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The potential for immunogenicity is an ever-present
concern during the development of biopharmaceuticals.
Therapeutic antibodies occasionally elicit an antibody
response in patients, which can result in loss of response or
adverse effects. However, antibodies that bind a drug are
sometimes found in pre-treatment serum samples, with the
amount depending on drug, assay, and patient population.
This review summarizes published data on pre-existing
antibodies to therapeutic antibodies, including rheumatoid
factors, anti-allotype antibodies, anti-hinge antibodies, and
anti-glycan antibodies. Unlike anti-idiotype antibodies elicited
by the drug, pre-formed antibodies in general appear to have
little consequences during treatment. In the few cases where
(potential) clinical consequences were encountered, antibodies
were characterized and found to bind a distinct, unusual
epitope of the therapeutic. Imnmunogenicity testing strategies
should therefore always include a proper level of antibody
characterization, especially when pre-formed antibodies are
present. This minimizes false-positives, particularly due to
rheumatoid factors, and helps to judge the potential threat in
case a genuine pre-dose antibody reactivity is identified.

Introduction

The accurate prediction and assessment of (clinically relevant)
immunogenicity remains a challenging endeavor. One issue that
has gained considerable attention in recent years is the occasion-
ally reported presence of pre-existing antibodies, which can bind
to a drug already in treatment-naive individuals. These antibodies
have been suggested to potentally induce adverse effects or
diminish treatment efficacy, and are even believed by some to
contribute to or be predictive of future loss of response due to
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immunogenicity. Therapeutic monoclonal antibodies in particu-
lar may be the target of such pre-existing antibodies, as will be
elaborated in this review.

The first monoclonal antibody to be approved for therapeutic
use, OKT3, was a murine antibody that was found to be highly
immunogenic." This led to the development of methods to
include human sequence in antibody therapeutics, and thus
potentially reduce immunogenicity. Chimeric antibodies were
developed by replacing the murine constant domains by human
constant domains. Further humanization was accomplished by
combining the murine complementarity-determining regions
(CDRs) with a human variable domain framework region
(Fig. 1), whereas more recent improvements led to the creation
of so-called fully human antibodies. Although humanization
greatly reduced the immunogenicity of therapeutic antibodies,
even fully human antibodies are reported to elicit an immune
response in some of the treated patients.>* Reported incidences
of immunogenicity rates vary widely for a given drug (see e.g. ref.
5 for an overview of antibody formation to tumor necrosis factor
(TNF) blockers). These large variations strongly reflect, among
others, differences in the assays used to measure these anti-drug
antibodies.® However, factors such as dosage and the use of
immunosuppressive co-medication such as methotrexate can also
influence the immunogenic potential of a drug.®”

Whether the antibody is human, humanized, or chimeric,
determinants that are foreign to some or all individuals will still
exist. In particular, the CDRs of any antibody clone (Fig. 1) con-
tain unique stretches of amino acids, meaning that a certain
degree of ‘foreign-ness’ will always be present in therapeutic anti-
bodies.”®? However, clone-specific determinants (idiotopes) are
not necessarily the only parts of a therapeutic antibody that can
be foreign to an individual. For instance, the variable regions of
chimeric antibodies (as well as some of the early examples of
humanized therapeutic antibodies) may also contain xenotopes,
which are non-human determinants of murine origin that are
germ-line encoded (Fig. 1). Xenotopes will be shared by multiple
murine antibodies depending on their variable heavy (VH) and
variable light (VL) gene usage. Other determinants that may be
foreign to an individual include: i) polymorphic variation in the
human constant domains, known as allotypes; ii) glycans
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Figure 1. Potentially immunogenic determinants of antibodies. (A) An IgG antibody consists of variable
domains (orange/red) and constant domains (gray). Chimeric, humanized and human therapeutic antibodies
all contain human constant domains that may carry allotypic determinants. The variable domains can be
subdivided in complementarity determining regions (CDRs) that are primarily involved in antigen binding
and are highly variable, and framework regions (FRs) that are much less variable. The variation is partially
germ-line encoded, partially the result of junctional variation and partially the result of somatic hypermuta-
tion. In chimeric antibodies the framework regions are of murine origin, whereas in humanized and human
antibodies the framework regions will be largely human. Both CDRs and FRs can contain clone-specific deter-
minants (idiotopes). Furthermore, in case of chimeric antibodies, the FRs may also contain murine-specific
determinants (xenotopes). The variable domains may also express N-glycosylation sites that can contain
non-human glycans depending on the expression system used to produce the therapeutic antibody. (B)
Antibody fragments such as Fab (left) or single VH domains (right) will have regions exposed that are not
exposed in an intact IgG antibody that can serve as neo-epitopes. In particular, anti-hinge antibodies can
bind to a truncated hinge but will not bind intact IgG. (C) The antigenic trigger for rheumatoid factors is not
known, but they might form in response to IgG-containing immune complexes.
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attached to N-glycosylation sites in the variable domains; and iii)
determinants that become exposed upon fragmentation of an
IgG antibody (Fig. 1). These determinants will not be unique
characteristics of a particular therapeutic antibody, but are poten-
tial targets of an antibody response.

