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Preface to “Monoclonal Antibody-Directed Therapy”

The unparalleled specificity and high efficacy of monoclonal antibodies (mAbs) make them
desirable modalities both as biological medicines and diagnosis tools. They are amongst the
top-selling drugs globally and their market size continues to grow annually. There are over 100
mAb products on the market currently, but considering the thousands that are in clinical trials and
the new advancements in this field, such as the development of biosimilars, their market share is
expected to increase substantially in the near future. Developing an antibody therapeutic, however,
is an onerous journey, as many degradation pathways can prevent this process occurring successfully.
These roadblocks generally present themselves at every stage of drug development.

With the advancement of the field over recent years, different types of complex mAb formats
have been developed, including full-size mAbs, antibody fragments, antibody-drug-conjugates
(ADC) and bispecifics, but full-size mAbs by far still dominate the market. In addition, new
approaches such as PEGylation or the hyperglycosylation of constant domains of mAbs and
other forms of antibodies such as single domain antibodies (nanobodies) and antibody-targeted
nanoparticles have also been frequently explored and they seem to be promising, but these products
are yet to receive approvals and reach the market. New formulation and delivery strategies are also
explored with novel additives and excipients that prevent protein aggregation.

The majority of biologics, in particular mAbs, are expensive due to the high costs
associated with their development and manufacturing, and thus their similar follow-on
counterparts—biosimilars—have become very attractive to many consumers because of their
affordability. The development of biosimilars became possible for many blockbuster biologics owing

to the loss of their patent protection and updates in regulatory guidelines.

Some of the antibody products are closely related to the reference product, but because they have
superior characteristics compared to the former, they are called ‘biobetters’. These next-generation
therapeutics are not defined well at the moment, but perhaps some existing products such as
ADCs, bispecifics, and PEGylated or hyperglycosylated versions of certain products can be called
biobetters. Biobetters are expected to display improved efficacy/specificity, bind to more than
one target or tackle some commonly observed physical-chemical developability issues such as
protein aggregation. Advances in connecting the mechanisms influencing the disposition and
pharmacokinetics of mAb products will continue to augment the discovery and development of
antibody products. Immunogenicity, developability and parenteral delivery remain key spaces for
the optimization of antibody products as therapeutic modalities.

These new developments and other advances, such as in silico methods employed to study
and/or predict protein—protein interactions, require frequent updates in the literature and necessitate
the publishing of books such as this one. Herein, Siniotis et al, provide a comprehensive
overview of the challenges and opportunities in the development of therapeutic mAbs. The
authors highlight milestones towards antibody engineered formats, including developments in
computational approaches for the strategic design of antibodies with modulated functions and an
extension into novel formulation technologies such as nanocarrier delivery systems for the potential
to formulate for pulmonary delivery. This overview leads into several chapters of increased detailed
discussions of various mAb and mAb-based therapeutics. Leung et al., provide a detailed review
of antibody drug conjugates (ADCs), which comprise of a mAb conjugated to a small molecule
payload via a chemical linker and are one of fastest growing next generation mAb-based therapeutic
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structures. The authors cover a balance of the immense potential of ADCs to provide the promising
therapeutic options in areas of unmet need along with challenges in the field to date with emphasis
on antibody conjugation, linker-payload chemistry, novel payload classes, absorption, distribution,
metabolism, and excretion (ADME), and product developability. The work of Voynov and colleagues,
further extends and emphasizes the therapeutic tractability and clinical success of T-cell engaging
bispecific antibodies as an additional high potential mAb-based biologic designed with multiple
functionalities. Hotinger and May expand on and stimulate thought around the more recent
application of antibody therapeutics as another approach to combat bacterial based infections due
to the striking rise in resistance to antibiotics. The last two chapters of the book discuss the pragmatic
challenges and considerations with mAb and mAb-based therapy developability and drug-ability.
The studies reported by Sharma and coworkers share methods leveraged to test the stability of the
co-formulated antibodies that can support future efforts towards the formulation and characterization
of multiple high-concentration antibodies for subcutaneous delivery. In the last chapter, Boune
et al., detail the importance of the consideration of N-linked glycosylation variations, which can
highly influence the desired therapeutic mAb pharmacokinetics and functional properties, thereby
impacting their safety and efficacy profiles.

We strongly feel this is a timely commitment and would like to express our gratitude to
researchers from both academia and industry for submitting their novel mAb therapy work for this
issue in order to capture the new developments that have transpired, as well as covering established
concepts in this exciting field. We would like to acknowledge the authors for contributing to this

timely and excellent book and the editorial office of Antibodies for bringing it to fruition.

Veysel Kayser, Amita Datta-Mannan
Editors
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Abstract: Therapeutic antibody technology heavily dominates the biologics market and continues
to present as a significant industrial interest in developing novel and improved antibody treatment
strategies. Many noteworthy advancements in the last decades have propelled the success of antibody
development; however, there are still opportunities for improvement. In considering such interest to
develop antibody therapies, this review summarizes the array of challenges and considerations faced
in the design, manufacture, and formulation of therapeutic antibodies, such as stability, bioavailability
and immunological engagement. We discuss the advancement of technologies that address these
challenges, highlighting key antibody engineered formats that have been adapted. Furthermore, we
examine the implication of novel formulation technologies such as nanocarrier delivery systems for
the potential to formulate for pulmonary delivery. Finally, we comprehensively discuss developments
in computational approaches for the strategic design of antibodies with modulated functions.

Keywords: therapeutic antibody; stability; aggregation; manufacture challenges; formulation

1. Introduction

Since the first therapeutic monoclonal antibody (mAb) Orthoclone OKT3® (Janssen Biotech,
Horsham, PA, USA) was approved by the USA Food and Drug Administration in 1986, whole
antibody therapeutics have become and persistently remain the most dominant and significant biologic
therapeutic platform in the pharmaceutical industry [1,2]. To date, therapeutic antibodies treat a
plethora of indications including cancers, infections, autoimmune disorders, and cardiovascular and
neurological diseases [3]. The whole antibody therapeutics platform is regarded as the most promising
class of pharmaceutical technology to date; it is continually being applied to newly identified biological
targets and implemented in many formats to produce strategically engineered next generation antibody
therapeutics, otherwise termed “biobetters” [4-9]. The international ImMunoGeneTics information
system® (IMGT®, Montpellier, France) database reveals that as of December 2018, 65 whole antibodies
and 18 next generation fragment or recombinant fusion antibody-based therapies are approved for
clinical use, with hundreds more in clinical trials expected to reach market.
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Naked Whole mAbs Whole mAb formats 65
m ADCs Naked whole mAbs 60
ADCs

B Whole mADb Bispecifics Whole mAD bispecifics 1
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Fragment mAb formats 18
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B scFv Bispecific (BiTE) approved biosimilars
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Figure 1. The proportions of therapeutic antibody formats approved for therapeutic use as of December
2018 IMGT® depicted through (a) a pie chart and (b) a table format.

Whole therapeutic mAbs are presently the dominant antibody platform approved for clinical
use (Figure 1), although antibody engineering technologies have advanced in recent years to produce
highly optimized, strategically engineered biobetter therapies, along with biosimilar mAbs reaching
market to compete against their originator. Further whole mAb formats include antibody—drug
conjugates (ADCs), bispecifics, isotype-switched, and glycoengineered. These additional formats
have been strategically designed to introduce exceptional potency, to engage dual biological targets,
and to modulate Fc effector functions. Fragments of mAbs such as the crystallizable fragment (Fc),
antigen binding fragment (Fab), and single-chain variable fragment (scFv) possess key functions such
as specificity to a biological target or immunological activation. The isolation of these fragments
for fusion with other mAb fragments, biologically functional proteins, cytotoxic drugs, or drug
carriers has been the crux of ingenuity in developing the next generation of biobetter therapies [4-15].
Figure 2 depicts several examples of prominent biobetter formats, providing a general representation
of current fragment mAbs, whole mAb bispecifics, fragment mAb multispecifics, and fragment mAb
fusion therapeutics.
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F(ab), scFv
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naked whole mAb ADC
fragment mAb formats

Va'® &'F

Triomab DVD-Ig IgG-scFv Fc and scFv fusion format
several whole mAb bispecific formats (general)
BiTE DART
F(ab), bispecific F(ab), trispecific tandAb

several Fab and scFv multispecfic formats

Figure 2. Schematic representation of a whole monoclonal antibody (mAb), a fragment mAb, and
prominent fusion mAb formats that have been developed for strategic therapeutic uses. Proteins
fused to mAb fragments are depicted as blue ovals for a general representation; however, fusion
proteins may vary in size and structure. Fragment formats include the crystallizable (Fc), antigen
binding (Fab and F(ab)2), and single-chain variable (scFv) fragments. Further whole mAb formats
include the antibody—drug conjugate (ADC), triomab, dual variable domain immunoglobulin (DVD-Ig),
and immunoglobulin-scFv fusion (IgG-scFv). Multispecific fragment formats include the F(ab)2
bispecific, bispecific T-cell engager (BiTE), dual affinity re-targeting molecule (DART), and tandem
diabody (tandAb).

2. Overview of mAb Production Challenges and Considerations

Whole therapeutic mAbs require a mammalian expression system to produce the biologically
functional product; however, a mAb fragment and recombinant fusion mAb products with simplified
(or lacking) glycosylation are suitable for lower organism expression platforms [16]. Unlike
oligopeptides, which can be chemically synthesized, whole therapeutic mAbs are considerably
larger (with monomer ranging from 140-160 kDa) and comprise of four peptide chains (two heavy
and two light chains) bound together by disulfide bonds and interchain non-covalent interactions.
Further to this, antibodies contain glycosylation in a conserved region of the Fc (N297) that contributes
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to its stability and immune effector functions [17,18]. Aside from peptide synthesis, cell machinery
is required to glycosylate, fold, orient, and covalently bind the antibody peptide chains in order
to produce the complete, biologically functional antibody product. Manufacturing biologically
functional whole mAb product is therefore commercially unfeasible through chemical synthesis and
insufficient in lower organism expression platforms such as bacteria, yeast, insect, and plant cells that
may not have the machinery to produce the equivalent tertiary structure and glycosylation profiles.
In particular, many industrially relevant bacterial strains such as E. coli are completely deficient in
the machinery to add post-translational glycosylations; yeasts hyper-mannosylate glycans, which
cause immunogenicity; and insect cells which are deficient in sialylation machinery and produce
immunogenic glycan structures [16]. A secretion of the mAb product for purification is suboptimal
for several lower organism expression platforms such as E. coli due to poor productivity and harsh
culture conditions that promote product degradation. Protein is therefore produced intracellularly,
as inclusion bodies and harvest involves further processing steps such as cell lysis, inclusion body
recovery, protein solubilization, and renaturation prior to further downstream purification steps [19,20].
Despite these pitfalls, the development of lower organism expression systems is of high commercial
interest due to the simplified culture conditions, cheaper media requirements, rapid organism growth,
and higher product yield as compared to mammalian expression systems [16,21].

In considering the requirements through the entire process of mAb discovery, manufacture,
formulation, and disease treatment, several key challenges arise which have sparked overwhelming
interest in pursuit of achieving better mAb manufacturing outcomes and treatment strategies. As with
all biotherapeutics, mAbs and mAb-based therapeutics are limited to production in cell-based
expression systems, which is considerably costly and inefficient, can have varied yields depending
on the product and expression system, and requires downstream processing to remove biological
contaminants introduced from the expression system. Despite affinity chromatography being a robust
technology for the initial capture of a mAb for purification, the capture process and further downstream
processes such as viral inactivation applies the mAb product to harsh pH and salt conditions, which
can chemically degrade the mAb, leading to product instability and loss [5,22,23].

Many factors through the manufacture process influence glycosylation and charge heterogeneity
of mAbs, which affects their biophysical and pharmacological properties. Though not specifically
discussed in this review, the improvement and control mAb production technologies address these
variations to reduce formulation heterogeneity and off-target cytotoxicities.

A common challenge, as seen with all biotherapeutics, is that mAbs and mAb-based therapeutics are
currently restricted to lyophilised and liquid-based formulations for intravenous (IV) or subcutaneous
(SC) delivery to achieve maximum bioavailability. Protein self-association and intrinsic stability drive
this limitation, in that viscosity and propensity to aggregate are dependent on mAb concentration.
Formulations are optimized to achieve the highest dosing concentration at the minimum achievable
volume for injection, without compromising the quality of the mAb in formulation [24]. Viscosity
remains a key limiting factor for formulating as a SC administration—certain mAb therapies are
suitable and others not based on their solubility, self-association, and aggregation profiles. Alternative
non-invasive administration strategies such as pulmonary delivery causes additional mechanical
stress that further contribute to mAb instability and loss. Furthermore, oral delivery is unsuitable
due to chemical and enzymatic degradation, as well as poor absorption in the gastric and intestinal
environments [5,25-29].

A brief overview of considerations through the different concept stages of therapeutic mAb
development is depicted in Figure 3. The main challenges and considerations in the manufacture and
formulation of mAb therapeutics are briefly summarized in Table 1.
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Figure 3. Schematic representation of the concept stages of mAb drug development in which
considerations follow on from one process to the next in the design and manufacture of

mAb-based therapeutics.
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3. mAb Discovery and Manufacture Technologies

Traditional technology for whole therapeutic antibody discovery required the immunization
of animals—primarily mice with a target antigen for the generation of a mixed population of
B-lymphocytes-producing antibody against the target. The B-lymphocytes would be isolated for
immortalization to produce monoclonal hybridoma cell lines that secrete antibody candidates of
interest for further panning through display technologies to isolate potential leads [5]. This method
has led to the generation of highly specific mAb libraries of non-human origin that were potentially
immunogenic and less efficacious at eliciting an immune response as compared to wholly human mAbs.
Technologies arose to address immunogenicity by producing chimeric and humanized antibodies
through the grafting of the variable domains (chimeric) or complementarity-determining region (CDR)
residues (humanized) isolated from lead non-human antibodies to a human antibody framework.
To further improve the humanization strategy, transgenic mice were developed with their murine
antibody heavy and light chain genes replaced with equivalent human genes; they consequently
expressed wholly human antibodies for discovery [4-6].

Phage display technology remains the most prominent selection technology for panning antibody
gene pools for specificity to a target antigen, as it effectively couples the expression of mAb proteins
to the genes that encode them for the panning of high affinity leads. Antibody variable genes from
B-lymphocyte pools are isolated through polymerase chain reaction (PCR), and cloned into a phage
expression vector that presents the expressed mAb on the surface of the phage, the library of vectors
is rescued in phage, and the phage library is screened against a specific target antigen. Phage pools
undergo several rounds of selection to isolate high affinity candidates, the variable genes of the
lead mAb candidates can then be isolated and sequenced for the design of a mAb drug format and
the development of a suitable expression platform [5,47]. Error-prone PCR-based mutagenesis has
propelled display technology for the generation of enormous libraries for target affinity screening.
Yeast surface display further improves these screening technologies, as glycosylation sites introduced
in CDRs are expressed through this platform [5,48].

The expression, yield, and quality of a mAb can vary quite substantially in hybridoma cell lines.
High yielding mammalian expression systems have been developed to meet the commercial need
for high expression efficiency, scalability, quality, and reproducibility. Antibody genes of interest
are introduced into suitable expression vectors and transfected into highly efficient mammalian cell
lines for antibody expression and secretion; a mAb can then be directly captured from the culture
supernatant through affinity chromatography. Currently, the majority of mammalian expression
systems for commercial whole therapeutic antibody expression are based on stable chinese hamster
ovary (CHO), mouse myeloma (NSO), and mouse hybridoma (Sp2/0) cell lines [4,5]. However, in the
context of research and development, the transient expression in human cell lines such as embryonic
kidney (HEK 293), amniotic (CAP), a hybrid of HEK 293 and lymphoma (HKB-11), and embryonic
retina (PER.C6) are favored over stable CHO expression due to the ease and speed of production of
workable quantities of antibody for preliminary studies [16,30-32,49,50]. The generated mAb library
undergoes relevant in vitro testing along with formulation stability screening to exclude candidates
that have poor manufacturability attributes [51]. Lead mAb candidates that show potential for
further investigation would then be developed for high yielding stable expression and more rigorous
characterization leading up to therapeutic development. However, a drawback from changing from
human to hamster expression systems is the difference in glycosylation profile. CHO expressed mAbs
produce immunogenic non-human glycoform Neu5Gc and have a higher composition of sialylation,
which may result in reduced antibody-dependent cellular cytotoxicity (ADCC). Therefore in the early
stages of development, leads need to be identified and thoroughly characterized in the expression
system to be developed for commercial manufacture before committing to industrial scale up [16,30,32].
Amongst other biotherapeutics, approved mAb Fc fusion therapeutics dulglutide (Trulicity®, Eli Lilly,
Indianapolis, IN USA), efmoroctocog alpha and eftrenonacog alpha (Eloctate® and Alprolix®, Biogen,
Cambridge, MA, USA), are manufactured in a HEK 293 expression system, which is giving rise to
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the acceptance of human-based expression systems for the production of mAb-based therapeutics [4].
However, HEK 293 expression systems are prone to inducing mAb aggregation in cultures, which
is detrimental to cell viability and creates a loss of product during manufacture. Hence, HKB-11
and PER.C6 are the preferred commercial human cell lines for mAb expression in human cell lines,
specifically [16,31,32].

Established lower organism expression systems for fragment or recombinant fusion mAb
therapeutics include bacteria such as E. coli, yeasts such as S. cerevisiae and P. pastoris, plants such
as tobacco, algae, and insects such as silkworm [5,16,52-54]. Expression platforms that use E. coli in
particular are considered high risk due to the potential endotoxin contamination in the mAb product, of
which complete endotoxin removal requires further purification steps [19]. However, several approved
mADb fragment- and recombinant-based therapies are produced in an E. coli-based expression system,
including pegol conjugated Fab’ certolizumab pegol (Cimzia®, Celltech UCB, Brussels, Belgium), Fab
ranibizumab (Lucentis®, Genentech, San Francisco, CA, USA), and recombinant Fc fusion romiplostim
(Nplate®, Amgen, Thousand Oaks, CA, USA). Lower organism expression platforms such as E. coli
and P. pastoris continue to be the preferred option for the manufacture of fragment mAb formats
due to the relative ease, high yield, and reduced cost for manufacture as compared to mammalian
expression platforms.

An emerging in vitro cell-free synthesis technology is being developed with bacterial and CHO
cell lysates which have the potential to alleviate formation of undesirable biological byproducts, as the
machinery from the cell lysates purely express protein from the mAb genes that are introduced to the
system. Though this technology is not currently applicable for industrial scale manufacture, it holds
much promise as an alternative to live culture. For instance, culture maintenance and highly defined
media are no longer necessary, reactions can run continuously, lysates can be recycled with reproducible
results, unmodified linear DNA is suitable for the system (thus alleviating a need for multiple cloning
steps), and additional enzymes can be introduced to the system for the engineering of specific
post-translational modifications [33,34,55-58]. Despite the apparent advantages of this technology
for mAb manufacture, cell lysates encounter the same challenges as their host cell expression system.
That is, post-translational modifications of mAb product from lysates from lower level organisms are
limited by the endogenous machinery of that host organism. Furthermore, preparation of mammalian
cell lysates is challenging, and yield produced from these lysates is considerably low [59,60].

Current bioprocess engineering and cell line development strategies have been crucial in enhancing
the manufacturability of mAbs. Many current mAb therapeutic expression platforms make use of
CHO cell lines that have been commercially developed with dihydrofolate reductase or glutamine
synthetase deficiency for enhanced stability selection through resistance to methotrexate and methionine
sulfoximine inhibition, respectively [50,61]. Mammalian cell lines have been adapted to suspension
culture, as they support higher cell densities and mAb titers in the absence of serum from the culture
media, for large scale fed-batches, perfusion systems, or continuous culture systems. Further to this,
cell lines are continually being engineered for enhanced metabolic functions, introducing glycosylation
pathways, superior secretion, and resistance to apoptosis for prolonged survival, in efforts to generate
super-producer cell lines that can sustain a continuous culture [62-68].

Gene and expression vector design and development are specifically tailored to the expression
system to maximize mAb expression and cell line stabilization through host cell codon optimization
and the addition of highly efficient transcription, secretion, selection, and integration elements [69-73].
Vectors can contain a single site for gene insertion for the subsequent co-transfection of vectors that carry
the antibody heavy and light chains, or both chains can be cloned into a dual expression vector. In more
elaborately designed recombinant mAb drug formats that require the expression of several genes, vector
technologies have implemented multicistronic expression to enhance the efficiency of the vector system.
The stable or transient transfection of vectors is performed on highly viable cell cultures with high cell
density. Antibody heavy and light chain ratios may require adjustment in transfection for optimizing
expression and secretion. A reporter vector that expresses green fluorescent protein is typically included
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to observe transfection efficiency during optimization [74,75]. Liposome-mediated transfection is
preferential over all other mammalian transfection strategies and is induced chemically through the
complexing of DNA to a cationic lipid prior to or during addition to a culture. Polyethylenimine is
the most prevalently used transfection reagent despite the development of superior reagents such as
Lipofectamine™ 2000 and Freestyle™ MAX (Thermo Fisher Scientific, Waltham, MA, USA), LyoVec™
(InvivoGen, San Diego, CA, USA), FuGENE 6™ (Promega, Madison, WI, USA), and TransIT-PRO®
(Mirus, Madison, WI, USA), owing to its lower cost and relative efficiency [73,75-78].

The commercial manufacture of mAbs has transitioned to serum-free, chemically defined, and
animal-free media which has removed a source of expression variability and has been driven particularly
from the advent of mad cow disease [50,79]. Several media supplements such as plant and yeast digests
(peptones/hydrolysates), surfactants (e.g., Pluronic F-68), DNA methyltransferase (azacytidine), and
histone deacetylase (sodium butyrate, valproic acid) inhibitors have been found to support cell viability
and enhance mAb expression [79-85]. Mild hypothermia of the culture has also demonstrated to reduce
cell expansion, support prolonged cell viability, and enhance mAb expression [73,86-90]. Further to
this, continuous supplementation in expression cultures of uridine, manganese chloride, and galactose
demonstrated successful the glycan engineering of expressed mAb, where mAb hyper-galactosylation
was promoted to enhance complement-dependent cytotoxicity (CDC) activity [91].

In the manufacturing process of fed-batch, perfusion, and continuous culture systems, media
is continuously fed in the culture system, whilst parameters such as cell viability, cell density, and
metabolite levels are monitored in real time until the parameters indicate that it is the optimal time
to harvest the expressed mAb from the culture supernatant. In perfusion and continuous culture
systems, a feed is removed from the culture simultaneously to the media addition, the difference being
that the cell dilution rate in continuous culture is optimized to remain equal or higher than the cell
growth rate, which allows the perpetuation of mAb expression and requires the continuous harvest
of the supernatant [92-94]. The harvest of the supernatant requires clarification technologies such
as the use of precipitants/flocculants (e.g., polyethylene glycol, diethylaminoethyl dextran, caprylic
acid, and polyethylenimine), high throughput centrifugation, and filtration methods to remove cells
and biological debris, for the lowering the loading burden in the lead up to mAb capture through
affinity chromatography [19,95-100]. The mechanical stresses from centrifugation and filtration are
unavoidable, although they can induce mild mAb product loss through fragmentation and aggregation.

Protein A-ligand-based affinity chromatography is the most robust, efficient, and prevalently
used mAb capture technology, owing to its selectivity and high affinity to various human Fc, as well as
its efficient dissociation of captured mAbs at a low pH for reuse. Fragment mAbs and recombinant
formats based on Fabs and single chain variable fragments (scFv) are unable to take advantage
of protein A affinity capture, and alternatives have been developed, such as capturing proteins G,
M, and L, which bind at different mAb epitopes; ion exchange chromatography; and polyhistidine
tagged capture through immobilized metal chromatography [100-102]. A further advantage of affinity
chromatography in manufacture is the integration of a viral inactivation step by holding the low
pH-eluted mAb product prior to further purification steps; however, this applies the mAb product to
low pH at high concentrations, which can induce mild mAb instability, aggregation, and the formation
of acidic variants [5,22,100,103,104].

Post mAb capture, further polishing steps are required to remove further contaminants such as
host cell proteins and DNA, as well as leached affinity chromatography ligand- and mAb-degradation
products such as fragments, aggregates, and ionic variants. The polishing steps are designed based
on the specific properties of the mAb product, such as the isoelectric point and molecular weight
(MW), to implement appropriate chromatographic technologies such as anion and cation exchanges,
hydrophobic interaction, and multimodal and size exclusion that will separate the mAb product
from the manufacture-introduced impurities [22,100,103]. The additional chromatographic steps
unavoidably apply the mAb product to buffers of varying ionic strength and high concentrations,
which can again induce mild mAb instability and aggregation. Post polishing steps, the purified
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mADb product undergoes a further viral removal step, such as filtration, and then it undergoes buffer
exchange and concentration through ultrafiltration or diafiltration methods to prepare the bulk mAb
product for formulation [100,105].

4. Formulation Strategies and Considerations

Strategies to improve the formulation of mAbs and mAb-based therapies continues to be an
ongoing challenge, as is faced with all biotherapeutics. Firstly, whole therapeutic mAbs are unsuitable
for non-invasive oral, nasal, or pulmonary routes of administration as they are susceptible to chemical
and enzymatic degradation in the gastrointestinal tract. The bioavailability of mAbs through these
routes is poor, owing to mAbs’ polar surface charge and relatively large MW, limiting transport through
mucosal membranes.

Fragment mAb platforms, together with excipient and PEGylation technologies, have been
developed to help circumvent transportation limitations for pulmonary delivery, specifically. However,
physical stresses applied to the mAb (e.g., shear stresses from the aerosolization of liquid formulations
for a pressurized meter dose and a nebulization delivery, or from the production of dry powder
for inhalation) pose further challenges of mAb instability, leading to degradation and reduced
efficacy. [8,26,28]. Few biologics have been successfully approved for pulmonary delivery, most
notably insulin formulation Afrezza® (MannKind, Westlake Village, CA, USA), and, currently, an
erythropoietin-Fc fusion and a nanobody-targeting respiratory syncytial virus are in clinical trials,
showing promise for the further development of this administration strategy for both the systemic and
localized delivery of mAb-based therapeutics [5,28].

Several drug carrier technologies such as microencapsulation, liposome, and nanoparticle
formulations inherently enhance the stability and control the release of mAbs, which can prolong their
half-life. These nanocarrier formulation strategies are of intense interest, as they hold promise for
developing less invasive inhaled formulations of mAb-based therapeutics with superior attributes to
currently established formulations [41,106-109].

The majority of currently approved mAb therapeutics are formulated for IV, although commercial
interest has directed technologies to develop injectable mAb formulations which has seen success
in many approved mAb therapies thus far, primarily SC for systemic delivery, along with a few
intravitreal and intramuscular formulations for tissue-specific indications. Amongst others, anti-HER2
antibody trastuzumab was originally developed as an IV formulation and was successfully repurposed
as a SC formulation [110-112], whereas next generation therapies have directly moved towards SC
formulation, such as with anti-TNNF-« antibody adalimumab [113]. Injectable administrations offer
several advantages over IV administration, especially in the treatment of chronic diseases in regards to
a reduced burden to allied health services, patient tolerance, and adherence to treatment; however,
the intrinsic physicochemical properties of mAbs may be undesirable for injectable formulation.
In considering the low volume, injection pressure, and the typically high (>100 mg) effective dose of
mADb for injectable delivery, the viscosity and aggregation propensity of mAbs become key formulation
challenges to address, as they are dependent on mAb concentration. Certain mAb therapies are suitable,
and others are not based on their solubility, viscosity, self-association, intrinsic stability, aggregation,
and precipitation profiles.

Injectable mAb formulations can be further improved with the use of excipients to increase
solubility, reduce viscosity, and enhance the stability of mAbs. Excipients are considered for a
formulation based on their physicochemical properties, pharmacokinetics, and safety. For example,
polysorbates are commonly used in biologics as a stabilizing agent; however, their addition in
high concentrations can denature proteins and cause adverse side effects such as injection site
reactions [114-116]. Injectable mAb formulations are co-formulated with recombinant human
hyaluronidase, specifically as a permeation enhancer for more efficient absorption into tissue, although
the inclusion of this additional biologic adds further burden to the formulation’s viscosity and
propensity to aggregate [5,8,25-28,117-123]. Antibody therapies for IV administration are prepared as

10



Antibodies 2019, 8, 36

lyophilised powder for reconstitution and further dilution, and injectable administrations are prepared
as liquid-based formulations in pre-filled syringes. Liquid formulations of mAbs are more susceptible
to physiochemical degradation, are less stable, and have a reduced shelf-life as compared to lyophilised
formulations. However, drying technologies to produce lyophilised formulations apply the mAb to
physical stresses that induce instability and degradation, leading to reduced efficacy [124-126].

Long-term stability predictions are elucidated from formulation screening in accelerated
aggregation studies, as part of the preliminary screening process of generated mAb libraries [127].
The stability profiles of mAbs can be greatly affected by the amino acid composition, structure, and
potential glycosylation in their variable region CDRs that are isolated through the screening and
maturation process. Elucidating the causes for reduced solubility or increased aggregation propensity
has to be considered together with the molecular interactions between the mAb and the biological
target as to not compromise affinity. Computational tools have been developed to elucidate amino acids
within the mAb CDR structure that have a high propensity to aggregate, and strategies for improving
solubility and aggregation profiles have been developed through direct amino acid substitutions and
the strategic addition of glycosylation sites [128-132]. The characterization of mAb stability and target
interaction for optimization is considered a fundamental step as part of preliminary drug discovery, as
the applicability for development, manufacture, and formulation of the mAb therapeutic is governed
by the mAbs stability profile.

5. Improving mAb Tissue Penetration for Cancer Treatment

Antibody therapies are currently restricted to invasive parenteral routes of administration for
maximum bioavailability and systemic distribution; however, delivery to the specific target tissue, such
as tumors for cancer treatments, continues to be a challenge. Penetration to tissue from blood vessels is
again poor, owing to mAbs’ polar surface charge and relatively large MW, limiting transport through
physiological barriers. The efficiency of tissue penetration is further influenced by systemic and local
mAD clearance rates. Enhancement to mAbs” affinity to their biological target through maturation
and strategic mutation technologies have led to faster diffusion rates of mAb to target for increased
efficacy. However, for tumourous tissue specifically, penetration through tumors is restricted by the
tumor’s binding site barrier, in which antigens expressed on the tumors periphery capture the majority
of the mAD released to surrounding tissue; this effect is exaggerated with overexpressed antigen.
The enhancement of whole mAbs’ affinity beyond 1 nM has specifically shown that there is no further
improvement of tumor diffusion rates, tissue penetration, and accumulation [42,43,133]. An increased
affinity of mAbs to cellular targets also leads to the increased uptake, internalization, and catabolism
of mAbs, which reduces ADCC and increases the mAb clearance rate. This mechanism is exploited
through the development of high affinity ADCs to target the delivery and release of potent drugs,
inducing targeted cell death [43—45].

Fragment mAb platforms have shown better tissue penetration and biodistribution than whole
mADb therapeutics; however, a pitfall of smaller peptides lacking an Fc region is a highly reduced
in vivo half-life and poor retention times. Technologies to improve the half-life of mAb fragments have
been primarily through PEGylation, along with strategic Fc mutation and glycosylation engineering
to enhance neonatal Fc receptor (FcRn) recycling. Furthermore, hyper-glycosylation technology has
been successfully applied in other biotherapeutics, such as with glycosylated erythropoietin Aranesp®
(Amgen, Thousand Oaks, CA, USA). Conversely, nanocarrier platforms that are relatively larger as
compared to whole mAbs have demonstrated superior pharmacokinetics and tumor retention, as
well as previously mentioned enhanced stability and the sustained, controlled release of mAbs [41].
These enhanced properties have generated considerable interest in developing the systemic delivery
of mAb-nanoparticle platforms for superior tumor penetration, as well as targeted and sustained
therapeutic drug delivery. Further to nanocarriers, additional formulation strategies developed for the
controlled release of mAbs include hydrogels and crystalline antibodies, which have shown success as
stable, injectable formulations for development [5,8,15,41-43,134-136].
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In addition, to further enhance the stability and half-life of other biotherapeutics, recombinant
technologies allowed their fusion to mAb Fc as to introduce FcRn recycling as a protection mechanism,
which has innovatively expanded the applicability of mAb-based therapeutic platforms. Notable
examples include the TNF Receptor—Fc fusion protein Enbrel® (Amgen, Thousand Oaks, CA, USA),
which acts as an inhibitor to overexpressed TNF-« in autoimmune diseases, and the Factor IX-Fc
fusion protein Alprolix® (Biogen, Cambridge, MA, USA), which is a blood factor supplement for
hemophiliacs [11,46,133].

6. Strategic Modulation of mAb Immune Effector Functions

The modulation of mAbs effector functions through isotype switching, glycoengineering, and
strategic mutations have proved advantageous for the development of more effective mAb treatment
strategies. Antibody binding to Cql promotes the complement cascade, Fc, R1A/B, Fc,R2A, and
FcyR3A/B receptors to activate immune effector functions; Fc, R2B counter-balances the effector
response, and FcRn prolongs mAb half-life. Binding to these receptors is primarily done through sites
in the Chinge, C2, and the conserved glycosylation region in the Fc (N297).

