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ABSTRACT

Antibody-based drugs, which now represent the dominant biologic therapeutic modality, are used to
modulate disparate signaling pathways across diverse disease indications. One fundamental premise that
has driven this therapeutic antibody revolution is the belief that each monoclonal antibody exhibits
exquisitely specific binding to a single-drug target. Herein, we review emerging evidence in antibody off-
target binding and relate current key findings to the risk of failure in therapeutic development. We further
summarize the current state of understanding of structural mechanisms underpining the different
phenomena that may drive polyreactivity and polyspecificity, and highlight current thinking on how
de-risking studies may be best implemented in the screening triage. We conclude with a summary of what
we believe to be key observations in the field to date, and a call for the wider antibody research
community to work together to build the tools needed to maximize our understanding in this nascent

area.

INTRODUCTION

Antibody-based drugs are currently the dominant biologic
therapeutic modality used to modulate signaling pathways,
mediate immune cell killing and/or for targeted delivery of
small molecules via antibody-drug conjugates. This dominance
in the biologics space is somewhat logical, as antibodies have
evolved over millennia to frequently exhibit characteristics that
support pharmaceutical development, such as high expression
rates, high stability, high solubility, long pharmacokinetics
(PK), and potent activity that is (in theory) specific to a single
molecular target.'Despite these general beneficial characteris-
tics, antibody therapeutics still regularly fail during develop-
ment and the further that therapeutic monoclonal antibodies
(mAbs) progress in preclinical and clinical development pro-
grams, the more costly failure becomes. As a result, many
groups in the field have invested heavily to elucidate the factors
that cause these failures and to develop screening methods to
identify and eliminate those antibodies with the worst risk
profiles.” It is now well established that failures may be caused
by liabilities in molecular characteristics known as ‘polyreac-
tivity’ that lead to unacceptably poor PK, potency, bioavail-
ability or immunogenicity.” These investigations have
generally not, however, focused on polyspecificity as a high-
risk antibody characteristic for failure of drug discovery
campaigns.

We believe that the relative paucity of studies that focus on
polyspecificity as a development risk may be due to two main
factors: 1) The historical (now outdated) assumption that
monoclonality inherently equals monospecificity; and 2) The
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lack of rapid, affordable, and reliable methods for thoroughly
investigating antibody specificity. In this review, we describe
the current state of the art in monitoring antibody specificity,
discuss what is known about the causes of off-target antibody
binding, highlight key evidence that demonstrates the asso-
ciated preclinical and clinical risks, and consider where the
field may be going next in solving ‘the unknowns’.

What do we mean by ‘polyreactivity’ versus
‘polyspecificity’ in therapeutic antibodies?

Firstly, we will focus on how we define the differences between
‘polyreactivity’ and ‘polyspecificity’ as they pertain specifically
to mADbs intended for therapeutic use. In our estimation, these
two definitions denote distinctly different issues, with distinct
risk associations in clinical antibody development programs.
Historically, the terms have been used somewhat interchange-
ably in the field and we believe the literature is now becoming
mature enough that a clear delineation can be made.

In the context of the natural (endogenous) antibody reper-
toire, ‘polyreactivity’ is often defined as the ability of a mAb to
bind a variety of self and foreign antigens which may be
completely unrelated and is often attributed to ‘a more con-
formationally flexible antigen binding pocket’.” It has been
speculated that up to 50% of serum IgM in humans is poly-
reactive, and that polyreactivity is a highly conserved feature of
the immune system. In the first line of defense against bacterial
and viral pathogens, a major component of the natural anti-
body repertoire has been classically defined as ‘polyreactive’.*
The selection of polyreactive B cells against broadly
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neutralizing epitopes of influenza viruses was recently shown
to be linked with increased binding coverage of viral strains,
affinity and antibody flexibility.” As such, we would suggest
that (sensu stricto), the classical definition of ‘polyreactivity’ in
the endogenous repertoire really denotes a fundamental ‘sticky’
characteristic. To maximize protective potential for the host, it
seems logical that the early repertoire might exhibit the ability
to bind to a large variety of potential structures, with low
starting affinity and low specificity, as this maximizes the
potential antigen space that the repertoire can cover. Indeed,
this low initial binding affinity against foreign antigens is
directly compensated for by the early B-cell repertoire being
predominantly generated in the large, polyvalent, highly avid,
IgM format. To progress through class-switching into bivalent
IgG format, with associated increases in binding affinity, T cell
help is generally needed. This T cell help should be readily
available for most foreign antigens, but not for self-antigens
due to thymic tolerance in the host. Thereby, in a healthy
individual, higher-affinity antibodies to self-antigens are gen-
erally deleted from the repertoire.®

Therapeutic antibodies, in contrast, are predominantly
developed exogenously to humans, with exceptions including
those that are isolated directly from, for example, convalescent
infectious disease patients or vaccinees.” The development
cascades that individual therapeutic antibodies go through
can therefore often be distinctly different to those in the endo-
genous repertoire. Antibody development for therapeutic
applications has been facilitated by hybridoma technology,
antibody humanization, transgenic animals carrying the
human IgG repertoire, single B cell screening technologies or
display-based in vitro selection platforms.” Several of these
technologies now enable the generation and/or designer engi-
neering of antibodies with human sequences (a.k.a. ‘fully
human’ antibodies). Critically, however, none of the exogenous
technologies replicate the exquisite B-cell receptor editing and
natural self-reactivity deselection checkpoints that occur in
vivo in humans.® As a result, antibodies derived from both
humanized and fully human backgrounds can exhibit
unwanted low-affinity extracellular matrix and/or membrane
interactions via general nonspecific chemistry. These
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interactions are associated with the presence of excess positive
charge or hydrophobicity in the variable regions of the anti-
body and can have dramatic negative effects on the PK and
bioavailability of antibody therapeutics.” It is this chemical
“stickiness” that we define as ‘polyreactivity’ in the drug dis-
covery setting and discussed in detail below.

