of the culture supernatants by ELISA revealed that
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the expression levels and antigen-binding activities of Ab612 were higher than those of
Ab417 (data not shown). Therefore, Ab612 was selected for further studies.

2.2. Expression Analysis and Optimization of Purification Process of Ab417 and Ab612

To precisely compare the expression levels between Ab417 and Ab612, each antibody
was expressed using the ExpiCHO-S transient expression system, and the culture super-
natant was subjected to quantitative ELISA. The results indicated that the expression level
of Ab612 was 2.6-fold higher than that of Ab417 (Figure 2A).

Figure 2. (A) Expression levels of antibodies using the ExpiCHO transient expression system. (B,C) Ab417 and Ab612
were purified by protein A affinity chromatography (B) and CIEX by stepwise gradient elution and linear gradient elution,
respectively (C). (D) Final polishing was conducted using SEC. (E) SEC-HPLC of each antibody was performed to determine
the purity and homogeneity following purification.

To compare the quality of the produced antibodies, Ab417 and Ab612 were purified
from the culture supernatants via three purification steps using Protein A affinity chro-
matography, cation-exchange chromatography (CIEX), and size exclusion chromatography
(SEC) (Figure 2B–D). In the case of Ab417, high-molecular-weight aggregates could be
separated from the IgG monomer by stepwise gradient elution in CIEX because they were
not separated by linear gradient elution. On the other hand, Ab612 was eluted as a single
peak by linear gradient elution (Figure 2C). After SEC, the purification yields of Ab417 and
Ab612 were 43% and 61%, respectively, indicating that the purification yield of Ab612 was
40% higher compared to that of Ab417. SEC-HPLC was conducted to validate the purity
and homogeneity of the purified antibody. A fraction of fragmented Ab417 was detected,
whereas fragmented Ab612 was not detected (Figure 2E).

2.3. Thermal Stability of Ab417 and Ab612

To assess the thermal stability of Ab417 and Ab612, the purified antibodies were eval-
uated by dynamic light scattering (DLS) while increasing the temperature from 30 ◦C to
80 ◦C. The aggregation starting point was 74 ◦C for Ab417 and 77 ◦C for Ab612 (Figure 3),
indicating that Ab612 exhibited increased thermal stability compared to Ab417. Taken
together with the analyses of expression and purification processing, these results demon-
strate that compared to Ab417, Ab612 showed improved biophysical properties, including
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increased productivity, reduced aggregation propensity and fragmentation, and increased
thermal stability.

Figure 3. Assessment of thermal stability of Ab417 (A) and Ab612 (B) by DLS. The blue line indicates
the starting point of protein aggregation.

2.4. Affinity and pI Values of Ab417 and Ab612

To compare the antigen-binding affinities of Ab417 and Ab612, we determined the
affinities of the purified antibodies using both competitive ELISA and bio-layer interfer-
ometry (BLI) with Octet Red384. We measured the affinities for both human and mouse
L1CAM because Ab417 is cross-reactive with rodent L1CAM [31]. In a competitive ELISA,
the affinities (KD) of Ab417 and Ab612 for human L1CAM were 0.50 nM and 0.26 nM,
respectively (Figure 4A), while both antibodies showed the same affinity for mouse L1CAM
(KD, 0.12 nM) (Figure 4B). As determined by BLI, the affinities of Ab417 and Ab612 for
human L1CAM were 0.26 nM and 0.11 nM, respectively, while the antibodies showed iden-
tical affinities for mouse L1CAM (KD, 0.10 nM) (Figure 4C). These results indicated that
Ab612 exhibited a 2-fold higher affinity for human L1CAM compared to Ab417, but not an
increased affinity for mouse L1CAM. This demonstrated that the increased affinity of Ab612
was due to an increased intrinsic affinity, but not to its improved biophysical properties.
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Figure 4. Determination of the affinities of Ab417 and Ab612 for hL1-s1 (A) and mL1-s1 (B) by competitive ELISA and the
Octet system (C). Kon, rate of association; Kdis, rate of dissociation; Full Rˆ2, estimate of the goodness of the curve fit.

In the VH of Ab417, two positively charged amino acid residues (Arg16 and Lys76)
were substituted with Gly16 and Ala76 to construct Ab612. Thus, we measured the pI of
the purified antibodies by capillary isoelectric focusing (cIEF). As expected, the pI of Ab612
(9.25) was lower than that of Ab417 (9.62) (Figure S2).

2.5. In Vivo Anti-Tumor Activities of Ab417 and Ab612

Since we confirmed that Ab612 showed improved biophysical properties and affinity
compared to Ab417, we next investigated its in vivo anti-tumor efficacy in a cholangiocarci-
noma xenograft nude mouse model where Ab417 inhibited tumor cell proliferation.Balb/c
nude mice (n = 8) bearing Choi-Ck xenografts were i.v. injected with Ab417 or Ab612
(10 mg/kg) or vehicle three times per week for three weeks, and the tumor volume and
body weights were measured. At 22 days after the first injection, tumor tissues were
removed and weighed. Compared to the control, Ab417 and Ab612 resulted in tumor
growth inhibition of 55.5% and 78.2%, respectively, based on mean tumor weight, while
not affecting body weight (Figure 5A–D). These results indicated that Ab612 exhibited
enhanced anti-tumor efficacy compared to Ab417 in the cholangiocarcinoma model.
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Figure 5. Anti-tumor efficacy of Ab612 compared with Ab417 in a Choi-Ck cholangiocarcinoma xenograft nude mouse
model (n = 8). When the tumor volume reached an average of 100 mm3, dosing (10 mpk) was initiated 3 times weekly
for 22 days. Mean tumor volume (A), tumor weight (B), and body weight (C) are shown. (D) Photographs of the resected
tumors at the end of the experiment. Each point represents the mean ± SD. * p < 0.05, ** p < 0.01, significant difference from
the isotype control group by Dunnett’s t-test.

2.6. Generation of an RCB for Preclinical Development of Ab612

To initiate the preclinical development of Ab612, stable and high-producing Chinese
hamster ovary (CHO) cell clones were generated according to the regulatory guidelines.
Figure 6A presents the overall scheme for RCB development. Briefly, the heavy and light
chain genes were codon-optimized and cloned into the manufacturer’s expression vector,
followed by transfection into CHO-K1 host cells. The transfected cells were seeded in
96-well plates (96 WPs) to prepare mini pools. These mini pools were gradually screened
from 96 WPs to 24 WPs, cell culture plates (TPPs), and 125 mL shake flasks, based on the
titer. Finally, the top 8 mini pools were selected. Next, 117 monoclones were isolated from
the 8 mini pools by limiting dilution and were gradually screened from 96 WPs to 24 WPs,
TPPs, and shake flasks, according to the titer. After the top 10 clones were amplified for
RCB building, the top 8 RCBs were selected based on a fed-batch assay, including antibody
purification using Protein A, and quality analysis by UPLC-MS, SEC, and CIEF (data not
shown). Finally, the top RCB (006-M71-14), which showed the highest cell line stability,
was incubated for 11 days, and then passaged every 3 days until passage 23 (p23). Over
this time, the titer and cell-specific productivity (Qp) were measured by PA-HPLC. As
shown in Figure 6B, the titers of RCB 006-M71-14 were 3120 (p3), 2577 (p11), 2891 (p18), and
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2798 mg/mL (p23), and the Qps were 30.98 (p3), 32.38 (p11), 30.65 (p18), and 29.15 (p23)
pg/cell/day. These results indicated that the RCB stably maintained its high productivity
during the 80 days of culture.

Figure 6. (A) Schematic diagram showing the generation of a research cell bank (RCB). (B) Ab612 titer was measured
to assess the expression level, and Qp was calculated as PCD = (pg/cell/day) using PA-HPLC. (C) The purity of Ab612
produced from the RCB was analyzed by SEC-HPLC after purification. (D) Ag binding activity was determined by
sandwich ELISA.

To assess the quality of the product from RCB 006-M71-14, Ab612 was purified from
the culture supernatants by Protein A affinity chromatography and analyzed by SEC-
HPLC. The percentages of IgG monomer and high-molecular-weight aggregates of Ab612
were 97.53% and 2.47%, respectively, with no fragmented antibody detected (Figure 6C).
Additionally, the purified Ab612 exhibited the same antigen-binding activity as that from
transient expression in ExpiCHO-S cells in a sandwich ELISA (Figure 6D). Finally, to test
scalability, the fed-batch of the RCB was separately scaled up to 3.7 L and 50 L. After
14 days of cultivation, the titers of 3.7 L and 50 L cultures were determined to be 6.3 and
6.6 g/L, respectively. This demonstrated that the RCB was highly productive and stable,
and thus it will be suitable to produce material for preclinical toxicology studies and
clinical studies.

3. Discussion

The early phase of drug discovery is focused on antibody selection based on specificity,
affinity, and functional properties. However, as an antibody is advanced into preclinical
development, it is important to consider its biophysical properties to determine whether
it can be successfully developed into an efficacious drug. The biophysical properties of
a therapeutic antibody can critically influence its late-stage developability, which requires
high-level expression, high solubility, conformational and colloidal stability, low poly-
specificity, and low immunogenicity [33].
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In our previous attempt to develop a therapeutic antibody with anti-tumor activity, we
isolated a human mAb that cross-reacts with rodent L1CAM from a human naïve antibody
library, and we then generated an affinity-matured version (Ab417) of this hit and validated
its anti-tumor efficacy and mechanism of action in rodent models [31,32]. In the present
study, we attempted to optimize Ab417 by improving its biophysical properties.

We designed 19 variants with reduced aggregation propensity, fewer potential PTM
motifs, and lower predicted immunogenicity using computational methods. Subsequently,
we constructed these variants to analyze their expression levels and antigen-binding
activities. The Ab417 variant H3L7 exhibited a higher expression level compared to Ab417.

Therefore, we further changed a residue in the LCDR3 of H3V7 to generate an even
more improved variant (Ab612) with higher productivity and antigen-binding affinity. The
Ab612 showed 2.6-fold higher productivity and improved biophysical properties, such as
1.4-fold increased purification yield, greater stability, lower aggregation propensity, 2-fold
higher affinity for human L1CAM, and enhanced in vivo anti-tumor efficacy. Moreover,
for the preclinical development of Ab612, we successfully generated a highly productive
and stable research cell bank (RCB) and confirmed the scalability of the production process
to a pilot scale.

Overall, the present results demonstrate that we successfully improved the biophysical
properties and affinity of Ab417, generating an optimized antibody (Ab612). Ab612 is
considered a promising candidate antibody for preclinical development.

4. Materials and Methods

4.1. Design of Ab417 Variants with Improved Biophysical Properties
4.1.1. Sequence Analysis for Potential PTMs

Multiple alignments of Ab4 and Ab417 sequences to human germline sequences were
generated using MAFFT [34], and entries in each alignment were ordered according to
the sequence identity to the parental sequence. The antibody sequences were analyzed
for potential PTMs such as Asn deamidation, Asp isomerization, N- and O-glycosylation,
and oxidation.

4.1.2. Construction and Comparison of 3D Models of Ab417 and Its Variants

Structural models of the Fv-region for Ab417, and variants thereof, were generated
using Lonza Biologics’ modeling platform. Candidate structural template fragments for
the FR and CDRs, as well as the full Fv, were scored, ranked, and selected from the
antibody database based on their sequence identity to the target, as well as qualitative
crystallographic measures (Å) of the template structure. In order to structurally align the
CDRs to the FR templates, five residues on either side of the CDR were included in the CDR
template. An alignment of the fragments was generated based on overlapping segments
and a structural sequence alignment using MODELLER. An ensemble of structures that
satisfy the conformational restraints derived from the set of aligned structural templates
was created by simulated annealing and conjugation gradient optimization procedures.
One or more model structures were selected from this ensemble based on an energy score
derived from the quality of the protein structure and satisfaction of the conformational
restraints. The models were inspected, and the side chains of the positions which differ
between the target and template were optimized using a side chain optimization algorithm
and energy minimized. A suite of visualization and computational tools were used to
assess the conformational variability of the CDRs, as well as the core and local packing of
the domains and regions and surface analysis to select one or more preferred models.

To assess the impact of different substitutions on affinity and stability, a number of
structural criteria, including the solvent accessibility, local atomic packing, and location of
the substitution relative to the predicted antigen-binding interface or the Fv dimer interface,
electrostatic effects, and hydrogen bonding patterns, were used.
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4.1.3. Calculation of Aggregation Propensity and Assessment of Potential Substitutions

Aggregation hotspots were identified based on the sequence and structure of anti-
bodies using Lonza’s AggreSolveTM in silico tools. The intrinsic aggregation propensity
score, Ares, was calculated for overlapping 7-mer peptides, and the score was calculated
over an entire amino acid sequence to generate Atot. In addition, Sres, which reflects the
aggregation propensity of a 7-mer peptide from its folded state, was calculated by applying
the conformational correction to the intrinsic aggregation propensity profile [35]. A sum-
mary score, Stot, was calculated based on the position-specific Sres. In addition, given that
non-specific protein-protein interactions can be caused by aggregation-prone hotspots on
the protein’s surface, the surface aggregation propensity per position, Tres, was calculated.
A summary score, Ttot, was calculated based on the position-specific Tres descriptors.

All positions outside the CDRs that were part of the hot spots were assessed based on
their potential impact on binding affinity and stability. Each position was classified as either
Neutral, Critical, or Contributing. A neutral position means that substituting another amino
acid at this position should not affect binding affinity or stability negatively. A contributing
position means that a substitution can be made, but the position may contribute to binding
affinity or stability. A critical position means that the position risks a decreased binding
affinity or stability, and therefore parental amino acid must be retained.

4.1.4. Analysis of Th Epitopes

The epitopes or clusters of adjoining epitopes of Ab417 and engineered variants were
analyzed using EpibaseTM for substitutions that would remove or reduce binding to HLA
allotypes to the greatest extent possible, with a focus on the HLA-DR allotypes, because
these are known to express at a higher level than the other allotypes DQ and DP [36].
Human germline sequences were not considered to be immunogenic as they are found
in the pool of circulating antibodies. The substitutions in the engineered antibodies were
analyzed for all chosen HLA allotypes (DRB1, DR3/4/5, DQ, and DP).

4.2. Construction of Expression Plasmids and Transient Expression of Antibodies

The genes coding for the VH or VL of the variants were synthesized and subcloned
into the EcoRI-ApaI or HindIII-BsiWI sites of the expression plasmid (pCMV-dhfrC) con-
taining the human Cγ1 or Cκ gene to construct heavy or light chain expression plasmid,
respectively, as described previously [31].

For transient expression of antibodies, HEK293F cells (Gibco, Thermo Fisher Scientific,
Waltham, MA, USA) or ExpiCHOTM cells (Thermo Fisher Scientific, Waltham, MA, USA)
were grown in FreeStyle 293 Expression medium (Gibco, Thermo Fisher Scientific, Waltham,
MA, USA) at 8% CO2, 37 ◦C, 125 rpm or in ExpiCHO Expression medium (Thermo Fisher
Scientific, Waltham, MA, USA) at 5% CO2, 37 ◦C, 110 rpm on a shaker. For transfection,
the heavy and light chain expression plasmids (two vector system) or expression plasmid
containing heavy and light chain (one vector system) were introduced into HEK293F
using polyethyleneimine (Polysciences) or ExpiCHO™ cells (Thermo Fisher Scientific,
Waltham, MA, USA) using the ExpiCHO Expression System. On day 6 post-transfection,
the cell culture supernatant was centrifuged, filtered using a bottle top filter (0.22 μm PES,
Sartorius, Germany), and subjected to quantitative ELISA and indirect ELISA to analyze
the expression level and antigen binding activity.

4.3. ELISAs

A quantitative ELISA was performed to determine the concentration of antibodies.
Anti-human IgG kappa antibody (Invitrogen, Waltham, MA, USA) was coated on the
96-well immunoplate (Thermo Fisher Scientific, Waltham, MA, USA) at 4 ◦C overnight.
After blocking with 2% skim milk in 0.05% PBST (PBS with 0.05% tween 20), a stan-
dard IgG sample (400 ng/mL) or cell culture supernatant serially diluted in 0.1% PBA
was added to each well and incubated at 37 ◦C for 1 h. The bound antibody was
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detected using anti-human IgG Fc-HRP (1:10,000 (v/v); Invitrogen, Waltham, MA), as
described previously [31].

An indirect ELISA was performed to determine the antigen binding activity of the
antibody. Purified human recombinant L1CAM (hL1-s1) and mouse recombinant L1CAM
(mL1-s1) were prepared as described previously [31]. hL1-s1 or mL1-s1 (100 ng/well) was
coated on each well at 4 ◦C overnight. Serially diluted cell culture supernatant or antibody
was incubated with the hL1-s1 or mL1-S1 at 37 ◦C for 1 h. The bound antibody was detected
using anti-human IgG(Fc-specific)-HRP (1:10,000, Invitrogen, Waltham, MA, USA).

A competitive ELISA was performed to determine the antigen-binding affinity of
the antibody. hL1-s1 or mL1-s1 (100 ng/well) were coated on each well at 4 ◦C for 12 h.
Ab417 or Ab612 antibody (10 ng/mL) in 0.1% PBA solution was pre-incubated with various
concentrations (10−12~10−7 M) of hL1-s1 or mL1-s1 as a competing antigen at 37 ◦C for
3 h. The reaction mixture was added to each well coated with the hL1-s1 or mL1-s1, and
indirect ELISA was carried out. Affinity (KD) was defined as the antigen concentration
required to inhibit 50% of the antigen-binding activity.

A sandwich ELISA was performed to compare the antigen-binding activities of the
Ab612 antibody samples produced from the transient expression and the RCB culture.
Anti-human Fc antibody (Invitrogen, Waltham, MA, USA, 100 ng/well) was coated on each
well at 4 ◦C overnight. Ab417 or Ab612 (50 ng/mL) was added to each well, incubated at
37 ◦C for 1 h, and further incubated with hL1-s1 serially diluted from 4 μg/mL at 37 ◦C for
1 h. The hL1-s1 captured by Ab417 or Ab612 was incubated with mouse anti-s1 antibody
KR127 [37] at 37 ◦C for 1 h. The bound KR127 antibody was detected using anti-mouse
IgG(Fc-specific)-HRP (1:10,000, Invitrogen, Waltham, MA, USA).

4.4. Purification of Antibodies

Ab417 and Ab612 were purified using a Protein A affinity column. Harvested Cell
Culture Fluid (HCCF) containing a monoclonal antibody was loaded on to pre-packed
protein A column (HiTrap MabSelectTM Sure, Cytiva, Marlborough, MA, USA) equilibrated
with binding buffer (20 mM sodium citrate, pH 6.0). The column was then re-equilibrated
with binding buffer followed by a wash step at pH 6.0 and finally elution with sodium
citrate buffer at pH 6.0 and 2.5 (gradient elution). The gradient elution experiments were
carried out using a 30 column volume (CV) linear gradient from 0% to 100% buffer B
(20 mM sodium citrate, pH 6.0). For virus inactivation, the elution fraction was incubated
at 4 ◦C for 1 h and then neutralized with 1 M Tris-HCl (pH 9.0) to minimize the effect on
the structure of the antibody under low pH conditions. The column was then regenerated
and sanitized using 0.5 N NaOH.

Desalting chromatography (HiPrep™ 26/10 Desalting, Cytiva, Marlborough, MA,
USA) was performed to replace the buffer in the primary purified product (affinity eluate)
suitable for the loading condition (50 mM Na-Acetate, pH 5.0). Further purification of
Ab417 and Ab612 was performed using cation-exchange chromatography. The sample was
applied to a HiTrap Capto SP column (Cytiva, Marlborough, MA, USA) and eluted with
a linear gradient of 0 to 500 mM NaCl, 30 CV.

Pooled fractions were further concentrated using Amicon Ultra-4 Centrifugal Filter
Unit with Ultracel-10 membrane (Merck Millipore, Burlington, MA, USA). A concentrated
protein sample was loaded onto the HiLoad Superdex 200 pg column (Cytiva, Marlbor-
ough, MA, USA) equilibrated with Phosphate-buffered saline (PBS) buffer at the rate of
1.0 mL/min. The elution profile was analyzed by the absorbance at 280 nm.

The purity and aggregation of purified protein were determined using high-performance
size exclusion chromatography (SE-HPLC). A Waters HPLC (Alliance 2695) system was
used with a Bio SEC-3 column (3 μm, 300 Å, 4.6 × 300 mm, Agilent, Santa Clara, CA, USA)
at 0.3 mL/min flow rate (isocratic) using a mobile phase buffer of 20 mM Na-phosphate
w/150 mM NaCl, pH 6.8.

15



Int. J. Mol. Sci. 2021, 22, 6696

4.5. Dynamic Light Scattering (DLS)

DLS was performed using Zetasizer (Malvern, Herrenberg, Germany). After the
Z-average of antibody sample was measured at 25 ◦C, 50 μL of the sample was added
to disposable cuvettes (ZEN0040, Malvern, Herrenberg, Germany) and gradually the
temperature was increased from 30 ◦C to 80 ◦C with 3 ◦C of temperature interval and
a fixed angle of θ = 173◦. The Z-average and intensity were calculated using Zetasizer
Software version 7.02 (Malvern, Herrenberg, Germany).

4.6. Affinity Determination of Antibodies Using Octet red384 System

The affinity of the antibody was determined using the Octet Red384 system (Sartorius,
Goettingen, Germany). Anti-human IgG sensor AHC (ForteBio, Fremont, CA, USA) was
firstly soaked in 0.1% PBA for 20 min. The antibody (0.2 mL of 0.5 μg/mL) was captured for
10 min followed by washing with 0.1% PBA for 2 min. hL1-s1 or mL-s1 (25, 12.5, 6.25, 3.125,
or 1.5625 nM in 0.1% PBA) was then incubated with the antibody captured on the sensor.
Association and dissociation rates were measured for 10 min and 30 min, respectively. For
correction of baseline drift, a control sensor was designated as an antibody-captured AHC
sensor exposed to running buffer only. All analytes were recalculated by subtraction of the
rate of a control sensor. The operating temperature was maintained at 30 ◦C and agitated at
1000 rpm. Data were analyzed using a 1:1 interaction model (fitting global, Rmax unlinked
by a sensor) with analysis software (ForteBio, ver. 8. 2).

4.7. Capillary Isoelectric Focusing (cIEF) Analysis

cIEF was conducted according to the SCIEX application protocol. All cIEF experiments
were performed on SCIEX PA800 plus instrument with a 50 μm i.d. neutral coated capillary
(SCIEX P/N 477441) at the length of 30.2 cm. The UV detector was used to detect absorbance
at 280 nm wavelength. A cIEF master mix solution was composed of 3 M urea-cIEF gel
solution, pharmalyte 3–10 carrier ampholytes, cathodic stabilizer (500 mM arginine), anodic
stabilizer (200 mM iminodiacetic acid), and five pI markers (10.0, 9.5, 7.0, 5.5, 4.1). Analytes
(5 mg/mL) were also mixed with 10 μL of the master mix solution. All experiments were
performed in triplicate. The pI values of the sample were calculated using qualitative
analysis of a 32 Karat software.

4.8. In Vivo Antitumor Activities of Ab417 or Ab612

All the animals were housed under a 12/12 h light/dark cycle (light phase, 8:00 A.M.
to 8:00 P.M.) with a standard laboratory diet and water ad libitum. All animal handling and
experiments were conducted with the approval of the Institutional Animal Care and Use
Committee (IACUC) of preclinical CRO Biotoxtech (180678). Nude mice (BALB/cSlc-nu,
5 weeks old) were obtained from Japan SLC, Inc (Shizuoka, Japan). Choi-CK cells (1 × 106)
were inoculated into the right flank of each mouse. Constructed Choi-CK tumor tissue
(3 × 3 × 3 mm3) was subcutaneously inoculated into the back of mice. After tumor volume
reached a mean of 100 mm3 (n = 8 per group), the antibody at a dose of 10 mg/kg was i.v.
injected 3 times per week for 3 weeks. Tumor growth was monitored by measuring the
length and width of the tumor with a caliper and calculating tumor volume based on the
following formula; TV (mm3) = L (mm) × W2 (mm2) × 1/2, where L is length and W is
width. Body weight was measured twice a week, and tumor tissues were taken out and
weighed at the end of the experiment. Tumor growth inhibition rate (IR) was calculated
as the following formula; IR (%) = (1 − T/C) × 100. T is the mean tumor weight of the
antibody treated group, and C is the mean tumor weight of the mock control group.

Data were validated using SAS (Version 9.3, SAS Institute Inc., Cary, NC, USA). Each
point represents the mean ± SD. Statistical comparison between groups were performed
by one-way analysis of variance (ANOVA) followed by Dunnett’s t-test.
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4.9. Production of Ab612 from Research Cell Bank (RCB)
4.9.1. Construction of RCB

RCB was generated by Shanghai OPM Biosciences Co., Ltd. (Shanghai, China). CHO-
K1 cells were grown in CD CHO Medium (GIBCO, Thermo Fisher Scientific, Waltham, MA,
USA) containing 6 mM L-glutamine (Sigma, St. Louis, MO, USA). Cells were incubated
under the condition of 120 rpm, 37 ◦C, and 8% CO2. Freshly prepared linearized plasmid
was transfected into CHO-K1 cells by electroporation using a Bio-Rad system. For each
sample, 1 × 107 cells were transfected with a total of 40 μg of the linear plasmid. At 24 h
later, the transfected cells were plated into a 96-well plate with 4000 cells/well. The culture
medium was CD CHO Medium containing 50 μM L-Methionine sulfoximine (MSX) (Sigma,
St. Louis, MO, USA) and 1 × GS-Supplement (Sigma, St. Louis, MO, USA). Cells were
statically cultured in an incubator with 8% CO2 and 37 ◦C. The plasmid was transfected
into cells twice by electroporation, and then the cells were plated into 20 pieces of a 96-well
plate. Mini pool fed-batch assay medium was OPM-CHO CD07 Medium (OPM, China)
with 1:200 anti-clumping Agent (ACA, OPM, China). The CDF18 (OPM, China) at 3%, 5%,
6%, 6% and 5% concentration and CDF26 (OPM, China) at 0.3%, 0.5%, 0.6%, 0.6% and 0.5%
were fed on day 3, 5, 7, 9, and 11, respectively. The glucose was fed as needed to maintain
at 2–6 g/L. The fed-batch was stopped when the viability is about 60% or on day 12.

4.9.2. Stability Study of Research Cell Bank (RCB)

In suspension culture from RCB stock, cells were passaged once every 3 days for
69 days with 0.4 × 106 cells/mL seeding density in OPM-CHO CD07 Medium with 50 μM
MSX and 1:200 Anti-Clumping Agent. In a fed-batch assay, cells were incubated at the
density of 0.8 ± 0.1 × 106 cells/mL with 30 mL culture volume. The medium was OPM-
CHO CD07 Medium with 1:200 ACA. The CDF18 was fed on day 3, 5, 7, 9 and 11 at 3%,
5%, 6%, 6% and 5%, respectively, and CDF26 was fed at 0.3%, 0.5%, 0.6%, 0.6% and 0.5%.
The glucose was fed as needed to maintain it at 2–8 g/L. The fed-batch was stopped when
the viability is about 60% or on 12 days. The culture supernatants were harvested by
centrifuging at 3500 rpm for 30 min under 4 ◦C.

4.9.3. Production and Purification of Antibodies

The HCCF obtained from RCB production was purified using protein A (Repligen,
Waltham, MA, USA) packed in XK26/20 column (Cytiva, Marlborough, MA, USA) affinity
chromatography. The purified antibody was stored in 10 mM sodium phosphate buffer
containing 5% sorbitol and 0.01% tween 20 and dialyzed using HiPrepTM 26/10 Desalting
Column (Cytiva, Marlborough, MA, USA). The concentration of purified antibody was
determined with a Nanodrop (Thermo fisher scientific, Nanodrop 2000) based on the molar
extinction coefficient. The produced Ab612 from RCB was used for analyzing purification
by SEC-HPLC and antigen-binding activity by ELISA.

5. Conclusions

In conclusion, we successfully improved the biophysical properties and affinity of
Ab417 through antibody engineering based on computational methods, which generated an
optimized antibody, Ab612. This antibody exhibited enhanced in vivo anti-tumor efficacy
compared to Ab417. Additionally, we successfully generated a highly productive and
stable RCB and confirmed the scalability of the production process to a pilot scale. Ab612
is considered a promising candidate antibody for preclinical development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22136696/s1, Figure S1: Variant combinations of Ab417, Figure S2: pI value of Ab417 and
Ab612 using cIEF.
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Abstract: Human cytomegalovirus (CMV) infection is widespread among adults (60–90%) and is
usually undetected in healthy individuals without symptoms but can cause severe diseases in im-
munocompromised hosts. T-cell receptor (TCR)-like antibodies (Abs), which recognize complex
antigens (peptide–MHC complex, pMHC) composed of MHC molecules with embedded short pep-
tides derived from intracellular proteins, including pathogenic viral proteins, can serve as diagnostic
and/or therapeutic agents. In this study, we aimed to engineer a TCR-like Ab specific for pMHC
comprising a CMV pp65 protein-derived peptide (495NLVPMVATV503; hereafter, CMVpp65495-503)
in complex with MHC-I molecule human leukocyte antigen (HLA)-A*02:01 (CMVpp65495-503/HLA-
A*02:01) to increase affinity by sequential mutagenesis of complementarity-determining regions
using yeast surface display technology. Compared with the parental Ab, the final generated Ab
(C1-17) showed ~67-fold enhanced binding affinity (KD ≈ 5.2 nM) for the soluble pMHC, thereby
detecting the cell surface-displayed CMVpp65495-503/HLA-A*02:01 complex with high sensitivity
and exquisite specificity. Thus, the new high-affinity TCR-like Ab may be used for the detection and
treatment of CMV infection.

Keywords: cytomegalovirus; peptide/major histocompatibility complex class I complex; T-cell-
receptor-like antibody; affinity maturation; yeast surface display

1. Introduction

Human cytomegalovirus (CMV), a β-herpes virus with a double-stranded DNA,
infects a wide variety of cells and establishes latency in the host [1]. CMV infection
is very common in adults (60-90% of the population), with higher infection rates with
age [2], and is usually asymptomatic in healthy subjects but can cause severe diseases in
immunocompromised patients with cellular immunosuppression or immunodeficiency,
including transplant recipients and fetuses [1,3].

Major histocompatibility complex class I (MHC-I) molecules, also known as human
leukocyte antigen I (HLA-I), are cell-surface antigen-presenting proteins displaying peptide
fragments (8–10 amino acid residues in length) derived from intracellular cytoplasmic
proteins, including self, viral, and tumor antigens, for recognition by CD8+ T cells [4]. In
CMV-seropositive hosts, matrix protein pp65 is among the most frequently immunologi-
cally recognized CMV antigens [5], accounting for 70–90% of the cytotoxic CD8+ T cells’
(CTLs) response to CMV [6]. Among the pp65-derived CTL epitope peptides, the 9-mer
peptide 495NLVPMVATV503 (residues 495–503; hereafter referred to as CMVpp65495-503 pep-
tide) is the most immunogenic T cell epitope predominantly displayed on HLA-A*02:01, the
most common MHC-I allele in the population [6–8]. Hence, detection and targeting of the
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highly prevalent CMVpp65495-503/HLA-A*02:01 complex on the surface of CMV-infected
cells are crucial for the development of detection and/or therapeutic modalities [9,10].
T-cell receptors (TCRs) specifically recognize the peptide–MHC complex (pMHC), but their
natural affinity is limited to ~1–100 μM [4]. Alternatively, antibodies (Abs) called TCR-like
Abs can be engineered to specifically recognize pMHC with high affinity [9,11].

A number of TCR-like Abs directed toward a particular pMHC derived from a
pathogenic viral protein or a tumor-associated antigen have been developed because
such Abs have many desirable features of conventional immunoglobulin G (IgG) Abs,
including large-scale manufacturing capacity and long serum half-life [11]. However, few
of these Abs have reached clinical application, and the optimal specificity and affinity
of TCR-like Abs need to be defined. High-affinity TCR-like Abs have several potential
biomedical applications and may be valuable research reagents for detecting specific virus-
/tumor-associated pMHCs on cell and tissue surfaces [11,12].

Previously, a TCR-like Ab (H9) specific for the CMVpp65495-503/HLA-A*02:01 complex
was reported [13]. However, the affinity was relatively weak (KD = 300 nM), limiting its
potential use as a detection or therapeutic reagent. Here, we aimed to engineer H9 to
increase its affinity by ~67-fold for pMHC comprising the CMVpp65495-503/HLA-A*02:01
complex by yeast surface display (YSD) technology, thereby enabling highly sensitive and
specific detection of the cell surface-displayed pMHC.

2. Results

2.1. Evaluation of Parental H9

The TCR-like H9 antigen-binding fragment (Fab) was previously isolated by screening
a large phage-displayed human Fab library against a recombinant CMVpp65495-503/HLA-
A*02:01 complex [13]. H9 reformatted into the bivalent IgG form showed binding specificity
to soluble pMHC comprising the CMVpp65495-503/HLA-A*02:01 complex with relatively
weak binding affinity (KD ≈ 300 nM) [13]. Here, we generated H9 in the mouse IgG2a/κ for-
mat and evaluated its binding activity by flow cytometry toward the cell surface-displayed
CMVpp65495-503/HLA-A*02:01 complex, generated by external peptide pulsing of cells
expressing HLA-A*02:01 at various levels (Figure 1A). Even at 500 nM, H9 manifested
very weak binding activity only toward MDA-MB-231 and Malme-3M cells expressing
HLA-A*02:01 at relatively high levels (HLA-A*02:01++) but negligible or little binding
activity toward HCT116 cells expressing HLA-A*02:01 at moderate levels (HLA-A*02:01+)
and toward HLA-A*02:01-negative LoVo cells (Figure 1B). At 100 and 20 nM, H9 bind-
ing to peptide-loaded HLA-A*02:01++ MDA-MB-231 cells was negligible (Figure 1C).
H9 did not react with cells loaded with an off-target peptide of HLA-A*02:01-restricted
human papilloma virus (HPV) type 16 E7 protein-derived 9-mer peptide, HPVE711-19
(11YMLDLQPETV19). These results confirmed the specific binding of H9 to the membrane-
bound pMHC comprising the CMVpp65495-503/HLA-A*02:01 complex.

However, the binding strength was too weak to detect the complex on cells expressing
HLA-A*02:01 at moderate levels. Thus, we sought to engineer H9 for affinity improvement.

2.2. Affinity Maturation of H9 to Generate C1 Ab

Owing to lack of information regarding specific amino acid residue interactions
between H9 and the CMVpp65495-503/HLA-A*02:01 complex, for affinity maturation, we
first generated an H9 library by randomization of the third complementarity-determining
region (CDR) of variable regions of the heavy chain (VH) and (VL), i.e., VH-CDR3 and
VL-CDR3, known to be major contributors to Ab–antigen interaction [14]. Most residues in
VH-CDR3 (residues 95–102 in Kabat numbering [15]) and VL-CDR3 (residues 89–97) were
randomized with degenerate codons, including the NNK codon encoding all 20 amino
acids and one stop codon (Figure 2A). To improve the stability and folding efficiency of
the Ab, some highly conserved amino acid residues based on human germline sequences,
inferred from the International ImMunoGeneTics information system database [16], were
conserved or minimally randomized to maintain the parental amino acid residues at a
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high frequency. Specifically, in the last three residues of VH-CDR3 (100J, 101, and 102),
which are highly conserved with a consensus sequence of 100JPhe/Met/Ile–Asp–Tyr102,
only the PheH100J residue was randomized with the degenerate codon WTK (encoding
F, I, M, and L) while preserving the other residues, AspH101 and TyrH102. Similarly,
for VL-CDR3, the highly conserved residues GlnL89, ProL95, and ThrL97 were retained
owing to their high frequency in the human germline sequences. Residues TyrL91, SerL94,
and PheL96 were mutated with degenerate codons YHT (encoding F, S, Y, L, P, and H),
WHT (encoding F, S, Y, I, T, and N), NNT (encoding F, S, Y, C, L, P, H, R, I, T, N, S, V,
A, D, and G), respectively (Figure 2A). The VH-CDR3/VL-CDR3-randomized H9 library
was generated by YSD technology in the single-chain Fab (scFab) format, wherein the
C-terminus of VL was linked to the N-terminus of VH via a G4S-based 63-amino-acid
linker (Figure 2A) [17,18]. The library diversity was ~1.5 × 107, and sequencing of tens of
clones confirmed the fidelity of the library diversity.

Figure 1. Evaluation of H9 binding to the cell surface-displayed CMVpp65495-503/HLA-A*02:01 complex. (A) Flow
cytometric analysis of the cell surface expression levels of human leukocyte antigen (HLA)-A*02:01, classified as + + (high
level) for both MDA-MB-231 and Malme-3M cells, as + (positive) for HCT116 cells, and as - (negative) for LoVo cells.
(B,C) Flow cytometric analysis of H9 binding at 500 nM (B) to peptide-pulsed cells (B) and at various concentrations to
peptide-pulsed MDA-MB-231 cells (C). Cells were pulsed with the vehicle, CMVpp65495-503 peptide (50 μM), or the control
HLA-A*02:01-restricted HPVE711-19 (50 μM) peptide for 3 h at 37 ◦C and incubated with H9 and then the Alexa Fluor
647-conjugated goat anti-mouse immunoglobulin G (IgG)-specific (Fab’)2 antibody (Ab) (secondary Ab) prior to flow
cytometry. In (A–C), representative histograms from two independent experiments are depicted.

Table 1. Parameters of binding kinetics of TCR-like Abs in relation to the CMVpp65495-503/HLA-
A*02:01 SCT protein, as measured using biolayer interferometry.

Abs KD (nM) kon (M−1s−1) koff (s−1) R2

H9 348 ± 33 (6.3 ± 3.3) × 103 (2.2 ± 0.2) × 10−3 0.97

C1 12.6 ± 0.3 (1.8 ± 0.2) × 105 (2.3 ± 0.4) × 10−3 0.97

C38 30.6 ± 0.1 (1.5 ± 0.1) × 105 (4.7 ± 0.4) × 10−3 0.98

C1-17 5.2 ± 0.1 (9.3 ± 0.2) × 105 (4.8 ± 0.1) × 10−3 0.99

C1-30 8.7 ± 0.1 (8.0 ± 0.2) × 105 (7.0 ± 0.1) × 10−3 0.99
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Figure 2. Affinity maturation of H9 and characterization of the isolated clones. (A) The scheme of library construction and
screening for H9 in the single-chain antigen-binding fragment (scFab) format using YSD technology. The indicated residues
in VH-CDR3 and VL-CDR3 were randomized with the indicated degenerate codons. The “-” sign denotes conserved
residues.(B) Flow cytometric analysis of antigen binding and expression levels of the yeast surface-displayed scFab library
pool enriched after each round of screening by magnetically activated cell sorting (MACS) and fluorescence-activated cell
sorting (FACS), compared with those of the parental H9 scFab. (C) Dose-dependent binding activity of the isolated and
purified Abs in mouse IgG2a/κ form toward the microtiter plate coated with peptide–MHC complex (pMHC) comprising
CMVpp65495-503/HLA-A*02:01 single-chain trimer (SCT) antigen, as determined by ELISA. (D) Binding isotherms of the
immobilized Abs toward the soluble CMVpp65495-503/HLA-A*02:01 SCT antigen, as measured by biolayer interferometry.
pMHC concentrations are indicated (colored). The kinetic interaction parameters are listed in Table 1. (E) Flow cytometric
analysis of the binding of the isolated T-cell receptor (TCR)-like Abs at the indicated concentrations to the peptide-pulsed
cells. Peptide pulsing and flow cytometric analysis were performed as described in Figure 1C. Representative histograms
from two independent experiments are depicted.

For library screening, we prepared the soluble antigen of CMVpp65495-503/HLA-
A*02:01 single-chain trimer (SCT) protein with a C-terminal Avi tag (for biotinylation)
(Supplementary Figure S1). We engineered the SCT form to have an artificial disulfide
bridge between the HLA α1 domain (Tyr108Cys) and linker L1 (position 2 of L1) to maintain
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stable binding of CMVpp65495-503 into the groove of the MHC-I complex (Supplementary
Figure S1) [19,20]. The disulfide-bonded SCT format ensured that the TCR-like Ab does
not recognize MHC-I alone. As an off-target antigen, the HPVE711-19/HLA-A*02:01 SCT
protein was prepared similarly. The pMHC SCT proteins were expressed in cultured
HEK293F cells. The purified protein (~49.7 kDa) was site-specifically biotinylated, as
confirmed by a streptavidin gel shift assay (Supplementary Figure S1C).

The H9 library was screened by one round of magnetically activated cell sorting
(MACS), followed by two rounds of fluorescence-activated cell sorting (FACS) with the
biotinylated CMVpp65495-503/HLA-A*02:01 SCT antigen in the presence of a 10-fold higher
concentration of the non-biotinylated off-target HPVE711-19/HLA-A*02:01 SCT antigen
(Figure 2B), thereby yielding two unique good-affinity binders, C1 and C38 scFabs (Sup-
plementary Figure S2). The isolated scFab clones were converted into the mouse IgG2a/κ
form and expressed in HEK293F cells. ELISA revealed that purified C1 and C38 bound to
the soluble CMVpp65495-503/HLA-A*02:01 SCT in proportion to the concentration, thus
showing much stronger binding activity than parental H9 (Figure 2C). In a kinetic bind-
ing analysis performed by biolayer interferometry, Abs C1 and C38 manifested more
than 10-fold stronger affinity (KD ≈ 13 and 31 nM, respectively) than that of parental H9
(KD ≈ 348 nM; Figure 2D and Table 1). The binding specificity of the affinity-matured
TCR-like Abs to the cell surface-displayed CMVpp65495-503/HLA-A*02:01 complex was
evaluated by flow cytometry using cells pulsed with peptides. Compared with parental
H9 at 500 nM, both C1 and C38, even at a 100-fold lower concentration (at 5 nM), exhibited
a substantial binding activity toward HLA-A*02:01-positive cells, including HLA-A*02:01+

HCT116 cells (Figure 2E). However, the affinity-matured Abs did not bind at all to the
same HLA-A*02:01-positive cells loaded with the off-target HPVE711-19 peptide or to HLA-
A*02:01-negative LoVo cells (Figure 2E), thereby confirming their binding specificity to the
cell surface-displayed CMVpp65495-503/HLA-A*02:01 complex. Thus, both Abs C1 and
C38 may exhibit improved affinity while maintaining their specificity.

The association rate constant (kon), dissociation rate constant (koff), and equilibrium
dissociation constant (KD) and an estimate of the goodness of curve fit (R2) were calculated
in the Octet Data Analysis software, v.11.0 (ForteBio).

2.3. Affinity Maturation of C1 to Generate High-Affinity TCR-Like Abs

Considering the very low density of specific peptide/HLA complexes on a natural
cell surface (≤1000 per cell [21]), successful therapeutic and detection use of a TCR-like
Ab requires strong affinity and high specificity [22]. Therefore, we selected C1, which has
higher affinity than C38, for the next round of affinity maturation. For affinity maturation
of C1, the VH-CDR2 (residues 50–65) and VL-CDR2 (residues 50–56) regions (except for
the residues generally conserved in human germline sequences, e.g., IleH51, TyrH59, and
AlaH60 in VH-CDR2 and AlaL51 and SerL52 in VL-CDR2) were randomized using degen-
erate codons (Figure 3A). The library was generated in the scFab format by YSD technology
with a diversity of ~1.3 × 107 and was screened by four rounds of FACS against the bi-
otinylated antigen, CMVpp65495-503/HLA-A*02:01 SCT, with a gradual decrease in antigen
concentration in the presence of a 10-fold higher concentration of the non-biotinylated
off-target competitor, HPVE711-19/HLA-A*02:01 SCT (Figure 3B,C). Analysis of more than
50 finally isolated clones yielded two unique clones, C1-17 and C1-30 (Supplementary
Figure S2). The isolated clones were reformatted into mouse IgG2a/κ form and purified
for further characterization. ELISA indicated improved binding activity of both C1-17 and
C1-30 for the soluble CMVpp65495-503/HLA-A*02:01 SCT compared with C1 (Figure 3D).
Binding kinetics analysis revealed that C1-17 and C1-30 showed single-digit nanomo-
lar affinities (KD) of ~5.2 and ~8.7 nM, respectively, which were approximately twofold
stronger than that of parental C1 (KD ≈ 13 nM; Table 1). In all cases, affinity improvement
was essentially owing to an increase in the association rate constant kon (Figure 3E and
Table 1).
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Figure 3. Affinity maturation of C1 Ab to generate high-affinity TCR-like Abs. (A) The scheme of yeast scFab library
construction for VH-CDR2 and VL-CDR2 of C1 Ab, wherein the indicated residues were randomized with the indicated
degenerate codons. The “-” sign indicates conserved residues. (B) Flow cytometric sorting gate plots of the yeast surface-
displayed scFab library screening in each round of screening by FACS with the indicated concentration of the biotinylated
CMVpp65495-503/HLA-A*02:01 SCT antigen in the presence of a 10-fold higher concentration of the non-biotinylated
off-target HPVE711-19/HLA-A*02:01 SCT protein. (C) Flow cytometric analysis of target-specific enrichment for the yeast
surface-displayed scFab library pool enriched after four rounds of FACS using the indicated target and off-target antigen. (D)
Dose-dependent binding activity of the isolated and purified Abs in mouse IgG2a/κ form toward the microtiter plate coated
with pMHC comprising CMVpp65495-503/HLA-A*02:01 complex antigen, as determined by ELISA. (E) Binding isotherms
of the immobilized IgG2a/κ Abs toward the soluble CMVpp65495-503/HLA-A*02:01 complex antigen, as measured by
biolayer interferometry. The concentrations of pMHC are indicated (colored). The kinetic interaction parameters are listed
in Table 1. (F) Flow cytometric analysis of binding of the TCR-like Abs in IgG2a/κ form at the indicated concentrations to
peptide-pulsed cells. Cells were pulsed for 3 h at 37 ◦C with the vehicle, CMVpp65495-503 peptide (4 μM), or the control,
HLA-A*02:01-restricted HPVE711-19 (4 μM) peptide, and incubated with the TCR-like Abs at the indicated concentrations
and then with the Alexa Fluor 647-conugated goat anti-mouse IgG-specific (Fab’)2 Ab (secondary Ab) prior to flow cytometry.
Representative histograms from two independent experiments are depicted.

Next, we assessed the specificity and lower detection limits of the affinity-matured Abs
toward cells pulsed with the peptide at a low concentration (down to 4 μM) to generate low-
density CMVpp65495-503/HLA-A*02:01 complex on cells. Both C1-17 and C1-30 strongly
stained HLA-A*02:01-positive cells loaded with CMVpp65495-503 in proportion to the con-
centration but did not stain the same cells pulsed with a vehicle or the off-target HPVE711-19
peptide and HLA-A*02:01-negative cells (Figure 3F). Although parental C1 at a low con-
centration of 0.5 nM failed to detect the membrane-bound CMVpp65495-503/HLA-A*02:01
complex, both C1-17 and C1-30 at the same concentration detected it (Figure 3F). Thus,
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affinity-matured TCR-like Abs C1-17 and C1-30 reliably detected the cell surface-displayed
CMVpp65495-503/HLA-A*02:01 complex with high sensitivity and exquisite specificity.

3. Discussion

The low affinity of TCR-like Abs is one of the major hurdles associated with their
detection and therapeutic applications. We engineered a TCR-like Ab H9 specific for the
CMVpp65495-503/HLA-A*02:01 complex to improve H9′s affinity while retaining its speci-
ficity. We performed two rounds of affinity maturation by sequential random mutagenesis
on the VH-/VL-CDR3 of H9 and then on the VH-/VL-CDR2 of C1 in the scFab format
using YSD technology. The finally generated, highest-affinity Ab C1-17 possessed ~67-fold
improved affinity (KD ≈ 5.2 nM) compared with that of the parental H9 (KD ≈ 348 nM).
Parental H9 failed to detect the membrane-bound CMVpp65495-503/HLA-A*02:01 com-
plex even on HLA-A*02:01++ cells at a concentration below 500 nM. Conversely, both
C1-17 and C1-30 with single-digit nanomolar affinities detected the cell surface-displayed
CMVpp65495-503/HLA-A*02:01 complex at a 1000-fold lower concentration (0.5 nM) even
on HLA-A*02:01+ HCT116 cells, thereby showing high sensitivity owing to affinity matura-
tion. They did not bind to HLA-A*02:01-positive cells, unpulsed or pulsed with an off-target
peptide, nor to HLA-A*02:01-negative cells, thus confirming their exquisite specificity.

The expression levels of the pMHC complex on the cell surface are relatively low,
ranging from tens to hundreds of molecules/cell, compared with other membrane recep-
tors [11]. For example, the CMVpp65495-503/HLA-A*02:01 complex was reported to be
~100 molecules/cell on the surface of CMV-infected fibroblasts [13]. Accordingly, TCRs or
TCR-like Abs with high affinity and specificity are necessary for the sensitive detection or
targeting of the low copy numbers of pMHC [10,11,22]. Though the H9 Ab detected the
CMVpp65495-503/HLA-A*02:01 on the surface of CMV-infected fibroblasts [13], it has not
been further developed. The high-affinity TCR-like C1-17 Ab, engineered to have a KD ≈
5.2 nM in this study, can be developed as a research agent to detect CMVpp65495-503/HLA-
A*02:01 presentation on the surface of and inside cells during CMV infection and as a
therapeutic agent to eliminate CMV-infected cells.

The full-length TCR-like Ab was generated based on the Fc portion of mouse IgG2a
rather than that of human IgG isotype for use as a detection agent for the CMVpp65495-503/
HLA-A*02:01 complex on human cells and tissues. The mouse IgG2a isotype also has
merits as a primary Ab in detection because it exhibits a detection sensitivity with labeled
anti-mouse IgG isotype-specific secondary Abs that is superior to that of the other mouse
IgG isotype Abs [23], and the anti-mouse IgG2a-specific secondary Abs are readily available.
To be used as a therapeutic Ab, the constant regions of the TCR-like Ab need to be switched
into human IgG1 with greater effector functions than the other isotypes [24].

A few antiviral drugs, including ganciclovir and valganciclovir, have been used for
treating CMV infection, but viral resistance is a major challenge associated with their
use [1]. Another approach is the transfer of donor-derived CMV-specific CTLs, but it
remains limited due to the occurrence of graft-versus-host disease (GVHD) in allogeneic
recipients [25]. The high-affinity TCR-like Ab C1-17 can be converted into a bispecific
T-cell engager [20] and a chimeric antigen receptor (CAR) for CAR-T therapy based on the
autologous T-cells to overcome allogeneic immunogenicity [3,26]. Moreover, C1-17 can be
developed as a therapeutic Ab to eliminate CMV-infected cells through the effecter func-
tions, such as Ab-dependent cellular cytotoxicity [27,28], or via a targeting agent to deliver
cytotoxic payloads, such as potent drugs and toxins [9,29]. Comparative analyses of CTL
responses in CMV-seropositive individuals have shown that, among the CMV-derived CTL
epitopes, the pp65-derived CMVpp65495-503 and the major immediate-early gene product
(IE-1)-derived VLEETSVML peptide (residues 316–324) are the most frequent CTL epitope
peptides, with the former being more dominant than the latter [5,6,30]. CMVpp65495-503 is
predominantly presented by HLA-A*02:01, one of the most frequent MHC-I alleles in the
human population (30~50%, depending on the ethnicity) [27]. Accordingly, C1-17 specific
for the CMVpp65495-503/HLA-A*02:01 complex could be used in a maximum of up to

27



Int. J. Mol. Sci. 2021, 22, 2349

~50% of CMV-infected individuals as a detection or therapeutic agent. Nonetheless, C1-17,
restricted to the single HLA-A*02:01 allele, is not suitable for broad applicability due to the
three HLA genes and their thousands of polymorphic alleles in humans [9].

This study has some limitations. The engineered TCR-like Abs specific for CMVpp65495-503
-bound HLA-A*02:01 were evaluated only for cells exogenously pulsed with peptides.
Thus, the high-affinity TCR-like C1-17 Ab must be further validated as a potential detection
and/or therapeutic agent for the pMHC naturally presented on CMV-infected cells, such as
fibroblasts, epithelial cells, endothelial cells, neurons, monocytes, and macrophages, which
are susceptible to CMV infection [31–33], in comparison with the lower-affinity clones,
including the parent H9 Ab [13].

In conclusion, we developed a high-affinity TCR-like Ab (C1-17) specific for the highly
prevalent pMHC of CMV infection, i.e., the CMVpp65495-503/HLA-A*02:01 complex, in
both soluble and membrane-bound forms. In addition to its value as a study reagent, the
high-affinity TCR-like Ab can be utilized as a therapeutic agent against CMV infection.

4. Materials and Methods

4.1. Peptides and Plasmids

Human CMV pp65-derived 9-mer peptide, CMVpp65495-503 (495NLVPMVATV503),
and human papilloma virus (HPV) type 16 E7 protein-derived 9-mer peptide, HPVE711-19
(11YMLDLQPETV19), were synthesized with 95% purity (AnyGen, Gwangju, Korea). DNA
fragments encoding the variable regions of the heavy chain (VH) and light chain (VL) of
H9 (patent US8361473B2) were synthesized (Bioneer, Daejeon, Korea), and respective VH
and VL genes were subcloned into a modified pcDNA 3.4 VH vector (Invitrogen, CA, USA)
carrying the mouse IgG2a constant domain and a pcDNA 3.4 VL vector carrying the mouse
kappa constant domain, respectively [34,35], to be expressed in mouse IgG2a/κ form.
Similarly, engineered H9-derived Abs were subcloned. DNA encoding the full-length
HLA-A*02:01 (residues 25–298, GenBank accession #: BC019236) was purchased from
SinoBiological (cat. # HG13263-CH, Korea), and the human β2-microglobulin (β2m) gene
was prepared by DNA synthesis (Bioneer, Daejeon, Korea). To express the recombinant
pMHC protein in the single-chain trimer (SCT) form [19,20], the open-reading frame
of the target (CMVpp65495–503) or off-target (HPVE711–19) peptide-GCGGS(G4S)2 linker-
β2m-(G4S)4 linker-extracellular domain of the HLA-A*02:01 protein (residues 25–298) with
Y108C mutation-GS-Avi tag(GLNDIFEAQKIEWHE)-GS-8×His tag was subcloned in-frame
downstream of a secretion signal peptide in the pcDNA3.4 vector to be expressed as the
CMVpp65495–503/HLA-A*02:01 or HPVE711–19/HLA-A*02:01 SCT protein (Supplementary
Figure S1).

4.2. Expression and Purification of Abs and Proteins

Plasmids encoding the heavy chain and light chain of Abs were transiently co-
transfected in pairs, at equivalent molar ratios, into cultured mammalian human embryonic
kidney HEK293F cells in Freestyle 293F medium (Invitrogen, CA, USA, 12338018) follow-
ing the standard protocol [34,35]. Culture supernatants were collected after 6 days by
centrifugation and filtration (0.22 μm, polyethersulfone; Corning). Abs were purified from
the culture supernatants using a CaptivA™ Protein A-agarose chromatographic column
(Repligen, MA, USA) and were extensively dialyzed to achieve the final composition of
phosphate-buffered saline (PBS; pH 7.4). Likewise, the plasmid encoding the pMHC SCT
protein was transfected into HEK293F cells. The pMHC protein was purified from the
culture supernatant using Ni-NTA resin (GE Healthcare, IL, USA). Protein concentrations
were determined using a bicinchoninic acid kit (Thermo Fisher Scientific, Waltham, MA,
USA). To prepare an Ab-screening antigen, the purified pMHC SCT proteins were biotiny-
lated using a BirA500 kit (Avidity LLC, Colorado, USA) following the manufacturer’s
instructions [35].
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4.3. Enzyme-Linked Immunosorbent Assay (ELISA)

Binding activity and specificity of Abs to the purified CMVpp65495-503/HLA-A*02:01
SCT protein were determined by ELISA, as described previously [17].

4.4. Cell Cultures

HLA-A*02:01-expressing cell lines Malme-3M, MDA-MB-231, and HCT116 and an
HLA-A*02:01-negative LoVo cell line were purchased from the Korean Cell Line Bank
and maintained and cultured in an RPMI-1640 medium (HyClone, Busan, Korea) sup-
plemented with 10% heat-inactivated fetal bovine serum (FBS) (HyClone, Busan, Korea),
penicillin (100 U/mL), streptomycin (100 μg/mL), and amphotericin B (0.25 μg/mL; Hy-
Clone) [35,36]. All cell lines were maintained at 37 ◦C in a humidified 5% CO2 incubator
and routinely screened for Mycoplasma contamination (CellSafe, Yongin-si, Korea).

4.5. Flow Cytometry

To determine the expression levels of HLA-A*02:01, cells (2.0 × 105 cells/mL) were
incubated for 30 min with a PE-conjugated mouse anti-HLA-A2 monoclonal Ab (cat. #
sc-32236 PE, Santa Cruz Biotechnology, diluted 1:100). After washing with 1 mL ice-cold
PBS, cells were analyzed on a FACSCalibur flow cytometer (Becton-Dickinson, Franklin
lakes, New Jersey, USA). All staining procedures were performed at 4◦C.

To detect pMHC on cell surfaces, cells (3.0 × 105 cells/mL) were pulsed with the vehi-
cle, CMVpp65495-503, or HPVE711-19 peptide at the indicated concentration for 3 h at 37 ◦C,
washed with fluorescence-activated cell sorting (FACS) buffer (1% FBS in PBS, pH 7.4), and
resuspended at 1.5 × 105 cells/sample. All staining procedures were performed at 4 ◦C.
Cells were incubated for 1 h with the TCR-like Ab at the indicated concentration, washed
with 1 mL FACS buffer, and incubated with an Alexa Fluor 647-conjugated goat anti-mouse
IgG-specific F(ab’)2 polyclonal Ab (cat. # 115-606-008, Jackson ImmunoResearch, diluted
1:600) for 30 min. After washing with 1 mL ice-cold PBS, cells were analyzed on the
FACSCalibur flow cytometer. Data were analyzed using FlowJo V10 software (Tree Star).

4.6. Affinity Maturation of Abs

The yeast strains and media compositions have been previously described in de-
tail [34,35]. Library generation of Abs by complementarity-determining region (CDR)
mutagenesis was performed in the scFab format involving a G4S-based 63-amino-acid
linker between VL and VH, using YSD technology as described previously [17]. The yeast
library was screened using magnetically activated cell sorting (MACS) and an FACS Aria
III instrument (BD Biosciences) against biotinylated CMVpp65495-503/HLA-A*02:01 SCT
protein (with a gradual decrease in concentration from 2 μM to 0.4 nM) in the presence of a
10-fold higher concentration of non-biotinylated HPVE711-19/HLA-A*02:01 SCT protein
as a competitor, as specified in the text. In FACS, cell surface expression and antigen
binding levels of the scFab library were monitored by indirect double immunofluores-
cence labeling of the CH1 C-terminal c-myc tag (anti-c-myc mouse Ab [9E10], diluted
1:100) with an Alexa 488-labeled goat anti-mouse IgG Ab (Invitrogen, diluted 1:600) and
streptavidin-conjugated R-phycoerythrin (Invitrogen, diluted 1:600). Typically, the top
0.1–0.2% of target-binding cells were sorted. The final sorted yeast cells were plated on a
selective medium, and individual clones were isolated and further analyzed. DNA from
the screened yeast cells was recovered using a Zymoprep kit (Zymo Research, CA, USA) as
previously described [34,35].

4.7. Biolayer Interferometry

Kinetic binding interactions of TCR-like Abs with CMVpp65495-503/HLA-A*02:01 SCT
protein were monitored at pH 7.4 using an Octet QKe System (ForteBio, California, USA),
as described previously [17,35]. All data were globally fitted via the 1:1 Langmuir binding
model, and association and dissociation rate constants were calculated using Octet Data
Analysis Software, version 11.0 (ForteBio, Fremont, CA, USA).
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5. Patents

Patents resulting from the work reported in this manuscript have been filed in the Re-
public of Korea (Application number: KR 10-2020-0138273) and PCT (application number:
PCT/KR2020/017067).

Supplementary Materials: The following are available online at https://www.mdpi.com/1422-006
7/22/5/2349/s1.
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Abstract: Since it was first reported in Wuhan, China, in 2019, the severe acute respiratory syndrome
coronavirus 2 (SARS-CoV-2) has caused a pandemic outbreak resulting in a tremendous global threat
due to its unprecedented rapid spread and an absence of a prophylactic vaccine or therapeutic
drugs treating the virus. The receptor-binding domain (RBD) of the SARS-CoV-2 spike protein is
a key player in the viral entry into cells through its interaction with the angiotensin-converting
enzyme 2 (ACE2) receptor protein, and the RBD has therefore been crucial as a drug target. In this
study, we used phage display to develop human monoclonal antibodies (mAbs) that neutralize
SARS-CoV-2. A human synthetic Fab phage display library was panned against the RBD of the
SARS-CoV-2 spike protein (SARS-2 RBD), yielding ten unique Fabs with moderate apparent affinities
(EC50 = 19–663 nM) for the SARS-2 RBD. All of the Fabs showed no cross-reactivity to the MERS-CoV
spike protein, while three Fabs cross-reacted with the SARS-CoV spike protein. Five Fabs showed
neutralizing activities in in vitro assays based on the Fabs’ activities antagonizing the interaction
between the SARS-2 RBD and ACE2. Reformatting the five Fabs into immunoglobulin Gs (IgGs)
greatly increased their apparent affinities (KD = 0.08–1.0 nM), presumably due to the effects of avidity,
without compromising their non-aggregating properties and thermal stability. Furthermore, two of
the mAbs (D12 and C2) significantly showed neutralizing activities on pseudo-typed and authentic
SARS-CoV-2. Given their desirable properties and neutralizing activities, we anticipate that these
human anti-SARS-CoV-2 mAbs would be suitable reagents to be further developed as antibody
therapeutics to treat COVID-19, as well as for diagnostics and research tools.

Keywords: SARS-CoV-2; spike protein; receptor-binding domain; phage display; monoclonal antibody

1. Introduction

Since the pandemic outbreak of the severe acute respiratory syndrome coronavirus 2
(SARS-CoV-2), first discovered in Wuhan, China, in 2019, the rapidly growing number of
infected people and casualties has posed a serious global threat [1]. SARS-CoV-2 causes
severe respiratory symptoms that are accompanied by high fever, cough, and severe
pneumonia [2], and although the mortality rate has been reported to be lower than that
of severe acute respiratory syndrome coronavirus (SARS-CoV) or Middle East respiratory
syndrome coronavirus (MERS-CoV), the overall risk remains highly significant, and thus
novel prophylactic agents such as therapeutic drugs and vaccines are urgently in need.

Among the four coronavirus genera (α, β, γ, and δ), SARS-CoV-2 belongs to the
β-coronaviruses and is an enveloped, positive-sense single-stranded RNA (or (+) ssRNA)
virus, the RNA genome of which encodes structural proteins including the spike (S)
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protein [3,4]. SARS-CoV-2 shares similarities in its genome sequences with those of SARS-
CoV and MERS-CoV, which are respectively about 79.5% and 50% similar, indicating
homologous structures and similar infectious pathways to SARS-CoV [5].

As in all coronaviruses, the S protein is present on the surface of the virus and plays
a critical role in the viral entry to host cells [6,7]. The S protein consists of two subunits,
S1 and S2, which are non-covalently associated as a homotrimeric form that comprises a
prefusion state. The receptor-binding domain (RBD, residues 387–516) of the S1 subunit
consists of a core domain and a receptor-binding motif (RBM, residues 438–505), and this
motif directly engages with the host receptor, known as angiotensin-converting enzyme 2
(ACE2) [8]. Upon entry of the virus into cells, the RBD of the S1 subunit recognizes ACE2
on the surface of host cells as a receptor, while the S2 subunit has a role in viral fusion
with host cell membranes and is primed by the S protein cleavage at the S1/S2 and S2′
sites on the S2 subunit through intracellular proteases such as TMPRSS2, triggering the
conformational change of the S protein to the postfusion state [8–13].

Due to the urgent situation in which no drugs or vaccines are available, researchers
and medical doctors have worked in close cooperation to develop a variety of therapeutic
approaches, mostly repurposed from existing drugs, including nucleoside analogs such
as remdesivir [14–16], antiparasitics such as chloroquine [17], protease inhibitors such as
lopinavir and ritonavir [18], indole-derivate molecules such as arbidol [19], plasma therapy
from convalescent patients who recovered from the infection [20], and, lastly, antibodies
that treat the viral infection by blocking the S protein or pro-inflammatory cytokines, such
as IL-6, TNF-α, GM-CSF, and IFN-γ [21,22].

Monoclonal antibodies (mAbs) have been recognized as significant biologics in ther-
apeutic fields and are now rapidly taking a position as an alternative treatment that
complements vaccines in working against newly emerging pathogenic viruses, such as
SARS-CoV-2 [22–25]. Since viral neutralization by targeting the S protein has previously
been shown to correlate with therapeutic efficacy in animal models [26], tremendous efforts
have been made, based on the structural information of the S protein and its critical role in
viral entry, to discover neutralizing mAbs that block the RBD of the S1 subunit through
a variety of approaches, such as phage display library selection [27–30]; antibody selec-
tion through immunization of animals, such as humanized mice, dromedary camels, or
sharks [31–34]; and antibody isolation from memory or plasma B cells of naturally infected
human donors [31,35–39]. At the time of writing, 198 antibodies programs are in discovery
and development phases globally, among which 66 are going through clinical trials (phase
1/2/3). In particular, 122 antibodies programs (~62%) are known to target the S protein
of SARS-CoV-2, highlighting the importance of the S protein as a target. Last November,
the United States Food and Drug Administration (US FDA) approved two antibodies
targeting the S protein (REGN-COV2 (REGN10933 + REGN10987) and Bamlanivimab from
Regeneron and Eli Lilly, respectively) for the treatment of COVID-19 patients [21].