IgG3 does not efficiently bind to FcRn, which reduces its half-life to approximately seven days, as
opposed to a 21 day half-life for the other IgG isotypes. In most instances of mAb design, an extended
half-life is preferred as to prolong the effective dose of a mAb in serum [15]. IgG2 and IgG4 mAbs
have a reduced effector function as compared to IgG1 and are thus used in instances where minimal
engagement to the immune system is warranted to increase safety of the mAb therapy—with ADCs
reducing off-target cytotoxicity, for instance. Eculizumab (Soliris®, Alexion Pharmaceuticals, New
Haven, CT, USA) is the first (and thus far only) approved recombinant [gGk 2(Cy1/Chinge)4(Cr2/Cy3)
hybrid whole mAb. Further cross-sub-class variant mAb therapies are in development, with key amino
acid substitutions from the IgG2 and IgG4 sub-classes introduced for intentionally suppressed effector
functions [4,13]. The removal of the conserved glycosylation site through amino acid substitution
of N297 or T299 (aglycosylation) has also demonstrated reduced effector function; however, this
happens at the expense of mAb stability and is therefore not a suitable strategy for whole mAb
therapeutics [11,14,15,137-140].

On the other hand, enhancing ADCC and CDC is useful for engaging the immune system to
tumor tissues in the absence of a conjugated cytotoxic drug. Certain glycoengineered modifications
to the conserved glycosylation region in the Fc, such as deficiency in core fucose (afucosylation) and
hyper-galactosylation, have demonstrated enhanced mAb binding to Fc, R3A and Cql, specifically for
an enhanced ADCC and CDC effect [13,43]. Afucosylated mAbs benralizumab (Fasenra™, AstraZeneca,
London, UK) and mogamulizumab (Poteligeo®, Kyowa Hakko Kirin, Tokyo, Japan), as well as low
fucose content mAb obinutuzumab (Gazyva®, Genentech, San Francisco, CA, USA), are currently
approved therapies, with several further in development (along with clinical trials), which demonstrates
the commercial interest and applicability of this technology in improving mAb therapeutics through
enhancing ADCC. However, the significance of manipulating sialylation in mAb therapeutics is a
controversial topic, with several reports demonstrating a reduction in ADCC and CDC and others
reporting no observable difference. This highlights a clear need to characterize and define the in vivo
efficacy of such manipulation [11,13,14,43].

No currently approved mAb therapies contain amino acid substitutions for an improved half-life
through modulated binding properties to FcRn, improved CDC through binding to complement
factor Cql, or improved ADCC through enhanced binding affinity to Fc,R1A and 3A. However,
several mutations have been reported, patented, and are in clinical development, demonstrating the
commercial interest in this technology for improving mAb therapeutics [6,11,13,15,133,137,140-143].

For a more comprehensive understanding of mAb engineering strategies for modulated immune
effector functions, we direct the reader to the following reviews [13-15,140].
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7. Computational Approaches for Aggregation Prediction and Rational Design of mAbs

The advancement of in silico analysis of mAb peptide sequences, structures, conformation, and
their associated biological interaction has been integral to the development of various computational
tools for characterizing, designing, and optimizing mAb-based therapeutics. The generation and
continued pursuit of mAb structural data for in silico analysis has led to the development of several
integral databases, notably IMGT®, serving as a key resource for data mining [144-146]. Molecular
dynamic (MD) simulation analysis has driven the computational analysis of the discovery and
characterization of relevant molecular interactions within the mAb molecule, mAb binding to biological
targets and mAb surface association with the surrounding environment. These interactions can infer
intrinsic stability, target binding associations, solubility and aggregation propensity of the mAb. MD
simulations and free energy calculations from crystal structures remain key for the highly specific
elucidation of mAb-target intermolecular interactions that correlate to binding affinity, as significant
interactions such as hydrogen-bond formation can be predicted and determine the strength of the
molecular associations [147]. However, elucidation of mAb self-association, solubility, and aggregation
propensity have been driven by the development of computational modelling and simulation tools that
simultaneously analyses mAb topography and surface polarity. Notably, AGGRESCAN3D, TANGO,
and PASTA are the most prominent tools for predicting the site specific aggregation propensity of
mAbs [35,148].

The preliminary elucidation of mAb structural data—that being amino acid sequences and
higher order structure (HOS)—is experimentally derived to produce crystal structures that model the
solid-state 3D structure of the mAb. Mass spectrometry technologies have come of age to produce
high throughput and orthogonal analysis to elucidate mAb peptide sequences, oxidation, deamidation,
and glycosylation heterogeneity, as well as, more recently, for native, destabilized, and aggregated
HOS elucidation [149,150]. X-ray crystallography technologies have been the underlying workhorse
for elucidating the crystal structure of mAbs. Producing crystalline mAbs is challenging, owing to
the complexity of mAb HOS and the degree of mAb conformational heterogeneity. However, several
complementing technologies have evolved in recent years to ascertain structure and interactions,
including circular dichroism (CD), infrared (IR) and raman spectroscopy, cryogenic-electron microscopy;,
and nuclear magnetic resonance (NMR) spectroscopy [148,150-157]. Of the technologies available for
HOS elucidation, 2D-NMR and X-Ray crystallography (followed by MS) provide the highest sensitivity
and local specificity. In comparison, CD, IR, and raman are high-throughput methods, although they
have much lower sensitivity [150,157].

Thus far, only four whole IgG antibodies have a successfully determined crystal structure (PDB ID:
1HZH, 1IGT, 1IGY, and 5DK3), notably 1HZH as a wholly human IgG1 and 5DK3 as a humanized
IgG4/k, both of which have been used as model structures for MD simulations [158]. However,
fragment mAbs yield much higher success with producing crystal structures, which has led to much
pursuit and contribution in generating mAb fragments and targetting complexing crystal structure
libraries for data mining and in silico analysis [159,160].

Upon obtaining relevant crystal structures for a candidate mAb, detailed crystal structure and
MD simulation analysis has been extensively used to elucidate the mAbs intramolecular interactions
that confer intrinsic stability and intermolecular interactions to confer interactions to biological targets
and self-association. The particular binding interface of interest is analyzed, and amino acids in the
mADb structure are identified for substitution that can disrupt molecular interactions in the interface
in the instance of diminishing target binding and identify potentially unutilized bonding sites and
polarity mismatches in the interface that can be improved in the instance of enhancing target binding.
MD simulations are then carried out for the native and substituted mAb structures to elucidate any
relevant bond formations, interactions, and more favorable binding free energy produced by the
substituted structure, of which promising candidates can be synthesized and validated through in vitro
analysis. This predictive approach has been successfully applied to identify mutations in mAbs for
modulating effector functions, target binding, optimizing affinity capture for manufacturing, and, more
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recently, for designing antibodies de novo from targets of interest [11,161-165]. Mutations have been
specifically identified for enhanced binding to Fc, R2A, Fc, R3A, and Cql, as well as a reduced binding
to Fc,, R2B for a more pronounced ADCC and CDC effect, an enhanced binding to FcRn for an extended
half-life, and a reduced binding to Fc, Rs and Cql for a diminished ADCC and CDC effect, all of which
are transferrable to mAbs of the same isotype sub-class [137,141,142]. Further to this, the molecular
interactions of glycoengineered mAb variants to FcRs have been characterized through MD simulations
to corroborate predictions with the observed modulated effector functions [13,15,137,141,142].

Self-association, solubility, and aggregation propensity are further evaluated by computational
modelling tools that specifically characterize the topography and surface polarity of mAbs, concurrently
analyzing the local spatial arrangement of amino acids in the mAb structure, solvent accessibility,
and local surface charge [5]. In particular, surface exposed hydrophobicity is sought as the lead
mechanism for protein self-association driving aggregation propensity, in which aggregation-prone
regions (APRs) are identified in the mAb structure. The substitution of identified APRs to gatekeeper
(i.e., polar) amino acids has experimentally demonstrated resistance to aggregation and improved
solubility, which validates this strategy for improving mAb stability [36-40,166-170]. The majority
of APRs identified are located in biologically relevant mAb regions—those being the CDRs and the
Fc. Specifically targeting these APRs through mutation may disrupt important biological functions
and mAD structure. Analyses of the mAbs intermolecular interactions are necessary to validate the
intrinsic stability of substituted mAb variants; if conformational fluctuations are elucidated, then
the biologically active interface is likely disrupted. Interestingly, mutations for enhancing biological
functions have demonstrated a negative impact on mAb solubility and stability, further suggesting
that the self-association profile of mAbs is linked to its biological activity [36,128,171].

Aside from direct residue substitution in mAb structures, other strategies reported to profoundly
interfere with the effects of APRs include isotype switching and the strategic addition of N-linked
glycans [39,128,172,173]. Additionally, N-linked glycosylation in the CDR regions of mAbs, although
uncommon, has demonstrated improved solubility and stability profiles of mAbs without impacting
their target affinity, as compared to the same mAbs with removed CDR glycans [128,174]. The rationale
behind strategic glycan addition is based on the election of N-linked glycosylation sites that have
apparent spacial proximity to APRs, with the introduced glycan therefore sterically hindering the
APR from self-association interactions. The benefits of extending mAb half-life with strategic glycan
addition, as seen with hyper-glycosylated biotherapeutics (as well as improving mAb solubility and
stability for improved formulation strategies) has yet to be realized and suggests a very intriguing and
highly relevant technology for perusal.

8. Concluding Remarks

Therapeutic antibodies have come of age as continuing to be a key, dominant technology in the
biopharmaceutical industry. The repurpose of antibodies to many formats have made them versatile
to design and tailor highly specialized treatments, including ADCs as a targeted drug delivery system,
bispecific and fragment mAb platforms for tailored engagement and increased bioavailability, and
recombinant Fc-fusion proteins for an increased half-life and introduced immunological engagement.
Further advancements include the modulation of Fc effector functions through manipulations of the Fc,
either through isotype switching, glycoengineering, or strategic mutations in the Fc region, along with
the PEGylation of fragment mAbs for enhanced half-life. Advancements in discovery, manufacture,
and formulation technologies have further propelled the success of therapeutic antibodies, notably
through expression system development and the transition from IV to SC formulations. Human-based
expression systems have been extensively used in mAb development and are becoming an accepted
manufacturing platform for mAb therapeutics. Furthermore, cell-free synthesis technology is giving
rise to the potential for higher efficiency in the manufacture process.

Though developments for further generation antibody therapies have led to great strides in
producing improved therapeutic outcomes, many facets of the manufacture process and formulation
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development strategy pose as challenges to be considered. Antibody-based therapies are susceptible to
chemical and enzymatic degradation through oral, nasal, or pulmonary routes of administration and
are therefore currently restricted IV or SC delivery. Despite achieving maximum bioavailability through
IV/SC administration, tissue penetration of mAb-based therapies is poor, which limits their local
bioavailability, requiring high concentrations to achieve an effective dose. The stability of mAbs-based
therapeutics is a highly pronounced and recurring challenge to be considered, as it affects manufacture
yield and formulation considerations. Several strategies are in development to improve the stability of
mADbs in order to potentially produce formulations for pulmonary or oral administration. Notably,
computational tools have come of age, complementing experimental techniques to derive antibody
structure and aggregation prediction. Through these methods, the stability and aggregation propensity
of mADb-based therapies have demonstrated improvement through rational mutation and glycosylation
within the framework region, which is potentially translatable to all mAbs within the same isotype.
Furthermore, nanocarrier technologies have been shown to enhance the stability and potentially control
the release of mAbs. The refinement of rational mAb design coupled with nanocarrier technologies has
the potential to overcome these challenges, to develop superior treatment strategies, and ultimately to
formulate for non-invasive administration routes such as pulmonary delivery.
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Abstract: Monoclonal antibodies have evolved from research tools to powerful therapeutics in the
past 30 years. Clinical success rates of antibodies have exceeded expectations, resulting in heavy
investment in biologics discovery and development in addition to traditional small molecules across
the industry. However, protein therapeutics cannot drug targets intracellularly and are limited to
soluble and cell-surface antigens. Tremendous strides have been made in antibody discovery, protein
engineering, formulation, and delivery devices. These advances continue to push the boundaries of
biologics to enable antibody conjugates to take advantage of the target specificity and long half-life
from an antibody, while delivering highly potent small molecule drugs. While the “magic bullet”
concept produced the first wave of antibody conjugates, these entities were met with limited clinical
success. This review summarizes the advances and challenges in the field to date with emphasis
on antibody conjugation, linker-payload chemistry, novel payload classes, absorption, distribution,
metabolism, and excretion (ADME), and product developability. We discuss lessons learned in the
development of oncology antibody conjugates and look towards future innovations enabling other
therapeutic indications.

Keywords: antibodies; site-specific conjugation; bioconjugates; ADC; antibody-drug conjugates;
payloads; linkers; nucleic acids; ADME; developability; formulation

1. Introduction

Since the first monoclonal antibody drug approval (OKT3) in 1986, over 60 antibody
therapeutics have become marketed drugs to date [1]. The number of protein therapeutics entering
clinical development, including antibodies, antibody fragments, bispecifics, Fc-fusion proteins,
and antibody-drug conjugates is expected to grow due to robust pipelines and high success rates for
treating various diseases [2,3]. With the advances and extensive experience in antibody engineering
over the past decades [4], antibody therapeutics have evolved from murine (e.g., OKT3) to chimeric
(e.g., Rituxan®) to fully human (e.g., Humira®) as depicted in Figure 1. Monoclonal antibody-based
therapeutics have been built to deliver specific effector functions or as bispecifics and conjugates
to achieve the desired pharmacological effects [5,6]. Antibody discovery was enabled by murine
hybridoma technology [7] followed by humanization [8] to deliver therapeutic antibodies with lower
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risk of immunogenicity [9]. Display technologies and transgenic animals have pushed the boundaries
to produce antibodies with fully human sequences [10]. Antibody conjugates have similarly taken
advantage of the progress made in monoclonal antibody development and improvements in conjugation
chemistries [11-13] to expand the druggable target space for antibody-based therapies. These advances
in antibody development are crucial to the success of antibody conjugates.

Figure 1. The evolution of (a) murine, (b) chimeric, (c¢) humanized, and (d) fully human monoclonal

antibodies through protein engineering. Red and blue represents mouse and human antibody sequence
respectively. The antigen binding complementarity determining regions (CDRs) are shown as sticks.
The new generation of antibody-drug-conjugates (ADCs) utilized humanized (c) and fully human
antibodies (d).

While chemotherapy and radiation have been the dominant treatments of cancer for decades,
their lack of ability to distinguish between healthy and tumor cells has fueled the desire to create tumor
specific delivery of cytotoxic payloads and radionuclides via antibody conjugates. Oncology antibody
conjugates have successfully delivered potent chemotherapeutic and radioactive agents to kill tumor
cells [12]. Currently, all of the FDA approved antibody-drug-conjugates (ADCs) are targeted cancer
therapies (Table 1) [14], including the latest approval in June 2019 for Polivy® [15]. Herein, we review
the progress made in oncology ADCs in terms of conjugate design and development, linker payload
conjugation chemistries and highlight novel non-oncology conjugate innovations.

2. Critical Considerations for Antibody Conjugates

First generation oncology ADCs in the 1990s were based on murine or chimeric antibodies
which were plagued with immunogenicity issues [16] and linker instability [17]. Immunogenicity of
protein therapeutics has a critical impact on the pharmacokinetics and drug disposition and ultimately
clinical success [18,19]. These molecules were designed to deliver a variety of protein toxins [20] and
microtubule binding drugs [21] as the cytotoxic payloads. Limited antigen density on tumors, low
potency of the payloads, and the low average drug-antibody-ratio (DAR ~3-4) prevented efficacious
quantity of drug delivered, which was proposed to be one of the reasons for initial ADC failures, while
higher DAR conjugates suffered from toxicity and low therapeutic index. Second generation ADCs
from the last 10+ years approved by the FDA were armed humanized antibodies coupled to stabilized
linkers and more potent payloads, such as auristatins, calicheamicins, and maytansinoids (Table 1).

In an ideal situation, ADC payloads should be inactive in circulation when conjugated to
an antibody via a linker and remain stably conjugated until the conjugate reaches the target of interest.
Upon internalization of the conjugate-target complex, active payload is released inside target cells after
lysosomal degradation of the linker or the antibody itself. In addition to reducing target-independent
uptake, conjugate stability remains crucial for specific delivery and distribution of payload to the target
tissue from systemic circulation. Conjugation sites, chemistries and linker designs coupled with DAR
load greatly affect plasma stability, biophysical properties, and consequently pharmacokinetics of the
conjugate. Next generation ADCs will likely incorporate fully human antibodies with site-specific
conjugation and novel linkers to reduce immunogenicity and optimize biodistribution and payload
delivery. These topics will be discussed in this review.
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2.1. Target and Antibody Selection

One of the key contributing factors to clinical failures has been the bio-distribution of an ADC,
which is critically dependent on the relative target expression as well as target-independent uptake.
Other aspects such as conjugate and linker stability and payload properties are described in other
sections. Preferably for an oncology treatment with a biologic, antigen targets should have high
expression levels on tumor cells and little to no expression on normal tissues. Internalization of
the target-antibody complex is crucial for specific intracellular release of payloads. Antibodies are
ideal delivery vehicles due to their high specificity to targets and long half-life, which is the result of
pinocytosis and subsequent neonatal Fc receptor (FcRn)-mediated recycling [22]. Prolonged systemic
circulation enables conjugate accumulation at the target sites.

The antibody Fc choice is an important consideration for both monoclonal antibody therapeutics
and ADC therapeutics [23]. Fc-mediated effector functions such as antibody-dependent cellular
cytotoxicity (ADCC) or complement-dependent cytotoxicity (CDC) are part of the mechanism of action
for depleting antibodies [24]. However, with ADCs, the contribution of effector functions to efficacy
and toxicity are not well understood. It is noted that two out of the five currently FDA approved
ADCs (Mylotarg® and Besponsa®) employed IgG4 antibodies which lack effector functions. Although
the effector functions have the potential to augment the anti-tumor activities of the ADCs, engaging
Fcy receptors is also a possible cause for off-target and dose-limiting toxicity (reviewed in [25].)
Emerging literature suggests that the antibody internalization and delivery of the toxic drug to the
target cells serves as the primary mechanism of action for ADCs that is far more efficient than ADCC
and Antibody-Dependent Cellular Phagocytosis (ADCP). For example, trastuzumab-DM1, SYD985,
and DS-8201a all target HER2 and have shown similar ADCC activity as trastuzumab but they have
demonstrated dramatically more anti-tumor activity than trastuzumab [26-31]. The anti-Trop-2 ADC
IMMU-132 represents a more striking case as this ADC lost 60%—70% of the ADCC activity compared
with the unconjugated mAb upon the conjugation of SN38 [32]. Nevertheless, this ADC demonstrated
significant antitumor effects in mice bearing human pancreatic or gastric cancer xenografts [32] and is
showing promise in clinical trials [33,34]. On the other hand, it is well established that afucosylated
IgG1 increased binding to FcyRIlla on effector cell such as natural killer cells and led to enhanced
ADCC activity [35]. An example is GSK2857916, an afucosylated IgG1 antibody as a non-cleavable
MMAF conjugate targeting B-cell maturation antigen (BCMA), in the clinic for multiple myeloma and
demonstrated potent anti-tumor activity while it harnessed multiple cytotoxic mechanisms [36,37].

Due to the large size of an antibody conjugate, the stromal barrier [38] and tumor tissue penetration
is an obvious obstacle for oncology ADCs to overcome for the treatment of solid tumors. Nonetheless,
the successful targeting and delivery of payload to liquid tumor in circulation pushed the concept
and led to a new frontier in ADCs to deliver small molecules for non-oncology indications [39,40].
Novel non-cytotoxic payloads have been conjugated to antibodies in the hopes of extending the
pharmacokinetic properties and increasing therapeutic index of the drugs. Genentech has pioneered
antibody-antibiotic conjugates [41,42] to target intracellular Staphylococcus aureus within host cells.
Others have leveraged the internalization mechanism of antibodies to deliver immunosuppressive,
cardiovascular or metabolic disorder small molecule drugs to specific cells using cell surface targets
such as E-selectin [43], CD11a [44,45], CD25 [46], a3(IV)NC1 [47], CXCR4 [40,48], CD45 [49], CD70 [50],
CD74 [51], and CD163 [52,53]. Examples of linker payloads as well as formulation and delivery
challenges for non-oncology indications are discussed below. Additionally, genes of interest have
been targeted in specific cell types to produce durable response using antibody-oligonucleotide
conjugates [54,55]. Delivery of oligonucleotides have traditionally been challenging and various
modifications have been employed to facilitate better cell penetration. This is explored in a later section.
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2.2. Conjugation Methods

Antibody conjugation methods (Figure 2) have been extensively reviewed [11,56-58]. To date, all
the FDA approved ADCs have relied on coupling reactions using either the nucleophilic primary amino
group of surface-exposed lysines or the thiol group of reduced structural disulfides. The resulting
product is a controlled heterogeneous mixture of antibodies with average drug load. High DAR species
leads to aggregate formation, lower tolerated dose, and faster systemic clearance while low DAR
species suffer from low efficacy [59]. Although DAR profile can be controlled by conjugation process
development and specific DAR can be purified, site-specific methods to produce more homogeneous
drug products would improve yield and biophysical properties, which will be critical for the next
generation of ADCs. Towards these ends, extensive experience in protein engineering has allowed
strategic placements of residues at specific locations enabling chemo-selective conjugation reactions.
Researchers at Genentech first demonstrated that conjugation stability is location dependent and
specific engineered cysteine sites were able to improve therapeutic index [60-62]. Cysteine insertions
at specific sites can also efficiently produce stable conjugations [63]. Others have shown similarly that
location of the conjugation sites can impact the stability and pharmacokinetics of the ADCs using
alternative residues and chemistries [64,65].

¥ow W

‘ ‘ « = Site Specific Conjugation
n _ | | - I - B _ I
01 2 3 4 56 7 8 3 4

Defined DAR e.g. 2, 4,6...

I I * Engineered residues
[ I * Modified glycans
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Drug Antibody Ratio (DAR) Drug Antibody Ratio (DAR) ¢ Cross-linkers
(a) (b) (c)

Figure 2. Antibody conjugation methods include (a) cysteine-reactive, and (b) lysine-reactive chemistries
which generate heterogeneous mixtures of drug-antibody-ratio (DAR), while (c) site specific conjugation
methods deliver more homogeneous product with defined DAR using engineered residues, modified
glycans, enzymatic ligations, and chemical cross-linkers. Schematic representation of antibody heavy
chains and light chains are colored blue and green respectively. complementarity determining regions
(CDRs) and conjugation sites are depicted as red bars and stars respectively. Approximate DAR
distribution for stochastic cysteine and lysine conjugations are presented as bar charts.

Enzymatic methods have also been explored (reviewed in [66]) where recognition sequences have
been engineered into the antibody to facilitate site-specific conjugation. Most well-exemplified in this
category are enzymes such as transglutaminase [65,67-69], sortase [70-72] and formylglycine-generating
enzyme (FGE) [73,74]. Transglutaminases (TG) catalyze a stable isopeptide bond between an amine of
a lysine and the y-carbonyl amide of a glutamine. Deglycosylation of N-linked glycan on a native
antibody exposes glutamine at position 295 for site-specific conjugation with TG either through
direct coupling with an amine-functionalized linker payload or via a two-step coupling by installing
bio-orthogonal azide or thiol for strain-promoted azide-alkyne cycloaddition and maleimide chemistry
respectively [67]. Alternatively, glutamine residues can be engineered and short glutamine (LLQG)
tags were introduced into different regions to yield highly stable site-specific conjugates with good
pharmacokinetic profiles [65,68,69]. Sortase catalyzes a transpeptidation reaction between a N-terminal
glycine of GGG peptide or linker payload with the threonine-glycine bond in a LPXTG motif to
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produce a peptide fusion or site-specific ADC with high in vitro and in vivo potency [70-72]. Lastly,
SMARTag® [75] is an example where formylglycine-generating enzyme (FGE) converts an engineered
cysteine residue in a specific peptide sequence to produce an aldehyde tag in cell culture [73,74] to
enable conjugation with linkers via oxime formation or a Pictet-Spengler reaction [76,77].

Other conjugation chemistries involved the engineering of unnatural amino acids [78-82] to install
reactive groups in the antibody for bio-orthogonal chemistry [77]. Companies such as Ambrx [81]
and Sutro Biopharma [83] have utilized these elegant approaches to generate site-specific ADCs.
An orthogonal amber suppressor tRNA/aminoacyl-tRNA synthetase pair is used to incorporate the
unnatural amino acids such as para-acetylphenylalanine (pAF), para-azidophenylalanine (pAZ),
and para-azidomethylphenylalanine (pAMF) into recombinantly expressed antibodies in cell-based or
cell-free systems. Reactive ketone in pAF forms a stable oxime linkage with alkoxyamine containing
linkers, while the azido group in pAZ and pAMF undergoes click chemistry with alkynes to produce
homogenous ADCs.

Alternatively, native antibodies can be conjugated site-specifically [84] after enzymatic modification
of natural amino acids such as tyrosines [85] and glutamines [67], and carbohydrates can be oxidized
chemically or modified with enzymes to produce reactive groups for conjugation [86-88]. For instance,
sodium periodate oxidation of fucose at the native N-linked glycan of an antibody installed an aldehyde
for conjugation with hydrazides [86]. Glyco-remodeling methods include enzymatic transfer of
galactose and sialic acid with a mixture of transferases yielded glycans which can be oxidized with
periodate to form oxime conjugates with aminooxy linker payloads [87], while sialytransferase can
also incorporate an azide modified sialic acid derivative into the antibody for click chemistry [89].
Similarly, SynAffix BV utilized a 2-steps GlycoConnect™ process to trim a mixture of glycoforms with
endoglycosidase, followed by enzymatic transfer of azido sialic acid for copper-free click chemistry [88].
Lastly, site-specific conjugation approach to retain the structural stability of a native antibody is to
cross-link the reduced interchain disulfides with re-bridging chemical reagents [90-94].

Taken together, the various novel site-specific conjugation methods often require additional
investments in manufacturing processes to produce the clinically viable products at large scale. Many
development advances have been made in site-specific conjugations enabled a new generation of
ADC:s to enter the clinic in recent years, but this topic is outside the scope of this review.

3. Current Small Molecule Payloads and Beyond

ADC payloads have been mostly anti-mitotic small molecules for oncology indications [13,39].
The clear advantage of conjugates in this space is targeted delivery at efficacious doses that are below
what could be given systemically due to the toxicity of the payload. Current approved ADCs such as
Adcetris®, Kadcyla®, and Polivy® carry cytotoxic payloads that rely on the anti-mitotic mechanism
of action (MOA) such as monomethyl auristatin E and emtansine (Table 1; Figure 3a,b, respectively).
This class of payloads still predominates in clinical stage research, including novel derivates of these
small molecules, despite efforts to use payloads with alternative MOAs [13,39,95].
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Figure 3. Examples of ADC payloads used clinically include, monomethyl auristatin E (MMAE, a,
emtansine (DM1, b), calicheamicin (c), pyrrolobenzodiazepine dimer (PBD, SGD-1882, d),
and duocarmycin A (e).

DNA damaging agents are another class of well-studied payloads [96-98]. Enediynes, such as
calicheamicin ¢, are the warhead in Mylotarg® and Besponsa® (Table 1, Figure 3). They act through
DNA-binding and induction of DNA-double strand breaking to produce a cytotoxic response in
target cells. Other important DNA damaging agents currently used as payloads in clinical trials are
duocarmycins e and pyrrolobenzodiazepines (PBD, d); they have unique, well-understood minor
groove binding mechanisms that disrupt normal DNA function leading to cell death. Novel payloads
have been explored recently in this space such as bis-intercalator depsipeptides with nanomolar
affinity to DNA [99]. Pfizer demonstrated that this ultra-potent payload a (Figure 4) can overcome
the previous limits of efficacy in animal models, therefore, expanding their relevance to indications
beyond liquid tumors.

Further, highly-potent payloads described in the conjugate space (Figure 4) are pyrrole-based
KSP (kinesin spindle protein) inhibitors b [100], which are traditional in the sense of their antimitotic
mechanism-of-action, but newly incorporated pyrrole functionality provided an increase in efficacy
against a wide-range of cancers previously untouched by this class. Continuing the push beyond
the limits of first-generation payloads, Daiichi Sankyo® has incorporated a topoisomerase I inhibitor,
exatecan derivative (DXd, c) into an ADC (DS-8201a). With superior pharmacodynamic and safety
properties, in large part from the payload, DS-8201a has shown promising response in trastuzumab
emtansine-insensitive cancers [31].

31



Antibodies 2020, 9, 2

HO
a b
CF,
F ) /N O N
W as! g g
o O Wb B9 QL0
NH P N
HO-NH
0 S N"NH,
07 o
d e f
OMe
Cl N
@\ Nl D—nH
Me,N 0 i Q S v N /\
2! G
S 0 N N OH
3 g x NH, )=N u“f
-
N
g dasatinib (h) i

dexamethasone (j) budesonide (k) fluticasone propionate (l)

Figure 4. Expanding payload space in oncology with DNA disrupting bis-intercalator depsipeptide
(SW-163D, a), pyrrole-based kinesin spindle protein (KSP) inhibitor (b), topoisomerase I inhibitor
(DXd, ¢), nicotinamide phosphoribosyltransferase (NAMPT) inhibitor (d), and MMP9 inhibitor
(CGS27023A, e). Examples of non-oncology payloads include LXR agonist (f), PDE4 inhibitor
(GSK256066, g), kinase inhibitor dasatinib (h), antimicrobial rifamycin analog (i), GR agonists
dexamethasone (j), budesonide (k), and fluticasone propionate (1).

As with other oncology examples, nicotinamide phosphoribosyltransferase (NAMPT) inhibitors d
have not succeeded in the clinic due to low therapeutic index with limiting toxicities, but exploitation
of ADC targeted delivery of NAMPT inhibitors provides an outlet for these potent payloads [101] in
preclinical studies. Similarly, an anti-MMP9 antibody was conjugated to a non-selective MMP inhibitor
(CGS27023A, e), showing remarkable selectivity for MMP9 alone, due to the antibody targeting
in vitro [102].

Beyond oncology, ADCs are just beginning to show promise as a novel modality, offering a potential
solution to the pitfalls of traditional drug discovery. Using an anti-CD11a antibody conjugated to
an LXR (Liver X Receptor) agonist f, researchers were able to target macrophages to reverse cholesterol
transport and reduce inflammation without negatively affecting hepatocytes, which have previously
shown on-target toxicity with LXR agonists [44]. Antibody targeting CD11a was also used to selectively
deliver a known PDE4 (Phosphodiesterase 4) inhibitor (GSK256066, g) and reduce inflammatory
cytokine production, showing promise for the treatment of chronic inflammatory conditions with
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a more optimal therapeutic index [45]. In a similar fashion, dasatinib h, a known Src-family kinase
inhibitor against leukemia was re-purposed as an immunosuppressive ADC using an anti-CXCR4
antibody to specifically target T-cells without undesirable side-effects [48].

Antimicrobial research is another area demanding novel approaches; it is well established
that our current arsenal against microbes is failing and the discovery of new molecules has been
limited [103]. Genentech pioneered the antibody-antibiotic conjugate (AAC) to deliver a rifamycin
analog i intracellularly via an anti-S. aureus antibody which demonstrated marked clearance of latent
bacteria reservoirs thought to be the cause of recurring infection [41].

Other known classes of molecules, namely, glucocorticoids are used as a standard of care for
many immunological indications. They come with less-than-desirable side-effects at efficacious
doses [104,105] with chronic use. One of the first examples of targeted glucocorticoid delivery
via antibody used an anti-E-selectin conjugate to deliver dexamethasone to TNFx stimulated
endothelial cells [43]. These early proof-of-concept experiments tracked conjugate internalization,
intracellular release of steroid, and reduction of the pro-inflammatory IL-8 expression. Expanding
on these preliminary experiments, an anti-CD163 conjugate was used to deliver dexamethasone to
macrophages showing a synergistic anti-inflammatory effect of the conjugate versus its components
alone, and a significant reduction in the systemic steroidal side-effects of orally dosed dexamethasone at
the same efficacy [52]. Known glucocorticoid receptor (GR) agonists (i.e., dexamethasone j, budesonide
k, and fluticasone propionate 1) have also been attached to anti-CD74, anti-CD70, and anti-CD25
antibodies showing an immune cell targeted anti-inflammatory response, as well as highlighting the
complexities of developing ADCs in this therapeutic area [46,50,51,106]. This novel modality promises
treatment to larger populations of patients with autoimmune disorders, in a disease specific fashion
that could potentially replace traditional steroid treatments as the standard of care.

4. Nucleic Acid Conjugates

For traditional oncolytic ADCs, the challenge of delivery manifests in the form of systemic
toxicity of the potent cytotoxic payloads. However, similar molecular calculus may be applied to
extensively cleared molecular entities which may otherwise have trouble reaching the tissues of interest.
A rapidly-advancing molecular space which is typically impeded by delivery issues is that of synthetic
therapeutic oligonucleotides including antisense oligonucleotides (ASOs) and short interfering RNA
(siRNA) [107-109].