Furthermore, these potential epitopes can also be present on
(exogenous) IgG molecules other than the therapeutic antibody,
or even on entirely different proteins in the case of glycans. Anti-
bodies that bind to these epitopes may therefore also have formed
on previous exposure to other materials. In addition, in a number
of autoimmune diseases, patients are prone to produce rheuma-
toid factors, which are auto-antibodies specific for IgG and may
therefore also cross-react with therapeutic antibodies.

Antibodies to unique, clone-specific determinants as well as to
the various shared determinants described above have been dem-
onstrated on numerous occasions. In the following sections, anti-
body reactivities to therapeutic antibodies will be discussed,
focusing particularly on the existence, induction, and relevance
of the different types of cross-reactive or pre-existing antibodies,
and contrasting them with anti-idiotype antibodies. Further-
more, we will discuss their significance with respect to immuno-
genicity testing. Additionally, we will discuss how various types
of non-specific associations between immunoglobulin molecules
may render false-positive results in immunoassays that can be
mistaken for pre-existing, as well as drug-induced, antibodies.
Other important factors concerning immunogenicity assays,
including drug interference, and the relationship between
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rigorous interpretation; see also
the section ‘Anti-allotype and-
bodies’. A substantial part of the
idiotype is made up by CDRs, which are the hypervariable loops
of antibodies that determine its specificity and affinity. The actual
antigen binding site of an antibody (the paratope) may involve
the entire idiotype, but there may also exist idiotopes that are not
part of the antigen binding site.

Antibodies that recognize idiotopes are expected to interfere
with target binding (i.e., neutralize) to the extent that the idiot-
opes are part of the actual antigen binding site, or are in close
proximity to the antigen binding site. Such antibodies can lead
to loss of efficacy and ultimately treatment failure. Many studies
on the immunogenicity of therapeutic antibodies indeed show an
inverse correlation between anti-drug antibody levels that are
developed in response to treatment, and the functional drug lev-
els and clinical response, e.g., for natalizumab'’ (anti-a4-integ-
rin), infliximab?*?? and adalimumab,?>?% (both anti-TNF).
This suggests that at least part of these anti-drug antibodies are
neutralizing antibodies, and thus are likely anti-idiotype antibod-
ies (see Textbox 1).

The specificities of the anti-drug antibodies have been charac-
terized for different anti-TNF therapeutics.””*’ Notably, for
both monoclonal and polyclonal anti-adalimumab antibodies,
no cross-reactivity was observed to infliximab.”**” A study on
the actual binding sites of anti-adalimumab antibodies revealed
that the antibody response against adalimumab is highly
restricted. It was shown that more than 94% of the binding of
anti-adalimumab antibodies could be blocked by the Fab
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fragment of a single monoclonal anti-adalimumab antibody.>”
Furthermore, more than 97% of the anti-idiotype antibody
response to adalimumab, golimumab, and certolizumab, all 3 of
which are either human or humanized anti-TNF antibodies,
could be inhibited by TNF.* All-in-all, the vast majority of anti-
bodies formed to these TNF blockers appear to be neutralizing,
anti-idiotype antibodies. Strikingly, >90% of the antibody
response to the chimeric infliximab could be inhibited by
TNE.”® Several cases were identified with a small but definite
fraction of non-neutralizing antibodies (i.e., <10%) that were
not cross-reactive to polyclonal mouse IgG, suggesting that inflix-
imab-specific idiotopes outside of the antigen binding site were
recognized.