However, the mAb approach, mainly based on the immunoglobulin G (IgG) format,
has a drawback in that it relies on mammalian cell lines for the production of antibodies,
which is costly and time-consuming. Moreover, viruses can easily evolve to generate RBD
variants with mutations avoiding immune responses [39]. Therefore, in order to protect
against the immune escapers, it would be useful to identify a selection of mAbs broadly
acting on different epitopes that could contribute to a therapeutic antibody cocktail that
might induce resistance to mutations in the RBD variants [29,40,41].

In this study, we panned a human Fab synthetic phage display library on the RBD
of the SARS-CoV-2 S protein and obtained human mAbs with desirable properties that
successfully neutralized the viral entry upon SARS-CoV-2 infection. We anticipate that these
mAbs can be further developed as a promising antibody therapy against the pathogenic
virus and as tools for diagnosis.
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2. Results

2.1. Selection of Human Anti-SARS-2 RBD Fabs

To isolate a specific SARS-CoV-2 antibody, the KFab-I library [42,43] was panned
against a recombinant SARS-2 RBD immobilized on magnetic beads (Figure 1a). After five
rounds of panning, the phage ELISA was performed on immobilized SARS-2 RBD surfaces,
using each panning library to monitor the enrichment (Figure 1b). Ninety-five monoclonal
phages were randomly picked from the third and fourth rounds, and the binding on the
SARS-2 RBD was evaluated by ELISA (Figure S1). Of the 190 individual clones from the
third and fourth rounds, 70 clones showed higher absorbances at 450 nm (A450 nm) than
those of the negative control (no immobilized SARS-2 RBD control) in the ELISA read-out.
The 70 clones were sequenced: 55 were confirmed to be complete and the remaining clones
had mutations, such as frame-shifts and stop codons. By analyzing the CDR sequences of
the 55 clones, ten unique Fab clones were identified in total and, of these, D12 (Fab) was
dominantly selected (60% of sequenced clones (33 out of the 55)), while the other clones
showed selection frequencies of about 11% (G3 (Fab)), 9% (E10 (Fab)), 7% (E4 (Fab)), 4%
(F7 (Fab)), and 2% (C2 (Fab), C12 (Fab), G9 (Fab), H1 (Fab), and H3 (Fab)) (Figure 1c).
In addition, it was observed that nine out of the ten Fabs had CDR3 lengths greater than
12 amino acid residues (70% and 20% for 12 and 14 amino acid residues, respectively),
while 10% of the Fabs had shorter CDR3 lengths, such as eight amino acid residues
(Figure 1c). In order to confirm that the ten selected clones bound to the SARS-2 RBD
and SARS-2 S1 proteins as well, a binding assay was performed, revealing that all of the
antibody clones bound to the RBD and the S1 proteins (Figure 1d). In parallel, a binding
analysis for RBD variants was also performed using the ten selected clones (Figure S2).
This showed that all the phage clones bound to each RBD variant. Two of them (G9 and
E4) bound weakly to one RBD variant (N354D; D364Y).

Figure 1. Panning of the phage-displayed synthetic Fab library on an immobilized SARS-2 receptor-binding domain (RBD).
(a) Monitoring of the phage titers over four rounds (R2–R5) of panning. Black and gray bars indicate the ratio of the phage
output to the input titers, presented as a percentage (%), from panning on immobilized SARS-2 RBD (black, SARS-2 RBD
(+)) and non-immobilized SARS-2 RBD (gray, SARS-2 RBD (−)) surfaces. The ratio of the output to the input (%) = (phage
output titer ÷ phage input titer) × 100. (b) Phage ELISA performed on the immobilized SARS-2 RBD surfaces using
each panning library phage. (c) Frequency of ten Fab phage clones selected in the third and fourth rounds (left) and the
distribution of HCDR3 lengths (right). The selection frequency of a unique clone (%) = (number of unique clones ÷ total
number of phage ELISA positives) × 100. (d) Monoclonal ELISA of ten Fab phage clones against the SARS-2 RBD (red) and
SARS-2 S1 protein (green). AA: amino acid residue; NC: negative control.
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2.2. Production and Characterization of Human Anti-SARS-2 RBD Fabs

To order to produce and characterize the selected clones as Fab proteins, clones were
cloned into an in-house E. coli expression vector (pKFAB). The Fab proteins were expressed
and purified as described in the Section 4. The protein yields of these Fab clones were
11 mg/L, 6.5 mg/L, 106 mg/L, 15.5 mg/L, 12.5 mg/L, 125.5 mg/L, 8.5 mg/L, 17.5 mg/L,
9.5 mg/L, and 40 mg/L for C2 (Fab), C12 (Fab), D12 (Fab), F7 (Fab), H1 (Fab), E4 (Fab),
E10 (Fab), G3 (Fab), G9 (Fab), and H3 (Fab), respectively (Figure S3 and Table 1).

Table 1. Physicochemical properties of human anti-SARS-2 RBD antibodies.

Clones
Yield

(mg/L Culture)
Tm1/Tm2

(◦C)
Monomericity
(Mon./Agg.)

EC50

(nM)
KD

(nM)
IC50

P

(μg/mL)
IC50

A

(mg/mL)

C2 (Fab) 11 80.2 n.d. 121 n.d. n.d. n.d.
C12 (Fab) 6.5 76.7/83.2 n.d. 83 n.d. n.d. n.d.
D12 (Fab) 106 76.2/83.0 n.d. 19 n.d. n.d. n.d.
F7 (Fab) 15.5 76.4 n.d. 125 n.d. n.d. n.d.
H1 (Fab) 12.5 76.8 n.d. 126 n.d. n.d. n.d.
E4 (Fab) 125.5 n.d. n.d. 663 n.d. n.d. n.d.

E10 (Fab) 8.5 n.d. n.d. 62 n.d. n.d. n.d.
G3 (Fab) 17.5 n.d. n.d. 67 n.d. n.d. n.d.
G9 (Fab) 9.5 n.d. n.d. 112 n.d. n.d. n.d.
H3 (Fab) 40 n.d. n.d. 174 n.d. n.d. n.d.
C2 (IgG) 9.6 70.3/89.6 Mon. 0.07 0.134 0.015 0.018

C12 (IgG) 12.9 70.3/86.5 Mon. 1.0 n.d. 0.263 0.232
D12 (IgG) 13.5 70.5/91.9 Mon. 0.2 0.57 0.035 0.036
F7 (IgG) 13.2 70.2/81.1 Mon. 0.5 n.d. 0.219 0.151
H1 (IgG) 12.5 70.3/80.1 Mon. 0.16 n.d. 0.042 0.102

Fab: antigen-binding fragment; IgG: immunoglobulin G; n.d.: not determined; Tm: melting temperature. Tm1 and Tm2 are the first and
second apparent melting temperatures determined by differential scanning fluorimetry (DSF), respectively; EC50: half maximal effective
concentration; KD: equilibrium dissociation constant; IC50: half maximal inhibitory concentration; Mon.: monomer; Agg.: aggregate; IC50

P

and IC50
A: IC50 determined by a pseudo-typed virus (D614 spike) and authentic SARS-CoV-2 virus, respectively.

The apparent affinities of the ten Fabs for the SARS-2 RBD were assessed using an
ELISA (EC50, nM) (Figure 2a and Table 1). While six Fabs (G9 (Fab), C2 (Fab), F7 (Fab), H1
(Fab), H3 (Fab), and E4 (Fab)) had low to intermediate apparent affinities for the SARS-2
RBD (EC50 = 112–663 nM), the remaining four Fabs—D12 (Fab), E10 (Fab), G3 (Fab), and
C12 (Fab)—showed relatively higher apparent affinities (19 nM, 62 nM, 67 nM, and 83 nM,
respectively) (Figure 2a).

To examine the potential neutralizing ability of the selected Fabs, we conducted a com-
petitive binding assay between the SARS-2 RBD and ACE2 protein or ACE2-overexpressed
cells (Figure 2b). It was found that five Fabs (C2 (Fab), C12 (Fab), D12 (Fab), F7 (Fab),
and H1 (Fab)) significantly antagonized the interaction between the SARS-2 RBD and
biotinylated ACE2 protein (Figure 2c). The same five Fabs seemed to block the interaction
between SARS-2 RBD-mFc protein and ACE2-overexpressed cells in a flow cytometry
analysis as well (Figure 2d and Figure S4).

Next, in order to determine whether the ten Fabs could cross-react with the S1 proteins
from other coronaviruses, such as SARS-CoV and MERS-CoV, an ELISA was conducted.
This showed that three of the Fabs (E4 (Fab), E10 (Fab), and G3 (Fab)) indeed cross-reacted
with the SARS-CoV S1, whereas no Fabs bound with the MERS-CoV S1 (Figure S5).
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Figure 2. Characterization of human anti-SARS-2 RBD Fabs. (a) Soluble ELISA of ten serially diluted human anti-SARS-2
RBD Fabs on immobilized SARS-2 RBD surfaces to measure their apparent affinities (EC50, nM). (b) Schematic drawings
of a competitive ELISA of human anti-SARS-2 RBD Fabs between the SARS-2 RBD and ACE2 protein (left) or ACE2-
overexpressed cells (right). (c) Competitive ELISA of human anti-SARS-2 RBD Fabs antagonizing the interaction between
ACE2 and the SARS-CoV-2 RBD. (d) Competitive flow cytometry analysis of human anti-SARS-2 RBD Fabs antagonizing
the interaction between ACE2 on cells and the SARS-CoV-2 RBD (tagged with mouse Fc (mFc)). Arrows indicate potentially
neutralizing clones. mFc-PE: anti-mouse PE (phycoerythrin) conjugate; MFI: mean fluorescence intensity; n.s: not significant
(p > 0.05); NC: negative control. * and **: p < 0.05 and p < 0.01, respectively.

2.3. Production and Characterization of Human Anti-SARS-2 RBD IgGs

To produce and characterize the five anti-SARS-2 RBD antibodies that seemed to have
neutralizing activities in IgG forms, the five Fabs were individually reformatted to IgG
forms. That is, the individual VH and VL sequences from each of the Fabs were cloned
into heavy- (IgG1 Fc) and light-chain (Ck1) expression vectors, respectively. The five IgGs
were transiently expressed in HEK293 cells and subsequently purified as described in the
Section 4. The resulting IgGs were highly pure and their protein yields were 9.6 mg/L,
12.9 mg/L, 13.5 mg/L, 13.2 mg/L, and 12.5 mg/L for C2 (IgG), C12 (IgG), D12 (IgG), F7
(IgG), and H1 (IgG), respectively (Figure S6 and Table 1).

In order to confirm whether the purified IgGs could bind to the SARS-2 RBD and its
variants—and also whether they could cross-react with other coronavirus S1 proteins, as
observed with the Fabs—an ELISA binding assay was conducted, revealing that all the
IgGs bound to the SARS-2 RBD and SARS-2 S1, as well as the RBD variants, whereas all
of them did not bind to the MERS-CoV S1 (Figure 3a). In particular, one clone, H1 (IgG),
was found to cross-react with the SARS-CoV S1 and three IgGs (C2 (IgG), D12 (IgG), and
F7 (IgG)) seemed to bind with the SARS-CoV S1 but the binding was too weak to confirm
their cross-reactivity.
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Figure 3. Characterization of anti-SARS-2 RBD immunoglobulin Gs (IgGs). (a) Binding analysis of five human anti-SARS-2
RBD IgGs—C12 (IgG), H1 (IgG), C2 (IgG), D12 (IgG), and F7 (IgG)—to the SARS-2 RBD and its variants (top) and the SARS-
CoV-2 S1 (D614G) and other coronavirus S1 proteins (bottom), respectively. (b) Soluble ELISA of five serially diluted human
anti-SARS-2 RBD IgGs on immobilized SARS-2 RBD surfaces to measure their apparent affinities (EC50, nM). (c) ELISA
detection for five human anti-SARS-2 RBD IgGs blocking the binding of the ACE2 protein with the SARS-CoV-2 RBD (top)
and analysis of the flow cytometry for the blocking effect between the SARS-CoV-2 RBD and an ACE2-overexpressed cell
(bottom). (d) Size-exclusion chromatography analysis of five human anti-SARS-2 RBD IgGs. The positions of the molecular
mass markers, shown as kDa, on the retention time x-axis are indicated above the peaks. The data are presented as the
mean ± standard error (SEM). MFI: mean fluorescence intensity; NC: negative control; *, **, and ***: p < 0.05, p < 0.01, and
p < 0.001, respectively.

To determine whether the apparent affinities of the anti-SARS-2 RBD IgGs were altered
by reformatting the Fabs into the IgGs, the apparent affinities of the IgGs were examined using
ELISA (EC50, nM). As shown in Figure 3b, the five clones (C2 (IgG), C12 (IgG), D12 (IgG),
F7 (IgG), and H1 (IgG)) increased their apparent affinities approximately 100- to 1800-fold
compared to their Fab formats (Figure 3b and Table 1), which might have been due to an
avidity effect [42,43]. Next, a size-exclusion chromatography analysis was performed to
assess their non-aggregation properties, revealing that the IgGs were monomeric without
forming high molecular weight (HMW) aggregates (Figure 3d and Table 1). The five IgGs
were further analyzed using a protein thermal shift (PTS) assay to determine their thermal
stabilities; the assay showed that all the IgGs had Tm over 70.0 ◦C, confirming that they
were thermally stable (Figure S7 and Table 1). To determine whether the thermal stability of
the IgGs was due to the intrinsically high stability of the Fabs, the five Fabs were analyzed
with the same PTS assay and the results showed that all of the Fabs had Tm values over
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76.0 ◦C, indicating that the high thermal stability of the IgGs was derived from the intrinsic
properties of the Fabs (Figure S8).

Next, to determine whether the neutralizing activities of the SARS-2 RBD IgGs re-
mained after reformatting the Fabs into IgGs, we performed a competitive binding assay
demonstrating the IgGs’ antagonizing activities in the interaction between the SARS-2
RBD and ACE2 protein or ACE2-expressed cells (Figure 3c). All the IgGs significantly
antagonized the interaction between the RBD and biotinylated ACE2 protein (Figure 3c
top) and also inhibited the interaction between the SARS-2 RBD-mFc protein and ACE2-
overexpressed cells in a flow cytometry analysis, although C12 (IgG) showed a slightly
reduced inhibition compared to the other IgGs (Figure 3c bottom and Figure S9).

2.4. Neutralization Assay against SARS-CoV-2 Pseudovirus and Authentic SARS-CoV-2

To evaluate the neutralization potency of the five human SARS-CoV-2 RBD IgGs, we
carried out a pseudo-typed virus neutralization assay using a lentiviral HIV-1 pseudo-
typing system [44]. The five IgGs were found to display strong neutralizing activity against
the SARS-CoV-2 pseudo-typed virus, among which C2 (IgG) and D12 (IgG) showed the
most potent activity. The IC50 values of C2 (IgG) and D12 (IgG) in the pseudo-typed virus
neutralization were 0.015 and 0.035 μg/mL, respectively (Figure 4a and Table 1).

Figure 4. In vitro neutralization assay of human anti-SARS-2 RBD IgGs. Pseudo-typed virus-based neutralization (a) and a
neutralization assay using authentic SARS-CoV-2 (b). (c) Correlation in neutralization potencies between pseudo-typed
virus- and authentic virus-based assays. (d) Correlation between affinities of anti-SARS-2 RBD IgGs and their neutralization
potencies for the authentic virus. The data are showed as the mean ± standard error (SEM).
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Based on our previous competitive binding assays, we examined the five IgGs in
order to evaluate their neutralizing effects on authentic SARS-CoV-2. The observations of
luminescent signals showed that two of the IgGs, C2 (IgG) and D12 (IgG), exhibited high
protection upon SARS-CoV-2 exposure for three days. The IC50 values of C2 (IgG) and D12
(IgG) in the authentic SARS-CoV-2 neutralization were 0.018 and 0.036 mg/mL, respectively
(Figure 4b, Figure S10, and Table 1). The rest of the IgGs showed less neutralization
compared to the two IgGs: 0.102 mg/mL, 0.151 mg/mL, and 0.232 mg/mL for H1 (IgG),
F7 (IgG), and C12 (IgG), respectively (Table 1). In order to know whether there was any
correlation present between the neutralization potencies from the pseudo-typed virus and
the authentic virus, we compared and plotted the values from the assays and found that a
strong correlation was indeed present between the neutralization potencies from the two
different neutralization assays (Figure 4c). In addition, we also found that there was a
strong correlation between the affinity and the neutralization potency of the anti-SARS-2
RBD IgGs as well (Figure 4d).

The two human anti-SARS-2 RBD IgGs, C2 and D12, were further characterized by BLI
(Octet) in order to determine their affinities with the SARS-2 RBD, and it was found that C2
(IgG) and D12 (IgG) had binding affinities of 0.13 nM and 0.57 nM, respectively (Figure S11).
This confirmed that some avidity effects were reflected in the apparent affinities from the
previous ELISA (Figure 3b and Table 1), which was performed with an immobilized SARS-2
RBD, unlike the BLI (Octet), which was undertaken with the human IgGs immobilized on
the sensor.

3. Discussion

We here report on the selection of human mAbs specific to the SARS-CoV-2 RBD
(SARS-2 RBD) using a human synthetic Fab phage display library. Phage display is a
powerful tool that has been used for both discovery and therapeutic applications against
various malignancies, including infectious diseases [45–49]. In particular, phage display
has been demonstrated to be highly effective for the selection of human antibodies against
SARS-CoV-2 in both synthetic and immune phage display libraries built with immune
repertoires of memory or plasma B cells from convalescent patients who recovered from the
viral infection [27–30]. In our phage display panning, we employed two in-house human
synthetic Fab phage display libraries: KFab-I and KFab-II. The KFab-I library was built
on VH3 and Vk1 frameworks by randomizing their complementarity-determining regions
(CDRs) and yielded ten human anti-SARS-2 RBD mAb clones, whereas no binder was
yielded by panning with the KFab-II library, another in-house human synthetic Fab phage
display library built on VH1 and Vk1 frameworks. Due to the same CDR randomization
design being applied to the two libraries, we reasoned that the framework could have made
a difference in the panning outcome. The human VH3 family has been shown to have the
highest stability and soluble protein yield, and its germline usage out of 51 germline genes
is about 43%, which is considerably higher than that of other families of human VH [43,50].
Indeed, for various antibody libraries, such as the Griffiths and the HuCAL libraries,
it has been shown that a considerable number of antibodies selected from the libraries
belonged to the human VH3 family (74% and 36% for the Griffiths and HuCAL libraries,
respectively) [51,52], indicating that the human VH3 framework may be inevitably favored
in the phage display selection due to its desirable properties. Moreover, our previous
phage display panning against human YKL-40, which was also performed with the two
Fab libraries, showed a similar outcome in that, unlike the KFab-I library, the KFab-II
yielded no binders with desirable properties [43]. However, it is believed that a panning
with a mixture of both VH3 and VH1 frameworks from KFab-I and KFab-II libraries might
result in a different outcome from the previous panning performed separately with each
Fab library.

Our study revealed that only one anti-SARS-2 RBD IgG clone (H1) cross-reacted with
the S protein of SARS-CoV and the rest of the anti-SARS-2 RBD IgGs reacted specifically
with the S protein of SARS-CoV-2, while no anti-SARS-2 RBD IgGs cross-reacted with the
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S protein of MERS-CoV, as expected based on the low protein sequence identity between
SARS-CoV-2 and MERS-CoV [5,53]. The difference in the cross-reactivity of the antibodies
between SARS-CoV and SARS-CoV-2 could be related to whether the epitopes recognized
by antibodies are located on regions that are conserved between SARS-CoV-2 and SARS-
CoV. The amino acid sequence identity of the RBD (residues 387–516) between SARS-CoV-2
and SARS-CoV is quite high (86.3%), whereas the sequence identity of the receptor-binding
motif (RBM; residues 438–505) is substantially lower (46.7%) [8,22,32]. This suggests that
our antibodies likely recognize epitopes on the RBM of each virus, not on the conserved
regions of the RBD. In addition, the RBM is known to have a loop structure and is thus
likely subjected to the conformational variation, which may further reduce the structural
homology between SARS-CoV-2 and SARS-CoV [8,22]. In addition, we also observed
that all of the anti-SARS-2 RBD IgGs cross-reacted with the SARS-2 RBD variants tested,
indicating that the antibody epitopes might not have overlapped with the regions of the
RBD in which mutations occurred or that the anti-SARS-2 RBD IgGs might have been
tolerable enough to bind to the RBD variants, although the antibody epitopes overlapped
with regions where mutations occurred. Due to the limited numbers of the variants tested,
it is hard to tell how tolerable our antibodies are to the genetic variations. More information
on the antibody epitopes and antibody binding against increased numbers of the RBD
variants will surely elucidate this.

Although in general human mAbs targeting the RBD of the S1 subunit have higher
neutralizing potencies than those targeting other regions of the S protein, such as the
S2 subunit and other regions of the S1 (e.g., the N-terminal domain (NTD)), it is still
necessary to combine human mAbs that recognize different neutralizing epitopes due to the
emergence of viruses carrying RBD mutations. Indeed, this was nicely demonstrated by the
Regeneron antibodies (REGN10933 + REGN10987): an antibody cocktail consisting of these
two antibodies, which recognize distinct, non-overlapping epitopes on the RBD, helped to
avoid escape mutants after treatment thanks to the unlikely occurrence of simultaneous
mutations on two distinct genetic sites [40]. By the same rationale, the neutralizing antibody
(4A8 mAb) targeting the NTD of the S1 subunit could also be a good candidate for antibody
cocktail therapy [35]. We are currently working to figure out whether our neutralizing
antibodies (C2 and D12) can compete with other neutralizing antibodies, such as REGN-
COV2, by charactering their antibody epitopes and by using a competitive enzyme-linked
immunosorbent assay (ELISA) or bio-layer interferometry (BLI).

In order to identify potential neutralizing antibody candidates out of the ten Fab
clones from the panning, we used in vitro competitive assays, namely an ELISA and an
ACE2-overexpressed cell-based assay, to enable the Fab clones to compete with either a
biotinylated ACE2 or the SARS-2 RBD, respectively. The two assays led to the identification
of five Fabs as potential neutralizing antibodies, with the five candidate Fab clones behaving
similarly in both assays. When the same assays were performed with the same five
candidate antibodies that were reformatted from Fabs to IgGs, the two assays confirmed
the five IgG antibodies as competitors, although the clone C12 (IgG) showed slightly less
competition, albeit still significant, in both assays, especially in the ACE2-overexpressed
cell-based assay. Although the two in vitro assays we adopted were not sensitive enough
to discern their subtle differences and the antibodies could therefore not be ranked, it
was strongly demonstrated that they could still be useful to handle many clones when
screening potential candidates prior to a virus-mediated neutralization assay for either a
pseudo-typed or authentic virus.

In the characterization of the antibodies in terms of affinity and neutralization, we
also noticed that the affinity of the antibodies seemed to correlate with the neutralization
potency. That is, the order of the affinity, C2 > D12 > H1 > F7 > C12, strongly correlated
with the order of the neutralization potency, C2 > D12 > H1 > F7 > C12. This observed
correlation is strongly supported by previous studies: (1) in a study of the mAb IIB4
recognizing influenza A virus haemagglutinin (HA), a strong positive correlation between
its affinity and viral neutralization was found [54]; (2) in a study with potential SARS-
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CoV-2 neutralizing antibodies from convalescent human patients, RBD binding and viral
neutralization were well correlated [55].This therefore suggests that further maturation of
the affinity of the mAbs may somehow enhance their neutralization potency accordingly;
studies are underway to explore this. Moreover, the neutralization potencies determined by
an in vitro neutralization assay for pseudo-typed and authentic SARS-CoV-2 also correlated
with each other: the order of neutralization potency from the pseudo-typed virus, C2 >
D12 > H1 > F7 > C12, nicely correlated with the order of potency from the authentic virus,
C2 > D12 > F7 > H1 > C12, indicating that a neutralization assay for a pseudo-typed
virus can be reliably applied to assess the neutralization potency of clones prior to the
authentic virus-based assay, which, unlike the pseudo-typed viral assay, must be done
under Biosafety Level 3 (BSL3) conditions. Consistent with the antibody binding against
the D614G S1 variant, the order of neutralization potency for the pseudo-typed virus
(carrying the D614G S1 variant) remained the same as the order for the pseudo-typed virus
(carrying the D614 wildtype S1), with C2 (IgG) and C12 (IgG) showing the highest and the
lowest neutralizations, respectively, thus confirming that the antibodies were tolerable to
the D614G variation on the S1. This result highlights that current vaccinations relying on
the neutralization of antibodies targeting the wildtype S protein of SARS-CoV-2 in vivo
may somehow also be effective in coping with the new SARS-CoV-2 variants, including
the D614G variant [56].

In conclusion, we selected human anti-SARS-2 RBD mAbs from a human synthetic
Fab phage display library. We characterized the resulting Fabs and IgGs in order to
observe their desirable biophysical properties, such as their affinity, non-aggregation, and
thermal stability. We conducted in vitro assays to assess their neutralizing activities against
pseudo-typed and authentic SARS-CoV-2 and identified two clones, C2 and D12, which
demonstrated an exceptional ability to block the viral entry into cells. Further refinement
of the mAbs should allow for the development of promising anti-SARS-CoV-2 therapeutics,
as well as reagents for diagnosis.

4. Materials and Methods

4.1. A Phage Library Display Panning

Human synthetic Fab phage display libraries produced in-house (KFab-I and KFab-II,
respectively built on human VH3/Vk1 and human VH1/Vk1 germline-based scaffolds,
with randomized complementarity-determining regions) were used for the selection of
specific binders against a SARS-CoV-2 spike protein (SARS-2 RBD) (Sino Biological, Cat.
40592-V08H, Beijing, China). The SARS-2 RBD was coupled to beads following the protocol
for dynabeads (Thermofisher Scientific, Cat. 14301, Waltham, MA, USA). After removing
the supernatant on the beads, the coated beads were blocked with 5% skimmed milk (BD,
Cat. 232100, Franklin Lakes, NJ, USA) in PBS for 1 h at room temperature. At the same time,
the phage library was incubated in 2% skimmed milk in PBS for 1 h at room temperature.
The blocked phages were transferred to the beads coated with SARS-2 RBD and incubated
for 2 h at room temperature. After separating the beads from the supernatant, the beads
bound with phages were washed three times with PBST (PBS containing 0.05% Tween 20)
and bound phages were eluted from the beads with 100 mM triethylamine (Sigma-Aldrich,
Cat. 90335, St. Louis, MO, USA) for 10 min at room temperature, followed by neutralization
with 1 M Tris-HCl (pH 7.4) (Biosesang, Cat. T2016-7.5, Seongnam, Korea). The eluted
phages were used to infect E. coli TG1 cells at OD600 0.6~0.8. Phage particles were prepared
for subsequent rounds of panning by amplification and rescue using VCSM13 helper
phages (provided by Dr. Hong from Kangwon National University, Chuncheon, Gangwon-
do, Korea) according to standard procedures. The amplified phage was used for the next
round of panning, and so forth.

4.2. Polyclonal Phage ELISA

A polyclonal phage ELISA was performed using pools of purified phage from each
library stock. A 96-Well Half-Area Microplate (Corning, Cat. 3690, New York, NY, USA)

42



Int. J. Mol. Sci. 2021, 22, 1913

was coated overnight at 4 ◦C, with 30 μL per well of 1 μg/mL SARS-2 RBD (Sino Biological,
Cat. 40592-V08H, Beijing, China), and each well was blocked with 5% skimmed milk in
PBS (MPBS) for 1 h at room temperature. Phage pools (~1012 phage particles) were also
blocked in MPBS for 1 h at room temperature and then blocked phage pools were added
to the SARS-2 RBD-coated plate and incubated for 1 h at 37 ◦C. After washing four times
with PBST, the horseradish peroxidase (HRP)-conjugated anti-M13 antibody (1:5000, Sino
Biological, Cat. 11973-MM05, Beijing, China) was incubated for 1 h at 37 ◦C. After washing
four times with PBST, a TMB substrate solution (Sigma-Aldrich, Cat. T0440, St. Louis, MO,
USA) was added for 8 min, and the reaction was stopped with 1 N sulfuric acid (Merck,
Cat. 100731, Darmstadt, Germany). The absorbance was measured at 450 nm using a
SpectraMax 190 Microplate Reader (Molecular Devices, Sunnydale, CA, USA).

4.3. Monoclonal Phage ELISA

Individual phage clones from either the third or fourth round were tested for binding
to the SARS-2 RBD-coated plate. Several 96-Well Half-Area Microplates (Corning, Cat.
3690, New York, NY, USA) were coated overnight at 4 ◦C, with 30 μL per well of 1 μg/mL
SARS-2 RBD, and each well was blocked with 5% skimmed milk in PBS for 1 h at room
temperature. The amplified phages of individual clones from the third or fourth rounds
of panning were added and incubated for 1 h at 37 ◦C. After washing four times with
PBST, the horseradish peroxidase-conjugated anti-M13 antibody (1:5000, Sino Biological,
Cat. 11973-MM05, Beijing, China) was incubated for 1 h at 37 ◦C. After washing four times
with PBST, a TMB substrate solution (Sigma-Aldrich, Cat. T0440, St. Louis, MO, USA) was
added for 8 min, and the reaction was stopped with 1 N sulfuric acid (Merck, Cat. 100731,
Darmstadt, Germany). The absorbance was measured at 450 nm using a SpectraMax 190
Microplate Reader (Molecular Devices, Sunnydale, CA, USA).

4.4. Production of Fab Proteins

An in-house bacterial expression vector (pKFAB) was used to construct the Fab ex-
pression vectors. The Fab fragments and pKFAB vector were amplified by a polymerase
chain reaction (PCR) for each primer set. The PCR products were treated with DpnI (New
England Biolabs, Cat. R0176L, Ipswich, MA, USA) for 1 h at 37 ◦C, separated on a 1.2%
agarose gel, and the single band was purified using a Wizard SV Gel and PCR Clean-Up
System (New England Biolabs, Cat. A9282, Ipswich, MA, USA). The fragments were assem-
bled following the Gibson assembly protocol (New England Biolabs, Cat. E2611, Ipswich,
MA, USA). The assembled products were used to transform E. coli DH5α competent cells
(Enzynomics, Cat. CP010, Daejeon, Korea). The individual colonies of the transformed
cells were isolated and the sequences of the isolated clones were verified.

Top10F’ Competent Cells (Invitrogen, Cat. C303003, Carlsbad, CA, USA) were trans-
formed with the Fab expression vectors and the transformants were grown in 200 mL of
TB (Terrific Broth) (Thermofisher Scientific, Cat. 22711022, Waltham, MA, USA) media
supplemented with 100 μg/mL ampicillin at 37 ◦C until the OD600 reached 0.5. The log-
phase cultures were then induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside
(IPTG) (DAWINBIO, Cat. I0355-005, Hanam, Gyeonggi, Seoul) and incubated overnight
at 30 ◦C. The cells were collected and resuspended in 16 mL of 1× TES (50 mM Tris-HCl,
1 mM EDTA, 20% Sucrose, pH 8.0). After incubation for 30 min on ice, 24 mL of 0.2× TES
was added and incubated for 1 h on ice. The periplasmic fractions were collected after
centrifugation at 12,000 rpm for 30 min and filtered through a 0.22 μm filter (Milipore, Cat.
SCGP00525, Carrigtwohill, Co., Cork, Ireland). The periplasmic extracts were loaded on a
column packed with 0.5 mL of ProL (rProtein L) Agarose resin (Amicogen, Cat. 3010125,
Jinju, Gyeongnam-do, Korea). The column was washed with 10 column volumes (CVs) of
PBS and eluted with 30 CVs of Buffer W (100 mM Glycine, pH 2.5). The eluted proteins
were neutralized with 1M Tris-HCl (pH 9.0) (Biosesang, Cat. TR2016-050-90, Seongnam,
Gyeonggi, Korea). The eluted protein was concentrated and buffer-exchanged with PBS

43



Int. J. Mol. Sci. 2021, 22, 1913

using Amicon Ultra-15 Centrifuge Filter Units (Milipore, Cat. UFC903024, Carrigtwohill,
Co., Cork, Ireland).

4.5. Determination of Apparent Affinity by ELISA

Several 96-Well Half-Area Microplates (Corning, Cat. 3690, New York, NY, USA) were
coated overnight at 4 ◦C, with 30 μL per well of 2 μg/mL SARS-2 RBD. After rinsing them
twice with tap water, the wells were blocked with 5% skimmed milk in PBS for 1 h at room
temperature. Serially diluted anti-SARS-2 RBD Fabs or IgGs were added and incubated for
1 h at 37 ◦C. After washing the plates four times with PBST, the HRP-conjugated human
kappa light-chain antibody (1:5000, Bethyl laboratories, Cat. A80-115P, Montgomery, TX,
USA) or HRP-conjugated human IgG Fc (1:5000, Abcam, Cat. ab97225, Cambridge, USA)
were added to the plates and incubated at 37 ◦C for 1 h. After washing the plates four times
with PBST, a TMB substrate solution was incubated for 8 min, and the reaction was stopped
with 1 N sulfuric acid. The absorbance was measured at 450 nm using a SpectraMax 190
Microplate Reader. A plot was created using a nonlinear regression with Graphpad Prism
7 (GraphPad Software, San Diego, CA, USA), and half-maximal effective concentration
(EC50) values were determined accordingly.

4.6. ELISA-Based Neutralizing Assay

A 96-Well Half-Area Microplate (Corning, Cat. 3690, New York, NY, USA) was coated
overnight at 4 ◦C, with 30 μL per well of 2 μg/mL SARS-2 RBD. After rinsing them
twice with tap water, the wells were blocked with 5% skimmed milk in PBS for 1 h at
room temperature. Both anti-SARS-2 RBD Fabs or IgGs and biotinylated human ACE2
(Acrobiosystems, Cat. AC2-H82E6, Newark, NJ, USA) were added and incubated for 1 h
at 37 ◦C. After washing the plates four times with PBST, High Sensitivity Streptavidin-
HRP (1:5000, Thermofisher, Cat. 21130, Waltham, MA, USA) was added to the plates and
incubated for 1 h at 37 ◦C. After washing the plates four times with PBST, a TMB substrate
solution was incubated for 8 min, and the reaction was stopped with 1 N sulfuric acid. The
absorbance was measured at 450 nm using a SpectraMax 190 Microplate Reader. Graphpad
Prism 7 (GraphPad Software, San Diego, CA, USA) was used to plot data using a two-way
ANOVA algorithm.

4.7. Flow Cytometry-Based Neutralizing Assay

Calu-3 cells were obtained from the American Type Culture Collection (Manassas, VA,
USA). Calu-3 cells were seeded in a 96-well plate (Corning, Cat. 3894, New York, NY, USA)
at a density 1 × 106 cells per well. Afterward, 50 μg/mL, 100 μg/mL Fabs, or 50 μg/mL
IgGs were mixed with 5 μg/mL SARS-2 RBD-mFc (mouse IgG2a Fc-tagged SARS-2 RBD)
(Acrobiosystems, Cat. SPD-C5259, Newark, NJ, USA), and the mixture was then incubated
with cells for 1 h at 4 ◦C. After washing, the cell was labeled with the PE anti-mouse
IgG2a antibody (Biolegend, Cat. 407108, San Diego, CA, USA) and incubated for 1 h at
4 ◦C. The cells were analyzed by FACS canto II (BD Biosciences, San Jose, CA, USA). Data
were analyzed by FlowJo (downloadable at https://www.flowjo.com/solutions/flowjo/
downloads (accessed on 1 January 2021)).

4.8. Conversion to IgG and Production of IgG Proteins

The light- and heavy-chain vectors (pcDNA3.4) were used as the backbone vectors.
The VL and VH genes were individually amplified by polymerase chain reaction (PCR)
from each Fab. The PCR products (VL and VH) were purified with an Expin PCR SV
Mini Kit (Geneall, Cat. 103-102, Seoul, Korea) and digested with the following restriction
enzymes (New England Biolabs, Ipswich, MA, USA): for VH, EcoRI (Cat. R3101S) and
NheI (Cat. R3131S); for VL, XhoI (Cat. R0146S) and BsiWI (Cat. R3553S). The digestion
products were separated on a 1.2% agarose gel, and the single band was purified with an
Expin Gel SV Kit (Geneall, Cat. 102-102, Seoul, Korea). The fragments were ligated with
the same restriction enzyme-digested vector using T4 DNA ligase (Promega, Cat. M1801,
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Madison, WI, USA). The ligation mixtures were used to transform E. coli DH5α Competent
Cells (Enzynomics, Cat. CP010, Daejeon, Korea). Individual colonies of the transformed
cells were isolated and the sequences of selected clones were confirmed by sequencing.

Freestyle 293 cells were cultured in Freestyle 293 Expression Medium (Thermofisher
Scientific, Cat. 12338018, Waltham, MA, USA) in a humidified 8% CO2 incubator at 37 ◦C
and 125 rpm. On the day of transfection, Freestyle 293 cell density was approximately
2.0 × 106 cells/mL. Cells were transfected with plasmid DNA and these were mixed by
DNA/PEI (polyethylenimine, Sigma-Aldrich, Cat. 913375, St. Louis, MO, USA) in a 1:2 ratio
in the medium. Culture supernatants were collected after five days by centrifugation and
filtration (0.22 μm, Polyethersulfone, Milipore, Cat. SLGPR33RB, Burlington, MA, USA).

Antibodies were purified from the culture supernatants using HiTrap MabSelect SuRe
(GE Healthcare, Cat. 11-0034-94, Chicago, IL, USA) columns. Briefly, equilibration was
carried out using Buffer A (1xPBS). The sample was loaded onto the equilibrated column.
Following the sample loading, the column was washed with Buffer A until a stable baseline
was established. Following the wash step, the protein was eluted with Buffer B (IgG elution
buffer or 100 mM citrate buffer, pH 3.0). Following the elution, the IgG was brought to
neutral pH with 1 M Tris base, pH 9.0, and dialyzed into a final buffer composition of
PBS (pH 7.4) (Thermofisher Scientific, Cat. 10010023, Waltham, MA, USA). Each antibody
was separated on 4–12% Bis-Tris gels (Thermofisher Scientific, Cat. NP0321, Waltham,
MA, USA) with reducing or non-reducing conditions and stained with Sun-Gel Staining
Solution (LPS Solution, Cat. SGS01, Daejeon, Korea).

4.9. Size-Exclusion Chromatography

The separation of the IgGs using size-exclusion chromatography (SEC) was performed
using a Waters Alliance 2695 (Waters, Milford, MA, USA) connected to a Biosuite high-
resolution SEC column (7.5 mm × 300 mm, 10 μm particle size, Waters, Milford, MA, USA).
The separation was conducted using an isocratic elution with PBS, pH 7.4, at a flow rate of
1 mL/min. The effluent detection was conducted using a UV/Vis detector 2489 at 280 nm.

4.10. Determination of Melting Temperature by a Protein Thermal Shift (PTS) Assay

To each well of a MicroAmp Fast Optical 96-Well Reaction Plate (Applied Biosystems,
Cat. 4346906, Foster City, CA, USA), 12.5 μL of anti-SARS-2 RBD Fabs or anti-SARS-2
RBD IgGs, 5 μL of Protein Thermal Shift Buffer and 2.5 μL of Protein Thermal Shift Dye
(10×, Applied Biosystems, Cat. 4461146, Foster City, CA, USA) were mixed. As a negative
control, PBS was mixed with the Protein Thermal Shift Dye. The plate was sealed with
a MicroAmp Optical Adhesive Film (Applied Biosystems, Cat. 4306311, Foster City, CA,
USA) and centrifuged at 1000 rpm for 1 min. The measurement was conducted using a
real-time PCR instrument (ViiA 7 Real-Time PCR System, Thermofisher Scientific, Waltham,
MA, USA). The instrument was set up according to the manufacturer’s instructions. All
the experiments were performed at least in triplicate.

4.11. Production of SARS-CoV-2 Spike pseudovirus

Plasmids encoding the SARS-CoV-2 spike protein (D614) were purchased from Sino
Biological (pCMV3-SARS-CoV-2 Spike, Cat. VG40589-UT, Beijing, China). The SARS-CoV-2
spike protein (D614G) was made by site-directed mutagenesis. The mutation was confirmed
by full-length spike gene sequencing. The SARS-CoV-2 pseudoviruses were produced by
co-transfection HEK-293T cells with pMDLg/pRRE (Addgene plasmid, 12251), pRSV-Rev
(Addgene plasmid, 12253), pCDH-CMV-Nluc-copGFP-Puro (Addgene plasmid, 73037),
and plasmids encoding either SARS-CoV-2 spike (D614) or SARS-CoV-2 spike (D614G)
by using polyetherimide. Sixty hours post-infection, SARS-CoV-2 spike pseudoviruses
containing culture supernatants were harvested, filtered (0.45 μm pore size, Millipore, Cat.
S2HVU01RE, Burlington, MA, USA), and stored at −80 ◦C in 1 mL aliquots until use.
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4.12. Pseudovirus Neutralization Assay

Derivatives of HEK-293T cells expressing ACE2 were generated by transducing HEK-
293T cells with ACE2 (Addgene plasmid, 145839). Cells were used as single cell clones
derived by limiting dilution from the bulk populations. The HEK-293T cells expressing
ACE2 were seeded at a density of 1.5 × 104 cells/well in 96-well luminometer-compatible
tissue culture plates (Corning, Cat. 3610, New York, NY, USA) 24 h before infection. For
the neutralization assay, 30 uL of pseudoviruses (~1 × 106 RLU) was incubated with serial
dilutions of the test antibody (12 dilutions in a threefold stepwise manner) for 1 h at 37 ◦C,
together with the virus control, and then added to the 96-well 293T-ACE2 cells. After
24 h of incubation, the inoculum was replaced with fresh medium. Luciferase activity
was measured 72 h after infection. Briefly, cells were washed twice, carefully, with PBS
and lysed with 40 μL/well of a Passive Lysis buffer (Promega, Cat. E1941, Madison, WI,
USA). Luciferase activity in lysates was measured using the Nano-Glo Luciferase Assay
System (Promega, Cat. N1130, Madison, WI, USA). Specifically, 40 μL of the substrate in a
Nano-Glo buffer was mixed with 40 μL of cell lysate and incubated for 3 min at RT. NanoLuc
luciferase activity was measured using a Filter max F5 (Molecular Devices, San Jose, CA,
USA) with an integration time of 1000 ms. The IC50 values were calculated with nonlinear
regression using GraphPad Prism 7 (GraphPad Software, Inc., San Diego, CA, USA).

4.13. Authentic Virus Neutralization Assay

The SARS-CoV-2 virus (NCCP43326) for this study was provided by the National
Culture Collection for Pathogens (Osong Health Technology Administration Complex,
Cheongju, Chungbuk-do, Korea). Vero cells were seeded in a 96-well plate (Greiner Bio-
One, Cat. 655180, Kremsmünster, Austria) at a density of 1 × 104 cells per well. Serially,
twofold-diluted mAbs and 100TCID50 (median tissue culture infectious dose) SARS-CoV-2
virus were incubated at RT for 0.5 h. mAb–virus mixtures were added to the Vero cells
and incubated at 37 ◦C for 72 h. After 72 h of incubation, the supernatant was replaced
with 100 μL of CellTiter-Glo® 2.0 Reagent (Promega, Cat. G9241, Madison, WI, USA) and
incubated at RT for 10 min. Luciferase activity in lysates was measured using the CellTiter-
Glo® 2.0 Assay (Promega, Cat. G9241, Madison, WI, USA). The luminescent signal was
measured using a GloMax® Discover Microplate Reader (Promega, Cat. GM3000, Madison,
WI, USA) and the IC50 values were calculated by nonlinear regression using GraphPad
Prism 7 (GraphPad Software, Inc., San Diego, CA, USA). This experiment was conducted
at Chungbuk National University in a BSL3 facility (KCDC (Korea Center for Disease
Control)-14-3-07).

4.14. Measurements of Affinity Using Bio-Layer Interferometry

Affinity measurement was performed by BLI using an Octet QK384 (ForteBio, Menlo
Park, CA, USA) instrument. The anti-SARS-2 RBD human antibody was immobilized
at 15 μg/mL in 10× Kinetic Buffer (KB) (ForteBio, Cat. 18-1105, Menlo Park, CA, USA).
SARS-2 RBD protein was prepared in six different concentrations (100~0 nM, in twofold
serial dilutions) in 10× KB for baseline stabilization. Before the binding measurements, the
Anti-Human IgG Fc Capture (AHC; Cat. 18-5060) (ForteBio, Menlo Park, CA, USA) sensor
tips were washed with 10× KB for 60 s and incubated in a binding buffer for 300 s (loading
step). After a 180 s baseline dip in the same buffer, the binding kinetics were measured by
dipping each human IgG (C2 and D12)-coated sensor into a well containing SARS-CoV-2
RBD protein at the above six concentrations. The binding interactions were monitored
over a 300 s association step, followed by a 500 s dissociation step, in which the sensors
were dipped into new wells containing 10× KB only. Non-specific binding was assessed
using sensor tips without human IgGs. Data analysis was performed using Octet Data
Analysis Software v6.4 (ForteBio, Menlo Park, CA, USA). Data were fitted to a 1:1 binding
model to determine an association rate (Kon, M−1s−1) and a dissociation rate (Koff, s−1),
and the equilibrium dissociation constant (KD) was calculated using the kinetic constants
as follows: equilibrium dissociation constant (KD, M) = Koff ÷ Kon.
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4.15. Statistical Analysis

Statistical analysis was carried out using GraphPad Prism version 7.0 (GraphPad
Software, San Diego, CA, USA). All error bars reported are the standard error of the mean
(± SEM), unless otherwise indicated. Pairwise comparisons were conducted using an
unpaired t-test. Differences between groups were considered significant at p-values below
0.05 (* p < 0.05; ** p < 0.01; *** p < 0.001).

5. Conclusions

We selected human anti-SARS-2 RBD mAbs from human synthetic Fab phage dis-
play libraries. We characterized the resulting Fabs and IgGs to observe their desirable
biophysical properties, such as their high affinity, non-aggregation, and thermal stability.
We conducted in vitro assays to assess their neutralizing activities against pseudo-typed
and authentic SARS-CoV-2 and identified two clones, C2 and D12, which demonstrated
an exceptional ability to block the viral entry into cells. Further refinement of the mAbs
should allow for the development of promising human anti-SARS-CoV-2 therapeutic and
diagnostic reagents.

6. Patents

We are in the process of obtaining a patent for the data on the human anti-SARS-2
RBD Fabs and IgGs in Korea (patent application number 10-2020-0161180; application date
26th November 2020).

Supplementary Materials: Supplementary materials can be found at https://www.mdpi.com/1422
-0067/22/4/1913/s1.
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Abstract: Delta-like-ligand 4 (DLL4) is a promising target to augment the effects of VEGF inhibitors.
A simultaneous blockade of VEGF/VEGFR and DLL4/Notch signaling pathways leads to more
potent anti-cancer effects by synergistic anti-angiogenic mechanisms in xenograft models. A bispecific
antibody targeting VEGF and DLL4 (ABL001/NOV1501/TR009) demonstrates more potent in vitro
and in vivo biological activity compared to VEGF or DLL4 targeting monoclonal antibodies alone
and is currently being evaluated in a phase 1 clinical study of heavy chemotherapy or targeted
therapy pre-treated cancer patients (ClinicalTrials.gov Identifier: NCT03292783). However, the
effects of a combination of ABL001 and chemotherapy on tumor vessels and tumors are not known.
Hence, the effects of ABL001, with or without paclitaxel and irinotecan were evaluated in human
gastric or colon cancer xenograft models. The combination treatment synergistically inhibited tumor
progression compared to each monotherapy. More tumor vessel regression and apoptotic tumor cell
induction were observed in tumors treated with the combination therapy, which might be due to
tumor vessel normalization. Overall, these findings suggest that the combination therapy of ABL001
with paclitaxel or irinotecan would be a better clinical strategy for the treatment of cancer patients.

Keywords: anti-angiogenesis; delta-like ligand; irinotecan; paclitaxel; therapeutic antibody; VEGF

1. Introduction

Tumor angiogenesis, the formation of new blood vessels in solid tumors, plays an
important role in tumor cell survival, growth, and metastasis [1]. A major driving force
of tumor angiogenesis is the signaling pathway involving vascular endothelial growth
factor (VEGF) and its receptors (VEGFRs) [2]. Several angiogenesis inhibitors, including
antibodies and small molecule compounds targeting the VEGF/VEGFR signaling pathway,
have been approved by the Food and Drug Administration (FDA), and used for the
treatment of many different types of cancers [3]. Besides cancer treatment, VEGF/VEGFR
inhibitors, including antibody fragments, aptamers, and VEGF-Traps were also approved
and used for the treatment of ocular diseases caused by pathological angiogenesis [4–8].
VEGF/VEGFR blockade can inhibit VEGF-driven tumor angiogenesis, and the regression
of tumor vessels is dependent on the VEGF signaling pathway. However, VEGF inhibitors
alone are not capable of destroying all tumor blood vessels. In addition, preclinical studies
indicate that VEGF inhibitors alone resulted in an increasingly aggressive and invasive
pattern of tumors [9]. Some cancer patients are eventually refractory to anti-VEGF therapy,
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hence, next-generation angiogenesis inhibitors are being sought to augment the effects of
VEGF inhibitors [10–12].

The DLL4/Notch signaling pathway can be a promising target of the next angiogenesis
inhibitors, as this pathway regulates tumor angiogenesis with a different mechanism of
action compared to that of the VEGF inhibitors [13–15]. Several preclinical xenograft
studies have demonstrated that DLL4/Notch blockade inhibited tumor progression by
promoting hyperproliferation of endothelial cells, which resulted in an increase in vascular
density and a decrease in functional tumor vasculature [14–20]. DLL4/Notch inhibition
is also known to reduce the number of cancer stem cells (CSCs), which are an important
cancer cell population responsible for malignancy [21]. ABL001 is a bispecific antibody that
simultaneously targets both DLL4 and VEGF, by linking each C-terminal of an anti-VEGF
antibody (bevacizumab-similar) with a DLL4-binding single-chain Fv (scFv) [22,23]. In
previous studies, ABL001 has demonstrated anti-cancer effects with higher potency in
several human cancer xenograft models compared to that shown by the VEGF-targeting
antibody (bevacizumab-similar) and the DLL4-targeting monoclonal antibody alone [23,24].

The safety and tolerability of ABL001 in cancer patients are now being evaluated in a
phase 1 dose escalation study. The study was designed in a classical 3+3 dose-escalation
schema where ABL001 is administered by IV across nine dose cohorts ranging from 0.3,
1, 2.5, 5, 7.5, 10, 12.5, 15, to 17.5 mg/kg biweekly [25]. No dose-limiting toxicity (DLT)
was observed during the final cohort dose (17.5 mg/kg), and the maximum tolerated
dose (MTD) was not reached. The most common treatment-related adverse events (AEs)
(including all dose levels and all grades) were hypertension, anemia, anorexia, general
weakness, and headache. However, they were well managed for all cohorts. Although
the current phase 1 trial of monotherapy of ABL001 is ongoing, further clinical studies
should be performed in combination with chemotherapy after the selection of optimal
anti-cancer agents and cancer types. Since angiogenesis inhibitors target tumor endothelial
cells, most VEGF/VEGFR blocking agents demonstrate clinical benefits for cancer patients
when combined with chemotherapy [3]. Two different mechanisms of action of the com-
bination therapy could provide synergistic anti-cancer efficacy for cancer patients. First,
the combination therapy can destroy two separate components of tumors, tumor cells and
tumor endothelial cells [26,27]. Second, the tumor vessel normalization by angiogenesis
inhibitors enhances the delivery of cytotoxic anti-cancer agents [28,29]. However, the
effects of a combination of ABL001 with chemotherapy on tumors and tumor blood vessels
have not been fully studied. In this report, the in vivo anti-cancer effects of ABL001 with
chemotherapy were evaluated in human gastric and colon cancer xenograft models and
were compared to each monotherapy alone.

2. Results

2.1. Suppression of Tumor Progression in Various Cancer Xenograft Models by ABL001

To confirm the effects of ABL001 on tumor progression and to select the appropri-
ate xenograft models for testing a combination treatment of ABL001 with chemother-
apy, we evaluated the anti-cancer effects of ABL001 using several human gastric cancer
(NUGC-3, MKN45, and SNU16 for mABL001, and GAPF006 for ABL001) xenograft models
(Figure 1A), and human colon cancer (Colo205, WiDr, SW48, and SW620 for mABL001)
xenograft models (Figure 1B). In the case of general xenograft models using human cancer
cell lines, we used the mouse surrogate version of ABL001 (mABL001: binding to human
VEGF and mouse DLL4) for the studies, as DLL4 is expressed by mouse endothelial cells
involving tumor angiogenesis in tumor xenografts [23]. However, we used ABL001 in a
patient-derived xenograft (PDX) model using GAPF006, which mimics the human tumor
microenvironment from patients. Both bispecific antibodies, mABL001 and ABL001, inhib-
ited tumor progression in the tested xenograft models at doses ranging from 1 to 6.5 mg/kg
(Figure 1). The anti-cancer effects of mABL001 or ABL001 monotherapy were calculated
as %TGI ranging from 27.4% to 57.2%, depending on the doses of mABL001 or ABL001
and cancer cell lines in xenograft models (Table 1). We focused on the dose level of ABL001

52



Int. J. Mol. Sci. 2021, 22, 241

showing %TGI50 (50% tumor growth inhibition ratio) in each xenograft model because
the dose of ABL001 and the xenograft model would be used for the combination therapy
with paclitaxel or irinotecan. Based on the results from the dose range-finding studies,
we selected GAPF006 gastric PDX, and SW48 or SW620 colon cancer xenograft models to
address the efficacy of the combination treatment.

Figure 1. ABL001 strongly inhibited tumor progression of various human gastric and colon cancer
xenograft models. Tumor size was measured twice per week and compared between vehicle (closed
circle) and ABL001 (closed triangle) in human gastric cancer (NUGC-3, MKN45, SNU16 for mABL001,
and human patient-derived gastric cancer GAPF006 for ABL001) xenograft model (A) and human
colon cancer (Colo205, WiDr, SW48, SW620 for mABL001) xenograft model (B). ABL001 treatment
significantly delayed tumor progression in different cancer xenograft models compared to control
group of vehicle treatment. Error bars: mean ± SEM.
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Table 1. Summarized information of animal studies using human gastric and colon cancer xenograft
models.

Cancer
Type

Cancer
Cell Line

Dose
(mg/kg)

Treatment
Schedule

Animal
Number

(n/Group)
%TGI p Value

Gastric

NUGC-3 1

Biweekly

11 27.4 0.0275
MKN45 1.25 10 30.0 0.0378
SNU16 3.25 12 52.2 0.0010

GAPF006 6.5 10 53.3 0.0051

Colon

SW48 1.25

Biweekly

10 55.5 0.0264
SW620 2 6 49.7 0.0224

Colo205 3.25 8 57.2 0.0177
WiDr 6.5 9 38.8 0.0131

GAPF006, gastric patient-derived xenograft model, %TGI = tumor growth inhibition, p value: Stu-
dent’s t-test.

2.2. Synergistic Suppression on Tumor Progression by Combination Therapy

To determine whether the combination treatment of ABL001 with chemotherapy sup-
pressed tumor progression with a higher strength as compared to that of each monotherapy,
we evaluated the anti-cancer effects of the combination therapy using xenograft models
compared to ABL001 or chemotherapy alone (Figure 2). In this study, we tested paclitaxel as
chemotherapy in combination with ABL001 in gastric GAPF006 PDX (human gastric origin)
xenograft, and irinotecan with mABL001 in SW48 or SW620 human colon tumor xenografts.
In the gastric PDX model, the combination of paclitaxel and ABL001 demonstrated the
most potent inhibition of tumor progression (74.75% TGI compared to 40.33% TGI in
the paclitaxel-treated group and 46.20% TGI in the ABL001-treated group) (Figure 2A).
Similarly, the combination of irinotecan with mABL001 suppressed tumor progression
of SW48 and SW620 human colon cancer xenografts more potently compared to that by
irinotecan or mABL001 alone (Figure 2B,C). At the endpoint of the SW48 xenograft study,
the combination of irinotecan and mABL001 demonstrated 77.7% TGI, which was signifi-
cantly different from the %TGI of the vehicle (p < 0.0001) group and irinotecan (p < 0.005)
or mABL001 alone (p < 0.05) (Figure 2B). In the case of the SW620 xenograft model (human
colon cancer), the combination treatment of irinotecan and mABL001 also exhibited the
most potent anti-cancer effect (94.47% TGI) on tumor progression in the SW620 xenograft
(Figure 2C).
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Figure 2. ABL001 in combination with chemotherapy with paclitaxel or irinotecan synergistically
inhibited tumor progression in human gastric PDX and colon cancer xenograft models. In GAPF006
human gastric PDX model (A), mice were treated with vehicle (closed circle, black), paclitaxel
alone (closed rectangle, green), ABL001 (closed triangle, blue), or a combination of ABL001 and
paclitaxel (closed reverse triangle, red). Compared to vehicle, each treatment group inhibited tumor
progression (40.33% TGI in paclitaxel, 46.20% TGI in ABL001, and 74.75% TGI in the combination
treatment). In the studies using SW48 (B) and SW620 (C) colon cancer xenograft models, mice
were treated with vehicle (closed circle, black), irinotecan alone (closed rectangle, green), mABL001
(closed triangle, blue), or a combination of mABL001 and irinotecan (closed reverse triangle, red).
In the case of both colon cancer xenograft models, the combination treatment of mABL001 and
irinotecan showed the most potent effects on tumor progression (77.7% TGI in SW48 and 94.47% TGI
in SW620 xenograft models). Each line represents the average tumor size (mm3) of each treatment
group ± SEM. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 by Tukey’s test.

2.3. More Potent Regression of Tumor Vessels by Combination Therapy

In order to evaluate the effects of the combination therapy on tumor blood vessels
in xenograft models, the tumor vessels of SW620 tumor sections were analyzed using
immunohistochemical staining for CD31 and VEGFR-2. Fluorescence microscopy images
revealed that CD31-positive staining was localized in the vascular endothelial cells in the
tumors (Figure 3A). The tumor vessel densities positive for CD31 in SW620 tumors treated
with vehicle, irinotecan, mABL001, and combination were 0.71 ± 0.05%, 0.48 ± 0.03%,
0.36 ± 0.03%, and 0.18 ± 0.01%, respectively (Figure 3B). The percentage of positive area for
CD31 in the combination was significantly lower than that of irinotecan or mABL001 alone.
The area density of CD31-positive vessels in irinotecan-treated tumors was decreased by
32.4% and the density in mABL001-treated tumors was decreased by 49.3%, compared
to the vehicle-treated group. However, the density of CD31-positive tumor vessels in the
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combination treatment decreased by 74.6% compared to the vehicle group (Figure 3B).
VEGFR-2 was also strongly expressed on the endothelial cell membrane and cytoplasm in
SW620 tumors (Figure 3A). The area densities of VEGFR-2-positive tumor vessels in the
four groups were 0.65 ± 0.06%, 0.43 ± 0.04%, 0.23 ± 0.02%, and 0.13 ± 0.02%, respectively
(Figure 3C). Compared to the vehicle-treated group, VEGFR-2-positive tumor vessels were
reduced by 33.8% in the irinotecan-treated group, by 64.6% in the mABL001-treated group,
and by 80% in the combination treatment group (Figure 3C). Based on the comparison of
relative reduced levels between CD31-positive vessels with VEGFR-2-positive vessels in
each tumor, VEGFR-2 expression was more reduced in tumor blood vessels compared to
CD31 expression after VEGF blockade, mABL001 treatment, or the combination treatment
(Figure 3B,C).

Figure 3. Combination therapy more potently regressed tumor blood vessels in SW620 xenograft
model. Representative immunofluorescence images (A) show the tumor vasculature in SW620 tumor
tissues stained for CD31, a generally conserved endothelial cell marker (green) and VEGFR-2 (red)
with DAPI (blue). Most tumor blood vessels in vehicle group were stained and colocalized with both
markers, CD31 and VEGFR-2. The area densities of CD31 (B) and VEGFR-2 (C) positive vessels were
measured in each group. After irinotecan treatment, CD31 or VEGFR-2 positive tumor blood vessels
were slightly regressed compared to vehicle treatment. However, after mABL001 or the combination
treatment of mABL001 and irinotecan, CD31 and VEGFR-2 positive tumor vessels were significantly
reduced (B,C). VEGFR-2 expression reduced more rapidly on tumor vessels. Scale bar indicates
200 μm. Error bars: mean ± SEM. * p < 0.05, ** p < 0.01, **** p < 0.0001 by Kruskal–Wallis test.
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2.4. Decrease of DLL4 Expression on Tumor Vessels by Combination Therapy

DLL4 is expressed by tumor endothelial cells to regulate tumor angiogenesis, and by
some tumor cells to maintain cancer stemness [14,15,21]. To address whether treatment
with irinotecan, mABL001, or their combination affects DLL4 expression in tumors of
xenograft models, DLL4 expression was examined using immunohistochemical staining
using SW620 tumor sections from each group (Figure 4). DLL4 was mainly expressed on
tumor blood vessels rather than tumor cells in this xenograft tumor and colocalized with
CD31-positive tumor vessels (Figure 4A). The area densities of DLL4-positive tumor vessels
were 0.40 ± 0.03% in vehicle, 0.24 ± 0.03% in irinotecan, 0.11 ± 0.02% in mABL001, and
0.05 ± 0.01% in the combination treatment group, respectively (Figure 4B). DLL4-positive
tumor vessels were significantly reduced in the combination group compared to other
groups. Compared to the vehicle group, DLL4-positive tumor vessels were reduced by 40%
in the irinotecan group, by 72.5% in the mABL001 group, and by 87.5% in the combination
group (Figure 4B). Similar to VEGFR-2 expression in tumor vessels, DLL4 expression was
markedly reduced in tumor vessels compared to CD31 after treatment with mABL001 or
the combination, rather than treatment with irinotecan alone (Figure 4B). Such a rapid
reduction of DLL4 expression after mABL001 caused some tumor vessels to be stained only
by CD31 but not by DLL4 (arrows in Figure 4A).

 

Figure 4. ABL001 significantly reduced DLL4 expression in tumor blood vessels. Representative
immunofluorescence images (A) indicate the tumor vasculature in SW620 tumor tissues stained for
CD31 (green) and DLL4 (red). The bottom figures (A) are magnified images of the dotted region
of the combination treatment of mABL001 and irinotecan. The left image was shown only by red
channel, whereas the right one was shown by merged channels (red and green). Similar to VEGFR-2,
DLL4 was stained and colocalized on CD31 positive tumor blood vessels. The area density of DLL4
(B) positive vessels was measured in tumors of each group. Compared to vehicle or irinotecan
treatment, DLL4 positive tumor vessels were significantly reduced in tumors after mABL001 or the
combination treatment. Some tumor vessels were stained only for CD31 but not for DLL4, after
mABL001 or the combination treatment group (arrows and dotted box in A). Scale bar indicates
50 μm in the bottom two images and 100 μm in the other images. Error bars: mean ± SEM. * p < 0.05,
** p < 0.01, **** p < 0.0001 by Kruskal–Wallis test.

2.5. Increase of Tumor Apoptosis by Combination Therapy

Since the combination treatment of mABL001 with irinotecan showed more potent
anti-cancer effects on tumor progression and anti-angiogenic effects on tumor vessels, the
effects of the combination therapy on tumor cells were analyzed by immunohistochemical
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staining for activated caspase-3, an apoptotic cell marker. Immunofluorescence imaging
revealed that activated caspase-3 was largely stained in the tumor cell nuclei rather than in
the tumor endothelial cell nuclei in the tumor sections (Figure 5A). The area densities of
activated caspase-3/DAPI positive cells were 5.16 ± 0.74% in the vehicle-treated group,
7.92 ± 1.05% in the irinotecan-treated group, 8.92 ± 1.65% in mABL001-treated group,
and 10.87 ± 1.78% in the combination group (Figure 5B). The level of apoptotic tumor
cells was significantly increased in the tumor sections after the combination treatment
compared with the other groups. Such a potent increase in tumor cell apoptosis by the
combination treatment might be due to direct cytotoxic effects of irinotecan against highly
proliferating tumor cells together with the anti-angiogenic effects of mABL001, a bispecific
antibody binding against dual antigens, VEGF, and mouse DLL4. The results suggest that
the combination treatment of ABL001 with chemotherapy might provide better clinical
benefits for cancer patients in clinical trials than ABL001 monotherapy.

Figure 5. Combination therapy markedly increased apoptotic tumor cells in SW620 xenograft model.
Representative immunofluorescence images (A) reveal apoptotic cells stained for activated caspase-3
(green) with DAPI (blue) in SW620 tumor tissues. The area densities of activated caspase-3-positive
apoptotic cells were measured in each group (B). Apoptotic cells in tumors were marginally increased
after irinotecan or mABL001 treatment, but the increase was not significant compared to vehicle
treatment. However, the combination treatment of mABL001 and irinotecan markedly increased the
apoptotic cell population in tumors. Scale bar indicates 50 μm. Error bars: mean ± SEM. * p < 0.05,
** p < 0.01, **** p < 0.0001 by Kruskal–Wallis test.