While traditional ADC payloads are small molecules which act on cellular machinery to elicit their
desired phenotype via action on a molecular target, the current generation of synthetic oligonucleotide
therapeutics instead act on information molecules upstream of their targets such as endogenous
mRNA, achieving specificity through base-pair complementarity. Several different mechanisms of
action have been clinically validated. Examples include intronic splice modulation (i.e., nusinersen,
an ASO for treating spinal muscular atrophy) and formation of a catalytic mRNA silencing complex
(i.e., patisiran, a lipid-nanoparticle formulated siRNA for treating ATTR amyloidosis). The details of
these mechanisms, along with others, have been recently reviewed [110] and are beyond the scope of
this discussion. The chemical structures and properties of oligonucleotides that make this therapeutic
space challenging, however, are central to this discussion; their poor tissue penetration and circulation
half-life are often attributed to the polyanionic backbone characteristics [111,112].

A number of advances in both oligonucleotide chemistry as well as conjugate chemistry have
been enabling oligonucleotide clinical candidates as a class and will likely impact oligonucleotide
bioconjugates [113]. For example, it has been demonstrated that appending of N-acetylgalactosamine
(GalNAC, Figure 5b) residues to the end of siRNA strands allows for efficacious loading of hepatocytes
in vivo with sustained target knockdown [114]. Along with GalNAc, number of other common
modifications in oligonucleotide chemistry have been utilized, such as 2’-modification (i.e., 2’-F and
2’-OMe nucleosides, Figure 5a) and sulfurized phosphate analogs (i.e., phosphorothiolates, Figure 5a).
Similar themes of heavy chemical modification have been utilized in ASOs. For example, one report
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principally noted that GalNAc conjugation ameliorated some nephrotoxicity signals in PCSK9-targeting
ASQOs, with data suggesting such conjugation could be a path towards addressing oligo-induced
nephrotoxicity concerns more generally [115]. Beyond GalNAc, other oligonucleotide conjugation
strategies have been found effective pre-clinically in targeting specific cellular populations or promoting
systemic availability, as with conjugation of a GLP1R agonist [116] or conjugation to various lipids
such as cholesterol or docosahexaenoic acid (DHA, Figure 5b) [117], respectively.
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Figure 5. (a) stabilizing chemical modifications for siRNA, (b) oligo delivery conjugate moieties.

Although there are limited examples of discreet therapeutically-oriented antibody-oligonucleotide
conjugates in the literature, the current studies have made significant headway and put to use many of
the strategies discussed herein. In an early example reported, hu35193, an internalizing humanized
Lewis-Y mAb was conjugated to a largely unmodified STAT3 siRNA [118]. This conjugation by utilizing
non-specific amino residue labeling of hu35193 with activated hydrazonal nicotinamide (HyNic) reagent
which was covalently coupled with STAT3 siRNA using an aldehyde linker. Cellular specificity was
confirmed through flow cytometry and internalization by confocal microscopy, the construct could
only effect STAT3 knockdown when high doses (100 uM) of chloroquine as an endosomal disrupting
agent was added.

The disconnect between specific internalization and siRNA target knockdown was further
demonstrated in a systematic study which applied a number of important antibody-drug conjugate
parameters [119], which included variations of linker chemistry, cell surface receptor identity, receptor
internalization types and count, antibody linkage positions, and antibody formats. This study utilized
several sophisticated methods, including the application of site-specific engineered cysteine conjugation
(Genentech’s THIOMAB™ platform) to deliver reproducible and largely homogeneous conjugates, as
well as highly modified chemically-stabilized housekeeping gene (PPIB) siRNA constructs to enable
in vivo studies. While seven different internalizing antigens were profiled, only three showed any
knockdown of the target gene and of those only TENB2 on cell lines with high surface receptor density
was able to achieve knockdown levels of greater than 50% in vitro. It was inconclusive what properties
of the different active conjugates enabled effective knockdown, but importantly, conjugates were able
to demonstrate 33% transcript knockdown with cellular specificity to tumor cells near the vasculature
in a mouse xenograft model.

At this time, there have yet to be any clinical studies on antibody-oligonucleotide conjugates, but
several of the requisite preclinical proof-of-concept studies have been reported. One notable example
has demonstrated application of a myostatin-silencing siRNA-antibody conjugate in a mouse model
of muscular regeneration [120]. In this study, the well-profiled CD71 receptor (transferrin receptor)
was chosen for muscular target engagement utilizing anti-CD71 Fab’-siRNA conjugates. In profiling
methods of administration, principal findings were that equivalent target engagement was achievable
through different perfused systemic administration routes. PCR-based detection methods were used
to verify conjugate was detectable 24 h post-dose, but notably durable silencing up to a month out
was observed. Additionally, intramuscular injection enabled superior levels of target engagement
in a model of peripheral artery disease, with muscular regeneration due to myostatin knockdown
observed with microgram-scale injections. While this Fab’-based study utilized structural cystines for
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conjugation, other therapeutic antibody-oligonucleotide conjugation systems not yet described in this
section have been reported, including two oncology examples which applied two-step conjugations for
azide-labeling the antibody which were then treated with cyclooctyne-appended ASOs to generate
the conjugates [121,122]. Other antibody-oligonucleotide conjugation methods beyond the scope
of this review (i.e., for immuno PCR applications, pre-targeted radiotherapy, or those which utilize
non-covalent heterogeneous complexes) have been recently reviewed [109].

While these results are promising, further analytical work must demonstrate pharmacokinetic
profiling of these conjugates to enable clinical study. In this vein, a report describing a triplex
forming oligonucleotide ELISA assay utilized locked nucleic acid-containing probes [123] for conjugate
quantification. This assay is distinguished from PCR-based methods as a direct, quantitative readout
of intact oligonucleotide-antibody conjugate. The authors demonstrated that this assay is capable of
accurately detecting conjugate doped into cellular matrices such as serum or tissue homogenate down
to a limit of detection of 120 pg/mL. These early developments in antibody-oligonucleotide conjugates
can help propel the next wave of novel conjugates to leverage the cellular specificity of antibodies and
target-gene specificity of oligonucleotide therapies.

5. Linkers

While a simple concept at first glance, a linker is far more complex than a mundane spanning
element between the small molecule payload and the antibody which make up the ADC. It ensures
the fundamental principles of targeted drug delivery of ADCs-minimizing premature drug release in
plasma and promoting selective release of payload to the target cell. Additionally, it can modulate
the physiochemical property of the overall conjugate. This requires the linker design to be stable in
circulation and upon antibody-mediated internalization, the payload is efficiently released.

To meet the desired therapeutic effect, cytotoxic payloads can be designed to be released either
intracellularly or extracellularly [10,13,124-126]. For instance, intracellular hydrolytic enzymes can
recognize specific linker motifs (Figure 6a) and catalyze the cleavage reactions to release payloads inside
endosomes or lysosomes. Cathepsin family enzymes and other proteolytic enzymes are responsible for
the digestion of peptide linkers in lysosomes [69]. Selection of the linker peptide sequence affects the
plasma stability of ADCs and the efficiency of proteolytic cleavage of linkers in target cells [127,128].
Phosphatases [106] and glycosidases [129,130] are other examples of hydrolytic enzymes that are
present in lysosomes at high concentrations and break down respective linkers of internalized ADCs.
Alternatively, through exploitation of the relatively acidic and reductive tumor microenvironment,
payloads may also be released extracellularly through non-enzymatic cleavable linkers (Figure 6b) at
a tumor site. For example, hydrazine and acyl hydrazine (approved products in Table 1) [25,131], ketal
and acetal [132], as well as carbonate [133] are acid-labile linkages that are designed to degrade at low
pH in cell chambers (pH 5.5 in endosome, pH 4.5 in lysosome) and remain intact in circulation (pH 7.4).
Disulfide linkages are subjected to glutathione attack in cytosol, thus offering a chance of selective
releasing toxic payloads in tumor cell. How the conjugation site and steric hindrance around disulfide
linkage modulates its stability in plasma is a subject that has attracted extensive studies [134,135].

Both enzymatic cleavable linkers and non-enzymatic cleavable linkers have been conjugated
onto antibodies through naturally occurring cysteine and lysine residues (Figure 6¢). Nucleophilic
thiol groups can react with maleimide and alkyl-halide to produce stable conjugates. In cases of
maleimide-based ADCs where stability is a concern, semi-hydrolysis of maleimide has been reported as
an effective strategy to minimize the retro-Michael reaction of thiomaleimide and preventing premature
payload loss [136]. Amino groups on surface exposed lysines can form stable amide via alkylation of
an activated ester on the linker. Side chains of natural amino acids can be modified or engineered to
produce ketones to form imines or hydrazones. Notably, recent site-specific ADCs utilize novel linker
conjugation chemistries with unnatural amino acids that are incorporated on engineered antibodies
through imine/hydrazine formation, copper-catalyzed azide alkyne cycloaddition (CuAAC), and strain
promoted azide alkyne cycloaddition (SPAAC) [44,78,80].
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Figure 6. (a) Enzymatic cleavable linkers; (b) non-enzymatic cleavable linkers; (¢) conjugation chemistry.

In sharp contrast to approved cytotoxic ADCs for oncological indications, the goal of ADCs for
non-oncological applications is the selective modulation of target cells without on-target adverse
bystander effects. Besides selection of non-toxin-based payloads, this new direction also demands
new concepts in linker-payload design. Linker-payload design is critical in modulating bystander
effect of payloads. A diphosphatase-cleavable linker has been reported for the selective delivery
of immune suppressing payloads to immune cells following ADC internalization and diphosphate
cleavage (Figure 7) [51]. In this study, the fluticasone propionate derived payload has a high intrinsic
binding affinity to target, but also bears a charged phosphate moiety. Due to antibody-driven delivery
and limited free payload permeability, the target exposure of payload to cell is increased, and a superior
in vitro potency is observed. Further in vivo testing may require additional linker development.
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Linker-payload design is also critical to the successful implementation of high-DAR ADCs, via
reduced aggregation and improved overall pharmacokinetics profiles. Even though increasing DAR
instinctively increases in vitro potency of ADCs, it may not translate to an improvement of in vivo
potency since the plasma clearance of ADCs rises along with DAR [129]. The aggregation and fast
clearance problem may be largely mitigated without extensive linker optimization for water-soluble
payloads such as the topoisomerase I inhibitor DXd in DS8201a, which is an ADC with DAR 8 that
has shown remarkable in vivo stability both pre-clinically and clinically [31]. For highly hydrophobic
payloads, the paradoxical effect of higher DAR resulting in lower exposure can be corrected by novel
linker design. Several linker modifications to enhance hydrophilicity have been reported that allowed
ADC to be produced with DAR as high as 8 (reviewed in [124]). These modifications include addition
of a polyethylene glycol (PEG) moiety [127,128], a glucuronic acid unit [129], or a combination of
branched PEG moiety and glucuronic acid unit [130]. For instance, hydrophilic linker construct in
Figure 8 [129] minimizes the detrimental hydrophobicity associated with increasing DAR, imparting
an optimal pharmacokinetic profile to the high DAR ADC, thereby reduces non-specific clearance and
improves in vivo potency.
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Figure 8. Hydrophilic linker-payload design.

6. Absorption, Distribution, Metabolism, and Excretion (ADME) of ADCs

As discussed in the sections above, considerable advancements in next generation ADCs are
anticipated to further explore both the chemical and biological design elements for ADCs. This includes,
but is not limited to, antibody engineering to facilitate direct site-specific conjugation, modification of
conjugation chemistry and introduction of novel linker compositions to confer enhanced stability, as
well as, the exploration of additional existing and novel chemical entities/modalities as conjugates
to increase the pharmacological applications of ADCs. Many of these advancements to design
better molecules are intricately interdependent with optimizing or improving the ADME drug-ability
properties of ADCs, such as linker-payload stability, distribution, and pharmacokinetics (PK). This is
because defining the exposure-response relationship for both safety and efficacy has been intimately
tied with ADC peripheral PK, target tissue or site of action concentration and the disposition of the
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payload at the intended site. The criticality of understanding the exposure-response relationship and
therapeutic index (TI) for ADCs is exemplified by Mylotarg® (gemtuzumab ozogamicin) which is
composed of a CD33 mAD linked to the cytotoxic drug calicheamicin via an acid-liable hydrazine linker.
While initially approved for the treatment of acute myeloid leukemia (AML) in 2000, it was pulled
from the market at the request of regulatory agencies in 2010 due to safety concerns and the failure
to reproduce the clinical benefit connected to linker stability in AML patients. Following additional
interrogation of exposure-response relationships, examining alternative lower dosing and scheduling,
Mylotarg found a path back to the market and received a new FDA approval for newly diagnosed
CD-33 positive acute AML patients in 2017.

Dissecting the ADME properties of ADCs is a complex endeavor given the unique properties of
each component within the molecules. ADC ADME involves delineating the intertwined properties of
linker-payload stability, pharmacokinetics, clearance, metabolism, and disposition of mAb, conjugate
(i.e., small molecule chemical entity for traditional ADCs), as well as, the ADC entity itself. The ADME
properties of ADCs are influenced by the mAb, target antigen, linker, site of conjugation, DAR number,
and the conjugated species (i.e., payload). Table 2 summarizes the various types of in vitro and in vivo
studies to characterize ADC ADME.

Table 2. ADME Characterization approaches for ADCs and their constituents.

Species ADME Information

o Determine PK-dose relationship in vivo

Characterize target affinity/specificity in vitro, target expression/turnover in vivo,
unintended or off-target binding in vitro and in vivo

Antibody

e  Linker Component

(1) Characterize linker stability and kinetics of catabolism in vitro and in vivo
across species
2 Evaluate nature of the released species (active payload and its catabolites)

e  Conjugation Site

ADC
(1) Evaluate influence of conjugation site on linker stability in vitro and in vivo

2 Determine the effect of conjugation site on PK

e DAR

(1) Determine in vivo PK and disposition with heterogenous and homogenous
DAR species

° Metabolite identification, characterize DDI potential (CYP inhibition, induction and
reaction phenotypes)
Payload e  P-gp substrate or inhibitor
e Characterize non-P-gp transporters
e  Plasma protein binding

The antibody component of ADCs is the primary driver of the slow clearance, long systemic
half-life and restricted tissue distribution of these modalities compared to their payload counterparts.
Similar to mAbs, the properties related to target (expression pattern, density and turnover), as well
as, antibody structure (including physiochemical properties, FcRn binding, Fcy receptor interactions
and isotype) that affect antibody PK and disposition also impact ADCs. An anti-drug antibody (ADA)
or neutralizing antibody (Nab) response against the therapeutic antibody component can affect the
PK profile and shorten the half-life of the ADCs in the body [9,19]. Nevertheless, idiotype networks
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have an important biological role in avoiding the expansion of autoreactive B or T-cells [137,138].
Uniquely, ADC PK is also impacted by linker composition, chemical nature of the payload and DAR.
These are both speculated to affect the physiochemical properties of the ADC which are linked to the
PK and clearance of the molecules. For example, ADCs with high DAR values have been shown to
aggregate and have higher clearance rates than their unconjugated mAb counterparts or lower DAR
species [59,129,139]. Similarly, decreasing the hydrophobicity and improving the hydrophilicity of the
linker component within an anti-CD70 and anti-HER2 mAbs improved the exposure and changed the
disposition of the ADCs [129,140].

In addition to the antibody, the linker and payload components of ADCs are also subject to their
own clearance mechanisms. The stability of the linker to premature release of the payload in the
systemic circulation has been demonstrated to be a critical ADC ADME component for determining the
exposure-response and exposure-toxicity relationships [141]. From a stability perspective, well-behaved
ADCs should only release the payload in the intended target tissue to minimize payload toxicity
to unintended tissue and maximize efficacy in target tissues/organs, especially with payloads with
cytotoxic properties. The ADC linker stability is noted to be a challenge due to the long circulating
half-life (days to weeks) imparted by the mAb component resulting in the continuous assault of the
linker to endogenous proteases. Mechanistically, linker stability can be evaluated both in vitro using
plasma/serum incubations and in vivo following administration to multiple species by following the
formation of the released payload and DAR changes over time. As covered above, linker composition
continues to be an intense area of focus in the development of ADCs. In terms of the payload,
initial reports with limited chemical entities suggested that type of payloads did not impact the PK
of ADCs; however, more recent studies of conjugation sites and of site-specific conjugations have
demonstrated the connectivity of the site of conjugation with various payloads to impact ADC PK
and disposition [142,143]. Engineering ADCs for site-specific conjugation to control the DAR and PK
has shown some evidence of improving the TI in non-clinical oncology studies [144]. Approaches
such as engineered cysteines, unnatural amino acids, and the inclusion of tags (i.e., selenocysteine,
aldehyde, or glutamine) continue to be intense areas of research for the application of site-specific
payload conjugation to optimize ADC ADME.

Like mAbs, ADCs are likely trafficked via the vascular and lymphatic systems. The biodistribution
of ADCs follows that of the antibody component. ADC are removed from the systemic circulation by
target-mediated drug disposition (TMDD); thus, highly vascularized organs or tissues that express the
target antigen are involved in the clearance of ADCs from the periphery. The TMDD is believed to be
followed by intracellular trafficking of the target: ADC complex to lysosomes where degradation of
the ADC occurs, and the payload is released from the mAb to elicit its activity. In addition, nonspecific
uptake of ADCs by pinocytosis also facilitates their systemic depletion. This form of uptake could
lead to degradation and/or recycling of the ADC by the neonatal Fc receptor (FcRn). Indeed, in terms
of tissue distribution the preponderance of ADCs are observed in four organs including the liver,
kidneys, lungs, and skin [145,146]; however, the amount in each tissue differs between ADCs based
on their target binding and physiochemical properties [147]. Importantly, irrespective of the mode of
ADC degradation, the payload or chemical moiety can be released into the blood. The unconjugated
payload is expected to follow the biodistribution pattern of a typical small molecule drug which is
widely distributed throughout the tissues.

The elimination of ADCs involves two processes. First, intracellular catabolism through proteolysis
in the tissues (i.e., TMDD- or pinocytosis-mediated). Second, complete deconjugation of the payload
which can result in both mAb or mAb with a partial linker along with free drug [148]. While the mAb
based species are expected to follow catabolism through the same mechanisms as the ADC, there is
increased attention in the elimination of the unconjugated payload under conditions of impairment of
renal and hepatic processes. For example, a study of brentuximab vedotin showed that the major route
of MMAE excretion was through the feces (~72%) and the remaining MMAE was recovered in urine in
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humans [149]. Given these data, the relationship of hepatic and renal insufficiency to ADC exposure is
an important aspect of clinical development.

Another area of intense research is dissecting the noted phenomenon of resistance against ADCs.
A few mechanisms of resistance have been noted including to the antibody portion of the ADCs by
mutation and/or down-regulation of the target antigen, as well as, to the payload via drug efflux
transporters that remove the payload from cells [150]. Changes in the intracellular processing of ADCs
through alterations of the linker cleavage caused by lysosomal or endosomal abnormalities can also
significantly affect the PK profiles. These changes impair the release of payloads in the cytosol and
consequently affect the therapeutic indexes of the ADCs [150].

7. Conjugate Developability, Formulations, and Characteristics

An antibody conjugate combines an inherently complex antibody with a small synthetic molecule
drug to create an even more complex large molecule. Despite the relatively small addition in molecular
weight, the small molecule drug has a profound impact on the characteristics and properties of
the conjugate.

Over the last decade, significant advancements in analytical methods have been made to
characterize ADCs and have been extensively reviewed [151-154]. These methods have focused
on the major ADC attributes such as DAR, drug load distribution, residual linker-payload and related
impurity levels, in addition to typical attributes for antibodies such as aggregation level, charge
variants, and host cell protein level. The DAR number has a strong influence on the properties of
ADCs. Currently, many of the ADCs in the clinic have DAR numbers in the range of 2—4, although
ADCs with higher DAR numbers have also been reported [31,155-158]. For stochastically conjugated
ADCs, the small molecule drug is covalently linked to either the lysine or the interchain cysteine
residues of the antibody, resulting in a heterogeneous mixture with various DAR species which
are more difficult to characterize and control. For example, as many as 40 lysines were found to
be partially modified in a lysine conjugated ADC molecule using LC-MS and peptide mapping
methods [159]. The aforementioned site-specific conjugation approaches have drastically improved the
DAR homogeneity albeit process development is required to further control the remaining heterogeneity
during the production process [160]. At present, nearly all the antibody conjugate characterization
literature has focused on antibody-small organic molecule conjugates. Based on the molecular nature
of each payload, chromatographic and electrophoretic methods as well as spectroscopic methods
have been commonly employed in DAR determination along with mass spectrometer method which
provides more detail. The analytical methods will continue to evolve as the payload expands to nucleic
acids which possess very different properties compared with small organic molecules [120,161].

It is well-documented that the addition of a small molecule drug to an otherwise soluble and
stable antibody can cause aggregation and other physicochemical instability in the ADC [162,163].
This is not only because many of the small molecule drugs are bulky and hydrophobic in nature
leading to a significant increase in the hydrophobicity of the ADC, but also because the conjugation
can induce perturbations to secondary and tertiary structures of the antibody resulting in reduced
conformational stabilities. To this point, a systematic study of trastuzumab, trastuzumab-MCC
conjugate intermediate, and trastuzumab-DM1 found that both conjugates suffered decreased thermal
stability and increased aggregation compared with trastuzumab [164]. Recently, the impact of drug
conjugation on intra- and intermolecular interactions of trastuzumab-DM1 compared with trastuzumab
was studied and the results confirmed that the lower colloidal stability and higher aggregation
propensity for trastuzumab-DM1 are attributed to both reduced repulsive charge interaction and
increased hydrophobicity [165]. Multiple publications have reported a more pronounced conjugation
destabilizing effect on interchain cysteine conjugated ADCs and an inverse correlation between the
drug load and stability [166-170]. Consistent with the findings on the interchain cysteine conjugated
ADCs, the high DAR species in trastuzumab-DM]1, a lysine conjugate, have also been found to be
less stable and more prone to aggregation than the low DAR species [171]. Site-specific conjugation
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approaches with carefully chosen conjugation sites are expected to have less negative impact on
stability and aggregation propensity of ADCs [64,65,172]. Most site-specific conjugates in the clinical
pipeline have homogeneous DAR of 2 resulting in reduced hydrophobicity and aggregation compared
to stochastic conjugates of average DAR of 3.5-4 where DAR species range from 0 to 8 or higher.
In order to achieve sufficient efficacy with a relatively low DAR number, potent payloads such as
PBD, a MDRI1-resistant maytansine payload, and an auristatin payload Aur0101 have been developed.
However, the DAR 2 site-specific conjugates with PBD and Aur0101 have shown limited therapeutic
index in clinic thus far [173-176], while the clinical data for the DAR 2 maytansine ADC is pending [177].
While extensive characterization studies have been reported for antibody conjugated to cytotoxic
payloads, there is a scarcity of literature on the molecular properties of conjugates with non-toxic small
organic molecule payloads and nucleic acids. The optimal DAR number and solution property of
conjugates with oligonucleotides, which are highly charged and significantly larger than small organic
molecules, remains to be determined.

Inaddition to all the issues encountered during antibody formulation development, the formulation
development of ADC drugs must find suitable pH and excipient conditions to simultaneously maintain
the stability of the antibody, the linker, and the small molecule drug (reviewed in [162,163]). Even if
there is an in-depth understanding of the stability of the parental antibody in aqueous solution, its
physical stability may change upon conjugation in the presence of organic solvent or through possible
cross-linking mechanism, and its chemical stability may depend on the conjugation method [178].
An example is the light-sensitivity in a model ADC using trastuzumab whereas trastuzumab itself
does not show such sensitivity [179]. While much is known in the literature regarding the chemical
stability of monoclonal antibodies [180] and the data on commonly used cytotoxic linker-payloads
is accumulating [153,181,182], novel and non-toxic linker-payloads including siRNA will require
a clear understanding of their degradation pathways in order to form control strategies during drug
development process, similar to what has been demonstrated on payload metabolism [183]. Therefore,
a comprehensive evaluation of the combined system will always be necessary for novel ADCs.

All the current ADC drugs on the market are lyophilized products suitable for intravenous
administration. Such a freeze-dried state protects the ADCs from chemical degradation and aggregation
which occur under long-term solution storage conditions. Although interest has been growing for
liquid formulation based on the increased experience with ADCs and the improved solubility and
stability of the new generation of ADCs, few such feasibility studies have been reported in the literature
to date. It can be particularly challenging to prevent payloads from falling off the antibody over
a long period of time in solution. In addition, the currently approved ADC drugs are reconstituted
to 0.25-20 mg/mL in solution, significantly below the concentrations for most therapeutic antibody
products. While the above is a viable approach for intravenous administration commonly used for
oncology therapies, the emerging non-oncology application of the ADCs will likely demand stable
liquid formulation and subcutaneous administration as commonly expected for many antibody drugs
to increase convenience for patients. This growing trend exerts pressure on linker-payload design and
conjugation methods in addition to the properties of the parental antibodies, as well as on formulation
and device development. The current pre-clinical data for non-oncology ADCs suggest that the ADC
doses might not be significantly lower than those for antibodies [41,45,47,52]. The clinical efficacy and
therapeutic index of the non-oncology ADCs will ultimately determine the dose requirement and the
appropriate drug product concentration.

8. Conclusions

Antibody conjugates in oncology have thus far delivered several successfully approved
therapeutics. Extensive research into novel payloads, more developable linkers and conjugation
chemistries further enable the field of oncology conjugates to cross the finish line. These learnings and
advances also help propel the next generation of conjugates for non-oncology indications. Additional
challenges such as in vivo stability, formulation and delivery will drive the field to seek solutions to
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broaden the therapeutic horizon to include payloads like nucleic acids. Overall, the rise of non-oncology
ADC therapeutics offers a huge opportunity for innovation at multiple fronts of drug discovery and
development for years to come.
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Abstract: T-cell Engaging bispecific antibodies (TcEs) that can re-direct cytotoxic T-cells to kill
cancer cells have been validated in clinical studies. To date, the clinical success with these agents
has mainly been seen in hematologic tumor indications. However, an increasing number of TcEs
are currently being developed to exploit the potent mode-of-action to treat solid tumor indications,
which is more challenging in terms of tumor-cell accessibility and the complexity of the tumor
microenvironment (TME). Of particular interest is the potential of TcEs as an immunotherapeutic
approach for the treatment of non-immunogenic (often referred to as cold) tumors that do not respond
to checkpoint inhibitors such as programmed cell death protein 1 (PD-1) and programmed death
ligand 1 (PD-L1) antibodies. This has led to considerable discovery efforts for, firstly, the identification
of tumor selective targeting approaches that can safely re-direct cytotoxic T-cells to cancer cells,
and, secondly, bispecific antibodies and their derivatives with drug-like properties that promote
a potent cytolytic synapse between T-cells and tumor cells, and in the most advanced TcEs, have
IgG-like pharmacokinetics for dosing convenience. Based on encouraging pre-clinical data, a growing
number of TcEs against a broad range of targets, and using an array of different molecular structures
have entered clinical studies for solid tumor indications, and the first clinical data is beginning to
emerge. This review outlines the different approaches that have been taken to date in addressing
the challenges of exploiting the TcE mode-of-action for a broad range of solid indications, as well
as opportunities for future discovery potential.

Keywords: T-cell engagers; bispecific antibodies; immunotherapy; oncology; antibody engineering;
immunological synapse

1. Introduction

Within the last decade, therapeutic antibodies in the field of cancer immunotherapy have been used
to establish a new paradigm for cancer treatment. This has mainly been driven by the clinical data and
subsequent approval of several checkpoint inhibitors (CPI), and has led to more than two thousand
ongoing clinical trials with these agents as monotherapy or in combination with other therapies [1].
The remarkable success of cytotoxic T-lympocyte-associated protein 4 (CTLA4), PD-1, and PD-L1
antibodies is due to their ability to antagonize immune cell checkpoint inhibitor proteins and ‘release
the brake’ on the ability of a patient’s immune system to fight off tumors [2-6]. However, despite
the high initial promise of such agents, it is now clear that only a fraction of cancer patients are showing
significant clinical benefit to such agents [7]. CPI-responsive patients typically have tumors that have
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a high mutational burden and can be recognized by the immune system as foreign, as evidenced by
the presence of tumor infiltrating lymphocytes (TILs), specifically cluster of differentiation 3 (CD3)+,
CD8+ and CD4+ T-cells. Non-immunogenic tumors make up the majority of tumors across cancer
indications and have no or low numbers of TILs that recognize the tumor and cannot be boosted by
CPIs. For these patients, other strategies must be employed to promote the patients’ cytotoxic immune
cells to recognize the tumor cells.

Two technologies have emerged that can re-direct cytotoxic T-cells, independent of their natural
T-cell receptor (TCR) specificity, to tumor antigens: Chimeric Antigen Receptor T-cells (CAR-T) and
T-cell Engaging bispecific antibodies (TcE). While both technologies aim to achieve a similar therapeutic
effect, they are very different drug classes, with CAR-T being a cellular therapy, and TcEs protein drugs
based on antibody fragments and/or soluble TCRs. Recent reviews have addressed the similarities and
differences between CAR-T and T-cell Engagers [8,9]. The therapeutic approach with T-cell Engagers
achieved clinical success with the approval and use of Blinatumomab for treatment of relapsed and
refractory acute lymphoblastic leukemia [10]. This Bispecific T-cell Engager (BiTE) is composed of
two scFv domains (one targeting CD19 on malignant B-cells and the other targeting CD3 on T-cells)
connected by a linker, to induce a cytolytic synapse between a T-cell and a CD19-positive tumor
cell [11]. Additional BiTEs are progressing in clinical development [12-15]; however, one drawback of
BiTE molecules is their fast clearance with half-life of just a few hours, so they are administered by
daily intravenous infusions.

Unlike hematologic tumors where the cancer cells often manifest themselves in the blood or
tissues where lymphoid or myeloid cells are present, the majority of solid tumors have a more complex
microenvironment that represents a greater challenge for cancer therapies [16-20]. In these cases, TcEs
offer a unique opportunity by recruiting cytotoxic immune cells to the solid tumor, and once the tumor
cells have been lysed there is a chain reaction involving T-cell activation, proliferation, and recruitment
of other immune cells into the tumor microenvironment (TME). The presence of T-cells in the tumor
environment may activate checkpoint mechanisms meaning that a combination of TcE and CPI could
have synergistic therapeutic potential [18,21,22].

2. Clinical Use

Currently, there are no approved T-cell engagers for solid tumors. Catumaxomab (EpCAMxCD3),
a prototypic version of a TcE based on a mouse-rat hybrid IgG was approved in the European Union
in 2009 to treat EpCAM-positive malignant ascites [23]. However, this agent was subsequently
withdrawn from the market in 2017 for commercial reasons, likely driven by the fact that the high
immunogenicity of the non-human antibody backbone made it useful only in the single-dose acute
ascites setting. Ertumaxomab (Her2xCD3) is another similar mouse-rat hybrid IgG bispecific molecule
that was the subject of several clinical trials, but did not reach approval, again possibly due to
immunogenicity, and the presence of the tumor target in normal tissues representing a toxicity risk.

Despite the fact that there is a growing number of clinical trials for TcE biotherapeutics targeting
solid tumor indications, these are significantly fewer than with CAR-Ts, and far less than with CPIs
(Figure 1a). Approximately a third of the clinical trials ongoing with TcEs are targeting solid tumor
indications, which is similar to the ratio with CAR-Ts, while most of CPIs are towards solid tumors
(Figure 1b).
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Figure 1. Clinical trials for solid tumors: (a) Comparison of number of clinical trials with TcEs,
CAR-Ts and CPIs for solid tumors over time (2000, 2010, 2020). The numbers are from a search in
the Citeline database by: (1) Mechanism of action: “CD3 agonism” for TcEs and “immune Checkpoint
Inhibitors” for CPIs; (2) Therapeutic area: in both cases, “Oncology”, and as sub-categories all listed
solid tumor indications; (3) Therapeutic modality: monoclonal antibodies and all similar classes
(chimeric, humanized, human); (4) Timeframe: before year 2000, between years 2000 and 2010, and in
year 2020; (b) Percent of clinical trials for solid tumor indications vs. all oncology indications for each
of the three therapeutic modalities. The numbers inside the columns correspond to the number of
clinical trials. The percent number on the side of each column indicates the percent of clinical trials for
solid tumor indications vs. for all oncology indications with each of these therapeutic modalities.

These lower numbers for TcEs towards solid tumors likely reflect the higher complexity and
development time of the biotherapeutic modality. Two of the most advanced TcEs targeting solid
tumors with ongoing clinical trials are IMCgp100 (Tebentafusp) and RO6958688 (Cibisatamab).

Tebentafusp showed partial responses and stable disease in several patients with uveal or
cutaneous melanoma, and is currently in a Phase II clinical trial for metastatic uveal melanoma [24]
(Table 1). This bispecific ImmTAC molecule comprises an affinity-optimized T-cell Receptor (TCR)
domain that recognizes Human Leukocyte Antigen (HLA)-gp100peptide complex on tumor cells,
and an anti-CD3 scFv that binds CD3 on T-cells to re-direct and activate the T-cells to lyse the gp100
positive tumor cells. One of the on-going clinical trials, NCT02535078, aims to evaluate the efficacy of
Tebentafusp in combination with anti-PD-L1 and/or anti-CTLA-4 CPIs. Several other InmTAC TcE
molecules against targets presented in complex with HLA (NY-ESO-1, LAGE-1A, MAGE-A4, PRAME)
are entering clinical trials (Table 1). These studies will not only test novel TcE technologies, but also
broaden the therapeutic concept of targeting tumor-specific peptides in complex with HLA.
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Table 1. Bispecific technologies and examples of specific T-cell Engager molecules in clinical trials

for solid tumors. Features are derived from literature as described in the main text. Information on

molecules and clinical trials is from clinicaltrials.gov and from Citeline. Of the 68 clinical trials in

Figure 1, the molecules included in this table have clinical trial numbers assigned. The bispecific

antibodies catumaxomab and ertumaxomab, for which all clinical trials are closed, are not included.