Anti-idiotype antibodies will, as a rule, not be detected in an
individual that was never exposed to the therapeutic antibody.
Thus, if any pre-existing antibodies are detected, these will often
be anything but anti-idiotype antibodies. Therefore, in line with
expectation, if pre-existing antibodies are detected, they are
mostly classified as non-neutralizing, if further characterization

2831
was made.?83

A note on neutralizing antibodies

Anti-drug antibodies can neutralize in different ways. Anti-
bodies that interfere with target binding will in principle always
be neutralizing, regardless of the mode of action of the therapeu-
tic. For a therapeutic antibody that should merely block its target,
this will be the only type of neutralizing antibody. Whether or
not the drug will actually be (fully) neutralized ultimately
depends on the amounts of both drug and anti-drug antibody, as
well as the amounts of target molecules, and the relative affinities
of these components. Nevertheless, non-neutralizing antibodies
in this case may still contribute to enhanced clearance and
thereby reduced efficacy. In case a therapeutic antibody needs to
induce cell receptor cross-linking, or engage in Fc-mediated
effector functions such as complement-dependent cytotoxicity
(CDC) or antibody-dependent cell-mediated cytotoxicity
(ADCC), antibodies that bind to the drug but do not interfere
with target binding may still interfere with the functionality and
neutralize the effects the drug is supposed to exert. In particular,
antibodies that would block Cl1q or Fc receptor binding could
result in diminished CDC, or ADCC, respectively.

Cross-Reactive and Pre-Existing Antibodies

Determinants that are not unique to the therapeutic antibody
but potentially foreign to the patient, e.g., in case of allotypic
mismatch, may elicit an antibody response. The available litera-
ture does not suggest that such responses to a therapeutic anti-
body are frequent, but this could be due to lack of assays set up
to specifically address these types of antibodies, which may be of
low affinity and of the IgM class (see below). However, since
these reactivities are not specific to the therapeutic antibody, it is
expected that they are occasionally encountered in individuals
that have not been exposed to the therapeutic antibody. Different
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types of these pre-existing antibodies have been observed, and

will be described below.

Rheumatoid factors

Rheumatoid factors (RF) are antibodies that bind the Fc part
of human immunoglobulin G, and may also bind to IgG of sev-
eral other species, including rabbit. Different epitopes on the
IgG Fc may be recognized,”” and RFs are generally of low affin-
ity.>*>° In healthy individuals RF has a prevalence of less than
5%, but in RA patients this increases to 70-90%.°” RF is usually
of the IgM class, but can also be IgG or IgA. Due to its low affin-
ity, IgM RF prefers binding to polymeric IgG (immune com-
plexes) rather than IgG monomers because of the higher avidity
upon multimeric interactions. By binding the Fc part of IgG, RF
may form large antibody complexes that are able to activate the
complement system and induce inflammation. The presence of
RF therefore indicates a more destructive disease course.”> The
exact mechanism by which these autoantibodies are formed
remains elusive; immune complexes containing IgG have been
implicated to serve as the antigen.

RFs will already be present before start of therapy in a large
portion of RA patients and to various degrees in other autoim-
mune disorders, and therefore RF classifies as a pre-existing anti-
body. However, although clearance of IgG-containing immune
complexes may be hampered or enhanced by the presence of
RF,**% there are no indications that clearance of therapeutic
antibodies is in general significantly affected by the presence of
RF. This may be explained by the poor binding of RF to mono-
meric IgG. There are also no indications that individuals positive
for RF have a higher chance of developing specific anti-drug anti-
bodies.”>*® Furthermore, a number of studies report that RF lev-
els actually declined in RA patients successfully treated with
adalimumab or infliximab,”*! although there are also a few case
reports about raised RF titers after treatment with infliximab or
tocilizumab (anti-interleukin-6 recc:ptor).ﬂ’43

On the other hand, in an in vitro study the complement-
dependent cytotoxicity of rituximab, an anti-CD20 antibody
that depletes B cells, was found to be decreased in the presence of
RFE.* This demonstrates that RF might in principle affect the
cytolytic activity of a therapeutic antibody that binds a cellular
target, which would lead to diminished efficacy in case of rituxi-
mab. However, the presence of RF actually predicts a better clini-
cal response in RA patients treated with rituximab. The same
holds true for tocilizumab and TNF blockers; evaluation of effi-
cacy in RF+ and RF- patient groups might therefore be a useful
part of a clinical trial, if applicable.45’46 Furthermore, although
we are not aware of studies that explicitly evaluate or report RE-
related safety issues of biologicals, therapeutic antibodies to both
soluble and cell-bound targets are generally well-tolerated by RA
patients.””*® Therefore, RFs probably also do not significantly
contribute to the occurrence of adverse effects. Taken together,
with respect to the assessment of immunogenicity, it will nor-
mally not be of interest to detect RF activity to a therapeutic
antibody.