Less well documented, and substantially more complex to
uncover, is the phenomenon of polyspecificity, where recom-
binant antibodies display discrete off-target reactivity of mean-
ingful affinity to structurally and/or functionally disparate
targets. In the bivalent IgG format used by most therapeutic
antibodies, very low or even high-affinity interactions with
unintended host proteins may or may not be capable of affect-
ing clinical performance. Several case studies have demon-
strated that polyspecificity can cause accelerated clearance
and unpredictable toxicities.>” Figure 1 aims to illustrate the
difference between therapeutic antibody polyreactivity and
polyspecificity.

Polyreactivity as a risk factor for PK and bioavailability

Initial observations of the relationship between antibody vari-
able domain pI and nonspecific binding were made over
20 years ago.'’""> Modulation of v-domain charge content in
recombinant immunotoxins was achieved through mutation of
basic and neutral residues to neutral and acidic residues,
respectively, and this was shown to substantially improve
tumor-specific potency with a concomitant decrease in
toxicity.'® This was subsequently attributed to a decrease in
nonspecific binding to normal tissue. This idea was further
developed by Igawa and colleagues, who generated a series of
anti-IL6R antibodies identical in all aspects but v-domain pI,
with values ranging from that of the parental molecule at 9.3
down to 5.5." Mouse pK studies with these closely related
variants demonstrated that clearance rate was directly corre-
lated with increasing pl of the variable domain. The authors
speculated that this was a non-FcRn-dependent mechanism,
and that lower pl conferred a net negative charge on the
protein that decreased pinocytosis and elimination.
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Figure 1. Polyreactivity vs Polyspecificity. (a) Excessive positive charge or hydrophobicity in antibody variable domains can lead to low-affinity, nonspecific
interactions with negatively charged or hydrophobic cell membranes and ECM components across tissues. (b) Polyspecificity is defined as off-target, specific interaction
with a discrete number of proteins which may or may not be related in terms of sequence or structural motifs.



Excessive positive charge in antibody v-domains has also
been shown to directly affect FcRn-dependent pK, and this was
demonstrated in a very elegant study by Schoch and colleagues
comparing two anti-p40 antibodies,'® briakinumab (generated
in vitro from a human antibody library using phage display)
and ustekinumab (generated in vivo from a ‘humanized’
mouse). Intriguingly in this case both antibodies have very
similar pIs (9.6 for briakinumab, 9.3 for ustekinumab), but
radically different median terminal half-lives (8 days for bria-
kinumab, 22 days for ustekinumab). Comparative structural
analyses indicated that ustekinumab shows a very even charge
distribution across the v-regions. Conversely, briakinumab
exhibited a large, positively charged patch dominating the
variable region of the light chain. This charged patch was
postulated to interact directly with an extended negatively
charged region on FcRn that is not involved in standard Fc
binding."® An FcRn affinity column with pH gradient elution
was developed to mimic FcRn-IgG dissociation at physiological
pH and the column retention times for the parental antibodies,
as well as a series of hybrid clones that combined elements of
both, were compared. Subsequent mouse PK studies demon-
strated a direct correlation between FcRn elution time and in
vivo PK, with the significantly extended retention time of
briakinumab on the FcRn column being predictive of acceler-
ated clearance in vivo. This study demonstrates that antibodies
with high pI values do not necessarily have poor pK, but that
balanced local charge distribution on the antibody variable
domain surface is key."®

An additional interesting observation from this study lies in
the very different paratope solutions that evolved for both
antibodies against the same p40 antigen: in vivo via immuniza-
tion for ustekinumab and in vitro via phage display for briaki-
numab. The iterative selection process that underpins display
technologies is likely to be more susceptible to excessive charge

Charge imbalance
(impaired FcRn recycling)

Endosome

Charge imbalance
(e.g. binding to ECM)

Lysozome

MABS (&) €1999195-3

build up in antibody complementarity-determining regions
(CDRs) during engineering given the powerful influence of
electrostatic interactions on affinity.'”** This phenomenon
has recently been explored during optimization of an anti-
IL21R antibody, where the epitope on IL21R represented a
negatively charged patch.”' Despite the application of multiple
different selection strategies, the incorporation of aggressive
deselection pressures using negatively charged molecules and
the design of a variety of mutational libraries, the buildup of
excessive positive charge in CDR loops could not be avoided.*’