Technology and Key Features

Examples (Targets): Phase, Indication, Trial Number, Status
(Other Information)

BiTE:
-Two tandem scFvs;
-short half-life (hours)

* AMG 110/MT-110/solitomab (EpCAMxCD3): -Phl, Solid
tumors, NCT00635596, Completed

* MEDI-565/AMG 211/MT-111 (CEAxCD?3): -Phl,
Gastrointestinal Adenocarcinomas, NCT01284231, Completed;
-Phl, Advanced Gastrointestinal Cancer, NCT02291614,
Completed (Terminated)

* Pasotuxizumab/AMG 212/MT-112/BAY 2010112
(PSMAxCD3): -Phl, Prostate Cancer, NCT01723475,
Completed (Terminated)

* AMG 596 (EGFRvIIIXCD3): -Phl, Glioblastoma,
NCT03296696, Recruiting (alone or in combination with AMG
404 (anti-PD-1))

ImmTAC:
-Bispecific of a TCR domain and anti-CD3 scFv;
-short half-life (hours)

* Tebentafusp/IMCgp100 (gp100xCD3): -Early Phl,
Advanced Melanoma, NCT01209676, Completed;

-Phl, Malignant Melanoma, NCT01211262, Completed;

-Phll, Malignant Melanoma, NCT02889861, Terminated;
-Phl/II, Malignant Melanoma, NCT02535078, Recruiting
(combination with Durvalumab (anti-PD-L1) and/or
Tremelimumab (anti-CTLA-4));

-PhlI/II, Uveal Melanoma, NCT02570308, Active;

-Phll, Uveal Melanoma, NCT03070392, Recruiting;

* IMCnieso (NY-ESO-1- and/or LAGE-1AxCD3): -Phl/II,
Advanced Solid Tumors, NCT03515551, Recruiting

* IMC-C103C (MAGE-A4xCD3): -Phl/II, Advanced Solid
Tumors, NCT03973333, Recruiting (alone and in combination
with Atezolizumab (anti-PD-L1))

* IMC-F106C (PRAMExCD3): -Phl/II, Advanced Solid
Tumors, NCT04262466, Recruiting (alone and in combination
with CPIs)

TriTAC:
-Trispecific construct: TAA-HSA-CD3, with
anti-HSA binder for half-life extension

* HPN424 (PSMAxXCD3): -Phl, Advanced Prostate Cancer,
NCT03577028, Recruiting
* HPN536 (MesothelinxCD3): -Phl/II, Advanced Cancers,
NCT03872206, Recruiting

BiTE with Fc:
-Two tandem scFvs linked to an Fc domain for half-life
extension to several days, for less frequent dosing

* AMG 160 (PSMAXxCD3): -Phl, Prostate Cancer,
NCT03792841, Recruiting

* AMG 199 (MUC17xCD3): -Phl, Gastric and
Gastroesophageal Junction Cancers, NCT04117958, Recruiting
* AMG 757 (DLL3xCD3): -Phl, Small Cell Lung Cancer,
NCT03319940, Recruiting

Bispecific Antibody with common Light Chain:
-Fab domain binders

-common light chain

-Fc domain for half-life extension

-Fc mutations for heterodimerization of heavy chains

* ERY974 (GPC3xCD3): -Phl, Advanced Solid Tumors,
NCT02748837, Completed;

-Phl, JapicCTI-194805, Recruiting

* REGN4018 (MUC16xCD3): -Phl/II, Recurrent
Ovarian Cancer, NCT03564340, Recruiting (alone or in
combination with Cemiplimab (anti-PD-1)

DuoBody Bispecific Antibody:

-Fab domain binders

-Fc domain for half-life extension

-mutations in Fc

-process for bispecific antibody generation from two
regular IgGs after purification

* JNJ-63898081 (PSMAXCD3): -Phl, Advanced Stage Solid
Tumors, NCT03926013, Recruiting
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Table 1. Cont.

Technology and Key Features

Examples (Targets): Phase, Indication, Trial Number, Status
(Other Information)

Bispecific TcE with Fc and bivalent for TAA:

-Fc domain for half-life extension;

-Knob-in-Hole technology in Fc for
heterodimerization

-CrossMab technology for correct LC-HC pairing in
a bispecific

-Two sites to bind TAA for improved therapeutic
window.

* Cibisatamab/R06958688/RG7802 (CEAxCD3): -Phl, Solid
Tumors, NCT02324257, Completed;

-Phl, Advanced Solid Tumors, JapicCTI-173764, Completed;
-PhI, Solid Tumors, NCT02650713, Completed (in combination
with Atezolizumab (anti-PD-L1));

-PhI/II, Non-small Cell Lung Cancer, NCT03337698, Recruiting;
-Phl, Colorectal Cancer, NCT03866239, Active (in combination
with Atezolizumab (anti-PD-L1) after pretreatment with
Obinutuzumab (anti-CD20))

DART-Fc:

-Fab or Fv domain binders with linkers
-Fc domain for half-life extension
-Monovalent or bivalent for targets

* PF-06671008 (CDH3xCD3): -Phl, Advanced Solid tumors,
NCT02659631, Terminated

* MGDO007 (gpA33xCD3): -Phl, Colorectal Cancer,
NCT02248805, Completed;

-Phl/II, Metastatic Colorectal Cancer, NCT03531632, Active (in
combination with MGAO012 (anti-PD-1))

*MGDO009 (B7-H3xCD3): -Phl, Solid Tumors,

NCT02628535, Terminated;

-Phl, Solid Tumors, NCT03406949, Recruiting (in combination
with MGAO012 (anti-PD-1))

* PF07062119 (GUCY2CxCD3): -Phl, Advanced or Metastatic
Gastrointestinal Tumors, NCT04171141, Recruiting

Fab/scFv-Fc Bispecific monovalent (XmAb):
-one binder is Fab; the other is scFv

-Fc domain for half-life extension

-engineered CH3 domain for heterodimerization

* Tidutamab/XmAb18087 (SSTR2xCD3): -Phl,
Neuroendocrine and Gastrointestinal Stromal Tumors,
NCT03411915, Recruiting

* GBR 1302/ISB 1302 (HER2xCD3): -Phl, HER2+ Solid
Tumors, NCT02829372, Terminated

-Phl/II, Breast Cancer, NCT03983395, Recruiting

* AMG 509 (STEAP1xCD3): -Phl, Prostate Cancer,
NCT04221542, Recruiting

* M701 (EpCAMxCD3): -Phl, Ascites, Solid Tumors,
ChiCTR1900024144, Recruiting

* M802 (HER2xCD3): -Phl, HER2+ Solid Tumors,
ChiCTR1900024128, Recruiting

scFv-Fc-scFv bispecific bivalent:
-scFv domain binders

-Fc domain for half-life extension
-Bispecific and bivalent for targets

* ES414/APV0414/MOR209 (PSMAxCD3): -Phl, Prostate
Cancer, NCT02262910, Completed (Terminated)

Fab/scFv-Fc bispecific bivalent:

-scFv for CD3 attached to the C-terminus of the light
chain of IgG

-Fc domain for half-life extension

* Hu3F8-BsAb (GD2xCD3): -Phl/II, Neuroblastoma,
Osteosarcoma, Other Solid Tumors, NCT03860207, Recruiting;

Other

* BTRC4017A/RG6194 (Her2xCD3): -Phl, HER2+ Solid
Tumors, NCT03448042, Recruiting

* GEM3PSCA (PSCAxCD3): -Phl, Solid Tumors,
NCT03927573, Recruiting

* REGN5678 (PSMAXxCD28): -Phl, Prostate Cancer,
NCT03972657, Recruiting (in combination with Cemiplimab
(anti-PD-1))

* CCW702/ABBV-154 (PSMAXCD3): -Phl, Prostate Cancer,
NCT04077021, Recruiting

* AMV564 (CD33xCD3): -Phl, Advanced Solid Tumors,
NCT04128423, Recruiting

* A-337 (EpCAMxCD3): -Phl, Advanced Solid Tumors,
ACTRN12617001181392, Terminated

Cibisatamab is being evaluated in several clinical trials for treatment of patients with CEA-positive
solid tumors, such as non-small cell lung cancer and colorectal cancer (Table 1). The molecule has three
binding domains, two Fabs that contact the target and one Fab that binds to CD3. This 2 + 1 structure
allows for avid binding to the tumor antigen for improved therapeutic window, while concomitantly
engaging CD3 on T-cells [25]. The molecule features a Crossmab technology for correct light-to-heavy
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chain pairing in the Fabs, and knob-in-hole technology for heterodimerization of the Fc. One of
the clinical trials, NCT03866239, is evaluating Cibisatamab in combination with anti-PD-L1 therapy,
consistent with the premise of synergies between the TcE and CPI mechanisms of action. This clinical
trial also includes pre-treatment of patients with obinutuzumab (anti-CD20) to prevent occurrence of
anti-drug antibodies, observed in earlier studies.

Tens of other bispecific TcEs for solid tumors are in clinical trials (Table 1). Several molecules
have not progressed, possibly because of insufficient efficacy, or of toxicities due to expression of
the tumor associated antigen (TAA) also in healthy tissues, or to target-independent T-cell activation.
There appears to be a trend towards half-life extended TcE modalities, and many of the clinical trials
are of TcEs in combination with CPI therapy. Based on the so far limited clinical experience with TcE
agents in solid tumors, how can we assure the clinical translation of the TcE programs currently in
pre-clinical development? Do we have the necessary technologies, or do we need new technologies?
Drug discovery strategies to maximize the potential clinical benefit of the TcE therapeutic approach for
solid tumors are reviewed, discussed and proposed below.

3. Challenges

3.1. Targeting Strategies for Solid Tumors

A fundamental challenge for designing effective TcE therapies for solid tumors is the identification
of tumor selective targeting antigens. The identification of such tumor associated antigens (TAAs)
and lineages, and their utility for the targeting of therapeutic antibodies selectively to tumors, have
been an area of intense research for many years [26,27]. Several of the TcE molecules in clinical
trials use TAAs, such as Her2, that have been successfully targeted in the past with other therapeutic
modalities such as regular IgGs or antibody-drug conjugates. A TcE modality offers a differentiated
and arguably more efficacious approach. Compared to a regular IgG, T-cell redirected cytotoxicity
is considered a more potent and efficacious approach to targeting solid tumors than Fc-mediated
antibody-dependent cell-mediated cytotoxicity (ADCC). Compared with antibody drug conjugates
(ADC), T-cell redirected cytotoxicity relies on the host’s immune system rather than on conjugation to
cytotoxic chemical payloads, and it attacks dormant as well as actively dividing cancer cells. However,
targets like Her2, EpCAM, CEA, are challenging to target with the highly potent TcE mechanism of
action because of basal expression on healthy tissue, despite overexpression in tumor cells.

In more recent years, detailed analysis of the transcriptome, proteome, and metabolome of diseased
versus healthy cells and tissues has been used to identify tumor-selective targeting proteins [28].
One example of a cell-surface target that has emerged as highly tumor-specific is Delta-like Ligand 3
(DLL3) [29]. Earlier, an ADC approach was used, but a Phase II clinical trial with Rovalpituzumab
tesirine in DLL3-expressing small-cell lung cancer did not show significant overall benefit [30].
More recently, a TcE approach was pursued towards DLL3-positive small-cell lung cancer [31,32],
and the next few years will indicate whether the TcE modality confers good translation of very
promising pre-clinical results into the clinic.

In another example, a recent peptidome study using mass spectrometry analysis identified
HLA-complexed peptides and developed a predictive tool for neo-antigens [33]. This and other studies
have led to innovative TcE approaches targeting tumor selective major histocompatibility complex
(MHC)/peptide complexes [34]. The advantage of targeting tumor presented peptide antigens is that it
opens up the tumor selective protein space to include intracellular proteins that could not normally be
targeted with an antibody approach. Tebentafusp is the leading TcE example that uses this target class,
and others have now started clinical development.

To date, the most successful approach to achieve tumor cell target-dependent activation of T-cells
is via the targeting of unique epitopes on the T-cell receptor, CD3. The CD3 targeting arm of current
TcEs is often derived from one of two binders identified in the 1970-80’s that bind to the CD3¢
subunit, OKT3 [35] and SP34 [36,37]. Since then, different sequence optimized versions of these
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mouse-derived antibodies have been generated, for example to reduce the risk of immunogenicity
in patients. The current thinking on CD3 affinity is that binding to CD3 with nM range affinities is
advantageous over pM binding, with the expectation that weaker binding to CD3 would be less likely
to cause TAA-independent T-cell activation and lysis. More recently, a screening approach was used to
identify new, improved CD3 binders [38]—when formatted into a bispecific, some of these binders
against different CD3 epitopes confer strong tumor cell killing, with minimal cytokine release [38],
which is considered important towards maximizing a therapeutic window in the clinic. Regarding
valency to CD3, having only one anti-CD3 binding arm in the multispecific TcE molecule is thought to
result in a better safety profile because of lower risk of off-tumor T-cell activation. However, among all
the different TcE programs that are pursued currently, there are also examples of molecules that are
bivalent for CD3. In the next few years, results on the different formats and binders may give a clearer
picture on the optimal options of affinities, valency, and formats.

There is also a clinical example of a TcE that uses CD28 instead of CD3 as the activating target
receptor on T-cells (PSMAXCD28, NCT03972657). In addition, a recent preclinical study of co-activating
CD3 and CD28 with a trispecific molecule targeting CD38 has shown significantly more potency in
in vitro assays than the corresponding bispecific constructs that activate either CD3 or CD28 [39].
However, a control trispecific molecule without a CD38 binding arm also shows very strong activity,
indicating that target dependent activation has been compromised. This illustrates the fine balance
between potency and specificity that TcEs need to strike for optimal therapeutic benefit.

Beyond the identification of suitable tumor targeting antigens to enable TcEs, pre-clinical
pharmacological analysis includes the evaluation of TcEs in in vitro potency assays and in vivo
efficacy models of the disease to identify the most promising therapeutic candidates. Elegant cell-based
functional assays allow evaluation of multiple target binders and formats for T-cell activation and in vitro
target cell lysis [12,21,40-44]. Patient-derived organoid assays also help bridge cell-based functional
assays with pre-clinical in vivo efficacy studies and clinical trials, as described for CEA-positive solid
tumors [45]. Similarly, the establishment of elaborate in vivo models facilitate the pre-clinical evaluation
and ranking of candidate therapeutics. One successfully used disease-relevant model for TcEs being
developed for the treatment of solid tumors uses so called ‘immune avatar models” which consist of
immune-deficient mice to establish a human tumor xenograft, followed by engraftment of human T-cells
and then administration of the TcE molecule [12,29]. Other options for models include the use of
transgenic mice that express human CD3¢, substituting the need to use immune-deficient mice and to
engraft human T-cells [21], although one challenge for these models is that the human target has to be
introduced into the mouse tumor cells if the target binder is not mouse cross-reactive. Ueda et al. [46]
constructed a human CD3 transgenic mouse with all three CD3 subunits (CD3e, CD38, CD3vy) replaced,
and such in vivo model was applied to the evaluation of a Glypican3 (GPC3)/CD3 TcE, ERY974 [47].
Alternatively, bispecific molecules that bind mouse CD3 can be evaluated in fully immune-competent
mouse models. The disadvantage of using the murine immune system for such models is that
the human tumors cannot be engrafted, and a syngeneic tumor has to be used meaning that a surrogate
binder has often to be created to the murine antigen target. In one such approach, Benonisson et al.
identified that a CD3-bispecific TcE recruits several immune cell types to the tumor microenvironment
in a syngeneic mouse model of melanoma [48].

It remains difficult to capture all the heterogeneity and complexity of the TME of patients into
pre-clinical models of disease. However, better understanding of the complex biology of solid tumors
with respect to any cellular or extracellular matrix barriers (for example, stromal cells or collagen,
hyaluronic acid and fibronectin-rich matrix) also contributes to the design of better immuno-oncology
model systems and therapies [49]. The increased knowledge of cell types, extracellular matrix
components and their interplay in the TME permits the design of well-controlled experiments that
ultimately can be more predictive of positive outcome in patients. In the next few years, we will learn
how well the promising pre-clinical results on several TcE programs translate in the clinic.
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3.2. Identifying Optimal Target Binders

Usually, the next step in the biologics discovery process following the identification and
validation of suitable targets is the generation of antibody binders that meet several requirements.
Sophisticated discovery platforms of synthetic libraries or humanized animals add to the more
traditional immunization campaigns for antibody generation. Increased structural and computational
capabilities also facilitate the identification of diverse set of binders, even to challenging molecular
targets or epitopes. As with any other therapeutic target or modality, binding affinity is a very
important criterion. In the case of TcEs, another key parameter is epitope. Species cross-reactivity and
biophysical properties further define the evaluation of binders to identify the optimal ones for TcEs.

Affinity is one important consideration for potent TcEs. Strong binding (Kp < 1 nM) to the TAA is
considered a pre-requisite, especially for targets with a very low copy number on the surface of
the tumor cells, and a notable example is Tebentafusp. Even though identification of strong, selective,
binders to specific MHC-complexed peptides is challenging due to the nature of the complexed peptide,
Tebentafusp exhibits a pM binding affinity [24]. Meanwhile, for a TAA that also has low expression
levels on healthy normal tissues, it is possible to achieve a therapeutic window using avidity optimized
weak binders (Kp 1-100 nM), where the molecule binds preferentially to higher-target expressing
tumor cells, and sparing the lower-target expressing normal cells. For example, a bispecific format
with bivalent Her2 binding improved the selectivity towards Her2-positive tumor cells over healthy
cells through avidity [44]. Cibisatamab (CEAxCD3) is another molecule in such a 2:1 format, with two
binding arms for the TAA, and one for CD3.

Epitope on the target is another key parameter for conferring strong TcE potency. A study
by Bluemel et al. demonstrated that cell-membrane proximity of the epitope determines
the potency of BiTEs, especially for large surface antigens such as melanoma chondroitin sulfate
proteoglycan (MCSP) [40]. A similar observation was reported for efficient synapse formation with
TcEs directed to a membrane-proximal epitope on another TAA, FcRHS, a B-cell lineage marker [50].
There may be other requirements for epitope selection, for example in cases where regions are bound
by natural ligands, or due to sequence homology to other family members, or across other species.
Ultimately, the epitope space for a given TAA might be significantly restricted; however, novel antibody
generation strategies, as well as new discovery platforms, enable identification of binders to unique,
previously inaccessible epitopes.

Species cross-reactivity is often another important criterion in lead identification.
For example, binding cross-reactivity to the corresponding antigen in non-human primate species,
such as cynomolgus monkey, enables important PK and safety studies before final molecule selection
and clinical trials. Meanwhile, cross-reactivity to mouse or other species with disease-relevant models is
important to be able to evaluate lead candidates in in vivo efficacy studies. If such cross-reactivity is not
achieved or feasible, important in vivo parameters should be evaluated pre-clinically using a surrogate
molecule and extrapolated to the lead therapeutic molecules. Human and cynomolgus CD3e shows
high sequence homology only in the first 30 amino acids, so this presents very limited epitope space to
achieve human/cynomolgus species cross-reactivity, and human/mouse CD3¢ sequences are even more
divergent. Currently there are no known human/mouse CD3e cross-reactive binders, and the only
anti-mouseCD3 binder is 2C11 [51,52].

CMC properties (chemistry, manufacturing and controls) of the binders present an underlying
objective throughout the discovery process. Even in regular IgGs, the Fab regions can have a profound
effect on overall molecule stability and manufacturability, due to melting temperature, hydrophobicity
and other biophysical and chemical properties of the CDRs and frameworks in the variable regions.
Evaluation of the CMC properties of different binders is even more important in multispecific
antibodies because of multiple variable domains, usage of fragment structures and non-IgG elements
such as linkers and point variants for heterodimerization. High stability is incorporated in the design
of recent Fab and non-Fab (scFv, VHH domains) synthetic libraries for antibody generation, by using
some of the most common and most stable human germlines [53,54]. In addition, antibody libraries
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in non-Fab modalities are very useful for subsequent bispecific formatting with scFv and VHH
components, to avoid any loss of binding or stability attributes during Fab to scFv or Fab to VHH
engineering. There is an expanding set of biophysical techniques [55-57] and in silico tools [58-60] for
developability assessment and engineering designs, many of which can be used in a high-throughput
manner. Early manufacturability and biophysical evaluation during lead identification would advance
more stable binders for bispecific TcE designs.

3.3. Multispecific Engineering Approaches

One of the drawbacks to the pioneering BiTE technology was the need for continuous intravenous
infusion. BiTEs proved that TcEs can be developed and commercialized. The challenge was to improve
on the drug-like properties, and this has been done by addressing several aspects of the technology.
Early engineering approaches to improve the biophysical stability of Fvs established the use of linkers
or interchain disulfide bonds [61,62], and enabled BiTE structures. Meanwhile, Knob-in-hole mutations
in the CH3 domain of the Fc were ingeniously designed to form Fc heterodimers [63], and introduced
Fc-containing, more antibody-like bispecifics. Subsequent to BiTEs, further protein engineering has led
to various multispecific structures such as CrossMabs with CH1-CL crossover [64], TandAbs (Tandem
diabodies) [65], DARTs (dual-affinity re-targeting) [66], ITEs (IgG-like T-cell Engaging bispecific
antibody) [31], BEATs (Bispecific Engagement by Antibodies based on the T cell receptor), InmTACs
(Immune mobilising monoclonal TCRs against cancer) [34], TriTACs (Tri-specific T-cell Activating
Construct) [67], and numerous other small domain or full antibody-like constructs [68,69]. Several such
multispecific structures are currently used in TcE modality (Figure 2, Table 1). This variety of formats
permits the identification of the most potent, safe and manufacturable ones for a given therapeutic
concept [25,65,70-73]: monovalent vs. bivalent binding for one or both targets, different affinity and
epitope binders, different size, distance and geometry of the binding domains and the whole molecule.

BiTE ImmTAC TriTAC BiTE-Fc Bisp-Ab
Common LC

:@?4 W/,

Bisp-Ab DART-Fc Fab/scFv-Fc Fab/scFv-Fc
Bivalent for TAA Bisp. monovalent Bisp. bivalent

NS e

Figure 2. Examples of some of the Bispecific structures of T-cell Engager molecules in clinical trials.
CDRs in the variable light and variable heavy chains for the same target are in the same color.
Knob-in-Hole and other CH3 engineering technologies in the CH3 domain of the Fc are indicated by
the different shade of orange.
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Another example of important protein engineering for TcEs in light of the biology of solid tumors
is the design of TME conditionally active molecules. Three TME conditions that have been explored
so far are presence of specific metaloproteases, increased levels of ATP, or acidic pH. Probody is
one of the first examples of a pro-drug antibody for improved therapeutic window [74]. A Probody
has the antibody binding regions masked with a peptide which is processed by TME-specific proteases
to then allow binding of the antibody to its target. At least four antibodies using Probody technology
are in clinical trials as immunotherapy for solid tumors and also certain lymphomas [75]. The Probody
concept was more recently applied to an EGFRxCD3 TcE, and preclinical studies indicate a more
than 60-fold increase of maximum tolerated dose compared to unmasked bispecific construct [76].
Regarding ATP-dependent effects, Switch Antibody technology confers binding to a TAA, only in
the presence of ATP, in the TME, as demonstrated for an anti-CD137 antibody [77]—the technology
improves the safety profile for this target, and can be applied to other targets and platforms, including
T-cell Redirecting Antibodies. Meanwhile, BioAlta describes low-pH specific binding to CD3 as part of
their TcE and CAR-T platform for no off-tumor T-cell activation. All these examples of conditionally
active TcEs are particularly relevant for TAAs that exhibit some basal expression in healthy tissues,
and can be applied with respect to either the TAA or the T-cell antigen. Such technological advances
can make more targets available and specifically help expand the usefulness of TcEs in solid tumors.

Safety considerations guide the design and characterization of TcE molecules in several additional
aspects. The affinity and valency of the CD3 binder is important to assure that there is no
target-independent T-cell activation, which in its worst manifestation could lead to cytokine release
syndrome, and there are well-established in vitro T-cell activation assays for early screening of
molecules. In addition, use of engineered Fc variants with weaker or no binding to Fcy receptors results
in significantly reduced effector function, and avoids potential undesirable cross-linking interactions
of different immune cells [78,79]. Because of the presence of non-native elements such as linkers,
non-Fab binding domains, swapped domains, and point variants in bispecific formats, the risk of
immunogenicity of TcE molecules is higher than for regular IgGs. The multifaceted relationship of
immunogenicity to sequence, stability of the molecule, antibody—-target complex and higher-order
structures, requires monitoring of immunogenicity and potential occurrence of anti-drug antibodies at
all stages of pre-clinical and clinical investigation.

Regarding potency, several at least perceived challenges of TcEs for solid tumor indications
include tumor penetration and efficiency in forming a strong immune synapse. Super-resolution and
fluorescence microscopy allow a better understanding of the requirements for formation of a strong
immune synapse for T-cell activation [80,81]. Meanwhile, a study with natural killer cells demonstrates
that dextrans less than 4 nm are not limited in entering/exiting the immune synapse, while molecules
around 10-13 nm are more than 50% impeded and dextrans greater than 32 nm are completely
blocked [82]. Regular antibodies with about 150 kDa molecular weight have a hydrodynamic radius
of 5-6 nm. It could be expected that smaller multispecific formats (BiTEs, ImmTACs and TriTACs
are about 50 kDa) are more efficient than larger formats (about 150-200 kDa). However, based on
pre-clinical in vivo studies on various TAAs, TcEs of both BiTE and bulkier HLE formats are able to
achieve tumor growth inhibition and even regression with very low doses [21,25,31,41,42]. The size
of the current bispecific TcE molecules does not seem to be an impediment to entering and forming
a strong immune synapse.

Perhaps one of the biggest challenges for the development of bispecific antibody modalities
has been the ability to ensure commercial manufacturing. In addition to identifying binders that
have variable regions with good CMC properties, it is important that the complete bispecific TcE
molecules are manufacturable and stable. There are a large number of multispecific formats currently
available [68,71], and each of these has a unique set of manufacturability challenges, beyond platform
processes for regular IgG molecules. Smaller formats such as BiTEs and InmTACs do not allow
Protein A-based affinity purification and do not benefit from molecule-stabilizing effects of antibody
constant domains. On the other hand, larger biologics formats usually have an Fc domain that
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enables Protein A affinity purification, and confers additional stability and longer half-life. However,
more often than not, TcE molecules with an Fc domain are asymmetric molecules, with different heavy
and/or light chains. Expression and purification of such bispecific molecules is more challenging
than that of regular IgG molecules, usually with lower expression level, lower initial purity after
Protein A purification, and more polishing steps. So additional resources and time are required to
build multispecific molecules with favorable CMC properties and to establish a robust manufacturing
process for novel formats.

From the perspective of pharmacokinetics, a desired improvement in next-generation TcEs is
the half-life of the therapeutic molecule, to allow better dosing convenience for patients. Because of their
small size and domain composition (two scFvs connected by a linker), BiTE molecules clear very fast
in vivo. With a short half-life of just a few hours, BiTE molecules have to be administered by continuous
intravenous infusion. Several technologies, including BiTE-Fc fusions, IgG-like Fc containing formats,
HSA/ABD fusion constructs, or PEGylation [83,84], enable longer half-life from at least several days to
more than a week, and approaching the half-life of regular IgGs. As a result, in pre-clinical models
of disease, high potency and efficacy can be achieved with once-weekly dosing over several weeks.
Similarly, in the clinic, such HLE-TcEs are administered once weekly or less frequently as opposed to
continuous infusion. While the PK profile of a biological drug is greatly improved by the presence
of an Fc or an HSA-binding domain, the variable regions (especially if non-Fab format such as scFv
or VHH) in a multispecific can significantly influence the in vivo stability and half-life of a molecule.
In vitro serum stability and in vivo mouse PK studies can provide early information about which
variable regions, linkers and formats are most suitable to advance for further testing.

4. Proposed Discovery Strategies and Conclusions

The complex and heterogeneous micro-environment of solid tumors means that for many cancer
types, there remains a high unmet need for effective therapies. The clinical potential of the TcE
mode-of-action has been demonstrated, and this is why it is important to continue to advance efforts
in discovery and manufacturing to bring new generations of TcEs to patients, and address this high
unmet medical need. Next generation TcEs should strike a balance of potency, safety, manufacturability
and pharmacokinetics (Figure 3a). High potency depends a lot on the affinity of the binder, epitope,
and the bispecific structure, in addition to target copy number on the target cells. Specificity and
safety of the disease target as well as the therapeutic candidate are closely related, while multispecific
engineering can offer additional target space even for targets with low expression on normal cells
but significantly higher expression on tumor cells. Due to the more complex structure of bispecific
molecules than regular antibodies, TcEs pose unique CMC challenges that have to be tackled to assure
good manufacturability. Regarding pharmacokinetics, most of the current TcEs in clinical trials have
a half-life extended profile allowing less frequent dosing, similar to that of regular IgGs.

Expertise from different disciplines addressing these key considerations provides a roadmap for
a discovery strategy to benefit identification and evaluation of TcEs for solid tumors (Table 2),
from biological understanding of the therapeutic challenges and opportunities of the TME,
to the identification and validation of suitable TAAs, followed by the discovery of diverse set
of binders, to be then incorporated in bispecific TcE molecules, for evaluation for function, safety,
manufacturability and pharmacokinetics.

We propose a workflow of TcE discovery that includes parallel considerations of function, CMC
properties, safety and PK profiling (Figure 3b). Improved technologies and capabilities permit
the identification of diverse sets of affinity and epitope binders for a TAA, even for very challenging cell
surface targets. Biophysical characterization of the binders alone and also in the context of bispecific
structures identifies the molecules to advance for in vitro function assays, followed by mouse PK
and in vivo efficacy studies. Mouse PK studies help determine the half-life and in vivo stability
of the bispecific molecules, and can identify any challenges due to the targets, if the binders are
cross-reactive, or due to variable region or engineered element sequences. Sequence optimization of
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the preferred binders and bispecific molecules is done to make the sequences as human as possible
and to reduce critical quality attributes such as deamidation, aspartate isomerization, oxidation or
fragmentation. The optimized lead candidates are subjected to a panel of rigorous pre-clinical testing
for: (1) potency in in vitro and in vivo models of disease; (2) safety, half-life and in vivo stability in
non-human primates; and (3) CMC properties. Favorable outcome of such comprehensive evaluation
of TcE candidate therapeutics with good manufacturability and developability properties would assure
a faster path to the clinic and more efficient approval and delivery to patients.

Antibody Discovery: affinity and
epitope diversity for target
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Figure 3. T-cell Engagers in drug discovery: (a) Optimal features in a half-life extended Next-Gen
T-cell Engager. First generation TcEs such as BiTEs show very high potency, but very short half-life,
and challenging manufacturability. Current half-life extended TcEs aim to show strong potency,
similar to BiTEs, while also featuring manufacturability and PK properties similar to regular IgG
biologics; (b) Proposed workflow for drug discovery of T-cell Engagers. Discovery of antibodies
with diverse affinity and epitopes to the target is beneficial, especially of novel targets. Side-by-side
function and stability profiling are recommended before and after sequence-optimization, because of
the interdependent importance of both Pharmacology and CMC for the clinical success of a TcE.

Table 2. Discovery strategy to benefit identification and evaluation of TcEs for solid tumors.

Subject Key Considerations

Effectiveness of TcE modality for solid tumors

TME Biology Biomarkers and functional requirements of therapeutic molecule

Uniqueness of target for a therapeutic concept

Target Identification Expression profile in tumor vs. healthy cells and tissues

Fab vs. non-Fab platforms for discovery of diverse set of binders

Lead Identification Epitope, affinity, cross-reactivity, biophysical stability requirements

Format that enables desired potency, safety, manufacturability and PK

Multispecific formatting Evaluation of different binders in format for both function and CMC

Inherent molecule stability for optimal potency and safety

CMC properties Good manufacturability and developability for fast path to the clinic

Clinical and pre-clinical TcEs for solid tumors are against many different TAAs, and are built in
various bispecific modalities. Each new entity brings a set of target-dependent and molecule-dependent
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challenges. Learnings from prior programs and advancements in biomedical research and development
offer ways to address these challenges. The next few years promise to be of critical value in identifying
optimal Immuno-oncology treatment options for solid tumor indications, where TcEs can make a unique
and significant contribution, alone or in combination therapy.
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Abstract: The discovery of numerous potent and broad neutralizing antibodies (bNAbs) against
Human Immunodeficiency Virus type 1 (HIV-1) envelope glycoprotein has invigorated the potential
of using them as an effective preventative and therapeutic agent. The majority of the anti-HIV-1
antibodies, currently under clinical investigation, are formulated singly for intra-venous (IV) infusion.
However, due to the high degree of genetic variability in the case of HIV-1, a single broad neutralizing
antibody will likely not be sufficient to protect against the broad range of viral isolates. To that end,
delivery of two or more co-formulated bnAbs against HIV-1 in a single subcutaneous (SC) injection
is highly desired. We, therefore, co-formulated two anti-HIV bnAbs, 3BNC117-LS and 10-1074-LS,
to a total concentration of 150 mg/mL for SC administration and analyzed them using a panel of
analytical techniques. Chromatographic based methods, such as RP-HPLC, CEX-HPLC, SEC-HPLC,
were developed to ensure separation and detection of each antibody in the co-formulated sample.
In addition, we used a panel of diverse pseudoviruses to detect the functionality of individual
antibodies in the co-formulation. We also used these methods to test the stability of the co-formulated
antibodies and believe that such an approach can support future efforts towards the formulation and
characterization of multiple high-concentration antibodies for SC delivery.