3. Discussion

ABL001 (NOV1501/TR009), a bispecific antibody targeting VEGF and DLL4, is being
developed as an anti-angiogenic cancer therapeutic that strengthens the effects of VEGF
inhibitors and eventually overcomes resistance to anti-VEGF therapy [16,19,20,23]. ABL001
demonstrated more potent anti-angiogenic and anti-cancer effects in vitro and in vivo, as
compared to the VEGF-targeting or the DLL4-targeting monoclonal antibodies alone, in
various assay systems [23,24]. Based on the overall results of preclinical studies, the safety
and tolerability of ABL001 are currently being tested with cancer patients previously treated
heavily with chemotherapy or targeted therapy [25]. Other approved anti-angiogenic
antibody therapeutics including bevacizumab, an antagonist of the VEGF ligand (VEGF-A:
Avastin®), and ramucirumab, an antagonist of the VEGF receptor (VEGFR-2: Cyramza®),
are generally used in a combination regimen with chemotherapy to treat cancer patients,
providing more efficacious therapeutic options for cancer patients [3,30]. Anti-VEGF
therapy is known to normalize tumor blood vessels, leading to a more efficient delivery
of cytotoxic anti-cancer agents into tumor tissues [28,29], hence, most anti-VEGF therapy
are used in the clinic in combination with chemotherapy [3,30]. Based upon the rationale
mentioned above, newly developing VEGF/VEGFR inhibitors of monoclonal or bispecific
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antibodies, small molecule compounds, aptamers, and VEGF-Traps, have been evaluated
synergistic anti-cancer effects with chemotherapy in various preclinical models before
entering clinical trials [27,31,32].

Not only VEGF but DLL4 is also known to impair efficient delivery of anti-cancer drugs
and to enhance chemoresistance in pancreatic cancer model due to induction of defective
tumor angiogenesis [33]. However, little is known about the effects of a combination of
ABL001, targeting dual antigens VEGF and DLL4, and chemotherapy on tumor vessels
and tumor cells in xenograft models compared to each monotherapy alone. In this study,
we evaluated the anti-angiogenic and anti-cancer effects of the combination treatment of
ABL001 with paclitaxel or irinotecan in human gastric and colon cancer xenograft models.

The combination treatment of ABL001 with paclitaxel or irinotecan demonstrated
more potent inhibition of tumor progression in these xenograft models, which is consistent
with the previous report of the study collaborator [24]. Such potent anti-cancer effects of the
combination therapy might be related to more significantly regressed tumor blood vessels,
as compared to monotherapy with ABL001 or chemotherapy alone. Eventually, these
anti-angiogenic and anti-cancer effects increased the apoptotic tumor status in the tumors
post the combination treatment of ABL001 and chemotherapy. The underlying molecular
mechanisms of action of the potent anti-cancer effects of ABL001 with chemotherapy might
be due to the optimal combination effects of cytotoxic activity on tumor cells by paclitaxel
or irinotecan together with more potent anti-angiogenic activity on tumor endothelial cells
by ABL001, a VEGF, and DLL4 dual inhibitor. Moreover, because the VEGF-binding part
of ABL001 is composed of the same IgG backbone and sequence as bevacizumab, ABL001
may have similar activity and function as bevacizumab in tumor vessels, resulting in a
more effective delivery of anti-cancer agents, such as paclitaxel or irinotecan.

Based on the results of immunohistochemical analysis of tumor blood vessels, the
expression levels of VEGFR-2 and DLL4, dual targets of ABL001, were markedly reduced
in tumor endothelial cells after ABL001 treatment compared to that of CD31, a conventional
endothelial cell marker. These findings are consistent with the previous results that VEGF
blockade downregulates the levels of its receptor, VEGFR-2, and of DLL4 on endothelial
cells [34,35]. Therefore, these results strongly support that the VEGF/VEGFR signaling
pathway interacts with the DLL4/Notch signaling pathway in the tumor vasculature [35].

In addition to the cytotoxic anti-cancer agents, tumor vessel normalization by anti-
VEGF therapy is also able to provide a better infiltration of immune cells, including
cytotoxic T cells, into tumor tissues [36]. These reports suggest that anti-VEGF therapy
can be the best option for combination therapy with immune checkpoint inhibitors for
non-responsive cancer patients due to the lack of immune cells in the tumors, which are
so-called ‘cold tumors’ or ‘non-inflamed tumors’. Indeed, a number of clinical studies
for combination trials using anti-VEGF therapy with immune checkpoint inhibitors are
ongoing for various cancer types [37]. During the past two years, 114 new combination
regimens of VEGF and immune checkpoint inhibitors entered into clinical studies [38,39].
Among a large number of clinical studies, the FDA has approved several combination
regimens of VEGF and immune checkpoint inhibitors, such as atezolizumab (an antagonist
of PD-L1, Tecentriq®) plus bevacizumab with carboplatin and paclitaxel for the treatment
of non-small cell lung cancer (NSCLC), avelumab (an antagonist of PD-L1, Bavencio®)
plus axitinib (AG013736, a small molecule inhibitor of VEGFR tyrosine kinase, Inlyta®),
and pembrolizumab (an antagonist of PD-1, Keytruda®) plus axitinib for the treatment of
advanced renal carcinoma [40–42]. Recently, another combination regimen of atezolizumab
plus bevacizumab was approved for the treatment hepatocellular carcinoma (HCC) as a
first-line therapeutic option [43]. In this point of view, the results obtained in the current
study imply that ABL001 may be another promising partner for combination therapy with
immune checkpoint inhibitors, through the facilitation of immune cell infiltration via dual
blockade of VEGF and DLL4 [28,29,33].

Currently, ABL001 is being tested for its safety, tolerability, and efficacy in phase
1 clinical studies with heavily pre-treated metastatic cancer patients. ABL001 has been
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well tolerated and no DLT is observed during dose escalation up to the final cohort, with
manageable adverse effects generally exhibited by anti-cancer antibody therapeutics [25].
After the current dose escalation study of ABL001, further clinical development is scheduled
to evaluate the efficacy of ABL001 in combination with chemotherapy. In conclusion, the
results of this study provide important information for the clinical study design and plan
for the combination treatment of ABL001 with chemotherapy.

4. Materials and Methods

4.1. Antibodies and Compounds

A human version of ABL001 bispecific antibody (ABL001) was produced under Good
Manufacturing Practices (GMP) regulation by Bi-Nex (Incheon, Korea), and a mouse ver-
sion of ABL001 bispecific antibody (mABL001) was produced by ABL Bio Inc., R&D Center
(Gyeonggi-do, Seongnam-si, Korea), as described in a previous report [23]. Paclitaxel and
irinotecan HCl were purchased from Hanmi Pharmaceutical Co. Ltd. (Seoul, Korea).

4.2. Cancer Cell Lines and Culture

Human gastric cancer cell lines, MKN45 (KCLB No.80103) and SNU16 (KCLB No.00016),
were purchased from KCLB (Korea Cell Line Bank, Seoul, Korea), and NUGC-3 (JCRB0822)
was obtained from JCRB (JCRB Cell Bank, Ibaraki, Japan). Human colon cancer cell lines,
Colo205 (CCL-222), WiDr (CCL-218), and SW48 (CCL-231) were purchased from ATCC
(American Type Culture Collection, Manassas, VA, USA). GAPF006 gastric cancer patient-
derived tissues and SW620 human colon cancer cell line (LIDE, Shanghai, China) were also
used for in vivo mouse xenograft studies. DMEM/F12, RPMI-1640, Leibovitz’s L-15, PBS,
fetal bovine serum, 0.05% trypsin-EDTA, and antibiotic-antimycotic were purchased from
Gibco (Carlsbad, CA, USA). Colo205, MKN45, SNU16, and NUGC-3 cells were cultured in
RPMI-1640 culture medium containing 10% fetal bovine serum and antibiotic-antimycotic
(1X). SW48 cells were cultured in DMEM/F12 culture medium containing 10% fetal bovine
serum and antibiotic-antimycotic (1X). Colo205, MKN45, SNU16, NUGC-3, and SW48 cells
were cultured in an incubator at 37 ◦C in a humidified atmosphere with 5% CO2 and 95%
air. SW620 cells were cultured in Leibovitz’s L-15 medium containing 10% fetal bovine
serum in an incubator at 37 ◦C in free gas exchange with atmospheric air.

4.3. Animals

Eight-week-old female BALB/c nu/nu mice (Orient Bio Inc., Gyeonggi-do, Korea)
were used for the efficacy tests in Colo205, WiDr, MKN45, and SNU16 xenograft models,
eight-week-old female CB17 SCID (Envigo, Indianapolis, IN, USA) were used for the
efficacy tests in the SW48 xenograft model, and eight-week-old female BALB/c nu/nu mice
(Beijing Vital River Laboratory Animal Technology Co., Ltd, Beijing, China) were used for
the efficacy tests in the SW620 xenograft model and human gastric PDX (Patient-Derived
Xenograft) model (LIDE). All animal experiments were approved by the Institutional
Animal Care and Use Committee (IACUC), approval number: IACUC180067, approval
date: 17 April 2018. Mice were maintained in a controlled environment (12 h light-dark
cycle; temperature, 20–22 ◦C; 50–60% humidity), and ad libitum access to food and water.

4.4. Animal Studies

To evaluate the in vivo efficacy of mABL001, MKN45, SNU16, and NUGC-3 human
gastric cancer cells (5 × 106 cells/head) or Colo205, SW48, and WiDr human colon cancer
cells (5 × 106 cells/head) were implanted in the flank of BALB/c nu/nu mice or CB17
SCID mice. When the tumors had grown to an average volume of 150–200 mm3, the mice
were divided into homogenous groups (6–12 mice/group), and treated with an intraperi-
toneal injection mABL001 (1.25, 2, 3.25, or 6.5 mg/kg), or ABL001 (GAPF006 PDX model,
6.5 mg/kg) twice per week. To evaluate the in vivo efficacy of mABL001 with chemother-
apy, tumor growth was measured after treatment with the mouse version, mABL001 in
SW48 or SW620 human colorectal cancer xenograft models, with or without irinotecan
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(20 or 40 mg/kg), respectively. BALB/c nu/nu mice were injected subcutaneously in the
flank region with SW620 cells (5 × 106 cells/head) in 0.1 mL of HBSS or GAPF006 tumor
tissue fragments (9 mm3, approximately 50–90 mg), and CB17 SCID mice were injected
subcutaneously in the flank region with SW48 cells (5 × 106 cells/head). When the tumors
had grown to an average volume of 150–200 mm3, the mice were divided into homogenous
groups (7–10 mice/group). GAPF006 PDX model treated ABL001 (3.25 mg/kg) twice per
week, and paclitaxel (15 mg/kg) was administered with an intraperitoneal injection once
a week for three weeks. SW620 xenograft model treated mABL001 (2 mg/kg) twice per
week, and irinotecan (40 mg/kg) were administered with an intraperitoneal injection once
a week for three weeks.

Tumor size was measured twice per week using a caliper and then calculated using
the formula, (length) × (width)2 × 0.5. When the average tumor size of the control group
reached 2000 mm3, the treatment was stopped, and the mice were sacrificed to measure
the tumor weight, and immunofluorescence analysis was performed (SW620 xenograft
model). The efficacy was expressed as tumor growth inhibition [%TGI (mean volume of
treated tumors/mean volume of control tumors) × 100]. Some mice were perfused with
4% paraformaldehyde in PBS for further immunofluorescence analysis of tumors.

4.5. Immunofluorescence Staining Analysis

To investigate whether mABL001 affects tumor angiogenesis and tumor cell survival,
SW620 tumor sections were analyzed by immunofluorescence staining. For immunofluores-
cence staining analysis, SW620 tumors were removed from mice after cardiac perfusion and
then embedded in OCT solution (Cat#3801480; Leica, Wetzlar, Germany) to produce frozen
tumor blocks. The frozen tumors were sectioned (4-μm; Leica CM3050S; Leica) and perme-
abilized with washing buffer (PBS containing 0.03% Triton X-100) for 10 min, then blocked
with 5% normal goat serum (Cat#S-1000; Vector Laboratories, Burlingame, CA, USA) or
horse serum (Cat#16050122; Gibco) in the washing buffer. Tumor vessels were stained
with rat anti-mouse CD31 (1:100, Cat#553370; BD, Franklin Lakes, NJ, USA) and goat
anti-mouse VEGFR-2 antibody (1:100, Cat#AF644; R&D Systems, Minneapolis, MN, USA),
respectively. Apoptotic cells in the tumors were stained with rabbit anti-mouse/human
activated caspase-3 antibody (1:200, Cat#AF835; R&D Systems). DLL4 levels were de-
tected with goat anti-mouse DLL4 antibody (1:100, Cat#AF1389; R&D Systems), which
is cross-reactive (about 50%) with human DLL4. After being washed three times, the
sections were stained for each secondary antibody, Alexa-568-conjugated goat anti-rat IgG
(1:250, Cat#A11077), donkey anti-goat IgG (1:250, Cat#A11057), Alexa-488-conjugated goat
anti-rabbit IgG (1:500, Cat#A11008), or donkey anti-rat (1:500 or 1:250, Cat#A21208), all
from Thermo Fisher Scientific (Waltham, MA, USA). Stained tumors were mounted with
Vectashield (Vector Laboratories) containing DAPI (4′,6-diamidino-2-phenylindole), and
digital images of the tumors were captured using a Zeiss fluorescence microscope (Axio
observer.7, Carl Zeiss, Oberkochen, Germany) with a camera (Axiocam, Carl Zeiss). Digital
fluorescence images were analyzed using a Zeiss analysis software program (ZEN 2.6,
Carl Zeiss).

4.6. Statistics

Graph creation and statistical analysis were performed using GraphPad Prism (Graph-
Pad software Inc., San Diego, CA, USA) version 8.4.3. Values were expressed as the means
± SEM. Normality of data was tested using the Shapiro–Wilk test or Anderson–Darling test.
Comparison between two groups was performed using the Student’s t-test. Multiple group
comparisons were made parametric one-way ANOVA followed post hoc test (Tukey’s
test, p < 0.0001, p < 0.001, p < 0.01, p < 0.05 values were considered as significant). The
nonparametric Kruskal–Wallis test was used for the other cases.
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DLL4 Delta-like-ligand 4
VEGF Vascular Endothelial Growth Factor
VEGFR Vascular Endothelial Growth Factor Receptor
FDA Food and Drug Administration
PDX Patient-Derived Xenograft
CSC Cancer stem cell
scFv Single-chain Fv
IV Intravenous
MTD Maximum Tolerated Dose
DLT Dose-limiting Toxicity
AEs Adverse Events
SD Stable Disease
PR Partial Response
%TGI % Tumor Growth Inhibition
IACUC Institutional Animal Care and Use Committee
HCC Hepatocellular Carcinoma
NSCLC Non-Small Cell Lung Cancer
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Abstract: Interleukin 33 (IL-33) is an IL-1 family cytokine that plays a central role in immune system
by regulating and initiating inflammatory responses. The binding of IL-33 to the suppressor of
tumorigenicity 2 (ST2) receptor induces mitogen-activated protein kinases (MAPK) and nuclear factor
κB (NF-κB) pathways, thereby leading to inflammatory cytokines production in type 2 helper T cells
and type 2 innate lymphoid cells. To develop an antibody specific to IL-33 with a defined epitope,
we characterized a single-chain antibody variable fragments (scFvs) clone specific to IL-33, C2_2E12,
which was selected from a human synthetic library of scFvs using phage display. Affinity (Kd) of
C2_2E12 was determined to be 38 nM using enzyme-linked immunosorbent assay. C2_2E12 did
not show cross-reactivity toward other interleukin cytokines, including closely related IL-1 family
cytokines and unrelated proteins. Mutational scanning analysis revealed that the epitope of IL-33
consisted of residues 149–158 with key residues being L150 and K151 of IL-33. Structural modeling
suggested that L150 and K151 residues are important for the interaction of IL-33 with C2_2E12,
implicating that C2_2E12 could block the binding of ST2 to IL-33. Pull-down and in-cell assays
supported that C2_2E12 can inhibit the IL-33/ST2 signaling axis. These results suggest that the scFv
clone characterized here can function as a neutralizing antibody.

Keywords: interleukin 33; ST2 receptor; scFv; C2_2E12

1. Introduction

Interleukin-1 (IL-1) family cytokines play important roles in regulating and initiating inflammatory
and immunological responses [1]. The IL-1 family includes eleven cytokines comprising seven agonist
ligands, three receptor antagonists, and an anti-inflammatory cytokine [2]. Interleukin 33 (hereafter
called as “IL-33”) cytokine is identified as one of the IL-1 family agonist ligands [3]. It was first regarded
as an alarmin that is released to signal immune system when a cell or tissue is damaged or stressed [4].
Recently, IL-33 has been considered as an important factor of the immune system involved in allergic
inflammation and chronic diseases such as asthma, atopic dermatitis, and allergic rhinitis [5–7].

IL-33, expressed in endothelial cells, fibroblasts, epithelial cells, and other cells, binds to its
receptor suppressor of tumorigenicity 2 (ST2)/interleukin 1 receptor-like 1 (IL1RL1), which formed
heterodimer with co-receptor, IL-1 receptor accessory protein (IL1RAcP) [4,8]. There are two types of
ST2 isoforms: the transmembrane form, ST2, and soluble form, sST2, covering residues 19 through
321 of the ectodomain (hereafter, we call all isoforms as simply “ST2”). The ST2 is expressed on
various immune cells including innate lymphoid group 2 cells (ILC2s), mast cells, dendritic cells,
macrophages, basophils, and type 2 helper T cells (Th2), and it is linked to Th2 effector functions [9,10].
IL-33 exerts its biological functions followed by binding to ST2 expressed in immune cells, and it is
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mainly associated with Th2 responses through the production of inflammatory cytokines IL-5 and
IL-13 [3,11]. The heterodimer complex formation activates downstream signaling complex formation.
Myeloid differentiation primary response 88 (MyD88) first binds to heterodimeric receptor and leads
to the recruitment of interleukin-1 receptor-associated kinase 1 (IRAK1), IRAK4 and tumor necrosis
factor (TNF) receptor-associated factor 6 (TRAF6), and these subsequently activate mitogen-activated
protein kinases (MAPKs) and nuclear factor κB (NF-κB) signaling pathways to promote inflammatory
cytokine production [9,12,13]. It seems that IL-33 has the potential to activate Th2 cytokine-mediated
allergic inflammation and related diseases, suggesting that blockade of the IL-33/ST2 signaling axis can
be a new therapeutic strategy for allergic inflammation and chronic inflammatory diseases [14–16].

Several strategies have been developed to suppress the IL-33 mediated downstream signaling
pathway to prevent chronic diseases and allergic inflammation: antagonists against IL-33,
and antagonists against ST2 or sST2 binding to IL-33 [17]. Here, we describe the discovery and
characterization of single-chain variable fragment (scFv) monoclonal antibodies (mAbs) directly
targeting IL-33 to inhibit IL-33 binding to ST2. Although there are diverse antibodies against IL-33 for
various purposes, they are mainly derived from immunizing living organisms with immunoglobulin
G forms [16,18] or monoclonal antibodies for IL-33 detection [15,19]. Since immunoglobulin G (IgG)
forms of antibodies are hard to handle and not suitable to further engineering, we used a human
synthetic single-chain variable fragment (scFv) antibody library to screen IL-33 specific mAbs in vitro.

The discovery of mAbs using phage display library was performed with five rounds of biopanning,
and enzyme-linked immunosorbent assay (ELISA) was used to determine the antibodies affinity.
Using immunoblotting, we observed their cross-reactivity, and two types of mutant-based epitope
mapping were implemented to identify the binding epitope domains. The inhibition effect of antibody
was verified by glutathione S-transferase (GST) pull-down assay and human cell-expressing ST2 and
IL1RAcP-based assay. The antibody seems to have therapeutic function by interfering with IL-33
binding to the ST2 receptor, heterodimeric receptor complex formation, and blocking the IL-33/ST2
signaling axis.

2. Results

2.1. Selection of scFvs Specific to IL-33

Human IL-33 is composed of three domains: N-terminal nuclear domain (residues 1–65),
central domain (residues 66–111) and C-terminal IL-1-like cytokine domain (residues 112–270) [3,8,20].
The N-terminal and central domains of IL-33 are cleaved by caspase-1 to produce the mature form [3].
IL-33 is susceptible to oxidation by forming disulfide bonds among cysteine residues (C208, C227,
C232, and C259). IL-33 oxidation reportedly drives a conformational change and inactivates its
ST2-dependent cytokine activities [21,22]. To prevent from oxidation, we mutated C208 and C232 to
serine and compared the activity of C208S/C232S mutant with that of IL-33 wild-type (WT). The purity
of WT and C208S/C232S mutant was confirmed by SDS-PAGE (Figure S1A,B). The recognition of IL-33
WT and C208S/C232S mutant by a selected scFv (see next section) was comparable as corroborated
by SDS-PAGE and immunoblot analyses (Figure S1C). We used GST-IL-33 WT for biopanning and
characterizations and IL-33 C208S/C232S mutant for cell signaling analysis.

We performed five rounds of biopanning to select scFvs specific to IL-33 using a large synthetic
human scFv library in two distinct conditions according to the number of negative selections (Table S1).
GST-IL-33 and GST were used as antigens for positive and negative selections of biopanning, respectively.
Ten scFv clones with high OD450 values in response to IL-33 compared to the negative selection were
selected by ELISA screening (Figure S2A). Of the ten clones, clones with mutations in the backbone frame
or duplicated sequences were excluded through multiple protein sequence alignment (Figure S2B).
Finally, six clones (C1_1E1, C2_1D5, C2_2A10, C2_2E1, C2_2E12, and C2_2H5) were chosen based on
their high binding signals at 450 nm without mutations in the amino acid sequences. Multiple sequence
alignment revealed that these six clones have different amino acid residues mostly in the third
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complementarity determining region in heavy chain (CDR-H3) and the second complementarity
determining region in light chain (CDR-L2).

The E. coli cell lysates containing overexpressed His6-tagged scFvs were prepared to determine the
binding affinity of selected scFvs with IL-33. The dissociation constants (Kd) values of C1_1E1, C2_1D5,
C2_2A10, C2_2E1, C2_2E12, and C2_2H5 by ELISA were estimated to be 48, 36, 57, 35, 28, and 31 nM,
respectively (Figure 1A). The Kd value of C2_2E12 that showed the highest affinity using cell lysate
was further measured using the purified proteins by ELISA (Figure S2C and Figure S1B). The Kd value
of the purified C2_2E12 was 38 nM (Figure 1B), which is consistent with the value estimated using the
cell lysate. We selected C2_2E12 for further characterizations.

The cross-reactivity of C2_2E12 was checked for two interleukins belonging to the same subfamily
(GST-IL-1β and IL-6) and three unrelated proteins (GST, bovine serum albumin (BSA) and IlvC).
Immunoblot assay results showed that C2_2E12 only reacted with IL-33 (Figure 1C). It is interesting that
C2_2E12 did not react with IL-1β and IL-6, since IL-33, IL-1β, and IL-6 belong to the same subfamily.
Human IL-33 shows low sequence identities to IL-1β and IL-6 despite all three belonging to the same
subfamily: 13.5% with IL-1β and 12.9% with IL-6, respectively (Figure 1D). The structure of IL-1β
(PDB ID: 1L2H) is similar to that of IL-33 (PDB ID: 4KC3) with a root mean square deviation (r.m.s.d.)
of 1.93 Å, while the structure of IL-6 (PDB ID: 1ALU) is completely different from that of IL-33. Given
the low sequence similarities and structural differences, no cross-reactivity of C2_2E12 for IL-1β and
IL-6 seems to be reasonable. The cross-reactivity results clearly demonstrate that C2_2E12 specifically
binds to IL-33.

2.2. Epitope Mapping

To determine the epitope region in IL-33 for C2_2E12, a series of GST-IL-33112-270 N-terminal
deletion mutants were constructed by the insertion of a stop codon at the end of each α-helix or β-strand
of IL-33 based on the crystal structure of human IL-33 (PDB ID: 4KC3) [23] (Figure 2A). Immunoblot
analysis revealed that residues 149–158 of the IL-33 comprised the epitope region, which corresponded
to its receptor ST2 binding site in the crystal structure of the IL-33:ST2 complex (PDB ID: 4KC3).
We found that the other five scFv clones (C1_1E1, C2_1D5, C2_2A10, C2_2E1, C2_2E12, and C2_2H5)
also recognized the same epitope region in the IL-33 (Figure 2B). Alanine scanning mutagenesis
was performed to determine the critical residue(s) in the epitope region (Figure 2C). Each residue in
GST-IL-33149-158 was substituted to alanine by site-directed mutagenesis PCR. The effects of the IL-33
mutants were analyzed by immunoblots with C2_2E12 as the primary antibody. Alanine substitutions
of L150 and K151 of IL-33 reduced the binding with C2_2E12, rendering these the key residues in
the epitope region. To obtain further insights on alanine scanning results at the molecular level,
we performed molecular docking between IL-33 and C2_2E12 using the HADDOCK server with
restraints that only L150 and K151 residues of IL-33 and CDR residues of C2_2E12 should participate
in interactions. Although alanine scanning data showed that L150 of IL-33 is a key residue of IL-33 and
C2_2E12 binding, L150 seemed to not interact with any residue of C2_2E12. Alternatively, L150 seemed
to possibly interact with the surrounding hydrophobic residues of the 149–158 epitope region of IL-33,
and it also seemed to play an important role in maintaining the shape of the loop (Figure 2D). It seems
that the L150A mutant inhibits the interaction between IL-33 and C2_2E12 by local conformational
changes of the loop. The docked structural model of IL-33:C2_2E12 suggested that K151 of IL-33
seemed to interact electrostatically with the acidic pocket of C2_2E12 composed of D164, S166, Y168,
A218, and Y230 (Figure 2E). This structural analysis with a docked model between IL-33 and C2_2E12
supports that L150 and K151 residues of IL-33 are important for their binding to C2_2E12.
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Figure 1. Molecular characterizations of anti-IL-33 single-chain antibody variable fragments (scFvs).
Enzyme-linked immunosorbent assay (ELISA)-based affinity determination of anti-IL-33 scFvs.
(A) Affinity determination of the top six clones that exhibited high binding signals against IL-33.
(B) Affinity determination of the purified C2_2E12, which seems to have the highest binding signal and
good protein condition among six clones. Kd values of C1_1E1, C2_1D5, C2_2A10, C2_2E1, C2_2E12,
and C2_2H5 were estimated by kinetic analysis. ELISA was repeated three times. (C) Immunoblot
analysis of the recombinant proteins using C2_2E12 for primary antibody (0.5 mg·mL−1, 1:100 dilution)
and anti-hemagglutinin-horse radish peroxidase (anti-HA-HRP) for secondary antibody (0.2 mg·mL−1,
1:5000 dilution). Expression of recombinant interleukin cytokines (GST-IL-33, GST-IL1β, and GST-IL6)
and unrelated proteins (GST, BSA, and IlvC) in E. coli BL21 (DE3) as revealed by SDS-PAGE analysis.
IB, immunoblot. (D) Multiple protein sequence alignment of IL-33, IL1β, and IL6. BSA: bovine serum
albumin, IL: interleukin.
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Figure 2. Epitope mapping of C2_2E12. (A) Immunoblot analysis of 14 GST-IL-33 deletion mutants to
map the IL-33 epitope at secondary structural element level for scFv clone C2_2E12. Residue numbers
of the mutants are shown. (B) Immunoblot analysis of four GST-IL-33 deletion mutants to map the
IL-33 epitopes for scFv clones C1_1E1, C2_1D5, C2_2A10, C2_2E1, and C2_2H5. (C) Immunoblot
analysis of alanine scanning for GST-IL-33149-158 for recognition by the scFv clone C2_2E12. Residue
numbers and identities are shown. In panels (A) through (C), Coomassie Blue stained gel is shown
at the bottom. Amount of the loaded protein per lane was 1 μg. The scFv clones were used as the
primary antibody (0.5 mg·mL−1, 1:100 dilution), and anti-HA-HRP was used as the secondary antibody
(0.2 mg·mL−1, 1:5000 dilution). (D,E) The HADDOCK-derived molecular docking of C2_2E12 (green)
to IL-33 (PDB: 4KC3, blue) complex. A homology structural model for C2_2E12 was generated using
SwissModel [24]. Both proteins are depicted as cartoon diagrams. (D) Residues of IL-33 in the epitope
region recognized by C2_2E12 are represented as stick models. Dash lines represent van der Waals
atomic distances in Å. (E) Electrostatic interactions between C2_2E12 and IL-33. The acidic pocket
in C2_2E12 consists of N163, D164, S166, Y168, A218, and Y230. L150 and basic K151, the two key
residues in the epitope region of IL-33 are depicted as stick models. The figures in the panels (D) and
(E) were generated using PyMOL (Schrödinger).

2.3. Competitive Binding of C2_2E12 to IL-33:ST2 Complex

Residues 149–152 and 156 in the epitope of IL-33 for C2_2E12 are reportedly involved in the
interaction with the ectodomain (residues 19–321) of ST2, which is present in both the transmembrane
and soluble isoforms [23]. Since the epitope of IL-33 for C2_2E12 overlaps with the ST2 binding site,
we hypothesized that the C2_2E12 could function as a blocking antibody in the IL-33/ST2 signaling
axis. To test the hypothesis, in vitro GST pull-down assay was performed. The antibody fragment
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crystallizable (Fc) fusion of ST2, ST2-Fc, interacted with immobilized GST-IL-33 as expected. By contrast,
ST2-Fc did not bind to the immobilized GST-IL-33 in the presence of C2_2E11 (Figure 3A). To investigate
whether C2_2E12 inhibits IL-33:ST2 interaction in a dose-dependent manner, a series of concentrations
of C2_2E12 were used for competitive binding assay GST pull-down assay. The IL-33:ST2 interaction
was reduced at 100-fold molar excess of C2_2E12 (Figure 3B). Quantification of the IL-33:ST2 interaction
in the presence of increasing concentrations of C2_2E12 showed that the IL-33:ST2 interaction decreased
in a concentration-dependent manner, leading to about 40% level at 100-fold molar excess of C2_2E12
(Figure 3C). These results suggest that C2_2E12 can act as a neutralizing antibody in the IL-33/ST2
signaling axis in vitro.

 
Figure 3. Interfering with IL-33 and suppressor of tumorigenicity 2 (ST2) complex formation by
C2_2E12. GST pull-down assay was used to observe the interaction of C2_2E12 with IL-33 competitively
with ST2 receptor in vitro. Pull-down assay was performed step by step. Immobilize GST-IL-33 in
Glutathione Sepharose 4B and add ST2-Fc fusion proteins. Then, put C2_2E12 in a dose-dependent
manner. Binding was performed for 30 min every step. Molar concentration of the proteins for binding
were GST-IL-33: ST2-Fc: C2_2E12 = 1: 1: 0.1, 1:1:1, 1:1:10, and 1:1:100 (M). (A) Input loading (GST-IL-33
in lane 1, ST2-Fc in lane 2, and C2_2E12 in lane 3) and proteins binding test (lane 4, 5, and 6) with
pull-down assay were visualized by immunoblot and SDS-PAGE. (B) Inhibition of IL-33 and ST2
binding by anti-IL-33 antibody in a dose-dependent manner. After 4 μM of GST-IL-33 was immobilized
in resin and 4 μM of ST2-Fc was added to the resin, C2_2E12 (0.4, 4, 40, and 400 μM in lane 1, 2, 3,
and 4) was added in a dose-dependent manner and visualized by immunoblot analysis and SDS-PAGE.
(C) Quantification of the inhibitory effects of C2_2E12 for the IL-33:ST2 interaction. Band intensities
of ST2-Fc in panel (B) were quantified using ImageJ and normalized by dividing them by those of
GST-IL-33. Relative intensities in reference to that of ST2-Fc with 0.4 μM C2_2E12 are shown as a
bar graph.

2.4. C2_2E12 Can Neutralize IL-33/ST2 Axis Driving Downstream Signaling Pathway in Human Cell Line

To corroborate the neutralizing effects of C2_2E12 in the IL-33/ST2 signaling axis in cells, we tested
IL-33 induced MAPK and NF-κB pathways activation in human mast cells (HMC-1). HMC-1 cells
expressed endogenous ST2 receptor and IL-1RAcP co-receptor, unlike HeLa cells (Figure 4A). The levels
of phosphorylated extracellular signal-regulated kinase (ERK) and c-Jun N-terminal kinase (JNK) in the
MAPK pathway were increased by the IL-33 C208S/C232S:ST2 complex while the level of inhibitor of
NF-κB α subunit (IκBα) in the NF-κB pathway was reduced, supporting that IL-33 activates both MAPK
and NF-κB pathways (Figure 4A). Subsequently, we treated the HMC-1 cells with IL-33 C208S/C232S
alone or pre-incubated with C2_2E12 and analyzed phosphorylation levels of ERK, JNK, and IκBα
(Figure 4B,C). The relative phosphorylation level of IκBα is decreased by C2_2E12 in a dose-dependent
manner, indicating the suppression of the NF-κB signaling pathway. Relative phosphorylation levels
of ERK and JNK were reduced by C2_2E12 in a dose-dependent manner, implicating the suppression
of the MAPK pathway. Analysis of the results indicated that C2_2E12 can neutralize IL-33 and ST2
interaction by binding with IL-33 in a dose-dependent manner (Figure 4B,C). Taken together, our results
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demonstrate that C2_2E12 treatment can reduce IL33/ST2 complex formation by interfering with IL-33
and ST2 binding and thus act as a neutralizing antibody for the suppression of the IL-33/ST2 signaling
axis in cells.

Figure 4. Intervention of IL-33/ST2 signaling axis by C2_2E12 antibody. (A) IL-33-mediated activation
of nuclear factor κB (NF-κB) signaling in human mast cells (HMC-1) cells, but not in HeLa cells
where ST2 and IL-1RAcP were not expressed. HMC-1 and HeLa cells were stimulated with mock
or human IL-33 (1 ng·mL−1, 8 min), and cell lysates were analyzed by immunoblotting with the
indicated antibodies. (B) The inhibition of IL-33-induced NF-κB signaling by C2_2E12 antibody in
a dose-dependent manner. HMC-1 cells were treated with IL-33 alone or IL-33 pre-incubated with
the increasing amounts of C2_2E12 antibody. Cell lysates were analyzed by immunoblotting with the
indicated antibodies. IL-33 (1 ng·mL−1) was pre-incubated with increasing amounts of the C2_2E12
antibody (0.1, 0.5, and 2.0 ng·mL−1 in lanes 3, 4, and 5, respectively) for 15 min and treated to HMC-1
cells for 8 min. (C) Quantification of protein levels shown in (B). Band intensities in immunoblots
were quantified using ImageJ. Data are expressed as the mean ± SEM. The statistical significance of
differences was analyzed by one-way analysis of variance (ANOVA) followed by Bonferroni’s multiple
comparison test (*** p < 0.001 compared to the indicated points; n = 3).

71



Int. J. Mol. Sci. 2020, 21, 6953

3. Discussion

IL-33 has been associated with several chronic diseases such as asthma, atopic dermatitis,
and inflammatory allergy, and recently, it was discovered that it plays important roles in regulatory
immune responses. Neutralizing antibodies against IL-33 or ST2 have been developed to hinder IL-33
and ST2 binding. In this study, we discovered an scFv that specifically binds to IL-33 and subsequently
interferes with IL-33 and ST2 complex formation. The IL-33 epitope region with C2_2E12 overlaps the
ST2 binding domain in IL-33, implicating that C2_2E12 can act as a neutralizing antibody by competitive
binding to IL-33. Pull-down assay and human cell line analysis verified that C2_2E12 has neutralizing
efficacy. IL-33 and ST2 interaction stimulates the activation of immune cells such as mast cells,
T-helper type 2 cells, and dendritic cells, thereby causing allergic inflammatory responses. Therefore,
future evaluation of C2_2E12 and its refined clone(s) would desirably include the determination of
efficacies in the keratinocyte/dendritic cells or epithelium/dendritic cell co-cultures. IL-33 is also known
to stimulate type 2 innate lymphoid cells to release cytokines such as IL-5 and IL-13 [25]. Determination
of the secreted IL-5 and IL-13 in response to the intervention of IL-33/ST-2 signaling axis by C2_2E12
would require future studies. C2_2E12 is not only a neutralizing antibody binding to IL-33, but also a
monoclonal antibody discovered from human synthetic library of scFvs in vitro. The identification of
epitope at the residue level, neutralizing the efficacy and human origin of C2_2E12 renders it a suitable
candidate for further engineering. Our preliminary comparative data reveal that C2_2E12 shows an
affinity only marginally inferior to that of a commercial antibody (data not shown). After further
improving the affinity of C2_2E12 by affinity maturation and going through an in vivo test, C2_2E12
and its refined clone(s) could be used as a therapeutic antibody against IL-33 for treating allergic
inflammatory diseases.

4. Materials and Methods

4.1. Plasmid Constructs Cloning

Genes encoding the mature form of IL-33 (residues 112–270), hereafter called simply “IL-33”,
and the ectodomain of ST2 (residues 19–321) were synthesized (Cosmo Genetech, Seoul, Korea)
and cloned into BamHI/StuI sites of parallel GST-2 vector [26] and NotI/NcoI sites of the pSF vector,
respectively. CH2 and CH3 domains of human the IgG Fc region were cloned into XhoI/BsgI sites of
pSF-ST2 plasmid for ST2-Fc fusion protein expression. Plasmids encoding IL-33 mutants (deletion
mutants, alanine-scanning mutants, and an oxidation-resistant mutant C208S/C232S) were prepared
by following the protocol for QuikChange kit (Agilent, Santa Clara, CA, USA). Identities of all the
constructs were verified by DNA sequencing.

4.2. Expression and Purification of Recombinant Proteins

The plasmid encoding GST-IL-33 was transformed into E. coli BL21 (DE3) cells. A single colony
was inoculated into 10 mL Luria broth (LB) media containing 100 μg·mL−1 ampicillin and grown
at 37 ◦C overnight. After 16–18 h, the pre-cultured cells were transferred to 500 mL LB media
containing 100 μg·mL−1 of ampicillin, grown at 37 ◦C until OD600 0.6–1.0, induced with 0.6 mM
isopropyl-β-d-1-thiogalactopyranoside (IPTG), and further grown at 25 ◦C overnight with gentle
shaking. Cells were harvested by centrifugation and re-suspended in lysis buffer (50 mM Tris-HCl
pH = 7.5 and 150 mM NaCl). Cells were disrupted by ultrasonication, cleared by centrifugation, and the
supernatant containing GST-IL-33 was transferred to Glutathione Sepharose 4B resin (GE Healthcare,
Chicago, IL, USA) pre-equilibrated with the lysis buffer. After washing the resin with the lysis buffer,
GST-IL-33 was eluted in GST elution buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, and 10 mM reduced
glutathione). IL-33 was relieved from the GST fusion protein using a recombinant His6-tagged tobacco
etch virus (TEV) protease during dialysis at 4 ◦C overnight. The resulting IL-33 was further purified on
a Superdex 75 10/300 GL size-exclusion chromatography column (GE HealthCare, Chicago, IL, USA)
pre-equilibrated with the lysis buffer. A ST2-Fc fusion protein, containing the ectodomain (residues
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19–321) of ST2 and Fc from human IgG, was expressed in Expi293F cells (Thermo Fisher Scientific,
Waltham, MA, USA) maintained in Expi293 expression medium (Thermo Fisher Scientific, Waltham,
MA, USA). The day before transfection, cells were seeded to a final density of 2 × 106 viable cells ml−1 in
a 125 mL Erlenmeyer flask and grown at 37 ◦C for 24 h. After 24 h, cells were transfected with 30 μg of
pSF-ST2-Fc plasmid DNA diluted in Opti-MEM™ I Medium (Thermo Fisher Scientific, Waltham, MA,
USA) supplemented with 80 μL of ExpiFectamine™ 293 Reagent (Thermo Fisher Scientific, Waltham,
MA, USA). Four days post-transfection, the cells were harvested by centrifugation, and its supernatant
containing ST2-Fc was transferred to protein A agarose (Thermo Fisher Scientific, Waltham, MA, USA)
pre-equilibrated by phosphate-buffered saline (PBS). The resin was washed using PBS, and ST2-Fc
was eluted in Fc elution buffer (100 mM glycine pH = 3 with 1/10 volume of 1 M Tris-HCl pH = 8.0).
The eluted ST2-Fc was dialyzed in the lysis buffer at 4 ◦C overnight.

4.3. Biopanning Using Phage Display

A synthetic human scFv library encoding His6- and HA-tagged scFv clones was used for
biopanning [27]. Biopanning was performed as described previously with some modifications [28].
Library biopanning was performed in immuno tubes coated with the recombinant GST–IL-33 as an
antigen in two conditions: inclusion of a negative selection with GST in every round (condition 1),
and in the first round only (condition 2). In condition 1, five rounds of biopanning were performed in
immuno tubes coated with GST protein for a negative selection and the recombinant GST-IL-33 at a
gentle decrease in antigen concentrations (50, 10, 7.5, 5, and 2.5 μg·mL−1). In condition 2, the negative
selection using GST protein is performed only in the first round of biopanning and coated with
GST-IL-33 in the other four rounds of biopanning using the same concentration with condition 1.
To select scFv clones that specifically bind to IL-33, single colonies from the final round of a biopanning
output plate were grown in a 96-well cell culture plate until OD600 reached 0.6–1.0 and induced
with 1 mM IPTG grown overnight at 30 ◦C with shaking. The harvested cells in each 96-well were
re-suspended in cold 1× TES buffer (50 mM Tris-HCl pH = 8.0, 1 mM ethylenediaminetetraacetic
acid (EDTA) and 20% (w/v) sucrose) for 30 min on ice, and cold 0.2×TES buffer was added to the
re-suspended cells for 1 h on ice. The recombinant GST-IL-33 protein at 10 μg·mL−1 in PBS was
coated on a 96-well ELISA plate. ELISA assay for scFv screening with horseradish peroxidase (HRP)
conjugated anti-HA secondary antibody (1:3000 dilution, Santa Cruz Biotechnology, Dallas, TX, USA)
was performed with a final reading of signals recorded at OD450. The OD450 values with GST-IL-33
were divided by the OD450 value with GST, and the ratio of OD450 values was compared.

4.4. Expression and Purification of scFvs in E. coli

Cells were pre-cultured from the single colonies of scFv-expressing E. coli BL21 (DE3) at 37 ◦C
overnight, transferred to 500 mL super broth (SB) media containing 100 μg·mL−1 ampicillin. Cells were
grown at 37 ◦C until OD600 0.5–0.8 and induced with 1 mM IPTG at 30 ◦C with vigorous shaking.
After 16–18 h, cells were harvested by centrifugation and re-suspended in cold 1× TES buffer for 30 min
on ice, and cold 0.2× TES buffer was added to the re-suspended cells for 1 h on ice. The re-suspended
cells supplemented with 5 mM MgCl2 to block EDTA were centrifuged, and their supernatants
containing each scFvs were transferred to Ni-NTA agarose resin (Qiagen, Hilden, Germany). Each resin
was washed by wash buffer A (PBS supplanted with 20 mM imidazole and 0.5 mM DTT) and scFvs
were eluted by His-tag elution buffer A (PBS supplemented with 300 mM imidazole and 0.5 mM
DTT). Size exclusion chromatography was performed on a Superdex 75 increase 10/300 GL column
(GE HealthCare, Chicago, IL, USA) pre-equilibrated with PBS.

4.5. Reformatting, Expression, and Purification of C2_2E12 in Mammalian Cells

The gene encoding C2_2E12 in the pComb3X vector [27] was cloned into the pSF vector to
express three different formats of C2_2E12 in mammalian cells: scFv, antigen-binding fragment (Fab),
and immunoglobulin G (IgG). The C2_2E12 scFv was cloned into NotI/XhoI sites of the pSF vector for
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expression in Expi293F cells (Thermo Fisher Scientific, Waltham, MA, USA) maintained in Expi293
expression medium (Thermo Fisher Scientific, Waltham, MA, USA). A variable heavy chain and
variable light chain of C2_2E12 were cloned into NotI/NcoI sites and HindIII/XhoI sites of the pSF
vector, respectively, for the expression of Fab and IgG formats in Expi293F cells (Thermo Fisher
Scientific, Waltham, MA, USA). Transfection and preparation steps for Fab and IgG were the same with
those for scFv except for the amount and ratio of DNA plasmid used for transfection. The expression
of scFv, Fab, and IgG formats of C2_2E12 in mammalian cells was performed in the same way as for
ST2-Fc. Supernatants containing C2_2E12 scFv and Fab were transferred to Ni-NTA agarose resin
(Qiagen, Hilden, Germany) pre-equilibrated with PBS. Each resin was washed by wash buffer B
(PBS supplemented with 20 mM imidazole) and eluted by His-tag elution buffer B (PBS supplemented
with 300 mM imidazole). Supernatant containing C2_2E12 IgG was transferred to a protein A agarose
(Thermo Fisher Scientific, Waltham, MA, USA) pre-equilibrated by PBS. The resin was washed using
PBS, and the C2_2E12 IgG was eluted in the Fc elution buffer. The antibodies were dialyzed at 4 ◦C
overnight, concentrated, and loaded to a Superdex 75 10/300 GL size-exclusion chromatography
column (GE HealthCare, Chicago, IL, USA) pre-equilibrated with PBS.

4.6. Immunoblot

Purified proteins were subjected to 12% SDS-PAGE and transferred onto polyvinylidene difluoride
(PVDF) membranes (Merck Millipore, Burlington, MA, USA). Membranes were blocked with 5% (w/v)
skim milk in Tris-buffered saline (pH = 7.5) containing 0.1% (v/v) tween-20 for 1 h at room temperature.
Different primary antibodies were incubated at 4 ◦C overnight, and secondary antibodies were incubated
at room temperature for 1 h. The bound antibody was detected by enhanced chemiluminescence (ECL)
reaction with EZ-Western Lumi Pico kit (DoGen, Seoul, Korea).

4.7. Enzyme-Linked Immunosorbent Assay (ELISA)

GST-IL-33 was coated on half the total area of a Costar® 96-well plate in the clear flat bottom
polystyrene high bind microplate (Corning, Corning, NY, USA) and incubated at 4 ◦C for overnight.
In the next day, the resulting culture was washed using PBST (PBS supplemented with 0.1% (v/v)
tween-20) and blocked using blocking buffer (5% (w/v) skim milk in PBST). Serial dilutions of
purified scFvs as the primary antibody with approximately 8 ng·mL−1 to 0.8 mg·mL−1 were added
to the wells. The plate was incubated at ambient temperature for 1 h and washed using PBST.
Subsequently, HRP-conjugated anti-HA antibody as the secondary antibody (1:3000 dilution, Santa Cruz
Biotechnology) was added to the wells and incubated at ambient temperature for 1 h. The incubated
plate was washed using PBST, and tetramethylbenzidine (TMB) substrate solution (GenDEPOT, Katy,
TX, USA) was added for color development. After incubation for 10 min, 1 M H2SO4 was added to the
plate to stop the color development reaction. The final signal readings were recorded at 450 nm and
plotted using Prism 5 (GraphPad, San Diego, CA, USA).

4.8. Biolayer Interferometry (BLI)

Binding kinetics was measured by BLI experiments using a BLItz system (ForteBio, Fremont, CA,
USA). E. coli cell lysate containing His6-tagged antibodies was prepared in 0.5× TES buffer. GST-IL-33
was prepared in BLI buffer (PBS supplemented with 20 mM imidazole, 0.05% (v/v) Triton X-100 and
0.1 mg·mL−1 BSA) to reduce the nonspecific binding signal. The BLI buffer was also used as the kinetics
buffer. The cell lysate was immobilized to Ni-NTA biosensors (ForteBio, Fremont, CA, USA) and
washed using the kinetics buffer. The sensors were subsequently reacted with various concentrations
(2, 1, 0.5, and 0.25 μM) of GST-IL33 (association step) and washed using the kinetics buffer (dissociation
step). These assays were performed twice each. All real-time recorded sensograms were analyzed by
the ‘global fitting’ method in BLItz Pro 1.2 (ForteBio, Fremont, CA, USA) to calculate kon (association
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rate constant) and koff (dissociation rate constant) values. The Kd (dissociation constant) value of each
antibody was calculated using the following equation:

Kd = ko f f /kon. (1)

r2 analysis, an indication of goodness of graph curve fitting, was performed using BLItz Pro 1.2, and the
r2 values of all experiments were above 0.98. The graphs of raw sensograms were prepared by Prism 5
(GraphPad, San Diego, CA, USA).

4.9. Structural Modeling

A homology structural model for C2_2E12 that was generated using the SWISS-MODEL server [24]
and the crystal structure of IL-33:ST2 complex (PDB ID: 4KC3) were used as templates for the docking of
C2_2E12 to IL-33. Protein–protein docking modeling was performed using the HADDOCK server [29].
To perform the HADDOCK modeling, a restraint was applied such that the two key epitope residues
of IL-33, L150 and K151, must interact with the complementary determination region of C2_2E12.
The Z-score of clustering and other modeling parameters are listed in Table S2. Structural analysis of
the interface between C2_2E12 and IL-33 was performed using PyMOL 1.8 (Schrödinger, New York,
NY, USA).

4.10. Pull-Down Assay

Pull-down assay was performed using Glutathione Sepharose 4B resin (GE Healthcare, Chicago,
IL, USA). First, 4 μM of GST-IL-33 was added to the resin and incubated for 30 min at 4 ◦C with gentle
shaking. The resin was washed 4 times with wash buffer C (50 mM Tris-HCl pH = 7.5 and 150 mM
NaCl) and incubated for 30 min at 4 ◦C with gentle shaking upon the addition of 4 μM of ST2-Fc.
Subsequently, C2_2E12 at a series of concentrations (0.4, 4, 40, and 400 μM) was added to the resulting
resin with further incubation for 30 min at 4 ◦C. After 4 times of washing, proteins were separated by
SDS-PAGE on a 12% gel, stained with Coomassie Brilliant Blue, or transferred onto a PVDF membrane
(45 mA for 60 min). Protein bands on the PVDF membrane were visualized by immunoblotting
by ECL reaction using anti-ST2 (1:5000 dilution, Abcam, Cambridge, United Kingdom) and mouse
anti-rabbit IgG–HRP (1:10000 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), anti-GST-HRP
(1:10000 dilution, Santa Cruz Biotechnology, Dallas, TX, USA), and anti-His6–HRP (1:10000 dilution,
Santa Cruz Biotechnology, Dallas, TX, USA). Gels were quantified using ImageJ (National Institutes of
Health, Bethesda, MD, USA).

4.11. Cell Signaling Analysis

HMC-1 cells were a kind gift from Prof. Soohyun Kim, Konkuk University, South Korea.
HMC-1 cells were cultured in Iscove’s modified Dulbecco’s medium (IMDM) containing 10% FBS.
HeLa cells were cultured in Dulbecco′s modified Eagle′s media (DMEM) containing 10% FBS. Cells
were centrifuged at 800× g for 5 min at 4◦C, and they were lysed with NETN lysis buffer (100 mM
NaCl, 20 mM Tris-HCl pH = 8.0, 0.5 mM EDTA, 0.1% NP-40, 5 mM NEM, 10 mM NaF, 1 mM Na3VO4,
a protein inhibitor cocktail) for 15 min on ice. Cell lysates were centrifuged at 15,000× g at 4◦C for 10 min.
Protein extracts were separated by SDS-PAGE and transferred onto PVDF membranes. Membranes
were immunoblotted with the indicated antibodies, and the signals were visualized with ImageQuant™
LAS 4000 mini (GE Healthcare, Chicago, IL, USA). Anti-p-IkB (#2859), anti-IkB (#4814), anti-p-S6K
(#9251), and anti-S6K (#9252) antibodies were purchased from Cell signaling. Anti-p-ERK (sc-7383),
anti-ERK (sc-27129), and anti-IL-1RAcP (sc-376872) were purchased from Santa Cruz Biotechnology
(Dallas, TX, USA). Anti-ST2 (#D065-3) were purchased from MBL (Woburn, MA, USA).

5. Patent

A patent application has been filed in South Korea (application number: 10-2020-0103135).
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Abstract: Asthma is a disease that consists of three main components: airway inflammation, airway
hyperresponsiveness, and airway remodeling. Persistent airway inflammation leads to the destruction
and degeneration of normal airway tissues, resulting in thickening of the airway wall, decreased
reversibility, and increased airway hyperresponsiveness. The progression of irreversible airway
narrowing and the associated increase in airway hyperresponsiveness are major factors in severe
asthma. This has led to the identification of effective pharmacological targets and the recognition
of several biomarkers that enable a more personalized approach to asthma. However, the efficacies
of current antibody therapeutics and biomarkers are still unsatisfactory in clinical practice. The
establishment of an ideal phenotype classification that will predict the response of antibody treatment
is urgently needed. Here, we review recent advancements in antibody therapeutics and novel findings
related to the disease process for severe asthma.

Keywords: asthma; refractory asthma; antibody therapeutics; biomarker

1. Introduction

Asthma is a disorder ordinarily characterized by allergic chronic airway inflammation.
Usually, this condition is sensitive to corticosteroids and the widespread use of inhaled cor-
ticosteroids (ICS) has markedly reduced asthma emergencies. However, 5–10% of asthma
patients are refractory to the maximum combination treatment of high-dose ICS, long-
acting β2-agonists, and long-acting muscarinic antagonists. In 2014, the American Thoracic
Society and European Respiratory Society published guidelines defining severe asthma
as a condition that requires treatment with high-dose ICS, plus other long-term control
medications (and/or oral corticosteroids (OCS)), or is poorly controlled regardless of these
treatments [1]. These guidelines indicate that a diagnosis of severe asthma requires a correct
diagnosis of asthma, confirmation of the presence of comorbidities (sinus disease, obesity,
aspirin asthma, chronic obstructive pulmonary disease), and appropriate assessment of
asthma control.
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Newly developed antibody therapies targeting cytokines involved in the pathophys-
iological process of asthma have led to reduced exacerbations and improved symptom
control and lung function in a subgroup of severe asthmatics. However, the efficacies of
current antibody therapeutics are still unsatisfactory in clinical practice. This is, in part,
because of the heterogeneity of severe asthma. Here, we review recent advancements in
antibody therapeutics and novel findings related to the disease process of severe asthma.

2. Current Understanding of Severe Bronchial Asthma

Asthma is a disease characterized by chronic airway inflammation and usually re-
versible airflow limitation. However, uncontrolled disease activity leads to sustained
airway inflammation, and increased airway hyperresponsiveness (AHR) and airway re-
modeling, resulting in persistent respiratory symptoms. Airway inflammation, airway
remodeling, and airway hyperresponsiveness differentially contribute to the clinical fea-
tures of each patient with severe asthma [2] (Figure 1). Typically, airway inflammation is
a triggering/exacerbation factor for airway hypersensitivity and airway remodeling, but
the interaction of each of the three factors becomes a further exacerbation factor as asthma
progresses. Therefore, treatment strategies targeting airway inflammation as well as airway
hyperresponsiveness and airway remodeling would be more effective than targeting only
airway inflammation.

Figure 1. Mechanisms of the onset and exacerbation of severe asthma.

Chronic airway inflammation in asthma is typically characterized by eosinophil in-
filtration, overproduction of IgE, and Th2 cytokines, including IL-4, IL-5, and IL-13. IL-5,
which is essential for eosinophil activation and proliferation and is derived from Th2
cells and Group 2 innate lymphoid cells (ILC2s). IL-4 and IL-13, derived from Th2 cells,
promote the production of specific IgE antibodies from B cells. IgE antibodies bind to the
IgE receptor (FcεRI) on the surface of mast cells and prepare them for activation during
allergen exposure. IL-13, secreted from Th2 cells and ILC2s, shares the IL-4 receptor and
induces smooth muscle hyperplasia, goblet cell hyperplasia, and mucous secretion, leading
to airway remodeling and decreased respiratory function. Lung ILC2s respond to the
alarmin IL-33, or IL-25 and TSLP released by epithelial cells, which induce their activation
and the production of large amounts of IL-5 and IL-13. Thus, IgE, IL-5, and IL-4/IL-13 are
particularly important in the pathogenesis of type 2 asthma. Blood eosinophils have been
proposed as a surrogate marker of airway eosinophilia [3]. Elevated numbers of blood
eosinophils have been associated with more severe asthma and have shown to predict a
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higher risk of asthma exacerbation [4]. Measurement of FeNO is another non-invasive way
to quantify Th2 high airway inflammation. Nitric oxide (NO) is produced by epithelial
cells lining the airways. Inducible nitric oxide synthase (iNOS) is induced by Th2 type
inflammation, where it is largely driven by IL-4 and IL-13, leading to the increased produc-
tion of NO. Similar to elevated blood eosinophils, elevated FeNO is predictive of asthma
exacerbations and asthma severity [5,6]. In addition, simultaneously increased FeNO and
blood eosinophils were associated with a higher likelihood of AHR [6]. Because Th2 cy-
tokines, including IL-13 and IL-4, act on goblet cell hyperplasia, fibroblast-to-myofibroblast
transformation, collagen deposition, and airway smooth muscle contraction [7], high FeNO
levels in patients with severe asthma may be affected by airway remodeling. In another
study involving 310 young adult subjects with suspected cough variant asthma, FeNO
levels and the eosinophil count percentage in induced sputum, in addition to the Forced
expiratory flow at 25–75% of FVC (FEF25-75), were associated with AHR [8]. Of note, FeNO
can be affected by many external variables including ambient air quality, smoking, sinus
disease, allergic rhinitis, and virus infection. These factors need to be considered when
interpreting results. As already described, IgE is a key factor in high Th2 inflammation.
Total serum IgE and specific IgE are the most common risk factors for allergic asthma. In
a cluster analysis by the National Institute of Health/National Heart, Lung, and Blood
Institute Severe Asthma Research Program pediatric cohort, children with severe asthma
had higher serum IgE levels and increased sensitization to aeroallergens [9].

Airway remodeling describes structural changes of the airway wall, including fibro-
sis, airway smooth muscle hypertrophy, and goblet cell hyperplasia. Among these, the
molecular mechanism of goblet cell hyperplasia has been intensively studied. SAM (ster-
ile α-motif) pointed domain containing ETS transcription factor (SPDEF) and forkhead
box protein (Foxa3) are the main transcription factors that regulate differentiation into
goblet cell hyperplasia [10]. These transcription factors are induced by Th2 cytokines in
the airway epithelium and promote thymic stromal lymphopoietin (TSLP) production in
airway epithelial cells, which exacerbates Th2 inflammation [11]. Epithelial-mesenchymal
transition (EMT), and the migration and proliferation of cultured airway smooth mus-
cle cells have been used as surrogate experimental models to investigate the molecular
mechanisms involved in fibrosis and airway smooth muscle hypertrophy. By using these
models, transforming growth factor (TGF)-β was shown to be an important factor in the
airway remodeling in asthma [12–15]. Clinically, the standard assessment of remodeling
is obtained by a biopsy of the lungs and airways by surgery or bronchoscopy. However,
bronchial biopsy is invasive and not applicable to routine clinical settings. It also requires
expert knowledge, therefore, indirect analytical methods using remodeling markers in the
blood, urine, and sputum have also been developed [16]. Periostin is a matricellular protein
secreted by bronchial epithelial cells and lung fibroblasts in response to the Th2 cytokines,
IL-13, and IL-4 [17]. Periostin-high asthma patients had clinical characteristics including
eosinophilia, high FeNO, aspirin intolerance, nasal disorders, and late-onset disease [18]. In
addition, periostin was reported to be associated with hyporesponsiveness to ICS. Other al-
ternatives, such as high-resolution computed tomography, endobronchial ultrasonography,
and lung function measurements, can also be used as screening tools in clinical practice [19].
Computed tomography, a non-invasive process, allows the study of the airway lumen and
wall dimensions, which might help evaluate airway remodeling in children and clinical
studies [20]. This approach can be used to identify the airway tree and evaluate changes in
remodeling after treatment, as well as determine air trapping. Endobronchial ultrasound
(EBUS) is performed with an ultrasonographic probe through the working channel of a
fiberoptic bronchoscope. It can access airways 4 mm in internal diameter and visualize
multiple layers of the airway wall without the use of radiation [21]. Decreased values of
V50 and V25 and increased values of the V50/V25 ratio are useful for the early detection
of peripheral airway diseases [22]. Because persistent airflow obstruction is caused by
airway remodeling, V50/V25, which indicates a peripheral airflow obstruction, can also be
an indicator of airway remodeling. In our case of severe asthma, airway remodeling was
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diagnosed by low FEV1% (62.79%), highV50/V25 (5.48), and thickening of the airway wall
assessed by CT. In this case, after one-year treatment by dupilumab, FEV1 (2.43 L → 3.48 L)
was increased, and V50/25 (5.48 → 4.23) was decreased. Furthermore, the airway wall
thickness was attenuated (Figure 2), which strongly suggests the improvement of airway
remodeling by dupilumab.

Figure 2. Chest CT before and one year after the start of dupilumab.

AHR is defined as the increased sensitivity and enhanced narrowing of the airways in
response to physical or chemical stimuli. AHR is caused by abnormalities in the airway
smooth muscle, which is primed by Th2 inflammation. Recent studies suggested that
IL-13 and IL-4 signaling through the IL-4 receptor is responsible for these abnormalities, by
upregulating the expressions of histamine receptor H1 (HRH1) and cysteinyl leukotriene
receptor 1 (CYSLTR1) in airway smooth muscle cells [23]. Clinically, bronchial provocation
tests (BPTs) are used to measure AHR, in which airway constrictors such as methacholine or
cAMP are inhaled and their propensities to develop airflow obstruction are examined. BPTs
are the gold standard test, but their methodology is complicated for general clinical practice,
time consuming, and can induce severe bronchospasms. Therefore, alternative markers
that reflect AHR have been explored. Kono et al. investigated a correlation between airway
hyperresponsiveness measured by BPTs and the variables obtained by spirometry tests
and reported that the FEF25-75% predicted showed the highest correlation with airway
hyperresponsiveness [24]. Respiratory system resistance (Rrs) measured by the forced
oscillation technique at 5 Hz (R5) and 20 Hz (R20) is a marker of airway caliber. A larger
R5 reflects small airway dysfunction and was reported to be associated in part with airway
hypersensitivity [25].

As described above, airway inflammation is often a triggering/exacerbation factor for
airway hypersensitivity and airway remodeling, but the interaction of each of the three
factors becomes a further exacerbation factor as asthma progresses. Therefore, monoclonal
antibodies targeting airway inflammation as well as airway hyperresponsiveness and
airway remodeling would be more effective than monoclonal antibodies targeting only
airway inflammation.

3. Therapeutic Antibodies for Bronchial Asthma

There are four types of monoclonal antibodies available to treat bronchial asthma,
including anti-IgE antibody, anti-IL-5 antibody, anti-IL-5 receptor α antibody, and anti-IL-4
receptor α antibody (Table 1).

Omalizumab, a humanized monoclonal IgG1κ antibody to IgE, inhibits the binding
of IgE to high-affinity receptor, FcεRI, on mast cells or basophils and low-affinity receptor,
FcεRII, on B cells, T cells, Langerhans cells, macrophages, monocytes, eosinophils, and
platelets. Upon the cross-linking of membrane bound IgE by a specific allergen, mast
cells or basophils degranulate and secrete mediators such as histamine, which induce
bronchoconstriction in asthmatic patients. Omalizumab does not bind to IgE, which binds
to its high-affinity receptor IgεRI, suggesting that there is no risk of the cross-linking of
membrane-bound IgE [26]. Because FcεRI and FcεRII are stabilized by the binding of IgE,
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the administration of omalizumab reduces the expression of these receptors on inflamma-
tory cells. Recently, it was reported that bronchial epithelial cells and airway smooth muscle
cells from patients with bronchial asthma also expressed FcεRI and FcεRII [27]. An ex vivo
study investigating the impact of omalizumab on specific and nonspecific AHR in proximal
and distal human airways passively sensitized with serum from asthmatic donors showed
it significantly suppressed the contractile response [28]. Therefore, omalizumab might
directly affect the three components of asthma: airway inflammation, airway remodeling,
and AHR.

Mepolizumab and reslizumab are humanized monoclonal IgG1κ and IgG4 antibodies,
respectively, that bind with high affinity to human IL-5, thus preventing its interaction with
the α subunit of the IL-5 receptor [29]. In patients with asthma, IL-5 is locally produced
by Th2 lymphocytes, group 2 innate lymphoid cells (ILC2s), and epithelial cells in the
airway mucosa. IL-5 stimulates the differentiation of eosinophils in the bone marrow
and mobilization of eosinophils from the bone marrow. IL-5 also acts on basophils and
stimulates the release of mediators, including histamine and leukotrienes. Therefore,
mepolizumab and reslizumab inhibit airway inflammation in asthmatic patients. Although
IL-5-deficient mice showed a reduction of airway remodeling in an ovalbumin-induced
allergic airway inflammation model, the authors discussed that airway remodeling was
caused by TGF-β produced by eosinophils and that the effect of IL-5 on airway remodeling
was indirect [30].