These studies describe the importance of high pI and net
charge, but more importantly the influence of balanced charge,
on polyreactivity. There are both FcRn-dependent and inde-
pendent mechanisms proposed for the observed correlation
between charge and clearance (Figure 2). The additional effect
of excess charge on tissue distribution was explored in two
studies published in 2015.”**> As in previous studies, Datta-
Mannan and colleagues demonstrated rapid clearance of an
antibody with an extensive positively charged patch, but also
showed rapid accumulation of this antibody in the liver. Both
peripheral and central clearance were significantly elevated,
and these effects could be ameliorated through charge balan-
cing. Peripheral clearance was postulated to occur via
enhanced binding, via positive charge, to negatively charged
cell membranes and associated negatively charged molecules
like chondroitin, heparin and sialic acid, which are present in
abundance on the vascular endothelium. In vitro plate-based
assays measuring binding to heparin and HEK293 cell mem-
branes directly correlated with the in vivo observations. These
surrogate assays are exemplars of a drive across the industry to
develop and implement a suite of high-throughput methods
that can identify and eliminate polyreactive antibodies from
the discovery pipeline at an early, and relatively inexpensive,
stage of the screening process. These assays have been
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Figure 2. Off-target binding: Polyreactivity (stickiness) factors and effects. Charge imbalance, i.e., excessive positive charge in antibody variable domains, is known
to cause low-affinity interactions with negatively charged membrane. Charge imbalance can potentially drive accelerated pinocytosis and/or increase the affinity of
antibodies for FcRn at pH7.4, impairing recycling. Both factors combine to reduce PK and bioavailability of therapeutic antibodies. Similarly, excess hydrophobicity may
cause nonspecific low-affinity binding to membranes and other hydrophobic surfaces, potentially increasing pinocytosis rates, affecting PK and biodistribution. Both
charge imbalance and excess hydrophobicity can be measured using well established, rapid and affordable plate-based and chromatographic methods.
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established using panels of antibodies for which in vivo clear-
ance data are known, thus enabling predictions for de novo
antibodies. The first surrogate assay that was shown to predict
in vivo PK was a baculovirus binding assay established by
Hotzel et al** This was followed by additional ELISA-based
formats that measured nonspecific binding to cell membrane
preparations® and charge-mediated binding to negatively
charged molecules including FcRn,'® heparin,”® DNA and
insulin.” These assays best identify antibodies which suffer
from polyreactivity caused by ‘charge imbalance’.

Where once the focus for antibody engineering lay in huma-
nization of v-domains to improve immunogenicity risk profile,
and/or affinity optimization to improve potency, the field has
latterly embraced the idea of ‘developability’ being equally
important in a successful preclinical to clinical transition.
Therapeutic antibodies undergo a number of stresses and
mechanical strains during the scale-up to manufacturing pro-
cess, including fluctuations in pH, temperature, concentration
and buffer conditions, any of which may have a negative
impact on protein stability.”® Aside from polyreactivity, anti-
body self-association and aggregation propensity has emerged
as more than just a bioprocessing factor. These issues can also
affect antibody specificity, pK and efficacy.”” A phage display-
derived anti-nerve growth factor antibody was successfully
affinity optimized to 69 pM Kp, but with this came a conco-
mitant increase in viscosity and aggregation, with significantly
increased retention on an SEC column that resulted from
nonspecific interaction with the column matrix.”” These post-
optimization issues were localized to three surface-exposed
hydrophobic amino acids that had been introduced during
engineering and were shown to drive nonspecific interaction
in the baculovirus binding ELISA, nonspecific tissue binding in
a broad tissue cross-reactivity study, and ultimately accelerated
pK in vivo. It is clear from this study that polyreactivity can be
driven by both charge and hydrophobicity, and that these
properties should be screened for across a range of assays to
ensure these diverse but overlapping phenotypes can be uncov-
ered at an early stage of development.”’

A comprehensive study from Jain et al. characterized a broad
panel of antibodies from across the clinical landscape in a
diverse set of developability assays, including polyreactivity.*®
Critically, this study demonstrated the value of this type of
screening in predicting successful progression of an antibody
through late-stage development, showing that a strong polyreac-
tivity profile is one of several risk factors that could potentially
combine to increase the likelihood of failure in clinical develop-
ment. Importantly, the Jain et al. study®® provided insights into
the strong polyreactivity characteristics of some high-profile
late-stage clinical development failures, such as bococizumab, a
humanized and affinity matured anti-PCSK9 antibody that suf-
fered from short PK, poor biodistribution after sub-cutaneous
dosing and high immunogenicity in man.**~'

Polyspecificity: preclinical evidence for accelerated
clearance and toxicity

As outlined above, we are now much better informed as a field
on how to detect and avoid polyreactivity at an early stage of
the development process.>”* In contrast, due to the historical

lack of clear examples, we have struggled with the more com-
plex issue of specific off-target reactivity to highly disparate
targets in the human and preclinical animal test species pro-
teomes, which is the phenomenon we suggest should be
defined as ‘polyspecificity’. As a result, there remains a lack of
understanding in how, when, and why to screen for such a
phenotype, and a lack of predictability in how off-target reac-
tivities might affect behavior in vivo.