Keywords: HIV/AIDS; co-formulation; high concentration; analytical characterization; antibody (s)

1. Introduction

The number of approved monoclonal antibodies (mAbs) for therapy against various cardiovascular,
cancer, respiratory, hematology, and autoimmune diseases is continuously on the rise [1]. In addition
to therapy against non-infectious diseases, monoclonal antibodies are also increasingly seen as potent
prophylactic and therapeutic agents against several infectious pathogens [2-5], particularly those
against which effective vaccines do not exist or are under arduous development. To date, over a
hundred antibodies have been approved by various regulatory authorities; the majority of these
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antibody products are typically administered by intravenous (IV) infusion. IV administration, although
a well-established route, is challenging to patients as well as to healthcare professionals. Subcutaneous
(SC) administration, on the other hand, is increasingly becoming a clear patient preference due to time
savings and potential for self-administration, including possibilities for healthcare professionals of
administrating during home visits to patients [6,7].

The use of monoclonal antibodies as prophylactic and therapeutic options is particularly
attractive against Human Immunodeficiency Virus type 1 (HIV-1) [8,9], a viral pathogen for which the
development timeline for a prophylactic vaccine is uncertain [10-12]. Therefore, protection using passive
administration of broadly neutralizing antibodies (bNAbs) against HIV-1 is being evaluated through
multiple human clinical studies to test the validity of the approach. Broadly neutralizing (monoclonal)
antibodies (bNAbs) such as VRCO01 [13,14], 10-1074 [15]/10-1074-LS [16], 3BNC117 [17]/3BNC117-LS [18],
VRC07-523-LS [19], PGT121 [20,21], and PGDM1400 [21] or their combinations are currently under
investigation in multiple clinical trials. Recent studies by Bar-On et al. [22] and Mendoza et al. [23]
showed that the combination of two bNAbs, 3BNC117 (directed to CD4-binding site epitope on HIV-1
surface envelope glycoprotein) [17,24] and 10-1074 (directed to V3-glycan epitope on HIV-1 surface
envelope glycoprotein) [15,24], delivered by the intravenous (IV) route was well-tolerated and effective
in maintaining virus suppression for extended periods in individuals harboring HIV-1 strains sensitive
to the antibodies. These clinical studies, with safety, pharmacokinetics and viral load re-bound or decay
as endpoints, have primarily used antibodies formulated for IV infusion. Moving forward, to overcome
the high cost and burden of intra-venous administration, the high-concentration formulation of both
antibodies (here referred to as co-formulation) for sub-cutaneous (SC) administration is planned.
However, co-formulating two (or more) antibodies at high concentration is not only challenging due to
the requirement to maintain their optimal quality attributes, low viscosity and stability in the chosen
formulation condition but also in developing analytical methods that allow separation of individual
antibodies to characterize their quality attributes and measure their individual and total stability [25].
Recently, Cao et al. reported the characterization of antibody charge variants and the development
of “release” assays for co-formulated antibodies [26]. In another study, Patel et al. investigated the
formulation of two anti-HIV bNAbs and through a series of analytical tools, including the mass
spectrometry-based multi attribute method (MAM), the authors highlight the analytical challenges in
the characterization of co-formulated antibodies [27].

Here, we describe the formulation of two high-concentration bnAbs, 3BNC117-LS and 10-1074-LS,
to a final concentration of 150 mg/mL and characterize them through a panel of analytical methods to
evaluate the suitability of the methods for future cGMP testing of the co-formulated drug product.
Additionally, we show that the chromatography-based separation methods (RP-HPLC, SE-HPLC
and IEX-HPLC) and virus-based neutralization assay are optimal to study each antibody in the
co-formulated milieu and can potentially be used for “release” and “stability” testing of these materials.

2. Materials and Methods
2.1. Materials

2.1.1. Monoclonal Antibodies

3BNC117 is a monoclonal antibody of the IgG1k isotype that specifically binds to the CD4 binding
site (CD4bs) within HIV-1 envelope gp120. The bnAbs 10-1074 is of the IgG1A isotype that specifically
targets the V3 glycan supersite within HIV-1 envelope gp120. Both fully human parental monoclonal
antibodies, 10-1074 and 3BNC117, were LS-modified, two amino acid substitutions, Methionine (M) to
Leucine (L) at Fc position 428 (M428L) and Asparagine (N) to Serine (S) at Fc position 434 (N434S),
to enhance the antibody binding affinity to the neonatal Fc receptor (FcRn) and prolong their half-life
in mammals without impacting the antibody binding domain or its interaction with antigens [28,29].
The LS-modified monoclonal antibodies (MADbs) are referred to here as 3BNC117-LS and 10-1074-LS.
The 3BNC117-LS and 10-1074-LS mAbs were produced at Celldex Therapeutics (Fall River, MA, USA).
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Both antibodies were expressed via stable Chinese hamster ovary (CHO) cell line clones in a serum-free
medium in a batch bioreactor using standard mammalian cell culture techniques. The harvested
clarified supernatant was then used to purify the mAbs using a series of chromatographic steps that
included MabSelect Sure, Sartobind Q, and SP Sepharose cation exchange column chromatography’s.
The SP Sepharose eluate was nano-filtered using Virosart HG filtration and concentrated to 150 mg/mL
concentration by UFDF (Ultra-filtration Dia-filtration).

The 3BNC-117-LS monoclonal antibody concentrated to 150 mg/mL was formulated in a buffer
containing 10 mM Methionine, 250 mM Trehalose, 0.05% Polysorbate 20, pH 5.2. The 10-1074-LS
monoclonal antibody concentrated to 150 mg/mL was formulated in a buffer containing 5 mM Histidine,
250 mM Trehalose, 10 mM Methionine, 5 mM Sodium Acetate, 0.05% Polysorbate 20, pH 5.5.

For this study, 3BNC117-LS and 10-1074-LS, were co-formulated (1:1) by mixing at ambient
conditions, and the buffer was exchanged such that the final formulation buffer was 5 mM Histidine,
250 mM Trehalose, 10 mM Methionine, 5 mM Sodium Acetate, 0.05% Polysorbate 20, pH 5.5.

2.1.2. Reagents

The hybridoma-based monoclonal anti-idiotype antibodies, used in the ELISA, were produced at
Duke Human Vaccine Institute (Durham, NC, USA). The hybridomas were created by immunizing
BALB/C mice with either 10-1074 Fab fragment or 3BNC117 Fab fragment. The generated anti-idiotype
antibodies were chromatographically purified and concentrated to ~7 mg/mL in 1 x PBS pH 7.2,
0.22 um filtered and stored at 4 °C until further use. The USP grade Histidine, Methionine, Polysorbate
20 were purchased from JT Baker Chemicals (Phillipsburg, NJ, USA) and Trehalose was purchased
from Pfanstiehl, Inc. (Waukegan, IL, USA). All solutions were stored at 4 °C until used.

2.2. Methods

2.2.1. Reverse Phase High-Performance Liquid Chromatography (RP-HPLC)

RP-HPLC separation was performed on Agilent 1260 Infinity Quaternary LC coupled to a diode
array detector (DAD). Best peak resolution was demonstrated using Agilent AdvanceBio RP-mAb
Diphenyl, 2.1 X 100 mm column, 0.5 mL/min flow rate, with a column temperature of 60 °C and a step
wise gradient (3 min washing at 35% B followed by 35% B to 39% B over 16 min). The eluted peaks
were detected at 280 nm.

2.2.2. Ion Exchange (IEX)—HPLC

IEX-HPLC was performed on the Agilent 1260 Infinity Quaternary LC system equipped with a
diode array detector (DAD) and coupled to ProPac WCX-10, 250 X 4 mm column (Thermo Scientific,
Sunnyvale, CA, USA) maintained at 30 °C. Mobile phase A consisted of 20 mM Acetate, pH 5.2,
while mobile phase B was 20 mM Acetate, 300 mM sodium chloride, pH 5.2. The pHs of both mobile
phases was adjusted using 0.1 M NaOH solution. The flow rate was 0.7 mL/min and salt gradient
separation, 50% to 100% B in 35 min, was performed. Peak detection was carried out at 280 nm and
the peaks were integrated and percentage peak areas of each peak (as well as charge variants i.e.,
acidic/basic species) calculated corresponding to each mAbs.

2.2.3. Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)

SE-HPLC was performed on the Agilent 1260 Infinity Quaternary LC system equipped with
a diode array detector (DAD) and coupled to TSKgel G3000SWXL, 5 pm, 7.8 mm X 30 cm column
maintained at 30 °C. The mobile phase used was 10 mM histidine, 50 mM Arginine, 100 mM sodium
sulfate, pH 6.0. The flow rate used was 1 mL/min. The eluted main and High-Molecular Weight
(HMW) peaks were detected at 280 nm.
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2.2.4. Enzyme-Linked Immunosorbent Assay (ELISA)

A sandwich ELISA was performed using 96-well Maxisorp plates coated over-night at 2-8 °C with
1 pg/mL of an anti-idiotypic antibody that specifically recognizes 3BNC117-LS (anti-ID monoclonal
antibody) or 1 ug/mL of an anti-idiotypic antibody that specifically recognizes 10-1074-LS (anti-ID
monoclonal antibody). After washing, plates were blocked with 200 uL Protein free blocking solution
at 25 °C for 2 h at 200 RPM. Co-formulated antibody samples, quality controls and reference standards
were added and incubated at room temperature. Subsequently, the plate was washed and 100 pL
of 1:10,000 diluted peroxidase-conjugated AffiniPure F (ab”) 2 Fragment Goat anti-Human IgG Fcy
Fragment specific (Jackson Immuno Research, West Grove, PA, USA) was added. The plate was
incubated at room temperature for 60 + 10 min at 200 RPM. The plate was washed, and the wells
were incubated with 100 puL of SureBlue TMB substrate (Fisher Scientific, Somerset, NJ, USA) to
develop the chromogenic signal (10 min at room temperature at 200 RPM). The reaction was stopped
with the addition of 100 uL of 1% hydrochloric acid. The absorbance was measured at 450 nm
using the Molecular Devices plate reader fitted with Softmax Pro software (Molecular Devices LLC,
Sunnyvale, CA, USA). Titration curves for the reference standard and each test sample were created
using 4-parameter logistic curve fitting to calculate EC50 values using GraphPad Prism software
(version 7).

2.2.5. Virus Neutralization Assays

The virus neutralization assay was evaluated using a luciferase-based assay in TZM-bl cells,
as previously described [30,31]. Briefly, antibody samples were tested using a starting concentration of
25 ug/mL with 5-fold serial dilutions against the panel of HIV-1 Env pseudoviruses. The selected panel
of HIV-1 Env pseudoviruses were either 3BNC117 sensitive/10-1074 resistant (n = 10) or 3BNC117
resistant/10-1074 sensitive (n = 10). The IC50 and IC80 titers were calculated as the mAb concentration
that yielded a 50% or 80% reduction in relative luminescence units (RLU), respectively, compared
to the virus control wells after the subtraction of cell control RLUs. All assays were performed in a
laboratory compliant with Good Clinical Laboratory Practice (GCLP) procedures.

2.2.6. FlowCAM® Imaging

FlowCAM® is an imaging particle analysis system that we used for imaging and analyzing
particles, in the subvisible range, using flow microscopy. The FlowCAM® instrument (Fluid Imaging
Technologies, Scarborough, ME, USA) was focused with 10 um polystyrene beads at 3000/mL National
Institute of Standards and Technology (NIST) standard. The samples were diluted by 4-fold by taking
200 pL of the sample in the corresponding buffer to a total volume of 0.8 mL, samples were analyzed at
0.08 mL/min through a 100 um x 2 mm flow cell, and images of the particles were taken with a 10x optics
system. Flash duration was set to 35.50 ms, and Camera Gain was set to 0. Visual-Spreadsheet software
version 3.4.8 (DKSH Japan K.K., Tokyo, Japan) was used for data analysis.

2.2.7. Osmolality

Osmolality, a measurement of the total number of solutes in a liquid solution expressed in osmoles
of solute particles per kilogram of solvent (mOsm/Kg), was measured in the antibody formulations
using the industry-preferred freezing point depression method. The osmolality measurements were
made using a Model 3340 single-sample freezing-point micro-osmometer (Advanced Instruments,
Norwood, MA, USA), equipped with a 20 pL Ease Eject™ Sampler (Parts No. 3M0825 and 3M0828).
The unit of measurement used was milliosmoles of the solute per 1 kg of pure solvent, expressed as
mOsm/kg. The instrument was calibrated with 50 mOsm/kg (3MA005) and 850 mOsm/kg (3MAO085)
calibration standards and verified with a 290 mOsm/kg Clinitrol® Reference Solution (3MA029) prior
to each analysis.
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2.2.8. Dynamic Light Scattering (DLS)

Dynamic Light Scattering (DLS), which uses time-dependent fluctuations in the intensity of the
scattered light to determine the effective size of a particle in nm range, was used to measure the particle
size distribution in the antibody formulations. Dynamic light scattering was carried out at 25 °C, with a
Malvern Zetasizer Nano Series instrument using a 633 nm/100 mW laser and a 90° detection angle.
Particle size distribution (hydrodynamic diameter) by % intensity and % volume was determined
along with the polydispersity index (PDI).

3. Results

Parental anti-HIV antibodies, 10-1074 and 3BNC117, were individually formulated at 20 mg/mL for
IV administration [15,17]. Based on initial pK data from phase 1 clinical studies, the parental antibodies
were LS modified (as described in the Materials section) to extend serum half-life. Thereafter, as a first
step towards formulation to aid subcutaneous administration, the antibodies were concentrated 7.5-fold
in a new formulation buffer with optimal viscosity to enable drug injection volumes of 2 mL. This resulted
in 3BNC117-LS and 10-1074-LS as individually formulated bnAbs, at 150 mg/mL in respective buffers
(described in the Materials and Methods section), for subsequent co-formulation studies.

These high-concentration individually formulated antibodies were extensively characterized using
a wide range of analytical methods i.e., ELISA, SE-HPLC, RP-HPLC, IEX-HPLC, capillary isoelectric
focusing (cIEF), CE-SDS (reduced and non-reduced), Sialic Acid analysis, intrinsic Tryptophan
fluorescence spectroscopy, Isoquant analysis, dynamic light scattering (DLS), far and near UV circular
dichroism (CD), differential scanning calorimetry (DSC), second derivative UV spectroscopy, N-terminal
amino acid sequencing, HILIC based glycan profiling, liquid chromatography coupled with mass
spectrometry (LC/MS), and peptide mapping by liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) (data not shown). In addition, both high-concentration bNAbs, in their
respective formulation conditions, were found to be stable at 2-8 °C for >24 months (data not shown).

To address the need to co-formulate both the antibodies as a single drug product at a combined
final concentration of 150 mg/mL for subcutaneous administration in clinical studies, a 1:1 mixture
of both bNADbs (each at 75 mg/mL) was formulated in 5 mM Histidine, 250 mM Trehalose, 10 mM
Methionine, 5 mM Sodium Acetate, 0.05% Polysorbate 20, pH 5.5 buffer and characterized using a
series of methods to test for (positive) identity, purity, product qualities, and functionality.

3.1. Chromatographic Separation of Co-Formulated Monoclonal Antibodies

During analytical development, the aim was to select appropriate and optimal chromatographic
techniques that could separate the two antibodies in their current co-formulation. Reverse phase
high-performance liquid chromatography (RP-HPLC), ion exchange liquid chromatography (IEX),
and size exclusion chromatography (SEC) were evaluated and found to achieve this separation
goal. The separation efficiencies of each of these methods were challenged by the fact that both
antibodies, 3BNC-117-LS and 10-1074-LS, are of the IgG1 subclass with similar molecular size and
three-dimensional structure, and therefore significant method development and optimization of the
chromatographic methods were necessary to achieve the desired separation goals.

3.2. Reverse Phase High-Performance Liquid Chromatography (RP-HPLC)

Reverse phase liquid chromatography (RP-HPLC), due to the denaturing effect of the low pH
and high organic solvent mobile phase, was expected to separate and quantify the two bNAbs, in the
co-formulated milieu, based on their differences in the relative hydrophobicity. Initial assessment
was performed on the Agilent 1260 Infinity quaternary LC coupled to a DAD detector using two
columns: AdvanceBio RP-mAb Diphenyl, 2.1 x 100 mm, 3.5 um (Agilent) and Accucore 150-C4
2.6 pm, 100 X 2.1 mm (Thermo). These columns represent two different stationary phase chemistries,
diphenyl offers alternative selectivity and Accucore C-4 wide pore (150 A) offers lower hydrophobic
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retention. A generic method development strategy was followed using 0.1% TFA in acetonitrile as
mobile phase B, 0.5 mL/minute flow rate. Since, the individually formulated antibodies did elute at
30-40% acetonitrile at elevated temperature (60 °C column temperature) (data not shown), the initial
gradient conditions for developing the method was set at 34% to 41% mobile phase B for 7 min.
As part of the method optimization, different chromatographic conditions were tested to increase
peak resolution: increasing temperature (45, 60, 70, and 80 °C), different mobile phases or organic
modifiers in acetonitrile (methanol as mobile phase B or methanol/ IPA (5% v/v) as organic modifier in
acetonitrile mobile phase), and different gradient conditions (34% B to 38% B for 16 min and 35% B to
39% B for 16 min). Finally, a method with 34% to 41% mobile phase B, and a column temperature of
60 °C, was selected that resulted in two separate peaks, corresponding to each monoclonal antibody
(Figure 1A). This RP-HPLC method was then tested for linearity, precision, accuracy, and specificity
parameters. Linearity was evaluated for the total peak area of 10-1074-LS and 3BNC117-LS in a
co-formulated sample by calculation of a regression line using the least squares method. (Figure 1B).
Linearity for the 3BNC117-LS specific area (Figure 1C) and 10-1074-LS specific area (Figure 1D) were
also calculated; the R? obtained was 1 for both analyses. Precision, for intra and inter day variability,
was assessed by testing the repeatability of the target concentration of 2.5 pg (for each antibody) six
times. The intra-assay precision for the total peak area ranged from 0.1% to 0.3% and the inter-assay
precision was 0.3% for 3 experiments on separate days (days 1, 2, and 3) (Supplementary Table S1A).
The intra- and inter-precisions for the individual peak areas, 10-1074-LS peak area and 3BNC117-LS
peak area, were also similar. The intra- and inter-precisions for the 10-1074-LS peak area were <0.4%
and <0.3%, respectively (Supplementary Table S1B). The intra- and inter-precisions for the 3BNC117-LS
peak area were <0.2% and <0.2%, respectively (Supplementary Table S1C). Accuracy was tested by
percentage recoveries of the mean of three determinations of six different concentrations (1 to 8 pg
column load). Based on the percent recoveries, we concluded that the RP-HPLC method accuracy was
within a variation of <2% relative standard deviation (RSD) (Supplementary Table S1D). These results
indicate that this RP-HPLC method is suitable and, after appropriate method validation, can be used
for future testing of the 3BNC117-LS + 10-1074-LS co-formulated drug product.

3.3. Ion Exchange High-Performance Liquid Chromatography (IEX-HPLC)

To allow the characterization of charge heterogeneity and high-resolution separation of each
antibody (in the co-formulated sample), it was expected that the ion exchange (IEX) chromatography
can separate the two bNAbs based on their charge differences. IEX chromatography is a non-denaturing
technique and among the different IEX modes, since cation-exchange chromatography (CEX) is the
preferred approach for characterizing antibody charge variants [32,33], it was chosen. The CEX method
was developed on the Agilent 1260 Infinity quaternary LC system equipped with a solvent delivery
pump, an autosampler, and a diode array detector (DAD). A ProPac WCX-10, 250 X 4 mm column
(Thermo Scientific, Sunnyvale, CA, USA) was used for the method development. A “classical” salt
gradient separation (50% to 100% B in 35 min) was performed using mobile phase A, composed of
20 mM Acetate buffer, pH 5.2, and mobile phase B, composed of 20 mM Acetate buffer containing
300 mM sodium chloride, pH 5.2. The flow rate was set to 0.7 mL/min and column temperature
was maintained at 30 °C. Peak detection was carried out at 280 nm and after integration of peaks,
the percentage peak areas of each peak (as well as charge variants i.e., main, acidic, basic peak)
corresponding to each monoclonal antibody were calculated (Figure 2A). This weak cation exchange
(CEX) chromatography method was used to perform qualitative and quantitative analysis of the
charge variants for each of the separated antibodies. The optimized CEX-HPLC method was further
tested for linearity, precision, accuracy, and specificity parameters. Linearity was evaluated for main
peaks, pre-main peaks, post main peaks, and total peak areas of 10-1074-LS and 3BNC117-LS in a
co-formulated sample by calculation of a regression line using the least squares method (Figure 2B-D).
Precision, for intra- and inter-assay variability, of the total peak area was assessed by testing the
repeatability of the target concentration of 100 pg (total) six times. The charge variants for both
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10-1074-LS and 3BNC117-LS were within 2.2% for the total peak area with intra-assay precision within
1.1-2.2% and inter-assay precision within <2.2% (Supplementary Table S2A). The variability of the
10-1074-LS specific peak was similar, with intra-assay precision < 2.1% and inter-assay precision < 1.8%
(Supplementary Table S2B). The variability of the 3BNC117-LS specific peak was slightly higher,
although similar, with intra-assay precision < 2.6% and inter-assay precision < 2.7% (Supplementary
Table S2C). The accuracy was tested by percentage recoveries of the mean of three determinations of
six different concentrations (50 to 300 pg column load); the method accuracy was observed to be <2%
relative standard deviation (RSD) (Supplementary Table S2D). Based on these results, this CEX-HPLC
method is suitable and after appropriate method validation can be used for future testing of the
3BNC117-LS + 10-1074-LS co-formulated drug product.
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Figure 1. Reverse phase chromatogram with UV absorbance at 214 nm showing separation of two
antibodies in the 1:1 co-formulated sample (total 150 mg/mL). (A) Peaks separated by reversed phase
HPLC corresponding to the two antibodies are labeled. Inset shows the overlapped reverse phase
chromatograms from the two-separate RP-HPLC run corresponding to the two antibodies, each at
150 mg/mL. The chromatography conditions were the same for the co-formulated and the individual
antibody samples. Linearity analysis of concentration (in pug; x-axis) dependent increase in area
under the curve (in Absorbance Units, AU; y-axis) for (B) total area (3BNC117-LS + 10-1074-LS),
(C) 3BNC117-LS specific area, and (D) 10-1074-LS specific area.
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Figure 2. (A) Cation exchange chromatogram with UV absorbance at 280 nm showing separation of two
antibodies in the 1:1 co-formulated sample (total 150 mg/mL). Peaks for each of the antibody are labeled.
Inset shows the overlapped cation exchange chromatograms from the two separate chromatography
runs corresponding to the two antibodies, each at 150 mg/mL. The chromatography conditions were the
same for the co-formulated and the individual antibody samples. Linearity analysis of concentration
(in pg; x-axis) dependent increase in area under the curve (in Absorbance Units, AU; y-axis) for (B)
total area (3BNC117-LS + 10-1074-LS), (C) 3BNC117-LS specific area, and (D) 10-1074-LS specific area.

3.4. Size-Exclusion High-Performance Liquid Chromatography (SE-HPLC)

To separate the two antibodies (in the co-formulated sample) based on their molecular size and
achieve separation through differential exclusion, we used Size Exclusion HPLC (SE-HPLC). SE-HPLC
is widely used for determining the antibody purity, through the determination of percent monomer
(and assessments of % HMW, High Molecular Weight, and % LMW, Low Molecular Weight, species),
and therefore we were conscious of the possible limitation of the method to fully resolve the two
similarly sized monoclonal antibodies in the co-formulated sample. When we evaluated two mobile
phases (100 mM sodium acetate (pH 6.0) and 100 mM sodium sulfate (pH 6.0)) for the resolution
of the antibodies in the co-formulated sample, we found that both phases resulted in one broad
peak with no resolution of the two antibodies (data not shown). However, when we changed the
mobile phase to 10 mM histidine, 50 mM arginine, 100 mM sodium sulfate, pH 6.0, a slight separation
between the two peaks was observed (Figure 3A). When the salt (sodium sulfate) concentration was
gradually increased from 100 to 550 mM sodium sulfate, to probe the effect of increasing salt on the
separation of the two peaks (10-1074-LS and 3BNC117-LS peaks), we observed separation with greater
resolution, despite the broadening of the late eluting 10-1074-LS peak. From the outset, since the
intent of the SE-HPLC was not to resolve the two mAbs but to detect the levels of HMW (and LMW)
species in the co-formulated sample and quantify aggregate levels (at the time of product release and
during long-term storage) to ensure a means for measurement of percent monomeric antibody in
the co-formulated milieu, this SE-HPLC method was accepted to be appropriate for use and tested
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further for linearity, precision, accuracy, and specificity parameters. Linearity was verified in a range
of co-formulated samples with a R? of >0.99 (Figure 3B-D). The intra- and inter-precision at the target
column load of 100 ug (total) for the main peak (monomer) area was within <0.2% (Supplementary
Table S3A). The intra- and inter-precision at the target column load of 100 pg (total) for the % HMW peak
area was within <0.7% and <4.3% (Supplementary Table S3B). However, the intra- and inter-precision
at the target column load of 100 ug (total) for the % LMW peak area was higher, within <18.4% and
<14% (Supplementary Table S3C); this higher % RSD was due to lower signal levels (lower levels of
LMW), closer or below limit of quantification (LOQ). Accuracy was tested by percentage recoveries
of the mean of three determinations of six different concentrations precisely prepared (50 to 300 pg
column load); the method accuracy was observed to be within 2% RSD (Supplementary Table S3D).
These results indicate that the SE-HPLC method is suitable and after appropriate method validation
can be used for future testing of the 3BNC117-LS + 10-1074-LS co-formulated drug product.
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Figure 3. (A) Size exclusion chromatography profiles of 150 mg/mL for 10-1074-LS and 3BNC117-LS
antibodies, individually formulated (top) and after co-formulation (1:1, 75 mg/mL each) (bottom)
on the TSKgel column. Linearity analysis of concentration (in pug; x-axis) dependent increase in
area under the curve (in Absorbance Units, AU; y-axis) for (B) average main peak (monomer) area
(8BNC117-LS + 10-1074-LS monomer), (C) average High-Molecular Weight (HMW) peak area, and (D)
average Low Molecular Weight peak area.

3.5. Positive Identification of Individual Antibody in the Co-Formulation Sample Using Anti-ID (Idiotype)
Based ELISA

Since wildtype gp120-based ELISA would not be successful in differentiating the binding and
the identity of the two antibodies, when present in a co-formulated sample, we generated a 10-1074
idiotype-specific antibody and a 3BNC117 idiotype-specific antibody to serve as reagents in anew ELISA
that would utilize each antibody’s identity based on their unique idiotype (ID). This format would
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provide a means for measuring the identity of an individual antibody in the co-formulated sample.
After a series of optimization experiments, the anti-ID ELISA was successful to identify and differentiate
both antibodies as well as detect their identity in the co-formulated sample (Figure 4). The anti-ID
ELISA was tested for precision and accuracy (data not shown) and the overall variability, particularly
inter-assay, was well within the 30-40% RSD, seen in bioassays (data not shown). These results indicate
that the anti-ID based ELISA can be used for future testing of identity of the 3BNC117-LS + 10-1074-LS
co-formulated drug product, after appropriate method validation.
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Figure 4. Test of identity of individual antibodies (3BNC117-LS and 10-1074-LS) in co-formulated
sample (of 150 mg/mL total concentration) using anti-idiotypic (anti-ID) antibodies. Individual
antibodies, 3BNC117-LS and 10-1074-LS at 150 mg/mL, were used as a reference standard. Open
circle, dotted line—3BNC117-LS (150 mg/mL, reference standard), filled circle, filled line—3BNC117-LS
(at 75 mg/mL in co-formulated sample), open square, dotted line—10-1074-LS (150 mg/mL, reference
standard), filled square, filled line—10-1074-LS (at 75 mg/mL in co-formulated sample).

3.6. Potency Testing of Individual Antibody in the Co-Formulation Sample Using a Virus Neutralization Assay

A traditional HIV-1 pseudovirus neutralization assay was used to evaluate the functional activity or
potency of the individual antibodies in the co-formulated sample. To do so, two panels of pseudoviruses
(total n = 20) were selected: one panel (n = 10) for 3BBNC117 and another (n = 10) for 10-1074. To test
for 3BNC117 potency/functional activity, the panel involved ten 3BNC117 sensitive/10-1074 resistant
viruses; to test for 10-1074 potency/functional activity, the panel involved ten 3BNC117 resistant/10-1074
sensitive viruses. Viruses were selected for having low/medium to high sensitivity to a single antibody
based on historical data (data not shown). MuLV (Murine Leukemia Virus), a non-relevant virus,
was used as a negative control and was not neutralized by either of the two control antibodies
(data not shown). In comparison to the individual antibody (3BNC117 or 10-1074), used as control,
the two co-formulated antibodies were potent and demonstrated their specific neutralization activity
in their respective panels (Table 1A-D). Out of the 10 viruses sensitive to 3BNC117, 0013095-2.11
is not highly sensitive to 3BNC117; therefore, not only is the IC80 >25 ug/mL, the IC80 of the
co-formulated 3BNC117-LS and 10-1074-LS is also higher when compared to IC80s for other viruses
for the co-formulated product. (Table 1A). Despite this one virus, which could be replaced by another
virus in future, based on these results, the pseudovirus neutralization assay using the defined panel of
viruses can be used for future testing of the 3BNC117-LS + 10-1074-LS co-formulated drug product.
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Table 1. Neutralization activity of co-formulated 3BNC117-LS and 10-1074-LS (total 150 mg/mL) using
2 panels of pseudoviruses in TZM-bl cells. One panel (A,B) is used to test potency/functional activity
of 3BNC117 (3BNC117 sensitive/10-1074 resistant viruses (n = 10)) and the other panel (C,D) is used
to test potency/functional activity of 10-1074 (10-1074 sensitive viruses/3BNC117 resistant (1 = 10)).
The pseudovirus strains are indicated at the top of the table and IC50 and IC80 values (in pg/mL) for
each of the samples, against those viruses, are reported. Individual antibodies, 3BNC117 and 10-1074,
are used as controls for each panel. LS—Leucine-Serine substitution.

(A)

Samples ZM249M.PL1 Q461.e2 0013095-2.11 62357.14.D3.4589 ZM53M.PB12
3BNC117.LS + 1C50 1C80 1C50 1C80 1C50 1C80 1C50 1C80 1C50 1C80
10-1074.LS DP 0.042 0.15 0.042 0.153 1.161 15.162 0.043 0.15 0.153 0.568

3BNC117.LS (control) 0.037 0.13 0.039 0.143 1.396 >25 0.036 0.17 0.214 0.796
10-1074.LS (control) >25 >25 >25 >25 >25 >25 >25 >25 >25 >25
(B)

Samples C2101.c01 C4118.c09 THRO4156.18 415.v1.c1 CNE5
3BNC117.LS + IC50 IC80 IC50 IC80 IC50 IC80 IC50 IC80 1C50 1C80
10-1074.LS DP 0.029 0.135 0.034 0.162 1.498 8.209 0.05 0.115 0.193 0.898

3BNC117.LS (control) 0.044 0.15 0.051 0.183 1.939 9.815 0.048 0.142 0.193 0.911
10-1074.LS (control) >25 >25 >25 >25 >25 >25 >25 >25 >25 >25
(©)

Samples 1394C9_G1 (Rev-)  ZM247v1 (Rev-) Du422.1 6631.v3.c10 377.v4.c9
3BNC117.LS + 1C50 1C80 1C50 1C80 1C50 1C80 1C50 1C80 1C50 1C80
10-1074.LS DP 0.02 0.077 0.02 0.099 0.032 0.114 0.157 0.796 0.418 1.397

3BNC117.LS (control) >25 >25 >25 >25 >25 >25 >25 >25 >25 >25
10-1074.LS (control) 0.033 0.119 0.036 0.162 0.045 0.161 0.189 0.968 0.433 1.515
(D)

Samples 20915593 T278-50 21197826-V1 Du151.2 19715820_A10_H2
3BNC117-LS + 1C50 1C80 1C50 1C80 IC50 1C80 IC50 1C80 IC50 1C80
10-1074-LS DP 1.525 5.872 1.047 11952 0.678 2.269 0.004 0.013 0.056 0.204

3BNC117-LS (Control) >25 >25 >25 >25 >25 >25 >25 >25 >25 >25
10-1074-LS (control) 2.02 5.817 2.174 15.13 0.613 2.188 0.005 0.015 0.074 0.253

3.7. Stability Assessment of Co-Formulated Antibodies

To assess the stability of the co-formulated antibodies at high-concentration in the chosen
formulation, we performed a 28 day short stability study that included both a real-time stability study
in storage conditions (i.e., at 5 + 3 °C) and a study of samples in accelerated (25 + 2 °C/RH 60% + 5%)
and stressed (40 + 2 °C/RH 75% + 5%) conditions. RH here refers to Relative Humidity.