A different mechanism of function characterizes the biological targeting of the IL-5
cascade. Benralizumab is a humanized IgG1κ monoclonal antibody, which binds to IL-
5Rα. The IL-5 receptor is a heterodimer composed of IL-5-specific IL-5Rα and β subunits,
which is commonly used by IL-5, IL-3, and GM-CSF. Benralizumab triggered apoptosis
in eosinophils and basophils by antibody-dependent cell-mediated cytotoxicity (ADCC)
associated with natural killer cells, a mechanism potentiated by afucosylation [31,32]. This
effect is expected to reduce eosinophil counts, even in the presence of eosinophil activators
such as IL-5, resulting in the rapid loss of peripheral blood eosinophils. Therefore, it can
reduce eosinophilic airway inflammation. Ex vivo experiments demonstrated benralizumab
suppressed AHR induced by histamine administered when significantly high cAMP levels
were present, and that its effect was greater compared with mepolizumab [33]. This
suggested that the improvement in the concentration of cAMP by inhibiting the IL-5/IL-
5Rα pathway may converge to prevent AHR. An in vitro study using human ASM cells
confirmed the beneficial role of benralizumab in reversing airway remodeling [34].

Dupilumab is a humanized IgG1k monoclonal antibody to the IL-4 receptor α subunit
(IL-4Rα), common to both IL-4R complexes: type I (IL-4Rα/γc; IL-4 specific) and type
II (IL-4Rα/IL-13Rα1; IL-4 and IL-13 specific). The type I IL-4R complex is expressed on
hematopoietic cells and the type II IL-4R complex is expressed on hematopoietic and non-
hematopoietic cells including epithelial cells and fibroblasts. In experimental mouse models
of bronchial asthma using IL-4Rα-knockout mice and IL-13Rα1-knockout mice, the type I
IL-4R complex is thought to activate Th2 inflammation, whereas the type II IL-4R complex
inhibits Th2 inflammation but augments AHR and airway remodeling [35]. Although the
precise mechanisms have not been reported, dupilumab is thought to function as a dual
receptor antagonist of the type I and type II IL-4R complexes, by inhibiting their biological
actions [36,37].
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Table 1. Current strategies of biological therapies for severe asthma.

Target Drug Name
Molecular

Mechanisms
Pathophysiological Effect Predictors of Efficacy

Changes in Clinical
Parameters

FcεRI-
binding

domain of
IgE

Omalizumab
(Genentech/

Novartis)

Inhibit of IgE–
mediated cascade

•Airway allergic
inflammation

•Airway
hyperresponsiveness [38]
•Airway remodeling [38]

•Specific IgE antibody
positivity or skin prick test [39]
•Increase of serum IgE at 4

week [40]
•High eosinophils (blood) [41]

•High FeNO [41]

•Decrease
exacerbationrate [42]

and FeNO [41]
•Increase FEV1 and

ACQ [43]
•Reduce OCS [43]

IL-5

Mepolizumab
(Glaxo

Smithline)

Inhibit
the activity of IL-5
by preventing IL-5

to bind IL-5R

•Airway eosinophilic
inflammation

•Airway
hyperresponsiveness * [33]
•Airway remodeling * [30]

•High eosinophils (sputum,
blood) [44,45]

• Nasal polyposis [46]
• Lower BMI [46]
• Lower OCS [46]

• Lower CCL4/MIP-1β [47]

•Decrease exacerbation
rate and eosinophils

[44,45]
•Increase FEV1 [45,48]

and ACQ [44,45]
•Reduce OCS [44]

Reslizumab
(Teva Phar-

maceuticals)

Inhibit of
IL-5 signaling

IL-5Rα
Benralizumab

(As-
traZeneca)

Blockade of IL-5Rα,
and

ADCC-induced
eosinophil apoptosis

•Airway eosinophilic
inflammation

•Airway
hyperresponsiveness * [33]
•Airway remodeling *

[34]

•High eosinophils (sputum,
blood) [49]

• Nasal polyposis [49,50]
• Low lung function [50]

• age at diagnosis ≥18 years
[50]

•Decrease exacerbation
rate and eosinophils [51]
•Increase FEV1 and ACQ

[52]
•Reduce OCS [52]

IL-4Rα
Dupilumab

(Sanofi/
Regeneron)

Dual blockade of
IL4/IL-4Rα and
IL-13/IL-13Rα

binding

Airway
inflammation

•Airway
hyperresponsiveness [53]
•Airway remodeling [54]

•High IgE [55]
•High eosinophils [55,56]

(sputum, blood)
•High FeNO [55,56]

• Chronic Sinusitis and nasal
polyposis [57]

•Decrease circulating IgE,
exacerbation rate, and

FeNO [55]
•Decrease blood

eosinophils after transient
increase [55]

•Increase FEV1 and ACQ
[55]

•Reduce OCS [55]

FeNO: Fractional exhaled nitric oxide, FEV1: Forced expiratory volume in 1, ACQ: asthma control score, OCS:
oral corticosteroids, CCL4: chemokine (C-C motif) ligand 4, MIP-1β: macrophage inflammatory protein-1β. * This
was suggested to be effective ex vivo or in animal models.

4. Clinical Effects of Antibodies for Bronchial Asthma Patients

4.1. Omalizumab

Randomized controlled trials (RCTs) and a systematic review indicated that oma-
lizumab reduced asthma exacerbation and OCS intake, improved quality of life, and
contributed to symptom control [42,43,51]. Omalizumab also has a good safety profile.
An RCT reported that omalizumab improved AHR measured by cAMP after 4 weeks of
treatment [38]. In real-world studies and a systematic review, omalizumab reduced asthma
exacerbation, contributed to the step-down of asthma treatment, and improved the quality
of life in long-term users without compromising safety [58,59]. Since omalizumab was first
licensed as a therapeutic antibody for bronchial asthma two decades ago, some studies
have addressed omalizumab discontinuation after long-term treatment. Two RCTs and
one real-world study showed that a proportion of patients could withdraw from long-term
omalizumab treatment without relapse [60–62].

4.2. Mepolizumab

RCTs confirmed that mepolizumab reduced asthma exacerbation, emergency depart-
ment visits, and hospitalization [44]. These studies also demonstrated that mepolizumab
improved health-related quality of life (HRQOL) among patients with severe asthma [63].
In real-world settings, treatment with mepolizumab reduced asthma exacerbation, OCS
requirement, and the rescue use of short-acting β-agonists, resulting in the step-down of
maintenance therapy of asthma [53]. It also improved the HRQOL. Regarding its effec-
tiveness for AHR, an RCT showed that mepolizumab had no significant effect on AHR
measured by BPT using methacholine [64].
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4.3. Reslizumab

RCTs reported that reslizumab reduced asthma exacerbation and improved lung
function, symptoms, and HRQOL [45,65,66]. A real-world study supported the results of
the RCTs showing reslizumab reduced asthma exacerbations, maintenance OCS use, and
health-care resource use. Reslizumab was also shown to improve asthma symptoms and
lung function [67]. Although mepolizumab is an IgG1κ antibody and reslizumab is an IgG4
antibody, both reduced asthma exacerbation and improved the FEV1 [45].

4.4. Benralizumab

RCTs and a systematic review reported that benralizumab was effective at reducing
asthma exacerbations, improving prebronchodilator FEV1, asthma symptoms, HRQOL,
and reducing OCS intake in patients with severe asthma [49,52,68,69]. Real-world studies
re-confirmed these clinical benefits. Benralizumab reduced asthma exacerbations and
OCS dose, and improved HRQOL [70]. Despite the improvement in AHR in an ex vivo
model [33], a clinical trial reported benralizumab did not significantly improve AHR
measured by BPT using histamines [71]. Regarding its effectiveness on airway remodel-
ing, benralizumab reduced airway smooth muscle mass using a computational modeling
approach [34].

4.5. Dupilumab

RCTs reported that dupilumab decreased asthma exacerbations and improved pre-
bronchodilator FEV1 and asthma symptoms [55,72]. Unlike other therapeutic antibodies,
the RCTs included patients with moderate disease, making dupilumab available for patients
with moderate asthma. Real-world data supported the results of the RCTs, showing that
dupilumab reduced asthma exacerbations, the daily dose of OCS, and FeNO levels, and
improved asthma symptoms [73,74].

5. Clinical Predictors of Good Responders to Each Antibody Therapy

As described above, currently approved monoclonal antibodies have been shown to
have many clinical effects. However, these treatments are not successful in all patients,
and super-responders to specific therapeutic antibodies have been reported. Therefore,
studies investigating clinical predictors of good responders to each antibody therapy have
been initiated.

In patients treated with omalizumab, the baseline total IgE does not predict likelihood
of response, allergen-specific IgE, or the reduction of total IgE 4-weeks after the initiation
of omalizumab might predict response [75]. In a real-world study, each of the three
Th2-inflammation markers, including FeNO, peripheral blood eosinophil, and serum
periostin, or their combinations, predicted response to omalizumab [37]. The biomarkers
for withdrawal of mepolizumab also have been proposed. The downregulation of basophil
allergen sensitivity (CD-sens) and regulatory T cells were reported to be the candidates for
the cessation criteria [76,77]

In an RCT of mepolizumab, high blood eosinophil counts predicted a good re-
sponse [44]. Although a post hoc analysis of two RCTs could not identify the additional
baseline characteristics associated with a response to mepolizumab [78], a retrospective
review of patients who received at least 16 weeks of treatment with mepolizumab showed
that the presence of nasal polyposis, a lower BMI, and a significantly lower prednisolone
dose at baseline might predict a good response to mepolizumab [46]. Another study follow-
ing patients receiving anti-IL-5 treatment for two years, showed that adult onset, absence
of nasal polyposis, FEV1 ≥ 80% predicted, asthma duration < 10 years, and BMI < 25
were baseline characteristics that predicted a super-response to anti-IL-5 treatment [79]. It
was also reported that the responders to mepolizumab had a significantly lower level of
CCL4/MIP-1β at baseline compared with non-responders [47].

RCTs of benralizumab showed that high blood eosinophil counts predicted a good
response [49,52]. A post hoc analysis of two RCTs showed that nasal polyposis, pre-
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bronchodilator FVC < 65% of predicted, and age at diagnosis ≥ 18 years were the most
important factors that influenced benralizumab responsiveness for improving lung func-
tion [50]. A real-world study reported a strongly eosinophilic phenotype, high blood
eosinophil count, and elevated FeNO levels, as well as less severe disease were associ-
ated with super-responders [70]. Exploratory studies reported that low baseline levels of
serum inflammatory cytokines and a serum miRNA response 8 weeks after the initiation of
benralizumab were potential predictors of a good response [80,81].

The treatment effects of dupilumab were greater in patients with elevated Th2 biomark-
ers at baseline (blood eosinophils (≥150/uL) or FeNO (≥25 ppb)) [55].

6. Prospects for Severe Asthma Treatment

New potential targets for asthma treatments are being investigated globally. Alarmins
including thymic stromal lymphopoietin (TSLP), IL-25, and IL-33, have an important role
in T2-high asthma [82].

TSLP induces the strong activation of dendritic cells (DCs) [83], and DCs stimulated
by TSLP drive naïve Th lymphocytes towards differentiation into active T2 cells producing
IL-4, IL-5, and IL-13 [84]. TSLP also stimulates basophils, mast cells, and ILC2 [82,85,86].
Recent clinical trials have shown the effectiveness of anti-TSLP antibody for asthma [87].
TSLP is also a key airway remodeling mediator that promotes airway smooth muscle cells
to increase airway smooth muscle mass migration [88]. TSLP might promote asthmatic
airway remodeling by activating the p38 MAPK-STAT3 axis [89]. Tezepelumab is an anti-
TSLP human monoclonal antibody that binds to TSLP and prevents TSLP binding to its
receptor complex [90]. The first study of tezepelumab was conducted in patients with
mild allergic asthma [91]. In that study, tezepelumab minimized the allergen-induced
decline in the FEV1. It also reduced the level of post-allergen blood/sputum eosinophils
and FeNO levels. In a phase IIb study of 584 adult patients, tezepelumab decreased the
asthma exacerbation rate by 60–70% per year and improved the FEV1 without the use of
bronchodilators, regardless of blood eosinophil numbers [92]. That study confirmed the
ability of tezepelumab to suppress serum IgE concentrations, blood eosinophil counts, and
FeNO levels. The safety and efficacy of tezepelumab to decrease airway inflammation and
OCS intake are now being evaluated in phase II and III trials [82]. Tezepelumab is also
expected to be effective in airway remodeling, but at present, there are no available studies
of its in vitro or in vivo effects on airway remodeling. An RCT showed that tezepelumab
induced a numerical improvement in the provoking dose of mannitol causing a 15%
reduction in FEV1 (PD15) compared with placebo, and at the end of the treatment period,
the proportion of patients without AHR to mannitol was significantly (p < 0.05) higher in
the tezepelumab group than in the placebo group [93].

Although IL-25 has a pathogenic role in allergic inflammation, there has been no
clinical study of anti-IL-25 monoclonal antibodies for the treatment of severe asthma.

IL-33 activates Th2 and group 2 innate lymphoid cells and induces allergic diseases
including allergic rhinitis, spontaneous dermatitis, and asthma [94,95]. IL-33 stimulates
ILC2 and mast cells to release IL-13 and induces airway hyperresponsiveness [96,97]. A
phase II trial reported that an anti-IL-33 monoclonal antibody, REGN3500, improved the
QOL of patients and controlled the symptoms of severe asthma [82].

Another potential target molecule is IL-13 and IL-13 blockade therapies, which are
being investigated in clinical trials. Tralokinumab and lebrikizumab are mAbs that target
IL-13 [98,99]. Phase 2 studies reported that anti-IL-13 antibodies improved the annual
asthma exacerbation rate at week 52 [100]. However, the results of phase 3 studies were
not satisfactory [101–103]. In those trials, anti-IL-13 antibodies had no benefit for reducing
asthma exacerbation and sparing steroid intake.

Another key mediator of type-2 asthma is prostaglandin D2 (PGD2), an upstream
mediator of T2 inflammation. PGD2 is mainly produced by mast cells [104]. Fevipiprant,
which targets PGD2, is being investigated in phase 3 trials; however, it showed a poor
improvement in the FEV1 and no significant reduction in the AER [105,106].
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IL-13-dependent chemokines may be involved in severe asthma. CCL-26/eotaxin-3 is
important for the migration of eosinophils from the blood to tissues and an approach that
blocks CCL-26/eotaxin-3 might reduce eosinophil numbers in the lungs [57,107]. CCL17
and CCL22 chemokines, secreted by DCs, interact with CCR4 receptors expressed by
mature Th2 lymphocytes, thus promoting their migration from thoracic lymph nodes to
the airways [108]. Because these chemokines and chemokine receptors are involved in the
signal cascade of asthma, they may be candidate therapeutic targets for severe asthma in
the future.

Regarding therapeutic antibodies, attempts to generate bispecific antibodies targeting
more than one cell or receptor are also being tested. Bispecific antibodies have become of
increasing interest as therapeutic agents for asthma. Bispecific antibodies can be directed
against different signaling pathways simultaneously by binding to two different targets,
thus enhancing drug delivery. Compared with combination therapy using two monospe-
cific agents, the use of bispecific antibodies can reduce the cost of development and clinical
trials. A bispecific antibody targeting IL-4Ra/IL-5 is under preclinical investigation [109].
The monovalent bispecific antibody Zweimabs and the bivalent bispecific Doppelmab
against TSLP/IL-13 have been developed to target Th2 responses [110]. These bispecific
antibodies have a strong affinity for human target molecules compared with the parental
antibody formats, but with comparable effects. An anti-IL-13/IL-17 antibody (BITS7201A),
which can be used for mix-typed eosinophilic and neutrophilic inflammation, is being
investigated in a phase I trial [111].

As described previously, mediators of Th2-dependent reactions have a key role in
the pathogenesis of asthma. However, non-Th2 dominant type patients also exist, and
the regulators of non-type 2 inflammation in asthma include Th17 cells and neutrophils
(Figure 3). Th17 cells secrete proinflammatory cytokines such as IL-17A and IL-17F. IL-17A
was elevated in the sputum of asthmatic patients and correlated with IL-8, neutrophils in
the sputum, and asthma severity [11]. Therefore, asthma is a heterogeneous chronic inflam-
mation with different pathophysiologies, and crosstalk between each cascade augments its
severity and increases its intractability. Therefore, treatment strategies targeting non-Th2
type asthmatic components are urgently needed.

Figure 3. Schematic of the diverse signaling pathways determining bronchial asthma onset
and development.

Bronchial thermoplasty (BT), a non-pharmacological treatment developed and per-
formed worldwide for severe asthma, alleviates the symptoms of asthma patients. Bronchial
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smooth muscle is thickened by applying high-frequency energy from a probe inserted trans-
bronchoscopically to the airway wall. It aims to reduce asthma attacks by reducing smooth
muscle contractility. In the AIR2 Trial, a large randomized, double-blind study, BT im-
proved the Asthma Quality of Life Questionnaire (AQLQ) and reduced the frequency of
exacerbations in severe asthma patients [112]. These effects persisted for 5 years after treat-
ment [113], indicating there is a population of severe asthmatics who are highly responsive
to BT. However, no improvement in the FEV1 or airway hyperresponsiveness was observed,
and no predictive markers for treatment responses have been identified. Although some
experts propose that BT should be considered for severe asthma associated with non-type
2 inflammation or patients who fail to respond to biological therapies targeting type 2
inflammation, the position of BT for the management of severe asthma is still unclear [114].
Therefore, BT can only be positioned as a treatment option for asthma.

Regarding the future developments of asthma treatment, it will be important to fully
understand the pathogenesis of asthma. Most importantly, biomarkers must be used to
identify disease endotypes and to develop more effective therapeutic approaches.

7. Conclusions

Considerable advances have been made in antibody therapeutics for severe asthma
over the last decade. Increasing numbers of biological therapies will be introduced to
clinical settings. Therefore, it will be of great importance for clinicians to consider the
target and mechanism of action of each therapeutic antibody when selecting an appropriate
treatment option for individual patients with severe asthma. The current selection and
treatment strategies of antibody therapeutics are primarily based on Th2 type disease and
eosinophilic inflammation. Further studies are necessary to compare the effects of each
antibody type and clarify their effects against airway remodeling and hypersensitivity, and
to guide decision making regarding appropriate antibody therapeutics by establishing a
real phenotype classification that will predict the response of patients to antibody treat-
ments. Importantly, a better understanding of non-Th2 type immunological mechanisms is
urgently required to help develop treatment strategies using antibodies against non-Th2
type signaling cascades.
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Abbreviations

ICS Inhaled corticosteroids
OCS Oral corticosteroids
SPDEF SAM pointed domain containing ETS transcription factor
Foxa Forkhead box protein
TSLP Thymic stromal lymphopoietin
EMT Epithelial-mesenchymal transition
TGF Transforming growth factor
SARP Severe Asthma Research Program
ILC2 Group 2 innate lymphoid cells
ILC3 Group 2 innate lymphoid cells
BAL Bronchoalveolar lavage
FeNO Fractional exhaled nitric oxide
FEV1 Forced expiratory volume in 1 s
ADCC Antibody-dependent cell-mediated cytotoxicity
BPT Bronchial provocation test
FEF Forced expiratory flow
FOT Forced oscillation technique
BMI Body mass index
R5 Respiratory reactance at 5 Hz
R20 Respiratory reactance at 20 Hz
DC Dendritic cell
PGD2 Prostaglandin D2
BT Bronchial thermoplasty
AQLQ Asthma Quality of Life Questionnaire
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Abstract: In recent decades, recombinant antibodies against specific antigens have shown great
promise for the therapy of infectious diseases and cancer. Human papillomaviruses (HPVs) are
involved in the development of around 5% of all human cancers and HPV16 is the high-risk genotype
with the highest prevalence worldwide, playing a dominant role in all HPV-associated cancers. Here,
we describe the main biological activities of the HPV16 E6, E7, and E5 oncoproteins, which are
involved in the subversion of important regulatory pathways directly associated with all known
hallmarks of cancer. We then review the state of art of the recombinant antibodies targeted to HPV
oncoproteins developed so far in different formats, and outline their mechanisms of action. We
describe the advantages of a possible antibody-based therapy against the HPV-associated lesions and
discuss the critical issue of delivery to tumour cells, which must be addressed in order to achieve the
desired translation of the antibodies from the laboratory to the clinic.

Keywords: antibody therapeutics; recombinant antibodies; intracellular antibodies; single-chain
antibody fragment; nanobody; Human papillomaviruses; HPV oncoproteins; HPV-associated cancer;
HPV cancer therapy

1. Introduction

In the last decades, because of the huge advances of recombinant DNA technology,
recombinant antibodies have found increasing applications in the therapy of many diseases,
whether of genetic, infectious, or tumour origin. Several antibodies and antibody-based
products are either approved or under investigation in clinical trials and, particularly for
tumours, many of them have revolutionized classical chemotherapy based on drugs [1].
Through recombinant antibodies, it is possible to interfere with specific protein functions
at DNA, RNA, or protein level. Direct targeting of pathogenic proteins can even be
advantageous over the targeting of genomic sequences with an on/off mode, because it
allows modulating and tailoring protein activity without affecting genomic sequences.

Currently, thanks to the ability of the mammalian immune system to produce anti-
bodies against virtually any antigen, and to over 30 years of molecular technology studies
on antibody manipulation, well-established methods allow the selection of ligands for
specific protein epitopes in either intra- or extra-cellular environment. Antibody selection
can be performed from recombinant antibody libraries of different kinds, even originating
from animals immunized with antigens of interest. Specific antibodies can be delivered
directly to the cells as purified proteins or expressed as intracellular antibodies (intrabodies)
by recombinant DNA technology. Different antibody formats representing more or less
extended regions of an immunoglobulin (Ig) are presently available. The small size formats,
i.e., antibodies in single-chain format (scFvs) and single domain antibody or nanobodies
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(sdAb or Nbs) [2], are the most suitable for expression as intrabodies because they are
easily engineerable.

Several monoclonal antibodies (mAbs) in different formats reached the clinical stage
or are in different clinical trial stages for the treatment of numerous pathologies including
tumours [1,3]. We are principally interested in tumours associated to Human Papillo-
maviruses (HPVs), which represent a global health problem in terms of morbidity and
mortality and for which many therapeutic strategies are under study. Among these, the
approach based on recombinant antibodies deserves particular attention because of its
potentialities related to safety, precision, and feasibility [3–5].

Here we describe, to the best of our knowledge, the different formats of recombinant
antibodies against the HPV oncoproteins of Human Papillomaviruses characterized to
date or currently under study and discuss whether and why they show promise for the
treatment of pre-neoplastic and neoplastic lesions caused by these viruses.

2. Different Antibody Formats: mAbs, scFvs and Nanobodies

Recombinant antibody technology has undergone tremendous development in recent
decades, so to prompt much progress in disease diagnosis and therapy. The use of display
technologies allows in vitro selection from non-animal-derived recombinant (naïve or
synthetic) repertoires (libraries) of peptides and antibody fragments in different formats
such as Fab fragments (Fabs), scFvs, and Nbs. Different platforms are available such as
phage display, yeast display, ribosome display, bacterial display, mammalian cell surface
display, mRNA display, and DNA display. All of them mimic what occurs in vivo during
antibody generation by the immune system as they rely on (1) genotypic diversity, which
can be obtained by immune stimulation of a competent organism or by cloning; (2) the
link existing between the genotype and phenotype; (3) selective pressure for increasing
antibody specificity; and (4) amplification of specific clones originated by selective pressure.
The coding sequences of binders specific for a given antigen, identified by the display
technology of choice, can be expressed in prokaryotic or eukaryotic systems and tested
both in vitro and in vivo for their ability to counteract the target antigen activity.

The possibility to engineer the originally identified antibody sequence represents an
added value, since affinity, stability, and expression level can be improved while main-
taining the desired antigen-binding properties. Furthermore, it is possible to modify the
format so that the antibody could acquire new kinetic properties. Importantly, it is feasible
to bypass the risk of immune reactions during clinical use by constructing antibodies from
human scaffolds.

A whole IgG molecule (150 kDa) comprises heavy (H) and light (L) chains each
consisting of a variable (VH and VL) and a constant (CH and CL) region covalently linked
to each other and to oligosaccharides necessary for antibody effector functions and for long
serum half-life. The antigen-binding regions responsible for diversity among antibodies
are the complementary determining regions (CDRs), three for each VH and VL. The VH
and VL joined by a disulphide bond and covalently linked to the first CH domain are
obtainable by IgG proteolysis, resulting in a Fab monovalent antibody fragment (55 kDa)
(Figure 1).

A few decades ago, it was observed that the N-terminal IgG fragment including
the VH and VL retains the same antigen-binding capacity as the whole IgG molecule.
The so-called scFvs (27 kDa) lack the constant regions and include only the VH and VL
linked by a short peptide consisting of a sequence of glycine and serine residues such
as (Gly4Ser)3. This arrangement provides flexibility, hydrophilicity, and resistance to
proteases digestion. The linker length can be modified to favour or not the formation
of multimers. In fact, shortening the linker to 3–12 amino acids prevents the formation
of monomeric forms supporting inter-molecular VH-VL combinations also in different
orientations, with spontaneous formation of a scFv dimer called “diabody” (60 kDa), where
each of the two antigen-binding sites are formed by the VH of one scFv and the VL of the
other one (Figure 1). The linkage of two scFvs in a unique molecule forms a tandem scFv.
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Both diabodies and tandem scFvs can have two different binding specificities, and in this
case, they are called bispecific (bs). Interestingly, even the VH and VL arrangement in the
scFv fusion protein can influence the binding activity, and it is currently possible to predict
the best functional structure so as to design scFvs that meet all requirements by molecular
modelling using a computer-aided homology method [6,7].

 
Figure 1. Schematic representation of the structure of conventional and camelidae monoclonal antibodies and of different
antibody fragments. On the left, the whole monoclonal antibody (top) and camelid antibody (bottom) structures are
represented. The variable light (VL) and heavy (VH) chains, as well as the constant light (CL) and heavy (CH1, CH2, CH3)
chains are indicated. The complementarity determining regions responsible for antigen binding, three for each VL and
each VH, are represented by stripes highlighted in different colours according to the different antigen specificity. Arrows
indicate different monospecific and bispecific antibody fragments derived from the original antibody molecules with their
nomenclature and molecular weight. The VH and VL in the different arrangements are connected by peptide linkers of
3–12 amino acids represented by black curved lines.

The CDRs of a scFv are embedded in an amino acid scaffold of either human or animal
origin, according to the library utilized for selection. Of note, CDRs with specific binding
activities can be isolated and grafted onto different scaffolds suitable for the purposes of
interest. Both scFv and Fab fragments can be engineered into stable oligomers to increase
binding avidity and widen antigen specificity. Specific applications of these formats are the
recruitment of T-cells to tumours in immunotherapy, viral retargeting in gene therapy, and
targeting of multiple antigens for a synergic/additive effect. All the mentioned antibody
formats, having a size of 15–80 kDa (Figure 1), show an easy tumour penetration and are
cleared from the bloodstream flow more quickly with respect to the full size IgGs (150 kDa,
Figure 1). Furthermore, their genes can be easily manipulated to modify their stability,
specificity, and affinity for the antigens.

Antibody engineering also allows cloning of scFv sequences into eukaryotic vec-
tors equipped with intracellular localization signals, for the scFv expression in specific
cell compartments as intrabodies. These can reach and recognize target antigens in the
cellular compartments where they are located, with outcomes ranging from direct anti-
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gen blockade to indirect impairment of its activity through delocalization, to its targeted
degradation [8,9].

The discovery of the smallest format of antibody fragments, the Nbs, expanded the
possibilities of targeting intracellular antigens through biotechnology. Nbs derive from
Camelidae species (e.g., llamas, dromedaries and camels), which in their antibody reper-
toire have IgG lacking both light chains and CH1 domains (heavy-chain-only antibodies:
HCAbs) [10]. The variable domains of these HCAbs are named VHHs and can be iso-
lated as single-domain antibodies (sdAbs), which are small-sized (~15 kDa) but retain the
antigen-binding capability of the full-size antibody. Thanks to the small size, VHHs can
easily penetrate tissues and access cryptic epitopes [11,12]. They are more soluble and
capable of efficient folding with respect to conventional mAbs, which renders them suitable
for high-yield production in E. coli and even for delivery to or expression in infected cells
as intrabodies. Nbs can resist a wide pH range and high temperatures, and some of them
tolerate the presence of organic compounds. Despite the non-human origin, VHHs are
rarely immunogenic due to the small size and high sequence homology to the human VH3
gene family, which avoids the necessity of humanization for translation into clinic [13].
The small size also favours rapid renal clearance and facilitates the in vivo application in
diagnosis rather than therapy, as the latter use requires prolongation of their half-life, which
is approximately 2 h. Nevertheless, VHHs targeting haematological, oncological, infectious,
inflammatory/auto-immune, bone and neurological diseases are already being evaluated
in clinical trials, while the humanized VHH Caplacizumab (CabliviTM) was recently ap-
proved in Europe and USA for the treatment of acquired thrombotic thrombocytopenic
purpura [14–16].

3. HPV-Associated Lesions and Current Therapies

HPVs are small, non-enveloped viruses, with a circular dsDNA genome of about
8 Kbp. The icosahedral capsid is composed of the major L1 protein and the minor L2
protein. Following infection of the epithelium basal cells, the E1 and E2 early proteins
play key roles in viral DNA replication and amplification, as well as in regulating viral
transcription. When actively expressed, the viral genome is maintained as an episome.
Viral genome amplification, late gene expression, and viral progeny assembly are limited
to terminally differentiated layers of the epithelium. Since terminally differentiated ker-
atinocytes undergo growth arrest, HPV genomes have evolved, as a replication strategy,
the expression of E6, E7, and E5 proteins, which are able to keep the infected cells in a
competent state for DNA synthesis. Most HPV infections usually clear within 1–2 years
but, in some cases, the virus may persist and occasional integration of its genome in the
host’s genome may occur. Consequently, the infected cells overexpress E6 and E7 due to
the loss of the E2 transcriptional repressor coding sequence.

HPV infections are among the most common sexually-transmitted diseases and cause
annually around 5% of all cancers worldwide [17–19]. However, only some genotypes are
responsible for morbidity and mortality related to cancer, mostly of the cervix (CC) but
also of the anogenital area and of the oropharynx, whose number is constantly increasing.
According to the different oncogenic potential, HPVs are defined as high-risk (HR) types,
which may cause the development of high-grade squamous intraepithelial (H-SIL) and
cancer lesions, and low risk (LR) types, mainly causing anogenital warts. Worldwide,
the HR HPV16 and HPV18 cause 71% of CC, with the remaining genotypes causing the
residual HPV-associated cases [20,21].

Since more than 10 years, a bivalent vaccine against HPV16 and HPV18, and a quadri-
valent vaccine that also targets the LR HPV6 and HPV11, responsible for genital warts,
have been available. Recently, a nonvalent vaccine that offers protection against the five
other most common HR genotypes (HPV 31, 33, 45, 52, and 58) and prevents about 90% of
CC cases was developed [22]. The vaccines consist of DNA-free virus-like particles (VLPs)
obtained by the only expression of the viral L1 protein through recombinant technology,
and are administered with proper adjuvants. Nevertheless, effective prevention of the

98



Int. J. Mol. Sci. 2021, 22, 9143

HPV-associated pathologies is expected only in the long-term if HPV vaccination is able
to reach a significant percentage of the target population worldwide [22–24]. The three
HPV vaccines (bivalent, tetravalent, and nonavalent) have been licensed as prophylactic
vaccines, but currently only 8% of low- and middle-income nations have introduced HPV
vaccination programs in their health policies. In addition, in recent years many trials
were performed to investigate the efficacy of these vaccines in preventing HPV disease
recurrence after the treatment of high-grade cervical or anal lesions and condylomatosis,
showing some promising results [24].

Of note, the 73rd World Health Assembly, held on August 2020, strongly encouraged
the acceleration of actions aimed at eliminating cervical cancer as a public health problem.
This should be pursued through “the inclusion of HPV vaccine into national immunization
programs” and the “improvement of availability, affordability, accessibility, utilization and
quality of screening, vaccines, diagnostics, and treatment and care of pre- and invasive
cervical cancer” [23].

Treatment of HPV-associated lesions varies widely, mainly depending on lesion grade
(high-grade lesions versus invasive cancer), lesion localization (lower genital tract, uterine
cervix or head and neck), and tumour stage. In general, current therapeutic approaches aim
at eliminating abnormal/malignant cells. This can mainly be achieved through surgery,
chemotherapy, radiotherapy, targeted therapy, or immunotherapy. These approaches can
be used alone or, in some cases, in combination.

In HPV-associated malignancies, E6 and E7 oncoproteins represent tumour-associated
antigens, which are ideal targets for the development of vaccines stimulating specific cyto-
toxic T lymphocytes (CTLs). In HPV natural infection, E6- and E7-specific CD4 and CD8
immune responses are associated with the regression of HPV-cervical lesions. However,
therapeutic vaccines are not yet available for clinical practice in spite of the numerous clini-
cal experimentations carried out during the last 25 years, which used E6 and E7 through
different platforms to raise specific immunity. The poor efficacy of these vaccines, due
the lack of specific adjuvants of T-cell responses, has led to the interruption of many clini-
cal trials in the early stages. Only recently, an improvement in efficacy was achieved by
combining E6-E7 therapeutic vaccines with the use of radio- and chemotherapy (Cisplatin,
Carboplatin, Paclitaxel), immune check-point inhibitors (anti-PD-1, anti-PDL1, anti-CTL4),
cytokines (IFNalpha and IL-12), angiogenesis inhibitors (anti-VEGF), and modulators
of tumour microenvironment (TME, Histone Deacetylase Inhibitors). Several new clin-
ical trials are currently underway and the time for any authorizations has been further
lengthened [24,25].

This context accounts for the huge bulk of research, particularly in the field of im-
munotherapy, still underway on therapeutic approaches against HPV lesions [26]. One
of the promising treatments is undoubtedly that involving the use of intrabodies to block
viral oncoproteins activities, and will be described below.

4. Molecular Mechanisms of HPV-Induced Carcinogenesis

HPV-associated carcinogenesis is known to be driven by the expression, in the tran-
scription order, of the non-structural E6, E7, and E5 oncoproteins encoded by early
genes [27].

The activity of E5, E6, and E7 has not been conclusively characterized and new
functions are constantly being discovered. The following sections will briefly describe
those molecular targets and biological activities that, causing the subversion of important
regulatory pathways, are associated with the hallmarks of cancer as outlined by Hanahan
and Weinberg [28]. In some instances, the role of the oncoproteins in determining a specific
hallmark is well characterized, while in other cases, the precise activity connected with a
hallmark has yet to be fully elucidated and the available lines of evidence provide only hints
on the link between HPV oncoproteins and some hallmarks. A schematic representation of
the HPV oncoprotein role in determining the hallmarks of cancer is shown in Figure 2.
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Figure 2. Involvement of HPV oncoproteins in cancer hallmarks. Dysregulation of cell pathways ascribable to E6, E7, and
E5 oncoproteins of HR HPVs is responsible for the entire spectrum of hallmarks of Human Papillomavirus (HPV)-related
cancer (see text for details). In the figure, the involvement of each oncoprotein in the different hallmarks is reported.

4.1. Cell Cycle Deregulation and Sustaining of Proliferative Signalling

Deregulation of cell proliferation is one of the most characteristic traits of malignant
cells. E7 oncoprotein targets key cellular mediators leading to uncontrolled cell prolif-
eration. In particular, it establishes well-characterized interactions with the members of
the “pocket proteins” family, represented by pRB, p107, and p130, and promotes their
degradation [29]. This, in turns, allows the release of the E2F transcription factor, with
the consequent expression of S-phase genes as well as of the p16INK4A cyclin-dependent
kinase inhibitor. S-phase entry is also induced by E7 through the direct inactivation of
essential regulators of G1-to-S-phase transition, such as p21 and p27 cyclin inhibitors.
Sustained proliferation of HPV-infected cells is also induced by E5 oncoprotein, which
increases the Epidermal Growth Factor Receptor (EGFR) signalling activity by forming an
activating complex with it and impairing its degradation [30].

4.2. Resistance to Cell Death

Escape from cell death is one of the most important hallmarks of cancer, allowing cells
with genomic defects to survive and continue to proliferate [31]. E6 interferes with several
cell death pathways. It can abrogate apoptosis by promoting proteasomal degradation
of p53 tumour suppressor, which controls the expression of pro-apoptotic genes [32]. E6
further promotes cell survival by impairing cell response to tumour necrosis factor (TNF),
protecting the infected cells from Fas-induced apoptosis [33] and transactivating survivin
gene promoter [34]. E5 oncoprotein also supports antiapoptotic activity during the first
steps of the oncogenic process through downregulation of Fas-Ligand (Fas-L) on the cell
membrane [33] and increased degradation of Bax [35].
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4.3. Avoiding Immune Destruction

HPVs have developed mechanisms to counter the destruction of infected cells by the
host’s immune system. In this context, E5 plays an important role by promoting MHC class
I retention in the Golgi apparatus, resulting in impaired viral antigen recognition [36]. Re-
cently, E5 was found to be also involved in the increased expression of PD-L1 and inhibition
of effector T cells, events that facilitate the immune evasion of HPV-infected cells [37]. E6
plays a direct role in modulating the immune response against HPV antigens by impairing
Interferon (IFN)-mediated host defence in different and interrelated ways [38,39]. E7 also
interferes with IFN signalling [40] and inhibits the Toll-like receptor-9 (TLR9) recognition
in cooperation with E6 [41].

4.4. Replicative Immortality

To ensure the unlimited cell proliferation associated with carcinogenesis, E6 induces
overexpression of human telomerase reverse transcriptase (hTERT), the catalytic unit of
the human telomerase [42]. This occurs through both direct promoter activation and
proteasomal degradation of its transcriptional repressor NFX1-91 through the E6/E6AP
complex [43]. Constitutive expression of hTERT is also established through epigenetic
mechanisms depending on alteration of the activity of histone methylases and demethy-
lases [44], with E6 representing the main player.

4.5. Induction of Angiogenesis

HPV-infected cells derive sustenance and oxygen from the surrounding tissues thanks
to the ability of the viral oncoproteins to induce angiogenesis. E6 and E7 regulate several
angiogenesis modulators, including both inducers and inhibitors of this process. Both E6
and E7 are able to trigger the angiogenic switch by upregulating the expression of Vascular
Endothelial Growth Factor (VEGF) respectively through direct [45] or E2F1-mediated [46]
transcriptional activation of the angiogenetic factor gene [47]. In response to E6 and E7
expression, Interleukin-8 (IL-8), a major angiogenesis inducer, is also promoted [48]. On the
other hand, expression of the thrombospondin-1 and maspin inhibitors of angiogenesis is
indirectly perturbed by E6 as a result of E6-mediated degradation of p53, which positively
regulates these inhibitors [48].

4.6. Deregulation of Cellular Energetics

Alterations of cell metabolism are among the earliest changes observed in cancer cells.
Both the E6 and E7 oncoproteins contribute to the switch from oxidative to glycolytic cell
metabolism, known as Warburg effect. Mechanisms by which HPV oncoproteins induce
reprogramming of cell metabolism are reviewed in detail elsewhere [49]. E6 interferes
with the expression of genes involved in the control of glycolytic metabolism through its
interactions with p53 and c-Myc, while E7 promotes the glycolytic pathway by upregulating
the expression of different glycolytic enzymes, such as hexokinase, involved in the first
step of glucose metabolism, and by direct binding and activation of M2-pyruvate kinase.
In addition, HPV16 E5 does not directly regulate glycolytic enzymes but contributes to the
metabolic switch by activating the EGFR pathway that, in turn, promotes an enhancement
of the glycolytic metabolic program [49].

4.7. Invasiveness and Metastasis Induction

The E6 encoded by HR HPVs plays a pivotal role in this cancer hallmark as it down-
regulates proteins modulating cell polarity and motility such as the scribbled planar
cell polarity protein (SCRIB) involved in cell polarization and differentiation, and the
membrane-associated guanylate kinases 1, 2, and 3 (MAGI-1, 2 and 3) [50]. Furthermore,
E6-mediated functional modulation or degradation of adhesion effectors allows matrix-
independent cell growth [51], resulting in enhanced motility and invasion of HPV-positive
cells. E6/E7 contribute to the metastatic and invasive behavior of HPV-positive tumours by
increasing the expression of different matrix metalloproteinases (MMPs) [52]. Both E6 and
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E7 are involved in the epithelial–mesenchymal transition (EMT), crucial process for inva-
sion and metastasis, by regulation of E-cadherin [53,54] and N-cadherin [55]. HPV-induced
invasive cancer behavior has recently been correlated with E5 activity as well [56]. E5 is in
fact able to upregulate the growth factor receptor MET, critical for tumour cell invasion,
motility, and cancer metastasis, at both protein and mRNA level. Through this activity, E5
contributes to increase motility of the HPV-positive keratinocytes, and may thus promote
metastasis of HPV-associated malignancies.

4.8. Genome Instability

The uncontrolled cell proliferation promoted by HPV oncoproteins facilitates the
accumulation of genetic aberrations and genomic instability. E7 plays a central role in
this process by inducing centrosome aberrations [57]. By increasing the activity of the
cyclin-dependent kinase 2 (CDK2), E7 further leads to an augmented risk of genomic
instability [58]. Concomitantly, a higher mutation rate is caused by E6 [59]. Altogether,
E6 and E7 interfere with almost all the main actors of the cellular DNA repair pathway,
thus reducing and delaying the removal of damages from the host cell genetic material.
Another important hallmark associated with the expression of E6 and E7 is the interference
with effectors of epigenetic modifications (e.g., DNA methyltransferases and histone modi-
fication enzymes). By influencing their activity, HPV oncoproteins may cause either the
activation of oncogenes or the silencing of tumour suppressor genes [60].

4.9. Tumour-Promoting Inflammation

Through various mechanisms, E5, E6, and E7 are all involved in the development of
chronic inflammation, a major cofactor of malignant transformation. In fact, the expression
of genes involved in the inflammatory response increases due to E6/E7 activity. Persistent
expression of oncoproteins leads to changes in the release of several pro-inflammatory cy-
tokines (e.g., IL-6 and IL-18) and chemokines with a well-characterized role in inflammation
and carcinogenesis. By acting in an autocrine manner, cytokines affect keratinocyte differen-
tiation, proliferation, and secretion of other soluble mediators while, in a paracrine manner,
they lead to the increase of infiltrating inflammatory cells. This tumour microenvironment
contributes to tumour growth, angiogenesis, resistance to apoptosis, and local immune
surveillance [61]. In addition, HPV oncoproteins stimulate cyclo-oxygenase-2 (COX-2)
production with the consequent activation of the COX-prostaglandin (PG) pathway, which
is considered the main cause of HPV-induced inflammation [62].

5. Therapeutic Recombinant Antibodies Targeting HPV Oncoproteins

Safe and non-invasive interventions without side effects would be desirable for the
treatment of HPV-related lesions. In order to be effective also in immunodeficient patients,
therapeutic strategies possibly not involving the individual immune response would
be recommended.

An effective and timely treatment of pre-neoplastic lesions could avoid their progres-
sion toward invasive cancer. At the same time, a well-timed and effective therapy for
already established tumours could ameliorate patient prognosis. Another important thera-
peutic area of intervention could be the prevention of metastases deriving from surgically
removed HPV tumours.

Much progress has been made in the last years to develop therapeutic vaccines against
HPV-associated tumours. The main platforms include peptide- and protein-based vaccines;
DNA virus- and RNA virus-based vectors; bacterial vectors; cell-based, DNA-based, and
RNA-based vaccines; and vaccines combining two of the mentioned platforms. Other
lines of research involve the combined use of therapeutic vaccines with other treatment
modalities such as PD-1/PD-L1 axis inhibitors or other checkpoint inhibitors, HDAC
inhibitors or other treatments. Many clinical trials are ongoing, with some having even
reached Phase II. They are reviewed in detail elsewhere [25]. Nevertheless, critical issues
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remain to be solved such as anti-vector immunity, HLA-restriction of peptides, or the
difficulty of identifying valid outcomes to compare the efficacy of these strategies.

In view of their crucial role in the onset and progression of HPV-driven tumours [63],
E5, E6, and E7 proteins represent ideal targets for alternative anti-tumour therapeutic
approaches based on protein knock out or knock down methods. In this context, recombi-
nant antibodies seem to represent a valid therapeutic opportunity. Currently, a number of
recombinant antibodies against the HPV oncoproteins are available in different formats.
In recent years, such antibodies have been tested for their therapeutic potential against
HPV-associated disease. They are summarized here referring to their targets.

5.1. E6-Specific Recombinant Antibodies

Many studies demonstrated that E6 protein, with its multiple direct and indirect
interactions, is an undiscussed druggable target [64]. Since its X-ray structure in complex
with E6-associated protein (E6AP), the ubiquitin ligase involved in p53 polyubiquitination,
and p53 has been resolved, the possibility of inhibiting this complex has been increasingly
investigated through several methods among which those based on specific recombinant
antibodies appear promising.

5.1.1. ScFvs and mAbs

The 1F1 and 6F4 (F4) scFvs, derived from mAbs obtained by mice immunization
with the GST-HPV16E6 fusion protein and targeting the E6 N-terminus, were able to
hamper p53 degradation in vitro by inhibiting the formation of the E6/p53 complex [65].
Lagrange et al. characterized three further anti-16E6 mAbs (1F5, 3B8, 3F8) targeting the
16ZD2 zinc-binding domain, which were able to bind E6 through a shared 16 amino acid
sequence. By comparing the activity of these mAbs to that of scFv F4, they found opposite
effects, with the mAbs being unable to affect the E6AP-dependent and able to affect the
E6AP-independent binding of p53, possibly as a consequence of an antibody-induced
conformational change at the E6AP-binding site of E6 [66]. The capacity of intracellular
folding and cytosolic stability/solubility of scFvF4 was improved by mutagenesis, obtain-
ing the IF4-P41L scFv [66]. Such scFv expressed by adenoviral system was able to cause
specific apoptosis of HPV16-positive cells in a way proportional to the scFv solubility and
not related to p53 rescue, showing not to depend on the block of p53 degradation [67]
(Figure 3).

Courtête et al. delivered the anti-16E6 4C6 mAb to HPV16- and HPV18-positive cells
and found a specific p53 accumulation in the nucleus of HPV16-positive cells, which was
favoured in the presence of a network of scFv peptide dimers linked through COOH-
terminal Cysteine residues (Figure 3). Interestingly, cell proliferation was hampered but
apoptosis was not restored, and a synergistic effect was obtained by co-delivery of silencing
RNA targeting E6 [68].

GTE6-1, a 16E6 binder selected from a scFv library constructed by Griffin et al., was
able to bind to the first zinc finger of E6 with high affinity. GTE6-1 was able to recognize
specifically both partially denatured and native E6 and to inhibit E6-mediated degradation
of p53 in vitro [69] (Figure 3). To evaluate the capability of antibodies in different formats
to hamper the E6 activity, Griffin et al. expressed the GTE6-1 scFv also as a diabody
and a triabody in a number of cell lines whose proliferation depends on E6 and E7, and
compared such capability to that of peptides containing the E6-binding motif ELLG. Only
the scFv format induced significant nuclear apoptosis and p53 rescue in HPV16-positive
cells. The reason for the poor biological effect of diabody and triabody probably relies
on the size-dependent inability to diffuse through nuclear pores. The ELLG-containing
peptides exhibited high target avidity but were not effective as inhibitors of E6 function.
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Figure 3. Schematic representation of the known effects of anti-E6 intrabodies expressed in HPV-positive cells. The effects
of the intracellular expression of specific single-chain antibody fragments (scFvs) (GTE6-1 and IF4-P41L) and monoclonal
antibodies (mAbs) (4C6 and F127-6G6) are shown. The binding of I7nuc to E6 inhibits its nuclear export and the subsequent
cytoplasmic degradation of p53. Similarly, E6 binding by the GTE6-1 scFv or 4C6 and F127-6G6 mAbs inhibits p53
degradation, preventing the resistance to apoptosis and leading to the uncontrolled cell proliferation characteristic of
HPV-positive cells. The rescue of nuclear p53 levels activates the transcription of genes involved in the induction of
apoptosis and in the control of cell proliferation. The pro-apoptotic effect of IF4-P41L scFv, apparently p53-independent, is
also shown.

By delivering the 16E6-targeting F127-6G6mAb to HPV16-positive cells by sonopo-
ration, Togtema et al. were able to reduce the E6-mediated p53 degradation but not to
induce apoptosis [70] (Figure 3). Nevertheless, the effect was transient probably due to the
inability of molecules as large as mAbs to penetrate the cell nucleus, and the outcome was
different in the two HPV16-positive cell lines utilized, suggesting that different treatment
plans might be necessary for in vivo tumour therapy. No mAb effect was observed in
HPV-negative cells, confirming the safety of a mAb-based treatment, effective only in
tumour cells.

Direct selection of scFvs as intrabodies is appropriate to identify stable binders able
to recognize intracellular antigens such as E6 and E7. Indeed, scFvs unstable in reducing
the intracellular environment will spontaneously exclude themselves from selection. In
our studies, we selected from the SPLINT library [71] the anti-16E6 scFvI7 intrabody by
Intracellular Antibody Capture Technology (IACT), which allows performing selection in
the intracellular environment. In the light of E6 activity in the cell nucleus, we provided
scFvI7 with a signal for nuclear localization (NLS), and tested the I7nuc effect in HPV16-
positive cells. When co-transfecting the same cells with I7nuc and the recombinant E6, we
observed I7nuc/E6 co-localization in cell nucleus. I7nuc caused a partial rescue of p53,
which accumulated in cell nucleus and was able to markedly hamper cell proliferation and
induce apoptosis and necrosis of SiHa cells [71] (Figure 3).

We then investigated the I7nuc antitumour activity in mouse models for HPV tumours
based on the injection of HPV16-positive tumour cells in C57BL6 mice. The scFv capability
to either prevent cancer development from scFv-expressing tumour cells, or to hinder
cancer progression by delivery to already established tumours, was evaluated [71,72]

104



Int. J. Mol. Sci. 2021, 22, 9143

(Figure 4). We observed a clear impairment of tumour growth in all mice injected with
TC-1 tumour cells expressing I7nuc by retroviral transduction before inoculation into mice,
with 60% of them completely protected from tumour onset for the 4 months of observation
time [71]. In a different experimental setting, we delivered the scFvI7-expressing plasmids
by electroporation to newly implanted tumours. Even in this case, it was possible to
hamper tumour growth, providing the proof of principle for a scFv-based early treatment
of cancer. The result was confirmed using two different HPV16-positive tumour cells,
namely C3 and TC-1 cells, and also by employing higher amounts of TC-1 cells to mimic
tumours that are more aggressive. Through histology and immunohistochemistry, we
showed that the antitumour activity is based on the induction of tumour cell death by
apoptosis [72].

Figure 4. Antitumour effect of anti-E6 and anti-E7 recombinant antibodies in vivo. The effect of the
anti-16E7 (43M2SD with localization in the endoplasmic reticulum, ER) and anti-16E6 scFvs (I7nuc
with localization in the cell nucleus) in HPV-driven tumour mouse models is shown on the left. Mice
tumours were electroporated after injection of scFv-expressing plasmids, resulting in the induction
of apoptosis and large necrotic areas in the tumour mass due to caspase 3 activation. The effect of
intratumour injection of anti-16E6 anti-16E7 mAbs in HPV16-positive tumour-bearing mice is shown
on the right. The significant inhibition of tumour growth by C1P5 and TVG701Y might be due to the
complement C3 deposition.

In view of a possible direct use of antibodies in protein format for therapeutic purposes,
we expressed the anti-16E6 scFv coding sequences, provided or not with the NLS, in
prokaryotes. We tested the stability, reactivity, and specificity towards 16E6, of I7 and I7nuc
proteins purified from E. coli in soluble form. The scFvs in protein format delivered to
HPV16-positive cell lines were able to recognize the endogenous monomeric E6 in the cell
nucleus and hampered the proliferation of these cells. These results could have interesting
implications for therapy also in consideration of the high safety of scFv proteins, even
though a prolonged administration over time would be necessary as the proteins are subject
to degradation [73].

A recent study by Jiang et al. utilized anti-16 E6 and -16 E7 mAbs in an experimental
murine model based on HPV16-positive CaSki cells implanted in Balb/c nude mice. Two
different doses of the anti-16E6 C1P5 and anti-16E7 TVG701Y mAbs were delivered via
intraperitoneal or intratumour injections and both showed significant ability to specifi-
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cally inhibit tumour growth at an extent comparable to the Cisplatin chemotherapeutic
agent. Inhibition of tumour growth was virus-specific and suggested that the mechanism
underlying the mAb activity consists of a specific effect causing complement deposition
and a non-specific effect on macrophage polarization [74] (Figure 4). Accumulation of
complement in tumour tissue facilitates the elimination of cancer cells due to opsonisation,
and significantly activates complementary pathways, thus promoting surveillance by the
immune system.

5.1.2. Nanobodies

Nanobodies represent the new generation of anti-HPV recombinant antibodies (Figure 1).
In view of the preferential localization of 16E6 protein in the cell nucleus [75], and of their
advantageous properties of thermal and chemical stability, VHHs are increasingly attracting
interest for the targeting of E6. Indeed, they can penetrate into the nucleus through nuclear
pores and interact with epitopes inaccessible to conventional mAbs. Three VHHs binding
to the recombinant E6 with nanomolar affinities were identified from two llama, immune
VHH phage display libraries by Togtema et al. [76]. The capacity of the selected VHHs
to bind the native E6 derived from HPV16-positive biological samples had not yet been
determined at the time of the study, nor had the bound E6 epitopes been characterized.

More recently, a different 16E6-targeting nanobody was isolated and characterized [77].
Zhang et al. advocated the possible therapeutic use of such nanobody to counteract HPV-
induced tumours given its capacity to inhibit both the proliferation of HPV16 -positive
cells in vitro and the growth of xenograft tumours in nude mice.

Celegato et al. explored a different approach also based on nanobodies and equally
aimed at neutralizing the E6 ability to degrade p53. VHHs against the degradation-
binding domain (DBD) of p53 were developed and shown to stabilise nuclear p53 in HeLa
cells, which harbour the HPV18 genome, with a specific effect for HPV-positive cells.
Nevertheless, the VHHs were unable to rescue the p53 tumour-suppressive functions. The
authors hypothesized that this was due to inhibition of p53 transactivation associated with
an increased cell proliferation and viability, and highlighted that anti-p53 DBD VHHs
were able to modulate protein properties even if not reaching the desired antiproliferative
effect [78].

5.2. E7-Specific Recombinant Antibodies

The E7 protein of HR HPVs cooperates with E6 protein to drive oncogenesis mainly
through deregulation of growth suppressors, which leads to uncontrolled cell proliferation
as above detailed. Therefore, E7 is widely studied as a therapeutic target, and the now
in-depth knowledge of its functions suggests that specific recombinant antibodies may be
a useful tool to fulfil the anticancer purposes [79].

5.2.1. ScFvs and mAbs

The first scFvs selected against 16E7 oncoprotein were constructed directly from
murine spleen cells, and then provided with signals for subcellular localization by cloning [80].
When the scFv-expressing plasmids were transfected in HPV16-positive cells, the scFv
with SEKDEL signal for localization in the endoplasmic reticulum (ER) was effective in
decreasing E7 expression in a manner inversely related to the amount of plasmid used
for cell transfection. Interestingly, when trying to generate cells stably expressing the
anti-E7 scFvs, the researchers observed that stable expression of these antibodies was not
compatible with clonal outgrowth of E7-expressing tumour cells. In fact, the expression
of anti-16E7 scFvs, and of that with localization in the ER in particular, successfully and
specifically inhibited the proliferation of HPV16-positive CaSki and SiHa cells (Figure 5).
Wang-Johanning et al. concluded that the alteration obtained was due to the interaction
between the scFv and E7 [80].
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Figure 5. Schematic representation of the known effects of anti-E7 intrabodies expressed in HPV-
positive cells. The effects of the intracellular expression of specific scFvs (pKDEL and 43M2SD) with
localization in the ER are shown in the figure. pKDEL reduces the intracellular levels of E7, thus
hampering its effect on cell proliferation. The binding of 43M2SD to E7 inhibits the translocation of the
oncoprotein to the cell nucleus. This, in turn, hampers E7-mediated inactivation of Retinoblastoma
(pRB), which regulates E2F activity on S-phase genes. The binding of 43M2SD and pKDEL can also
inhibit the proteosomal pRB degradation mediated by the Cullin 2-RING ubiquitin ligase complex
(CUL2). The effect of intracellular expression of the nB2 nanobody, which inhibits cell proliferation
with a mechanism not yet investigated, is also shown in the figure.

More recently, our group selected from a Phage library of human recombinant antibod-
ies, three different scFvs against the 16E7, provided them with signals for localization in the
cell nucleus or ER by cloning in eukaryotic vectors, and evidenced their specific and signif-
icant antiproliferative effect in HPV16-positive cells in vitro [81]. We also characterized the
scFv-binding regions by epitope mapping using immunoassays based on GST-tagged E7
proteins carrying deletions or aminoacid variations. This allowed deciphering E7 regions
targeted by scFvs, and revealed that different regions known to be directly involved in
transforming activities of E7 are bound by the scFvs. This suggested that different scFvs
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may be used to target diverse E7 activities [82,83]. We were able to improve the half-life
and thermal stability of the most reactive of the anti-16E7 scFvs, scFv43, by site-directed
mutagenesis, confirming that small variations in the amino acid sequence can modify the
antibody biophysical characteristics [84]. We then provided the modified scFv, namely
scFv43M2, with the SEKDEL signal (SD) for localization in the ER and thereafter tested
the resulting scFv43M2SD for its ability to counteract the 16E7 activity. In SiHa cells, the
intrabody was able to subtract E7 from the usual localization and cause it to accumulate
in the ER. In addition, the scFv43M2SD intracellular expression was able to inhibit signif-
icantly and specifically the proliferation of different HPV16-positive cell lines [85]. The
scFv43M2 was then tested in vivo in mouse HPV tumour models, demonstrating the ability
to counteract tumour progression both when administered to tumour cells before their
injection into mice and when administered to already implanted tumours [72,85] (Figure 4).

The anti-tumour activity of the anti-16E7 TVG701Y mAb has been described together
with the anti-16E6 C1P5 mAb in the previous paragraph, as the two mAbs were utilized in
the same study [74] (Figure 4).

5.2.2. Nanobodies

Li et al. selected four VHHs with high affinity for 16E7 from llama libraries by Phage
display, and one of these was chosen for further analyses because of lacking Cysteine
residues potentially able to form intra-molecular disulphide bonds. The nanobody was
expressed in prokaryotic system as a protein, and its ability to bind to the recombinant
E7 in vitro was confirmed in immunological assays. Furthermore, the nanobody was able
to detect the endogenous E7 protein in Western blotting and, most importantly, induced
a specific inhibition of the proliferation of HPV16-positive cells when these cells were
transfected with a recombinant eukaryotic plasmid [86] (Figure 5).

5.3. E5-Specific scFvs

In light of the recognized tumourigenic role in the early phases of HPV-induced
carcinogenesis and in immunoevasion, E5 protein can be also considered a suitable target
for therapeutic purposes, possibly in combination with the main E6 and E7 oncoproteins.
Nevertheless, the first and currently only scFv anti-HPV16 E5 (16E5) was developed with
the purpose of investigating the E5 functions [87]. Monjarás-Ávila et al. selected this
antibody by Phage display technology against the recombinant 16E5 fused to Maltose-
binding protein to bypass difficulties due to the E5 hydrophobicity (Figure 6). They then
tested this E5-specific scFv in W12 cells, with immortalized keratinocytes carrying up to a
maximum of 1000 episomal copies of the HPV16 genome at a low number of passages [88].
The scFv was able to recognize E5 in W12 cells and to reveal its co-localization with
EGFR. Therefore, it deserves further investigations to explore its possible application in the
therapeutic field.

5.4. E6 and E7-Specific Affibodies

Although they are not properly recombinant antibodies, a mention is deserved by
affibodies, a new class of single-domain protein scaffolds based on non-Ig Z domain
derived from the staphylococcal protein A. Affibodies are very small molecules (6 kDa) that
can be selected against any protein target, and are attracting the attention of the scientific
community for biotechnological applications, in particular for in vivo imaging but also
for anticancer therapy. Some anti-16E6, -16E7, -18E6, and -18-E7 affibodies were selected
and tested successfully both in diagnostic and therapeutic applications [89–91], either as bs
affibodies [92] or as fusion with toxins (affitoxins) [93,94].
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Figure 6. Representation of binding of the H2-I intrabody to E5. The scFv H2-I, when expressed
within HPV-positive cells, colocalizes with E5 and its target, the Epidermal Growth Factor Receptor
(EGFR), able to activate the mitogen-activated protein kinase (MAPK) signalling cascade, leading to
DNA synthesis and cell proliferation.

6. Intracellular Delivery Methods for Recombinant Antibodies against HPV Oncoproteins

In the various experimental contexts described above, recombinant antibodies showed
to be effective in hindering the action of the HPV E6 and E7 oncoproteins, thus interfering
with the main cancer hallmarks in which they are involved. Despite the safety and benefits
of what would be a recombinant antibody-based therapy for HPV-associated lesions, still a
low number of Nbs, scFvs, and mAbs against HPV oncoproteins have been developed, and
none of them has reached the clinical stage so far. One of the reasons behind this essentially
lies in the difficulty of identifying a delivery method that allows recombinant antibodies to
cross biological barriers while maintaining biological activity, particularly when the targets
are intracellular. In fact, when the target antigens are on the cell plasma membrane, the
therapeutic antibodies diffuse in the extracellular environment from the bloodstream to the
body tissues until they reach the target. In the case of intracellular targets, the delivery must
be made first to the tumour cells, and secondly to the intracellular environment. Several
studies are underway to address this criticality and permit translation to humans. In
general, recombinant antibodies for intracellular targets can be either expressed within cells
from DNA plasmids or delivered directly to cells as purified proteins. This is achievable
by physical methods, transfection, electroporation, or fusion with a peptide transduction
domain (PTD) or nanocarriers. Delivery as proteins guarantees high safety but implies the
need for large quantities of Good Manufacturing Practices (GMP)-grade purified products.
Without wishing to be exhaustive since the topic of “delivery” is addressed in more detail
elsewhere [95], here we will mention potentially useful methods for the in vivo delivery
of therapeutic antibodies against HPV E6, E7, and E5, some of which implement or are
alternatives to those already explored for in vitro and in vivo use (Figure 7).
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Figure 7. Schematic representation of delivery systems for recombinant antibodies. Some delivery systems already in use or
potentially usable for the delivery to cells of mAbs and antibody fragments are illustrated. The mechanisms of cell entry are
schematized for: (1) Electroporation; (2) Fusion with protein transduction domains (PTD)/Cell-penetrating peptides (CPP),
shown with a red tail; (3) Exosome-based methods (entry by endocytosis is depicted as an example); (4) Viral vector-based
methods; and (5). Ultrasound-based methods (sonoporation). MB, microbubbles.

6.1. Electrotransfer/Electroporation

EP applies voltage pulses to generate an electric field between two electrodes, which
interrupts the integrity of cell membranes with the formation of pores allowing cell uptake
of nucleic acids as well as proteins. EP is therefore a safe method for intracellular protein
expression since it avoids insertional mutagenesis and immunogenicity problems inherent
in other methods. As such, it can be exploited in a wide range of applications, particularly
in immunotherapy [96]. One of the studies reported here used EP to achieve efficient
expression of therapeutic scFvs injected as DNA plasmids in HPV-driven tumours [72].
Nevertheless, the methodology could even be used to deliver scFvs as proteins or mRNAs.
Indeed, RNA electroporation of hematopoietic cells has been used successfully for two
decades [97].

6.2. Fusion with Protein Transduction Domain

PTDs or cell penetrating peptides (CPPs) are cationic and/or hydrophobic 10–30 amino
acid long peptides that can be conjugated or fused to antibodies to make them able to pene-
trate the cell membrane via different mechanisms [98]. However, for effective translation
in the clinic, the CPP-based delivery has some limitations to circumvent, mainly due to
low in vivo stability and reduced binding capability.

6.3. Exosome-Based Methods

In our laboratories, an exosome-based strategy was recently investigated in vitro for
the delivery of one anti-16E7 scFv previously studied, showing promise for translation to
humans [99]. The approach relies on the property of a functional defective Nef protein
of HIV-1 (Nefmut), acting as an exosome-anchoring protein for proteins fused to its C-
terminus. The scFv43M2 delivered to HPV16-positive cells by engineered extracellular
vesicles (EVs) carrying the Nefmut/43M2s chimeric product, was able to reproduce the
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already observed antiproliferative effect of scFv43M2. The proliferation of HPV16-positive
cells was hindered also when they were co-cultured in transwells with cells producing EVs
uploading the Nefmut/43M2scFv fusion. This result confirmed the ability of therapeutic
exosomes to be released and reach other cells, with interesting implications for in vivo
translation. The established proof-of-concept that the EV-mediated delivery of scFvs can
target intracellular antigens renders it feasible the development of this system for in vivo
use. In addition, the possibility to obtain recombinant exosomes from the host following
the administration of a genetic construct as a vaccine, suggests a feasible translation to
humans of this delivery system for anti-E6 and E7 intrabodies [100]. This would also take
advantage of the capacity of the recipient organism to produce the exosomes. Once the
technology is optimized, the intramuscular injection of DNA plasmids expressing antibody
constructs followed or not by electroporation, will permit the exosome-loaded antibodies
to reach several body districts. As the antibodies are specific for the HPV oncoproteins,
such broad distribution will not result in off-target effects while potentially affecting any
metastatic cells derived from the primary tumour. Of course, further experiments are
necessary to clarify the route followed by exosomes loaded with a therapeutic cargo in the
recipient organism, and to establish dosages and timing of administration.