As early as 1990, Stern and colleagues reported that a mono-
clonal anti-p-amyloid peptide antibody exhibited binding to
circulating human fibrinogen in peripheral blood, in addition
to the clots from plasma and purified fibrinogen.”® The tech-
niques used in this study included immunoblotting and pep-
tide ELISAs, and the authors concluded that this cross-
reactivity was due to conformational homologies between the
two proteins, urging caution in the use of such antibodies for
diagnostic purposes. However, this type of polyspecificity can
also have important implications for therapeutic antibody
development. For example, in a study by Bumbaca et al., an
anti-fibroblast growth factor receptor 4 (FGFR4) antibody
derived from a murine hybridoma was characterized in vitro
post-humanization and shown to have the same binding and
functional characteristics as the parental chimeric molecule.”
Surprisingly, the humanized version of the antibody demon-
strated rapid clearance, poor target tissue biodistribution and
limited efficacy in a human xenograft mouse model.
Immunoprecipitation (IP) followed by mass spectrometry
identified specific off-target binding to mouse complement
component 3 (C3), a highly abundant soluble serum protein.
The authors subsequently eliminated this off-target reactivity
through affinity optimization, via mutation and selection on
FGFR4 (captured) in the presence of high-concentration
mouse C3 (in solution). While no structural work was carried
out as part of this study, it was speculated that additional loop
flexibility or plasticity could have been introduced during CDR
grafting as part of the initial humanization process.’

The Bumbaca et al. study highlighted the potential for
polyspecificity to cause rate-limiting PK and efficacy problems
during the preclinical characterization of potential antibody-
based therapeutics.” Of even greater concern is the potential for
off-target reactivities to cause toxicity-driven adverse events.
Santostefano and colleagues showed that an antibody against a
soluble target resulted in thrombocytopenia, platelet activation,
reduced blood pressure and transient loss of consciousness in
cynomolgus monkeys.”* Interestingly, other antibodies that
were derived during the same lead discovery campaign did
not have the same effects, and the platelet activation that was
seen for this antibody was only observed with primary cells
from macaque species and not from other non-human pri-
mates or human cells ex vivo. Further investigation suggested
that this was a case of species-specific off-target reactivity that
required interaction of the antibody with a target expressed on
platelets via the antigen-binding fragment (Fab), in addition to
engagement of FcyRIla via the Fc to induce sufficient cross-
linking for platelet activation.>* A follow-on study to this work
also noted a similar species-specific platelet activation and
acute thrombocytopenia with antibody CH12.>* In this case,
the authors invested heavily in identifying the off-target pro-
tein that was responsible for the observed effects. Traditional IP



methods were not successful, perhaps hinting at the lower
affinity of the antibody with the off-target protein. A complex
age-grouped proteomics analysis was undertaken and after a
series of statistical and empirical analyses, integrin aIIbB3 was
identified as the culprit off-target antigen.

In an interesting parallel to the Stern et al. study mentioned
above,” a recent study by Loberg et al. also reported an anti-@-
amyloid antibody (ABT-736) with off-target reactivity.® The
development of ABT-736 was discontinued due to severe toxi-
city observed in cynomolgus monkey studies. These toxicities
included infusion reactions, ataxia, emesis, tremors and/ or
decreased body temperature, and thrombocytopenia. The
authors conducted extensive follow-up investigations that
identified high-affinity binding of ABT-736 to monkey and
human plasma protein platelet factor 4 (PF-4), which is
known to be involved in heparin-induced thrombocytopenia
(HIT) in humans. The authors also derived a second high-
affinity antibody to B-amyloid (h4D10), which did not bind
PF-4 or other unintended targets and was found not to drive
toxicity in monkeys. The authors concluded that this finding
supported the hypothesis that ABT-736 toxicity was not target-
related but driven by polyspecificity. They further concluded
that “thorough screening of antibody candidates for nonspeci-
fic interactions with unrelated molecules at early stages of
discovery can eliminate candidates with polyspecificity and
reduce potential for toxicity caused by off-target binding.”®

Clinical observations of toxicity driven by polyspecificity

As outlined above, it has become clear that polyspecificity
is more than just a laboratory artifact and can cause rate-
limiting difficulties in preclinical antibody drug develop-
ment. Despite these extensive preclinical findings, until
recently there has been no clear ‘smoking gun’ that con-
nects polyspecificity with adverse events in the clinic. This
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Figure 3. Off-target binding: Methods for identifying Polyspecificity. Two main methods are currently used for screening the human membrane proteome.
Microarray screening may be performed using purified proteins or via retro-transfection, leading to presentation of native conformation protein on human cell
membranes. Similarly, high-throughput flow cytometric screening may be performed e.g., on cells or virus-like particles that have been transfected to express human

membrane proteins. In both cases, test and control mAbs are examined for their ability to bind their cognate target (On Target hit) or unrelated proteins (Off Target hit).
Off Target hits are subsequently verified via orthogonal assays and decisions on risk profile are made.
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is unsurprising, given that full proteomic screening for
specificity analysis (depicted in Figure 3) has not been
part of the classical antibody development cascade until
very recently and is still only regularly reported by a small
number of companies. As a result, there has never been
any systematically generated data to link off-target reac-
tivity to a clinical phenotype. In addition, it remains
relatively rare for a series of biologic drugs to be devel-
oped against the same protein target, where they have
essentially the same mode of action and where they are
thought to differ only in their affinities, relative potencies,
and exact epitope specificities. The proliferation of com-
panies prosecuting multiple anti-programmed cell death
protein 1 (PD1) antibodies in the clinic has enabled the
identification of one clear example of clinical polyspecifi-
city: camrelizumab.