In fact, RF can be a major confounding factor when assessing
immunogenicity, severely limiting the sensitivity or specificity of
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anti-drug antibody assays.*”~" Direct ELISAs, in which serum is
incubated on plates coated with the therapeutic antibody and
bound antibodies revealed with, for example, an anti-lambda
antibody, are especially prone to RF interference. Other assay for-
mats, including the often-used bridging ELISA, which uses the
therapeutic antibody both for capture and reveal, can also render
positive signals from RF+ serum samples. A testimony to this is
a recent overview of pre-dose positivity rates for a number of
therapeutic antibodies and antibody-based constructs in healthy
subjects as well as several disease populations, including RA.*®
Whereas pre-dose positivity was 0.6% in healthy subjects, this
was almost 15% in RA patients. Although detailed methodolo-
gies were not disclosed, it is likely that this elevated pre-dose posi-
tivity rate in RA patients is largely if not exclusively due to
detection of RF, and may also explain the apparent bias of detect-
ing pre-existing antibodies in autoimmune diseases.

Several approaches have been described to circumvent the
detection of RF in immunogenicity assays.so‘54 For instance, the
use of F(ab’)2 fragments of the therapeutic antibody instead of
the intact IgG molecules for detection of ADA can effectively
eliminate the detection of RE.3%53% However, one should take
care not to detect anti-hinge antibodies when using this approach
(see below).”° Similarly, pre-dose samples that tested positive for
antibodies to tocilizumab were re-tested for antibodies to both
Fab and Fc fragments to distinguish specific antibodies from
RF.>>> Furthermore, traces of aggregates in the drug conjugates
used for detection were found to be a major contributor to signals
from RF, and removal by size-exclusion chromatography was
found to substantially reduce these signals.’’ RF is sometimes
removed from serum samples using IgG-coated latex beads.*’
Alternatively, addition of polyclonal human IgG or rabbit anti-
human IgM>® in the sample buffer may be used to block RF,
although high concentrations of blocking reagent will be required.

Anti-allotype antibodies

Polymorphisms in the constant domains of the different IgG
subclasses (as well as IgA) have resulted in slight differences in
amino acid composition, known as allotypes.”””® Taking IgG1
as an example, genetic variation includes the amino acid at posi-
tion 214 in the CH1 domain, which can be a lysine or arginine,
designated GIm17 and G1lm3, respectively. Due to allotypic
mismatch, antibodies with a certain allotype can in principle be
immunogenic in certain individuals. A prevalence of anti-allotype
antibodies of 1% is reported in the general adult population.”
These anti-allotype antibodies are described to be of the IgM
class and have low affinity, similar to RF. Anti-allotype antibod-
ies are probably formed in response to blood transfusion or
pzlrturition.S&GO

Theoretically, anti-allotype antibodies may be elicited in
response to treatment with therapeutic antibodies in case of allo-
typic mismatch. For both adalimumab and infliximab, immuno-
genicity due to allotypic mismatch has been examined.
Adalimumab and infliximab are of the allotype G1m17,1 and
thus patients homozygous for GIm3 are expected to develop
anti-G1m17 or anti-G1m1 antibodies.”® Interestingly, one study
reported increased in vitro CD4 T cell responsiveness to peptides
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derived from GIml antibodies in donors homozygous for the
non-G1lml allele versus those homozygous for the Glml
allele.’ However, a cohort study comprising 250 adalimumab-
treated RA patients examined the formation of anti-adalimumab
antibodies and determined their binding to the G1m17,1 allo-
type, and anti-allotype antibodies were detected in none of the
patients.®> Another cohort study examined anti-allotype antibody
formation in 118 Crohn’s disease patients treated with inflixi-
mab. As with adalimumab, no correlation was found between the
patient’s allotype and the formation of anti-infliximab antibod-
ies.®> Apparently, in practice, allotopes of infliximab and adali-
mumab are only minor epitopes, especially when compared to
the idiotype. Allotypic mismatch and anti-allotype antibody for-
mation may therefore have no major impact on the efficacy of
therapeutic antibodies.