For the real-time stability study, we used 2.0 mL co-formulated samples in 3.0 mL Schott glass
vials and incubated the samples at 5 + 3 °C. For evaluation at accelerated and stressed conditions,
we used similar sample volumes in 3.0 mL Schott vials and incubated them at 25 + 2 °C/RH 60% + 5%
(accelerated conditions) and 40 + 2 °C/RH 75% + 5% (stressed conditions). Samples were analyzed at
T =0, before study start, and thereafter samples were collected on a weekly basis and analyzed for visual
appearance, pH, total protein concentration by UV spectroscopy (280 nm), purity (by determining %
monomer and HMW aggregates) by SE-HPLC, charge variants (i.e., relative levels of acidic and basic
species) by CEX-HPLC, content of individual antibody by RP-HPLC, protein degradation by SDS-PAGE,
sub-visible particles by FlowCAM® instrument, viscosity by Viscosizer TD, and (hydrodynamic) particle
size by DLS. At real-time storage conditions, the antibodies were stable in the co-formulated milieu
for up to 4 weeks across all test parameters (Table 2). In addition, the antibodies were also stable
in the accelerated conditions, 25 + 2 °C/RH 60% + 5%, for up to 4 weeks across all test parameters
(Supplementary Table 54). Furthermore, the co-formulated antibodies were stable up to 4 weeks at
stressed conditions, 40 + 2 °C/RH 75% =+ 5%, (Supplementary Table S5).

81



Antibodies 2020, 9, 36

Table 2. Summary of 28 day stability testing results of co-formulated antibodies, 3BNC117-LS and
10-1074-LS (total 150 mg/mL), evaluated at 0, 1, 2, 3, and 4 weeks, after incubation at storage conditions
of 5 + 3 °C. HMW = High Molecular Weight; d.nm = Diameter in nm; PDI = Polydispersity Index;
P/mL = Particles/mL.

Test Attributes Weeks
0 1 2 3 4

pH 5.65 5.6 5.62 5.60 5.59

A280 (mg/mL) 142 137 142 139 149
Viscosity (cP) 10.70 11.08 12.09 11.16 12.89
Osmolality (mOsm/Kg) 345 336 333 336 337
HMW (%) 2.98 3.11 3.14 3.58 3.5
SE-HPLC Main Peak (%) 9690 9681 9684 9641 96.46
Main Peak (%) 4878 4908 4915 4927 4971
3%};3\?5111}55 Pre-Main Peaks (%) 47.68 4640 4604 4474 4497
B Post-Main Peaks (%) 3.54 4.52 4.81 5.99 5.32
Main Peak (%) 3268 3504 3522 3599  37.72
%ﬁ;ﬂg Pre-Main Peaks (%) 6164 5970 5955 5907  57.45
bl Post-Main Peaks (%) 5.68 5.26 5.23 4.94 4.83

3BNC117-LS (mg/mL) 68.05 65.88 70.00 68.70 71.48

RP-HPLC 10-1074-LS (mg/mL)  76.70 7575 8054 7883 82.09
DLS Z-Average (d.nm) 10.25 10.44 10.26 10.23 10.30
PDI 0.18 0.21 0.19 0.18 0.19
2-10 pm (P/mL) 191 101 253 126 475
FlowCAM 1025 m (P/ml) 31 23 46 36 107
25-50 um (P/mL) 15 16 8 9 8

In addition to the above analysis, a limited set of samples (T = 2 weeks and T = 4 weeks) from all
3 (real-time, accelerated, and stressed) conditions were tested for potency (functional activity) of the
antibodies using pseudovirus neutralization assay. When compared to unincubated co-formulated
samples (control) (Table 1A-D), all samples were found to neutralize the pseudoviruses with little to
no change in IC50 and 1C80 values and hence found to be stable for up to 4 weeks (Supplementary
Table S6A-D). These results indicate not only the utility of the various assays in monitoring antibody
stability in the co-formulated sample but also highlight the stability and suitability of the formulation
in co-formulating the two antibodjies.

This initial stability assessment and identification of appropriate analytical assays support the
clinical development of these co-formulated drug products for future clinical studies.

4. Discussion

After the initial evaluation of passive administration of first generation anti-HIV antibodies
(4E10+2F5+2G12) [34], the identification of a large number of next-generation anti-HIV bNAbs with
greater breadth and potency in the past decade has opened the possibility for antibody-based treatment
and/or prevention of HIV-1 infection. Several bNAbs have recently progressed to clinical trials
in humans: VRCO1 [13,14]/VRCO01LS, 10-1074 [15]/10-1074-LS [16], 3BNC117 [17]/3BNC117-LS [18],
VRC07-523-LS [19], PGT121 [20,21], and PGDM1400 [21] or their combinations. These early (phase I)
clinical studies, with safety, pharmacokinetics, and viral load re-bound or decay as endpoints,
have primarily used antibodies formulated for IV infusion. However, to overcome the vast diversity of
HIV-1 variants, it is becoming increasingly clear that combinations of (two or more) bNAbs targeting
distinct epitopes on the viral envelope (Env) will likely be required [35]. To support the development of
bNAb combinations as products for clinical studies, co-formulating two or more antibodies, targeting
different Env epitopes, as a single drug product and using a subcutaneous (SC) route for administration,

82



Antibodies 2020, 9, 36

are under consideration in multiple clinical studies. To that end, not only the high-concentration
formulation of two or more antibodies in a limited volume will be necessary, but methods to test their
individual quality attributes (e.g., purity, charge variants, potency) of the individual antibody in the
co-formulated milieu will be required [35].

In this study, two anti-HIV-1 antibodies, 3BNC117-LS and 10-1074-LS, were co-formulated in
a 1:1 ratio to achieve a final concentration of 150 mg/mL in 5 mM Histidine, 250 mM Trehalose,
10 mM Methionine, 5 mM Sodium Acetate, 0.05% Polysorbate 20, pH 5.5 buffer. To support
the high-concentration formulation and development of the two antibodies for subcutaneous
administration, formulation optimizations and analytical test method development and optimizations
were performed. Analytical characterization and separation of individual antibodies in the
co-formulated sample was challenging due to the high degree of similarity in the physico-chemical
properties of the two (3BNC117-LS, and 10-1074-LS) antibodies. Systematic analytical development
was carried out, using several methodologies, to obtain separation of the two antibodies. Specifically,
chromatographic methods were developed to resolve and assess the quality attributes of the individual
antibody in the co-formulated drug product. RP-HPLC and CEX-HPLC methods resulted in
baseline separation of the two antibodies (3BNC117-LS and 10-1074-LS) in the co-formulated sample,
and the peak profiles compared well to the individually (high-concentration) formulated antibodies.
The SE-HPLC method was used to assess the combined high molecular weight species of the two
antibodies; the data showed partially separated peaks, corresponding to the two co-formulated
antibodies, with no additional % HMW species at this stage. Further evaluation of all HPLC methods
for specificity, purity, accuracy, precision, and repeatability confirms that the methods are suitable for
future testing of the such co-formulated antibody-based drug product.

In addition to the HPLC methods, an anti-ID ELISA was developed to test identity of the individual
antibodies in the co-formulated drug product. In addition, the utilization of a separate and well-defined
pseudovirus panel in a virus neutralization assay provided a functional assay platform to not only
evaluate the potency/functionality of the individual antibodies but also an approach to test two
(or more) antibodies via this functional assay.

In summary, through demonstration of the high-concentration co-formulation of two anti-HIV-1
antibodies and the development of separation-based testing methods, we present several analytical tools
to test physico-chemical and functional attributes of co-formulated antibodies, which can contribute to
the clinical development of these high-concentration antibodies. Finally, the little to no inter-molecular
protein—protein interaction between the antibodies, even at >150 mg/mL, and their stability profile
ensure the possibility of the development of such high-concentration antibodies as products for HIV
prevention and/or treatment.

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4468/9/3/36/s1:
Table S1: Precision and accuracy of the reverse phase chromatography method during analysis of co-formulated
antibodies. Intra- and Inter- assay precision of (A) total peak area (10-1074-LS and 3BNC117-LS peaks),
(B) 10-1074-LS-specific peak area and (C) 3BNC117-LS-specific peak area from six replicate runs of co-formulated
samples analyzed by reverse phase chromatography. (D) Accuracy determination from percent recovery of
a range of co-formulated samples analyzed on three different days (day 1, 2 and 3); Table S2: Precision and
accuracy of the cation-exchange chromatography method during analysis of co-formulated antibodies. Intra-
and Inter- assay precision of (A) total peak area (10-1074-LS and 3BNC117-LS peaks), (B) 10-1074-LS-specific
peak area and (C) 3BNC117-LS-specific peak area from six replicate runs of co-formulated samples analyzed by
cation-exchange chromatography. (D) Accuracy determination from percent recovery of a range of co-formulated
samples analyzed on three different days (day 1, 2 and 3) for 6 different concentrations (50, 80, 100, 120, 200
and 300 g); Table S3: Precision and accuracy of the size-exclusion chromatography method during analysis of
co-formulated antibodies. Intra- and Inter- assay precision of (A) main peak area (10-1074-LS and 3BNC117-LS
monomer), (B) High Molecular Weight (HMW) peak area and (C) Low Molecular Weight (LMW) peak area
from six replicate runs of co-formulated samples analyzed by size-exclusion chromatography. (D) Accuracy
determination from percent recovery of a range of co-formulated samples analyzed on three different days (day 1,
2 and 3) for 6 different concentrations (50, 80, 100, 120, 200 and 300 g); Table S4: Summary of 28-day stability
testing results of co-formulated antibodies, 3BNC117-LS and 10-1074-LS (each at 75 mg/mL), evaluated at 0, 1, 2,
3, and 4 weeks, after incubation at accelerated conditions of 25 + 2 °C/RH 60% + 5%. HMW = High Molecular
Weight; PDI = Polydispersity Index; P/mL = Particles/mL; Table S5: Summary of 28-day stability testing results
of co-formulated antibodies, 3BNC117-LS and 10-1074-LS, evaluated at 0, 1, 2, 3, and 4 weeks, after incubation
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at stressed conditions of 40 + 2 °C/75 + 5% RH. HMW = High Molecular Weight; PDI = Polydispersity Index;
P/mL = Particles/mL; Table S6: Testing of functional activity of 3BBNC117-LS and 10-1074-LS in the co-formulated
samples from the 28-days stability study using pseudovirus neutralization assay. 2 weeks samples (T = 2 weeks)
and 4 weeks samples (T = 4 weeks) were selected from all 3 conditions and analyzed against 2 panels of
pseudoviruses in TZM-bl cells. One panel (A and B) is used to test functional activity of 3BNC117 [3BNC117
sensitive/10-1074 resistant viruses (n = 10)] and the other panel (C and D) is used to test functional activity of
10-1074 [3BNC117 resistant/10-1074 sensitive viruses (n = 10)]. Both IC50 and IC80 values (in g/mL) are reported.
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Abstract: Pathogenic bacteria are a global health threat, with over 2 million infections caused by
Gram-negative bacteria every year in the United States. This problem is exacerbated by the increase in
resistance to common antibiotics that are routinely used to treat these infections, creating an urgent need
for innovative ways to treat and prevent virulence caused by these pathogens. Many Gram-negative
pathogenic bacteria use a type III secretion system (T3SS) to inject toxins and other effector proteins directly
into host cells. The T3SS has become a popular anti-virulence target because it is required for pathogenesis
and knockouts have attenuated virulence. It is also not required for survival, which should result in less
selective pressure for resistance formation against T3SS inhibitors. In this review, we will highlight selected
examples of direct antibody immunizations and the use of antibodies in immunotherapy treatments that
target the bacterial T3SS. These examples include antibodies targeting the T3SS of Pseudomonas aeruginosa,
Yersinia pestis, Escherichia coli, Salmonella enterica, Shigella spp., and Chlamydia trachomatis.

Keywords: type III secretion system; antibodies; prophylaxis; antibacterials; antibiotics

1. Introduction

The type III secretion system (T3SS) is a multimeric protein complex used by many pathogenic Gram-
negative bacteria to cause and maintain an infection [1]. Pathogens that use a T3SS include Chlamydia trachomatis,
Escherichia coli, Pseudomonas aeruginosa, Salmonella enterica, Shigella spp., Vibrio cholerae, and Yersinia pestis [2].
The T3SS functions as a molecular syringe, sometimes called an injectisome that bacteria use to translocate
effector proteins directly into a host cell (Figure 1) [3]. The T3SS is comprised of three major components. First,
a basal body that anchors the structure to the bacterial membrane containing an ATPase at the base that powers
the secretion of proteins. Next, the needle itself acts as a tunnel that spans the extracellular space between the
pathogen and host cell. Finally, there is a translocon that forms a pore in the host cell membrane [4]. Due to the
small diameter of the needle, the effector proteins must be unfolded to be translocated and then are re-folded
after entering the host cell [5]. These effector proteins are responsible for modifying the host cell functions in
ways that are beneficial to the pathogen. This includes mechanisms such as reprogramming host machinery to
allow for colonization through interference with actin and tubulin, gene expression, or cell cycle progression
(Salmonella spp., Shigella spp.) [6,7]. Some pathogens even interfere with or induce programmed cell death
(Yersinia spp., Pseudomonas spp.) [8,9].
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Figure 1. T3SS Structure and Common Targets. Modified from [3].

The T3SS is becoming an important anti-virulence target for many reasons. The T3SS is specific
to Gram-negative pathogens, meaning any interventions targeting it should not affect commensal
bacteria [10]. Bacteria containing a nonfunctional T3SS also have attenuated virulence but are still
capable of growth [11-15]. This lends to the theory that inhibiting the T3SS will reduce the selective
pressure on the bacterial pathogen to form resistance, leading to slower formation of resistance to T35S
inhibitors [16]. Small molecule inhibitors of the T3SS have been shown to increase survival rates after
infection with otherwise lethal doses of bacterial pathogens [10,17].

Mammalian immune systems produce antibodies (Ab) against T3SS proteins when natural infection
occurs [18-22]. Due to the high prevalence of infection caused by bacteria utilizing the T3SS, the majority
of humans have antibodies to the T3SS of some pathogens already in their system [22]. Durand et al.
tested human colostrum samples for Abs against T3SS proteins for Salmonella spp., Shigella spp., and E. coli
including the needle tip, translocon, and secreted effectors. They found that every sample collected
contained Abs to at least one of the aforementioned proteins and 10% of the samples contained Abs to
all 11 proteins tested [22]. When pregnant cattle were vaccinated against E. coli with two recombinant
T3SS-related proteins, EspB, and y-intimin, the Abs produced against these antigens was passed to their
calves through breast milk [23]. Rabinovitz et al. showed that calves with vaccinated mothers showed
markedly higher survival rates after a challenge of enterohemorrhagic E. coli (EHEC) than those with
sham-vaccinated mothers [24].

Antibody recognition can lead to rapid and robust responses by the immune system, removing
the pathogen before any symptoms can be felt or seen in the host. When this is the case, we consider
the host to be immune to the pathogen [25]. The presence of anti-T35S Abs is enough to identify that
an individual has come into contact with the pathogen with the T3SS protein in question, but not
necessarily that they have immunity. This is because not all Abs have the same immunoprotective
properties [26]. Notwithstanding this fact, the presence of the Abs targeting the T3SS and its effectors
across multiple bacterial species implies a significant therapeutic potential. The most T3SS structural
components are not expressed by non-pathogenic bacteria, allowing for the potential for enhanced
specificity. In this review, we will cover selected examples of promising and effective antibody-based
treatments and prophylactics that target the T3SS of pathogenic bacteria.

2. Antibody Structure and Function

The majority of antibodies are “Y” shaped immunoglobulin (Ig) proteins that are used by the
immune system to recognize antigens. They contain a variable domain on the tips on the Y and
bind to antigens. A non-variable or constant domain on the stem of the Y binds to cellular receptors
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(Figure 2A) [25]. There are five main isotypes of Abs found in humans: IgA, IgD, IgE, IgM and IgG.
IgA and IgG are the most commonly used in therapeutics [25,27,28]. IgA are found in the mucosal
membranes and help to prevent the colonization of mucosal pathogens. They are commonly found as
dimers that take the shape of two Y’s bound together at the stem [27]. IgG are considered memory
Abs and provide the main Ab-based immunity against pathogens and comprise approximately 80%
of total pooled Abs within humans [28]. Some antibodies, such as IgD, are membrane-bound and
involved in cellular signaling. Nearly all antibodies are glycosylated to assist in specificity and binding.
There are two main types of Abs in the context of antigen binding. Monoclonal antibodies (mAbs)
are identical in their sequence and specificity, while polyclonal antibodies (pAbs) are not identical in
sequence [25]. MAbs are more often used as therapeutics and vaccines due to their higher specificity
and homogeneity [29,30].

(A) Antibody Anatomy (B) Antibody Fragmentation (C) Single Domain Antibodies
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Figure 2. Structure of antibody and common fragmentation types: (A) generic anatomy of an antibody;

(B) visualization of fragmented antibodies; (C) single domain antibodies (sdAbs) and their fragmentation.

Antigen binding fragments (Fabs or Fvs) can often be used in place of whole antibodies. These fragments
are one light chain and a section of a whole Ab that contains the variable domain. Another type of fragment
called F(ab’),, essentially two Fabs linked together, can also be isolated from Ab solutions (Figure 2B).
Another Ab type that has become important in pharmaceutical development is small- or single-domain
antibodies (sd Ab) which were discovered in the family Camelidae (Figure 2C) [31,32]. These sdAb consist of
the heavy chain homodimers that lack the light chains entirely. SdAbs are often cleaved at their disulfide
bonds to separate the variable domain from the Fc region. The variable domain fragments are also called
single variable domains (VHH, scFv) because their antigen-binding site is a singular variable domain of a
heavy chain IgG. VHHs are also often called nanobodies due to their small size (Nanobody™ is a trademark
of Ablynx N.V., Ghent, Belgium) [32].

There are multiple mechanisms by which an antibody can act to destroy or inactivate infectious
agents. These include: (1) Complement-dependent bacteriolysis; (2) Opsonization or phagocytosis;
(3) Antibody-dependent cell-mediated cytotoxicity (ADCC); (4) Agglutination; (5) Neutralization;
and (6) Secretion blockade (Figure 3) [25,33,34]. Mechanisms 1-3 and 5 were the original biological
effects that Abs were thought to perform. Agglutination (4) is not typically considered one of
the mechanisms of Abs against bacterial pathogens because it leads to mechanism 2 or 3 but is
included here for clarity. Secretion blockades (6) were only recently discovered in the context of T35S
inhibition research.

Complement activation occurs when Abs bind to an antigen of the bacteria or virus. This attracts
the first component of the complement cascade and subsequently the classical complement system [33].
This activation results in pathogen death. The entire process is called complement-dependent
cytotoxicity (CDC). CDC is divided into two distinct pathways for pathogen elimination; the Ab
attracts and begins the formation of a membrane attack complex which then assists in bacteriolysis
(1) or the Ab marks the bacteria for opsonization by neutrophils, macrophages, or other phagocytes
(2) [33]. Opsonization is considered an indirect inactivation or inhibition of pathogenesis by Abs.
This is because the Ab itself does not cause the halt of pathogenesis. Along with eventual bacterial
death, complement activation also attracts inflammatory cells to the site [25].
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Figure 3. Mechanisms initiated by antibodies to destroy bacteria or toxins. (1) Bacteriolysis occurring
after complement activation; (2) Opsonization by a macrophage or neutrophil after Fc sequence
recognition; (3) Antibody-dependent cell-mediated cytotoxicity (ADCC) of an infected host cell;
(4) Agglutination; (5) Neutralization of a bacterial secreted toxin; (6) Secretion blockade preventing
T3SS proteins from being secreted. Image modified from [34].

ADCC is initiated by Abs that mark infected host cells for digestion or lysis (3). For example,
after a pathogen invades a host cell, the host cell may break up some of the pathogen’s proteins and
display them on the host membrane. Abs can bind to the displayed pathogen protein fragments and
be recognized by natural killer (NK) cells. The NK cells then induce apoptosis of the infected host
cell [35]. For clarity within this review, Abs that attach to antigens presented on the host cell will be
considered marked for ADCC. When the bacterial cell is attached to the host cell then either ADCC or
opsonization can be considered.

Agglutination occurs when the Ab binds to multiple foreign cells, clumping them together into
large attractive targets for phagocytes (4). This eventually leads to opsonization (2). Agglutination also
activates natural killer cells and initiates ADCC (3) [33,35]. Agglutination helps to prevent cell division
in bacterial pathogens by physically lumping the cells together [25].

Neutralization is the process in which an Ab binds to an antigen, typically a toxin, causing physical
or chemical inactivation of that antigen (5) [33]. Precipitation is another specific way in which antigens
can be neutralized. Abs may bind to multiple soluble antigens to create larger, insoluble clumps that
precipitate out of solution, once again making them attractive targets for phagocytes [33].

The most recently discovered mechanism for deactivating pathogens are secretion blockades.
A secretion blockade occurs when the Ab binds to a secretion system and physically blocks the secretion
of protein (6). This helps to prevent the bacteria from binding to host cells and infecting them [34].
This mechanism is initiated by Abs targeting the translocon or needle tip proteins of the T3SS. When
Abs latch onto these proteins it can create a physical barrier, preventing the needle tip from attaching
to the translocon correctly or the translocon from integrating into host cell membranes. One example
of this phenomenon is seen by specific anti-LcrV Ab blocking the apoptotic action of LerV, the Yersinia
spp. needle tip, against human T-cells [36].

3. Antibodies as Pharmaceuticals

Edward Jenner, the father of the modern vaccine, used the blood serum of milkmaids who were
immune to smallpox due to their exposure to cowpox to successfully vaccinate a child against smallpox [37].
This strategy was inspired by the way infants receive protection from maternal antibodies contained
in their mother’s milk and was considered to be a passive immunization [23,38]. Since Jenner’s time,
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passive immunization has come to mean the direct administration of purified antibodies or antibody
serum rather than human blood containing antibodies [30]. In contrast, active immunization is done with
an antigen, such as a toxoid, or with whole-cell vaccines. The passive distinction comes from the lack of
immune response required by the host to confer immunity.

Any vaccine can become ineffective over time due to mutations of the bacteria or virus, but when the
protein’s sequence is highly conserved the chance of mutation is decreased [38]. Many components of the
T3SS, such as the translocon, needle tip, needle subunits, and ATPases, are highly conserved between strains
of a species of bacteria and often even between species of a particular genus [2]. This conservation allows
for the immune response elicited by the injected antigen to have a high likelihood of recognition amongst
different species or serovars of bacteria within the same genus. Vaccines targeting the T35S also have
shown promise as some subunit vaccines of the Yersinia needle tip protein have gone into clinical trials [39].

Nonspecific polyclonal human IgG pooled from 10,000 s of donors is known as intravenous
immunoglobulin (IVIG) and has a wide variety of clinical uses that highlight the importance of using IgG
as a therapeutic. IVIG contains antibodies with the ability to bind to a wide variety of antigens because
it is pooled from so many donors [40,41]. IVIG is often used in immunocompromised patients as a
prophylactic to prevent infection [42,43], or in those struggling with active infections [44,45]. If a grouping
of non-specific antibodies can help to prevent and treat disease, then antibodies designed specifically to
act upon pathogens should be able to do the same at a higher specificity without some of the common
side effects and complications of IVIG, such as fever, migraines, anxiety, nausea, and vomiting [46,47].
Other benefits to designed antibody therapeutics are the consistency in their preparation, homogeneity of
contents, and ease of engineering [48].

Antibodies have recently come into prominence as therapeutics. To date, there have been approximately
85 mAbs approved by the FDA for use as immunotherapy and 80 that have been approved by countries
within the European Union [49]. Abs used as therapeutics are often administered via intravenous (IV)
injections, intramuscularly, or parenterally [28,47]. The route of administration can be very important for
the effectiveness of therapeutic Abs. For example, Sécher et al. showed the administration of anti-PcrV
pAbs is more effective at treating Pseudomonas aeruginosa infections when done via airways than through
parenteral injections [50]. This is likely due to the localization of the therapeutic at the area of infection
as P. aeruginosa infects lung epithelial tissue. In the case of a gastrointestinal pathogen, such as E. coli
or Shigella spp., an oral route of administration may be more effective than IV injections [51]. Hill et al.
showed that local administrations of anti-LcrV and F1 Abs could be used as a Yersinia infection treatment or
prophylactic, while injections of the same Abs could only act preventatively when administered multiple
weeks in advance [52]. Their research suggests that this method of localization to the lung could be effective
as a fast-acting post-exposure treatment for pneumonic plague.

Breastfeeding has been shown to reduce the risk of infant diarrheal disease, of which E. coli is a
main culprit, from 76% to 26% [53]. Loureiro et al. showed that passive immunization of infants with
anti-T3SS Abs via breastfeeding protects them against infection with two strains of EPEC. Abs targeting
three separate T3SS-related proteins were discovered in infants in areas where EPEC-caused diarrhea
is endemic. These Abs were isolated from blood samples and shown to decrease host cell binding of
EPEC. They also acted as potent opsonins for killing EPEC [18]. Both of these are evidence for the
protective properties of anti-T3SS Abs against Gram-negative pathogenic bacteria.

No studies on Abs protecting against a bacterial challenge have been performed in human
infants. There have, however, been studies in baboons. Kapil et al.’s study of maternal vaccination
against Bordetella pertussis, the causative agent of whooping cough, showed that Abs transferred
via breastfeeding were sufficient to protect against a B. pertussis infection. Infant baboons born to
vaccinated mothers did become highly colonized with the pathogen but did not exhibit signs of disease
and cleared the infectious bacteria approximately three weeks after bacterial challenge. The infants
born to non-vaccinated mothers, on the other hand, exhibited severe disease symptoms and all but one
were euthanized due to the severity of symptoms [54].
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3.1. Challenges of Anti-T3SS Antibody Therapies

Compared to small molecules, Abs have much higher specificity and affinity to their targets and can
easily be identified as drug candidates. They also have longer half-lives due to lower CYP450 metabolism
and high serum stability [29]. Along with these benefits, Abs are twice as likely to be approved and
moved to market once entering in-human trials than small molecules [55]. All of these traits make Abs
desirable candidates for drug development. Unfortunately, there are some downsides to Ab therapeutics
when compared to small molecules. Abs typically cannot penetrate cell membranes, which means
that intracellular targets are unavailable to them [56]. This issue has inspired techniques to engineer
cell-penetrating Abs and antibody fragments, but these increase the cost of production [57]. Abs also
have a higher cost of production than small molecules [58].

When discussing antibody therapies the risk of host rejection and severe side effects must also
be considered. A higher dosage leads to a higher risk of adverse side effects or effects on plasma
viscosity. This is most commonly an issue with IVIG where replacement treatments are approximately
200-400 mg/kg given every two to three weeks continuously and acute treatments can reach 2000 mg/kg
monthly. The large doses in IVIG treatment are less desirable when compared to the treatment of acute
infections with mAbs that range closer to 5-50 mg/kg [59]. This can be contrasted, however, with the
risk of anti-antibody formation.

Prolonged use of biologics, particularly mAbs, can cause the development of anti-drug antibodies
(ADAsS). IVIG is at low risk for ADA neutralization because the solution of Abs is from separate donors
and less likely to contain high concentrations of any particular antibody. In comparison, mAbs are a
singular Ab, meaning only one type of ADA is required for neutralization. Once ADA are present in the
patient the treatment is often no longer administered due to changes in pharmacokinetics (PK) and the
risk of allergic reactions. ADAs can function by a variety of different mechanisms. Some ADAs, called
binding ADAs, increase clearance by complex formation while others, neutralizing ADAs, increase
clearance and neutralize by binding to the epitope associated with the therapy [59]. Once a biologic
therapy reaches preclinical status, the effect of ADAs on immunogenicity and PK must be considered
and determined. The risk of an allergic reaction due to ADA formation must also be documented.
The production of ADAs against an anti-T3SS antibody would not necessarily be prohibitory to its
success. The risk of ADAs against mAbs currently on the market range from 0% to 89%, although the
majority are under 10% [59].

Clinical trials of antibodies used to treat Gram-negative infections, including sepsis, have had
limited success in the past. IVIG has been approved to treat sepsis, but there is a high degree of
heterogeneity in the results of treatment, leading to unclear guidelines for dosing and preparation [48].
MADbs have faced even larger difficulties. A clinical trial on the effects of anti-lipopolysaccharide (LPS)
IgG revealed no therapeutic benefit in any clinical parameter measured from either the administration
of anti-LPS mAbs or endogenously produced antibodies [60]. It is unclear whether therapeutic
antibodies targeting the T35S will encounter the same difficulties. A clinical trial on an anti-PcrV F(ab’),
was tested for its efficacy at preventing and treating sepsis due to P. aeruginosa. The treatment did
significantly prevent onset of sepsis, but protection was not considered complete. When administered
after the onset of sepsis there was a slowing of disease progression, resulting in a decreased rate of
septic shock. Presence of the pathogen, however, was not significantly decreased by the administration
of anti-PcrV F(ab’); [61]. This suggests that anti-T3SS antibody treatments alone may not be enough to
treat or prevent disease.

The research presented in this review is focused on the use of anti-T3SS Abs as individual therapies,
but combination therapies are more likely in practice [62,63]. Combination therapy may reduce drug
resistance emergence by allowing for reduced dosages and treatment duration of antibiotics [64].
Evidence of this synergistic approach can be seen in Secher et al.’s study of an anti-P. aeruginosa mAb
with meropenem, a broad-spectrum antibiotic. They found treatment with this combination led to
an additive effect. When the combination was given to patients with meropenem-resistant infections
the mAb efficacy was comparable to treatments with the mAb alone against meropenem-sensitive
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infections [65]. Le at al. demonstrated that MEDI3902, an anti-T3SS mAb, showed enhanced activity
when treating P. aeruginosa infections when administered in combination with a subtherapeutic
dose of meropenem [66]. These studies, along with others discussed in this review, are evidence
of practical applications of anti-T3SS Ab therapeutics when used in combination with traditional
antibiotic approaches.

3.2. Strategies to Enhance Antibody Production

The costs associated with antibody production and isolation can be a limiting factor in their
use. Strategies to enhance and reduce the cost of antibody therapeutics is an ongoing research area.
Since the mid-1970s, hybridomas have been the main technology used in mAb production. The most
common cells used for recombinant mAb production are Chinese hamster ovary (CHO) cells [67,68].
Identification and engineering of high-Ab production cell lines have long been a challenge. CHO cells
are known to produce antibodies at approximately 1 g/L after optimization [68,69]. Factors that play
a role in the success and efficiency of cell lines include the time until desired cell density is reached,
the duration of production time allowing for antibody harvesting, and the overall titer of antibody
produced [67]. Itoh et al. found that suppression of apoptosis-associated genes allows for longer
culture times and therefore higher Ab titers [70]. The overproduction of proteins involved in protein
folding, such as CHOP, have also shown improvement in the viability of antibodies produced [71].
Sittner et al. developed fluorescence-activated cell sorting (FACS) to produce Abs more effectively
against LcrV, a T3SS needle tip protein. This technique is intended to be used in conjunction with
hybridoma mAb production. FACS increased yields of mAbs by 773%, from 22 to 170 positive clones
per spleen [72].

MADbs are routinely produced by hybridomas; replacing them with bacteria is a strategy to reduce the
cost of production [73,74]. MADbs produced in bacteria face challenges of protein aggregation, inefficient
folding, and low yields [75]. Zhou et al. produced a full-length mAb in E. coli by fusing the signal
peptide of disulfide oxidoreductase to the N-terminus of the heavy chain of the mAb to assist in secretion
into and accumulation in the periplasm. This tag helped to reduce the bottleneck in production caused
by inefficient heavy chain secretion [73]. Plants have also been used to produce Abs cost-effectively.
Saberianfar et al. isolated sdAbs that target a T3SS effector from tobacco (Nicotiana benthamiana) leaves at
a level of 1% to 3% of total soluble protein [74].

4. T3SS Components Targeted by Antibodies

The two most common targets of antibodies against the T3SS are the needle tip and translocon
proteins. The binding sites of Abs to either of these proteins are easily accessible to the antibodies due to
their extracellular location. Binding marks the bacteria for opsonization or creates a secretion blockade
to prevent effectors from entering the host cell. Part of the basal body is available extracellularly and
has been used as an Ab target. Secreted effector proteins are also common targets of Ab therapies
because they are often toxins and humans naturally produce Abs against them. There has been limited
experimentation targeting regulatory proteins to prevent expression of the T3SS.