The anti-PD1 antibody SHR-1210 (camrelizumab) exhibits
potent PD1 antagonism in man, but uniquely among PD(L)1
pathway drugs, it causes capillary hemangioma in most
patients dosed.”’*>*® Hemangioma is a benign tumor in
which blood vessels hyper-proliferate in the skin and poten-
tially in the liver and other organs.”” In a recent study, proteo-
mic screening using a cell microarray library of >5,500 human
proteins successfully identified that SHR-1210 binds not only
human and monkey PD1I, but also human vascular endothelial
growth factor receptor 2 (VEGFR2), FZD5 and ULBP2.*® The
study further concluded that SHR-1210 stimulates vascular
neogenesis (leading to hemangioma) through potent agonism
of the pro-angiogenic receptor VEGFR2. Subsequently, in an
unrelated study, a research group running clinical trials on
SHR-1210 published data corroborating that SHR-1210 does
indeed bind human VEGFR2, with an estimated affinity in the
uM range.*” Importantly, it has since been shown that salvage
therapy with the potent VEGFR2 antagonist apatinib amelio-
rates the hemangioma effect of the antibody.** This finding
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appears to ‘close the circle’, confirming that the mechanism by
which the antibody causes angiomas is indeed via VEGFR2
agonism.

We believe that the findings outlined above are ‘food for
thought’ for the therapeutic antibody community. Had cam-
relizumab been the first and only PD1 molecule to undergo
clinical study, the assumption might have been that heman-
gioma is simply an unexpected side effect of PD1 pathway
inhibition. Interestingly, the original mouse-derived progeni-
tor of camrelizumab exhibited the same polyspecific interac-
tions, also driving VEGFR2 agonism.38 Such classical
hybridoma or B-cell screening-derived antibodies are
assumed to be ‘deselected” for auto-reactivity due to immune
tolerance mechanisms, but this is only true for the host
species proteome in which the antibody was developed and
not for the human one. Indeed, as researchers often try to
generate antibodies in animals where the homology is rela-
tively high between human and immune host orthologs of the
target, immunization regimes will often deliberately drive to
break tolerance. In this derived scenario, it may be the case
that ‘all bets are off’ regarding specificity of the resulting
antibodies. We would therefore argue that the ultimate ques-
tion for any antibody moving into formal preclinical devel-
opment should not be ‘Which technology platform was
applied?’, but rather ‘How rigorously has it been
characterized?’

The camrelizumab story is unlikely to be unique, and
unexpectedly poor PK, biodistribution or side effect pro-
files in human may be driven by unidentified polyspecifi-
city. An open question to the field is ‘How many adverse
events and failures in both the lab and the clinic are a
result of a failure to address potential polyspecificity?” An
important factor to consider is that we are currently only
beginning to measure those things that we can measure.
The technologies currently at hand, which are designed to
effectively examine specificity across the proteome (human
proteome arrays, high-throughput flow cytometric screen-
ing, etc.), sample only the human receptor proteome and
even that is sampled incompletely. Current methods also
cannot effectively sample compound epitopes spanning
two or more multimerizing proteins or receptor-ligand
interactions. Moreover, it is hypothetically possible that
common ‘off target’ events might be observed in such
technologies, where many antibodies could show binding
to the same human proteins, but more due to the inher-
ently ‘sticky’ nature of the protein displayed in the tech-
nology than the actual reactivity of the antibody. As such,
we do not yet have any fully realized technologies that can
give us comprehensive insights into specificity within the
human proteome and (at the time of writing) we have no
ability to measure similar off-target polyspecific interac-
tions in the proteomes of cynomolgus or rhesus monkeys,
mouse, rat, dog, mini pig and other species regularly used
in critically important preclinical studies of antibodies.
Clearly, technological advances that enable efficient and
cost-effective screening of human and preclinical species
proteomes are required. The application of such a tech-
nology would facilitate predictive screening that would
reduce failures in the preclinical space.

Structural mechanisms believed to mediate antibody
polyspecificity

While our understanding of antibody polyspecificity remains
nascent, some early insights have been gleaned on the struc-
tural drivers of multi-target recognition. These factors may be
separated into 3 classes. The first of these is molecular mimicry,
where an antibody can bind to proteins with no immediately
obvious overall sequence identity, but a few critical epitope
residues that may be mirrored in a completely unrelated pro-
tein. This is exemplified by the work of Tucker et al., which
describes the isolation of a panel anti-GLUT4 antibodies using
a combination of in vivo chicken immunization coupled with
in vitro phage display and selection.*’ A standard screening
triage was adopted, first measuring binding of lead antibodies
to virus-like particles expressing GLUT4, followed by confir-
matory analysis on HEK-293-GLUT4 cells. LM052 displayed
high affinity binding to membrane-expressed GLUT4, but did
not bind to the closely related human GLUT1, GLUT2, GLUT3
or to mouse GLUT1. However, a membrane protein array
screen of 4,571 receptors demonstrated low affinity but dose-
dependent, specific binding to Notch-1. Overall sequence
homology between these proteins is <7%, but the core epitope
residues recognized by LM052 on GLUT4 (61-LGXXGP-66)
are mirrored almost exactly in a disulfide-constrained loop in
Notch-1 (91-LGXXGP-96). The study concludes that off-target
binding to sequence and structurally unrelated proteins should
be tested on a case-by-case basis and certainly cannot be pre-
dicted a priori.*' Indeed, the risk of identifying antibodies that
are polyspecific could be considered higher for viral and bac-
terial targets given that molecular mimicry is a common fea-
ture of infectious agents in evading the host immune response.
There are several examples of this in the literature, including
anti-HIV antibodies that bind cardiolipin,** anti-Dengue NSI
antibodies that recognize human LYRIC protein,*’ and anti-
bodies against the group A streptococcal M protein that also
interact with myosin.