6.4. Viral Vector-Based Methods

In the last 30 years, several clinical trials used viral vectors for gene transfer. Gamma-
retroviral and lentiviral vectors for haematological cancers; adenoviral vectors for prostate,
ovarian and bladder cancer; and adenovirus-associated vectors for pathologies other than
cancer were employed with more or less success, and are still the object of preclinical and
clinical proof-of-concept studies [101]. Therefore, on the basis of the effective antibody
expression achievable in vitro through the transduction of tumour cells with recombinant
retroviruses [71,85], and of the advanced state of clinical studies, we believe that viral
vectors can be considered a valid resource in addition to the non-viral systems for in vivo
antibody delivery. Noteworthy, HPV-associated lesions have a confined localization that
renders them accessible to topical therapy whatever the delivery system chosen. Further-
more, the expression of the target oncoproteins being limited to cancer cells represents
an additional advantage for the safety of a therapy designed to inhibit protein–protein
interactions such as that based on recombinant antibodies.

6.5. Ultrasound-Based Methods

The Ultrasound-mediated targeted delivery (UMTD) is a non-invasive method that is
attracting increasing interest for many biochemical applications including immunotherapy
of tumours. UMTD combined with microbubbles allows delivery of therapeutic molecules
precisely in the tumour site. In fact, oscillation and cavitation of microbubbles under the
influence of the acoustic beam causes the reversible formation of localized pores of about
100 nm in diameter in the cell membrane [102]. This phenomenon, known as sonoporation,
allows the passive release of therapeutic molecules into target cells. The feasibility and
specificity of sonoporation for anti-16E6 mAb delivery to cervical carcinoma cell lines were
assessed in the in vitro study outlined above, although the effect obtained was transient and
incomplete as it affected p53 levels but did not induce apoptosis [70]. However, the issue
of delivery to nucleus, which probably underlies the observed partial efficacy, could be
addressed using smaller antibody formats provided with NLS. Sonoporation is increasingly
explored for both passive and active immunotherapy in vivo. For example, dendritic cells
(DC) sonoporated with antigen mRNA and immunomodulating TriMix mRNA were
successful in inhibiting tumour growth in mice [103]. Ultrasound in combination with
microbubbles even allowed the Herceptin mAb (trastuzumab) to cross the blood-brain
barrier in mice, thus opening up the possibility of treating brain metastases of breast
cancer [104]. However, translation of the methodology to human therapy requires further
investigation on the possible elicitation of immune response by microbubbles, the exact
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mechanism of the therapeutic material release, the size-based microbubble capacity of
penetrating cell membranes, and the excretion of microbubbles from the body.

7. Conclusions and Perspectives

Currently, recombinant antibodies for targeting antigens involved in the pathogenesis
of a variety of diseases are obtainable by robust methodologies of immunization and in vitro
screening. Nevertheless, their use as therapeutics may require optimization of crucial
characteristics such as binding specificity and affinity, solubility, and pharmacokinetics,
as well as setting up an appropriate delivery system. The possibility of designing bs
antibodies that combine binding domains from different parental antibodies can expand
the binding capacity of a single molecule. Bs antibodies could target at the same time
multiple antigens such as E6 and E7, or multiple epitopes on the same antigen (such as
DBD and E6AP binding domain on E6) but their solubility and stability may be affected
and require corrections [105].

The implementation of therapeutic antibodies is an exciting challenge that can now
make use of refined computational methods, allowing to design antibodies with the high-
est affinity towards antigens of interest [106], to predict the biochemical and biophysical
characteristics of specific sequences, and to determine whether they conform well to an-
tibodies that have already reached clinical stage [83]. Given that the global burden of
HPV-associated cancers is unacceptably high, major efforts are required for the effective
prevention and treatment of these tumours. A therapy for HPV-associated lesions relying
on antibodies would present some advantages over more conventional systems of immu-
nization such as, for example, those based on triggering tumour rejection. Specificity is
among the main merits, due to the possibility of inhibiting the activity of oncoproteins that
are expressed only in tumour cells. A further benefit is that such a therapy, not based on
the need to elicit the host immune response, can also be effective in subjects immunosup-
pressed by natural or induced causes as co-infections or pharmacological treatments. The
extraordinary potential of anti-HPV recombinant antibodies makes them key tools in the
global strategy of fighting HPV-associated cancers.
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Abstract: Due to their high specificity, monoclonal antibodies have been widely investigated for their
application in drug delivery to the central nervous system (CNS) for the treatment of neurological
diseases such as stroke, Alzheimer’s, and Parkinson’s disease. Research in the past few decades has
revealed that one of the biggest challenges in the development of antibodies for drug delivery to the
CNS is the presence of blood–brain barrier (BBB), which acts to restrict drug delivery and contributes
to the limited uptake (0.1–0.2% of injected dose) of circulating antibodies into the brain. This article
reviews the various methods currently used for antibody delivery to the CNS at the preclinical stage of
development and the underlying mechanisms of BBB penetration. It also describes efforts to improve
or modulate the physicochemical and biochemical properties of antibodies (e.g., charge, Fc receptor
binding affinity, and target affinity), to adapt their pharmacokinetics (PK), and to influence their
distribution and disposition into the brain. Finally, a distinction is made between approaches that
seek to modify BBB permeability and those that use a physiological approach or antibody engineering
to increase uptake in the CNS. Although there are currently inherent difficulties in developing safe
and efficacious antibodies that will cross the BBB, the future prospects of brain-targeted delivery of
antibody-based agents are believed to be excellent.

Keywords: blood–brain barrier; antibody; pharmacokinetics; disposition; biochemical and physic-
ochemical properties; Fc binding; receptor-mediated transcytosis; brain shuttle; molecular Trojan
horse; transferrin

1. Introduction

Drug uptake into the brain is quite challenging, although not impossible [1]. Since
the brain is located in a non-expandable vault (cranium) and is very sensitive to pressure
and the environment, cerebrospinal fluid (CSF) flow in and out of the brain is highly
regulated and controls the selective uptake of key nutrients and fluid to maintain normal
brain function. This regulation also includes the passage of large molecules such as
immunoglobulin thereby accounting for the observed difficulties of targeting the central
nervous system (CNS) with therapeutic proteins and reagents. Many potentially useful
drugs, which, because of their low entrance into the CNS, are not being used to treat
brain disease. This lack of access to the brain has been described as a major hurdle
in the development of large biomolecules and a reason given for their comparatively
long development times and high failure rate [2]. As a consequence, several approaches
are currently being investigated to enhance the CNS delivery of various types of large
biomolecules, such as antibodies, recombinant proteins, gene vectors, liposomes, and
nanoparticles (Table 1). To evaluate CNS delivery, quantitative measurements are used to
understand better and potentially even improve upon methods for the targeted delivery
of antibody-based therapeutics across the BBB. In particular, scientific and technological
advancements that focus on evaluating methods for altering antibody penetration and
distribution in the brain have not yet been developed adequately to treat neurological
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diseases. Moreover, even if candidate antibodies for the therapy of CNS diseases may be
already available, they cannot currently be utilized because of their poor blood-to-brain
penetration due to the presence of the tight-junctioned BBB preventing the passage of
antibodies [3]. Thus, increased attention is being placed on novel antibodies capable of
successfully enhancing brain tissue concentration as well as targeting specific disease
regions within the CNS [4,5]. If proven safe and effective, these new technologies could
represent the future of antibody therapy in the treatment of neurologic diseases.

Table 1. Overview of large biomolecules in current preclinical development for enhanced delivery
across the BBB. Part of this table is reproduced from Tucker (2011) with permission of the copyright
owner [1].

Key Classes and Functions of Biomolecules

1. Single-domain brain-targeting antibody fragments derived from llama antibodies; led to
discovery of TMEM30A, a selective BBB receptor [6,7]

2. RMT delivery of decoy receptor antibodies facilitated by fusion with an antibody to any
BBB receptor leading to an elevation of drug concentration in the brain [8]

3. Bidirectional vectors, comprising one part for entry into brain by RMT and a second part to
exit the brain via a second receptor-mediated BBB transport system [8]

4. Fusion antibodies for bi-directional transport across the BBB [8]
5. Delivery of a drug to the brain via a drug-loaded liposome decorated with appropriate

vectors [7]
6. Synthetic low-density lipoprotein (LDL) containing cloned apolipoprotein (Apo E), for

delivery of a drug across the BBB [9]
7. Liposome and poly(lactic-co-glycolic acid) (PLGA) nanoparticles coated with specified

surfactants and loaded with drug for delivery across the BBB [9]
8. Nanoparticles with covalently coupled Apo E for delivery across the BBB [9]
9. A combination product comprising drug and apolipoprotein for delivery of drug to the

brain and where the drug and lipoprotein can be delivered simultaneously, separately, or
sequentially by intravenous injection [10]

10. Conjugates of drug with specified polypeptides derived from aprotinin, designed to
increase the potency or modify the pharmacokinetics of the drug [11]

11. Conjugates of nucleic molecules and specified polypeptides from aprotinin for delivery
across the BBB [11,12]

12. Specified peptides from the rabies virus glycoprotein (RVG) linked to a carrier that contains
the drug for delivery across the BBB [6,13]

13. A conjugate comprising an antiviral agent with a CRM197 ligand for a receptor [7,14]

Here, we review some of the most important principles and multiple strategies for
enhancing antibody delivery to the brain and discuss how they can be applied to the
pre-clinical development of CNS therapeutics. The guiding principles and knowledge
gained from preclinical evaluation of these different strategies for CNS-targeting antibodies
that are currently under development are also discussed, with a particular emphasis on
pharmacokinetic (PK) and disposition properties. In addition, this review includes a brief
description of the physicochemical and biochemical interactions between antibodies and
biological matrices. As such, focus is given to defining the general properties of antibodies,
their similarities and differences with regard to charge, neonatal Fc receptor (FcRn) binding,
and target affinity. These types of studies provide scientists with the knowledge necessary
to select the appropriate antibody characteristics to maximize brain exposure, which in
turn, could provide better efficacy of their product. Finally, an improved understanding of
the effects of these critical characteristics may allow for the better design of novel antibody
therapeutics with unique and useful properties that conceptually are able to efficiently
cross the BBB [5]. Hence, the objective of this review was to describe the progress of
antibody-based drugs and highlight the principles and existing approaches for enhancing
their entrance into the brain to achieve a desirable concentration range for the therapy of
CNS disease.
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2. Delivery of Antibodies into the Brain: Mechanism of Delivery

Diseases of the CNS are in need of effective biotherapeutics. However, the CNS has
been considered off-limits to antibody therapeutics because of the presence of the BBB,
which separates the circulating blood from the brain and extracellular fluid in the CNS to
prevent brain uptake of most large molecules [11,15]. Recent advances in preclinical and
clinical drug development suggest that antibodies can cross the BBB in limited quantities
and act centrally to mediate their effects [4]. In particular, immunotherapy studies of AD
have shown that targeting beta amyloid with antibodies can reduce disease pathology in
both mouse models and patients, with strong evidence supporting a central mechanism
of action.

2.1. Physiology and Barriers of the CNS

The arrangement of cells at the interface between the blood and the CNS restricts both
the paracellular and transcellular diffusion of hydrophilic and hydrophobic substances
into the CNS [16]. The blood–brain barrier (BBB) is used to describe the barrier between
the blood and the brain and spinal cord parenchyma proper. At this interface, cerebral
microvessels, lined with endothelial cells, limit the passage of small molecules from the
blood into the brain or spinal cord [11]. Microvascular endothelial cells make up a large
portion of the brain’s surface area, which helps account for its ability to restrict the flow of
substances into the brain [17]. A second barrier, referred to as the blood–CSF barrier, exists
between the blood and the ventricular CSF. Formed by CSF producing tight-junctioned
epithelium of the choroid plexuses, this epithelial cell barrier accounts for a significant
surface area of exchange [16]. Additionally, the blood flow rate within the choroid plexuses
is higher than any other brain structures, and therefore, the blood flow through these areas
significantly contributes to exchanges between the blood and the CNS. A third barrier to
the CNS is the arachoid membrane, which completely encircles the CNS and separates the
subarachnoid CSF from the bones and dura mater extracellular fluids [16,18]. These three
barriers to the CNS work to manage the traffic of small and large molecules from the blood
into the brain.

2.2. BBB Structure

As described above, the BBB consists of the network of cells that communicate and
associate together to form a barrier between the interstitial fluid of the brain and circulating
blood. A thin monolayer of brain microvascular endothelial cells (BMECs) joined together
by tight junction forms the physical BBB. The BMECs are supported by the capillary
basement membrane, pericytes, astrocytes, and microglial cells. It is the interaction of the
BMECs with these other cell types that creates the specific brain microvascular network.
The tight junctions are responsible for the selective permeability of the BBB, as they seal the
apical region of the endothelial cells together and restrict the entrance of hydrophilic drugs
into the brain. Additionally, actin filaments, such as cadherins and catenins, arranged below
the tight junctions, link together to form a band of adherence junctions. These adherence
junctions contribute to the brain barrier, and also, among other roles, they promote BMECs
adhesions, cell polarity, and control paracellular permeability regulations. It is the dynamic
interaction between the tight junctions and the adhesion junctions and the other cellular
components of the BBB via signaling pathways that regulate the BBB’s permeability. The
arrangement of cells that form the BBB allow it to have uniform thickness, a negative
surface charge, little pinocytotic activity, and no fenestrae [19].

2.3. Pharmacokinetics and CNS Distribution of Antibodies

The PK properties of therapeutic antibodies are an essential factor that determine their
in vivo efficacy by impacting their biodistribution and have been extensively studied in
recent years [20]. The processes that govern the biodistribution of therapeutic antibodies
depends on the species they are administered to and on the properties of the antibody
itself. While physiological conditions are frequently constant, various properties of a
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therapeutic antibody such as its charge or size can be modified during development in
order to optimize its PK behavior. Structural modifications such as glycosylation can also
impact the biodistribution of an antibody. Of particular importance, however, is the role of
FcRn on PK properties of an antibody, which must be considered in designing therapeutic
antibodies for neurological disorders. FcRn is a receptor that is highly expressed in various
tissues and prolongs an IgG antibody’s half-life by protecting it from lysosomal degradation.
It has been reported that the receptor contributes to the efflux of IgG therapeutic antibodies
at the BBB and can reduce brain uptake following administration despite prolonging its
half-life. The crucial role of FcRn on the CNS distribution behavior of antibodies is further
discussed in Section 4.

2.4. Mechanisms of Antibody Passage Across the BBB

In the past few decades, various transport mechanisms have been identified as major
pathways for macromolecules to cross the BBB. Generally, approximately 0.1% of circu-
lating antibodies enter the brain. Mechanisms in play include: i) Adsorptive-mediated
endocytosis; (ii) Carrier-mediated transport; and (iii) Receptor-mediated transcytosis.

(i) Adsorptive-mediated endocytosis (AMT) is a mechanism of BBB transport that
relies on an electrostatic interaction between a cationic molecule in the circulation and the
negatively charged cell membrane at the BBB, which will in turn trigger internalization of
the positively charged molecule [3]. Cationic modification of proteins such as albumin and
IgGs have been used to enhance their uptake into the brain. Studies have demonstrated
that cationization of antibodies by covalently linking primary amine groups to their surface
enhances their uptake into the brain by AMT. The capacity of AMT is high, but this
mechanism is low in affinity and therefore has poor specificity. This is because cationized
molecules can interact with negatively charged cell membranes of peripheral organs so
that uptake in the brain does not increase proportionally [4,21]. The non-specificity of AMT
mechanism should be considered in designing therapeutic antibodies that are targeted to
the brain [6].

(ii) Carrier-mediated transport (CMT) is a mechanism by which small molecules such
as glucose, amino acids, vitamins, hormones, and other nutrients rapidly cross the BBB [4].
This is a saturable mechanism due to the engagement of carriers and maintains homeostasis
in the CNS by transporting these molecules bidirectionally [3]. Carrier-mediated trans-
porters include CLUT1, which mediates transport of glucose and mannose and LTA1, which
mediates transport of large neutral amino acids [21]. In principle, molecules can enter the
brain using the CMT if they are conjugated to either endogenous ligands of the carriers
or their analogues. However, this process has proved to be challenging for transport of
antibodies because these carriers transport small molecules and are highly stereoselective.

(iii) Receptor-mediated transcytosis (RMT) is one of the most promising approaches for
delivering antibodies to the brain [4]. There are three categories of receptors that mediate
RMT: iron transporters such as transferrin receptors (TfR); insulin transporters such as
insulin receptor (IR); and lipid transporters such as low-density lipoprotein receptor- related
protein 1 (LRP1). This process entails binding of the ligand to the receptor, internalization
of the ligand–receptor complex, and exocytosis on the abluminal side of the cell [3]. It is
important to keep in mind, however, that high-affinity antibodies toward receptors that
mediate RMT will follow the lysosomal pathway when internalized, which results in their
degradation [22]. While this phenomenon creates a challenge in using the RMT mechanism,
optimizing the affinity of the ligand that is targeting these receptors has proved to be an
effective strategy [22].

3. Current In Vitro and In Vivo Methodologies for Measuring Brain Access of
Antibodies: Advantages and Limitations

Implementation of in vitro models of the BBB that correlate with in vivo studies would
provide desirable preclinical tools for the mechanistic understanding of drug transport via
brain endothelial cells and uptake into the CNS monitored by the BBB. Use of these as a
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screening tool are of critical importance for the determination of drug permeability, PK,
and distribution to brain tissues and cells.

3.1. In Vitro Methods

To aid in our understanding of the role of the BBB in protecting the brain microen-
vironment, different types of in vitro models of the BBB have been developed, which are
classified into either static or dynamic BBB models [19,23]. Static BBB models are commonly
used, but they do not imitate the shear stress, which is usually generated in vivo due to the
blood flow. Static BBB models are further divided into monolayer and co-culture models,
based on type of cells involved in the BBB design. While the brain microvessel endothelial
cell culture model presents many differences compared with the in vivo system, monolayer
cultures in a trans-well system allow a simple method for drug screening and permeability
studies. The co-culture BBB model, however, is used to mimic the anatomic structure of
BBB in vivo, in which BMECs are co-cultured with other CNS cells that directly contribute
to the barrier properties of the BBB. As none of these in vitro models can entirely imitate the
in vivo conditions, there is no perfect in vitro model of the BBB. Therefore, it is important to
choose the in vitro model according to the requirement of the study. More details about the
advantages and disadvantages of the different in vitro BBB models are currently covered
in a thorough review article by Bagchi et al. (2019) [19].

3.2. In Vivo Methods

In contrast to in vitro methods, various in vivo methods have been employed to
determine the kinetics of drug transport across the BBB. These include intravenous injection,
in situ brain perfusion, microdialysis, quantitative whole-body autoradiography (QWBA),
and molecular imaging such as single-photon emission computed tomography (SPECT),
positron emission tomography (PET), and optical imaging. Brain perfusion is the most
widely used technique for obtaining in vivo permeability values for drugs [24,25]. As
such, brain perfusion allows injection of a solute into the brain vasculature at higher
flow rates and solute concentrations than can be achieved by systemic circulation and
hence allows a wider range of solute permeabilities to be measured at a fixed perfusate
concentration. Direct injection of the solute into the brain minimizes metabolic loss and
plasma protein binding. In this technique, the common carotid artery is cannulated and
connected to a perfusion system. Immediately after the animal’s heart is stopped, the
molecule of interest dissolved in a physiological solution is infused into the brain typically
for 5–300 s. Subsequently, the brain is removed, and the ipsilateral hemisphere is dissected,
weighed, and the solute concentration determined by chromatography (LC-MS, HPLC,
GC) or by radioactive counting methods (gamma or liquid scintillation counting) if the
drug is radiolabeled.

In vivo microdialysis is another well-established quantitative technique in neuro-
science for measuring small molecule concentrations in brain interstitial fluid (ISF) and
CSF with minimal invasion into live animals. This technique essentially began with the
push–pull method, which examined the possibility of using a semi-permeable membrane
to sample free amino acids and other electrolytes in neuronal extracellular fluid. The tech-
nique was further improved by the development of the dialysis bag as a means of collecting
the dialysate [26]. Since multiple microdialyis probes can be implanted in the brain, the dis-
position of drug within different regions of the brain can be simultaneously characterized.
The use of this technique to measure macromolecule concentrations in brain, however,
has been very limited. This is mainly due to the lack of availability until recently of large
molecular weight cutoff (MWCO) probes and the need for a complicated push–pull system
to perform microdialysis with large pore probes [27]. Although the push–pull microdialysis
procedure for antibodies is challenging and requires extensive training, recent studies have
shown that it can provide direct in vivo measurement of free antibody concentration in
selected regions of the brain in freely moving animals [28,29]. This technique can avoid the
detection of bound antibodies to the brain capillary endothelial cells and the neurons, and
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readouts of free antibody concentration in the brain interstitial ISF tend to better represent
the required therapeutic concentration at the site-of-action in the brain. The theory and
underlying general principles of in vivo microdialysis in general and brain microdialysis
in particular are discussed in a review by Darvesh et al. [26].

On the other hand, to evaluate the in vivo PK and tissue distribution of antibodies,
intravenous injection of radiolabeled antibody followed by collection of blood and tissue
samples from the CNS at different time points (“cut and count”) can be used as assays
for sensitive uptake analysis [30]. Such an approach, however, is tedious and requires
a large number of animals to ensure the reproducibility and reliability of the results.
Today, QWBA, which relies on the use of X-ray film and phosphor imaging technology or
radioluminography, is another standard method for conducting tissue distribution studies
throughout the body of laboratory animals. These studies suggest that QWBA helps study
the spatial and regional differences in areas as fine as 50–100 μm and is a good method for
studying the targeted delivery of therapeutic proteins across the BBB [31,32]. The main
advantage of QWBA is the minimal sample processing at true tissue-level (as opposed to
organ-level) concentrations from an in situ preparation.

Furthermore, the continuing development of high-resolution PET and SPECT scanners
and the availability of suitable radionuclides (e.g., Cu-64, Zr-89, In-111, I-131, I-124) are
providing a non-invasive in vivo alternative that simplifies considerably the visualization
and measurement of the whole body and organ PK, as well as brain uptake of antibodies. In
this way, real-time dynamics can be obtained on whole body biodistribution of radiolabeled
antibodies in the same animal or patient. The major advantages of these radionuclide-based
molecular imaging techniques (SPECT and PET) are that they are very sensitive (down
to the picomolar level), quantitative, and there is no tissue penetration limit. As a result,
new applications of brain molecular imaging in animals are continually being established,
which show a correlation between brain uptake of radiolabeled antibodies and brain target
levels [33–36]. Another advantage is that molecular imaging methods have good spatial
resolution (0.35–1.5 mm), allowing differentiation of tracer uptake on the suborgan level.
Accordingly, the importance of spatial resolution in understanding therapeutic protein
distribution within the brain has been the subject of several studies in which differences in
brain penetration and distribution related to drug format are characterized [30,37,38].

Thus, significant effort has been made to radiolabel protein drugs with radionuclides,
which in turn provides a method for tracking the location and quantifying the total ra-
dioactivity in tissues. However, the main limitation, which is shared by all these in vivo
studies (e.g., “cut and count”, QWBA, and molecular imaging) that rely on the usage of
a radiolabeled compound, is that these technologies provide data on total radioactivity
only and not specifically of the parent compound. In other words, the concentration of
radioactivity does not always equate with the identity of the original compound that was
radiolabeled, and it may also include radioactivity associated with metabolites and/or
degradation products. The reader is referred to a comprehensive review by Tibbitts et al.
(2016) of the different radiolabeling methods and the different in vivo technologies and ap-
proaches in order to gain a better mechanistic understanding of PK and protein distribution
as a way to drive forward the selection of successful drug candidates [31].

In summary, in vitro BBB model selection parameters using human derived cells are
critical for predicting drug transport because the disease in question may affect the barrier
properties. Although many in vivo experiments have been traditionally performed, drug
permeability tests are now carried mostly by in vitro BBB models due to ethical problems,
differences between species, and expensive in vivo experiments. Nevertheless, a combina-
torial approach of in vitro BBB models and in vivo tests will be the key to the development
of CNS therapeutics with improved PK properties and better BBB penetrability [19,39].

4. Approaches to Optimize BBB Internalization and Uptake of Antibodies

Research has revealed that the BBB is not only a substantial barrier for drug deliv-
ery to the CNS but also a complex, dynamic interface that adapts to the needs of the
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CNS and responds to physiological changes [40]. Optimization of drug delivery across
the BBB could be achieved by several approaches: (a) pharmacologically, to increase the
passage of drugs through the BBB by optimizing the specific biochemical properties of a
compound [11]; (b) by BBB modulation, which includes transient osmotic opening of the
BBB; and (c) physiologically, exploiting the various transport mechanisms present at the
BBB. Many biomolecules (e.g., antibodies, recombinant fusion proteins, and nanoparticles),
however, cannot get through the BBB unless the permeability of the BBB is altered using
modulation of the tight junctions of the cerebral endothelial cells, which can result in some
serious complications [11]. Research has shown that BBB internalization and trans-barrier
transport of biomolecules can be manipulated on the basis of their physicochemical charac-
teristics [41]. As a result, it is evident that various biomolecules with different parameters
and characteristics are able to transverse biological barriers dictated by the barrier’s set
of limitations and specific criteria for internalization. Hence, it is expected that at some
point the BBB physiology and physicochemical characteristics of antibodies will allow for
the control of the rate and extent of cellular uptake, as well as the delivery of the antibody
intracellularly, which is imperative for drugs that require a specific cellular level to exert
their effects at the targeted site in vivo. Designing antibodies that can overcome this BBB
protection system and achieve optimal concentration at the desired therapeutic target in
the brain is a specific and major challenge for scientists working in CNS discovery [42].
In recent years, some progress has been made in terms of enabling the development of
pharmacokinetic and pharmacodynamic (PK/PD) relationships for antibodies as thera-
peutic agents as well as in understanding how these relationships are influenced by target
antigens and molecular properties.

In order to enhance antibody delivery to the brain, the following strategies for delivery
optimization have been explored: (i) development of BBB-crossing bispecific antibodies,
which have been engineered to incorporate one specificity against a BBB RMT receptor
(Table 2) and the second specificity against a CNS therapeutic target to produce a phar-
macological effect; and (ii) protein engineering efforts, which allow for the customized
design of antibody constructs with physicochemical, molecular, and binding properties
better optimized for successful transport across the BBB. Notably, antibody uptake is highly
influenced by factors such as their size, surface charge, structure, hydrophobicity, affinity,
antigen internalization, and dual targeting with bispecific antibodies [40,41,43–45]. The
previous sections discussed the different transport mechanisms for the internalization of
antibodies. Taken together, this section discusses the ideal antibody characteristics when
employing transport mechanisms to achieve optimal cellular uptake (i.e., achieve desirable
concentration range) at the BBB. Thus, this section focuses on examining the physicochem-
ical and functional parameters of antibodies in regard to their relations and interactions
with the physiology of the BBB and how those relations and interactions both facilitate
their development as outstanding therapeutics.

Table 2. Receptor-mediated targets (RMT) for transport at the blood–brain barrier. Part of this table
is reproduced from Gao (2016) with permission of the copyright owner [9].

Receptors

1. Transferrin receptor (TfR) [12]
2. Insulin receptor (IR) [46,47]
3. Low-density lipoprotein receptor–related protein (LRP) [12]
4. Nicotinic acetylcholine receptor [9]
5. Insulin-like growth factor receptor [9,48]
6. Diphtheria toxin receptor [7,14]
7. Scavenger receptor call B type [48]
8. Leptin receptor [13,49]
9. Neonatal Fc receptor (FcRn) [50]
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4.1. Modification of BBB Permeability

The BBB is the first barrier that restricts the transportation of drugs from the blood to
the brain. Because of this, researchers have developed various strategies to overcome or
bypass the BBB, including penetration of the BBB by temporarily enlarging the BBB pore
size, which could allow molecules such as antibodies to diffuse directly into brain [9]. In
essence, modulating the efficacy of the tight junctions between cerebral endothelial cells
so that the paracellular route of access to the brain is accessible is an applicable approach
that has been utilized to permeabilize the BBB to drugs and enhance brain uptake. For
instance, Neuwelt et al. (1981) discovered that mannitol, a hypertonic solution, can be
administered simultaneously with drugs to enhance their delivery to brain tumors [51].
Currently, researchers are still using this strategy to deliver drugs to the CNS. Hypertonic
solutions are thought to osmotically remove water from the endothelial cells, causing the
cell to shrink, which may cause cellular changes that can affect the tight junctions [11].
This method is transitory, as the barrier closes within 10–20 min following BBB disruption.
Unfortunately, this method is not selective for a specific drug and may increase uptake
of other blood-borne molecules, such as neurotransmitters, which could be potentially
harmful. Similarly, solvents such as high dose ethanol or dimethylsulfide, alkylating agents
such as etoposide, alkylglycerols, and vasoactive agents such as bradykinin and histamine,
have all been used to open the BBB and facilitate the delivery of drugs to the brain [52].
Since these compounds must be of a certain concentration to open the BBB, the BBB returns
to its intact status when the blood concentration of these compounds falls lower than
the threshold. Therefore, the dose and administration schedule must be optimized. The
opening of the BBB is again presumably nonselective; thus, the use of these agents to affect
BBB permeability can be highly traumatic, and could potentially cause serious side effects,
such as seizures, permanent neurological disorders, and brain edema [9,11].

To circumvent these problems, focused ultrasound (FUS) and MRI are being employed
as modulators of BBB function [53]. FUS has been used to enhance the delivery of var-
ious drugs to the brain, and it has been shown that the concentration of drugs in the
brain hemisphere treated with FUS was approximately 3.5 times higher than the control
hemisphere [53]. Combining FUS with other targeting methods could further elevate the
accumulation of drugs in the brain. As an example, combining FUS with MRI targeting
could improve the brain accumulation of drugs by 16-fold [54]. Although the toxicity of
FUS on the brain is considered minor, and neurotoxicity was not observed, the clinical
application of this method still should be viewed cautiously [55]. An advantage of these
methods is that they can be focused with some precision to a particular region of the
brain, thus modulating the BBB at a preferred site in order to release the drug locally.
These modifications in BBB function and integrity appear to be transient and reversible,
increasing the apparent safety of this method.

4.2. Physiological Approach to Transport Antibodies Across the BBB

Although the BBB is intact, mechanisms described in detail in Section 2 can be used
to overcome this barrier. These strategies have been explored extensively over the past
several decades when designing therapeutic antibodies for neurological disorders. Many of
these strategies rely on receptors and carriers that are overexpressed on the BBB (Table 2),
which can mediate the transport of specific ligands and their cargo.

Large molecules necessary for the brain’s normal function are delivered to the brain
by specific receptors that are highly expressed on the endothelial cells that form the BBB.
This mechanism is described in the previous section as receptor-mediated transport (RMT).
Additionally, the intercapillary distance in the brain is very small (on average 40 μm),
and every neuron is virtually perfused by its own blood vessel, making these receptors
abundant at the BBB [33]. Antibodies can be modified to be able to passage the BBB
by conjugation to ligands that recognize receptors expressed at the BBB. This strategy
in fact is the most effective way of delivering antibodies through the BBB and into the
brain. This physiological approach targets IR, TfR, LRP-1 and 2, and other receptors.
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Overall, therapeutic compounds are able to cross the BBB after association with these
specific ligands, forming “molecular Trojan horses” (Table 3). Proof of concept studies have
demonstrated that TfR-specific antibodies bind to the receptor on the endothelial cells and
allow the associated therapeutic agent to cross the BBB via receptor-mediated transcytosis,
making TfR particularly promising in brain-targeted delivery [56]. Modifications are still
being made in the use of TfR as a delivery system after studies showed that antibodies
bound to the TfR were retained in the brain endothelium and did not penetrate into the
CNS. To address this problem, a “brain shuttle” approach has been developed that fuses the
C-terminus of a monoclonal antibody against Aβ, the peptide that accumulates in the brain
of AD patients, to an anti-TfR Fab, which facilitates the BBB transcytosis of an attached
immunoglobulin [57]. This differs from current approaches where the TfR antibody carries
a therapeutic cargo or a bispecific antibody with optimized binding to TfR that targets the
enzyme β-secretase (BACE1) associated with AD [58,59]. Compared with the monospecific
anti-BACE1 antibody, the bispecific antibody had increased accumulation in the brain and
led to an increased reduction in Aβ levels [60].

Table 3. Selected new peptides and antibodies with specific ability to cross the blood–brain barrier.

Biomolecules

1. Angiopep-2, a peptide ligand of low-density lipoprotein receptor-related protein 1 (LRP1),
with high permeability across the BBB [12,61,62]

2. Angiopep-2-conjugated systems by conjugating the therapeutic peptides and proteins to
Angiopep-2 for efficient brain delivery [12,63]

3. Two single-domain antibodies (sdAb), FC5 and FC44, were cloned using a phage-display
library of llama single-domain antibodies. Owing to specific and high permeability across
the BBB, FC5 and FC44 could be developed as the vectors for brain delivery [12,64,65].

4. Molecular Trojan horse: fusion of the therapeutic proteins to the monoclonal antibodies
against human insulin receptor (IR) or transferrin receptor (TfR) [8,12,47]

Multiple studies have extensively documented the use of the insulin receptor (IR)
for the targeted delivery of drugs to the brain using specific antibodies directed against
IR [46,66]. Animal studies have shown that total brain uptake of the anti-human IR is 4%
of injected dose at 3 h post injection and confirmed that it is able to transport an associated
molecule across the BBB. Furthermore, applications of the TfR and IR antibodies to a
molecular Trojan horse for the delivery of therapeutics have been documented where
different forms of conjugated and fusion proteins have been generated [33]. LRP-1 and
2 expressed on neuronal cells have also been exploited to deliver drugs to the brain in a
similar fashion as TfR and IR [67]. For now, these receptor antibodies described above
may not be the only answer to the biologics brain targeting question [68]. Regardless, the
substantial research performed with these available antibodies has provided invaluable
insight on the mechanisms of action of receptors at the BBB and has also helped to highlight
protein engineering issues that must be addressed (as presented below) in order to develop
a successful approach for transporting therapeutic antibodies across the BBB.

4.3. Antibody Engineering Approaches to Increase Trans-BBB Transport

A serious limitation to the use of many antibodies in the design of improved biothera-
peutics is their non-optimal behavior in the organism, including their poor PK parameters,
non-optimal distribution, inhibition of binding with FcRn, and toxicity [69]. At the same
time, one of the main problems is their frequent administration at a large dosage, which
increases the risk of immunogenicity and side effects and reduces patient tolerance for
the antibody. As such, one should note that antibody production is a continual design
process that involves the generation and optimization of antibodies to enhance their clinical
potential [70]. Moreover, much of the development and clinical experience that is gained
from the generation and optimization of one antibody is applicable to other antibodies,
thereby streamlining certain activities and decreasing some of the risks that are intrinsic to
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drug development. For example, to optimize the properties of an antibody for a particular
indication, it would be preferable to improve or even delete particular characteristics. As
an example, one major goal in developing therapeutic antibodies in neurological diseases
is to improve the clinical utility of these reagents with respect to antigen targeting and
better brain uptake (i.e., better brain-to-blood ratio) to encourage effective disease ther-
apy. Achieving this goal depends not only upon a thorough understanding of molecular
properties underlying antibody behavior and function but also upon the development of
techniques to manipulate these properties in such a way that enhances their therapeutic
potential [43]. For instance, PD response is often directly proportional to brain exposure
and, thus, plasma half-life. As such, a typical goal in biotherapeutic development is to
identify a candidate molecule having desirable PK properties or, alternatively, to manipu-
late a molecule’s properties to improve its PK while preserving antigen recognition. PKPD
properties of antibodies are governed by both molecule-dependent and species-dependent
parameters. Biological processes such as antigen binding and receptor binding are impor-
tant determinants in antibody PK. Since the field of therapeutic monoclonal antibodies
has become extremely competitive, especially against validated antigens, it is necessary
to develop highly optimized antibodies, above and beyond humanization [70]. A highly
optimized humanized antibody would have superior pharmacological properties impor-
tant for clinical efficacy, such as high antigen-binding activity and long half-life, as well as
biophysical properties important for commercial development of the therapeutic antibody,
including stability and expression yield in host cells. In order to generate such highly
optimized antibodies, it is necessary to consider these pharmacological and biophysical
properties during the process of humanization and manufacture. This section describes the
critical properties of therapeutic antibodies that should be sufficiently qualified, including
Fc and antigen binding affinity, and physiochemical properties and PK.

Fortunately, antibody fragments, such as single-chain Fv, diabody, triabody, Fab,
F(ab′)2, and full length antibodies, ranging in size from 30 to 150 kDa and valence from
one to three binding sites can be also derived via molecular engineering [71]. The single
chain Fv (scFv, 30 kDa) is one of smallest forms of antibody that consists of variable light
and heavy domains connected by a flexible peptide linker of approximately 15 amino acids
generating one binding site. Diabodies (60 kDa) consist of two single chains joined by a very
short linker, while triabodies (90 kDa) do not have a linker, thereby forcing trimerization.
For example, the ability of these fragments to bind to tumor lies in a fine balance between
their ability to penetrate tumor tissues due to their small size and their fast clearance from
the body by the kidneys [72]. While retaining their antigen-binding capabilities, these
fragments not only cleared faster but were also shown to have much higher tumor/organ
ratios compared with their larger counterparts [72]. These antibody fragments are also used
in neuroimaging agents in various diseases [35,73]. In this aspect, these studies showed
that a diabody and a triabody penetrate the brain parenchyma more rapidly than the full
length antibody, which in turn enables in vivo imaging of Aβ pathology at an earlier time
point after administration [73].

4.3.1. Role of Fc Receptors

Receptors on the blood–brain barrier bind ligands to facilitate their transport to the
CNS. Therefore, it is hypothesized that by targeting these receptors, therapeutic macro-
molecules (e.g., nanoparticles, antibodies) can be delivered to the CNS [74]. In this regard,
FcRn, LRP, TfR, and IR receptors play an important role in regulating the endocytosis and
transcytosis of IgGs, peptides, and proteins across the BBB (Table 2) [12]. The function and
mechanism of FcRn in regulating IgG recycling have been well characterized. Because of
the protective effects of FcRn against lysosomal degradation of IgG, generating Fc fusion
proteins and modulating the pH dependent affinity between Fc and FcRn has been utilized
to improve the PK of therapeutic antibodies [74]. In vitro studies have shown that FcRn
regulates the transport of IgGs in both directions across the endothelial barriers of blood
vessels, including those in brain, intestine, and placenta [75]. Importantly, studies using

126



Int. J. Mol. Sci. 2021, 22, 6442

immortalized rat brain endothelial cells suggested that the human Fc fragment transports
faster in the brain-to-blood direction than in the opposite direction [76]. These studies
showed that while FcRn mediated the transport of IgGs across peripheral vascular cells in
both directions, FcRn only mediated transport across BBB in the brain-to-blood direction.
Modulating the interaction between Fc and FcRn through protein engineering has been
applied to improve the PK of the therapeutic antibodies. Various studies have shown
that the prolonged half-life and exposures of therapeutic antibodies can be achieved by
increasing the pH-dependent binding affinity between Fc and FcRn [74].

There have been controversial studies on the role of FcRn in regulating the efflux of
IgG from the brain and whether FcRn behaves as an efflux receptor that can transport
antibodies across the blood–brain barrier back into the systemic circulation. One study in
rats suggested that BBB FcRn mediates the efflux of IgG from the brain to the blood [77].
This study showed this efflux mechanism can be avoided when using antibody fragments
devoid of Fc regions (Fab, F(ab’)2 and scFv fragments). Subsequently, another study
investigated the mechanism of Aβ immunotherapy in the clearance of Aβ amyloid peptide
in APPsw mice, a model that develops Alzheimer’s disease-like amyloid pathology [76].
The study showed that anti-Aβ IgG-assisted efflux of Aβ amyloid peptide from the brain
to the blood in wild-type mice was inhibited when the FcRn gene was knocked out. Taken
together, these data suggest that FcRn at the BBB may play a role in regulating IgG-assisted
Aβ amyloid peptide removal from the aging brain.

Unfortunately, other studies have shown that brain distribution and disposition of IgG
is not regulated by FcRn and FcγR [78,79]. In these studies, IgG was injected intravenously
to FcRn knockout and control mice [78]. As anticipated, the plasma clearance of IgG was
increased by about 10 times, and the plasma exposures decreased by 4–5 times in FcRn
deficient mice when compared with the controls. The brain exposure of IgG, however,
was also reduced to a similar extent, and as a result, the brain-to-plasma ratios of IgG
were not significantly different between the FcRn deficient and the controls. In another
study, the role of FcRn in regulating brain IgG disposition was further investigated in
the FcRn knockout, FcγR knockout, and control mice [79]. Compared with controls, the
plasma and brain exposures from FcγR knockout mice were not significantly different,
and the plasma and brain exposures from FcRn knockout mice decreased by 3–4 times
as anticipated. However, similar to what was observed in the previous study, the brain-
to-blood exposure ratio was not significantly different among the knockout and control
mice. Together, these two studies indicate that FcRn and FcγR do not contribute to the
“BBB” that limits IgG uptake into the brain. Similar to what was reported by Garg et al.
and Abuqayyas and Balthasar, recent results from other groups showed that there was
no IgG uptake difference between FcRn knockout and wild-type mice in the brain, which
suggested that FcRn has little effect on the distribution of IgG in the brain [80]. In support
of these findings, a more current study evaluating IgG uptake in tissues for FcRn wild
type and FcRn- constructs indicates that FcRn does not contribute significantly to the brain
for IgG in mice [81]. This study also demonstrates that FcRn does not play a protective
role in the brain. These data are not consistent with previous studies that showed higher
brain uptake for the engineered high-IgG FcRn binder relative to the wild type [82]. As
postulated above, higher brain concentrations of the IgG variant with enhanced binding
to FcRn could result from a role in efflux of IgG, as opposed to influx [76,77]. Further
evidence toward this notion is the fact that the brain expression of FcRn is co-localized
with the glucose transporter 1 (Glut1) in the capillary endothelium, suggesting that FcRn is
expressed in the proper location to potentially mediate reverse transcytosis of IgG from
the brain to the blood [83]. In summary, there is no consensus on the role of FcRn in
influencing the blood-to-brain transcytosis of IgG across the brain endothelial cells (BECs)
despite several notable studies. Indirect evidence of potential FcRn-mediated recycling
was provided by recent studies demonstrating that IgG transcytosis across an in vitro
BBB exhibits a non-saturable and nonspecific mechanism and supports the use of RMT
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approaches or modifications of biophysical properties, such as pI, to achieve improved
brain uptake of therapeutic IgGs [7,84].

4.3.2. Role of Antigen Binding

Trans-BBB delivery methods that use targeting antibodies are often hampered by
limited flux through the BBB. A solution to this problem lies in the rational engineering of
BBB-targeting antibodies. Leveraging knowledge of intracellular trafficking, researchers
have begun to tune selected binding properties of the antibody–antigen receptor interaction.
Engineered binding affinity, avidity, and pH sensitivity have been shown to affect binding,
intracellular sorting, and release, ultimately leading to increased brain uptake of the target-
ing antibody and its associated cargo [7]. The first successful attempts for chimeric proteins
targeting cell receptors initially relied on cationized albumin, which lacked brain selectivity,
and then later IgGs directed against IR or TfR receptors [85]. However, the success of these
initial antibodies was limited by their high affinity, which hindered an efficient release
and penetration into the brain parenchyma [58]. A variety of protein shuttles have been
investigated; most of them are ligands of receptors on the brain endothelium that com-
pete with their endogeneous proteins (e.g., apolipoproteins A and E, receptor-associated
protein, transferrin, lactotransferrin, melanotransferrin, and leptin). Although a few non-
endogenous proteins have been used (e.g., wheat germ agglutinin, non-toxic mutant of
diphtheria toxin), they also have shown moderate efficacy and selectivity [13]. Recent
efforts have leveraged antibody engineering strategies to increase trans-BBB transport and
have highlighted the importance of the antigen-binding and trafficking issues. As shown
in Tables 1 and 2, each targeted receptor may exhibit differential responses to engineered
binding properties, illustrating the need to better understand antibody–antigen receptor
interactions and trafficking dynamics.

Regarding the above, well-designed experiments have engineered the binding proper-
ties of anti-transferrin (anti-TfR) antibodies to study their trafficking and delivery in vitro
and in vivo. First, antibody affinity and avidity for TfR were evaluated, and it was shown
that higher brain uptake of anti-TfR antibodies can be accomplished by lowering antibody
affinity [58]. Intravenous administration of antibodies having a range of affinity to TfR
(Kd = 6.9–111 nM) indicated that at trace doses, mouse brain uptake directly correlated
with affinity, suggesting that receptor engagement at the blood side of the BBB was the key
parameter governing uptake (Figure 1). This figure shows the diagram taken from Goulatis
and Shusta (2017) to illustrate that high-affinity monovalent and bivalent anti-TfR anti-
bodies internalize readily into the early endosomes but then direct the antibody–receptor
complex toward lysosomal degradation, possibly by crosslinking the TfR and altering its
intracellular trafficking [7]. While high-affinity monovalent anti-TfR antibodies can tran-
scytose the BBB, they remain bound to the receptor on the abluminal side, limiting the dose
to the brain. In contrast, low-affinity anti-TfR antibodies decrease antibody-TfR sorting to
the lysosome and can either be recycled back to the luminal side or get transcytosed to the
abluminal side where they dissociate from TfR, leading to increased brain accumulation.
Further, pH-sensitive TfR-binding antibodies that can dissociate from TfR in the acidic
endosome led to increased transcytosis compared with pH-insensitive antibodies. In the
case of the single-domain antibody FC5 (Table 3), increased affinity toward the receptor
leads to an increase in the amount of transcytosed antibody, highlighting the fact that
antibodies utilizing different trafficking machinery may require customized optimization
(Figure 1). However, at therapeutic dosing (20 mg/kg), an inverse correlation was observed,
where the lowered affinity antibody demonstrated greater brain accumulation (up to 0.6%
ID/ g) (Figure 2). These data demonstrate that lowered affinity allows for antibody release
from the TfR at the abluminal membrane, while higher-affinity variants remain bound to
the TfR. Further studies provided the evidence that affinity-derived effects on brain uptake
of anti-TfR antibodies were at least in part caused by altered intracellular trafficking and
lysosomal degradation [37]. The high-affinity anti-TfR antibody was found to be more
prominently trafficked to the lysosome and degraded, resulting in reduced cortical TfR
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levels. Thus, productive trans-BBB anti-TfR antibody trafficking could be increased by
lowering antibody affinity.

Figure 1. A schematic depiction of the various engineering optimization strategies for increased transcytosis of antibodies
and nanoparticles (NPs) across the BBB. High-affinity monovalent and bivalent anti-TfR antibodies internalize readily
into the early endosome (EE) but then direct the antibody–receptor complex toward lysosomal degradation, possibly
by crosslinking the TfR and altering its intracellular trafficking. While high-affinity monovalent anti-TfR antibodies can
transcytose the BBB, they remain bound to the receptor on the abluminal side, limiting the dose to the brain. In contrast,
low-affinity anti-TfR antibodies decrease antibody-TfR sorting to the lysosome and can either be recycled back to the luminal
side or are transcytosed to the abluminal side where they dissociate from TfR, leading to increased brain accumulation.
Similarly, Tf-coated nanoparticles show a higher transcytosis capability when lowering the Tf coating content, resulting in
reduced avidity. Further, pH-sensitive TfR-binding antibodies that can dissociate from TfR in the acidic EE lead to increased
transcytosis compared with pH-insensitive antibodies. In the case of the single domain antibody FC5, increased affinity
toward the receptor leads to an increase in the amount of transcytosed antibody, highlighting the fact that vectors utilizing
different trafficking machinery may require customized optimization. This figure is reproduced from Goulatis and Shusta
(2017) with permission of the copyright owner [7].

Figure 2. Lower-affinity anti-TfRD antibodies (A > D) at therapeutic doses show increased brain
uptake. This figure is reproduced from Yu et al. (2013) with permission of the copyright owner [58].
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In addition to studies of TfR antibody-binding affinity, the role of avidity has also
been explored with similar conclusions. In order to investigate avidity effects on trans- BBB
transport, a Fab fragment targeting the TfR was fused to the carboxy-terminus of an anti-
BACE1 (β-amyloid cleaving enzyme-1) antibody in a bivalent (dFab) or monovalent (sFab)
format [57]. Monovalent binding of an anti-TfR antibody allowed for preferential transcel-
lular transport in brain endothelia, while bivalent binding led to diversion of trafficking
toward the lysosome. The results of this study strongly suggest that differences in TfR-
binding mode led to major differences in intracellular trafficking, which ultimately allows
sFab-associated cargos to cross the BBB. Similarly, another in vitro study has investigated
whether or not pH-insensitive TfR binding could be an additional engineering approach for
regulating anti-TfR antibody trafficking and increasing trans-BBB transport [86]. These data
demonstrated that attenuated binding of an anti-TfR antibody at endosomal pH can lead
to differential intracellular trafficking, ultimately enhancing transcytosis across the BBB.

4.3.3. Role of Biophysical Properties

The majority of small drugs that are used to treat CNS disease have a molecular weight
between 150 and 500 Da [11]. This does not indicate that drugs with a molecular weight less
than 150 or greater than 500 Da are unable to cross. Characteristics that reduce the ability
of small molecules to cross the BBB include a polar surface area in excess of 80 A ◦ and a
high potential for hydrogen bond formation. Additionally, increased number of positive
charges and increased flexibility contribute to BBB crossing. Lipid solubility is a clear
indicator of small drugs that can pass through the BBB [87]. Rules for proteins have some
similarities and some apparent differences from those for small drugs [11]. Most proteins
are poorly soluble in lipids and so would not be expected to penetrate the BBB very well by
trans-endothelial diffusion. However, lipid solubility was a predictor of BBB penetration
for one series of peptides and proteins that had molecular weights ranging from 486 to
6000 Da. The largest substance found to cross the BBB using transmembrane diffusion
thus far is cytokine-induced neutrophilchemoattractant-1, which has a molecular weight
of 7800 Da [88]. This is thought to represent a direct correlation between BBB penetration
and the ability of a drug to deliver cargoes across the cell membrane. One of the primary
factors in determining whether a protein will cross the BBB is its lipophilicity. A strategy
for enhancing the ability of a peptide to cross the BBB is increasing its lipophilicity. There
are a number of techniques able to do this, including alteration of the protein structure,
methylation, halogenation, or acylation. Structural changes, for example covalently binding
the drug to lipidic moieties, such as long chain fatty acids, will increase the lipophilicity of
a peptide [89]. Peptides with a high number of hydroxyl groups tend to promote hydrogen
bonding with water, which leads to a decrease in membrane permeability. Decreasing
hydrogen bonding therefore increases membrane permeability. Ideally, there should be
potential for the formation of fewer than eight hydrogen bonds when developing new
drugs. Methylation is one method used to reduce hydrogen bonding. This illustrates an
important point for protein modifications: that the location and type of modification play a
significant role in improving BBB transport of your peptide of interest [11]. Halogenation
of peptides and proteins can also lead to increased lipophilicity and BBB permeability.
The increase in BBB transport of peptides was dependent on which halogen was utilized;
chloro and bromo additions increased BBB transport, while fluoro and iodo additions had
no effect [90]. An alternative approach is acylation of the N-terminal amino acid, which
can increase the lipophilicity of peptides and proteins. For example, acylation of insulin
improved its ability to cross the BBB while maintaining its pharmacological effects. Another
approach involves glycosylation and hyperglycosylation of therapeutic proteins [91]. In
this case, the in vivo results showed that glycosylation is required to maintain protein
exposure in blood and proved to increase protein uptake into the CNS [92].

Along these lines, the large change in biophysical properties induced by therapeutic
cargoes and the distinct location of the targets of these drugs inside the brain has limited
the universal aspiration of most BBB shuttles [13]. Hence, in general, each protein shuttle
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is prominent in the delivery of a particular family of cargoes. There are many receptors
and carriers that are overexpressed on the BBB (Table 2), which can mediate the transport
of specific ligands and their cargoes. Additionally, the membrane of the BBB is negatively-
charged and shows high affinity with positively charged compounds, which could also
trigger the internalization by cells [9]. Thus, these kinds of ligands could mediate the
penetration of macromolecules through the BBB. Efficient transport of macromolecules
across the BBB through endocytic mechanisms involves both specific (receptor-mediated
transcytosis) and/or nonspecific (adsorptive-mediated transcytosis) interactions with pro-
teins and receptors expressed on the brain endothelial cell surfaces. In adsorptive-mediated
transcytosis, endocytosis is generally promoted by the interaction of the often positively
charged molecule with membrane phospholipids and the glycocalyx [13]. The most com-
mon approach relies on enhancing positive charge, in order to mediate interaction with
the anionic glycocalyx. However, this approach leads to higher unspecific uptake in many
other tissues, often resulting in off-target effects, which in addition requires a high degree of
tailoring for certain small molecules that are rarely applicable to biotherapeutics. Another
approach for drug delivery to the CNS, as shown in the previous section, focuses on BBB
shuttles that allow the transport of a wide range of molecules, comprising small molecules,
proteins, nanoparticles, and IgGs across the BBB. Substrates of natural carriers such as
glucose and neutral amino acids have been applied to transport small molecules through
their natural carriers on the BBB, while for biomolecules the focus has been set on receptor
ligand proteins (Table 2) since endocytic pathways tolerate a high cargo load [13].

A common goal for therapeutic antibodies is to extend plasma half-life as a means to
increase exposure, often expressed in terms of the area under the plasma concentration-time
curve [74]. In contrast, cationization tends to shorten plasma half-life due to an enhance-
ment in both the rate and the magnitude of tissue distribution. However, cationization
might prove to be a useful strategy in specific applications in which prolonged antibody
exposure may be sacrificed for the sake of rapid, enhanced tissue uptake (e.g., targeting an-
tibodies to efficiently cross the BBB) [93]. Cationization of antibodies has also been explored
as a means to encourage extravasation, antigen binding, and receptor-mediated endocytosis
of antibodies into target cells [94]. In contrast to native Abs, which are generally excluded
from cell membranes in the absence of receptor-mediated endocytosis, cationized Abs are
better able to reach the intracellular space via absorptive-mediated transcytosis (AMT).
Electrostatic interactions between positively charged proteins and negatively charged cell
membranes could permit cell entry via nonspecific membrane flow and have been impli-
cated in the mechanism by which cationized antibodies are rapidly endocytosed by cells
in vitro. A similar phenomenon is suggested to induce absorptive-mediated transcytosis
across microvascular endothelial barriers in vivo [94]. This interaction also occurs further
with sialic acid moieties on the luminal surface and heparin sulfate group on the abluminal
surface. AMT of cationized albumin is triggered by this electrostatic interaction and results
in the transport of the moiety across the BBB [93]. The use of cationized albumin for the
transport of β-endorphin, a very large molecule that cannot cross the BBB, has been re-
ported in rats [95]. After conjugation with cationized albumin brain uptake of β-endorphin
was increased. When the isoelectric point of antibodies is raised from neutral to highly
alkaline, cationized antibodies are formed. These antibodies are used mainly as neuroimag-
ing agents in various diseases, including brain tumors, AD, and stroke [96]. Mechanisms
governing the passage and partitioning of small molecule drugs and antibodies across
the BBB have also been the subject of several reviews and modeling studies [29,97,98].
While the distribution of small molecules is influenced by multiple factors, including drug
liposolubility, free vs bound concentrations in blood and brain fluids, and their (bidirec-
tional) transport via BBB carriers and efflux pumps, some of these processes may not be
important in the case of some biologic molecules [61]. For example, antibodies (including
VHHs) are not substrates of efflux pumps and their “bound” concentration in body fluids
can be considered negligible in most cases. Their paracellular “filtration” across the BBB
is essentially completely restricted by tight junctions of brain endothelium and choroid

131



Int. J. Mol. Sci. 2021, 22, 6442

plexus epithelium, respectively. In the absence of specific transport mechanisms such as
the RMT, they therefore can access the brain only via a low-rate nonspecific adsorptive
endocytosis. To discover new antigen−ligand systems for transvascular brain delivery, a re-
cent study developed a method for functional selection of brain microvascular endothelial
cell-specific internalizing and transmigrating antibodies [62] from a phage-display llama
single-domain antibody (sdAb) library (Table 3). sdAbs are the VHH fragments of the
heavy-chain IgGs, which occur naturally in camelid species and lack light chain, and are
half the size (15 kDa) of a single-chain antibody (scFv) [99]. These sdAbs have been shown
to internalize into the brain’s endothelial cell and transmigrate in an in vitro BBB model
via a saturable, energy-dependent and charge-independent process; pretreatment of cells
with highly cationic protamine sulfate did not affect sdAb transcytosis [100]. Similarly, two
positively charged control antibodies, showed minimal “passive” transcytosis in an in vitro
BBB model. As such, it can be assumed that CSF levels of control sdAb, which does not
bind any known receptor in mammals, are representative of nonspecific passive uptake
processes (macropinocytosis; adsorptive endocytosis) of large, hydrophilic, and positively
charged biologic molecules at the BBB.

Nevertheless, as discussed above, other antibodies and single-chain antibody frag-
ments have also been developed as “Trojan horse” bispecific antibodies for delivery of
therapeutics via RMT, including IR and TfR receptor antibodies; the extensive literature on
these antibodies reports a range of their serum/brain partitions (from 0.1% to 4% ID/g vs
0.06% ID/g for IgG) [58]. Due to a lack of comparative studies using the same experimental
and analytical methods as well as vast differences in size and pharmacokinetics, the direct
comparison between known antibody “Trojan horses” with unmodified single-domain
antibodies (sdAbs) remains difficult. These sdAbs will require further engineering for
improvement of their plasma half-life and potentially their binding properties before
their comparative assessment with similar antibody RMT technologies can be properly
performed [61].

5. Conclusions and Outlook

This review focuses mainly on the historic trends and current practices of research and
development activities involving the BBB as a complex interface between the blood and the
CNS, essentially for the targeted delivery of antibodies to treat neurodegenerative diseases.
It is well established that nearly 0.1% of circulating biotherapeutics, i.e., recombinant
proteins or gene-based medicines, cross the BBB [42,45]. Hence, improving brain exposure
for at least some of these molecules is the ultimate goal of the brain delivery systems. It
has been proposed that CNS diseases can be initiated by several mechanisms, including
decreased cerebral blood flow, perturbation of transporters, BBB disruption, deformations
of capillaries, and secretion of neurotoxic substances by the BBB. Thus, the BBB may have
a fundamental role in brain diseases [40,98]. Nonetheless, the BBB is intimately involved
in crosstalk with the rest of the CNS and peripheral tissues and is crucial for normal
brain pressure and functioning, and therefore, perturbation of its function might have
physiologic consequences. As shown in Tables 2 and 3, different physiological approaches
are used to deliver biotherapeutics in the brain parenchyma. Generally, the techniques
used involve direct injection or infusion of therapeutic compounds into the brain or the
cerebro-ventricles or the CSF. All these approaches, however, are severely limited by poor
distribution into brain parenchyma [14]. In fact, the most promising new technology uses
a physiological approach to take advantage of endogenous receptors highly expressed
at the BBB (e.g., TfR and IR). Fundamentally, this latter approach has been employed by
cells of the BBB to enhance the delivery of antibodies across the BBB by receptor-mediated
transcytosis. While the physiological approach has the potential to achieve improved
brain delivery and to play a significant role in the treatment of CNS disease, in vivo
preclinical studies quantifying antibody levels systematically and determining antibody
activity relationship in the brain is difficult [56,101]. Despite these challenges, however,
current efforts are focused on developing newer generations of antibody therapeutics that
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can cross or otherwise interact with the BBB for optimal in vivo benefit. For now, exploiting
TfR receptors for delivering antibodies across the BBB may not be the answer to the brain
targeting question [68]. However, the research performed with the available anti-TfR
antibodies has provided invaluable insight into the mechanisms of action of receptors at
the BBB and has also helped to highlight protein engineering issues that must be addressed
in order for a successful BBB shuttle to be developed. Additionally, perhaps the most
challenging aspect of moving anti-TfR antibodies to the clinic is the lack of species cross
reactivity observed in the available antibodies. To solve this problem, antibodies are being
engineered for use in each species under investigation, or transgenic mice are generated to
express human antigens that tolerize them to humanized antibodies, something that will
add significantly to development costs.

Moreover, in search of a solution to increase the penetration of antibodies in the brain,
it is likely that all of the parameters described earlier, such as target interaction, FcRn
binding, molecular size, and surface charge, are likely to play a part in the trafficking
of anti-receptor antibodies across the BBB. As mentioned above, there is no consensus
on the role of FcRn in influencing the blood-to-brain transcytosis of IgG across the brain
endothelial cells (BECs), despite several notable studies that support the modifications
of biophysical properties, such as pI, to achieve improved brain uptake of therapeutic
IgGs [7,84]. Special attention is also being given to lipophilicity and overall surface hy-
drophobicity, since there is a tendency for those parameters to play a significant role in
the BBB transport of proteins [90,92,102]. Only through the systematic evaluation of all
of these parameters will it become clear which, if any, is the most important to have an
effect on the PK of the brain interstitial space [103]. In the past decade, innumerable
preclinical studies have been reported on the use of real-time imaging with targeted drug
delivery, and this strategy has now matured with promises to assess the distribution and
uptake of protein drugs [104]. For example, it has been shown that molecular imaging
technologies like PET and SPECT have made important contributions to enable brain
imaging of recombinant antibodies that are engineered for BBB transport, particularly in
determining drug pharmacokinetics of directly labeled antibodies [35,36,105]. Additional
evidence for the sensitivity of antibody PET imaging is provided by a study where a
recombinant bispecific antibody was radiolabeled with I-124 and then administered in two
transgenic AD and wild-type mice at different ages [73]. This study demonstrates that
antibody-based PET is able to visualize and quantify early formed Aβ assemblies (Figure 3)
and may become a valuable tool for disease staging of AD patients and for monitoring the
effects of Aβ-directed treatment. Additionally valuable in the setting of advanced CNS
imaging is the assessment of brain uptake and changes in BBB integrity, which will help to
accelerate drug development by assisting in understanding and defining the challenges to
translating molecularly targeted agents to the brain [10]. In this aspect, the current trend in
drug discovery is to consider classical absorption, distribution, metabolism, and excretion
(ADME) studies in parallel with imaging studies, enabling differentiation between bio-
physical and binding properties and their delivery to the brain. Such classical rules have
the advantage of being very simple, as well as being easy to interpret. Their drawback,
however, is that they do not take into consideration uncertainties in measurements and
calculations as well as the pharmacological effect and toxicity requirements. Meanwhile,
the release of an antibody drug in the brain should be accurately monitored and controlled
in situ or in real-time [106,107]. It is also important to keep in mind that although no single
technology currently provides all the answers, integrating different modalities into other
in vivo methodologies (e.g., QWBA, microautoradiography, PET, and SPECT) can enhance
our quantitative understanding of spatial brain distribution [32,36]. Furthermore, the brain
is a highly vascularized organ with a relatively high proportion of endothelial cells. In
determining the concentration of a therapeutic protein in the brain parenchyma, it is critical
to ensure that the methods used for assessing distribution are capable of distinguishing
endothelial uptake from parenchymal uptake [31]. Thus, this approach indicates that it
would be more appropriate to establish a high-quality preclinical assessment of ADME,
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PK, and safety/toxicity studies with an emphasis on activity in the CNS, which will permit
the parallel optimization of pharmacological response and druggability properties.

 

Figure 3. Sagittal PET images obtained at 3 days after administration of the bispecific antibody radiolabeled with I-124
in two transgenic mouse models of AD (ArcSwe and Swe) and wild-type (WT) mice at different ages (12, 18, and 24
months). Quantification of the radiolabeled antibody in brain tissue showed an increasing signal intensity with age (i.e.,
with increasing Aβ pathology) in the two transgenic AD animal models, while brains of WT mice were devoid of signal
regardless of age. This figure is reproduced from Sehlin and Syvänen (2019) with permission of the copyright owner [73].

In addition to classical ADME studies, generation of in silico physiologically based
pharmacokinetic (PBPK) models by incorporating PKPD data and safety profiles as a
tool for the treatment of CNS diseases has attracted great interest from pharmaceutical
scientists and are likely to be crucial to the development of novel antibody-based thera-
peutics [28,29,108–111]. Further, the high-throughput and low-cost nature of these models
permit a more streamlined drug development process in which the identification of anti-
body structural optimization can be guided based on a parallel investigation of CNS uptake
and safety, along with activity [112]. Hence, the development of in vivo and especially
in silico models can be an instrumental tool for predicting the association between BBB
penetration and the profile of expected human response for a specific antibody drug against
a specific target. This approach will greatly help to simplify the practical difficulties and
circumvent potential ethical controversies [106]. In essence, by simultaneously optimizing
the antibody molecule in the light of their biophysical and molecular properties, BBB
penetration, and activity, it should prove possible to identify a highly qualified clinical
candidate and consequently enable faster development of therapeutic antibodies [70]. Al-
though delivery of antibodies to the CNS shows great promise, a greater understanding
of CNS physiology and pathophysiology is still needed. Accordingly, it would be vital
to characterize further the physiological and vascular attributes such as perfusion, blood
volume, and permeability to protein drugs in various CNS compartments [30,43]. Never-
theless, it is believed that the various methods historically used to assess BBB permeability
or dysfunction in mouse models of human disease have led to many disparate findings. For
example, early studies showed that the BBB is disrupted in Alzheimer’s disease models,
potentially increasing drug permeability [113]. However, more recent data have shown
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that the BBB remains intact in multiple preclinical models of Alzheimer’s disease (AD) [38].
Thus, the current lack of in vivo validation of BBB permeability in neurodegenerative
diseases and the lack of controlled studies hinder the understanding of antibody deliv-
ery through the BBB. Moreover, robust characterization of preclinical disease models is
necessary for predicting drug delivery to target tissues and for interpreting correctly the
pharmacodynamic responses to disease-modifying biotherapeutic candidates.