4.1. Needle Tip

The needle tip protein of many T3SSs, also called the V antigen, causes mammalian hosts to
produce specific IgG. Kinoshita et al. found relatively high and comparable antibody titers in human
sera against V-antigen homologs from five different bacterial species: P. aeruginosa, Y. pestis, Photorhabdus
luminescens, Aeromonas salmonicida and Vibrio parahaemolyticus [76]. Abs targeting the T3SS needle tip
will likely adopt the secretion blockade mechanism of pathogenesis prevention [34]. This has two
variations: translocation blockade or a true secretion blockade (Figure 4). Translocation is defined as
secretion directly into a host cell while secretion is an expulsion of protein through the T3SS needle.
When an anti-needle tip Ab binds to the needle tip it can create a physical barrier between the tip
and the translocon. This barrier prevents secreted effectors from directly entering the host cell and
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instead are secreted into the extracellular matrix. True secretion blockades occur when the Ab binding
prevents the effector proteins from exiting the needle. When designing anti-needle tip Abs, a true
blockade style inhibition is desirable because the effector proteins are never released.
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Figure 4. Antibody binding sites on the T3SS needle tip. Top: Ab bound to the needle tip protein
resulting in a translocation blockade. Bottom: Ab bound to the needle tip protein physically blocking
any effector secretion. IM: bacterial inner membrane; OM: bacterial outer membrane.

Vaccines for bubonic plague have existed since the late 19th century [77,78]. In 1958, researchers
noticed V antigen was present in pathogenic strains of Yersinia, but not in non-pathogenic strains [79].
Passive transfer of anti-V antigen antisera limits infection by Yersinia pestis, the bacterial agent of
the plague [80]. Motin et al. confirmed this immunogenicity by testing mAbs and recombinant Abs
against V antigen in 1994 [81]. Once the T3SS was discovered, the V antigen was determined to be
LcrV, the needle tip protein of the Y. pestis T3SS [82,83]. Abs targeting LcrV were sufficient to prevent
translocation of effector proteins by the Y. pestis T3SS [84]. Since this time, there has been an explosion
of research regarding anti-LcrV antibodies [72,85-90].

Miller et al. demonstrated the importance of cross-strain and cross-species compatibility when
designing therapeutic Abs. PAbs and mAbs against one strain of Y. pestis LcrV were able to bind the
LerV of two other strains of Y. enterocolitica, but no other species or strains tested [85]. Ivanov et al.
confirmed that anti-LcrV mAbs were sufficient to directly prevent the secretion of Yop effector proteins.
Comparison of IgG mAbs to deglycosylated F(ab’), and unmodified Fab revealed that the mAb did not
require opsonophagocytosis to neutralize Yop translocation [86]. Their work provided a foundation to
show that anti-needle tip Abs were acting as a secretion blockade and not a translocation blockade [34].

P. aeruginosa has a needle tip protein that is a homolog to LerV called PcrV [2]. There is a wide
breadth of knowledge on anti-PcrV Abs [61,66,91-101]. The use of anti-PcrV Abs as a vaccine or
therapeutic is a topic of interest for many researchers. Taking inspiration from the successes of anti-LcrV
therapeutics, Shime et al. investigated anti-PcrV polyclonal IgG and F(ab’); [61]. Anti-PcrV whole IgG
significantly improved the survival rate of mice infected with otherwise lethal doses of P. aeruginosa
and protected against septic shock in an airspace-infected rabbit model. F(ab’), derived from the IgG
was also tested and the results were comparable.

Polyclonal anti-PcrV IgG as a passive immunization has been evaluated in other models. Burned
mouse model results showed that anti-PcrV IgG was significantly better than control IgG at increasing
survival rates of mice challenged with a lethal dose of P. aeruginosa [91]. Anti-PcrV Abs showed
increased effectivity in combination therapy with three separate antibiotics against acute P. aeruginosa
infection. The combination showed better effectivity than any of the antibiotics or Ab when administered
alone [92]. IgY is chicken egg yolk immunoglobulin that is functionally homologous to mammalian
IgG. IgY does not react with the mammalian complement system. This reduces the inflammatory
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response during administration, which makes it an attractive alternative to mammalian IgG [102].
Ranjbar et al. have recently shown that anti-PcrV IgY was more protective against P. aeruginosa acute
pneumonia and burn-associated infections than control IgY. IgY was comparable to IgG and could
serve to be a more affordable alternative in the future [93].

In 2002, Frank et al. tested anti-PcrV mAbs from 80 strains of P. aeruginosa to determine which
would confer the highest immunoprotection. T3SS secretion assays were performed to determine which
mAbs could prevent the translocation of ExoU, a T3SS effector of P. aeruginosa. The mAbs showing T35S
inhibition were evaluated for their ability to protect against an otherwise lethal challenge of P. aeruginosa
in a mouse survival assay. MAb166 was the only antibody tested that showed dose-dependent T35S
inhibition and immunoprotection [94]. De Tavernier et al. has turned to computational methods to find
more effective anti-PcrV nanobodies. Three hundred and sixty-one bivalent and biparatopic nanobodies
were screened computationally for their ability to cause secretion blockades. T3SS secretion inhibition
assays using these nanobodies was performed, followed by mouse survival assays. The most potent
nanobody, 13F07-5H01, was effective as a prophylactic up to 24 h after administration, the longest time
point tested [95].

Some anti-PcrV mAb therapies have gone into human trials. One of these, termed KB001-A, is a
human PEGylated IgG monoclonal anti-PcrV Fab [96-98]. In France, KB001-A underwent phase I and
II clinical trials for ventilator-associated P. aeruginosa and was considered to be safe and well-tolerated.
It did not advance to phase III trials due to a lack of evidence that it reduced pulmonary disease
exacerbation in mechanically ventilated patients [103,104]. KB0O1-A also underwent phase II clinical
trials in the US for treatment of chronic pneumonia in cystic fibrosis patients and performed well in
safety-based phase I trials but did not continue to phase III [105].

More recently, an alternative anti-PcrV mAb, MEDI3902, has entered human clinical trials.
This mAb is bispecific, targeting both PcrV and Psl exopolysaccharide, an anti-biofilm formation target.
MEDI3902 showed a dose-dependent survival increase and a decrease in bacterial load in both rabbit
and mouse P. aeruginosa challenge models. MEDI3902 also reduced lung inflammation caused by
bacterial colonization [99]. Le et al. showed MEDI3902 was effective as a treatment and a prophylactic
for acute blood and acute lung P. aeruginosa infections. Combination therapy with a subtherapeutic
dose of the antibiotic meropenem enhanced effectivity [66]. MEDI3902 performed well in phase I
clinical trials and is currently undergoing phase IIb trials in the US [106,107].

EspA is the needle tip in the T3SS of E. coli [2]. In 2006, recombinant anti-EspA pAbs were shown
to reduce actin cytoskeleton rearrangement of the host cell but did not show any reduction of bacterial
adhesion [108]. This was the first report of anti-EspA Abs showing inhibitory effects upon the T3SS.
Girard et al. investigated the effectivity of bacterial adherence inhibition with IgY to multiple E. coli
T3SS-related colonization factors, one of which was EspA. Unfortunately, the anti-EspA polyclonal
IgY did not significantly reduce bacterial adhesions in multiple strains of pathogenic E. coli [109].
The Girard results were disputed when Cook et al. published that anti-EspA IgY and rat IgG reduced
adherence of E. coli to HeLa cells and prevented T3SS secretion [110].

Yu et al. discovered a novel anti-EspA mAb, 1H10 that provided protection for mice in a survival
assay and blocked actin polymerization within host cells [111]. In 2014 Praekelt et al. researched the
five major variants of EspA to create over 200 mAbs. Three separate mAbs reacted with multiple EspA
variants [112]. While this research was intended to create a better E. coli diagnostic test, the results
could be applied to treat or prevent E. coli infections.

Salmonella enterica serovar Enteritidis (S. Enteritidis) causes a large portion of food-related illnesses
around the world. Salmonella has two T3SSs. The first, called T3SS1, is encoded by the SPI-1
pathogenicity island and is used for host cell entry. The second, called T3SS2, is encoded by the SPI-2
pathogenicity island and is used for further pathogenesis once inside the host cell. SipD is the T3551
needle tip protein [2]. Desin et al. have shown that anti-SipD pAbs in sera protected human Caco-2
cells from the entry of S. Enteritidis [113].
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The needle tip protein in Shigella spp. is IpaD [2]. Barta et al. showed that small molecule binding
to IpaD induced conformation changes. These changes are accompanied by a significant reduction in
the invasive potential of Shigella [114]. A panel of anti-SipD nanobodies was tested for their binding
affinity and their epitopes were determined. Nanobodies targeting the same section of the needle
tip protein resulted in the same conformational change [115]. This research supports the theory that
anti-needle tip antibodies may be able to create secretion blockades without physically blocking the
effectors from being secreted.

4.2. Translocon

The translocon is made of two proteins that are secreted and subsequently enter the host cell
membrane and form a pore. They then link to the needle tip to complete the channel between the
pathogen and host cells. Humans naturally produce antibodies against translocon proteins [22].
Abs that target these proteins adopt similar mechanisms to anti-needle tip Abs. They can bind at
three time points: before integration into the host membrane, preventing pore formation; after pore
formation but before the needle tip has attached, therefore blocking it from attaching and creating a
translocation blockade; or once the T3SS is active, mark the cell for ADCC or opsonization (Figure 5).
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Figure 5. Mechanisms of Ab interaction with T3SS translocon proteins. Top: Ab binding to translocon
proteins after secretion preventing host membrane penetration and pore formation. Middle: Physical
blockage of translocation by Ab binding. Bottom: Ab bound to the translocon marking it for opsonization
or ADCC. IM: bacterial inner membrane; OM: bacterial outer membrane.

The Y. pestis T3SS translocon is composed of the proteins YopB & YopD [2]. Ivanov et al. investigated
these proteins and their potential for therapeutic use in the treatment and prevention of Y. pestis infection.
Active and passive immunization protected against otherwise lethal injections of Y. pestis in mice [116].
They posited YopD was the dominant immunogen due to the higher titers of Abs and that passive
immunization with anti-YopD Abs alone would be enough to confer protection.

The translocon of E. coli’s T3SS is formed with two proteins, EspB and EspD [2]. A study of
Brazilian children showed that those with naturally occurring anti-EspB Abs were less likely to
have a severe EHEC infection [117]. Maternal vaccination with EspB affords passive immunization
of offspring with anti-EspB Abs. These Abs are effective at reducing risk for E. coli infection and
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increasing infection survival rates [24]. Similar experiments using mice have shown comparable
survival results. Placebo-vaccinated mothers had offspring with significantly higher plasma urea
concentrations, a marker of renal failure [118].

Salmonella Enteritidis’ translocon is comprised of proteins SipB and SipC [2]. Although there is
limited information about antibodies targeting these proteins there is evidence of a mAb indirectly
preventing the formation of the T35SS-1 translocon in Salmonella. The mAb Sal4 targets a surface
polysaccharide of Salmonellanamed O antigen. Forbes etal. observed that Sal4 appeared to interfere with
flagellum-based motility and T3SS-mediated entry of the host intestinal epithelium [119]. Interference
with host cell entry by Sal4 was due to inhibition of the T3SS. Direct interaction of SipB or SipC with
Sal4 was not tested, but other T35S components and effectors were eliminated as antigens for Sal4 [120].

4.3. Basal Body

The basal body of the T3SS contains four major components. These include an ATPase that powers
secretion, the lower ring within the inner bacterial membrane, an export apparatus that is visible
between the bacterial membranes, and the upper ring located in the outer membrane of the bacterial
cell. Of these components, only the upper ring of the basal body is exposed to the extracellular matrix.
Research regarding therapeutic anti-upper ring Abs has focused on Abs that will mark the T3SS,
and therefore the pathogen, for opsonization [121]. There is a possibility that the needle formation
could be inhibited if Abs bind to the correct area of the upper ring (Figure 6). YscC makes up the
upper ring of the Y. pestis T3SS basal body [2]. Goodin et al. have shown that passive immunization
with anti-YscC pAbs induced the mouse immune system to produce more anti-YscC Abs but did
not provide sufficient protection against a lethal Y. pestis challenge in comparison to an F1 & LcrV
protein-based vaccine [121]. The outer membrane ring of the T35S basal body shares high similarity to
other outer membrane proteins in secretion systems unrelated to pathogenesis [122]. The similarity
could, in theory, allow for Ab binding to secretion systems on commensal bacteria. This potentially
reduced specificity along with the lack of protection in the Goodin study highlights the challenge of
using the basal body as a target for therapeutic Abs.
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Figure 6. Mechanisms of Ab interaction with the T3SS basal body. Top: Ab bound to the outer membrane
ring of the T3SS basal body preventing needle formation. Bottom: Ab bound to the basal body marking it
for opsonization or ADCC. IM: bacterial inner membrane; OM: bacterial outer membrane.

4.4. Effector Proteins

The critical function of the T3SS is to secrete proteins directly into host cells. These effector proteins
have a wide variety of mechanisms and purposes [6-9]. Knockout or mutations of some effectors
can result in attenuation of virulence and reduced pathogenesis, making them attractive targets [123].
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The majority of effector proteins are translocated into the host cell and are unable to leave. This creates
a challenge in using antibodies against these particular effectors [56]. Some effectors, however, can
transverse and exit the host cell after translocation, making them available for neutralization by antibodies.
Other effectors may be presented on the surface of host cells. These proteins are more accessible for
targeting by antibodies.

4.4.1. Antibodies Targeting Extracellularly Available Effectors

Yersinia outer proteins (Yops) are a class of T3SS effectors in Y. pestis, Y. enterocolitica and
Y. pseudotuberculosis. Some Yops are present both internally and in the extracellular space (Figure 7,
Left). Akopyan et al. observed the presence of Yops outside host cells and found that YopE is localized
to the surface of host cells, but not necessarily where the T3SS is attached. They hypothesized that some
Yops (e.g., YopE) can enter host cells in a T35S-independent manner by hijacking host transporters
while others must utilize the T3SS (e.g., YopH) [124].
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Figure 7. Antibodies targeting extracellularly available effector proteins. Left: Yop effectors being
neutralized when in the extracellular matrix. Right: Ab bound to Tir marking the host cell for ADCC
and neutralizing Tir by preventing intimin binding. IM: bacterial inner membrane; OM: bacterial
outer membrane.

Ivanov et al. discovered that anti-YopE Abs inhibited bacterial infection but to a lesser extent than
Abs against the translocon proteins, YopB, and YopD [116]. Later, Singh et al. vaccinated mice against
rVE, a YopE-LcrV fusion protein, using both active and passive approaches. Active immunization
with the protein conferred high titers of Abs against both antigens. The serum from vaccinated mice
was used to vaccinate another batch of mice. These passively immunized mice showed nearly 90%
survival against a lethal challenge of Y. enterocolitica with the majority showing no signs or symptoms
of infection even after necropsy [125]. YopE specific CD8* T cells are naturally occurring immune cells
coated in Abs that recognize YopE. Immunization of mice with these cells was 60% protective against
mucosal and systemic Y. pseudotuberculosis infection in a survival assay. YopE specific CD8" T cells,
not just anti-YopE Abs, are required for protection against infection [126].

The essential effector YopM is a modulator of kinases PRK1 and PRK2. This modulation eventually
leads to a reduction in pro-inflammatory cytokines lessening the effectivity of the host immune response [8].
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YopM is the first effector to be recognized as a bacterial cell-penetrating protein as it can leave and re-enter
host cells after translocation [127]. Neutralization of YopM would in theory restore the host cytokine
response as well as precipitation of YopM, resulting in the recruitment of phagocytes to the infection site
(Figure 7, Left). Riiter et al. have isolated an anti-YopM mAb that binds to multiple strains of pathogenic
Yersinia’s YopM but not to YopM from non-pathogenic strains [128]. This specificity may be beneficial
when designing therapeutics and diagnostics.

The translocated intimin receptor (Tir) is one of the first effector proteins translocated by E. coli’s
T3SS into host cells. After folding, Tir integrates into the host membrane to provide a pedestal for
adhesion via intimin binding [129]. This extracellular expression allows for Abs to bind without having
to cross the eukaryotic membrane (Figure 7, Right). Girard et al. found that anti-Tir IgY were effective
at preventing bacterial adhesion to host cells in a porcine model against both porcine and human
strains of enteropathogenic E. coli (EPEC) [109]. Ruano-Gallego et al. assessed the potential of an
anti-Tir nanobody, TD4, as a potential treatment or prophylactic for EHEC infections. TD4 inhibits the
attachment of EHEC to HelLa cells and reduces adherence to human colonic mucosa [130]. Anti-intimin
IgY was effective at reducing adherence of both EPEC strains to host gut epithelial tissue in an ileal
loop assay as well as in oral administration of the IgY [109]. Kiihne et al. purified nanobodies binding
to the Tir-binding domain of intimin [131]. Saberianfar et al. investigated the Tir-binding domain of
intimin as a target to isolate sd Abs from tobacco leaves. These sd Abs were used to design a chimeric
Ab, VyH10-IgA. This Ab inhibited four strains of EHEC from adhering to host cells, with three of the
four completely inhibited [74]. VgEH10-IgA’s cross-serotype inhibition of bacterial adhesion is highly
promising for future studies.

4.4.2. Adjuvating Antibodies Targeting Effectors

Effector proteins that are only present within the host cell become available upon cell lysis [25].
Abs targeting these effectors will not be able to prevent T3SS formation or secretion but will add to the host
immune response [132,133]. Some infected host cells will also participate in antigen presentation. This is
the process of breaking up non-native proteins, such as T3SS effectors, and displaying the fragments on
the host membrane surface so that Abs can access them [25]. Although not as immunoprotective as T3SS
inhibitory Abs, adjuvating Abs can be important to increase natural host immune response. Their use is
common in combination with inhibitory Abs or as diagnostics.

Desin et al. were inspired by traditional research on T3SS protein-based vaccines in cattle and other
ruminants, the main animal reservoir for Shiga toxin-producing E. coli (STEC) [18]. Passive immunization
using uncharacterized rabbit-produced sera was sufficient to block adherence of E. coli to host cells [134].
Desin et al. also tested antisera containing pAbs against three effectors: Tir, EspF, and NleA (Espl), along
with the needle tip protein, EspA, and a translocon component, EpB. EspF assists in host cytoskeleton
rearrangement and inhibits host cell apoptosis. NleA localizes to the Golgi apparatus in the host cell and
disturbs ER to Golgi transport. Desin et al. showed Abs against either EspF or NleA inhibited bacterial
adherence of two STEC strains (STECoy03 & STEC157).

ExoS, exoenzyme S, is an effector protein secreted by the P. aeruginosa T3SS. ExoS, along with three
other effectors: ExoU, ExoY, and ExoT, assist in the prevention of wound repair in the host by reducing
the immune response and causing damage to host mucosal membranes [135]. Knockout and mutations
of ExoSresult in reduced pathogenesis of P. aeruginosa [123]. Corech et al. examined the serum of patients
with P. aeruginosa infections and found they universally had significant titers of IgG against PopB, PcrV,
and ExoS [136]. These antibodies may be viable candidates for pharmaceutical development.

IncA is an effector secreted by the C. trachomatis T3SS and generates robust IgG responses in humans.
C. trachomatis enters host cells where it replicates within vacuoles called inclusions. IncA has a role in
the homotypic fusion of these inclusions. Pathogenic C. trachomatis has attenuated host cell invasion
in the presence of anti-IncA Abs [137]. Tsai et al. sequenced IncA from multiple C. trachomatis isolates
and found that they were nearly identical to all human serotypes sequenced thus far, suggesting that
anti-IncA Abs should react with IncA from multiple serotypes. Anti-IncA Abs were found in 52% of
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urine samples and 71% of genital samples from C. trachomatis-infected patients [138]. Although further
research is needed to confirm the immunogenicity of IncA, these results support the use of anti-IncA Abs
as diagnostic or therapeutic antibodies.

An effector secreted by the Salmonella T3SS2 is SpiC, also called SsaB. SpiC interferes with host cell
trafficking and knockouts show attenuated virulence and decreased T3SS2 activity [139]. Geng et al.
developed seven anti-SpiC mAbs. These mAbs bound specifically to SpiC and not to the His or GST,
both of which were used in the mAb isolation process [140]. Immunogenicity data for these mAbs was
not presented, but there is potential for their use as therapeutics or diagnostic tools.

4.4.3. Antibodies Targeting Intracellular Effectors and Transcription Factors

Delivery of antibodies into cells is required to access intracellular targets. One method to overcome
issues of cell penetration is to express the antibody within the cell. Intrabodies are internally expressed
antibodies. Gene transport mechanisms are used to deliver the DNA encoding the therapeutic antibody
or antibody fragment inside the cell where it can be transcribed (Figure 8A) [31,32,141]. Another method
of internalizing Abs is to pair them with a membrane-penetrating peptide (MPP). Attaching an MPP to an
antibody or antibody fragment allows for the therapeutic antibody or fragment to physically transverse
the membrane. The MPP destabilizes bacterial cell membranes and enables the fused protein to traverse
the outer membrane (Figure 8B) [142].
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Figure 8. Innovative methods for intracellular delivery of Abs. (A) Intrabodies enter the host cell
containing DNA encoding a therapeutic Ab or antibody fragment, most often a sdAb or nanobody;
(B) Membrane-penetrating peptides are linked to Abs or fragments, commonly nanobodies, and allows
for transversing membranes.

SpvB is a cytotoxic effector secreted through the S. Typhimurium T3SS2 into the host cell from
the vacuole containing the pathogen. Once in the host, it catalyzes ADP-ribosylation of actin and
eventually causes host cell apoptosis. Alzogaray et al. have developed a nanobody that binds with a
high affinity to SpvB. The nanobodies were expressed as intrabodies to neutralize the effector within
the host cell [143]. The anti-SpvB antibodies stopped the action of SpvB in an ATP-induced actin
polymerization fluorescence-based assay in vitro and in RAW macrophages [143].

Targeting a transcriptional regulator of the T3SS could prevent the proteins that make up the
T3SS from being produced in the first place [144]. This method of pathogenesis prevention is not
common, as the antibody in question would have to enter the pathogen rather than a eukaryotic host
cell. SpuE is a transcriptional regulator of the T3SS in P. aeruginosa and regulates the expression of ExsA,
a master regulator of the T3SS [2], via inhibition of the exsCEBA promoter. Zhang et al. derived an
anti-SpuE nanobody fused with a membrane-penetrating peptide (scFv5-MPP) to assist in delivering the
nanobody into the bacterial cell [145]. scFv5-MPP allosterically inhibits the expression of the T3SS and
attenuates virulence of P. aeruginosa in a C. elegans animal gut infection model. X-ray crystallography
and molecular dynamics simulations were used to observe conformational changes upon antibody
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binding to SpuE. This conformational change may cause a reduction in spermidine uptake by P. aeruginosa
leading to attenuation of virulence similar to physical neutralization [145]. A similar antibody, Mab 4E4,
protects A549 cells against P. aeruginosa infection by reducing T3SS expression and polyamine uptake.
Wang et al. have recently tested Mab 4E4 in vivo and found that single injection vaccination with the
antibody significantly increase survival rates of mice given a four-fold lethal dose of P. aeruginosa infection
and protected them from severe alveolar destruction [146]. These examples validate the strategy of
anti-transcriptional regulator antibodies as therapeutics or prophylactics against T3SS-utilizing bacteria.

5. Conclusions

A diverse array of antibodies has been used to inhibit the T3SS. These Abs bind to proteins of the
injectisome including the needle tip, translocon, basal body, and effectors. Transcriptional regulators of
the T3SS have also been targeted to prevent the formation of the T3SS, but as they are intracellular
targets and require innovative cell-penetrating Abs. These can include entrapping DNA encoding the
Ab in intrabodies or attachment of membrane-penetrating proteins to the Ab. Once the Ab has reached
its target there are multiple mechanisms it can employ to attenuate virulence or increase the host
immune response. In general, these Abs neutralize the effectors, mark the bacterial cell for phagocytes
to attack, or mark the infected host cell for ADCC by NK cells. Sometimes Abs adopt more specific
mechanisms. For example, when targeting the needle tip or translocon the Ab can physically block the
secretion of effectors in a secretion blockade. Several anti-T3SS mAbs have advanced to clinical trials,
but none have yet made it to market. As we learn more about how these antibodies function there will
undoubtedly be potential for improvement of their therapeutic effects, cost of production, and the ease
of their delivery.
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Abstract: The development of recombinant therapeutic proteins has been a major revolution in
modern medicine. Therapeutic-based monoclonal antibodies (mAbs) are growing rapidly, providing
a potential class of human pharmaceuticals that can improve the management of cancer, autoimmune
diseases, and other conditions. Most mAbs are typically of the immunoglobulin G (IgG) subclass,
and they are glycosylated at the conserved asparagine position 297 (Asn-297) in the CH2 domain of
the Fc region. Post-translational modifications here account for the observed high heterogeneity of
glycoforms that may or not impact the stability, pharmacokinetics (PK), efficacy, and immunogenicity
of mAbs. These modifications are also critical for the Fc receptor binding, and consequently,
key antibody effector functions including antibody-dependent cell-mediated cytotoxicity (ADCC)
and complement-dependent cytotoxicity (CDC). Moreover, mAbs produced in non-human cells
express oligosaccharides that are not normally found in serum IgGs might lead to immunogenicity
issues when administered to patients. This review summarizes our understanding of the terminal
sugar residues, such as mannose, sialic acids, fucose, or galactose, which influence therapeutic
mAbs either positively or negatively in this regard. This review also discusses mannosylation,
which has significant undesirable effects on the PK of glycoproteins, causing a decreased mAbs’
half-life. Moreover, terminal galactose residues can enhance CDC activities and Fc-C1q interactions,
and core fucose can decrease ADCC and Fc-FcyRs binding. To optimize the therapeutic use of mAbs,
glycoengineering strategies are used to reduce glyco-heterogeneity of mAbs, increase their safety
profile, and improve the therapeutic efficacy of these important reagents.

Keywords: glycosylation; post-translational modifications; pharmacokinetics; effector functions;
antibody-dependent cell-mediated cytotoxicity; complement-dependent cytotoxicity; immunogenicity;
pharmacodynamics; glycoengineering; antibody-drug conjugates

1. Introduction

Monoclonal antibody (mAb)-based therapeutics have been increasingly studied and utilized as
therapeutic agents for the past 20 years [1]. Even though mAb technology was invented early in 1975
by Milstein and Koehler [2], the potential of these agents was not appreciated originally because of
anti-drug antibody (ADA) responses in humans induced by murine antibodies [3]. However, with the
rapid growth of biotechnology-derived techniques and the advanced knowledge of the immune system,
scientists have realized the roll that mAbs can play in the treatment of many diseases [4]. Today,
there are more than 60 products of therapeutic monoclonal antibodies (mAbs) that are approved in the
US for human use, about 240 in clinical testing, and around 40 entering clinical trials each year [5,6].

Therapeutic antibodies are generally IgGs. An IgG is a glycoprotein that contains four polypeptide
chains: Two identical heavy chains (H) and two identical light chains (L). The light and heavy chains
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pair by covalent disulfide bonds and noncovalent associations (Figure 1) [4]. Each heavy chain is
connected to one light chain by one disulfide bond. Each antibody molecule is made of three globular
domain structures forming a “Y” shape, two of which are the fragments that bind to the antigens
(Fab) and the other is the fragment crystallizable (Fc) for the activation of Fcy receptors (FcyRs)
on leukocytes and the C1 component of complement [6]. IgG molecules bear N-glycosylation at
the conserved asparagine at position 297 (Asn-297) in the heavy chain of the CH2 constant domain
of the Fc region [6]. The oligosaccharide is an essential player in Fc effector functions including
antibody-dependent cellular cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC),
which are major mechanisms of action of therapeutic antibodies located in the Fc region. Alteration of
glycan compositions and structures can impact the effector function by causing conformational changes
of the Fc domain, which would affect binding affinity to Fcy receptors [3,5]. Thus, engineering of Fc
glycosylation to develop therapeutic monoclonal antibodies with desired characteristics is a promising
strategy to enhance functionality and efficacy of therapeutic IgG antibodies. In this review, Fc N-glycan
structure and biosynthesis are briefly reviewed, followed by a discussion of the knowledge acquired
recently about the influence of glycosylation of antibodies on therapeutic antibody immunogenicity,
pharmacokinetics (PK), and effector functions. Furthermore, current Fc glycoengineering strategies
used to produce mAbs with higher homogeneity and effector functions are introduced and discussed.
In the following sections we will also discuss those aspects of glycosylation variations which relate to
the PK and pharmacodynamic (PD) parameters of currently approved antibody-based therapeutics.
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Figure 1. Simplified structure of an immunoglobulin (IgG). Inset shows an example of an IgG Fc
diantennary oligosaccharide, which in normal IgG, is attached at an asparagine residue at position
297 (Asn-297). Generally, the oligosaccharide has a core pentasaccharide with varying addition of
galactose, fucose, sialic acid, and N-acetylglucosamine (GlcNAc). Reproduced from Bakhtiar, 2012 [4]
with permission of the copyright owner.
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2. IgG Glycan Structure and Biosynthesis

Post-translational modification is a biological process that involves the modification of an amino
acid side chain, terminal amino, or carboxyl group by means of covalent or enzymatic modifications
following IgG biosynthesis. Generally, these modifications may include phosphorylation, acetylation,
glycosylation, sialylation of one or more amino acids in the protein, and also may include the formation
of 5-S bridges between 2 SH groups on amino acids, and proteolysis. Post-translational modifications
contribute to the final tertiary (three-dimensional) structure of IgGs and play a key role in the biological
activity and interaction with other cellular molecules such as proteins, nucleic acids, lipids, and cofactors.
These modifications are not predictable by the sequence of IgG and are often critical in determining
the way IgG behaves (e.g., its function and degradation). Therefore, each therapeutic protein will
have a unique post-translational modification profile in its natural state, and as discussed further in
this review, the post-translational modification profile of an IgG can potentially impact drug stability,
safety, and efficacy.

2.1. IgG Glycan Structure

Structurally, the N-linked glycans of human IgGs are typically biantennary complexes. Different
residues, such as fucose, bisecting GlcNAc, galactose, and sialic acid, can be added to this core
biantennary complex structure (GIcNAc2Man3GIcNAc2), generating heterogeneity of the IgG-Fc
glycans of normal polyclonal IgGs [5,7]. The heterogeneous glycans can be classified into three sets
(GO, G1, and G2), depending on the number of galactose residues in the outer arms of biantennary
glycans. Within each of these sets, there are different species that arise from the presence or absence of
core fucose and bisecting GlcNAc (Figure 2) [3].
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Figure 2. Major N-linked glycoforms of therapeutic monoclonal antibodies (mAbs). Reproduced from
Liu, 2015 [3] with permission of the copyright owner.
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2.2. Glycan Biosynthesis in Human Cells

Glycosylation is the most common post-translational modification of proteins. It is a complex
process that results in a great diversity of carbohydrate-protein bonds and glycan
structures. It is known that it has a great impact on protein structures and functions [8]. Glycosylation
of IgG is an enzyme-directed chemical reaction that occurs in the endoplasmic reticulum (ER) and the
Golgi apparatus of the cell. Initially, a Glc3Man9GIcNAc2 oligosaccharide is transferred to Asn-297 of
the IgG heavy chain via an oligosaccharyltransferase complex in the ER. Subsequently, the N-glycans are
subjected to a sequence of consecutive modifications by sets of glycosidases and glycosyltransferases [9].
Polypeptide-associated Glc3Man9GIcNAc2 is trimmed by glucosidases I and II and endo-mannosidase
in the lumen of the ER, resulting in the removal of three Glc residues and a mannose residue to produce
Man8GIcNAc2 (Figure 3) [5]. In the cis-Golgi, the Man8GIcNACc?2 is sequentially subjected to two class I
a-mannosidases that act particularly on o-1,2-Man residues to produce the core Man5GIcNAc2 glycan
for additional modification in the medial and trans-Golgi, mediated by GlcNAc transferases I, II, and III
(GnT L, II, and III), x-1,6-fucosyltransferase (FUT8), galactosyltransferases (GalT), and sialyltransferases
(SiaT) [3,5,9].
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Figure 3. Glycan biosynthesis through the endoplasmic reticulum (ER) and Golgi glycosylation
pathways. The biosynthesis begins with the processing of the initial high mannose N-glycan in
the ER, followed by transferring into the cis-Golgi to generate the core N-glycan substrate used for
further diversification in the trans-Golgi. The potential glycoforms include the high mannose, hybrid,
and complex structure. Reprinted from Li et al., 2017 [5] with permission of the copyright owner.

3. N-Glycosylation Impact on mAb Structure and Effector Function

The amount and nature of glycosylation can dramatically affect the behavior of endogenous
and recombinant IgGs. The most commonly described roles for glycosylation are related to receptor
binding and Fc effector functions. However, the glycosylation profile of an IgG can also substantially
affect its PK and distribution. In order to understand the possible manipulations and reasons behind
glycosylation and glycoengineering, the reader is also directed to references [3-7,10] for a thorough
overview describing the current understanding of glycosylation pattern (and normal variation), normal
PK, and effector functions in IgG. As such, Fc glycosylation has great influence on mAbs’ efficacy,
stability, safety, immunogenicity, PK, and PD.
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3.1. Impact of Fc Glycosylation on Structure

It is well established that the glycan structures can directly affect IgG through altering the
conformation of the Fc domain [11]. N-glycans have essential structural supportive functions.
They play a critical role in the stability of CH2 domain of IgGs, which binds to the glycans via
extensive non-covalent interactions that reduce the dynamics of CH2 and aid in CH2 folding.
Deglycosylation makes mAbs thermally less stable and more prone to unfolding and degradation [10].
Furthermore, removal of sugar residues leads to the generation of a “closed” conformation while the
fully galactosylated IgG-Fc correlates with “open” conformation, which may be most favorable for
FcyR binding [12] (Figure 4) [6].