In contrast to drug-induced anti-allotype antibodies, pre-
formed anti-allotype antibodies reactive to a therapeutic antibody
have been reported in a few cases.”® In order to detect these anti-
bodies, assays were optimized for detection of low-affinity (IgM)
antibodies, which contrasts with efforts that are usually taken to
minimize RF interference in immunogenicity assays. Given the
similar characteristics of RF and these (pre-formed) anti-allotype
antibodies, it is unlikely that they will affect treatment efficacy,
and it is advisable to avoid detection of these low-athnity IgM
antibodies by using methods that are also used to minimize RF
interference (see above).

Variable domain gene segments are also highly polymorphic,
with some individuals lacking certain variable domain gene seg-
ments.**®> In these individuals, a therapeutic antibody based on
such a particular germ-line sequence might therefore elicit anti-
bodies that recognize a germ-line encoded determinant. These
antibodies would in principle qualify as anti-allotype. However,
from a practical point of view, such determinants are likely to
reside in the germ-line encoded parts of the CDRs rather than
FRs. Therefore, antibodies binding such a determinant would be
functionally indistinguishable from ‘true’ anti-idiotype antibod-
ies. The distinction resembles that of ‘private’ vs ‘cross-reactive’
idiotopes, as discussed by Jefferis et al.'” It is unknown if immu-
nogenicity rates are higher in individuals lacking a variable
domain allele corresponding to a certain therapeutic antibody.

Heterophile and anti-isotype antibodies

This review focuses on antibodies that react with chimeric,
humanized, or human therapeutic antibodies. Pre-existing anti-
bodies that react with gammaglobulins of non-human species, so
called heterophile antibodies (reviewed elsewhere®®), will there-
fore in principle not be relevant. Nevertheless, rheumatoid fac-
tors may be cross-reactive to gammaglobulins of other species
(see above), and heterophile antibodies are notorious for render-
ing false-positive results in immunoassays that use non-human
antibodies for detection.®”*® Furthermore, antibodies that recog-
nize xenotopes (non-human determinants of murine origin that
are germ-line encoded) in the mouse variable domains of a chi-
meric antibody are at least a theoretical possibility, and may have
formed on previous exposure to mice. However, there is no data
available to support this notion, although the reverse, mouse
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antibodies binding to determinants specific to certain human VH
domains is well-documented.®*”!

Antibodies formed in response to treatment with murine thera-
peutic antibodies appear to be a combination of anti-idiotype
antibodies and anti-isotype antibodies, the latter partly isotype-
specific."””? This suggests that in addition to the idiotype, several
immunodominant sites exist on the constant domains of the
heavy chains of murine antibodies. Absence of these determinants
in humanized antibodies explains in part their reduced immuno-
genicity. Interestingly, there are several reports suggesting that
antibodies to murine therapeutic antibodies that target tumor
cells may contribute to enhanced tumor cell removal.”*”> These
reports did not further characterize the antibodies; therefore, the
relative contributions of anti-idiotype and anti-isotype antibod-
ies, or neutralizing and non-neutralizing antibodies, is unknown.

Anti-hinge antibodies and other antibodies to IgG fragments

The proteolytic cleavage of antibodies resulting in Fc and F
(ab’)2 or Fab fragments, can generate new epitopes that are
potentially immunogenic.”® Antibodies to the hinge region of
the F(ab’)2 of IgG, as well as to the upper hinge region of Fab
fragments, have indeed been demonstrated in numerous stud-
ies.”®”78% However, the exact events that lead to the production
of anti-hinge antibodies have not yet been elucidated. The inci-
dence of anti-hinge antibodies is higher in RA patients than in
healthy individuals, suggesting that chronic inflammation might
result in their induction, possibly due to cleavage of IgG by
endogenous proteases such as elastase or cathepsin G.””®" Anti-
hinge antibodies can be of high affinity,”®”®
for a particular C terminus, i.e., they will recognize Fab or F(ab’)

and are often specific

2 fragments generated by a certain protease, but not fragments
obtained by a protease that cleaves at another site, even if just 1
or 2 amino acids apart.®” Furthermore, anti-hinge antibodies
may have subclass-restricted specificity® and do not bind to
intact IgG molecules.”®”® The sometimes high specificity and
affinity of these antibodies makes it likely that they are specifically
elicited by Fab/F(ab’)2 fragments. This in turn implies that ther-
apeutic antibody fragments may also have the potential to elicit
such antibody responses.