The second molecular mechanism that can potentially drive
polyspecificity is best described as CDR plasticity, a phenom-
enon by which the antibody paratope may adopt multiple
conformations.*>*® For example, 4E10 is a broadly neutralizing
anti-HIV antibody that targets a highly conserved linear epi-
tope in the membrane-proximal region of the envelope glyco-
protein. Analysis of B-cell development in 4E10 heavy-chain
knock-in mice demonstrated that 4E10 recognizes self-antigen
and was largely deleted from the repertoire.*> However, sub-
sequent characterization using immunofluoresence and surface
plasmon resonance methods discounted a broadly polyreactive
phenotype for the antibody with only low affinity, weak inter-
actions for phospholipid head groups being accommodated by
a dramatic restructuring of the central combining site in the
absence of complexed ligand (mediated in part by an unusually
long H-CDR3 loop). In a search for novel autoantigens, the
group used a phage-displayed peptide library representing the
complete human proteome in overlapping 36-mers. Of the top
5 hits identified, 3 represented closely related type 1, 2 and 3
inositol triphosphate receptors that all shared a conserved
peptide sequence motif. This sequence is completely divergent
from the 4E10 core epitope on the MPER, hinting at alternative



molecular interaction mechanisms that can be accommodated
by a flexible combining site. The potential for H-CDR3 loop
conformational flexibility has also been modeled in a recent
study describing discrete conformation-dependent charge
states in an antibody with a long HCDR3 loop.”” In this case,
a pH-dependent change between H-CDR3 “open” and “closed”
conformations was driven by local pKa changes in the side
chains of Asp-100 and Asp-118, which are located at the base of
the H-CDR3 loop.

The third example of polyspecificity does not rely on com-
mon motifs or conformational flexibility but describes interac-
tion of an antibody with two unrelated proteins with high
affinity simply through differential engagement of the VL and
VH CDRs. In other words, single antibodies may have multiple
(potentially overlapping) functional paratopes, depending on
the protein they are binding. The in vitro evolution of an
antibody that deliberately encodes for this 2-in-1 specificity
was described very elegantly by Fuh and colleagues using
trastuzumab (Herceptin®) as a starting point.*® Herceptin has
been shown to mediate interaction with human epidermal
growth factor receptor 2 (Her2) primarily through the heavy
chain. Mutagenesis in the light chain identified several variants
that had acquired high-affinity binding to a second unrelated
antigen, VEGF. Structural and functional analysis demon-
strated that the interactions between one of these variants,
bH1-44, and the two entirely unrelated antigens are distinct
and characterized by a simple conformational adaptation of the
central combining site. Remarkably, two mutations in the
heavy chain of bH1-44 were sufficient to knock out binding
of Her2 while retaining high-affinity interaction with VEGF.
Similarly, 2 alanine substitutions in the light chain of bH1-44
knocked out VEGF interaction with no impact on Her2
engagement.*®* While this work describes directed evolution
toward the desired 2-in-1 modality, it is striking that even
minimal mutation can result in such striking specificity differ-
ences. These mutagenesis approaches are commonplace in
antibody optimization campaigns. Interaction with the antigen
of interest is monitored throughout the process, but how many
of these new mutations have the potential to mediate interac-
tion with unrelated antigens?

Moving beyond the standard antibody format, it remains
unknown what the frequency of polyspecificity issues are in the
myriad antibody-derived modalities from disparate technolo-
gies that are currently intended for clinical development. If
polyspecificity is more common than is currently recognized
in the field, it could drive unexpected and severe toxicities in
newly-developed antibody-based immunotherapy modalities
with extremely potent cell-killing mechanisms of action, such
as antibody-drug conjugates,*” CD3-targeting bispecifics,”” or
CAR-T.”' As with so many aspects of therapeutic antibody
discovery, deep, systematic study of antibody specificity is
lacking and something that the field would clearly benefit from.

Structural heterogeneity and dynamics: post-transla-
tional modifications as a potential risk factor for polyreac-
tivity and polyspecificity?