After a decade of intensive engineering of antibodies followed by preclinical testing,
scientists are still seeking a variety of strategies for optimizing their use as powerful
therapeutic agents, particularly for targeted delivery to the CNS for the treatment of
neurological disorders. With recent advances in scaffold design, construction, and selection
methodologies, there is now a rapid process for recombinant synthesis of specific antibodies
differing in affinity and molecular properties against virtually any BBB target [49,114]. For
example, in vivo studies showed an enhanced brain uptake of antibodies with novel BBB
targets but doing so, while remaining in the range of manageable safety and efficacy, is
still challenging [115]. In the case of antibody modifications, it remains to be seen whether
modern genetic engineering may affect the pharmacokinetics, biodistribution, therapeutic
index, or safety profiles due to immunogenicity [116]. As a consequence of all these minor
modifications, immunogenicity concerns are still under investigation by drug regulatory
agencies, since their potential for immunogenicity can alter ADME properties, thereby
greatly confounding the interpretation of PK/PD assessments [116,117].

To date, great progress has been made with the brain shuttle approach, which has
proved to be successful in improving the CNS exposure of some of the large molecules with
poor brain permeability, such as bispecific TfR antibodies [4,108,109]. However, further
developments are still needed for this approach to become a more robust technology. Until
then, fine-tuning of the biophysical and binding properties for optimal brain exposure
will remain a staple of CNS drug discovery and development [42]. More importantly, in
order to increase further our knowledge regarding the effects of antibody modification on
brain-targeted uptake and efficacy, additional clinical studies using relevant animal species
and disease models need to be implemented [118,119]. Finally, MRI-guided FUS delivery
to the CNS still has great promise and provides the opportunity to improve biotherapeutics’
bioavailability locally and to improve their therapeutic profiles. In summary, targeted CNS
biotherapeutics is an ever expanding and challenging but important field of study [120,121].
In fact, until now, there is only one human monoclonal antibody aducanumab (under the
brand name AdulhelmTM), that has been FDA-approved for the treatment of people with
AD. The approval was granted this year based on data from clinical trials demonstrating
that aducanumab targets aggregated forms of β-amyloid, a biomarker that is reasonably
likely to predict clinical benefits. Thus, since more investigators across academia and
industry have joined the race to increase the uptake of antibodies across the BBB, there
is good reason for optimism for additional FDA-approved CNS biotherapeutics in the
near future.
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Abstract: Cardiovascular disease is the leading cause of death worldwide, and its prevalence is
increasing due to the aging of societies. Atherosclerosis, a type of chronic inflammatory disease that
occurs in arteries, is considered to be the main cause of cardiovascular diseases such as ischemic
heart disease or stroke. In addition, the inflammatory response caused by atherosclerosis confers a
significant effect on chronic inflammatory diseases such as psoriasis and rheumatic arthritis. Here,
we review the mechanism of action of the main causes of atherosclerosis such as plasma LDL
level and inflammation; furthermore, we review the recent findings on the preclinical and clinical
effects of antibodies that reduce the LDL level and those that neutralize the cytokines involved in
inflammation. The apolipoprotein B autoantibody and anti-PCSK9 antibody reduced the level of
LDL and plaques in animal studies, but failed to significantly reduce carotid inflammation plaques in
clinical trials. The monoclonal antibodies against PCSK9 (alirocumab, evolocumab), which are used
as a treatment for hyperlipidemia, lowered cholesterol levels and the incidence of cardiovascular
diseases. Antibodies that neutralize inflammatory cytokines (TNF-α, IL-1β, IL-6, IL-17, and IL-12/23)
have shown promising but contradictory results and thus warrant further research.

Keywords: atherosclerosis; inflammation; antibody therapy

1. Introduction

Cardiovascular disease is the leading cause of death in populations worldwide, and
the prevalence of aging-related chronic diseases is increasing every year. According to
a survey by the World Health Organization (WHO), 17.9 million people died due to
cardiovascular disease in 2016, accounting for 31% of total deaths worldwide [1]. Of the
cardiovascular disease-related deaths, 85% are caused by heart attacks and strokes, and the
most significant cause of the two diseases is the blockage of blood vessels. Atherosclerotic
lipid-laden plaques are the major etiology factors for blood vessel blockage, and as these
plaques are stacked inside the sub-endothelial space (i.e., the intima), the walls of the vessel
become narrow and physically interfere with the blood flow [2,3]. Since atherosclerosis is
asymptomatic until the occurrence of remarkable phenomena, early detection is difficult.
As such, the prognosis is poor in most cases, which directly links to the high mortality
rates [2].

Yet, the currently available modes of treatment for atherosclerosis are limited to statin,
ACE inhibitor, and β-blocker, among which statin is the most studied and used as first-line
therapy [4]. Statin, which is used as a treatment for hyperlipidemia, functions by lowering
the LDL levels; importantly, a meta-analysis of several randomized controlled studies on
statin reported that statin reduced both the mortality from all causes and the incidence
rates of atherosclerotic cardiovascular diseases [5]. This suggests that lipid is a critical
factor in atherosclerosis.

Atherosclerosis has been considered to be caused by increases in cholesterol. The
complexity of atherosclerosis and the involvement of various risk factors call for further
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research, but it is well-known that increases in cholesterol mark the beginning of atheroscle-
rosis [6–9]. Increase in the concentration of LDL-C (low-density lipoprotein cholesterol)
above the physiological need leads to the accumulation of LDL in the intima of the arteries
and the development of atherosclerosis [10]. The lipid infiltrated into the intima becomes
oxidized LDL (oxLDL) through oxidative modification and is engulfed by macrophages
derived from monocytes to generate foam cells [11]. The form cells are held in the intima
and their migration is inhibited, and thereby build up the lipid-rich center (necrotic core)
of atherosclerotic plaques by being combined with cholesterol and apoptotic, necrotic cells
(Figure 1) [12,13].

Figure 1. Mechanism of atherosclerosis formation.The development of atherosclerosis begins when
low-density lipoprotein (LDL) particles infiltrate the intima layer and accumulate. Within the intima,
LDLs form oxidized LDL (oxLDL) through myeloperoxidase and lipoxygenase, bind to the scavenger
receptor of macrophage-derived foam cells, and activate the foam cells. Activated foam cells induce
inflammation by secreting cytokines through several downstream signals. Concurrently, smooth
muscle cells in the media layer migrate to the intima and are transdifferentiated into macrophage-like
cells, and under the influence of the cytokines secreted from foam cells, secrete cytokines such as IL-6
to promote inflammation. In the intima, oxLDL increases the expression of adhesion molecules at the
endothelial cell surface, leading to the recruitment of monocytes and other immune cells, and promote
synergy with the aforementioned phenomena to induce the formation of atherosclerotic plaques.

Another key mechanism that drives the development of atherosclerosis is immune/
inflammation [14]. Endothelial cells at the site of the accumulation of the modified lipopro-
tein express VCAM-1 (vascular cell adhesion protein 1), which functions as an adhesion
molecule to recruit circulating monocytes and other immune cells [15]. All cells that
contribute to the development of atherosclerosis—macrophages differentiated from mono-
cytes, recruited leukocytes, and smooth muscle cells that migrated from the media to the
intima—produce and secrete various cytokines, such as tumor necrosis factor (TNF)-α,
interleukin (IL)-1β, and IL-6 to promote plaque growth [16]. Through the effects of several
pro-inflammatory cytokines, atherosclerosis develops and the plaques are destabilized. Ac-
cordingly, a number of antibodies have been developed to specifically target and neutralize
the pro-inflammatory cytokines that are involved in the development of atherosclerotic
plaques (Figure 2).
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Figure 2. Antibodies targeting cytokines and cytokines acting on atherosclerotic plaque. Atheroscle-
rotic plaque consists of lipid, apoptotic cells, immune cells, smooth muscle cells, and endothelial cells.
These cells induce inflammation by secreting specific cytokines. Among them, IL-1β, TNF-α, IL-17,
IL-6, and IL-12/23 are under investigation as therapeutic targets for atherosclerosis, and a number of
antibodies have been developed to target each cytokine.

Along with the aforementioned pathogenesis studies on atherosclerosis, many phar-
macological and clinical studies have been carried out [17]. This review will focus on
the studies of antibody-based treatments targeting LDL and pro-inflammatory cytokines
(Table 1). Therapeutic antibodies are stable molecules to be used as targeting reagents.
They have an ability to bind to target proteins with high specificity and affinity. Despite
of several limitations including unclear mode of action, inefficient tissue penetration and
impaired immune reactions, current technological advances in antibody engineering have
enabled the successful translation of antibody drugs to the clinic [18,19]. Currently, more
than 79 antibody drugs are approved by the United States Food and Drug Administration
(US FDA), and more than 570 antibody therapies around the world are under study [20].
Development of antibody drugs against pro-atherosclerotic factors also will play a major
role in the treatment of cardiovascular diseases and inflammation.
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Table 1. Summary of antibody based clinical trials.

Therapeutic/Study
Name

Antibody
Name

Target Patients Result

GLACIER MLDL1278A
oxLDL

(MDA-modified
human ApoB-100)

CVD patients Non significantly reduce carotid plaque

FOURIER Evolocumab PCSK9
patients with clinically
evident CVD(prior MI,

stroke or PAD)

LDL-C level and primary outcomes (MI, stroke,
cardiovascular death, coronary revascularization,

unstable angina) reduction

ODYSSEY Alirocumab PCSK9 patients diagnosed with
ACS

LDL-C level and primary outcomes (non-fatal MI,
ischemic stroke, unstable angina) reduction

SPIRE Bococizumab PCSK9 CV or high risk patients LDL-C level and primary ennpoint reduction in
LDL-C >100 mg/dL group

ATTACH Infliximab TNF-α Heart failure Deteriorated heart failure

STROBE (follow up
study) Infliximab TNF-α Psoriasis Significantly reduce the cardiovascular risk

Di Minno et al. [21] Adalimumab,
Infliximab TNF-A Psoriatic arthritis Decreased atherosclerosis of carotid artery

CANTOS Canakinumab IL-1B CAD after MI + hsCRP
Decreased hsCRP level and incidence of the

primary endpoint (nonfatal myocardial infarction,
stroke, cardiovascular death)

ASSIL-MI Tocilizumab IL-6 ACS Increased myocardial salvage

Mease et al. [22] Secukinumab IL-17 Psoriatic arthritis Non significant increased MACE

Uncover Ixekizumab IL-17 Moderate to severe
psoriasis

Reduced Psoriasis Area and Severity Index (PASI)
score

Langley et al. [23] Briakinumab IL-12/23 Psoriasis Increased MACE

Uniti Ustekinumab IL-12/23 Moderate to severe
Crohn’s disease Significantly higher rate of response

2. LDL- or oxLDL-Lowering Therapies

2.1. Apolipoprotein B Autoantibody

Previous studies reported that high concentrations of autoantibodies that recognize
various epitopes of oxidized LDL are found in atherosclerotic plaques [24,25]. In addi-
tion, animal studies using IgG antibodies specific to the epitope of oxidized LDL showed
the atheroprotective effects such as decreases in atherosclerotic plaque inflammation and
plaque area [26,27]. The immunization of apoE-deficient mice with MDA-p45, an MDA-
modified apo B-100 peptide, increased the levels of MDA-p45 IgG and decreased atheroscle-
rotic plaques. Experiments using anti-p45 IgG consistently demonstrated the inhibition of
the development of atherosclerotic plaques, and showed the potential benefit of anti-p45
therapy [26,28]. MLDL1278a, which targets oxLDL (MDA-modified human ApoB-100),
confers an anti-inflammatory effect by regulating Syk, p38 MAPK phosphorylation, and
NF-κB. In subsequent experiments in obese Rhesus macaques, MLDL1278a was shown
to significantly reduce pro-inflammatory cytokines and enhance the function of immune
cells [29]. However, clinical results showed that the levels of MDA-modified peptide
p45 and p210 autoantibody were inversely proportional to the severity of arterial disease;
moreover, the GLACIER (Goal of Oxidized LDL and Activated Macrophage Inhibition
by Exposure to a Recombinant Antibody) study, which was a multicenter, randomized,
double-blind trial, showed that anti-oxLDL antibody did not significantly reduce carotid
plaque inflammation in stable patients with cardiovascular disease [30–32]. In response
to this trial, it was suggested that the plaque inflammation level of the patients included
in the clinical trial was not high enough to be effective for the antibody therapy; however,
there was no explanation for the contradiction in the results [31]. Despite some uncertainty,
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multiple experiments and clinical studies have demonstrated the atheroprotective effects
of autoantibodies targeting oxLDL, which suggest its potential for use as an atherosclerosis
antibody therapy [33].

2.2. PCSK9 Inhibitor

High concentration of LDL-C in the plasma is a crucial factor for atherosclerosis [34,35].
Therefore, reducing LDL-C is a key mechanism for the alleviation of the disease, and the
molecular mechanism for LDL-C reduction involves PCSK9. Circulating LDL in the plasma
is internalized by binding with LDL receptors on the cell surface. The internalized LDL
particles are then moved to the lysosome and degraded, and the LDL receptor is recycled
and expressed on the cell surface [36]. However, in the presence of PCSK9, the LDL
receptor binds to PCSK9 and forms a PCSK9-LDL receptor-LDL complex. This complex is
internalized into the cell and transferred to the lysosome, resulting in the degradation of
both LDL and LDL receptors [37,38]. Consequentially, LDL receptors cannot be reused, and
the abundance of LDL receptors on the cell surface is reduced, thereby leading to increases
in the plasma level of LDL particles that serve as the trigger of atherosclerosis [37,39,40].

Accordingly, a previous study suggested that the serum level of PCSK9 may be useful
as a predictive factor for early atherosclerosis, considering that the expression of PCSK9
was high in the plasma of patients with carotid IMT [41]. The E670G mutation in PCSK9
leads to an increase in enzyme activity, increases the intima-media thickness (D374Y),
and decreases the level of hepatic LDL and the development of atherosclerotic plaque in
pigs [42,43]. In contrast, a study using loss-of-function mutation for PCSK9 demonstrated
that it was associated with the maintenance of low cholesterol levels and subsequent
reduction in atherosclerotic disease [44,45]. Based on these results, PSCK9 was highlighted
as the therapeutic target of atherosclerosis, and several studies have been conducted to
test the potential for functional inhibition of PCSK9 using antibody mechanisms. The
monoclonal antibodies that could interfere with the interaction of LDLR and PCSK9 were
obtained [46,47] and it was found that these monoclonal antibodies increase the cellular
LDL receptor and lower the level of LDL-C, so the clinical studies of the antibody as a
PCSK9 inhibitor were promoted [48–50].

Two of the most well-known human monoclonal antibodies targeting PCSK9 are
alirocumab (Praluent) and evolocumab (Repatha), both of which were approved in the U.S.
and European Union [51]. The FOURIER (Further Cardiovascular Outcomes Research with
PCSK9 Inhibition in Subjects with Elevated Risk) trial, which was conducted to verify the
clinical effect of evolocumab, enrolled 27,564 high-risk patients with a history of myocardial
infarction, non-hemorrhagic stroke, or symptomatic peripheral artery disease, all of whom
continued to take statin while being administered with evolocumab or placebo [52,53].
The study patients were followed-up for 2.2 years and the incidence of cardiovascular
abnormalities was evaluated by dividing into the primary and secondary outcomes accord-
ing to gradual decreases in the LDL levels [54]. After 48 weeks, the LDL-C levels in the
evolocumab group decreased by 59% compared with that in the placebo group; moreover,
the incidence of the primary outcomes of MI, stroke, cardiovascular death, coronary revas-
cularization, and unstable angina was lower in the evolocumab group (9.8%) than in the
placebo group (11.3%) [34,44,52,53].

The ODYSSEY (Evaluation of Cardiovascular Outcomes After an Acute Coronary
Syndrome During Treatment With Alirocumab) trial is a representative clinical trial on the
safety and efficacy of alirocumab, another human monoclonal antibody targeting PCSK9.
From 1315 sites, the ODYSSEY trial enrolled 18,924 patients diagnosed with acute coronary
syndrome (ACS) within 12 months prior to study inclusion [55]. After 2.8 years, the LDL-c
level in the alirocumab group was 54.7% lower than that in the placebo group, and the
incidence of the primary outcome of non-fatal MI, fatal or non-fatal ischemic stroke, and
unstable angina requiring hospitalization was lower in the alirocumab group (9.5%) than
in the placebo group (11.1%) [52,56].
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Unlike the evolocumab and alirocumab, the bococizumab, another antibody against
PCSK9, is a humanized mouse antibody. Two large scale trials were conducted in parallel,
Studies of PCSK9 Inhibition and the Reduction of Vascular Events (SPIRE) −1 and −2′, and
the trials randomized 27,438 cardiovascular disease or high risk patients. The participants
received 150 mg of bococizumab or placebo subcutaneously every 2 weeks. After 14 weeks,
LDL-C level of bococizumab group showing 59% reduction compared with placebo. And
primary endpoints were 21% lower in high-risk patients with LDL-C >100 mg/dL, but no
significant results were obtained in lower-risk patients. More studies are being conducted
based on these clinical results [52,57–59].

These clinical trials demonstrated that monoclonal antibodies against PCSK9 could
dramatically lower the LDL-C level and reduce the risk of atherosclerotic cardiovascular
disease. Based on these results, the 2018 ACC/AHA Multisociety guidelines recommended
the use of PCSK9 inhibitors in patients with a very high risk of atherosclerotic cardiovas-
cular disease [60,61]. In addition to the antibodies mentioned above, many studies have
investigated the efficacies of LDL-lowering drugs such as PCSK9 siRNA, and bempedoic
acid [53,62].

3. Cytokine-Targeting Therapy

3.1. Anti-TNF-α

TNF-α is an essential cytokine involved in adaptive immunity during the process
of atherosclerosis [63]. The mRNA of TNF-α is synthesized from smooth muscle cells
and macrophages present in the atherosclerotic plaques [64]. Importantly, TNF-α was
steadily increased in patients after MI who were being monitored for recurrent MACE
(major adverse cardiovascular events). As inflammation was shown to play a critical role in
cardiovascular disease, the pro-inflammatory cytokine TNF-α was highlighted as a potent
therapeutic target for cardiovascular disease [65].

In an animal experiment investigating the pathological effect of TNF-α on atherosclero-
sis, it was found that when the TNF-α gene was deficient, the expression levels of adhesion
molecules and chemokines were altered and led to the inhibition of the development of
atherosclerosis [66]. However, experiments with mice with genetic deletion of the TNF-α
receptor showed contrasting results. Since TNF-α is a pro-inflammatory cytokine, it was
expected that the deficiency of TNF-α would protect against atherosclerosis; however, the
size of aortic atherosclerosis lesion in TNF-α-null mice was 2.3 times larger than that in
wild-type mice [67].

Anti-TNF-α therapy using monoclonal antibodies that specifically bind to and neu-
tralizes TNF-α has been studied for a long time and has led to significant advances in the
treatment of rheumatoid arthritis [68]. In pilot clinical trials determining the effectiveness of
anti-TNF-α monoclonal antibody on psoriatic arthritis, carotid atherosclerotic plaques were
found in 15.8% of patients who received TNF-α blockers, in contrast to 40.4% of those who
received traditional DMARD consisting of sulfasalazine, methotrexate, cyclosporine, and
leflunomide [21]. A clinical trial using the anti-TNF-α antibody infliximab also showed that
the use of TNF blocker resulted in lower events of cardiovascular disease in patients with
rheumatic diseases compared with no treatment [69]. In another clinical trial that examined
the 5-year cardiovascular events in patients with psoriasis, which was associated with
cardiovascular disease, anti-TNF-α antibody therapy was shown to significantly reduce
the cardiovascular risk compared with other treatments [70].

Aside from infliximab, other antibodies such as adalimumab, golimumab, and cer-
tolizumab pegol also target TNF-α. Adalimumab and golimumab are human monoclonal
antibodies, and certolizumab pegol is a PEGylated fragment of an anti-TNF-α antibody [71].
Adalimumab therapy in psoriasis patients for 2 years significantly reduced hsCRP, E-
selectin, and IL-22, and had a positive effect on reducing systemic inflammation [72]. A
phase 3 clinical trial showed that compared with those who received placebo, patients
with moderate-to-severe psoriasis who received certolizumab pegol were more likely to
show reductions in PASI score 75 (Psoriasis Area and Severity Index score >75%) [73]. Goli-
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mumab has been approved as a monotherapy for the treatment of inflammatory arthritis
such as rheumatoid arthritis and psoriatic arthritis; [74] the stability and effectiveness of
golimumab were verified in several phase 3 studies, and the effect was not inferior when
indirectly compared with other anti-TNF-α therapies [75].

Despite the body of experimental and clinical evidence, there are limitations in the
role of anti-TNF-α therapy as its clinical benefit has not been demonstrated in heart
failure. The randomized, double-blind Anti-TNF Therapy Against Congestive Heart
failure study was conducted in patients with moderate-to-severe heart failure, in whom
infliximab therapy for 6 weeks did not result in symptom improvement and the risk of
heart failure aggravation was increased when infliximab was administered at a high dose
(10 mg/kg) [76]. The mechanism of the negative outcome of high-dose anti-TNF-α therapy
has not been identified. Moreover, the results in lupus, obesity, metabolic syndrome, and
type 2 diabetes are inconsistent, and further studies are needed for anti-TNF-α therapy to
be used in a variety of diseases [77].

3.2. Anti-IL-1β

IL-1 signaling leads to the expression of secondary inflammatory cytokines such as
IL-6; therefore, IL-1 is a critical factor in the process of atherosclerosis [78]. The IL1 gene is
translated into two forms, IL-1α and IL-1β, of which the β form plays a more important role
in inflammation [79]. IL-1β exists in the inactive form, pro-IL-1β, and is cleaved by caspase
1 enzyme to be converted into the biologically active form, IL-1β [80]. The expression of
IL-1β is increased through mediators such as cholesterol crystals and TNF-α [81]. IL-1β
has not been studied as a biomarker for cardiovascular disease because unlike hsCRP and
IL-6, it is difficult to directly measure its levels in the plasma; nevertheless, many studies
have been conducted to examine its role as a therapeutic target in atherosclerosis [79].

In a murine experiment, mice with double-knockout of ApoE and IL-1β had signifi-
cantly smaller sizes of atherosclerotic lesions in the aortic sinus and the ratio of atheroscle-
rotic areas of the aorta compared with single ApoE-knockout mice [82]. On the contrary,
a gain-of-function animal study on the effects of IL-1β on atherosclerosis in pigs showed
that artificial expression of IL-1β on one side of the coronary artery led to increases in the
coronary stenosis and aggravation of vascular diseases [83]. This result is likely due to the
increase in pro-inflammatory cytokines caused by the activation of immune cells and the
increase in the expression of adhesion molecules in endothelial cells [84,85]. The results of
these animal experiments served as the basis for clinical trials on anti-IL-1β therapy.

Canakinumab, a human monoclonal antibody for IL-1β, has been approved for use
in a variety of rheumatic inflammatory diseases including cryopyrin-associated periodic
syndrome, systemic juvenile idiopathic arthritis, and adult-onset Still’s disease [86]. In
addition, studies have shown that canakinumab significantly reduces inflammation, regard-
less of LDL-C or HDH-C, which suggests that canakinumab can be used as a therapeutic
agent that inhibits the inflammatory response of atherosclerosis [87].

The Canakinumab Anti-Inflammatory Thrombosis Outcome Study (CANTOS) was
carried out by enrolling 17,200 patients with coronary artery disease after MI whose
high-sensitivity C-reactive protein (hsCRP) level steadily increased and remained at high
cardiovascular risk despite secondary prevention medical therapy such as statin [88]. The
patients were administered either placebo or canakinumab (50, 150, or 300 mg) for three
months, and examination at 48-months showed that the hsCRP levels in the canakinumab
50 mg group, 150 mg group, and 300 mg group were 26%, 37%, and 41% of that of
the placebo group [89]. At an intermediate follow-up of 44 months, the incidence of the
primary endpoints was lower in the canakinumab-treated groups (50 mg: 4.11/100, 100 mg:
3.86/100, 300 mg: 3.9/100) compared with that of the placebo group (4.5/100) [89]. In
conclusion, CANTOS showed that canakinumab can reduce the risk of cardiovascular
disease by lowering inflammation without altering the lipids [77,90]
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3.3. Anti-IL-6

IL-6, which is induced by pro-inflammatory cytokines such as IL-1 and TNF cytokines,
acts as a central hub for atherosclerosis inflammatory signaling. IL-6 is produced in
various cells such as smooth muscle cells, endothelial cells, and immune cells, and is
a soluble cytokine that can move away from the source of inflammation and reach a
target tissue by blood circulation [91]. In a study investigating the association of calcified
coronary atherosclerosis and IL-6 in patients with type 2 diabetes, the level of IL-6 identified
a significant association with the coronary arterial calcium score independent of other
cardiovascular risk factors [92]. This study demonstrated the potential use of IL-6 as a risk
factor for coronary atherosclerosis and as a therapeutic target for atherosclerosis.

One study examined the effects of IL-6 on the development of early atherosclerosis in
non-obese diabetic male mice and ApoE-deficient mice that were fed a high-fat or normal
chow diet for 15 weeks while receiving recombinant IL-6 or saline once a week. Regardless
of the genetic alteration and diet, all mice treated with recombinant IL-6 showed significant
increases in the levels of the pro-inflammatory cytokines IL-1β, TNF-α, and fibrinogen;
more importantly, the area of fatty streak lesion were 1.9- to 5.1- fold larger compared with
that in saline-treated mice [93]. However, IL-6 has a two-sided role in the development
of atherosclerosis. In mice with double-knockout of ApoE and IL-6, serum cholesterol
concentration and atherosclerotic lesion area were significantly higher compared with
ApoE single-knockout mice [94]. Another study using young IL-6 and ApoE double-
knockout mice showed no significant differences in the development of fatty streaks in
comparison with mice of other genotypes (IL-6+/+ApoE−/−, IL-6+/−ApoE−/−) [95]. IL-6
is generally recognized as a pro-inflammatory cytokine, but it also plays a role in lowering
pro-inflammatory activity by releasing soluble TNF receptors; therefore, the balance of IL-6
activity is critical in the pathogenesis of atherosclerosis [16].

IL-6 is also expressed in human atherosclerotic plaque, and an investigation of the
correlation between IL-6 and risk factors of cardiovascular disease in healthy individuals
showed that high IL-6 levels were associated with the risk of atherosclerosis-associated
MI [96]. In addition, the variant (rs7529229) of the IL-6 receptor, which increases the level of
circulating IL-6 and lowers the concentration of C-reactive protein and fibrinogen, reduced
the risk of coronary heart disease events [97]. As a result of several studies commonly
showing the relationship between IL-6 and atherosclerosis, IL-6 became a therapeutic target
for atherosclerosis [68].

Tocilizumab, a humanized monoclonal antibody for the IL-6 receptor, interferes with
the binding between IL-6 and IL-6 receptors and has been approved as a treatment in
RA [63]. Tocilizumab raises the level of LDL-cholesterol, triglycerides, and HDL-cholesterol
to deteriorate the lipid profile; [98] however, several studies have also reported positive
results. In cohort studies using claims data from Medicare, IMS PharMetrics, and Mar-
ketScan, tocilizumab was not associated with an increased risk of cardiovascular while
being associated with protective effects against MACE outbreaks [99]. Similar studies have
been published in Italy [100] and Japan as well [101]. Overall, tocilizumab increases the
plasma levels of LDL-C and triglyceride, but reduces the incidence of MACE. The ongoing
Assessing the Effect of Anti-IL-6 Treatment in Myocardial Infraction (ASSIL-MI) phase II
trial will evaluate whether tocilizumab can reduce myocardial damage in patients with
ACS [102].

3.4. Anti-IL-17

IL-17 is divided into 6 members from A to F, of which A and F are the most critical
members. IL-17 is produced from immune cells, such as CD4+ T helper cells, Tc17 cells,
natural killer cells, and natural killer T cells [103]. IL-17a plays a role in the protection
against bacterial or fungal infection, and it was found that the sensitivity to infection
increases in cases with defects in IL-17A or malfunctions in the IL-17 receptor [104]. In
addition, IL-17 has shown therapeutic benefits in chronic inflammatory disorders such
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as psoriasis, rheumatoid arthritis, and inflammatory bowel disease, a type of Crohn’s
disease [105,106].

The mechanism of IL-17 for atherosclerosis remains under debate. Several studies
have shown that IL-17A increases the formation of atherosclerotic plaques [107–109], but
not others [110,111]. The ambivalence of the role of IL-17A may be due to differences in the
surrounding environment such as the location of the plaque and the level of other cytokines
and chemokines [112]. Other studies reported the protective effect of IL-17A by reducing
endothelial expression of VCAM-1 used for monocyte adhesion and stabilizing atheroscle-
rotic plaque [111,113,114]. In addition, in a cohort study of more than 1000 patients with
acute MI, low IL-17 levels were associated with the relapse of major adverse cardiovascular
events within one year after cardiovascular risk factor treatment [115].

Secukinumab is the first human monoclonal antibody among antibody drugs targeting
IL-17 that has been approved for clinical use, and has shown positive effects in psoriasis,
psoriatic arthritis, and ankylosing spondylitis [22,116–119]. Secukinumab has shown
significantly better effects than Ethanercept, a receptor that targets TNF-α [116,120], and
adalimumab, an antibody that targets TNF-α to offset its functionality [121]. In addition,
long-term use of secukinumab was associated with only low-risk side effects such as cold
and diarrhea [103]. Another monoclonal antibody targeting IL-17A is lxekizumab, which
was recently approved for use in plaque psoriasis. In a clinical trial conducted on patients
with plaque psoriasis, the plaque was completely cured in 34% to 37% of all patients [122].
Brodalumab acts on the A chain of the IL-17 receptor and blocks the binding of IL-17
and the receptor, thereby interfering with the downstream signaling pathway. Compared
to secukinumab, brodalumab showed a better effect on psoriasis [123]. However, IL-17
neutralization studies conducted on patients with rheumatoid arthritis did not report
consistent results [124,125]. Therefore, it is necessary to further study the mechanism
of functional changes in IL-17 in various situations and environments and to discover
therapeutic candidates to offset the function of IL-17.

3.5. Anti-IL-12/23

IL-23 and IL-12 are cytokines constituting the same IL-12 family and act as het-
erodimers, each of which shares IL-12p40 and forms a dimer with IL-23p19 and IL-12p35.
These two cytokines are produced by immune cells such as macrophages and bind to re-
spective receptors to activate the JAK-STAT signaling and regulate inflammation [126,127].
High levels of serum IL-12 were detected in animal experiments using atherosclerosis-
induced ApoE knockout mice [128]. Treatment with recombinant murine IL-12 in ApoE
knockout mice and LDLR-deficient mice significantly increased the aortic atherosclerotic
plaque areas [129]. Conversely, when the function of IL-12 was neutralized using vaccina-
tion in LDL receptor-knockout mice, atherogenesis was reduced by 68.5% [130,131]. The
levels of IL-12 family cytokines are also significantly higher in patients with atherosclerosis
associated with cardiovascular disease [132,133].

Since IL-12 and IL-23 share the IL-12p40 subunit, briakinumab and ustekinumab
targeting IL-12p40 are able to neutralize both IL-12 and IL-23. Briakinumab is a human
monoclonal antibody, and its efficacy was tested in a small-sized preclinical study involving
patients with moderate-to-severe Crohn’s disease who received either placebo or briak-
inumab (1 or 3 mg/kg) for 7 weeks [134]. In the initial treatment results, the 3 mg/kg
injection group showed a significantly higher response rate compared with the 1 mg/kg
injection and the placebo group, but the statistical significance of the difference disappeared
during the 18-week follow-up period [134]. In addition, several meta-analyses compared
antibody-based inflammatory agents with briakinumab and showed that MACE was more
common in the briakinumab-treated groups [23].

Another monoclonal antibody targeting the human IL-12p40 is ustekinumab, which
has been recently approved for use in Crohn’s disease, following its approval for psoriasis
and psoriatic arthritis [126]. Ustekinumab was found to be effective in a phase 2a study
conducted in patients with moderate-to-severe Crohn’s disease, and a randomized, double-
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blind phase 2b study showed an increased response rate in patients with moderate-to-
severe Crohn’s disease in whom anti-TNF therapy was not effective [135]. The subsequent
phase 3 trial was designed more precisely and showed that the 6-week induction trial had
significantly higher responses rates in the ustekinumab group than in the placebo group,
and some of the patients who received ustekinumab in the induction trial were enrolled in
the main maintenance study [136]. The main study measured the rate of remission of the
disease at week 44, and the rate of remission was higher in the ustekinumab group than
in the placebo group (placebo: 35.9%, ustekinumab every 8 weeks: 53.1%, ustekinumab:
48.8%). These results demonstrated the effectiveness of ustekinumab in alleviating the
symptoms of patients with moderate-to-severe Crohn’s disease [136]. A small-scale pilot
study examined the atherosclerosis parameters in patients with psoriasis treated with
ustekinumab, and reported that while there was a noticeable relief of skin lesions after
6 months of treatment, there was no notable change in the pulse wave velocity and intima-
media thickness [137].

4. Discussion

This review summarized the mechanisms of action of antibody-based treatments
targeting LDL and cytokines, which are the major causes of cardiovascular disease and
atherosclerosis, and their results in recent clinical trials. The results of antibody therapy
are ambivalent, with some cases showing significant alleviation of symptoms and others
experiencing adverse events such as the aggravation of cardiovascular diseases. Antibodies
targeting IL-17a and IL-12/23 also acted as pathogens in some cases, and briakinumab
was withdrawn from the market due to increases in MACE. Therefore, it is important
to monitor the side effects of new antibody therapies in terms of cardiovascular disease.
Delineating the exact mechanism of action of the target molecules would be very helpful
in overcoming the side effects or applying the appropriate treatment according to the
situation and environment of each patient. In addition to the antibodies mentioned in
the text, development and clinical trials of antibodies that inhibit a variety of molecules
continue, such as ANGPTL family, CD47, CD31 [138–141]. Through these efforts, more
targets will be found in the future, and mediators such as specific antibodies will be
developed and eventually lead to the conquering of many diseases.
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62. Ruscica, M.; Tokgözoğlu, L.; Corsini, A.; Sirtori, C.R. PCSK9 inhibition and inflammation: A narrative review. Atherosclerosis 2019,
288, 146–155. [CrossRef]

63. Khambhati, J.; Engels, M.; Allard-Ratick, M.; Sandesara, P.B.; Quyyumi, A.A.; Sperling, L. Immunotherapy for the prevention of
atherosclerotic cardiovascular disease: Promise and possibilities. Atherosclerosis 2018, 276, 1–9. [CrossRef] [PubMed]

64. Rayment, N.; Moss, E.; Faulkner, L.; Brickell, P.; Davies, M.; Woolf, N.; Katz, D. Synthesis of TNFα and TGFβ mRNA in the
different micro-environments within atheromatous plaques. Cardiovasc. Res. 1996, 32, 1123–1130. [CrossRef]

65. Ridker, P.M.; Rifai, N.; Pfeffer, M.; Sacks, F.; Lepage, S.; Braunwald, E. Elevation of Tumor Necrosis Factor-α and Increased Risk of
Recurrent Coronary Events After Myocardial Infarction. Circulation 2000, 101, 2149–2153. [CrossRef] [PubMed]

66. Ohta, H.; Wada, H.; Niwa, T.; Kirii, H.; Iwamoto, N.; Fujii, H.; Saito, K.; Sekikawa, K.; Seishima, M. Disruption of tumor necrosis
factor-α gene diminishes the development of atherosclerosis in ApoE-deficient mice. Atherosclerosis 2005, 180, 11–17. [CrossRef]
[PubMed]

67. Schreyer, S.A.; Peschon, J.J.; Leboeuf, R.C. Accelerated Atherosclerosis in Mice Lacking Tumor Necrosis Factor Receptor p55. J.
Biol. Chem. 1996, 271, 26174–26178. [CrossRef] [PubMed]

68. Ait-Oufella, H.; Libby, P.; Tedgui, A. Anticytokine Immune Therapy and Atherothrombotic Cardiovascular Risk. Arterioscler.
Thromb. Vasc. Biol. 2019, 39, 1510–1519. [CrossRef]

69. Jacobsson, L.T.; Turesson, C.; Gulfe, A.; Kapetanovic, M.C.; Petersson, I.F.; Saxne, T.; Geborek, P. Treatment with tumor necrosis
factor blockers is associated with a lower incidence of first cardiovascular events in patients with rheumatoid arthritis. J.
Rheumatol. 2005, 32, 1213–1218.

70. Ahlehoff, O.; Skov, L.; Gislason, G.; Gniadecki, R.; Iversen, L.; Bryld, L.E.; Lasthein, S.; Lindhardsen, J.; Kristensen, S.L.; Torp-
Pedersen, C.; et al. Cardiovascular outcomes and systemic anti-inflammatory drugs in patients with severe psoriasis: 5-year
follow-up of a Danish nationwide cohort. J. Eur. Acad. Dermatol. Venereol. 2015, 29, 1128–1134. [CrossRef]
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Abstract: Antibody therapeutics are expanding with promising clinical outcomes, and diverse
formats of antibodies are further developed and available for patients of the most challenging
disease areas. Bispecific antibodies (BsAbs) have several significant advantages over monospecific
antibodies by engaging two antigen targets. Due to the complicated mechanism of action, diverse
structural variations, and dual-target binding, developing bioassays and other types of assays to
characterize BsAbs is challenging. Developing bioassays for BsAbs requires a good understanding
of the mechanism of action of the molecule, principles and applications of different bioanalytical
methods, and phase-appropriate considerations per regulatory guidelines. Here, we review recent
advances and case studies to provide strategies and insights for bioassay development for different
types of bispecific molecules.

Keywords: bispecific antibodies; bioassays; mechanisms of action; binding assays; potency assays

1. Introduction

The concept of the bispecific antibody (BsAb) has been around for more than 50 years,
but within the last 20 years, activity and interest in the field of study has skyrocketed [1,2].
Publications describing hundreds of BsAbs can be found in the scientific literature, and
more than 100 BsAb clinical candidates are currently under development [3,4]. A handful of
BsAbs have obtained health authority approval for use and are currently marketed as ther-
apeutics in a number of disease areas (e.g., blinatumomab, emicizumab) around the world,
highlighting the therapeutic potential of engaging two targets within a single molecule [4].
This is attributed to advanced biotechnologies, enhanced manufacturing knowledge of ther-
apeutic antibody products, and strong scientific rationale for the development of biologics
with the ability to engage more than one target [5,6].

BsAbs are typically designed to possess the epitope specificity and manufacturability
of a conventional monoclonal antibody (mAb) but are engineered to bind two distinct
targets instead of one. The actual structure of a BsAb can vary widely, and depends
on a number of factors including the intended mechanism of action (MoA) of the BsAb
and desired pharmacokinetic/pharmacodynamic (PK/PD) properties [7,8]. Development
and commercialization of BsAbs, to engage multiple targets using only one therapeutic,
has gained significant attention recently, shifting industry focus and investments on this
effective therapeutic strategy.

In this review, we discuss challenges and opportunities associated with developing
bioassays for BsAbs with a particular focus on recent advances in bioanalytical approaches,
as supported by multiple case studies.
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1.1. Diverse Formats of BsAb

There are more than 100 distinct BsAb formats described and reviewed in the literature,
but they generally fall into two categories: IgG-like and fragment-based (see Figure 1 and
Wang et al. [9]).

Figure 1. Examples of BsAb formats and structural diversity: (a–f) IgG-like BsAbs and (g–l) fragment-based BsAbs.

DVD-Ig: dual variable domain immunoglobulin; scFv: single-chain variable frag-
ment; Fab: antigen-binding fragment; HSA: human serum albumin; BiTE: bispecific T-cell
engager; HLE: half-life extended; DART: dual-affinity re-targeting antibody.

The IgG-like BsAbs approximate the structure of a traditional mAb and typically con-
tain an Fc domain and two antigen binding domains. However, many designs incorporate
multiple copies of one or more antigen binding domains, allowing for avidity binding of
one or more targets (Figure 1a–f; [10]). For example, an IgG-like anti-human epidermal
growth factor receptor 2 (aHer2)/aCD3 bispecific molecule was engineered to include two
low-affinity Her2 binding domains, thereby increasing the selectivity of the BsAb for cells
overexpressing Her2 and increasing selective killing of tumor cells over Her2-expressing by-
stander cells [11]. IgG-like BsAbs tend to have longer serum half-lives due to the presence
of an Fc domain that can interact with neonatal Fc Receptor (FcRn), and they can be easily
engineered to either maximize or minimize interactions with FcgammaRs, allowing for flex-
ibility in regards to effector function activity such as antibody-dependent cellular cytolysis
(ADCC), antibody-dependent cellular phagocytosis (ADCP), and complement-dependent
cytotoxicity (CDC) as desired [12]. IgG-like BsAbs can be challenging to manufacture, as
many platforms require in-vitro or in-vivo assembly of two distinct half antibody pairs,
resulting in product-related impurities stemming from chain mispairing events that can be
difficult to separate from the desired product [9]. However, a number of technologies have
been developed to overcome these challenges and maximize BsAb formation including
knobs-into-holes, Cross mAb, and common light chain, among others [13–16].

In contrast, fragment-based BsAbs are typically much simpler to manufacture, as
they are smaller and less structurally complex. Many fragment-based BsAbs are made by
combining scFv fragments of different specificities (see Figure 1g–l), and they often self
assemble from a single polypeptide chain (no opportunity for chain mispairing) [17]. Their
small size can lead to better tissue penetration, and it has been postulated that their small
size and conformational flexibility enable a more potent receptor activation, for example
when bridging two cell types, compared to their larger counterparts [7,10]. However, they
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tend to have very short serum half lives due to the lack of an Fc domain. For example, while
efficacious, blinatumomab treatment requires continuous infusion due to its extremely
short serum half life (~2h; [18]). Several fragment-based structures have been developed
to increase serum half, including appending scFv fragments to Fc domains or Human
Serum Albumin (HSA) [10,19]. As with IgG-like BsAbs, there is a wide range of structural
variability and avidity of binding available with this class of BsAb molecules.

1.2. Mechanisms of Action of BsAb

Due largely to the high level of interest in BsAbs as potential therapeutics and because
of their structural diversity in design, both the scientific literature and clinical development
pipeline contain numerous examples of BsAbs whose MoAs span a wide range [3]. For
the purpose of this review, we will sort the BsAbs into four general classes: cell-bridging
BsAbs, receptor/ligand blockers or activators, cofactor mimetics, and “homing” BsAbs
(Figure 2; [3,20]).

Figure 2. Mechanisms of actions of BsAb: (a) Schematic diagram of cell-bridging BsAb MoA (e.g., TDB or NK-recruiting
BsAb); (b) Schematic diagram of receptor activating/inhibiting MoA (e.g., receptor dimerization inhibitor or activator);
(c) Schematic diagram of cofactor mimicking MoA (e.g., emicizumab); and (d) Schematic diagram of “homing” BsAb MoA
(e.g., blood brain barrier crosser).

1.2.1. MoA Type 1—Cell-bridging BsAbs

Cell-bridging BsAbs bind two distinct cell surface receptors—one on the surface of
an effector cell and one on the surface of a target/tumor cell—resulting in activation of
downstream signaling networks and killing of the target cell. One of the most prevalent
examples of this MoA currently under clinical development is the T-cell dependent BsAbs
(TDBs; [1]). These molecules most often target CD3e within the T-cell receptor (TCR)
of cytolytic T cells and a tumor-specific antigen on the surface of target cells [8,21–34].
However, there are examples of BsAbs that activate T cells by engaging other epitopes,
such as CD5 or co-stimulatory receptors such as CD28 [35,36]. Bridging of the target cell
and the T cell by the BsAb leads to the formation of an immunological synapse, inducing
T-cell activation and resulting in the release of perforin and granzymes that lyse the
target cell [37]. Thus, TDBs harness a patient’s own immune system to kill tumor cells
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independent of TCR epitope specificity by circumventing activation through the major
histocompatability complex [2]. TDB immunotherapy is similar in concept to CAR-T
therapy, in which a patient’s T cells are extracted and engineered with a chimeric antigen
receptor (CAR) designed to recognize and kill tumor cells [38]. However, while TDBs
are often more complex and difficult to produce than a standard mAb biologic, they are
currently cheaper and less logistically challenging to manufacture than CAR-T therapies,
which must be prepared individually for each patient [39]. Additionally, TDBs can have
more favorable safety profiles compared to CAR-T therapies, with fewer and less severe
adverse events such as systemic cytokine release syndrome—the most common adverse
event associated with immune-modulating therapies [27,40,41]. In addition to TDBs, there
are several examples of BsAbs that recruit and activate NK cells by simultaneously binding
CD16 (FcgammaRIII) and a tumor-specific receptor [42–45], as well as a BsAb that recruits
and activates macrophages by targeting CD89 [46].

1.2.2. MoA Type 2—Receptor/Ligand-Blocking or -Activating BsAbs

By virtue of their ability to target more than one receptor, BsAbs can be developed to
target and activate a receptor in a specific cellular context (e.g., a therapeutically-relevant
complex). This allows for a level of selectivity that cannot be achieved with conventional
mAbs alone or in combination. For example, the anti-Fibroblast Growth Factor Receptor
(aFGFRI)/anti-β-Klotho (aKLB) BsAb activates the FGFRI/KLB receptor complex, leading
to weight loss and a reduction in obesity-linked disorders in preclinical models [47]. By
selectively targeting FGFRI/KLB, the molecule activates FGFRI when complexed with
KLB, thereby avoiding widespread FGFRI activation—FGFRI receptor is expressed in a
wide range of tissues—and reducing the unintended side effects associated with mAb
FGFRI agonists.

In addition to acting as receptor agonists, BsAbs can also be effective receptor an-
tagonists. Resistance to various Her2-targeting mAbs (e.g., trastuzumab) has led to the
development of novel therapeutics for blocking Her2-associated signaling, including sev-
eral BsAbs [48]. While many of these molecules are TDBs (MoA discussed above), there
are also examples of BsAbs that bind to Her2 and Her3, preventing ligand-activated Her3
from heterodimerizing with Her2, and dampening PI3K signaling in Her2-overexpressing
cancers [48]. There is also an example of an antibody-drug conjugate (ADC) BsAb that
targets two distinct, non-overlapping epitopes on Her2, leading to more efficient internal-
ization, lysosomal degradation, and release of cytotoxic payload [49]. Beyond treatments
for Her2-overexpressing cancers, there are many examples of BsAbs that target combi-
nations of receptors and/or cognate ligands, as well as cytokines [50–59]. These BsAbs
sometimes serve the same purpose as that of a combination treatment of mAb therapeutics,
but there are instances in which a BsAb provides a particular advantage. For example, an
aCTLA4/PD1 BsAb was developed to preferentially inhibit CTLA-4 on PD1+ cells, leading
to fewer adverse events associated with immune activation than have been observed when
treating patients with combinations of the conventional mAb aCTLA-4 and aPD1/L check-
point inhibitors [60]. Monovalent targeting of CTLA-4 significantly reduces the ability
of the BsAb to inhibit CTLA-4, but monovalent binding has a much lower impact on the
ability of the molecule to inhibit PD1 compared to a conventional bivalent aPD1 mAb. As
a result, the BsAb is able to saturate CTLA-4 receptors on PD1+ cells, without widespread
inhibition of CTLA-4 leading to fewer adverse events. Bispecific targeting of CTLA-4 and
PD1 with this BsAb also leads to internalization and degradation of PD1—an effect that is
not observed with combinations of aCTLA-4 and aPD1 mAbs.

1.2.3. MoA Type 3—Cofactor Mimicking BsAbs

Emicizumab (marketed name Hemlibra®®) is a BsAb that was developed to treat
hemophilia A. The BsAb binds to coagulation Factors X and IX and is therefore able
to play the role of Factor XIII—the coagulation factor missing in many hemophilia A
patients [61,62].
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1.2.4. MoA Type 4—“Homing” BsAbs

For the purposes of this review, “homing” BsAbs are molecules in which one arm
serves to deliver the molecule to a specific, often hard-to-reach location. There are multiple
examples with a diverse range of therapeutic targets. Several BsAbs have been developed
that are able to cross the blood-brain barrier by targeting the transferase receptor [63–65].
Once across the barrier, the non-transferase receptor arm can target the therapeutic target of
interest (typically amyloid beta-protein and other Alzheimer’s Disease targets). Addition-
ally, there is an example of a tandem scFv BsAb that targets activated platelets and sca-1,
helping to bring stem cells to the location of injury; it is being explored for the treatment of
myocardial infarction [66]. An aCD63/aHER2-ADC has been developed, in which binding
to CD64 targets the molecule to the lysosome while the aHer2 portion provides tumor
specificity, leading to a more efficient release of the conjugated drug [67]. There is also an
example of a BsAb with one epitope designed to gain entry into the late endosome, where
it is able to neutralize Ebola virus [68].

1.3. Challenges and Opportunities of BsAb Bioassay Development

Concurrent to the development of these complex biological products with multiple
modalities is the need to develop bioassays that are not only accurate and reproducible,
but also adequately reflective of the proposed mechanism(s) of action. Well-developed
bioassays are critical to the characterization and control of biological products, as well as to
the interpretation of clinical study results. BsAb bioassay development presents a unique
set of challenges for assay design, such as the ability to fulfill the desired performance
of the assay (i.e., to capture the dual activities and potential synergistic effects of the
molecule) preferably using a single assay format, and to detect multifaceted structural
changes [69]. Depending on the molecule’s MoA, several bioassays might be necessary for
characterization in addition to a main potency assay in the control system. For example, cell-
killing, cytokine secretion, receptor internalization [70], effector function (ADCC, ADCP),
and surface marker expression assays might need to be developed for the characterization
of bispecific molecules for later stages of product development in addition to the one most
MoA-relevant bioassay selected and validated for release, stability, and comparability
testing for product licensure. A number of technologies were developed to overcome these
challenges to characterize BsAb, and selected case studies are described in the Section 3.

2. Strategies and Considerations for BsAb Bioassay Development

2.1. Phase-Appropriate Approach

A phased approach to the development and implementation of bioassays for biothera-
peutics is widely accepted by industry and regulatory agencies, and the similar principles
apply to bispecific therapeutics. It is often advantageous and preferred to start with a bind-
ing method for the early phases of product development. Most commonly implemented
binding assays include enzyme-linked immunosorbent assays (ELISAs) or surface-plasmon
resonance (SPR) technologies. More complex and MoA-reflective cell-based bioassays are
developed by later phases, and they are validated before marketing application submission.
However, it is recommended that a relevant MoA-based bioassay is developed earlier,
not only to gain a greater process and product understanding but also to gain a better
understanding of the method’s performance prior to pivotal clinical trials. Cell-based
bioassays should be qualified and monitored over the span of the clinical development
to have a true understanding of the critical steps and components of the assay in most
cases. The selection of the bioassay should be driven by the product’s therapeutic MoA. In
cases where the MoA is simply binding to a target, a surrogate method, such as a protein
binding or competitive binding assay, may be sufficient to determine potency. Developing
robust and quality-control (QC)-suitable cell-based bioassays is more challenging than
developing non-cell based binding assays [71,72]. There are case studies of implementing
surrogate, non-cell-based bioassays in the commercial control system if the surrogate assay
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has demonstrated a good correlation in a bridging study using degraded product and other
samples with the MoA-reflective cell-based assay.

2.2. Mechanism of Action

Design strategies for bioassays are driven by the drug’s intended physiological MoA.
Unlike other analytical techniques, bioassays are almost always unique for each therapeutic.
A well-designed bioassay will accurately capture the biological activity of a drug candidate.
As shown in Figure 2, common MoAs of bispecific therapeutics include direct binding to
soluble targets (e.g., ligands, cytokines and enzymes), or to cell-surface receptors in either
an inhibitory or agonistic manner.

Each MoA will require a different approach when considering the bioassay design. In
the case of BsAbs and related recombinant proteins, secondary, tertiary, or synergistic MoAs
may be discovered during development. This biological complexity further contributes
to the challenge of developing MoA-reflective assays to capture the candidate molecule’s
putative therapeutic biological activity [50,73–76]. In some cases where multiple MoAs
exist in a single molecule, a combination assay that measures all MoAs in a single assay
may be suitable for product release and stability testing, with secondary characterization
assays developed to measure the individual activities of each MoA if applicable. Otherwise,
multiple bioassays would be necessary to fully characterize the molecule’s activity. It is
not required to have all bioassays for release, instead only the assay with the most MoA-
relevant and stability indicating bioassay can be selected as the release potency assay while
the other assays are used for characterization.

2.3. Overall BsAb Characterization Strategy

Efficacy and safety assessments of BsAbs rely on the successful development of a
pharmacologically and clinically relevant bioanalytical strategy that most importantly
can reflect the biological activities of these dual-targeting antibodies and can differentiate
higher order structure, potency, and efficacy.

It is most vital to develop characterization and bioanalytical approaches to study
important quality attributes [77] including overall stability, fragmentation/aggregation/
immunogenicity, antigen specificity, affinity, on and off rates, avidity (for molecules with
two targets on the same cell), and MoA/biological activity.

While BsAbs require bioassays to measure two binding events, the choice of the ap-
propriate bioassay will also depend on the assay format, assay platform, critical reagents,
and, importantly, the BsAb target profile. Following the successful development of the
pharmacologically relevant BsAb format, the analytical strategy is outlined to first charac-
terize the independent or simultaneous binding affinities and the preferential binding of
BsAb to their dual-antigen targets. Widely used bi-functional quantitative assay formats to
enable target-specific capture and detection of binding properties include flow cytometry
and ligand-binding immunoassay setups. A range of other assay platforms (ELISA, SPR,
ADCC, competitive flow cytometry, etc.), whose selection relies on BsAb format, MoA, and
target profile, are used to address bioanalytical questions for BsAbs. These assays are listed
in Table 1 and further discussed in Section 3.

Meaningful bioanalytical approaches are also needed for immunogenicity and PK/PD
assessments to determine the safety and efficacy of BsAbs [78,79]. Immunogenicity is
defined as the unwanted immune response of the host against the therapeutic BsAb. In
addition to altering the PK of a target through changing its clearance, immunogenicity is
responsible for infusion-related reactions and in some cases, reduced treatment efficacy [80].
Immunogenicity is clinically assessed by the detection of anti-drug antibodies, consisting of
IgM, IgG, IgE, and/or IgA isotypes [81]. The bioassays employed to assess immunogenicity
include binding immunoassays such as ELISA to detect all isotypes capable of binding
the therapeutic BsAbs, and neutralization assays (in-vitro cell-based assays or competitive
ligand-binding assays) directed at the biologically active site, to inhibit the functional activ-
ity of BsAb. Major histocompatibility complex-II (MHC-II)-Associated Peptide Proteomics
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(MAPPs) assay can screen and quantitate naturally processed and presented MHC-II pep-
tides on the surface of antigen-presenting cells, which are then further characterized for
immunogenicity using in-vitro assays. T-cell epitope-mapping prediction tools are also
used to identify the CD4 T cell epitope within the amino acid sequence of the therapeutic
antibody and determine the strength of peptide binding to HLA molecules [82,83]. PK for
biologics is often at least partially determined by FcRn-mediated recycling. In-vitro assays
designed to measure binding of a therapeutic antibody to FcRn via its Fc domain, including
SPR-based FcRn binding assays and FcRn-affinity chromatography, have been shown to be
indicative of FcRn-mediated clearance and are frequently used to assess potential impacts
to PK [84,85].

Table 1. List of bioassays for bispecific molecules.

Bioassay Method Principle Examples

Bridging ELISA

To assess the ability of each arm of the BsAbs to bind two antigens
simultaneously.

The assay follows a sequential capture method, where antibody is allowed to
bind the first coated antigen, followed by a wash step and addition of a

biotinylated version of the second antigen. The bound biotinylated antigen can
be detected using HRP-labeled streptavidin and luminescent substrate.

tetra-VH IgG bispecific
tetravalent [86]

Sandwich ELISA

To assess binding specificity, including dual-specificity detection, of BsAbs.
The assay format consists of antigen incubation with an immobilized capture

antibody in the plate, followed by wash step to remove non-bound
components. The antibody-antigen complex is then detected using a labeled

antibody.

IgE receptor signaling
blocking BsAb,

FcεRI/FcγRIIb cross-link
[87]

Bridging SPR

To measure the binding affinities of antibodies to their respective antigens.
The assay follows Biacore™ SPR-based format, where two sequential binding
events to a ligand immobilized on a chip and surface regeneration is used to
measure a bridging signal and, as a result, the simultaneous binding of the

assay to both antigens.

Ang-2/VEGF BsAb [88]

Dual-Binding SPR A solution binding SPR-based assay for individual assessment of both targets
in solution without the need for immobilization and regeneration of the target.

anti-VEGFA-121/Ang2
BsAb [89]

Direct Cell Killing

To evaluate cell killing potential by co-culturing the target and effector cells in
the presence or absence of BsAb.

Assay readout can be accomplished through luciferase reporter system or by
flow cytometry-based methods to measure percent apoptotic cells or percent

cytolysis of pre-labeled target cells by proliferation dye dilution analysis.
Additional assays include labeling target cells with 51Cr or measuring the

presence of extracellular LDH, where the release of the label or LDH by lysed
target cells is used as surrogate for cell-killing activity [90,91].

CD47 blocking BsAb
specifically targeted to
GPC3 expressing target

cells [92])
PD-L1 blocking BsAb
specifically directed to

CSPG4-expressing target
cells [93]

CD3-bispecific
(anti-HER2/CD3) TDB

[94]

T Cell Activation

To assess BsAb effects on T-cell activation and proliferation potential.
Assay readout mainly includes luciferase bioluminescence reporter signal
using Jurkat T cells engineered with an NFAT-response-element driving

luciferase expression. Depending on the MoA of the molecule, T-cell activation
can be triggered either only by T cells expressing relevant receptors or in the

presence of antigen-presenting target cells.
In addition, activation and proliferation of T cells can be evaluated using an

in-vitro mixed lymphocyte reaction followed by flow cytometry (proliferation
dye dilution analysis or measurement of T-cell activation markers) and ELISA

(for IFN-g and granzyme B secretion measurements).

CD3e-targeting TDB [95]
PD-L1 blocking BsAb
specifically directed to

CSPG4-expressing target
cells [93]

CD3-bispecific
(anti-HER2/CD3) TDB

[94]

BsAbs: bispecific antibodies; ELISA: enzyme-linked immunosorbent assay; HRP: horseradish peroxidase; IFN-g: interferon gamma; LDH:
lactate dehydrogenase; MoA: mechanism of action; NFAT: nuclear factor of activated T cells; SPR: surface-plasmon resonance; VH: variable
heavy domain; Ang-2: angiopoietin-2; VEGF: vascular endothelial growth factor; PD-L1: programmed death-ligand 1; CSPG: chondroitin
sulfate proteoglycan.
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3. Bioassays for Bispecific Antibodies and Case Studies

3.1. Bioassays for Biotherapeutics

For biotherapeutics, a selective, physiologically relevant bioassay is essential to report
on the product’s potency and stability, by providing an assessment of the molecule’s
biological activity. Bioassays, in principle, can range from recognition of a particular antigen
in a simple binding method, through systems as complex as blocking an inhibitory ligand
that restores a co-stimulatory effect in a cell-based method. Selection of an appropriate
method has its challenges rooted not only in the need to mimic the MoA, but also because
bioassays can be costly to develop, perform, transfer, and maintain. Despite efforts to
implement measures to ensure method control, cell-based bioassays can be inherently
variable and often lack the precision and robustness of biophysical methods simply because
they use living organisms, tissues, or cells.

While the general principles of bioassay design and strategy (e.g., measuring antigen
target binding and biological activities) apply to bispecific antibodies, developing bioassays for
bispecific antibodies requires unique considerations as bispecific antibodies bind two different
targets with distinct mechanisms of action from monospecific biotherapeutics. A diverse range
of bioanalytical assays have been developed and employed to study BsAbs, including methods
designed to assess binding, potency, biological function, and purity. Figure 3 depicts a few of
the methods involved in the various types of BsAb bioassays, which are further discussed in
the following sections, and case studies are summarized in Table 2.

Figure 3. Representative bioassays for BsAb: (a) Reporter gene T-cell activation assay; (b) Single-arm binding SPR assay;
(c) Cell proliferation assay; (d) Bridging ELISA. MTT:3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-2H-tetrazolium bromide.
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Table 2. BsAb categories and potential bioassays applicable: Summary of case studies.

Type 1
Cell Bridging

Type 2
Receptor Blocking or
Activating (Cis/Trans)

Type 3
Cofactor Mimicking

Type 4
Spatial Targeting

(“Homing” BsAbs)

Binding
ELISA (binding to single
target) [96], SPR (binding

to single target) [96]

ELISA (binding to either target),
SPR (affinity for either target)

[50], bridging ELISA (dual target
recognition) [50], bridging SPR
[92], ELISA (ligand blocking)
[74], SPR (stoichiometry of

binding) [74]

SPR (characterize affinity for
FIX, FIXa, FX, FXa) [61,62],

ELISA (confirm specificity for
FIX and FX) [62]

BLI (measure affinity of
each arm, and support 1:1

binding) [68],
Competition ELISA [63]

Bioactivity
(Major MoA)

Reporter gene effector cell
activation assay [96],

direct cell killing assay
[21,22,42]

Cell Proliferation [50,69,76],
Apoptosis [73], cytokine

neutralization [56]

Enzymatic assays (FXa
activity) [61]

Viral Inactivation [68],
TR-FRET AB assay [63]

Functional
(other

supporting
MoA as charac-

terization)

Cell depletion by flow
cytometery [21,96],

Cytokine release [42], cell
surface marker expression

(per MoA) [22,42,45,96]

Tyrosine phosphorylation [74],
inhibition of antibody

production/secretion [50],
Calcium flux assay [50]

Thrombin generation assay
[61,62]

Fluorescence microscopy
to assess subcellular

localization [63,65,68],
transcytosis assay [65]

Effector
Function ADCC [97], ADCP [97]

CDC assay [75], ADCC/ADCP
bioassay [92], binding to FcgRs

[92]
NA NA

Impurity
Bioassay

T-cell activating impurities
[95] NA NA NA

BLI: biolayer interferometry; TR-FRET: time-resolved fluorescence resonance energy transfer.

3.2. BsAb Bioassay: Binding Assays

ELISA and SPR are commonly used for in-vitro characterization of antigen binding
for BsAbs. ELISAs are advantageous in that they are sensitive, typically fast to develop
compared to cell-based assays, relatively inexpensive, and can be performed in complex
matrices (e.g., cell lysates) [98,99]. Bridging ELISAs and competitive binding ELISAs can
also provide information on the ability of the BsAbs to bind both antigens simultaneously,
and they can therefore potentially be used as MoA-reflective potency assays, at least
during initial development phases. The case studies presented below provide examples
of competitive and bridging ELISAs used to confirm the simultaneous binding of two
different targets for a tetravalent IgG-like BsAb. Despite their advantages, ELISA assays
have drawbacks, one of which is that they are end-point assays and do not provide
information on binding kinetics such as on and off rates [100]. In contrast, SPR measures
continuous binding in a flow cell without the need for chemical labels, and the entire
binding event can be analyzed in real time (association and dissociation). This allows
for the determination of both kinetic and thermodynamic parameters through various
data analyses [101]. SPR assays can also be designed to measure binding to two targets
simultaneously, and are also potential candidates for MoA-reflective potency by binding
assays. The case studies presented below provide two examples of assay formats for the
purpose of measuring concurrent antigen binding by SPR.

Drawbacks for both ELISA and SPR are that it can be difficult to measure the impact of
either target density (avidity effects) on BsAb binding, which can be important factors for a
BsAb’s activity in an in-vivo context. SPR allows for control of target density by depositing
different amounts of capture ligand on the sensor chip. Binding of the therapeutic antibody
can then be characterized under the different conditions to investigate the effects of receptor
density on binding affinity/avidity [102]. However, the fact that BsAbs bind two targets,
with varying levels of avidity depending on structure/format, can make this type of
experiment challenging to design and interpret using label-free mass-based detection by
SPR [103]. Additionally, there are open questions with respect to the in-vivo relevance
of binding events [e.g., how relevant is binding to an immobilized ligand on a chip, or is
solution-based association of a truncated ligand (such as a peptide or extracellular domain)
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reflective of binding to a cell surface receptor?] [104]. Investigators have used SPR to
measure binding of aCD20 mAbs to membrane bound CD20, and developed sophisticated
software that makes it possible to extract and analyze individual binding events from
heterogeneous mixtures. There have also been reports of affixing multiple ligands on a
sensor surface in a solution-like context using DNA-directed immobilization using SPR,
which would be useful for characterizing BsAbs. New biosensor technologies that allow
for discrete detection of both binding events and precise control over surface density, as
well as advances in SPR data analysis and experimental design, may provide avenues for
more thoroughly investigating complex binding events under increasingly biologically
relevant conditions in the future [105–109].