A. Closed

Figure 4. Comparison of non-glycosylated and glycosylated Fc structures. (A) Closed conformation of
the non-glycosylated Fc. Overall structure of the two aglycosylated Fc molecules is shown in red and
green, and the Fc shown in red is superimposed with the glycosylated Fc. (B) Open conformation of
the non-glycosylated Fc. Overall structure of the two interlocked Fc molecules is shown in pink and
blue. The Fc shown in pink is superimposed with the glycosylated Fc. The Fc glycans are shown in
green sticks. The Pro329 residues located in the FG loop of the CH2 domains are indicated by red and
blue arrowheads for the non-glycosylated and glycosylated CH2 domains, respectively. Reproduced
from Mimura et al., 2018 [6] with permission of the copyright owner.
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3.2. Impact of Fc Glycosylation on Immunogenicity

As mentioned above, glycosylated mAbs can alter their safety and immunogenicity. Glycan
patterns are highly variable since they depend on the host glycosylation machinery. Thus, different
host cells can produce different recombinant antibodies with different glycoforms. Most therapeutic
recombinant antibodies are Chinese hamster ovary (CHO)-derived recombinant IgG molecules,
and some are made in murine myeloma cell lines NSO and SP2/0. Recombinant antibodies produced in
CHO cells are glycosylated similarly to natural human IgG. On the other hand, recombinant human
IgGs derived in murine myeloma cells can have different glycoforms because they add sugars which
are not normally found in the human IgG [3,5]. Terminal-sugar residues expressed in non-human
glycoforms that are not normally found in endogenous serum IgGs could be highly immunogenic in
humans [13]. Immunogenicity of these therapeutic antibodies can lead to reduced efficacy and safety
and cause anti-drug Ab responses (ADA) and hypersensitivity reactions. Therefore, the expression
system (bacteria, yeast, insect, plant, or mammalian cells) that is used to generate recombinant mAbs is
crucial and has tremendous influence on the mAb function in vivo [14].

Glycoproteins that are produced in yeasts, plants, and insect cells usually have
high-mannose contents, which can increase immunogenicity of recombinant mAbs [15].
Lam et al. have demonstrated that antigen mannosylation significantly increases protein
immunogenicity in mice [16]. Most therapeutic mAbs, however, have very low levels of high-mannose
content [17]. Moreover, terminal sialic acids of therapeutic mAbs derived in non-human cells, such
as murine myeloma cell lines, have been shown to be a possible factor that cause immunogenicity
in patients since they express the N-glycolylneuraminic acid (NGNA) form of sialic acids that are
not normally found in human IgGs [18]. The main reason behind this significant immunogenicity
could be NGNA-specific antibodies that have been found to be expressed by all humans [19].
More specific investigations by Qian and coworkers have reported that Cetuximab, a murine myeloma
cell-derived novel therapeutic monoclonal antibody that contains NGNA, caused immune interaction
with NGNA-specific antibodies [20]. Because of these findings, assessment of the immunogenicity of
therapeutic Abs is a critical quality attribute that should be considered with respect to the manufacturing
of these therapeutic glycoproteins.

3.3. Impact of Fc Glycosylation on Pharmacokinetics

Clearance has a critical impact on the efficacy of therapeutic antibodies. Monoclonal antibodies
are high-molecular weight drugs that are large complex proteins (approximately 150 kDa) that are not
eliminated through kidney filtration. In addition, they can escape fast degradation in the lysosomes
through the neonatal Fc receptor (FcRn) recycling mechanism [21]. The binding of Fc to the neonatal Fc
receptor at the CH2-CH3 domain plays a critical role in the PK properties of IgG molecules. Recycling
of antibodies results in long half-life of IgGs in the serum (up to 4 weeks) [22]. Roopenian et al.
conducted experiments on FcRn knockout mice and they have concluded that FcRn is responsible
for protecting IgG from catabolism [22]. Both glycosylated and deglycosylated IgGs bind equally to
the (FcRn) receptor [23]. Therefore, the interaction between FcRn and IgG is independent of the Fc
glycans due to their protected and buried position within the antibody structure. The significance of
Fc glycosylation in the PK of therapeutic mAbs can be examined by comparing the biological activities
of glycosylated IgG with either enzymatically deglycosylated IgGs or by preparing aglycosylated
IgGs (bearing Asn-297 mutation) using molecular biology techniques. Several studies have compared
the biological activity and PK properties of antibodies with different glycoforms in humans and
animals [24,25].

Liu et al. confirmed that glycosylation is not required for an IgG antibody’s long half-life after they
characterized aglycosylated IgGs by chemical modification and genetic engineering [23]. These animal
studies demonstrated that the PK profile of an aglycosylated IgG1 mAb with an Asn-297 mutation was
almost identical to that of the glycosylated form. Another clinical trial conducted in 2009 by Clarke
et al. also demonstrated that aglycosylated mAb ALD518 (clazakizumab), a humanized anti-human
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IL-6 IgG1 produced in yeast, had a normal PK in humans and animals. In their phase I clinical trial,
the circulating half-life for ALD518 was 20-32 days, which is consistent with the half-life of a normal
human IgG1 [26]. Moreover, Abuqgayyas and colleagues found that 8C2, a mouse IgG mAb, exhibited
similar PK and tissue distribution in both FcyR knockout mice and in wild type mice [27]. Similar PK
properties of glycosylated and non-glycosylated IgGs confirm that antibody clearance in humans and
animals is not significantly affected by Fc glycan removal [10,24,28].

3.4. Effect of Terminal Mannose on Pharmacokinetics

Circulating glycoproteins can be cleared from the blood by receptors that recognize specific glycan
forms. Glycan receptors that are involved in the clearance of glycoproteins include the mannose
receptor (ManR) and the asialoglycoprotein receptor (ASGPR). The asialoglycoprotein receptors bind to
terminal Gal residues and the ManR bind to glycoproteins with terminal Man or GlcNac sugars. Glycan
binding to these receptors expressed on tissues was considered to have potential effects on the PK of
antibodies bearing these terminal sugars and to cause faster removal from circulation [25]. Consistent
with this, Kanda et al. demonstrated that IgG antibodies with high-mannose glycoforms have shorter
half-life compared to those with the complex-type glycans in mice [29]. Yu et al. conducted a PK
study in mice, and they determined the clearance rate of antibodies bearing Man8/9 and Man5 glycan.
They showed that the antibodies bearing the high mannose glycoform were cleared faster compared
with antibodies bearing the fucosylated complex glycoform, while the PK properties of antibodies
with Man8/9 and Man5 glycoforms appeared similar (Figure 5) [25]. In agreement with previous
human studies, Goetze and coworkers observed faster elimination of therapeutic IgGs containing Fc
high-mannose glycans from circulation compared to other glycoforms [17]. In addition, differences in
high-mannose structural isoform clearance rates in humans were reported by Chen et al., but these
investigators suggested that changes in the serum half-life of mAbs bearing high mannose glycoforms
were actually due to glycan cleavage [24]. Another investigation done by Millward et al. reached
contradictory conclusions. They found no significant difference in serum half-life in mice between
high-mannose IgG type and complex IgGs [30]. In summary, high-terminal mannose content appears
to be an important point that should be considered as it may affect PK properties and efficacy of
therapeutic antibodies. Because of the above findings, most mAbs for clinical use possess relatively
low-terminal high-mannose glycan content.

In general, glycans that have a major impact on PK of mAbs include mannose, sialic acids,
galactose, and fucose [3,25] (Figure 5). The negatively-charged sialic acids attached to the terminus
of glycan chains have been shown to affect half-life for many glycoproteins. It was found that IgGs
with exposed terminal Gal (after removal of sialic acid) resulted in a decreased half-life in mice and
localization in the liver [3]. To date, the PK properties of different glycan compositions in approved
antibody-based therapeutics have not yet been investigated in the clinic.
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Figure 5. The influence of high-mannose glycans on the pharmacokinetics (PKs) of mAbs.
Pharmacokinetic profiles of mAb variants in athymic nude mice. The two groups conducted in
this study were mAb with >99% Manb (solid black circle) and mAb with >99% Man8/9 (solid gray
triangle). The complex-fucosylated profile (open squares) was from a separate study conducted in
a similar fashion to the current study. Reproduced from Yu et al., 2012 [25] with permission of the
copyright owner.

4. Impact of Fc Glycosylation on Pharmacodynamics

The oligosaccharides of the IgG-Fc play a critical role in activation of FcyRs and complement
C1. FcyR-mediated effector functions result in the killing of the target cell. FcyRs are responsible for
ADCC effector function and, while the receptor C1q mediates CDC. Many studies have found that the
lack of glycosylation noticeably decreases the binding affinity to FcyRI and eliminates the binding to
FcyRII and FcyRIII receptors [31,32].

4.1. Sialic Acid

Sialic acids are present in human serum IgGs as N-acetylneuraminic acid (NANA) attached to
a terminal galactose by an «-2,3 or «-2,6 linkage. Recombinant monoclonal antibodies expressed
in CHO cell line also have NANA, but it is only attached by «-2,3 linkage [18]. On the other hand,
monoclonal antibodies produced in NSO and SP2/0 cell lines have NGNA, a sialic acid form produced
by hydroxylation of NANA utilizing cytidine monophosphate N-acetylneuraminic acid hydroxylase
enzyme which is absent in human and CHO cells under normal conditions [33]. Typically, the level of
sialic acid in human endogenous IgGs is ~11%-15% [18,34]. Studies to date that explore the effects
of sialic acid on Fcy receptors binding are inconclusive. Scallon and coworkers studied pairs of
monoclonal human IgG Abs produced in mouse hybridoma cell lines with different amounts of
sialic acid in their Fc glycans [35]. They demonstrated that a higher content of terminal sialylation
was correlated with decreased activity in ADCC and lower-affinity binding to FcyRlIlla on natural
killer (NK) cells in vitro. Similarly, Kaneko et al. reported that Fc sialylation affects antibody effector
functions including reduction of ADCC in both in vitro and in vivo [36].

However, another in vitro study investigated the influence of sialic acid on IgG1 effector functions
using different glycosylated forms of a single drug with various levels of sialylation generated by
in vitro glycoengineering [37]. They found that terminal sialylation had no impact, neither positive
nor negative, on ADCC activity, FcyRI, and Rllla receptors, but slightly improved affinity to FcyRlla
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was reported [37]. Furthermore, full sialylation of human monoclonal IgG1 was reported to interfere
with the induction of CDC in vitro [38].

Recently, Fc sialylation has drawn scientists’ attention as it has been attributed to increased
anti-inflammatory responses to intravenous Ig (IVIG) for the treatment of autoimmune and
inflammatory diseases [36,39]. IVIG suppresses inflammation by binding to inhibitory FcyRIIb.
Sialylated IgG initiates anti-inflammatory effects by binding to the murine C-type lectin-like
receptor-specific intracellular adhesion molecule-grabbing non-integrin R1 (SIGN-RI) (DCSIGN in
humans) expressed by macrophage and dendritic cells. As a result, FcyRIIb expression will be
upregulated and Treg cell populations will expand, leading to significant suppression of inflammatory
responses [40,41]. Kaneko et al. approved that sialylated human IgG has elevated anti-inflammatory
activity compared to the desialylated IgG utilizing a mouse model of rheumatoid arthritis [36].
However, these findings in mice were contradicted by a study of rheumatoid arthritis during
pregnancy [42]. This study showed that remission of rheumatoid arthritis was associated with
galactosylation independently of sialylation. In summary, sialylated glycans collectively have both
positive and negative influences on IgG effector functions, making it crucial to quantitate the sialylation
of mAbs headed for the clinic, especially to treat autoimmune conditions. To date, the functions of
different Fc-sialylated glycans in approved antibody-based therapeutics have not yet been investigated
in the clinic.

4.2. Terminal Galactose

Recombinant mAbs and the human endogenous IgG Fc region have biantennary complex
oligosaccharides with either zero, one, or two terminal galactose moieties, which are the three major
glycoforms (GO, G1, or G2) [18,34,43]. The impact of terminal galactose residue on IgG biological
functions has been investigated in many studies. Whereas the terminal Gal residue content has shown
to play an important role in CDC activity of IgG, the ADCC activity does not seem to be affected
by galactosylation of an IgG mAb. Hodoniczky and colleagues have remodeled the Fc N-glycans of
recombinant therapeutic monoclonal antibody products, Rituxan and Herceptin, in vitro, yielding
degalactosylated mAb and other products varying in content of GIcNAc [44]. By degalactosylation of
Rituxan and generating mAbs with various Gal content, they have demonstrated that CDC activities
and antibody binding to C1q increase as Gal content increases [8,44] (Figure 6). Lower affinity to
Clq is due to hydrophobic and hydrophilic interactions between terminal Gal residue and protein,
which alter the conformation of the CH2 domain [12]. They confirmed that ADCC activity is not
influenced by terminal Gal residue content [44]. Nevertheless, despite some of these contradictory
results, galactosylation can induce a positive impact on the binding affinity of the IgG1 to FcyRlla and
FcyRIlIla receptors and ADCC activity [37]. A recent in vitro study also showed that Fc-galactosylation
of rituximab enhances CDC activities compared to the degalactosylated glycoform and improvement
of Clq binding eventually leads to tumor cell lysis [45]. However, these findings apply to IgG1, but not
other subclasses of mAbs. Thus, further detailed, specific investigations of the effects of galactosylation
on other IgG subclasses effector functions such as ADCC and CDC are needed.
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Figure 6. Increase in terminal Gal content increases complement-dependent cytotoxicity (CDC)
activity (a) and Clq binding (b) of rIgGs, but does not affect antibody-dependent cell-mediated
cytotoxicity (ADCC) activity (c) and antigen binding expressed as relative fluorescence units (RFU)
(d). G2, G0, and/or Gno (no glycans) glycoforms of Rituxan and/or Herceptin were prepared by
in vitro glycosylation methods. These glycoforms, along with control antibody samples (untreated),
were subjected to CDC (Rituxan glycoforms), C1q binding (Rituxan glycoforms), ADCC (Herceptin
glycoforms), and antigen binding to HER2-ECD (Herceptin glycoforms). Rituxan is a chimeric antibody
against CD20 and elicits CDC activity but shows very little ADCC activity. Herceptin is a humanized
antibody against HER2-neu antigen and elicits ADCC activity but no CDC activity. Reproduced from
Raju 2008 [8] with permission of the copyright owner.

4.3. Bisecting N-Acetylglucosamine

Approximately 10% of human serum endogenous IgGs glycoforms have bisecting GIcNAc residues.
Recombinant antibodies generated in CHO cells do not contain bisecting GlcNAc because of the
lack of active N-acetylglucosaminyltransferase-III (GnT-III) needed for synthesis of bisecting GIcNAc
containing N-glycans [8,32,46] (Figure 7). Addition of a bisecting GIcNAc has been reported to enhance
the binding affinity to FcyRIIla, which causes 10-30-fold higher ADCC activities [47,48]. Although
Hodoniczky et al. [44] approved that bisecting GlcNAc enhances ADCC activity by approximately
10-fold independently of the lack of core fucosylation of rituximab remodeled in vitro, a study done by
Shinkawa et al. [48] has debated these findings. Since loss of core fucosylation is always associated
with in vivo addition of bisecting GlcNAc, Shinkawa and colleagues proposed that the presence of
bisecting GIcNAc may not be the main cause of an ADCC activity increase. As such, Shinkawa’s studies
demonstrated that the removal of core fucose rather than bisecting GIcNAc has the biggest impact on
ADCC activity of therapeutic antibodies [48]. Similar to Shinkawa’s results, Ferrara et al. [49] have
reported that antibodies enriched in bisected oligosaccharides have increased ADCC.
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Figure 7. The structure of a full-length biantennary N-glycan attached to the Asn-297 in the Fc domain
and containing bisecting GlcNAc residue. Reproduced from Huang et al., 2012 [50] with permission of
the copyright owner.

4.4. Fucose

The core fucose residues are added to the core GIcNAc residue which is linked to the protein via
a-1,6 linkage. This complex glycoform is dominantly found in both serum IgG (>80%) and recombinant
IgG’s produced in CHO cells (>90%) [32]. Although absence of core fucose residues in Fc glycans has
been shown to dramatically improve antibody binding to FcRIlla and ADCC activity, many studies
have demonstrated that the fucosylation level has slight consequences on binding of antibodies to
FcyR1, FeyRII, and C1q [48,51,52]. Shields and coworkers used afucosylated anti-HER2 to demonstrate
the significant role played by the absence of core fucose in the enhancement of ADCC activity of
IgG [51]. About 100-fold greater ADCC exhibited by afucosylated anti-HER2 compared to fucosylated
recombinant IgG has been reported in this study. Furthermore, it has been observed that the binding to
FcyRI, Clq, or FcRn was not altered [51]. Using marketed nonfucosylated anti-CD20 IgG1 rituximab,
Lida et al. confirmed that nonfucosylated IgG1 mediates very high ADCC at low doses in humans,
which enhances the therapeutic potential of the modified mAb [53]. Another study has shown that
higher binding affinity of afucosylated IgG to Fcy Rllla apply for all IgG subclasses [54]. Inclusively,
afucosylation of mAb leads the greatest influence on ADCC enhancement, which mediates the efficacy
of potential therapeutic recombinant antibodies. Therefore, many recombinant IgGs modified via
glycoengineering strategies to generate low-fucose antibodies are currently under investigation in
human clinical trials to improve the clinical efficacy of these therapeutics. A classic example of producing
low-fucose content antibodies is the anti-CD20 antibody obinutuzumab, which was approved by the
US Food and Drug Administration (FDA) in 2013 for the treatment of non-Hodgkin’s lymphoma
and chronic lymphocytic leukemia. Obinutuzumab showed significantly increased ADCC activity
compared with the prototype antibody (rituximab). The same engineered cell line was used to produce
a nonfucosylated anti-CD20 antibody (mogamulizumab) that showed a 100-fold increase in ADCC
activity compared with the nonglycoengineered rituximab. As such, mogamulizumab was approved
for the treatment of adult T cell leukemia/lymphoma in Japan.

4.5. High Mannose

Typically, high mannose content in Fc glycan of IgG varies from five to nine mannose molecules
linked to the core GIcNAc. Although about 0.1% of human serum endogenous IgG’s contain Fc glycan
with high mannose (mostly Man5GIlcNAc2 structure), high mannose glycoforms content varies with
cell lines and can represent up to 10% of recombinant IgG [20]. Different studies exploring high
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mannose type Fc glycans have shown that mannose content can impact antibody effector functions.
Zhou and his team have demonstrated that the presence of high mannose structures result in enhanced
ADCC activity and increased IgG binding affinity for the FcyRlIlla receptor [55]. However, it is unclear
whether enhancement in ADCC activity is due to the absence of fucose, since high mannose type
glycans possess no core fucose residues [20]. It has also been shown that the IgG with high mannose
structures have a negative impact on CDC activity because of lower binding affinity for Clq [55].
Consistently, Kanda et al. have reported similar results that high mannose structures can lead to
reduced Clq binding and complement activation [29]. Nevertheless, it was shown that mAbs with high
mannose glycan exhibit higher ADCC in the same study. In conclusion, high mannose type Fc glycans
have a positive effect on ADCC activity but a negative impact on CDC activity of IgG molecules.

5. Glycoengineering

Since different glycoforms have positive or negative effects on antibody effector functions,
it is necessary to develop Fc glycoengineering strategies to facilitate the generation of therapeutic
mAbs with consistent and homogenous glycoforms to improve their therapeutic efficacy. Although
much progress in cell glycoengineering has already been achieved and important improvements
on glycan quality have been accomplished, it is still very challenging to produce IgGs with highly
homogenous glycoforms in host cells. The current Fc glycoengineering strategies include host cell
glycoengineering and in vitro chemoenzymatic glycosylation remodeling.

5.1. Cell Glycoengineering

Antibody glycosylation is the result of a multistep process. Host cell-based glycoengineering
alters glycoforms by genetically modifying important mediators in the glycan biosynthetic pathways
to enhance production of desired glycoforms [56]. This technology has been used recently to generate
mAbs with optimized quality and efficacy, and focusing on Fc defucosylation which produces a
significant increase in ADCC activity results due to the absence of core fucose [57]. Various approaches
have been used to modify host cells in order to enhance the desired or limit the unwanted glycoforms.
One approach selects host cell type, environmental factors, and cell culture conditions. Host cells
that have low FUTS activity, such as rat hybridoma cell line YB2/0, allow production of recombinant
glycoproteins with low core fucose [58,59]. Recombinant mAbs derived from CHO cells exhibit low sialic
acid levels because of the absence of x-2,6-sialyltransferase in these cells [60]. Therefore, this cell type is
an attractive alternative for the production of mAbs with low sialic acid content. Moreover, cell culture
conditions can be modified to favor antibody glycoforms homogeneity. Crowell et al. have reported
that feeding the culture with uridine, manganese chloride, and galactose could result in higher CDC
activity of mAb due to increased terminal galactose [61]. Another study used 2-fluorofucose, a fucose
analogue, to inhibit fucosylation in vitro and produce fucose-deficient antibodies [62].

Another approach in host cells glycoengeneering uses inhibitors of the enzymes that synthesize
N-linked oligosaccharide chains to alter host biosynthesis pathways. Enzyme inhibitors prevent
the addition of outer arm sugar residues including fucose [63]. For example, the addition of ER
a-mannosidase inhibitors, deoxymannojirimycin and kifunensine, results in the generation of high
mannose (Man9GIcNAc2) glycoform. Another example is that ER glucosidases I and II inhibitors
include deoxynojirimycin and castanospermine which arrest mAb in Glc3Man9GIcNAc2 glycoform [63].

A third approach is genetic modulation of the host glycan biosynthesis pathway. This strategy can
be performed by upregulating or downregulating substrate expression. Sullivan’s group succeeded in
the generation of defucosylated antibodies by silencing the GMD gene responsible for the expression
of GDP fucose, the fucose donor [64]. Furthermore, gene editing techniques, such as ZFNs, TALENS,
and CRISPR-Cas9, have been widely used to modify N-glycosylation pathways. Chan et al. used these
techniques to inactivate the GDP-fucose transporter (SLC35C1) in Chinese hamster ovary (CHO) cells.
They concluded that inactivating the Slc35c1 gene results in production of fucose-free antibodies in
CHO cells [65]. Alternatively, small interfering RNis (siRNAs) have been used to knock out multiple
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genes involved in fucosylation. Finally, inactivation of FUT8 and GDP-mannose 4,6-dehydratase (GMD)
in CHO cells has led to the production of completely afucosylated IgG with enhanced ADCC [66].
For example, to improve ADCC, a significant improvement through cell-based glycoengineering
has been previously reported with the first approved mAbs mogamulizumab and obinutuzumab.
Mogamulizumab (POTELIGEO®, KW0761) is a humanized mAb which uses a FUT8 knockout CHO cell
line to produce mAbs with nonfucosylated glycan mixtures [66]. Obinutuzumab (Gazyva™, GA-101)
is derived from Roche GlycoMAb® technology which overexpresses GnTIII [46,47]. Once the GnT-III
adds a bisecting GlcNAc to an oligosaccharide, the core-fucosylation is inhibited. Both technologies
produce therapeutic mAbs with enhanced ADCC activity.

5.2. Chemoenzymatic Glycoengineering

Although much successful work in cell glycoengineering has been done to generate therapeutic
mAbs with specific glycoforms, it is still very difficult to produce optimized IgGs with homogeneous
glycoforms. To accomplish this, chemoenzymatic glycosylation of IgG antibodies provides a new
avenue to remodel Fc N-glycan from a heterogeneous N-glycosylation pattern to a homogeneous
one. The Protocol of chemoenzymatic synthesis includes deglycosylation of IgG antibodies using
ENG’ase (endo-f3-N-acetylglucosaminidase) leaving the innermost GlcNAc with or without core
fucose at the N-glycosylation site. After preparation of glycan oxazolines as donor substrates,
a transglycosylation step is used with ENGase-based glycosynthase [66-68] (Figure 8A), and then
prepared the glycoengineered mAbs with homogenous N-glycans (M3, GO, G2, and A2) via enzymatic
reaction (Figure 8B).
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Figure 8. (A) Schematic representation of chemoenzymatic synthesis using ENG’ase and glycosynthase.
(B) Diagram of the homogeneous glycosylated mAb with M3 (mAb-M3), GO (mAb-G0), G2 (mAb-G2),
and A2 (mAb-A2). Reproduced from Kurogochi et al., 2015 [68] with permission of the copyright owner.

There are various ENGases mutants (EndoS D233Q, EndoA N171A, EndoA E173Q, EndoMN175A,
and EndoM N175Q) that exhibit transglycosylation activity, which have been engineered to have
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different substrate specificities and limitations [50,69]. As an example, Huang and coworkers [50]
generated two glycosynthase mutants (EndoS-D233A and D233Q) to transform rituximab from
mixtures of GOF, G1F, and G2F glycoforms to well-defined homogeneous glycoforms. Using EndoS
glycosynthase mutants permitted the production of a fully sialylated (S2G2F) glycoform that shows
enhanced anti-inflammatory activity of IVIG’s Fc glycans, and a nonfucosylated G2 glycoform that
favors increased Fcyllla receptor-bindings and ADCC activity of mAbs [50] (Figure 9).
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Figure 9. Chemoenzymatic remodeling of rituximab to prepare homogeneous and selectively modified
glycoforms. Reproduced from Huang et al., 2012 [50] with permission of the copyright owner.

While many investigations have demonstrated that Endo-S is limited to action on the complex-type,
a more recent study described Endo-5S2 glycosynthases (D184M and D184Q) that have relaxed substrate
specificity and act on transferring three major types (complex, high-mannose, and hybrid type) of
N-glycans [70]. Collectively, chemoenzymatic glycoengineering technology may be used to develop
therapeutic monoclonal antibodies that have homogenous glycoforms, which may circumvent all
current efficacy and function quality issues.

5.3. Glycoengineering for Site-Specific Antibody-Drug Conjugation

Antibody-drug conjugates or ADCs are emerging as powerful reagents for the selective delivery
of highly toxic drugs to target cells. These relatively novel agents combine the ability of mAbs to
bind antigen positive tumor cells with the highly potent killing activity of a cytotoxic drug. In one of
the several approaches to obtain structurally-defined, homogeneous antibody—drug conjugates, the
Fc glycans of the antibody is engineered for site-specific conjugation [71]. As discussed above, IgGs
carry a highly conserved N-glycan at the Asn-297 of the Fc domain. Several terminal residues of
glycoproteins, including fucose, galactose, and sialic acids that contain vicinal cis diols, can be oxidized
selectively with mild periodate (NalO4) treatment to generate aldehyde groups, which can be further
functionalized with other groups, including hydrazides and aminooxy groups for chemoselective
conjugation. However, antibody glycosylation is highly heterogeneous, and contains a mixture
of galactose and core fucose. As a result, direct oxidation recombinant antibodies usually led to
heterogeneous mixtures of the conjugates. For example, to have better control of the homogeneity
of ADCs, researchers developed a CHO cell line that could control Fc N-glycosylation at the GOF
glycoform, where fucose could be selectively oxidized. Thus, treatment of the GOF antibody with mild
NalO4 selectively oxidized the fucose moiety to provide an aldehyde derivative. In contrast to core
fucose, oxidation of sialic acid can take place under relatively different conditions because their cis
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diols are less hindered and more susceptible to periodate oxidation. The advantage of this site-selective
modification at the conserved N-glycan does not change the IgG structure and thus usually will not
affect the antibody’s inherent affinity for its antigen. A thorough overview on recent approaches
behind glycoengineering of antibodies for site-specific antibody-drug conjugation is described in
reference [71].

Today, there are 4 antibody-drug conjugates approved by the USFDA, including Genentech/Roche’s
Kadcyla® (HER2-specific trastuzumab-drug conjugate) used for the treatment of metastatic breast
cancer, Seattle Genetics’s Adcetris® (CD30-specific brentuximab-drug conjugate) used for treatment
of relapsed Hodgkin’s lymphoma, Pfizer/Wyeth’s Besponsa™ (CD22-specific inotuzumab-drug
conjugate) used for relapsed or refractory B cell precursor acute lymphoblastic leukemia, and more
recently, Wyeth Pharmaceuticals’ Mylotarg™ (CD33-specific gemtuzumab-ozogamicin conjugate)
used for the therapy of acute myelogenous leukemia.

6. Conclusions

In summary, therapeutic mAbs are large, complex, and heterogeneous glycoproteins. They are
typically glycosylated at amino acid position 297 in the Fc region. The N-glycosylation is crucial
for antibody structure and effector functions. The presence or absence of different terminal sugars
of Fc glycans can have a significant impact on the PK, PD, and immunogenicity of mAbs (Table 1).
Although several studies investigated the correlation between PD and N-glycosylation, the results
were often contradictory. Whereas high mannose content was shown to significantly impact PK by
decreasing antibody half-life, the impact of other glycans on PK is still not fully understood [72].
Collectively, glycosylation is not essential for IgGs” long half-life, and FcRn is the main factor that
maintains IgGs’ circulation time. Furthermore, therapeutic IgGs derived from non-human cells
can be immunogenic as they may express terminal sugar residues that are not naturally found in
human serum IgGs, such as sialic acid NGNA. This immunogenicity can decrease the drug efficacy
and cause hypersensitivity reactions. For the effects of glycoform patterns on PD and IgG effector
functions, the presence of core fucose can interfere with FcyRIIla binding and ADCC activity of
therapeutic antibody. Therefore, the removal of fucose should be considered to enhance ADCC activity
of monoclonal antibody drugs. On the other hand, galactosylation can improve the efficacy and
quality of mAbs by increasing antibody binding to C1q and CDC of mAbs. Although progress has
occurred, there is still much important work to address the unsolved underlying mechanisms that
regulate the relationship between changes in Fc-glycan structures and the efficacy and quality of
therapeutic monoclonal antibody functions. Due to the critical role of glycosylation and the great
impact of different glycans on therapeutic monoclonal antibodies, the need for developing novel
glycoengineering strategies has emerged in the last decade [5]. These strategies offer a new route to
produce homogenous IgGs with desired glycoforms in order to enhance efficacy and functionality of
therapeutic glycoproteins. Glycoengineering techniques which include glycoengineering of cell lines
and chemoenzymatic glycoengineering approaches [50,68] are evolving and offer promising novel
avenues to develop stable and safer mAbs, which is ultimately linked to lower risk of immunogenicity
and higher therapeutic efficacy in humans [5,73-76]. As such, understanding the ways to control the
Fc-glycan heterogeneity is essential to the successful clinical development of antibody-based drugs,
which can be used to predict their PK/PD during early clinical development and to ensure faster results.
This information can appropriately inform manufacturing process development so that these processes
are more finely adjusted to deliver the desired Fc glycosylation [77].

125



Antibodies 2020, 9, 22

Table 1. Summary of potential effects of the most prevalent Fc-glycans on the pharmacokinetics (PK)
and pharmacodynamics (PD) of monoclonal antibodies (mAbs). N-Glycolylneuraminic acid form of

sialic acid (NGNA).
Fc-Glycans Potential Effects References
Absence of core fucose enhances:
Fucose e  FcyRIIla binding [48,51-54]
e ADCC activity
Galactose Enhances antibody binding to C1q and CDC [44,45]
Anti-inflammatory activity
e NGNA reduces FcyRlIlla binding and [36,39]
Sialic acid ADCC activity [35,36]
e NGNA may be immunogenic in human [18-20]
e  Removal of sialic acid decreases half-life [3,25]
. Decreases half-life [17,25,29]
High Mannose e Increases FcyRllla binding and ADCC activity  [55]
Decreases antibody binding to Clq and CDC  [29,55]
Bisecting GIcNAc Increases FeyRIIla binding and ADCC activity [44,47-49]

In respect to biosimilar development, site-specific glycosylation is also considered crucial in
correlating distinct product attributes with observed in vivo effects [13,78]. In this context, an in-depth
method for the characterization and analysis of manufactured biosimilar products is required for the
production of optimal and consistent biosimilar therapeutic products. A better understanding of the
relationship between glycosylation patterns and clinical performance is also of major importance for
biosimilar development, and can be used to develop safe and efficacious antibody-based products on the
market. In conclusion, antibody glycosylation is necessary to optimize the stability, safety, functionality,
and efficacy of therapeutic IgG antibodies. Furthermore, new methods are being applied to generate
the next generation of therapeutic mAbs for the treatment of a wide spectrum of human diseases.

To date, antibody-based products are still presenting academia and the biotechnology industry with
novel challenges in terms of glycan characterization, stability, and in vivo behavior. Although many
studies have been conducted evaluating the various effects of glycosylation on their physicochemical
properties and patterns including their importance to biosimilarity [72], our understanding of how
glycosylation translates to potential pharmacologic effects and toxicities is still incomplete. Additional
investigations are therefore warranted to obtain a clearer pictu re of its importance to antibodies as a
vital and important class of drugs.
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