One of the cardinal principles of chemistry, biology, and
medicine, is that chemical structure determines properties and
functions. For proteins, the primary structure (i.e., amino acid
sequence) intrinsically determines the higher order structures.
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Therapeutic proteins such as antibodies are almost exclusively
recombinant and expressed from clonal cell lines containing a
single antibody gene sequence, but recombinant antibodies are
still heterogeneous to some extent, due to structural changes in
protein processing during cell culture (e.g., ribosomal errors,
disulfide scrambling), or chemical stress during purification
procedures and even formulation and storage.”” These intrinsic
heterogeneities in chemistry are known as post-translational
modifications (PTMs). For antibodies, myriad PTMs have been
documented, such as deamidation of asparagine, isomerization
of aspartic acid,” sulfation of tyrosine, oxidation of aromatic
residues, peptide cleavage (clipping), glycosylation and even
crosslinking.” As a result, therapeutic antibodies are highly
heterogenous in their chemical compositions, including the so-
called “charge variants” and “sequence variants”(variants in
which the exact amino acid sequence has not been fully faith-
fully replicated, due to fidelity errors during expression).>

A more precise definition of intrinsic protein heterogeneity
is the newly coined term “proteoforms”, which designates all of
the different molecular forms in which the protein product of a
single gene can be found, including changes due to genetic
variations, alternatively spliced RNA transcripts and PTMs.”®
These proteoforms are known to alter various chemo-physical
properties of proteins, including aggregation and binding affi-
nity to the intended targets. Critically, proteoform-altering
characteristics such as tyrosine sulfation and glycosylation in
antibody variable domains have been shown to be critical
determinants of antibody binding to cognate targets.’”>®
Indeed, fascinating examples have also been described in
which soluble cofactors such as calcium ions and heme may
be critically required for antibody target binding.”*** These
findings suggest that modification of the antibody paratope-
epitope interaction can be mediated by PTMs of the side-
chains and/or soluble factors, which may lead to dramatic
changes in function.®’ However, as mentioned above, few
studies have explored the impact of these proteoforms on
polyreactivity and polyspecificity.

Many PTMs drastically alter the structure of proteins. For
instance, deamidation of asparagine generates both aspartic
and isoaspartic acids, thereby converting a neutral amide into
a negatively charged carboxylate.®” More importantly, all nat-
ural peptide bonds are of alpha-linkage, but isoaspartic acid
confers a beta-peptide linkage, which has been shown to mark-
edly alter backbone conformation, higher-order structures,
proteolysis,®> antigen presentation and immunogenicity.***
These chemical events are somewhat analogous to the modula-
tion of local variable domain and CDR loop chemistry and
structure by DNA-encoded mutations introduced during affi-
nity maturation, which is also intrinsic to achieving more
stable binding to antigen. It seems plausible that such muta-
tions also have the potential to alter specificity. It follows there-
fore, that PTMs in CDRs may also have the potential to
modulate changes in specificity, as the antibody paratope is
inherently changed by the PTM. Thus, we hypothesize that
antibody polyspecificity may not always be intrinsic to a given
molecule, but may be inducible.

To reduce and control the PTM-driven heterogenicity of
antibodies, considerable efforts have been spent on optimizing
upstream and downstream processes, such as cell culture
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optimization, purification, and formulation. Mildly acidic con-
ditions are often used in formulation to slow down deamida-
tion during storage.”” Importantly given the long half-lives of
antibodies, PTMs may also occur in vivo, with repeated pH
stress during endothelial recycling and exposure to circulating
soluble enzymes such as proteases. It has been shown that
antibodies can exhibit up to 20% deamidation post-
administration.® Trastuzumab has been shown to undergo
deamidation within both CDRs and constant regions.
Though formulation can help to maintain deamidation at
relatively low levels, degradation can be observed in vivo within
a matter of days.®” As a result, therapeutic antibody candidates
are routinely studied under challenge of in vitro and/or in vivo
stress conditions to identify any highly modifiable ‘risk’ posi-
tions in the protein sequence. However, for the “stressed sam-
ples”, the common parameters being examined are still limited
to stability and binding affinity to the cognate target. As testing
for polyreactivity and polyspecificity becomes a routine part of
antibody therapeutic discovery, it seems plausible that PTM
investigations may become integral to understanding whether
an antibody has intrinsic or inducible specificity problems.

Screening for polyspecificity as part of a standard
antibody discovery campaign

Ideally polyspecificity screening should be an integrated part of
the drug discovery process. But how and where to implement?
As discussed earlier, there are crucial risks in delaying poly-
specificity screening until undesirable preclinical or clinical
observations emerge. However, screening for polyspecificity
on the final lead or candidate molecule also carries risks - in
this instance, disruption to the drug discovery process is inevi-
table because the identification of off-target liabilities at this
stage necessitates thorough examination of the fundamental
properties of the off-target itself, and detailed in vitro charac-
terization of the interaction of the lead molecule with the

Low Low

Too early: mAbs may not be final

Hit Identification affinity-matured / engineered

(HT Screen, variants and are unlikely to be in feasible currently
1000+ mADbs) final therapeutic format
Lead Optimization  [Bkad
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detailed functi !
(detatediivncione engineered variants in final format

and biophysical
screening, <100
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Strong High
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engineered variants in final format

Cell Line
Development
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of mAbs
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Final Lead /
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Polyspecificity screening for
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Feasible to screen small panels
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human off-target protein and relevant orthologues. In some
cases, in vivo studies may also be warranted to assess the impact
of off-target binding on the PK of the lead molecule.