• Case Study: ELISA to detect simultaneous target binding by a tetravalent BsAb [86]:
The authors developed a tetravalent BsAb composed of two different variable heavy
(VH) domains on an IgG framework (tetra-VH IgG). The structure was meant to be an
alternative to dual-action Fab (DAF) molecules, which are often difficult to generate
via mutagenesis and additionally may not be able to bind both targets simultaneously,
due to overlapping binding surfaces. Three bispecific tetra-VH IgGs were created
(CD40/OX40, 4-1BB/CD40, OX40/4-1BB). In order to confirm that the BsAbs were
able to bind both targets simultaneously, a competition ELISA assay was developed.
The BsAb was immobilized on a plate and incubated with non-biotinylated ligand
(for example OX40), followed by biotinylated ligand (for example OX40 or CD40). For
each BsAb, binding of the biotinylated ligand was only inhibited by binding of the
biotinylated ligand of the same specificity, while the ligand of the other specificity
retained binding, suggesting that the BsAb is able to bind both targets simultaneously.
To confirm that each arm of the BsAb (VHOX40-VH4-1BB Fab) can simultaneously bind
each target, a bridging ELISA assay was used. An assay plate was coated with OX40
and allowed to bind to the VHOX40-VH41BB Fab before being incubated with varying
concentrations of biotinylated 4-1BB or biotinylated OX40. Dose-dependent binding
of 4-1BB was observed, while no binding of OX40 was observed, supporting the
conclusion that each arm of the BsAb is able to simultaneously bind both targets.

• Case Study: SPR to measure kinetics and binding affinity of Ang-2/VEGF BsAb [88,89]:
The authors evaluated a humanized bivalent-BsAb generated for the neutralization of
angiopoietin-2 (Ang-2) and vascular endothelial growth factor A (VEGF-A) [88]. Using
SPR technology to characterize the kinetics and affinity of binding, the authors devel-
oped an assay to cover two binding events simultaneously, which can be reported as
one response. Assay setup utilized a Biacore™ instrument and commonly used CM5
chips, and followed a scheme of sequential additions of the CrossMab and then Ang-2
to immobilized VEGF. The second binding event (Ang-2 binding to the VEGF-bound
CrossMab) included surface regeneration. As a result, Ang-2-binding response is
dependent on the amount of VEGF-bound CrossMab molecules and therefore reflects
the actual bridging signal. In this assay, SPR-detected bridging signal reflects the
active concentration of Ang-2- and VEGF-binding molecules, where the loss of overall
binding can be attributed to either the VEGF or the Ang-2 binding contribution, and
therefore, covers both antigen interactions. A modified SPR-based dual-binding assay
was developed by Meschendoerfer et al. [89] to address the pitfalls associated with the
bridging assay—specifically the change of antigen activity upon immobilization. The
main objective was to allow for the individual assessment of both targets in solution
while avoiding the need for immobilization and regeneration of the target. They deter-
mined the individual VEGFA-121 and Ang2 activities of an anti-VEGFA-121/Ang2
BsAb where an anti-human-Fab capture system (for the Ang2 antigen) was used to
measure different antibody concentrations with the same Biosensor (regeneration
cycles included). The findings suggested that comparable binding signals can be read
from individual injections, when compared to an approach with sequential antigen
injection. Using this assay, they showed that simultaneous binding can be calculated
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based on both individual readouts: two binding events can be measured, and the third
parameter can be accurately calculated based on these measurements.

Cell Surface Ligand Binding Assays

Binding properties of investigational BsAbs to their targets can also be assessed by
flow cytometry, which can be used to measure binding specificity and selectivity of BsAbs
in a cellular context—information that is not captured in a traditional SPR or ELISA-
based binding assay. Flow cytometry, is a fluidics and optics-based method that evaluates
fluorescently-labeled cell suspensions in a single cell flow to capture receptor- or antigen-
binding events in intact cells. However, flow cytometric analysis of antibody binding
is an indirect measurement of kinetic values and it should be used in combination with
SPR analysis to provide truly comprehensive, label-free, and accurate kinetic data for the
antibodies being studied.

In addition to flow-cytometry assays, cell-based reporter assays have been developed
to measure gene expression in response to disruption of an inhibitory binding interaction,
such as PD-L1/PD-1 [93]. As a result, these assays provide a functional measure of BsAb
binding as opposed to, for example, directly measuring binding affinity by SPR. In the case
studies discussed below, variations of flow cytometric analysis are used to demonstrate the
preferential binding, receptor blocking, and avidity of binding to dual-antigen-expressing
target cells. In addition, application of a reporter assay to assess BsAb-mediated blockade
of receptor-ligand interaction between the antigen-expressing tumor cells and effector cells
is reviewed.

• Case Study: Flow cytometry-based binding and blocking assays for GPC3/CD47 BsAb [92]:
To develop a potential immune-modulating therapeutic to treat hepatocellular carci-
noma (HCC), the authors designed a novel BsAb directed against the HCC-associated
antigen Glypican-3 (GPC3) and CD47, an inhibitory innate immune checkpoint that in-
hibits ADCP by binding to SIRPa on myeloid cells. Due to the fact that CD47 is widely
expressed on both healthy and cancerous cells, treatment with anti-CD47 mAbs is
associated with toxicity. Therefore, the authors sought to direct the ADCP-enhancing
activity of targeting CD47 to GPC3+ tumor cells using a bispecific approach. Several
flow cytometry-based binding assays were used to demonstrate selective targeting of
GPC3+ cells. For example, wild-type Raji cells (GPC3-) were labeled with a fluorescent
dye and mixed in a 1:1 ratio with unlabeled Raji cells engineered to express GPC3
(Raji-GPC3H) prior to incubation with GPC3/CD47 BsAb or anti-CD47 mAb. Follow-
ing incubation with a FITC-labeled secondary antibody, labeled and unlabeled cells
were separated by flow cytometry and the binding of the BsAb to each cell population
was assessed. The results showed higher levels of BsAb binding to Raji-GPC3H cells
compared to the wild-type cells. In contrast, no difference in binding was observed
for an anti-CD47 mAb. The authors further tested the ability of the BsAb to block
the interaction between CD47 and SIRPa in each cell type using a competitive flow
cytometry assay. Wild-type and Raji-GPC3H cells were incubated with biotinylated
SIRPa-mF in the presence of anti-CD47 mAb or GPC3/CD47 BsAb, followed by the
addition of FITC-labeled streptavidin. The results showed that the BsAb prevented
SIRPa binding more effectively in the Raji-GPC3H cells, while the anti-CD47 mAb
showed similar blocking activity in both cell types. The results of the flow cytometry-
based binding assays demonstrate preferential binding and blocking activities of the
GPC3/CD47 BsAb in GPC3+/CD47+ compared to GPC3-/CD47+ cells in vitro. These
results suggest that the bispecific targeting of GPC3+ and CD47 may preferentially
induce killing of GPC3+ tumor cells by ADCP.

• Case Study: Flow cytometry-based assay to characterize binding activity of PD-L1xCS-
PG4 BsAb [93]: To improve antibody-therapy efficacy in patients with advanced
melanoma, the authors developed a BsAb, PD-L1xCSPG4, to selectively reactivate T
cells by directing PD-1/PD-L1 disrupting activity to chondroitin sulfate proteoglycan 4
(CSPG4)-expressing tumor cells. A flow cytometry-based assay was employed to eval-
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uate the binding activities of the investigational BsAb. Wild-type ectopically hPD-L1-
expressing CHO cells (CHO.PD-L1) were incubated with test antibodies, labeled with
a fluorescent secondary antibody, and analyzed by flow cytometry. Dose-dependent
binding specific to CHO.PD-L1 cells was observed for the BsAb. These binding activi-
ties were replicated in several representative cancer cells endogenously expressing
both CSPG4 or PD-L1. In addition, a flow cytometry-based competitive binding assay
was used to assess the overall binding strength (avidity) of PD-L1xCSPG4 BsAb to
CSPG4+/PD-L1+ cancer cells. BsAb binding was strongly inhibited in the presence of
competing parental anti-CSPG4 mAb and only weakly inhibited in the presence of
competing PD-L1-blocking mAb. These experiments demonstrate that PD-L1xCSPG4
binds to both PD-L1 and CSPG4 and that the strength of the interaction between the
BsAb and CSPG4+/PD-L1+ cancer cells is primarily dominated by binding to CSGA4.
To further show that the enhanced binding of the BsAb to CSPG4+/PD-L1+ cells is
driven by avidity, cells were pre-incubated with a fluorescent anti-PD-L1 mAb, before
being exposed to the test BsAb and a control BsAb, capable of binding PD-L1 but
not CSPG4. The EC50 of PD-L1xCSPG4 for displacing the probe was substantially
lower compared to the control BsAb. Performing the experiment in the presence of an
anti-GSPG4 mAb increased the EC50 of the PD-L1xCSPG4 BsAb to a level similar to
the control BsAb. Together these flow cytometry-based binding assays demonstrated
that the PDL1xCSPG4 BsAb has enhanced selectivity for CSPG4+/PD-L1+ cancer cells
driven by avidity binding.

• Case Study: Cell-based reporter assay to measure cell surface binding of PDL1xCSPG4
BsAb [93]: The authors further evaluated the role of CSPG4 in mediating the PD-L1-
blocking capacity of the PDL1xCSPG4 BsAb using a PD-1/PD-L1 blockade reporter
bioassay. The assay relies on co-culturing of Jurkat.PD-1-NFAT-luc reporter T cells
(Jurkat cells engineered to express luciferase under the control of a NFAT response
element and PD-1) and CHO.PDL1/CD3 cells (CHO cells engineered to express PD-L1
and a membrane-linked agonistic anti-CD3 antibody). Upon successful interaction of
PD-1 and PD-L1 between the two cell types, TCR signaling and downstream NFAT-
mediated luciferase activity in the Jurkat cells is inhibited. In contrast, interrupting the
PD-1/PD-L1 interaction leads to NFAT-mediated luciferase activity. Addition of the
PDL1xCSPG4 BsAb to the co-culture disrupted the PD-1/PD-L1 interaction between
the two cell types in a dose-dependent manner, as measured by luminescence detec-
tion. Next, they tested the role of CSPG4 mAb in PD-1/PD-L1 blocking capacity of
PDL1xCSPG4 BsAb by replacing the CHO.PD-L1/CD3 cells with a CSPG4+/PD-L1+
cancer cell line (the CD3 stimulation of T cells was achieved by pre-treating the cells
with BIS1; an EpCAM-directed CD3-agonistic bsAb). Stimulated reporter T cells were
co-cultured with the double-positive cells in the presence of PDL1xCSPG4 BsAb or
controls, with and without anti-CSPG4 mAb. The ability of the PDL1xCSPG4 BsAb to
block PD-1/PD-L1 interaction was reduced in the presence of anti-CSPG4 mAb. These
findings suggest that the BsAb’s PD-1/PD-L1-disrupting activity will be enhanced
against CSPG4+/PD-L1+ cells compared to CSPG4-/PD-L1+ cells.

3.3. BsAb Bioassay: Potency Assays

In particular, the strategy of using a potency assay for BsAbs is challenging due to its
complicated MoA with two target bindings, and it should be tailored to be MoA-reflective
while meeting QC and regulatory expectations to be robust and sensitive methods to detect
any structural changes in stability. One interesting question with respect to the BsAb
potency assay is if two assays are needed for each target binding or if one potency assay
would suffice. Depending on its MoA, either one or two potency assays would be suitable,
but it is preferred to have one potency assay to measure synergistic biological effects of
two target bindings or a dual read-out of the binding assays in a single assay.

A single assay that can fully capture the bioactivity of the therapeutic molecule is ad-
vantageous from both a cost/labor perspective and from a control perspective—synergistic
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effects resulting from dual antigen binding may be missed if data from multiple assays
measuring discrete events are used. However, in order to show the assay is suitably
MoA-reflective, the key events in the MoA must be relatively well understood, and charac-
terization assays designed to measure each event (e.g., binding to either antigen, receptor
activation, etc.) are needed. The two case studies below describe the development and
justification of single QC potency assays to measure changes in bioactivity for (1) a TDB
and (2) a DAF that inhibits ligand binding to two distinct cell surface receptors.

• Case Study: Reporter gene T cell activation assay to measure potency of CD3e-binding
TDB [96]: The authors developed a reporter gene potency assay that measures T-
cell activation in the presence of a CD3e-binding TDB, using Jurkat T-cells engineered
to express luciferase under the control of a T-cell activation-sensitive transcriptional
response element. The assay was shown to be quantitative and stability indicating.
Additionally, it is robust and relatively fast/easy to perform compared to a traditional
cell-based cell killing assay, such as a Cr51 release or dye release assay, making it more
amenable to a QC testing environment. The MoA of the TDB is complex as it consists
of multiple factors—concurrent antigen binding, T-cell activation, and target-cell de-
pletion. In order to show that T-cell activation in an engineered context is a suitable
surrogate measure of the TDB’s overall bioactivity, the authors generated a charac-
terization data package consisting of data from individual antigen binding assays
(cell-based ELISA to measure binding to the target receptor, SPR to measure binding to
CD3) and a flow cytometry-based cell killing assay that used human peripheral blood
mononuclear cells as a source of cytolytic T-cells. By using the data generated from
the characterization assays, the authors were able to show that changes in potency
detected by the reporter gene assay agreed well with changes in affinity for either
antigen and cell killing activity. The characterization results support the assertion that
the reporter gene assay is sufficiently MoA-reflective to serve as a single potency assay
on the control system without the need for additional assays. The authors’ overall
strategy can be applied to justify potency for other TDBs with similar MoAs.

• Case Study: Cell-based potency assay to measure biological activity of HER3/EGFR
DAF BsAb [69]: In order to measure the activity of a DAF molecule designed to
simultaneously inhibit HER3 and EGFR, the authors developed a cell-based potency
assay that measures cell proliferation using a cell-permeable redox dye, in which the
fluorescence signal is proportional to the number of viable cells. This method was
selected based on the molecule’s proposed MoA, which is characterized by blocking
ligand binding to each receptor, prevention of receptor dimerization (hetero- and
homo-), and inhibition of cell proliferation. A cell line that naturally expresses both
receptors and their cognate ligands was selected in order to enable monitoring of the
effects of inhibiting both receptors. As in the case study described above, the author’s
generated a characterization data package using the potency assay and individual
ELISA binding assays for HER3 and EGFR to show that the single potency assay
is reflective of the DAF’s overall bioactivity. The fact that the potency assay was
demonstrated to be sensitive to changes in affinity for either target and sensitive to
inhibition of both receptors, with inhibition of both HER3 and EGFR by the DAF
producing the most potent anti-proliferative activity, provides a strong justification
that the potency assay sufficiently captures the molecule’s MoA. This, combined with
the potency assay’s quantitative ability and stability indicating properties, provides a
persuasive argument that it is suitable as a single control system assay for monitoring
the impact of product quality on bioactivity.

3.4. BsAb Bioassay: Effector Function Assays

Some BsAbs target cell surface proteins or receptors with the intent of enhancing effec-
tor function. One arm often targets a tumor-associated antigen while the other targets an
immune system-evading surface protein (such as CD47 or CD55/59), increasing susceptibil-
ity of the tumor cell to lysis by complement or NK cells, or phagocytosis by macrophages.
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Other BsAbs have a primary MoA that does not involve effector function (e.g., TDB, or
receptor blocker) but have an effector-competent Fc domain and can also exert cell killing
activity through effector function. Depending on the MoA and other molecule-specific
factors, effector function can be associated with unfavorable safety events, and so, effector-
silenced Fc domains are preferred [110,111]. In other cases effector function enhances a
molecule’s activity [54,57].

• Case Study: ADCC reporter assay and competitive ADCP assay to measure enhanced
Fc-mediated effector function of GPC3/CD47 BsAb [92]: As mediated by the Fc do-
main function of therapeutic antibodies, ADCC and ADCP assays are among the
appropriate ones to assess the enhanced Fc-mediated effector functions of investi-
gational BsAbs. The authors employed a cell-based reporter system to evaluate the
ability of BsAb in inducing ADCC against dual-antigen-expressing Raji-GPC3H cells.
In this assay format, engineered Jurkat T lymphocyte cells were used as effector cells.
Target cells, including wild-type Raji and Raji-GPC3H cells, were incubated with each
mAb and BsAb test antibodies and effector cells. A luminescent substrate was used
to measure the luciferase activity at the end of co-incubation that corresponds to the
extent of the effector activities. This bioassay revealed that GPC3/CD47 BsAb could
induce ADCC against dual-antigen-expressing Raji-GPC3H cells in a dose-dependent
manner and to a greater extent compared to the wild-type Raji cells. The ability of
BsAb to induce ADCP in vitro was also evaluated upon co-incubation of Raji-GPC3H

cells with macrophages. In this assay setup, the effector cells [mouse hSIRPa express-
ing bone marrow-derived macrophages (BMDMs) harvested from humanized mouse
bone marrow] were Alexa Fluor647-labeled and incubated with target cells (Raji or
Raji-GPC3H cells) stained with a fluorescent proliferation dye and each antibody.
Effector:target cell mixture was then evaluated for ADCP where the phagocytosis
of fluorescent-labeled target cells by labeled BMDMs was recorded using a confo-
cal microscope (unphagocytosed cells were washed away prior to microscopy). In
this bioassay format, using fluorescence microscopy and quantification of phago-
cytosis, the authors showed a preferential phagocytosis of dual-antigen-expressing
Raji-GPC3H cells specifically in the presence of GPC3/CD47 BsAb.

• Case Study: Use of a CDC assay to assess activity of a complement-regulator neutralizing
BsAbs directed against CD20 and CD55/CD59 [75]: The authors designed BsAbs to
increase complement-mediated killing of CD20-expressing B cells. By simultaneous
targeting CD20 and CD55/CD59, the BsAbs are able to neutralize the C-regulating
proteins on B cells, leading to more efficient killing by CDC. Various CD20-expressing
cells were treated with the BsAbs, followed by incubation with human sera (source of
complement). Following an incubation period, cells were assessed for viability using
MTT (a dye that is reduced to form a purple dye in the presence of metabolically active
cells). Cell killing was enhanced by treatment with the BsAbs compared to treatment
with an effector-competent aCD20 mAb. Additionally, cell killing levels remained con-
sistent in the presence of CD20-bystander cells expressing CD55 and CD59, suggesting
that the BsAbs are selectively killing CD20+ B cells. Flow cytometry-based binding
assays were used to confirm binding to cells expressing CD20, CD55, and CD59.

3.5. BsAb Bioassay: Impurities Assays

Impurities assays for BsAbs are often physicochemical assays such as size-exclusion
chromatography (to measure aggregates and fragments), imaging capillary isoelectric
focusing/ion exchange chromatography (to measure charge variants), and mass spectrome-
try (to sensitively identify and/or quantify post-translational modifications and other trace
variants) [112], which are commonly used to characterize impurities for conventional mAbs.
However, the unique structure of BsAbs can produce unique product variants with impacts
to safety and/or bioactivity that are not fully addressed by physicochemical assays. The
nature/activity of such impurities is rooted in the structure of the molecule, its production
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process, and MoA. In order to illustrate this point a case study describing the development
of a bioassay to measure T-cell activating impurities for a TDB is described below.

• Case Study: Luciferase reporter T cell activation assay to measure functional effects of
impurities on CD3e-targeting TDB [95]: A CD3e-targeting TDB produced by knobs-
into-holes technology and assembled in vitro contains a number of product-related
impurities with the potential to activate T-cells in the absence of target cells. For
example, aggregates and aCD3 homodimer, which result from the mispairing of aCD3
half antibody fragments during production, are characterized by multivalent binding
to CD3 and can crosslink the TCR resulting in activation. These impurities are a safety
concern because T-cell activation is linked to adverse events such as cytokine release
syndrome. While aggregates and aCD3 HD can be measured using analytical methods,
a bioassay is needed to assess their biological impact, such as target-independent T-cell
activation. To address this need, the authors developed a reporter gene assay that
measures T-cell activation in the absence of target cells using Jurkat T-cells engineered
to express luciferase when activated. T-cell activation of product-related impurities
present in the TDB formulation was quantified relative to T-cell activation by aCD3
HD standard. Using this assay, the authors were able to characterize the T-cell acti-
vating activities of aggregates and other product-related impurities, in order to get
an idea of their potential impacts to safety and inform on the overall control strategy.
Additionally, because the assay is a “catchall” assay that measures the combined
T-cell activating activity of product-related impurities that may be present in a given
sample, the method is able to provide reassurance that combinations of impurities are
not leading to unexpected T-cell activation. Such combination effects would not be
identified using physicochemical methods alone.

4. Conclusions

BsAbs represent a highly promising and emerging therapeutic area. Due to structural
and biological differences from monospecific Abs, development of a bioassay strategy for
the BsAb poses unique challenges and considerations. We reviewed currently available
bioanalytical technological platforms, bioassays, and relevant case studies for BsAbs to
provide insight into designing a BsAb release and characterization strategy. Understanding
and developing good bioassays are critical for the overall control strategy of BsAbs to
measure biological activities, and they will continue to evolve for both BsAb molecules and
analytical technologies available.
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Abstract: Most antibodies currently in use have been selected based on their binding affinity. How-
ever, nowadays, antibodies that can not only bind but can also alter the function of cell surface
signaling components are increasingly sought after as therapeutic drugs. Therefore, the identification
of such functional antibodies from a large antibody library is the subject of intensive research. New
methods applied to combinatorial antibody libraries now allow the isolation of functional antibodies
in the cellular environment. These selected agonist antibodies have provided new insights into
important issues of signal transduction. Notably, when certain antibodies bind to a given receptor,
the cell fate induced by them may be the same or different from that induced by natural agonists.
In addition, combined with phenotypic screening, this platform allows us to discover unexpected
experimental results and explore various phenomena in cell biology, such as those associated with
stem cells and cancer cells.

Keywords: combinatorial antibody library; agonist antibody; cell fate; phage display

1. Introduction

Antibodies, also known as immunoglobulins (Ig), are mainly produced by B cells,
and can specifically target antigens. After Köhler and Milstein developed hybridoma
technology in 1975, the speed of antibody development in both basic and clinical research
accelerated markedly [1]. Since the first antibody (muromonab CD3, Orthoclone OKT3) was
approved by the Food and Drug Administration (FDA) in 1986, antibodies have become an
important category of biopharmaceutical products. To date, more than 80 antibodies have
been approved for clinical use in the treatment of various human diseases, including many
cancers, autoimmune, metabolic, and infectious diseases [2,3].

Currently, most therapeutic antibodies have been discovered, selected, and developed
from animal immunization, B cell cloning, or the use of combinatorial antibody libraries.
One of the reasons for the success of combinatorial antibody libraries is that they utilize
the characteristics of the natural immune system. Every individual, even before antigen
stimulation, carries the genetic information for and the capacity to produce more than 107

different antibodies. Moreover, despite an initial low affinity, the antigen binding sites of
many of these antibodies can cross-react with a variety of related, but different antigens.
The subsequent affinity maturation resulting from repeated stimulation in the continued
presence of an antigen leads to higher affinity antibodies capable of binding to the “new”
antigen. Thus, an initial naïve repertoire can be expanded many-fold.

Antibody phage display is one aspect of combinatorial antibody library technology,
and is the in vitro selection technique most commonly used to select antibodies with high
affinity for specific antigens. In 1985, George P. Smith described phage display technol-
ogy, showing that filamentous bacteriophages can display peptides of interest on their
surface after peptide-encoding DNA fragments had been inserted into the bacteriophage
coat protein genes. Subsequently, many laboratories developed methods for generating
antigen-specific antibodies by creating combinatorial antibody libraries in filamentous
phages [4–10]. In general, combinatorial antibody libraries are constructed from mRNA or
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RNA extracted from B cells of immunized or naïve donors. Because the variable regions
of the heavy chain (VH) and the light chain (VL) representing the immunoglobulin gene-
encoding repertoire are known, we can use polymerase chain reaction (PCR), and then
specific primers to amplify different VH and VL gene families. These variable regions of
antibody repertoires are then ligated to the phage display vector (phagemid), with the net
result that the antibody is expressed on the surface of the phage and the gene encoding
of the antibody is in the phage genome. The antibody-encoding gene is inserted into a
phage coat protein gene causing the antibody fragment to be displayed on the outside
of the phage, which results in a connection between genotype and phenotype. Once pro-
duced, the antibody library in the phage can be bound to an immobilized antigen. This
allows us to use multiple binding and elution cycles for selection of antibodies with high
affinity and specificity. Phage binders are screened by ELISA, then DNA sequences are
analyzed and cloned into appropriate expression vectors to produce antibodies, or various
antibody formats, for functional analysis (Figure 1). The antibody format in the phage
display library can be a single-chain variable fragment (scFv) or Fab fragments. Due to the
small size and high solubility of phage particles (1013 particles/mL), a library size of up to
1011 independent clones can be effectively generated, and an extensive antibody diversity
can be displayed in a single library. One advantage of combinatorial antibody library
technology is the diversity of binders. Another advantage is the ability to directly generate
human antibodies in vitro. Since many important therapeutic antibodies are antibodies to
self-antigens, which is forbidden by tolerance, in vitro generation allows the by-passing of
tolerance and the generation of antibodies to self-antigens such as cell surface proteins, or
self-products such as Tumor necrosis factor alpha (TNF-α).

 

Figure 1. The illustration of phage combinatorial antibody libraries. Lymphocyte cells are collected from humans, e.g., naïve,
cancer patients, disease survivors carrying antibodies with unique characteristics, or immunized animals. The RNA of B
cells is prepared and transcribed into single-stranded cDNA that is used as the source for PCR amplification of the heavy
chain (VH) and the light chain (VL) genes. Variable genes are cloned into phagemid vectors as antibody fragments, then
produced to phage combinatorial antibody libraries in E. coli bacteria. The target protein is immobilized on immunotubes
for selection. Specific binding phages displaying antibodies are enriched over several selection rounds by 1. binding, 2.
washing, 3. elution, and 4. phage amplification. After 3–5 rounds of biopanning, the specific phage binders are screened by
ELISA, then DNA sequences are analyzed and cloned into appropriate expression vectors to produce antibodies, or various
antibody formats for functional analysis.
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Currently there are 11 approved antibodies (Table 1) derived from these combinatorial
antibody library technologies [11–24]. The majority of these antibodies are originally gen-
erated by few companies, Cambridge Antibody Technology (CAT), Dyax and MorphoSys’s
human combinatorial antibody libraries (HuCAL). The most dominant antibody format of
the approved or under clinical investigations phage-derived antibodies is Immunoglobulin
G (IgG). The therapeutic antibodies from phage libraries can be successfully screened and
isolated to treat cancer and non-cancer medical conditions such as inflammatory, infectious,
or immune diseases [25]. Nowadays, combinatorial antibody libraries can be very large,
often containing more than 1011 members. The sheer number and diversity of antibodies in
such libraries increases the likelihood that searches to select binders specific for any one of
a wide range of antigens will be successful. In brief, the process usually involves multiple
rounds of affinity selection against the desired target, followed by antibody purification,
binding analysis, and functional testing. Many antibodies derived from combinatorial li-
braries that simply bind antigens have been shown to be extremely important. For example,
Adalimumab (an antibody that binds to tumor necrosis factor) is the world’s best-selling
drug [26].

Table 1. FDA-approved antibody-based drugs from combinational antibody library.

Antibody Brand Name Target Indications Approved Company Ref.

Adalimumab Humira TNFα Rheumatoid arthritis 2002 AbbVie [11]

Belimumab Benlysta BLyS Systemic lupus
erythematosus 2011 GlaxoSmithKline/Human

Genome Sciences [12]

Raxibacumab Abthrax B. anthrasis
PA Anthrax infection 2012 GlaxoSmithKline/Human

Genome Sciences [13]

Ramucirumab Cyramza VEGFR2 Gastric cancer 2014 Eli Lilly/ImClone Systems [14]

Necitumumab Portrazza EGFR Non-small cell lung
cancer 2015 Eli Lilly/ImClone

Systems Inc. [15,16]

Atezolizumab Tecentriq PD-L1 Metastatic lung cancer 2016 Genentech [17,18]

Avelumab Bavencio PD-L1 Merkel cell carcinoma 2017 Merck Serono
International S.A./Pfizer [19]

Guselkumab Tremfya IL-23 Plaque psoriasis 2017 MorphoSys/Janssen
Biotech Inc. [20]

Lanadelumab Takhzyro PKaI Hereditary angioedema
attacks 2018 Dyax Corp/Shire [21]

Emapalumab Gamifant IFNγ
Primary hemophagocytic

lymphohistiocytosis 2018 NovImmmune [22]

Moxetumomab
pasudodox Lumoxiti CD22 Hairy cell leukemia 2018 MedImmune/AstraZeneca [23,24]

Abbreviation: TNF-α, tumor necrosis factor-alpha; BLyS, B-lymphocyte stimulator; B. anthrasis PA, protective antigen of Bacillus anthracis;
VEGFR2, vascular endothelial growth factor receptor 2; EGFR, epidermal growth factor receptor; PD-L1, programmed death-ligand 1;
IL-23, interleukin-23; pKaI, plasma kallikrein; IFN-γ, interferon gamma.

Most antibody libraries are now made in the form of human single-chain variable
fragments (scFv) or Fab for the isolation of therapeutic antibodies. Some of the antibody for-
mats, i.e., the single domain antibody fragments (also referred to VHH, sdAb, Nanobodies),
have also developed [27–33]. These formats can also be used to find functional antibod-
ies in cell fate, cellular pathways, viral pathways, or G protein-coupled receptor (GPCR)
structure. In addition, in respect of the intracellular expression of antibodies in cells, for
example, Visintin et al. used the two-hybrid [28] and Cattaneo et al. [34] used intrabody
in vivo systems to provide an understanding of individual antigen–antibody fragments
that function in cells. The phenotypic screening of nanobody libraries was also used for
isolated antiviral VHH that protect human A549 cells from lethal infection with influenza
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A virus (IAV) or vesicular stomatitis virus (VSV). This study helps us to understand the
viral life pathways [35]. These studies have shown that antibody fragments can efficiently
interact with their antigens in vivo. Thanks to the development of new technology, today’s
researchers can use these 1011 binding antibodies in extracellular, intracellular, or cell
membrane systems. Antibodies can be secreted, expressed in the cytoplasm, anchored on
the plasma membrane, or implanted in the endoplasmic reticulum [36–38]. Using such
delivery technology, we can expand the applicability of combinatorial antibody libraries.
Like the phage display system, we continue to emphasize the link between genotype and
phenotype. However, this time the link is in an animal cell. When the combinatorial
antibody library is used to infect eukaryotic cells, the integrated antibody genotype and
cell phenotype are permanently connected, and each cell becomes its own selection system.
Therefore, we can manipulate antibody libraries to study fundamental biological processes
in the cell environment.

Over the years, most antibodies have been screened for molecular targets. Cell-
based phenotypic analysis is another new method that can be used to explore biological
relevance. This review will highlight recent discoveries using human scFv combinatorial
antibody libraries in target-based screening for agonist antibodies, as well as exploring how
phenotypic screening can be used to discover functional antibodies that perturb targets
involved in cell fate.

2. Using Antibody Libraries to Discover Functional Antibodies and Receptor
Pleiotropism

2.1. Target-Based Screening for Agonist Antibodies

In general, most agonist antibodies are obtained by a target-based approach, i.e., by
focusing on a specific cellular signal by targeting its receptor. An antibody is then selected
that mimics the natural ligand or modulates the effect of the targeted receptor. Previously
the initial step in antibody screening was solely based on binding, e.g., hybridomas.
The subsequent production, isolation, and identification of clones to obtain functional
antibodies was a very laborious and time-consuming process. Now, experimenters are
able to directly select antibodies on the basis of their function or mechanism of action,
e.g., antibodies with enzyme-like catalytic activity [39] or antibodies with agonist activities
capable of binding to desired targets and activating downstream signaling [40,41]. Agonist
antibodies directed against cell surface targets have become one of the most effective
ways to mimic natural ligands or enhance immune responses, because they can also
lead to antibody receptor-mediated downstream signaling in cells. For this purpose, a
combinatorial antibody library can be used to screen autoantigens. We can transfer antibody
genes to a lentivirus system, with all antibody genes constructed with a membrane anchor
sequence, and then use them to infect target animal cells. The integrated antibody genotype
and cell phenotype will be permanently connected, and each cell will be available for
further selection via fluorescence-activated cell sorting (FACS). If we use known targets,
pre-selecting antibodies can improve antibody production efficiency. In 2012, Zhang et al.
described a method to screen for erythropoietin (EPO) receptor (EPOR) antibodies from
a library of combinatorial antibodies that bind to the EPO receptor with similar activity
to the natural ligand, EPO [27]. Based on this concept, many function-based antibodies
with high potency and full agonist activity have been developed recently [42–46], and
their use in the clinical setting has a number of advantages over present practice. For
example, there are several challenges that accompany long-term clinical use of growth
factors or cytokines. These include short serum half-life, low bioavailability, dose-limiting
toxicity and immunogenicity. An example of an agonist antibody overcoming these issues
is the selection of an antibody targeting the leptin receptor, which was shown to be of high
potency with full agonist activity and a function similar to leptin (Figure 2a). In this work
the leptin antibody was first selectively enriched by phage display and later screened and
isolated using leptin receptor reporter cells. This antibody showed identical biochemical
properties and cellular profiles as leptin, and rescued leptin-deficiency in ob/ob mice [45].
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Figure 2. Some examples of antibody libraries as a tool to discover functional antibodies and receptor pleiotropism.
Functional antibodies can isolate from target-based or phenotypic-based screening from a combinatorial antibody library.
Agonist antibodies that are generated against signaling receptors often induce the same cellular response as the natural
agonist ligand for the receptor, or the agonist antibody induces a different cell fate than the natural ligand, even though they
both bind to the same receptor. (a) The erythropoietin (EPO) agonist or the leptin agonist antibody have the same biological
activity as a natural ligand. (b) Exposure of CD34+ bone marrow stem cells with different functional agonist antibodies, e.g.,
Granulocyte Colony Stimulating Factor Receptor (G-CSFR) specific agonist antibody, iodotyrosine deiodinase (IYD) antibody,
and thrombopoietin receptor (TPOR) antibody can differentiate into nerve cells, adipocyte-like cells, and megakaryocytes,
respectively. (c) Exposure of acute myeloid leukemia (AML) cells to TPOR antibody promotes their differentiation into
natural killer (NK)-like AML cells that can induce apoptosis in non-differentiated AML cells. (d) Exposure of cancer cells to
TrkB antibody or PKM2 antibody that promote tumor growth or anti-apoptotic function. Abbreviations: erythropoietin
(EPO), Granulocyte Colony Stimulating Factor Receptor (G-CSFR) thrombopoietin receptor (TPOR), acute myeloid leukemia
(AML), natural killer (NK), interferon-γ (IFN-γ), iodotyrosine deiodinase (IYD), tropomyosin receptor kinase B (TrkB),
pyruvate kinase M2 (PKM2).
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Recently, antibodies targeting inhibitory immune checkpoints have been shown to be
very effective in cancer immunotherapy. Furthermore, evidence suggests that antibodies
targeting stimulatory checkpoints, e.g., OX40, 4-1BB, CD27, and ICOS, may be equally
successful in cancer therapy [40]. Many agonist antibodies have been derived from hy-
bridomas, however, they have also been selected from antibody libraries. In one example,
the researchers first used a phage library and activated human lymphocytes to generate a
large collection of antibodies against 10 immune checkpoints, LAG-3, PD-L1, PD-1, TIM3,
BTLA, TIGIT, OX40, 4-1BB, CD27, and ICOS. Through next-generation sequencing and
bioinformatics analysis, they identified individual scFvs in each collection and then selected
the most enriched antibodies. The antibodies were then further confirmed by assays for
lymphocyte proliferation and T-cell function [47].

2.2. Phenotypic Screening for Isolation of Functional Antibodies That Regulate Cell Fate

A large proportion of drugs in clinical use have been developed by first identifying
molecules that have the desired effect on the function of a cell, and then subsequently
identifying their targets [48]. However, when the goal is to develop antibodies capable
of regulating cell phenotype other methods have been used. In these methods the stem
cell is the starting point. Stem cells are highly specialized cells with unlimited replication
and self-renewal potential. These cells are pluripotent, but may be limited or unlimited
(embryonic stem cells, ESC) in terms of their ability to differentiate into a range of somatic
cell lineages. Therapies capable of controlling differentiation have long been a goal in
the pharmaceutical industry. They would have broad applicability in the fields of tissue
regeneration and the treatment of chronic degenerative diseases [49,50], and would be a
major advance in the clinical setting. In one study researchers screened an antibody library
to find functional antibodies capable of activating specific receptors on bone marrow stem
cells. They successfully selected agonist antibodies recognizing the granulocyte colony
stimulating receptor (G-CSFR) by anchoring the expressed antibodies to the membrane of a
G-CSFR-transfected BaF3 cell line. Importantly, subsequent experiments showed that one of
the isolated anti-G-CSFR antibodies was able to induce CD34+ hematopoietic stem cells to
differentiate into nerve cells (Figure 2b) [51]. In other experiments, an agonist antibody that
functions like a natural ligand specific for the thrombopoietin receptor (TPOR) stimulated
bone marrow stem cells to differentiate into megakaryocytes [42]. Interestingly, exposure
of acute myeloid leukemia (AML) cells to this same TPOR agonist antibody promoted their
differentiation into natural killer (NK)-like AML cells that synthesized large amounts of
perforin, granzyme B and interferon-γ, and thereby induced apoptosis in undifferentiated
AML (Figure 2c) [52]. This antibody was shown to induce signal transducer and activator
of transcription 3 (STAT-3), protein kinase B (AKT), and extracellular signal-regulated
kinase (ERK) phosphorylation in CD34+ hematopoietic stem cells. Similarly, in AML cells,
the TPOR antibody induced the same signaling in STAT-3 and ERK phosphorylation, but
not in AKT. These findings suggest that the ability to use receptor pleiotropism to change
the differentiation state of stem cells may open a new route to treating disease [53]. Meli-
doni et al. reported the selection of antagonist antibodies capable of blocking fibroblast
growth factor 4 (FGF4) and its receptor FGFR1β, which control embryonic stem cell differ-
entiation [54]. In addition, antibodies have been shown to be capable of reprogramming
differentiated cells into induced pluripotent stem cells (iPSCs), a process that is usually
generated by transient expression of Oct4, Sox2, Klf4, and c-Myc in the nucleus. Using the
autocrine antibody reprogramming system from an antibody library, multiple antibodies
that replaced either Sox2 and c-Myc in combination, or Oct4 alone in generating iPSCs were
isolated. Identifying the target of one Sox2 replacement antibody showed that it binds to
Basp1, thereby de-repressing nuclear factors WT1, Esrrb, and Lin28a (Lin28) independently
of Sox2. This study provides another example whereby an antibody library can be used as
a tool for discovery of new biologics, as well as elucidating membrane-to-nucleus signaling
pathways that regulate pluripotency and cell fate [55].
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As mentioned above, functional antibodies such as agonists can mimic the actions of
natural ligands, having the ability to stimulate proliferation and differentiation. However,
occasionally these antibodies, in spite of binding the same target, appear to activate a sig-
naling pathway different from the natural ligand, with the consequence that differentiation
occurs along a different cell lineage. This indicates a receptor pleiotropism that is like a
binary switch, which can regulate a variety of biological activities. Phenotypic screening
offers additional opportunities to identify targets and select antibodies that regulate cell
fate or affect tumor growth, and combining phenotypic screening with antibody libraries
enhances the chance for success. For example, one of the most important phenotypes in
biology is cell death. Using a combination of phenotypic screening and combinatorial
antibody libraries, researchers were able to select antibodies that protected cell death asso-
ciated with rhinovirus infection. The target antigen was later identified as the rhinovirus
3C protease [56]. Mammalian cells exposed to disturbances in the intracellular or extracel-
lular microenvironment can activate one of many signal transduction cascades, ultimately
leading to their death. Each of these regulated cell death modes is triggered and spread
through a different molecular mechanism, all of which exhibit a considerable degree of
complexity [57]. In the cancer setting, a current study reported that one anti-apoptotic
intrabody was selected from an antibody combinatorial library, and shown to recognize
pyruvate kinase M2 (PKM2). This finding helped to identify a new mechanism that allows
cells to evade apoptosis [58] (Figure 2d). Two other important phenotypes in biology are
cell proliferation and metastasis. In a recent study, two antibodies derived from a combina-
torial library, both recognizing tropomyosin receptor kinase B (TrkB) and highly similar
in sequence, were shown to have opposite functional activity, one being an agonist while
the other was an antagonist. The agonist antibody was shown to increase breast cancer
cell growth both in vitro and in vivo, whereas the antagonist antibody inhibited growth.
Receptor binding by the agonist antibody triggered the same downstream signaling cas-
cade as the natural ligand, brain-derived neurotrophic factor (BDNF) [59]. This unexpected
finding in TrkB represents yet another example showing that the same receptor may have
different functions. A platform for phenotypic discovery of antibodies and targets applied
on chronic lymphocytic leukemia (CLL) has been reported [60]. The platform utilizes pri-
mary patient cells throughout the discovery process and includes methods for differential
phage display cell panning, cell-based specificity screening, phenotypic in vitro screening,
target deconvolution, and confirmatory in vivo screening. This approach provides another
method of discovering potent targets for antibody-based cytotoxicity treatment of CLL,
e.g., CD32, CD21, etc.

These antibodies also show promise for the treatment of degenerative diseases. Recent
reports have shown that it is possible to select antibodies from a combinatorial library that
can induce bone marrow stem cells to differentiate into microglia, which then traffic to the
brain where they organize into typical networks. Interestingly, in an Alzheimer’s disease
mouse model, these induced microglia-like cells were found at sites of plaque formation
and significantly reduced their plaque numbers [61].

As we mentioned above, these findings suggest that the use of phenotypic screening
with combinatorial antibody libraries shows great promise in terms of allowing identifi-
cation of receptor pleiotropism, as well as selection of antibodies capable of modulating
the differentiation, growth, and function of cells [61–63]. The ultimate goal is to use this
new capability to expand treatment options for both cancer patients and patients with
degenerative diseases.

3. Antibody Libraries and Emerging Viral Infections

One important advantage of combinatorial antibody libraries is the almost limitless
diversity of binding antibodies they contain, potentially greater than that seen in nature.
Work focusing on the outbreak of the novel coronavirus disease in 2019 (COVID-19) has
shown that this characteristic can be extremely valuable in the development of therapies
for emerging viruses [37,64–66]. COVID-19 is the biggest global health threat in many
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generations. Recently it has been reported that a combinatorial human antibody library,
constructed 20 years before the current COVID-19 pandemic, was used to select three highly
potent antibodies that specifically bind the severe acute respiratory syndrome coronavirus
2 (SARS-CoV-2) spike protein, and neutralize authentic SARS-CoV-2 virus [67]. This sug-
gests that immunological memory after infection with seasonal human coronaviruses may
potentially contribute to cross-protection against SARS-CoV-2 [68,69]. Other researchers
have successfully isolated neutralizing antibodies from a phage display library constructed
using peripheral lymphocytes collected from patients in the acute phase of the disease.
These neutralizing antibodies have been shown to recognize different epitopes on the
viral spike receptor-binding domain (RBD). Some subset antibodies exert their inhibitory
activity by eliminating the binding of RBD to the human angiotensin-converting enzyme 2
(ACE2) receptor. These papers indicated that antibodies from an antibody library repre-
sent a promising basis for an effective treatment design for SARS-CoV-2 infection [70,71].
Perhaps most importantly, the large number of antibodies from such libraries allows one to
understand the chemistry of virus neutralization.

4. Summary

This main purpose of this review was to describe current findings and applications of
functional antibodies, especially agonist antibodies, selected from combinatorial antibody
libraries. The advent of combinatorial antibody library technology has provided scientists
with unprecedented control over the output of the acquired immune system. Antibodies
can now be generated in test tubes, thus avoiding tolerance. The size of these libraries,
combined with a powerful selection system, allows for rapid generation of antibodies and
isolation of rare antibodies. In addition to enhancing traditional uses of antibodies in both
research and therapeutics, recent advances have identified functional agonist antibodies
capable of activating cell signaling cascades, as well as inducing cell differentiation along
multiple pathways, suggesting that in the future antibodies may be used as universal
operons for cell function.
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Abstract: G-protein-coupled receptors (GPCR) transmit extracellular signals into cells to regulate
a variety of cellular functions and are closely related to the homeostasis of the human body and
the progression of various types of diseases. Great attention has been paid to GPCRs as excellent
drug targets, and there are many commercially available small-molecule chemical drugs against
GPCRs. Despite this, the development of therapeutic anti-GPCR antibodies has been delayed and is
challenging due to the difficulty in preparing active forms of GPCR antigens, resulting from their low
cellular expression and complex structures. Here, we focus on anti-GPCR antibodies that have been
approved or are subject to clinical trials and present various technologies to prepare active GPCR
antigens that enable the isolation of therapeutic antibodies to proceed toward clinical validation.

Keywords: G protein-coupled receptor; membrane protein; antigen; therapeutic antibody

1. Introduction

G-protein-coupled receptors (GPCRs), which make up the largest superfamily of human membrane
proteins, play pivotal roles in mediating intracellular signaling and inducing cell proliferation,
cell growth, and cell motility through the association and subsequent dissociation of G-proteins in
response to external stimuli (Figure 1) [1,2]. Many clinical studies have revealed that abnormal functions
of GPCRs are highly related to a variety of human diseases and affect the patient survival rate [3–5].
Therefore, GPCRs are crucial drug targets to treat patients with various diseases, and their targeting
drugs represent more than 30 percent of all US Food and Drug Administration (FDA)-approved
drugs [6–8]. Annual sales of these drugs have increased to about USD 180 billion in 2018 [9].
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Figure 1. Schematic diagram of G-protein-coupled receptor (GPCR) signaling pathways mediated by Gα

protein subunits. Downstream signaling triggered by binding of G proteins changes the concentrations
of phospholipase C-beta (PLCβ), phosphoinositide 3-kinases-gamma (PI3Kγ), diacylglycerol (DAG),
inositol trisphosphate (IP3), and cyclic adenosine monophosphate (cAMP) and regulates various cellular
functions such as cell motility, cell growth, cell proliferation, and cancer progression and metastasis.

Compared to small-molecule chemical drugs and small peptides, therapeutic antibodies have
many advantages in terms of higher target specificity, fewer side effects, and superior serum circulating
half-life [10]. However, despite clinical and marketing successes of monoclonal antibody products
to treat numerous diseases, only two anti-GPCR therapeutic antibody drugs, Amgen’s erenumab
(trade name: Aimovig), targeting calcitonin gene-related receptor (CGRPR) to treat migraine
(Figure 2a) [11] and Kyowa Kirin’s mogamulizumab (trade name: Poteligeo), targeting chemokine
receptor 4 (CCR4) to treat refractory mycosis fungoides and Sézary syndrome (Figure 2b), have been
approved to date [12].

Generally, amenable techniques to isolate therapeutic human antibodies include (1) humanization
of candidate antibodies followed by the selection of hybridoma cells derived from immunized
animals; (2) screening of the human naïve antibody library displayed on the surface of bacteriophages,
bacteria, or yeast, which take advantage of a physical linkage between genotype and phenotype;
and (3) hybridoma selection after immunizing an antigen into humanized transgenic animals,
referred to as XenoMouseTM, which contains the genes for variable regions of the heavy (VH) and light
(VL) chains of the human antibody repertoire [13].
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Figure 2. US FDA-approved anti-GPCR antibodies erenumab and mogamulizumab. (a) Erenumab
is an antagonistic monoclonal antibody against calcitonin gene-related peptide receptor (CGRPR)
consisting of calcitonin receptor-like receptor (CLR) and receptor activity-modifying protein 1 (RAMP1)
for treatment of chronic migraine. (b) Mogamulizumab is an antibody against chemokine receptor
4 (CCR4) for treatment of T-cell leukemia by inactivating the GPCR and clearance of target cells by
enhanced antibody-dependent cell-mediated cytotoxicity (ADCC).

Regardless of the antibody isolation technique, preparing pure GPCR antigens with the native
conformation of the human in vivo condition is essential for successful isolation of therapeutic
functional human anti-GPCR antibodies. In particular, GPCRs containing seven transmembrane
α-helices are usually expressed at very low levels in heterologous expression systems; therefore, it is
very hard to purify the antigen with a native conformation as a soluble form. Furthermore, the limited
surface area of the extracellular region of GPCRs in the whole GPCR structure makes it very difficult
to prepare the GPCR antigen as a target for therapeutic anti-GPCR antibodies. Even though antigen
preparation is one of the most difficult steps in development of therapeutic anti-GPCR antibodies,
two anti-GPCR antibodies have overcome the challenges and have been recently approved. In addition,
dozens of anti-GPCR antibodies are under clinical development or are waiting for clinical evaluations
of therapeutic efficacy and toxicity. In this review, we focus on therapeutic anti-GPCR antibodies
that have been recently approved or those that are subject to clinical trials (Table 1) and how the
various types of GPCR antigens are prepared to isolate the highly challenging therapeutic anti-GPCR
antibodies that have entered the clinical development phase.
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2. GPCR Extracellular Region Fusion Proteins as GPCR Antigens

Interaction between the extracellular region of GPCRs and their ligands triggers conformational
changes in the intracellular region of the protein, resulting in the association of G-proteins and the
transmission of extracellular signals into cells [26]. GPCRs consist of seven transmembrane α-helical
bundles, four extracellular regions: N-terminal, extracellular loop 1 (ECL1), extracellular loop 2
(ECL2), and extracellular loop 3 (ECL3), and four intracellular regions: intracellular loop 1 (ICL1),
intracellular loop 2 (ICL2), intracellular loop 3 (ICL3), and C-terminal. The unique three-dimensional
structure of each GPCR determines its ligand specificity to elicit its characteristic cellular responses.
To isolate antibodies that recognize the extracellular region of a GPCR, a simple strategy is to chemically
conjugate or genetically fuse a designed peptide comprising the part of the GPCR extracellular region
with a carrier protein (Figure 3a). The prepared antigen can be used to immunize animals or screen
antibodies from a human naïve antibody library [27]. Although the extracellular region peptide prepared
with a carrier protein is unable to perfectly mimic the extracellular peptide conformation of a native
GPCR, some human GPCR extracellular region polypeptides containing post-translational modifications
such as glycosylation can be expressed in mammalian cells [28]. A mimic GPCR extracellular loop was
fused with a carrier protein and employed to isolate erenumab, targeting calcitonin gene-related peptide
receptor (CGRPR) [29], mogamulizumab, targeting chemokine receptor 4 (CCR4) [30], and vantictumab,
targeting Frizzled-7 (FZD7) [31].

Figure 3. Various types of antigens that have been employed to isolate anti-GPCR antibodies.
(a) Extracellular region fused proteins. (b) Whole cells expressing GPCRs on their cellular membrane.
(c) Membrane factions expressing GPCRs. (d) Purified whole GPCRs. (e) DNA molecules encoding
GPCRs. (f) Extracellular region peptides. (g) Virus-like particles (VLPs) displaying GPCRs on the
surface. (h) Reconstituted GPCR–lipid–belt protein (GLB) complexes.

Erenumab is an antibody developed to treat patients with chronic migraine. It regulates the
function of calcitonin receptor-like receptor (CLR), interacting with the receptor activity-modifying
protein (RAMP) family. The single transmembrane domain has selectivity for three types of ligands:
calcitonin gene-related peptide (CGRP), adrenomedullin 1, and adrenomedullin 2 [32]. The calcitonin
gene-related peptide receptor (CGRPR), comprising CLR and RAMP1, is mainly distributed in the
peripheral and central nervous systems.
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Moreover, it is closely related to migraine through vasodilation following Gαs protein release
and the activation of adenylyl cyclase [33,34]. Based on the finding that the CGRP binding site spans
the extracellular regions of CLR and RAMP1 [35], a heterodimeric Fc (fragment crystallizable) fusion
protein consisting of an ectodomain of RAMP and an N-terminal extracellular region of CLR was
designed as an antigen to isolate CGRPR antagonistic antibodies (Figure 4a). In addition, the prepared
heterodimeric Fc fusion was immunized into XenoMouse to generate erenumab, followed by hybridoma
screening [36,37] (Figure 4b). Erenumab showed a high binding affinity to CGRPR (KD = 56 pM) and
excellent inhibition of cAMP production (IC50 = 2.3 nM) [38]. Additionally, structural analysis of
the CGRPR-CGRP complex confirmed that erenumab directly blocks the conformation of CGRP into
CGRPR [39]. In the phase III clinical trial, patients treated with 70 mg and 140 mg of erenumab once a
month for at least 6 months showed 43.3% and 50% reductions of number of days of migraine [40],
respectively, and these efficacy results enabled the antibody to be the first anti-GPCR antibody approved
by the US FDA in May 2018 and by the European Medicines Agency (EMA) in July 2018.

Figure 4. Schematic diagrams of antigen preparation and overall procedure for discovery of US
FDA-approved anti-GPCR antibody. (a) A heterodimer CGRPR Fc protein prepared by Fc fusion
constructs of N-terminal extracellular regions of CLR and ectodomain of RAMP1. (b) Immunization of
heterodimeric CGRPR Fc proteins into XenoMouse hybridoma selection to isolate erenumab. (c) The
N-terminal region of CCR4 (28 amino acids: N2-C29) fused with keyhole limpet hemocyanin (KLH).
(d) Injection of the N-terminal region of CCR4-KLH into BALB/c mice and hybridoma selection,
humanization, and defucosylation of N-inked glycans of Fc to generate mogamulizumab.
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Mogamulizumab is a humanized monoclonal antibody targeting chemokine receptor 4 (CCR4)
with a glyco-engineered Fc region to enhance the antibody-dependent cellular cytotoxicity (ADCC)
for the clearance of adult t-cell leukemia (ATL). The protein CCR4 is overexpressed on the surface
of FOXP3+ regulatory T (Treg) cells of ATL patients and is involved in the evasion of immune
surveillance against tumors [41,42]. To isolate anti-CCR4 antibodies, extracellular partial N-terminal
peptide (28 amino acids: N2-C29) was fused to a carrier protein, keyhole limpet hemocyanin (KLH)
(Figure 4c), and injected into mice for the screening of antigen-specific antibodies (Figure 4d) [43].
After humanization of the candidate antibodies, glycol engineering was performed to defucosylate
the N-linked glycan of Fc to enhance FcγIIIa binding and Natural Killer (NK) cell-mediated ADCC
activity [44–47]. The resulting mogamulizumab (KW-0761) exhibited significant efficacy in 50% of ATL
patients treated in clinical trials, leading to successful commercialization in 2012 in Japan and in 2019
in the US for the treatment of mycosis fungoides (MF) and Sézary syndrome (SS) [12,48].

Uncontrolled cell signaling in the Wnt/β-catenin pathway affects various types of tumors [49].
Vantictumab (anti-FZD7), a Wnt/β-catenin pathway-blocking antibody, was isolated by screening
the human naïve Fab antibody library displayed on bacteriophages using the Fc-fused extracellular
N-terminal domain of the GPCR as an antigen. The resulting antibody (vantictumab) could inhibit Wnt
pathway signaling through specific binding to five kinds of Frizzled receptors: FZD1, FZD2, FZD5,
FZD7, and FZD8 [31]. In human phase 1 clinical examination, vantictumab significantly inhibited
the growth of pancreatic, colon, and breast cancer cells in combination with other chemotherapeutic
agents [50].

3. GPCR-Expressing Cells or Membrane Fractions as GPCR Antigens

The use of GPCR-expressing cells (Figure 3b) or their membrane fractions as antigens containing
integral and associated proteins (Figure 3c) has been limited due to difficulty in overexpressing a target
GPCR on the cell surface due to the presence of numerous other membrane components. In addition,
a very advanced handling technique is necessary to apply the fragile whole cells as antigens for
repeated rounds of antibody screening. Alternatively, the membrane fraction from cells displaying a
target GPCR has been used as a type of antigen. The biggest advantage of using GPCR-expressing
cells or membrane fractions is their native conformation that allows for the isolation of a desired
anti-GPCR antibody capable of recognizing the native structure of GPCR compared to using other
GPCR mimetic antigens.

Representative examples of therapeutic anti-GPCR antibodies that have been isolated using animal
immunization with GPCR-overexpressing cells or their membranes fraction as antigens are glutazumab,
targeting glucagon-like peptide-1 receptor (GLP1R) [51,52], volagidemab, targeting glucagon receptor
(GCGR) [53], plozalizumab, targeting chemokine receptor type 2 (CCR2) [54], leronlimab (Pro 140),
targeting C-C chemokine receptor type 5 (CCR5) [55], ulocuplumab (BMS-936564), targeting C-X-C
chemokine receptor type 4 (CXCR4) [56], and avdoralimab (IPH5401), targeting C5a receptor (C5aR) [57].

Glutazumab is an agonist antibody targeting GLP1R for the treatment of type 2 diabetes resulting
from an abnormal cellular response to insulin. It was developed by hybridoma selection from mice
that were immunized with GLP1R-expressing mammalian cells, humanization, and genetic fusion of
the GLP1 (29 amino acids: H7-G35), a ligand of GLP1R, at the N-terminus of the variable light chain of
IgG [51,58]. Glutazumab was efficacious in suppressing the interaction between GLP-1 and GLP1R
and showed significant efficacy in suppressing glucagon secretion in a human phase II clinical trial in
Australia and New Zealand [23].

Leronlimab (Pro 140) is a humanized monoclonal antibody targeting CCR5, which is expressed
on the surface of T lymphocytes and is essential for the fusion of HIV with immune cells.
Anti-CCR5 antibodies were isolated by immunizing mice with CCR5-expressing mammalian cells,
and humanization of the resulting antibodies enabled the development of leronlimab (Pro 140) [55].
The antibody inhibits HIV infection pathways by selectively binding to the N-terminus and extracellular
loop 2 of CCR5, and a human phase III clinical trial is ongoing [19,59].
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4. Purified Whole GPCR Proteins as GPCR Antigens

For preparative production of whole GPCR proteins (Figure 3d) that mimic the native GPCR
structure, several strategies, including the optimization of expression conditions, detergents to extract
the complicated membrane proteins, and purification, have been attempted. Despite reports of the
successful production of functional GPCRs in mammalian, insect, and Escherichia coli host cells,
their preparation techniques are highly variable depending on the type of GPCR. In addition, the same
ligand binding affinity and specificity for purified GPCRs as those on cellular membranes are not
guaranteed because the structures extracted from cellular membranes are likely to be different from
those of native GPCRs. Nevertheless, the use of purified whole GPCR proteins as antigens enables
the exclusion of a number of unrelated components on the cellular membrane, which may improve
the isolation of GPCR target-specific antibodies. For the efficient production of functional native-like
GPCRs, significant efforts have aimed to resolve issues including the (i) low expression level of GPCR
on the cell membrane surface, (ii) low solubility and stability of expressed GPCRs, and (iii) complicated
reconstitution steps to maintain the active conformation of GPCRs.

To improve the expression level of endothelin receptor type A (ETA) in E. coli, Lee et al. fused the
N-terminus of a GPCR with the P9 peptide derived from an envelope protein of Pseudomonas phage
Φ6 (Phi6). The P9 peptide fusion significantly increased ETA expression in E. coli, and the purified
ETA showed binding affinity to both its native ligand (ET-1 peptide) and Gα protein [60]. Corin et al.
added non-ionic detergents in a commercial cell-free translation system to successfully express and
purify 13 GPCRs. Human vomeronasal receptor 1 (hVN1R1), prepared through its modified cell-free
translation system, showed similar ligand binding affinity compared to the hVN1R1 counterpart
produced in HEK293 cells [61]. For enhanced expression of GPCRs, Sarkar et al. optimized the
conditions to enhance outer membrane permeability for the access of additional small ligands to the
GPCRs expressed on the E. coli inner membrane. Using the screening of an error-prone PCR library for
rat neurotensin receptor-1 (NTR1), they successfully isolated NTR1 variants exhibiting an improved
fluorescence signal upon binding to fluorescent dye-conjugated ligands in the flow cytometric analysis.
The resulting GPCR variants showed enhanced stability and were successfully purified in E. coli,
yeast, and mammalian cells [62]. A. James Link et al. fused Green Fluorescent Protein (GFP) to the
C-terminus of GPCRs and monitored the effect of co-expression of a panel of selected E. coli proteins
on GPCR expression. They found that co-expression of membrane-anchored AAA+ protease FtsH
could significantly improve the expression levels of full-length cannabinoid receptors (CB1, CB2) and
bradykinin receptor 2 (BR2) in E. coli [63]. Vukoti et al. examined the effect of detergents on the
solubility of recombinant purified cannabinoid receptor 2 (CB2) using the E. coli expression system
and optimized conditions for the reconstitution of CB2 from mixed n-dodecyl-ß-D-maltopyranoside
(DDM), 3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate (CHAPS), and cholesteryl
hemisuccinate (CHS) micelles. The reconstituted CB2 exhibited an equivalent binding affinity to
ligands (CP-55,940 or SR-144,528) and Gαi1 compared to the CB2 expressed in Chinese Hamster Ovary
(CHO) cells [64].

5. Other Types of Prepared GPCR Antigens

In addition to the previously mentioned types of antigens, other types of prepared GPCR
antigens such as DNA (Figure 3e), peptide (Figure 3f), virus-like particles (VLP) (Figure 3g), and the
GPCR-lipid-belt protein (GLB) complex (Figure 3h) have been harnessed to isolate therapeutic
anti-GPCR antibodies. The biggest advantage of using GPCR-coding DNAs as antigens is to bypass
production of complex GPCR membrane proteins or GPCR-overexpressing cells. When the DNA
encoding the GPCR antigen is cloned into a vector optimized for GPCR protein expression and injected
into an animal host, it produces heterologous GPCR protein antigen and GPCR overexpressing cells.
The resulting GPCR antigen enables to isolate GPCR antigen specific antibodies through the immune
response of the animal host [65,66] However, injected DNAs are highly labile to decomposition by the
immune responses of animals. In addition, it is hard to isolate a desired target-specific anti-GPCR
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antibody in the case of low antigenic GPCR expression. Peptide antigens can be effectively used
when the structures of the antigen proteins are complex or protein production is very difficult.
And GPCR-specific antibodies can be discovered using peptides consisting of the sequence of the
extracellular loop of the GPCR [67,68]. However, it is not easy to prepare the peptide antigens that
mimic the native GPCR extracellular loop structure, and the short-length peptide antigen may be
labile to be degraded in the host when it is immunized into an animal. VLPs are divided into two
main types, non-enveloped VLPs and enveloped VLPs, depending on the presence of a lipid bilayer
on the VLP surface displaying antigens [69]. Enveloped VLP containing a lipid bilayer structure
can display complex membrane proteins on the cell surface and has been used to isolate anti-GPCR
antibodies [70,71]. However, it is possible that the conformation and topology of GPCRs displayed on
the surface of VLP differ from those of natural GPCR expressed on cellular membrane.

Similarly, the GPCR-lipid-belt protein (GLB) complex prepared by reconstituting solubilized
GPCR proteins, lipids, and belt proteins has been used as an antigen to isolate various anti-GPCR
antibodies [72,73]. Namacizumab, a therapeutic antibody for treatment of non-alcoholic fatty liver
disease (NAFLD), was isolated using the prepared GLB complex reconstituted with belt protein,
lipid, and cannabinoid 1 receptor (CNR1) [74]. CNR1 is a main receptor for anandamide and
2-arachidonoyl glycerol and is involved in energy metabolism [75,76]. Previous research results
indicate that overexpression and dysfunction of CNR1 cause obesity and hepatic steatosis (fatty liver
disease) in a diet-induced obesity mouse model [77]. The anti-CNR1 antibody was isolated by injecting
reconstituted CNR1 GLB complex particles into mice [74,78], and a phase I human clinical trial of its
humanized antibody was conducted [25].