Polyspecificity screening at a much earlier stage in the drug
discovery process creates different risks, primarily in generat-
ing potentially misleading data. Screening before lead optimi-
zation is generally not advisable since affinity maturation and
other engineering steps that modify the variable domain
sequence could well alter both the on- and off-target binding
profile. Screening at an early stage also creates an issue simply
in terms of feasibility due to challenges with generating suffi-
cient quantities of high-quality material for large panels of
molecules.

Therefore, as highlighted in Figure 4, we believe a sweet spot
for incorporating polyspecificity screening in the drug discov-
ery process exists prior to selection of the final lead but after
completion of lead optimization. By incorporating polyspecifi-
city screening at this stage, ideally using a small panel (n < 10)
of epitope-diverse molecules, key decision-making data are
generated to enable selection of the final lead. This approach
is exemplified by observations that off-target binding is specific
to a small proportion of molecules within a diverse panel, as
would be expected.®** Furthermore, if polyspecificity is identi-
fied sufficiently early in the drug discovery process, this feature
can potentially be successfully ‘engineered out’ of a single
favored lead, as described in the next section.”*"**

So, my antibody is polyspecific - what now?

All is not necessarily lost if polyspecificity is identified. It has
been shown through comprehensive molecular engineering
that the antibody paratope may be refined to successfully
remove off-target binding. Having demonstrated that SHR-
1210 exhibited a polyspecific phenotype, Finlay et al. used a
rapid, in-depth screen of the CDR amino acid tolerance of
SHR-1210 to both human germline and non-germline

Discovery s S

Too early to screen: issues with
feasibility and potentially
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Low

Screening all available epitope
bins likely to identify most
potential off-target risks

Strong rationale to screen.

Strong rationale to screen and
highly feasible. Low risk if
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molecules.

epitope diversity (e.q. higher risk
if panel is all derived from same
parental mAb)

Too late to screen: significant
risks if polyspecific binding is
observed.

Figure 4. When to screen for polyspecificity? For each discovery phase, the rationale, feasibility, and risks of polyspecificity screening were evaluated. A sweet spot for
incorporating polyspecificity screening in the drug discovery process exists prior to selection of the final lead/candidate but after completion of lead optimization. By
incorporating polyspecificity screening at this stage, ideally using a small panel (n < 10) of epitope-diverse molecules, key decision-making data are generated to enable

selection of the final lead.



mutations.*' This process identified several novel antibodies
with globally improved pharmacological properties, including
fully ablated binding to VEGFR2, FZD5 and ULBP2. This
paratope refinement effect was mediated principally by exten-
sive germlining of the light chain, coupled with minor altera-
tions in amino acid content in the heavy chain.

The Finlay et al. and Bumbaca et al. studies both suggest that
it is possible in some cases to remove off-target binding via
molecular engineering.””® In contrast, the recently published
study by Campbell et al. clearly demonstrates that the off-target
binding properties of antibodies may be intrinsic, may require
disproportionate effort or even be impossible to fix, and efforts
to refine the paratope to ameliorate either polyspecificity or
polyreactivity are entirely empirical.”! Every antibody is inher-
ently unique and no attempt to refine any paratope is guaran-
teed to work. The devil, as ever, is in the detail.

A call to arms

This article has focussed on the described literature to highlight
and summarize seven key observations that we believe to be
important. First, polyreactivity and polyspecificity are potential
causes of fajlure in antibody development programs either at
the preclinical or, worse, at the clinical stage as they may impair
PK, pharmacodynamics, biodistribution and safety. Second, in
vivo generation of mAbs (e.g., in mice) does not preclude the
generation of polyspecific antibodies, and many of the highest-
profile failures in development were animal-derived antibo-
dies. Third, very specific off-target interaction can occur in
the absence of any obvious sequence or structural similarity
to the target proteins. Fourth, off-target binding events can be
limited to single interactions observed in individual species, or
broadly across species used in preclinical studies that are often
key to the progress of drug discovery programs. Fifth, straight-
forward classical biochemical approaches may not be sensitive
enough to identify low affinity off-target interactions that are
then amplified by receptor density and avidity effects of anti-
body binding at the cell surface. Sixth, the investigation of
species-specific off-target binding has historically only been
performed after dramatic and mechanistically surprising
observations in animal studies or, worse, in man. Seventh,
our understanding of the clinical influence, molecular causes,
and frequency of occurrence of polyspecificity in drug discov-
ery campaigns is nascent and requires substantial further study.

These observations demonstrate that our limited ability (as
a field) to identify polyspecificity in early antibody drug leads
may lead to increased inefficiency in the antibody drug dis-
covery process. We believe that this argues strongly for the
development of improved workflows and supporting technol-
ogies to eliminate or, at a minimum, ‘flag’ antibodies that suffer
from off-target reactivity to proteins from human and precli-
nical test species. For the development of improved workflows
to be efficient, they will ideally work across both the human
and research animal species proteomes, be rapid, cost-effective
to perform, and applicable early enough in the drug discovery
process to maximize their value. These technologies may be
purely experimental, or a combination of artificial intelligence-
driven in silico and in vitro approaches. Indeed, we note with
great interest the recent in-roads being made for proteome-
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wide structure prediction® and for computational analyses of
antibody specificity.®”’® Whether experimental, computa-
tional, or hybrid approaches will achieve these lofty goals will
require rigorous, well-controlled studies at scale. We openly
appeal to the wider antibody community to stop, collaborate,
and listen.
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