6. Conclusions

In contrast to small-molecule drugs, monoclonal antibodies have many advantages, including
high target specificity, much reduced side effects, prolonged serum half-life, and the ability to harness
immune effector functions mediated by a variety of leukocytes. Due to these unique characteristics
possessed by antibodies, they are the fastest growing sector in drug development. GPCRs are crucial for
regulating the cell growth, motility, proliferation, progression, and metastasis of cancer. Although many
small-molecule drugs targeting GPCRs are commercially available, only two anti-GPCR therapeutic
antibody drugs have been approved by the US FDA as of 16 September 2020. One of the main reasons
for the slow speed of development of therapeutic antibodies against the attractive drug target is the
difficulty in preparing functional (native or native-like) GPCR antigens. It is evident that GPCRs
are highly challenging antigens for which to isolate therapeutic antibodies because of their complex
structure. However, as noted above, various strategies to prepare homogeneous and more native-like
GPCR antigens have been developed. In keeping pace with the development of GPCR antigen
preparation methods, various cutting-edge antibody isolation platforms have emerged. Our research
group also discovered novel anti-GPCR antibodies for cancer treatment through the innovative methods
described in this manuscript, and the results will be reported soon. In combination with efficient
GPCR antigen preparation methods and advanced antibody screening techniques, many advances
have been achieved and will soon be able to exploit a variety of anti-GPCR therapeutic antibodies with
new mechanisms of action, which may be used for the treatment of a variety of diseases related to
GPCR signaling.
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Abstract: The fact that there are now five immune checkpoint inhibitor (ICI) monoclonal antibodies
approved since 2016 that target programmed cell death protein 1 or programmed death ligand-1 for
the treatment of metastatic and refractory bladder cancer is an outstanding achievement. Although
patients can display pronounced responses that extend survival when treated with ICIs, the main
benefit of these drugs compared to traditional chemotherapy is that they are better tolerated and
result in reduced adverse events (AEs). Unfortunately, response rates to ICI treatment are relatively
low and, these drugs are expensive and have a high economic burden. As a result, their clinical
efficacy/cost-value relationship is debated. Long sought after targeted molecular therapeutics have
now emerged and are boasting impressive response rates in heavily pre-treated, including ICI treated,
patients with metastatic bladder cancer. The antibody-drug conjugates (ADCs) enfortumab vedotin
(EV) and sacituzumab govitecan (SG) have demonstrated the ability to provide objective response
rates (ORRs) of 44% and 31% in patients with bladder tumor cells that express Nectin-4 and Trop-2,
respectively. As a result, EV was approved by the U.S. Food and Drug Administration for the
treatment of patients with advanced or metastatic bladder cancer who have previously received
ICI and platinum-containing chemotherapy. SG has been granted fast track designation. The small
molecule Erdafitinib was recently approved for the treatment of patients with advanced or metastatic
bladder cancer with genetic alterations in fibroblast growth factor receptors that have previously been
treated with a platinum-containing chemotherapy. Erdafitinib achieved an ORR of 40% in patients
including a proportion who had previously received ICI therapy. In addition, these targeted drugs
are sufficiently tolerated or AEs can be appropriately managed. Hence, the early performance in
clinical effectiveness of these targeted drugs are substantially increased relative to ICIs. In this article,
the most up to date follow-ups on treatment efficacy and AEs of the ICIs and targeted therapeutics
are described. In addition, drug price and cost-effectiveness are described. For best overall value
taking into account clinical effectiveness, price and cost-effectiveness, results favor avelumab and
atezolizumab for ICIs. Although therapeutically promising, it is too early to determine if the described
targeted therapeutics provide the best overall value as cost-effectiveness analyses have yet to be
performed and long-term follow-ups are needed. Nonetheless, with the arrival of targeted molecular
therapeutics and their increased effectiveness relative to ICIs, creates a potential novel paradigm
based on ‘targeting’ for affecting clinical practice for metastatic bladder cancer treatment.

Keywords: bladder cancer; antibodies; immune checkpoint inhibitors; antibody-drug conjugates;
sacituzumab govitecan; enfortumab vedotin; erdafitinib; cost-effectiveness
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1. Introduction

Urothelial cancer typically arises from the transitional cells in the urothelium of the bladder, renal
pelvis, ureter, and urethra and is commonly referred to as bladder cancer. According to the World Health
Organization, bladder cancer represents the 10th most diagnosed and 13th most deadly malignancy
worldwide [1]. Bladder cancer is a particular challenge to treat as it is most frequent (>50%) within
the elderly and these patients often have underlying comorbidities and reduced functional status [2].
Bladder cancer is a heterogeneous disease, with 70% of cases diagnosed with superficial (non-invasive)
tumors and 20% and 10% present as muscle-invasive bladder cancer (MIBC) and metastatic disease,
respectively [3]. Importantly, 50–70% of superficial tumors will recur and 10–20% will progress to
MIBC [3]. Despite therapy, MIBC progresses to incurable metastatic disease in about half of cases [4].
Cisplatin-containing chemotherapy regimens are the current standard-of-care for the treatment of
metastatic bladder cancer. Unfortunately, the 5-year survival rate of metastatic patients treated with
regimens consisting of cisplatin plus gemcitabine and methotrexate/vinblastine/doxorubicin/cisplatin
is poor [5]. Chemotherapy is also related to high toxicity and has caused adverse events (AEs) of
grade ≥3 in up to 82% of cases [6]. In addition, treatment related death occurs in 3–4% of cases [7].
Due to the frailty of many elderly patients, there are significant proportions of cases that are ineligible
for platinum-containing chemotherapy. In these patients, carboplatin-based regimens are typically
used. However, carboplatin-based chemotherapy is considered limited as the overall survival (OS)
rate for these patients is approximately 9 months [5,8]. Patients who relapse after platinum-containing
chemotherapy and are treated with second-line chemotherapy, have even more limited responses
and poor survival [9,10]. Thus, there are unmet needs for effective and tolerable therapies for
patients that are cisplatin-ineligible or for those with metastatic tumor recurrences after receiving
platinum-containing chemotherapy.

In concept, precision-based therapy is the systemic administration of a drug that specifically
targets tumors and, as a result, reduces nonspecific toxicities while maximizing tumor killing. Although
the paradigm of targeted therapeutics has been effective and part of the standard of care for certain
tumor types, it has been a challenge to accomplish in the clinic for bladder cancer [11–13]. The inability
of targeted therapeutics to provide patients with robust patient responses or significant responses
relative to chemotherapy is the major reason why chemotherapy has been the primary option for
systemically treating advanced or metastatic bladder cancer for the past three decades, until the
approval of immunotherapy and targeted therapeutics starting in 2016.

The advent of immunotherapies in the form of immune checkpoint inhibitors (ICIs), which
are monoclonal antibodies (mAbs) that target specific factors that regulate the immune response,
has dramatically changed the landscape of bladder cancer treatment. In general, ICIs work well—but
only for a minority of patients providing them with long-lasting immunologic memory [14]. However,
the majority of patients treated with ICIs fail to ever respond, and those that initially respond eventually
develop resistance and disease progression. Unlike targeted therapeutics, there remains no predictive
molecular biomarker to determine the patients who are most likely to benefit from ICI therapy.

In other tumor types, ICIs have been incredibly successful and have helped patients who have
previously received not only traditional chemotherapy, but also targeted therapies [15–17]. A unique
aspect of bladder cancer, ICIs have provided benefit in a tumor type where targeted therapy is
inexistent. Bladder cancer is a unique case study because it is now targeted therapies that are coming
to the rescue of patients who have previously received ICIs. Many of the ICIs have now provided
results with follow-up periods that provide data with increased insight on important phase II/III
trials. Thus, we provide a timely analysis of the latest clinical effectiveness of the five ICIs that
are currently approved by the U.S. Food and Drug Administration (FDA). We also describe AEs,
drug price, and cost-effectiveness in order to integrate important health economic insight. We found
that, with some exceptions, the clinical effectiveness of ICIs is marginal and if it is worth paying a
high price is justifiably questionable. In essence, the current paradigm of ICIs for bladder cancer is
somewhat of a mixed fortune.
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In contrast, our review of the key trials for the targeted therapeutics enfortumab vedotin (EV),
sacituzumab govitecan (SG), and erdafitinib show these agents are proving more effective than the
current ICIs. EV and erdafitinib are (SG has only fast track designation) approved and now available.
However, the cost of these targeted therapeutics is significantly more expensive, than the already
high cost of ICIs. We also caution that these clinical results are early. This review hopes to provide
clinicians and patients with the up-to-date facts in order to help decide on the best-value option for
treating patients with advanced or metastatic bladder cancer. The approval process timeline is shown
in Figure 1.

Figure 1. FDA approval timeline for ICIs, EV, and Erdafitinib against bladder cancer.

2. Up-to-Date Clinical Benefit of the Current ICI Paradigm

The five approved ICI mAbs target either programmed cell death protein 1 (PD-1) or programmed
death ligand-1 (PD-L1). The rationale for targeting the PD-1/PD-L1 axis with mAbs is multi-fold.
First, blocking the interaction of PD-1 and PD-L1 increases the likelihood that the immune system,
if active against malignant cells, remains active. Second, levels of PD-L1 expression have been shown
to correlate with bladder cancer aggressiveness and outcome. Third, the tumor mutation burden
(TMB) is high, which suggests that ICIs could have significant clinical impact because of a greater
T-cell-mediated antitumor immune response elicited by invasive bladder cancer [18]. Briefly, the TMB
is defined as the total number of somatic mutations per DNA megabase. A thorough review on the
evolution of the PD-1/PD-L1 axis in bladder cancer is reviewed in Bellmunt et al. [19].

Approvals were based on key endpoints such as objective response rate (ORR), OS and, duration
of response (DOR) for locally advanced or metastatic bladder cancer. We highlight the most up-to-date
clinically relevant information. AEs were also important parameters and, closely monitored and are
described in a focused subsequent section.

2.1. Atezolizumab (Tecentriq; Genentech; South San Francisco, CA, USA)

2.1.1. IMvigor210 Trial Cohort 2

On 18 May 2016, the FDA granted accelerated approval to atezolizumab, a PD-L1-targeting mAb,
for use in patients with bladder cancer with locally advanced or metastatic bladder cancer who have
disease progression during or following platinum-containing chemotherapy or within 12 months of
receiving neoadjuvant or adjuvant platinum-containing chemotherapy [20]. Approval was based on
this single-arm phase II trial. This cohort contained 310 patients with inoperable locally advanced
or metastatic bladder cancer that had previously received cisplatin-containing chemotherapy [21].
Immunohistochemistry (IHC) staining evaluated the number of PD-L1-positive tumor-infiltrating
immune cells (IC) and categorized patients into IC0, IC1, or IC2/3 groups. IC0, IC1, IC2, and IC3
scoring was proportional to tumors containing <1%, ≥1% and <5%, ≥5% and <10%, and ≥10% ICs
within a given microscopic field of view, respectively. This PD-L1 scoring system was determined using
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the diagnostic assay SP142 (Ventana Medical Systems Inc. Tucson, AZ, USA). The scoring method first
identifies a defined tumor area that contains at least 50 viable tumor cells [22]. For example, a score of
IC3 is given when a tumor tissue shows either ≥50% of tumor cells that stain for PD-L1 or ≥10% of the
tumor area is occupied with ICs that stain for PD-L1 [22]. Thus, PD-L1 scoring can be determined
solely by the percentage of tumor cells or ICs that express PD-L1 and a combined score is not taken
into account. The scoring for atezolizumab in patients with bladder cancer was reliant on ICs and not
on tumor cells [21].

At the initial follow-up time of 11.7 months, the ORRs were 26% (95% CI, 18–36%) in the IC2/3
group, 18% (95% CI, 13–24%) in the IC1 and IC2/3 combined group, and 15% (95% CI, 11–19%) in all
patients [21]. There were ongoing responses in 85% of responding patients and the median DOR was
not reached (2.0–13.7 months). The median OS was 11.4 months (95% CI, 9.0—not reached) in the IC2/3
group, 8.8 months (95% CI, 7.1–10.6) for the combined IC1 and IC2/3 groups, and 7.9 months (95%,
6.6–9.3) in all patients. At the median follow-up of 33 months, the median ORR, OS, and DOR were
16%, 7.9 months, and 24.8 months (Table 1).

Table 1. Updated clinical trial ORR, OS, and DOR for ICIs and targeted agents as monotherapies.

ICIs Trial and Updated (Ref) ORR (95% CI)
OS (95% CI;

Months)
DOR (95% CI;

Months)

Atezolizumab 1 IMvigor210 Phase II [23]
June 2018

Cohort 1: 24%
Cohort 2: 16%

16.2 (10.4–24.5)
7.9 (6.7–9.3)

NR (30.4-NR)
24.8 (13.8–30.4)

Atezolizumab 2 IMvigor211 Phase III [24]
December 2017 13.4% 8.6 (7.8–9.6) 21.7 (13.0–21.7)

Atezolizumab 3 IMvigor130 Phase III [25]
May 2020 23% 15.7 (13.1–17.8) NR (15.9-NR)

Pembrolizumab 1
KEYNOTE-045 Phase III

[26,27]
September 2019

21.1% 10.1 (8.0–12.3) 29.7 (1.6–42.7)

Pembrolizumab 2 KEYNOTE-052 Phase II [28]
June 2020 28.6% 11.3 (9.7–13.1) 30.1 (18.1-NR)

Nivolumab CheckMate 275 Phase II [29]
June 2020 20.7% 8.6 (6.1–11.3) 20.3 (11.5–31.3)

Durvalumab Study 1108 Phase I/II [30,31]
July 2018 17.8% 10.5 (6.9–15.7) NR (2.7–25.7+)

Avelumab
JAVELIN Bladder 100 Phase

III [32]
June 2020

17% 21.4 (18.9–26.1)
[33] NR (10.5-NR)

ADCs

Enfortumab
vedotin 4

EV-201 Phase II [34]
July 2019 44% 11.7 (9.1-NR) 7.6 (1.0–11.3)

Sacituzumab
govitecan 4,5

IMMU-132 Phase I/II [35]
February 2019 31% 18.9 12.6 (7.5–24.0)

Small molecule

Erdafitinib 4,6 BLC2001 Phase II [36]
July 2019 40% 13.8 (9.8-NR) 5.6 (4.2–7.2)

ICIs = Immune checkpoint inhibitor; ADCs = Antibody-drug conjugates; ORR = Objective response rate; OS
= Median overall survival; DOR = Median duration of response; NR = Not reached. 1 For first-line treatment
(cisplatin-ineligible). 2 For second-line treatment. 3 For first-line treatment (cisplatin-eligible). 4 Patient population
included those who had previously received ICI therapy. 5 Not approved. Has been granted fast track designation
by the FDA. 6 For patients with prespecified FGFR alterations.
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2.1.2. IMvigor 210 Trial Cohort 1

On 17 April 2017, the FDA granted accelerated approval for atezolizumab in patients who are
cisplatin-ineligible. This cohort consisted of 119 patients with a median age of 73 years old. The most
common reason for cisplatin ineligibility was impaired kidney function. At a median follow-up time of
14.2 months the ORR was 23.5% (95% CI, 16.2–32.2%) in all treated patients [23]. Based on PD-L1 status,
the ORRs were 28% (95% CI, 14–47%) and 21% (95% CI, 10–35%) for PD-L1 expression of ≥5% and
<5% groups, respectively. The DOR was not reached in either subgroup. Responses were ongoing for
82% and 29% of responding patients at 5 months and 1 year, respectively. At the median follow-up of
29 months, the median ORR, OS, and DOR were 24%, 16.2 months, and not reached (95% CI: 30.4—N)
(Table 1).

2.1.3. IMvigor211 Trial

The phase III IMvigor211 trial compared atezolizumab with physician’s choice of chemotherapy
in patients with metastatic bladder cancer who had progressed after platinum-containing
chemotherapy [24]. Again, patients were stratified based on PD-L1 expression. Unfortunately,
patients with the greatest relative PD-L1 expression did not significantly survive longer when treated
with atezolizumab (11.1 months) relative to chemotherapy (10.6 (8.4–12.2) months) [24]. There was
also no significant difference in ORR. Thus, other patient cohorts were not evaluated. The most recent
results are listed in Table 1.

2.1.4. IMvigor130 Trial

This randomized trial enrolled 1213 patients with locally advanced or metastatic bladder
cancer who were newly diagnosed or had received neoadjuvant or adjuvant chemotherapy
more than 12 months prior to commencement of atezolizumab treatment [25]. The goal was to
determine the therapeutic effectiveness of atezolizumab alone or in combination with chemotherapy
versus chemotherapy alone. In addition, patients were stratified by PD-L1 status as previously
described. Chemotherapy was gemcitabine with cisplatin and carboplatin for cisplatin-eligible and
cisplatin-ineligible patients, respectively. Although cisplatin-ineligible patients were only originally
recruited, the trial was amended to include cisplatin-eligible patients. Cisplatin-ineligible and
eligible patients were randomized into three treatment arms: group A—atezolizumab plus open-label
chemotherapy, group B—open-label atezolizumab monotherapy, or group C—masked placebo
plus open-label chemotherapy. The two primary efficacy endpoints were OS and progression-free
survival (PFS).

The most up-to-date results of the trial as reported by Galsky et al., did not statistically show
that atezolizumab improved OS in all intention-to-treat patients [25]. The proportions (53–58%) of
cisplatin-ineligible patients were similar among the three groups. At the median follow-up at 11.8
(6.1–17.2) months, the median OS among groups A and C were 16.0 (13.9–18.9) and 13.1 (11.7–15.1)
months, respectively. This result did not cross the prespecified interim efficacy boundary for statistical
significance. Group A did meet the co-primary PFS endpoint. Patients in group A had a statistically
significant increased PFS of 8.2 (95% CI, 6.5–8.3) months. In contrast, patients in group C had a PFS of
6.3 (95% CI, 6.2–7.0) months. Unfortunately, the ORR for groups A and C were similar (47% (95% CI,
43–52%) and 44% (95% CI, 39–49%), respectively).

When evaluating atezolizumab alone versus chemotherapy alone, the results were not favorable.
In all patients, the OS values for atezolizumab and chemotherapy alone were 15.7 (13.1–17.8) and 13.1
(11.7–15.1) months, respectively. Although significance for OS between groups B and C were not tested,
the survival curves appear to show marginal benefit with atezolizumab alone. The median ORR for
group B was 23% (95% CI, 19–28%), which was much lower than the previously described ORR values
for groups A and C. The PFS was not reported.
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For PD-L1 subgroups, atezolizumab alone and atezolizumab plus chemotherapy improved OS
relative to chemotherapy alone in patients with PD-L1 expression IC2/3. The OS for the patients treated
with atezolizumab and chemotherapy was 23.6 months versus 15.9 months for chemotherapy alone.
The OS for the patients treated with atezolizumab alone was not estimable (17.7—not estimable) versus
17.8 (10.0—not estimable) months for chemotherapy alone. There were no survival advantages for
both groups A and B relative to C in patients with PD-L1 expression scores of IC0 or IC1. Although OS
was improved ORR was not. In patients with PD-L1 IC2/3 treated with atezolizumab or chemotherapy
alone were 34% (95% CI, 28–50%) and 37% (95% CI, 33–55%), respectively.

IMvigor130 group B and IMvigor210 cohort 1 were the key trials that demonstrated a decreased
response among patients with a PD-L1 status of <5% (i.e., IC0/1) when treated with atezolizumab
alone, versus patients with the same PD-L1 status but who received cisplatin- or carboplatin-containing
chemotherapy alone. Based on these results the FDA and the European Medicines Agency revised
the indication for atezolizumab. Atezolizumab is now restricted for use in patients with locally
advanced or metastatic bladder cancer who (i) are not eligible for cisplatin-containing chemotherapy,
and whose tumors express PD-L1 ≥5% (based on the Ventana assay) and, (ii) are not eligible for any
platinum-containing therapy regardless of PD-L1 status [37,38]. Notably, because atezolizumab did
not reach its endpoints in the IMvigor211 trial, it is not indicated for cisplatin-eligible patients in the
first-line regardless of PD-L1 tumor status.

2.2. Pembrolizimab (Keytruda; Merck; Kenilworth, NJ, USA)

2.2.1. KEYNOTE-045 Trial

On 18 May 2017, the FDA granted accelerated approval to pembrolizumab, a PD-1-targeting mAb,
for use in patients with bladder cancer who have either received platinum-containing chemotherapy
or who are cisplatin-ineligible [39]. The phase III KEYNOTE-045 clinical trial enrolled patients
with advanced or metastatic bladder cancer previously treated with any platinum-containing
chemotherapy [40]. Patients (542) were randomly assigned to receive pembrolizumab or the
investigator’s choice of chemotherapy containing paclitaxel, docetaxel, or vinflunine. PD-L1 expression
status was assessed using the Agilent PD-L1 IHC22C3 pharmDx assay. PD-L1 expression scores
were defined as a ‘tumor proportion score’ (TPS), which is defined as the combined positive score
determined from the percentage of PD-L1-expressing tumor cells and ICs relative to the total number
of tumor cells. TPS values of <1%, 1–49%, ≥50% corresponding to PD-L1 expression of no expression,
‘positive’ expression, and ‘high’ expression [41].

In all patients treated with pembrolizumab the ORR was 21.1% (95% CI, 16.4–26.4%). In contrast
patients treated with chemotherapy the ORR was 11.4% (95% CI, 7.9–15.8%). Pembrolizumab
treatment also extended the median OS to 10.3 months (95% CI, 8.0–11.8). In comparison, the OS
for patients in the chemotherapy-alone group was 7.4 (95% CI, 6.1–8.3) months. When focusing on
patients whose tumor biopsies had a TPS ≥ 10%, the median OS was 8.0 (95% CI, 5.0–12.3) months
compared to 5.2 (95% CI, 4.0–7.4) months for chemotherapy alone. The ORRs for the PD-L1-positive
and chemotherapy alone groups were 21.6% (95% CI, 12.9–32.7%) and 6.7% (95% CI, 2.5–13.9%).
Hence, there was a significant therapeutic response advantage for patients whose tumors with PD-L1
TPS ≥ 10%.

Necchi et al. and Fradet et al., recently reported the most up-to-date follow-ups of the
KEYNOTE-045 trial [26,27]. The median ORR, OS, and DOR values were 21.1%, 10.1, and 29.7 months
for patients treated with pembrolizumab (Table 1). In comparison, the updated median ORR, DOR, and
OS values for patients in the chemotherapy group were 11%, 7.3, and 4.4 months [26]. In contrast to the
earlier reported findings, patients with PD-L1 tumor TPS ≥ 10 had a lower ORR (20.3%) compared to all
patients. When the effectiveness of both pembrolizumab and chemotherapy were evaluated in patients
who did respond to treatment, the OS increased to 39.6 versus 17.7 months, respectively. This indicated
that in patients who had been heavily pretreated with prior platinum-containing chemotherapy, have a
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clear increased benefit by being treated with pembrolizumab versus chemotherapy, and if responding
to pembrolizumab, can survive out to >3-years. However, benefit from pembrolizumab appeared to be
independent of PD-L1 expression status [40].

2.2.2. KEYNOTE-052 Trial

This phase II trial was a single-arm study designed to evaluate the efficacy of pembrolizumab
in patients (370) with advanced bladder cancer who were ineligible for cisplatin-containing
chemotherapy [42]. The up-to-date ORR in all treated patients was 28.6% (95% CI, 24.1–33.5%)
(Table 1). Responses remained ongoing in 84% of patients. Patients in the PD-L1-high expression
subgroup responded better to pembrolizumab compared to the PD-L1-low subgroup. Specifically, the
ORR was 47% (95% CI, 38–57%) and 21% (95%, 16–26%) in patients with PD-L1 expression TPS ≥ 10
and <10, respectively. The median DOR for both subgroups was not reached. Among all responding
patients, 52% and 7% continued responding at 6 months and at 1 year. Thus, these results strengthen
the use of pembrolizumab in the first-line setting for cisplatin-ineligible patients with locally advanced
and unresectable or metastatic bladder cancer.

2.2.3. KEYNOTE-361 Trial

This current phase III trial (NCT02853305) is a randomized evaluation to verify the first-line
effectiveness of pembrolizumab from the KEYNOTE-052 trial. Patients were stratified by their
tumors either having ≥10 or <10 PD-L1 score. Unfortunately, pembrolizumab did not meet its two
primary endpoints of OS or PFS [43]. As of 9 June 2020, patients receiving pembrolizumab and
whose tumors were PD-L1-low had decreased survival compared to patients receiving cisplatin- or
carboplatin-containing chemotherapy. We have not found any reports providing additional information
on other patient cohorts.

Based on KEYNOTE-052 and KEYNOTE-361 results, the FDA issued an alert to health care
professionals and oncology clinical investigators due to the substantial uncertainty concerning efficacy
as a monotherapy to treat bladder cancer patients whose tumor express low (TPS < 10%) amounts of
PD-L1 [44]. Cisplatin-ineligible patients should receive pembrolizumab only if their tumors express
PD-L1 TPS ≥ 10. However, if patients are not eligible for any platinum containing chemotherapy,
pembrolizumab can be used regardless of PD-L1 tumor status.

2.3. Nivolumab (Opdivo; Bristol-Myers Squibb; New York, NY, USA)

Checkmate 275 Trial

Nivolumab is a PD-1 blocking mAb that was approved in 2017 based on its performance
in the multicenter, single-arm phase II Checkmate 275 clinical trial [45,46]. The trial evaluated
Nivolumab in 270 patients with metastatic or surgically unresectable locally advanced bladder cancer,
or with progression or recurrence after at least one platinum-based regimen, or within 12 months of
perioperative platinum treatment for muscle-invasive disease. [46] PD-L1 expression was assessed
using the Dako PD-L1 IHC 28-8 pharmDx kit [47]. PD-L1-positive staining is defined as complete
and/or partial plasma membrane staining of tumor cells at any intensity. A minimum number of 100
viable tumor cells should be present in the PD-L1 stained tumor slide. Notably, infiltrating ICs that
may stain positive for PD-L1 are not included in the scoring for the determination of PD-L1 positivity.

At the median follow-up of 7 (3.0–8.8) months, nivolumab treatment resulted in an ORR of 19.6%,
(95% CI, 15.0–24.9%). Regarding, PD-L1 status: PD-L1 expression scores of ≥5%, ≥1% and <5%,
and <1% of tumor cells, ORR values were 24.8% (95% CI, 18.9–39.5%), 23.8% (95% CI, 16.5–32.3%)
and 16.1% (95% CI, 10.5–23.1%) respectively. The median OS was 8.7 months (95% CI, 6.1 to not reached)
in the overall population, 11.3 (8.7 to not reached) months in the patients with PD-L1 expression of ≥1%
and 6.0 (95% CI, 4.3–8.1%) months in patients with tumors with low PD-L1 expression of <1%. DOR
was not reached (7.4—NR) in all patients at the moment of the publication of these results.
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Based on these results, the FDA granted accelerated approval to durvalumab for the treatment
of patients with locally advanced or metastatic bladder cancer who have disease progression during
or following platinum-containing chemotherapy or have disease progression within 12 months of
neoadjuvant or adjuvant treatment with platinum-based chemotherapy [45].

The most recent follow-up reported in Galsky et al., reported on the effectiveness of nivolumab [29].
At 33.7 months minimum follow-up, the ORR was 20.7% (Table 1), with complete responses in 6.7% of
patients. Importantly, when the efficacy of nivolumab was evaluated in patients whose PD-L1 status
was either <1% (n = 146) or ≥1% (n = 124), the ORR values were 16.4% (95% CI, 10.8–23.5%) and 25.8%
(95% CI, 18.4–34.4%), respectively. When PD-L1 expression was evaluated at <5% (n = 187) and ≥5%
(n = 83) the ORR values were 16.0% (95% CI, 11.1–22.1%) and 31.3% (95% CI, 21.6–42.4%), respectively.
Out of the responding population, 73.2% (41/56) and 58.9% (33/56) had responses lasting ≥6- and
≥12-months, respectively. At the time of the evaluation, 25% of patients had ongoing responses.

Importantly, TMB was an important factor for successful patient response. A ‘high’ TMB was
defined as ≥170 mutations per tumor. Low and medium TMB was defined as <85 and 85–169 mutations
per tumor, respectively. Cox proportional hazards regression models were used to assess the dependence
of PFS and OS on TMB alone and in combination with PD-L1 scoring. The ORR was 13.0%, 19.6%, and
31.9% in patients with low, medium, and high TMBs. High TMB tumors showed a positive association
with ORR (odds ratio (95% CI): 2.13 (1.26–3.60), p < 0.05) regardless of PD-L1 scoring. However, futher
evaluation including sufficiently large numbers of patients will be needed to determine the nuances if
there is a benefit in ORR with subgroups evaluating combinations of low, medium, high TMB ≥1% and
<1% PD-L1. PFS and OS were longer in patients with high TMB values compared to low and medium
TMB tumors. Interestingly, when TMB was analyzed in combination with PD-L1 status there were
diverging trends with PFS and OS. For PFS, there was approximately a 1 month increase in patients
with ≥1% PD-L1 with tumors that were both low and high TMB. However, patients with ≥1% PD-L1
had poorer OS compared to patients with <1% PD-L1 for low, medium, and high TMB.

This study at almost 3-years of minimum follow-up indicated that nivolumab is not only effective
for treating metastatic bladder cancer, but high TMB was strongly associated with improved outcomes
relative to all treated patients. Moreover, TMB and PD-L1 could be used in combination as biomarkers
for predicting PFS and OS. As a result this study is the first to show for ICI treatment of bladder cancer,
TMB may prove a superior biomarker than PD-L1. For example, patients can be grouped into low,
medium, and high TMB levels as opposed to the 1% cutoff for PD-L1.

2.4. Durvalumab (Imfinzi; AstraZeneca;Cambridge, United Kingdom)

2.4.1. Trial

Durvalumab is a human mAb that binds PD-L1 and also provided encouraging results on clinical
response with respect to the tumor expression status of PD-L1 and was approved in 2017. The phase
I/II 1108 trial evaluated patients who had received prior platinum-based chemotherapy [48]. At the
median follow-up time point of 4.3 months, the ORR was 31% (95% CI, 17.6–47.1%) in all patients.
PD-L1 expression was performed using the Ventana PD-L1 (SP263) assay. The proportion of tumor
cells with PD-L1 membrane staining was partitioned based on defined intervals of <1%, 1–4%, 5–9%,
10–14%, . . . , 90–99%, 100%. [49] Strikingly, patients in the PD-L1-positive cohort, defined as ≥25%,
had an ORR of 46.4% (95% CI, 27.5–66.1%). In contrast, patients with a score of <25% were considered
as PD-L1- negative cohort and had an ORR of 0% (95% CI, 0.0–23.2%).

However, updated results with a median follow-up of 5.8 (0.4–25.9) months showed that the
ORR was now 17.8% (95% CI, 12.7–24.0%) in all patients [31], much lower than previously reported
in the trial that led to its approval (Table 1) [48]. In addition, the ORR in the PD-L1-positive cohort
dropped from 46.4% to 27.6% (95% CI, 19.0–37.5%). Nonetheless, PD-L1-positive patient ORR was still
notably higher than in patients that were PD-L1-negative 5.1% (95% CI, 1.4–12.5%). The median OS
was 18.2 (8.1—not estimable) months in the total population. The OS was 20.0 (11.6—not estimable)
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months and 8.1 (3.1—not estimable) months for the PD-L1-high and PD-L1-negative expressing
cohorts, respectively. The 1-year survival rate was 55% (44–65%) in all patients. Survival rates for
PD-L1-expression subgroups were 63% and 41% for PD-L1-high and PD-L1 low/negative groups
respectively. Based on these first results, the FDA granted accelerated approval to durvalumab for
the same indication as described for nivolumab [50]. This study was significant as, for the first time,
the results indicated that patient tumors should most likely contain substantially high levels of PD-L1.
PD-L1 expression cut-offs at 1–10% may be insufficient for identifying patients who will respond to
ICI therapy.

Durvalumab is currently being investigated in combination with the ICI mAb tremelimumab that
targets CTLA-4 (another immune checkpoint receptor) in a few different clinical trials and is reviewed
in [51]. Unfortunately, in one significant trial, the phase III DANUBE trial evaluating durvalumab plus
tremelimumab in unresectable, metastatic bladder cancer patients did not meet the primary endpoints
for improving OS versus standard-of-care chemotherapy [52]. The trial is evaluating the efficacy of
durvalumab in the first-line treatment of both cisplatin-eligible and -ineligible patients with metastatic
bladder cancer. The trial arms are durvalumab monotherapy, durvalumab plus tremelimumab,
and cisplatin and gemcitabine or carboplatin and gemcitabine chemotherapy. In addition, patients
whose tumors were PD-L1-positive did not benefit from durvalumab plus tremelimumab. This was
surprising since high PD-L1 was set at the high cut-off of ≥25% of only tumor cells expressing PD-L1.
Taken together, these results are puzzling. On one hand, durvalumab effectiveness is associated with
PD-L1 expression as a monotherapy in the second-line but not in combination with an additional
non-overlapping ICI in patients with metastatic bladder cancer in a first-line setting. The DANUBE
trial is a post-approval commitment from AstraZeneca in agreement with the FDA from the accelerated
2017 approval, and it is unclear what actions regarding its approval and/or use will follow. Result
details have yet to be published or presented at the time of this review.

2.5. Avelumab (Bavencio; Pfizer; New York, NY, USA)

2.5.1. JAVELIN Solid Tumor Trial

Avelumab is another fully human mAb that targets PD-L1. In the phase Ib JAVELIN clinical
trial [33], avelumab was studied in 249 patients with metastatic bladder cancer previously treated with
platinum-containing chemotherapy. PD-L1 expression was assessed using the Dako PD-L1 IHC 28-8
pharm Dx assay. The scoring system was similar to the Dako 28-8 assay used for nivolumab. Notably,
scoring only accounted for PD-L1 expression on tumor cells only. At 6 months follow-up, the ORR was
17% (95% CI, 11–24%). In PD-L1-positive (≥5% of tumor cells) patients, the ORR was 24% (95% CI,
14–36%). In patients whose tumors had a PD-L1 status of <5% tumor cells, the ORR was 13% (95% CI,
7–23%). The median DOR for all patients was not reached (95% CI, 42.1 weeks to not estimable).
Median OS was 6.5 (95% CI, 4.8–9.5) months in all patients. Patients in the PD-L1 status ≥5% and <5%
subgroups, the median OS values were 11.9 (6.1–18.0) and 6.1 (5.9–8.0) months, respectively.

2.5.2. JAVELIN Bladder 100 Trial

This was followed with the phase III JAVELIN Bladder 100 trial that evaluated 700 patients given
gemcitabine with either first-line cisplatin or carboplatin with and without maintenance avelumab
plus best supportive care (BSC; n = 350) or BSC alone (n = 350) [32]. At the median follow-up
time of approximately 19 months, avelumab plus BSC significantly prolonged OS versus BSC alone.
The median OS for avelumab plus BSC was 21.4 months compared to 14.3 months for BSC alone.
Of note, patients with PD-L1-positive tumors had a median OS that was not reached versus 17.1 months
for BSC alone. The ORR of 17% and 24.1% in all patients and PD-L1 ≥5% ICs, respectively, obtained
from the phase Ib study is the only available ORR (Table 1) as no ORR for the phase III study has been
reported as of submission of our findings. Nonetheless, avelumab has thus far reached its primary
objective in a large-scale randomized trial. Based on these results, the FDA approved avelumab on
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June 20, 2020 for the treatment of patients with locally advanced or metastatic bladder cancer that has
not progressed with first-line platinum-containing chemotherapy [53].

Avelumab is currently being studied in the GCISAVE trial (NCT03324282) that will assess
the effectiveness of avelumab in combination with gemcitabine/cisplatin in the first-line treatment
of locally advanced metastatic bladder cancer. Avelumab is also currently being evaluated in
combination with Bacille Calmette-Guerin in patients with non-muscle invasive bladder cancer
(NCT03892642), radiation (NCT03747419), and KHK2455 (a indoleamine 2,3-dioxygenase inhibitor;
NCT03915405) in patients with advanced bladder cancer. These findings indicate that avelumab is very
promising as maintenance therapy in patients who respond after receiving first-line platinum-containing
chemotherapy. In addition, we look forward to ORR results from the Bladder 100 trial and the results
of the multiple combination strategies currently being evaluated in the clinic.

2.6. Comparative Nuances between Studies for PD-L1 Expression as a Biomarker

• Atezolizumab: PD-L1 expression scoring was based solely on ICs and not tumor cells. In patients
who previously received platinum-containing chemotherapy, the IMvigor210 (cohort 2) trial
showed patients achieved ORRs of 26% in the IC2/3 (≥5%) group compared to 18% in the IC0/1
group. Unfortunately, in the IMvigor211 trial patients with the greatest relative PD-L1 expression
did not significantly survive longer when treated with atezolizumab. However, the Imvigor210
(cohort 1) patients with who were cisplatin-ineligible, the ORRs were 28% and 21% for PD-L1
expression of ≥5% and <5% groups, respectively. The IMvigor130 trial did show an improved OS
in patients with PD-L1 IC2/3. However, patients with PD-L1 IC2/3 actually had poorer relative
ORR values.

• Pembrolizumab: PD-L1 expression scoring was based on a combination of both tumor cells and
ICs. Although initial reports from the KEYNOTE-045 trial demonstrated increased ORR for
patients with high PD-L1 expression, longer follow-up reports did not show an outcome advantage
for patients with high expression levels of PD-L1. In cisplatin-ineligible patients (KEYNOTE-052),
there was an association with PD-L1 expression and patient outcome. However, the phase III
KEYNOTE-361 trial showed that patients in the PD-L1 high group did not have improved PFS
or OS.

• Nivolumab: PD-L1 expression scoring was based solely on tumor cells and not ICs. Although
clear differences in ORR were observed when patients were grouped into ≥1% (25.8%) versus
≥5% (31.3%) PD-L1 expression, TMB provided the best predictor of response. An additional
complication is when TMB was combined with<1% or≥1% PD-L1 expression, OS was dramatically
reduced indicating PD-L1 was a negative predictor in this context.

• Durvalumab: PD-L1 expression scoring was based solely on tumor cells and not ICs. The 1108 trial
has demonstrated differences in ORR and OS based on PD-L1 expression levels. One potential
explanation is the much higher expression threshold of 25%. ORR and OS were 27.6% and
20.0 months for patients with ≥25% PD-L1 expression. In contrast, ORR and OS were 5.1% and
8.1 months for patients with <25% PD-L1 expression. This indicates, that much higher levels of
PD-L1 expression cutoffs may provide improved prediction of patient outcomes.

• Avelumab: PD-L1 expression scoring was based solely on tumor cells and not ICs. At a threshold
of 5%, patients in the ≥5% group had ORR and OS values of 24% and 11.9 months, respectively.
In contrast, the ORR and OS for patients in the <5% group were 13% and 6.1 months, respectively.

3. Antibody-Drug Conjugates

Antibody-drug conjugates (ADCs) are the most mature offshoot of unmodified mAb
therapeutics [54]. ADCs are mAbs conjugated to a small molecule chemotherapeutic via a chemical
crosslinker. Although ADCs are considered biological therapeutic agents, the concept can also be viewed
as ‘targeted chemotherapy’. ADC therapeutic efficacy is reliant on the ability to efficiently internalize
and accumulate the delivered cytotoxic drug inside diseased cells. Cells constantly internalize
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extracellular ligands via receptor-mediated endocytosis. Often, these internalized ligand-receptor
complexes are encapsulated inside endosomes and trafficked to lysosomes for enzymatic degradation.
Mechanistically, ADCs exert their cytotoxic activity by binding to target antigen receptors on the surface
of tumor cells where they are internalized by a process known as receptor-mediated internalization
and are entrapped inside endosomes in the intracellular space. Motor proteins then naturally traffic
endosomes to lysosomes for membrane fusion and transfer of the encapsulated contents. Lysosomal
proteases digest the antibody backbone or cleave the chemical crosslinker and liberate functional
chemotherapeutic metabolites. The metabolites are able to permeate the lysosomal membrane and
diffuse and bind their target and inhibit their function [54]. We highlight two recent clinically successful
ADCs for bladder cancer.

3.1. Enfortumab Vedotin (Padcev; Astellas; Tokyo, Japan; and Seattle Genetics; Bothell, WA, USA)

EV is an ADC that targets Nectin-4 that is overexpressed on the surface of bladder tumor cells.
EV is conjugated to the microtubule inhibitor monomethyl auristatin E that causes G2/M cell cycle arrest
and results in apoptosis. [55] Nectins are involved in cellular adhesion, migrations and polarization [56].
IHC analysis showed Nectin-4 to be overexpressed in 93% of metastatic urothelial tumor specimens [55].
In contrast, 294 normal tissue specimens representing 36 human organs showed homogeneous weak to
moderate staining. Nectin-4 expression via IHC staining was determined by the H-score. The H-score
was calculated by summing the products of the staining intensity (score of 0–3) multiplied by the
percentage of cells (0–100) stained in a given field of tumor tissue [55]. Specimens were then classified
as negative (H-score 0–14), weak (H-score 15–99), moderate (H-score 100–199), and strong (H-score
200–300). Thus, Nectin-4 is an attractive target due to its preferential overexpression in bladder cancer
relative to normal tissues.

3.1.1. EV-101 Trial

EV was approved in the United States in December 2019 based on the results from the phase I and
II EV-101 and EV-201 clinical trials, respectively (extensively reported in [57]) (Table 1) [58]. Of note,
patients in the EV-101 study who had previously received ICI therapy had an ORR of 42% (95% CI,
31.2–52.5%). In addition, patients with high tumor burdens such as liver metastases had a 36% (95% CI,
20.4–54.9%) ORR [59].

3.1.2. EV-201 Trial

In the phase II EV-201 trial, 125 patients with locally advanced or metastatic bladder cancer
who were previously treated with platinum-containing chemotherapy or ICI therapy were treated
with EV. Tumor expression levels of Nectin-4 and PD-L1 were evaluated. Nectin-4 expression levels
were evaluated and scored as previously described [55]. The median Nectin-4 expression level
was H-score = 290 (14–300) and, hence, all patient tumors evaluated were positive for Nectin-4 and,
they were considered as having ‘strong’ expression. PD-L1 expression was scored as previously
performed for pembrolizumab with tumors being classified as positive with a score ≥10 [42].
The proportion of patients with <10 and ≥10 PD-L1 scores was 65% and 35%, respectively.

At the median follow-up time point of 10.2 (0.5–16.5) months the ORR was 44% (95% CI, 35.1–53.2%),
including 12% with complete responses regardless of PD-L1 status (Table 1) [34]. The median DOR
was 7.6 (4.9–7.5) months. The median OS was 11.7 (9.1—not reached) months. Hence, these patient
outcomes are reflective for tumors that had ‘strong’ Nectin-4 expression. In contrast, in the PD-L1
subgroups the ORRs were 47% (95% CI, 36–59.1%) and 36% (95% CI, 21.6–52%) for TPS < 10 and
TPS ≥ 10 PD-L1 expression scores, respectively. This indicated that patients responded regardless of
PD-L1 expression. This study demonstrated, (i) the importance of Nectin-4 as a biological target for
bladder cancer, relative to PD-L1, and (ii) EV has the potential to significantly extend the lives of
patients, including those who failed ICI treatment.
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EV is currently being evaluated in the phase III EV-301 clinical trial (NCT02091999). In this global
study, approximately 550 patients are being randomized to receive EV or investigator’s choice of
docetaxel, paclitaxel, or vinflunine [60]. There is also currently active recruitment for a phase II study
(NCT03288545) to evaluate EV alone and in combination with various anticancer therapies, including
the ICI pembrolizumab [61,62]. Preliminary results have shown an ORR of 71% with the combination
of EV plus pembrolizumab in 45 cisplatin-ineligible patients. The available data for DOR, PFS, and OS
are not yet mature. Taken together, these clinical studies reveal EV has the potential to significantly
extend the lives of patients who fail ICI treatment and has the potential to synergize patient response
with ICI therapy.

3.2. Sacituzumab Govitecan (Trodelvy; Immunomedics; Morris Plains, NJ, USA)

SG is an ADC that targets Trop-2 that is overexpressed on the surface of bladder tumor cells. SG is
conjugated to the topoisomerase I inhibitor SN-38 [63]. It is currently approved for use in patients with
triple-negative breast cancer who have received at least two prior forms of chemotherapy. Trop-2 is a
transmembrane glycoprotein, which participates in cellular self-renewal, invasion, proliferation and
survival and overexpressed in multiple solid tumors, including bladder cancer [64]. An IHC analysis
showed Trop-2 was generally overexpressed in bladder tumor tissue with little expression detected in
the corresponding normal tissue [65]. The method in which Trop-2 expression level was determined
was not provided.

IMMU-132 Trial

SG was evaluated in the phase I/II IMMU-132 clinical trial in patients with advanced bladder
cancer that received prior platinum-based treatment (Table 1) [35]. Patient tumors were determined
as positive if >10% of tumor cells had anti-Trop-2 staining. Expression was scored as 3+ (strong),
2+ (moderate), and 1+ (weak) [35]. Tumors with <10% tumor cells that stained for Trop-2 were
considered Trop-2-negative tumors. SG treatment resulted in an ORR of 31%, with two complete
and 12 partial responses out of 45 patients. In a patient cohort previously treated with ICIs, the ORR
was 23% (4/17). A single-arm, open-label, global TROPHY U-01 phase II trial is currently ongoing to
evaluate SG in advanced bladder cancer (NCT03547973). Interim results from 35 patients from the
100-patient cohort of cisplatin-eligible patients who have also previously received ICI therapy and
platinum-containing chemotherapy showed an ORR of 28% [66]. Based on these results, the FDA
granted Immunomedics request for fast track designation in order to make SG available as rapidly as
possible. It is not known whether there was a correlation in patient responses with respect to Trop-2
expression levels.

4. Erdafitinib (Balversa; Janssen Pharmaceuticals; Beerse, Belgium)

Bladder cancer is the third most common mutated malignancy and has the strongest association to
fibroblast growth factor receptors (FGFRs) 1–4 gene mutations relative to all other cancer types [67,68].
Moreover, FGFR mutational aberrations occur in >50% of all bladder cancer cases [68]. Interestingly,
FGFR3 mutations occur in 60% of invasive bladder tumors and it is a poor prognostic marker [69].

FGFRs represent a family of tyrosine kinases found on the surface of normal cells. There are
currently four recognized receptor isoforms, which bind corresponding ligands, and leads to receptor
dimerization and phosphorylation [68]. Ligand binding and dimerization results in downstream
signaling and expression of several gene products that function to promote cell survival and proliferation.
Gene mutations including gene amplification combine to promote cell growth beyond normal limits
and results in the development of cancer. Further abnormal FGFR mechanisms that promote bladder
cancer is nicely reviewed in Roubal et al. [70].
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BLC2001 Trial

Erdafitinib is a pan-FGFR inhibitor and exerts is action by binding to and blocking FGFR
phosphorylation and signaling, which decreases cell viability, particularly in tumor cells with FGFR
genetic alterations. It was approved on 12 April 2019 for use in patients with locally advanced or
metastatic bladder cancer, with susceptible FGFR3 or FGFR2 genetic alterations, that has progressed
during or following platinum-containing chemotherapy, including within 12 months of neoadjuvant
or adjuvant platinum-containing chemotherapy [71]. Approval was based on its performance in
the phase II BLC2001 clinical trial (Table 1) [36]. Patients with locally advanced and unresectable or
metastatic bladder cancer, with prespecified FGFR alterations, and who had been previously treated
with platinum-containing chemotherapy were enrolled into the study. Importantly, a proportion of
enrolled patients also received prior ICI therapy. Erdafitinib treatment resulted in an impressive
ORR of 40% (95% CI, 31–50%). The median OS was 13.8 (9.8—not reached) months. In addition,
at 1 year, 19% (11–29%) of patients continued to respond to treatment. Interestingly, Patients with
FGFR3 mutations had the highest ORR at 49%. In contrast, patients with FGFR fusions had the lowest
ORR at 16%. This indicates that erdafitinib can serve patients more effectively with tumors that contain
FGFR mutations as opposed to fusions. In addition, erdafitinib can improve the outcomes of patients
who previously received ICI therapy.

These targeted drugs, finally, are clinical breakthroughs that demonstrate molecular targets can
result in precision therapeutics that are highly effective against metastatic bladder cancer. In addition,
these drugs can also improve outcomes of patients that don’t respond or relapse after receiving
ICI therapy.

5. Adverse Events

Comparative percentages between the described ICIs and targeted therapeutics for % any AE,
% grade ≥3 AE, % discontinued due to AE, and % treatment related deaths are listed in Table 2.
The median % any AE was 64% (60.7–69.3%) among the key ICI clinical trials described in this review.
For the ICIs, fatigue was the most commonly observed AE. Other observed AEs specifically related to
ICI therapy were asthenia, infusion-related reactions, diarrhea, anorexia, peripheral edema, pruritus
and rash. Severe AEs of grade ≥3 were fatigue, anemia, hepatitis, increased lipase and amylase,
diarrhea, and asthenia. Grade 5 treatment-related pneumonitis that resulted in death, occurred in
patients treated with durvalumab, nivolumab, and avelumab [31,33,46]. Nivolumab caused a death
due to respiratory failure. Durvalumab caused a death due to autoimmune hepatitis. Pembrolizumab
caused death due to sepsis and myositis [28].

For EV, SG, and erdafitinib, the most common treatment-related AEs was also fatigue. Other AEs
common for the targeted therapeutics were diarrhea, nausea, any peripheral neuropathy, neutropenia,
alopecia, any rash, decreased appetite and dysgeusia, hyperphosphatemia, and stomatitis. Severe
AEs of grade ≥3 were neutropenia, anemia, hypophosphatemia, fatigue, leukopenia, hyponatremia,
stomatitis, and asthenia. The most common reason for treatment discontinuation were retinal pigment
epithelium, hand-foot syndrome, dry mouth, and skin or nail events [35,36,72]. Notably, thus far
there have been no treatment-related deaths. However, a note of caution is that there were increased
proportions of patients that discontinued treatment relative to ICIs. The median % discontinued due to
AE was 6% (1.6–9.2%). In contrast, EV, SG and erdafitinib had % discontinued due to AE of 1.5–2.2-fold
higher. In addition, the % grade ≥3 AE category the targeted therapeutics was increased by a factor of
2.6–3.4. Although the targeted therapeutics appear to be sufficiently tolerated or AEs are appropriately
managed, they are more toxic than ICIs and thus the safety of patients should be closely monitored.
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6. Health Economic Factors

The innovative therapeutic approach brought by ICIs has undoubtedly ushered a new paradigm
for treating patients with metastatic bladder cancer. ICIs have provided physicians the ability to
control tumor growth, extend survival, and can be administered with a better safety profile compared
to traditional chemotherapy. This is a major advancement for a disease that afflicts patients that are
typically elderly and are frail or have co-morbidities, and cannot tolerate harsh chemotherapy. However,
the exorbitant cost of these ICIs combined with the latest follow-up results (Table 1) demonstrating
either less than hoped for patient responses or failure to meet endpoints in critical phase III trials that
were a condition of their accelerated approval, their high economic burden and cost-effectiveness is
now widely debated [74–76].

6.1. Drug Costs

Table 3 shows the current price ($US)/mg of ICI, a typical dose, and the price/dose. The current
attitude is that these drugs cost too much [74]. Renner et al., has pointed out that ICIs may reduce toxicity
but they are financially toxic and high costs limit their access in many countries inside and outside
the U.S. [77]. A potential drawback for targeted therapeutics, the ADCs EV and SG and, the small
molecule erdafitinib are more expensive than the listed ICIs. Unlike ICIs, ADCs are composed of three
key components (antibody, chemical crosslinker, and cytotoxic payload). ADC construction involves
chemical conjugation steps that can be complicated and make production and purification difficult.

Table 3. Pricing for ICIs and targeted therapeutics.

Drugs $ 1/mg Dose $/Dose CE 2

Pembrolizumab $51.79 200 mg/3 weeks $10,358 Difficult to justify 4,5

Nivolumab $28.78 3 mg/kg/2 weeks $7770 3 No
Atezolizumab $8.00 1200 mg/3 weeks $9611 No 4/Likely 5

Durvalumab $7.85 10 mg/kg/2 weeks $7065 3 No
Avelumab $6.63 10 mg/kg/2 weeks $5967 Yes

Enfortumab vedotin $110 125 mg/kg/days 1, 8, 15 (28-day cycle) $37,125 3 Unknown
Sacituzumab govitecan $11.20 10 mg/kg/days 1 and 8 (3-week cycle) $20,120 3 Unknown

Erdafitinib $90 8 mg/day $20,160 6 Unknown

CE = Cost-effective. 1 Prices in U.S. currency. 2 At a $100,000 willing-to-pay threshold. 3 Calculated for 90 kg person.
4 For ‘after platinum-containing chemotherapy’. 5 For ‘cisplatin-ineligible’. 6 For 28-day supply.

6.2. Cost-Effectiveness

6.2.1. Pembrolizumab for Patients Who Have Progressed within 12 Months of Neoadjuvant or
Adjuvant Platinum-Containing Chemotherapy Regardless of PD-L1 Expression

The National Comprehensive Cancer Network and the European Society for Medical Oncology
recommend pembrolizumab in their treatment guidelines for patients who relapse after any
platinum-containing chemotherapy [18,78]. This was due to the evidence from the KEYNOTE-045
trial and pembrolizumab is the only one of the five approved ICIs to demonstrate increased survival
compared to standard chemotherapy after progression on platinum-containing chemotherapy.

However, there appears to be uncertainty in the cost-effectiveness of pembrolizumab.
A 2018 analysis by Sarfaty et al., based off data from KEYNOTE-045 determined that for this indication
relative to chemotherapy pembrolizumab did not produce the quality-adjusted life years (QALY)
gains at a willingness-to-pay threshold of $100,000 in the U.S. [79]. QALY is a measure of the
incremental health improvement provided by a new treatment compared to previous treatment
options. The cost-effectiveness ratio for pembrolizumab was calculated at $122,557/QALY in the U.S.
The author’s did find that pembrolizumab was cost-effective in Canada, Australia, and the United
Kingdom (UK), as the costs were below the $100,000 threshold. This finding was reliant on short-term
data obtained from the trial. In comparison, Slater et al. analyzed results from the KEYNOTE-045 study
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at a median follow-up of >2-years [80]. The study reported that at a willingness-to-pay threshold of
$100,000, pembrolizumab is a cost-effective option ($93,481/QALY gained) compared to chemotherapy
in the U.S.

Unlike in the U.S., many countries have cost-effectiveness assessment agencies. In March 2020,
the UKs National Institute for Health and Care Excellence (NICE) Evidence Review Group (ERG)
recommended against the use of pembrolizumab for this indication based on cost-effectiveness estimates
(Table 3) [81]. The current list price for pembrolizumab in the UK is £26.30/mg [82]. As a single treatment
course is 200 mg this amounts to approximately £5260 for a single administration. Administration
of pembrolizumab is recommended at 200 mg each 3 weeks until disease progression, unacceptable
toxicity, or up to 24 months without disease progression. NICE projected that pembrolizumab will cost
well beyond £50,000/QALY, which is NICE’s limit threshold for a drug that can extend life ≥3 months
in patients suffering from a disease with a life expectancy of <2-years. We believe, these results reveal
that cost-effectiveness for pembrolizumab is difficult to justify.

6.2.2. Pembrolizumab for Patients Who Are Cisplatin-Ineligible

NICE’s ERG did recommend the use of pembrolizumab for use in patients who are
cisplatin-ineligible. NICE projected the cost-effectiveness of pembrolizumab for this indication
will be £67,068/QALY ($U.S. ~87,000) [83]. Merck Sharp & Dohme economic modeling projected a cost
of £37,081/QALY ($U.S. ~49,000). NICE did acknowledge that there was a level of uncertainty in the
calculated cost-effectiveness projections as the data was from the KEYNOTE-052 phase II study and
not a randomized phase III study. This meant that the extrapolation of OS and PFS in patients treated
with pembrolizumab were compared to an independent comparator arm that received gemcitabine
plus carboplatin reported by De Santis et al. [8]. In the U.S., Merck Sharp & Dohme calculated that
the cost-effectiveness of pembrolizumab in this setting will be $81,493/QALY at a willingness-to-pay
threshold of $100,000. [84] However, it is unknown if the cost-effectiveness in the UK or the U.S. of
pembrolizumab has changed since the announcement that it did not reach its primary endpoints in the
critical phase III KEYNOTE-361 trial [43]. Thus, we believe the cost-effectiveness for pembrolizumab is
currently difficult to justify and will most likely be deemed not cost-effective.

6.2.3. Atezolizumab for Patients Who Have Progressed within 12 Months of Neoadjuvant or Adjuvant
Platinum-Containing Chemotherapy Regardless of PD-L1 Expression

As pembrolizumab and atezolizumab are the only ICIs evaluated in randomized controlled trial
for this bladder cancer treatment setting, Slater et al., performed a cost-effective evaluation comparative
study [80]. The analysis compared a >2-year follow-up for pembrolizumab’s KEYNOTE-045 trial
with the data from atezolizumab’s IMvigor211 trial. The study found because atezolizumab was
less effective at extending the lives of patients, it use would increase costs by $26,458 in the U.S.
for the same QALY-gained with pembrolizumab. Pembrolizumab had a cost-effective ratio of
$93,481/QALY-gained. Thus, at a willingness-to-pay threshold of $100,000, the increased costs for
using atezolizumab make it non cost-effective option for treating bladder cancer for this indication.
The Scottish Medicines Consortium also determined that atezolizumab was not cost-effective for use
within its healthcare system [85]. The primary reason was the small numerical increase in median OS
compared with chemotherapy.

6.2.4. Atezolizumab for Patients Who Are Cisplatin-Ineligible

NICE’s ERG performed an analysis of the cost-effectiveness of atezolizumab for cisplatin-ineligible
patients. NICE recommended atezolizumab as an option for untreated advanced or metastatic bladder
cancer in patients who are ineligible for cisplatin-containing chemotherapy [86]. However, the ERG
did note that although atezolizumab appears to be an effective treatment, it is difficult to establish the
size of the clinical benefit compared with current treatments. Clinicians invited to comment during the
review commented that atezolizumab therapy was not favorable over current treatments. The ERG
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further notes that they are awaiting data from the IMvigor130 trial. The trial has shown that the
addition of atezolizumab to chemotherapy was associated with a significant prolongation of PFS and
able to improve OS particularly in patients with a relative high PD-L1 expression status. NICE has not
updated its findings or recommendation. We believe atezolizumab is likely cost-effective in this setting
for patients with high PD-L1 status.

6.2.5. Avelumab

Avelumab has been studied and deemed that its use would have a cost-neutral impact within a
US commercial and a Medicare health plan [87]. Based on that it is the lowest priced drug on the list
(Table 3), and the positive data from the phase III JAVELIN Bladder 100 trial, avelumab is a relatively
affordable and a cost-effective option.

6.2.6. Nivolumab and Durvalumab

NICE did not recommend nivolumab as an option for treating locally advanced, unresectable or
metastatic bladder cancer who have had platinum-containing therapy [88]. The cost-effectiveness was
not better than cisplatin plus gemcitabine. Nivolumab was also shown to not be cost-effective in the
US economic healthcare system [76]. This may be due to nivolumab having the highest relative toxicity
profile among the ICIs. For durvalumab, AstraZeneca advised that they would not be pursuing a
licensing application from the European Medicines Agency for a bladder cancer indication and, thus,
NICE has suspended its cost-effectiveness appraisal [89].

6.2.7. ADCs and Erdafitinib

There are currently no cost-effective appraisals for EV or for SG (for its current approval for use in
triple-negative breast cancer). For erdafitinib, NICE is currently appraising its cost-effectiveness and
results are to come [90].

7. Discussion

Patients with metastatic or advanced bladder cancer once had limited options after failed
chemotherapy leading to disease progression and death. Active application and examination of
immune checkpoint inhibition has provided new therapeutic possibilities for patients with metastatic
bladder cancer. Today, patients typically receiving ICI therapy do not have to withstand the severe
toxicity associated with chemotherapy. In addition, patients who respond typically have long-lasting
responses and increased survival. However, the median ORR from the clinical trials evaluating
the described ICIs was 20.9% (13.4–28.6%). In contrast for the two approved targeted therapeutics,
EV and erdafitinib, the ORR values were increased by factors of 2.1 and 1.9, respectively. In addition,
ICI affordability, not only for patients, but also for national health care systems threatens patient
access to these drugs. However, the targeted therapeutics are even more expensive than the ICIs.
The findings that avelumab and atezolizumab (for cisplatin-ineligible patients only) are most likely
the only cost-effective ICIs provides a wake-up call to develop strategies to make these drugs more
affordable and/or how to improve patient responses.

As described in this review, in general, it is difficult for physicians to identify patient groups that
will benefit from ICI therapy based on PD-L1 tumor expression and has previously been discussed [91].
Some patients have demonstrated strong responses under ICI therapy whose tumors express relative
‘high’ levels of PD-L1, such as in the JAVELIN Solid Tumor (avelumab) and in the Checkmate
275 (nivolumab) trials. However, in general PD-L1-specific responses were not better than in patients
regardless of PD-L1 expression, or PD-L1 associated responses were not reproducible in larger
randomized trials or when responses were evaluated at longer follow-up periods. The major reason
for these scattered results, in the context of PD-L1 expression, is that PD-L1 is an unreliable marker to
predict treatment response. One major challenge for PD-L1 as a biomarker is the different assays and
expression scoring systems used, as described in the above ICI clinical trials. Currently, different IHC
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assays have different PD-L1 expression cutoffs and scoring is either only on tumor cells (nivolumab,
durvalumab, avelumab), only on tumor-infiltrating ICs (atezolizumab), or on the combination of tumor
cells and ICs (pembrolizumab). Attempts to standardize PD-L1 expression evaluation using IHC
are underway. Preliminary harmonization studies have indicated that the assays 22C3, SP263 and,
28–8 (used for pembrolizumab, durvalumab and avelumab, respectively) can be comparable, additional
research is needed regarding the interchangeability of the assays as it pertains to response and once a
universal assays is in place, what will be the PD-L1 expression thresholds required to achieve robust
responses [92].

ADCs and small molecules have given another life-saving chance to patients with advanced and
metastatic bladder cancer, and have demonstrated a higher ORR in clinical trials, compared to ICI
therapies, but increased frequency of any-grade treatment-related AE (Table 2) and high cost (Table 3)
remain a serious barrier for mainstream application in patients. In addition, these results are early
and longer follow-up analyses are needed. Nonetheless, EV and erdafitinib are effective for treating
bladder cancer and, hence, inaugurated the era of targeted therapy for bladder cancer.

8. Future

8.1. Improved Biomarkers

Biomarkers are needed that will be able to identify patients for treatment-specific responses.
Unlike, other tumor types, there remains no biomarker in the clinic that allows physicians to determine
which patients are most likely to benefit from immuno- or targeted therapeutics. As described in the
Checkmate 275 trial, TMB appears to be a promising biomarker. There are active investigations for
developing bladder cancer-specific biomarkers and reviewed in [12,93].

The antigens Nectin-4 and Trop-2 as biomarkers to identify patients to respond to EV and SG,
respectively, appear promising. Specifically, the fact that all patients were positive for Nectin-4 and that
the majority of these patients had ‘strong’ expression is highly encouraging. Although, the EV-201 trial
performed many subgroup analyses, it did not report patient responses based on ‘low’, ‘moderate’,
and ‘high’ Nectin-4 expression. [34] This was most likely because the majority of patients had ‘high’
Nectin-4 expression and there may have been too few patients with ‘low’ and ‘moderate’ expression.
A larger phase II EV-202 trial (NCT04225117) is currently recruiting and estimates to enrol 240 patients
and perhaps they will determine patient responses based on Nectin-4 tumor expression.

8.2. Additional Targeted Therapeutics in the Pipeline

Emerging targeted therapies that have reached the clinic include inhibitors against angiogenesis,
FGFR, HER2, phosphoinositide 3 kinase, protein kinase B, mammalian target of rapamycin,
and epigenetic targets and are nicely described by Mendiratta and Grivas [12]. Notably, many of the
investigational drugs have not shown significant activity reinforcing the difficulty with the targeted
therapy approach for bladder cancer.

MAbs make up a large portion of these investigational drugs. For example, mAbs such as
bevacizumab and ramucirumab that target vascular endothelial growth factor (VEGF) have been
evaluated. Bevacizumab failed to improve OS relative to placebo in a phase III study, and caused
grade ≥3 AEs in 83.4% of patients [94]. In the RANGE phase III trial, ramucirumab did not significantly
improve OS in patients who had previously been treated with platinum-containing chemotherapy
and/or ICI therapy [95]. The mAb trastuzumab that targets HER2 has also been extensively evaluated
in the clinic against bladder cancer. Unfortunately, trastuzumab has also not had any significant clinical
impact. One of the great examples of antibody-targeted therapy for cancer is the story of HER2 [54].
Trastuzumab in combination with paclitaxel is standard practice for patients with HER2-positive breast
cancer. Initially, a phase II study showed a remarkable ORR of 70% in patients with advanced bladder
cancer treated with trastuzumab plus chemotherapy [96]. However, a larger trial that evaluated
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chemotherapy with and without trastuzumab did not show a difference between the two arms for
bladder cancer patients [97].

ADCs may be the best option for antibody-based therapies relative to unmodified mAbs. The ICIs
and the above described mAbs targeting VEGF and HER2, and mAbs in general, that are reliant on
an antagonistic (blockade or receptor-ligand or receptor-receptor interactions) mechanism of action
may show some therapeutic potency—the effects tend to be various and ultimately not curative [98].
The strategy of conjugating chemotherapy drugs to mAbs to generate ADCs appears to be the more
clinically successful approach for antibody-based treatment of metastatic bladder cancer. Hence, future
research directions should discover additional antigens that are overexpressed on the surface of bladder
cancer, and for the development of ADCs that deliver highly cytotoxic payloads. One example is the
discovery of the interleukin-5 receptor α-subunit (CD125) as being preferentially overexpressed in
MIBC tumors but not on superficial bladder tumors or normal urothelium [99]. An anti-CD125 ADC
has potent cytotoxicity against MIBC cells [99]. Additional target with accompanying ADCs that have
shown promise in preclinical models of bladder cancer include The Slit- and Trk-like receptor family,
transmembrane glycoprotein epithelial cell-adhesion molecule, and Thomsen-Fridenreich antigen and
are described in further detail in [100].

9. Conclusions

ICIs have greatly reduced AEs compared to traditional chemotherapy. However, their relatively
low response rates make it unclear on their ability to increase the therapeutic window relative to
traditional chemotherapy remains unclear. In addition, their high cost makes ICIs, with the exception of
avelumab and atezolizumab (for cisplatin-ineligible patients), not cost-effective. Based on the evidence
described in this review, newly diagnosed patients with advanced bladder cancer will most likely
significantly benefit from avelumab plus cisplatin-containing or carboplatin-containing chemotherapy.
The targeted therapeutics EV, SG, and erdafitinib still have to demonstrate their worth in randomized
phase III testing. If successful, it is likely patients who have relapsed after traditional chemotherapy
or ICI therapy will benefit from these targeted therapeutics. Bladder cancer therapy has advanced
tremendously in a short period of time since the first ICI approval, and the future looks hopeful as
science will increase knowledge to make responses more robust to ICI therapy or new targetable
biomarkers will be discovered.
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