Anti-hinge antibodies are of no importance for most anti-
TNEF therapeutics because they are full-length, intact molecules.
Certolizumab pegol, however, embodies an anti-TNF Fab’ frag-
ment that might elicit anti-hinge antibody formation. To our
knowledge, the role of anti-hinge antibodies on the efficacy and
clearance of certolizumab has not been investigated yet, and thus
remains unclarified. In cases where the specificities of anti-certoli-
zumab were investigated, the vast majority of antibodies was
found to compete with TNF binding, thereby excluding a sub-
stantial anti-hinge response.”” Certolizumab has a polyethylene
glycol tail attached to its C terminus, effectively shielding the
exposed hinge epitope, which may lower the propensity to induce
this particular type of antibody response. This also suggests that
potentially immunogenic structures in the — branched — polyeth-
ylene glycol tail do not elicit a strong antibody response. In gen-
eral, lack of assay standardization has thus far hampered
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assessment of the immunogenic potential of PEG and the preva-
lence of anti-PEG antibodies.***>

The high prevalence of different kinds of anti-hinge antibod-
ies implies that pre-existing antibodies may be found that cross-
react with a particular therapeutic antibody Fab fragment in
which the hinge region is exposed. An early study on one such
therapeutic, the chimeric Fab fragment abciximab (anti-glyco-
protein IIb/IIIa), indeed showed the presence of pre-existing anti-
bodies directed to the C terminus of Fab fragments, but no
adverse clinical events could be attributed to the presence of these
antibodies.” Further investigation of the immunogenicity of
abciximab showed that the presence of antibodies to abciximab
correlated with thrombocytopenia, an adverse effect of abcixi-
mab.%® A study of Lajus et al.*” demonstrated that these antibod-
ies could not only be directed to abciximab, but also to a neo-
epitope generated by the association of abciximab with its ligand,
the platelet glycoprotein IIb/IIla receptor. Despite this further
characterization of the anti-abciximab antibody response, it
remains unknown whether anti-hinge antibodies contribute to
this response.

Another example of pre-existing antibodies to an antibody
fragment comes from a study by Holland et al.*” About 50% of
healthy individuals were found to have antibodies against a single
VH domain antibody fragment that targets TNFR-1. In a dose-
escalation study, physiological signs of cytokine release were
observed in 2 individuals with anti-VH antibodies, and, in an in
vitro experiment, complexes of anti-VH antibodies and the anti-
TNFR-1 VH domain antibody were able to release cytokines
from several human cell lines. The antibodies were found to bind
to framework regions, but were not cross-reactive to the same
VH domain as part of an intact antibody. The specific determi-
nant was unfortunately not disclosed in the study, but may com-
prise an epitope that would be shielded if the VH domain is
associated with a VL or CH1 domain.

Anti-hinge antibodies can also be a confounding factor in
immunogenicity assays in case Fab or F(ab’)2 fragments of the
therapeutic antibody are used to capture the potential anti-drug
antibodies, for instance, to circumvent the detection of RF.”° In
particular, several studies aimed to characterize if anti-drug anti-
bodies target the Fab or Fc part of the therapeutic antibody
infliximab, but found substantial reactivities to Fab/F(ab’)2 in
pre-treatment samples or control samples, which were probably
anti-hinge antibodies.**®*” In order to avoid the detection of
anti-hinge antibodies, addition of Fab or F(ab’)2 fragments of
polyclonal human IgG can be used.”

Anti-glycan antibodies

All IgG antibodies possess a conserved N-glycosylation site in
the Fc part. The attached bi-antennary glycan structure is usually
heterogeneous in structure, both in case of in vivo produced anti-
bodies as well as those produced in cell lines.”® Proper glycosyla-
tion depends on the cell line used to manufacture monoclonal
antibodies. Some cell lines may introduce non-human glycan
structures. One of these cell lines, SP2/0, used for the production
of infliximab, is able to attach the non-human glycan structure
galactose-a-1,3-galactose (a-gal) to antibodies.”’ Alpha-gal is
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also a common antigen present on many animal proteins as well
as bacteria, and it is not surprising that most individuals develop
IgG antibodies against a-gal throughout life.”** However, no
reports exist about anti-glycan antibodies cross-reacting with, for
example, infliximab (see below).

In addition to Fc-linked glycans, the Fab portion of an anti-
body may also contain N-linked glycans in case a glycosylation
site was introduced by somatic hypermutation. Most therapeutic
antibodies do not contain Fab glycans, which is likely in part the
result of lead selection against clones containing a Fab glycan, as
well as by eliminating any such site if it does exist in an antibody
with the potential of becoming a therapeutic. However, cetuxi-
mab, a therapeutic antibody targeting epidermal growth factor
receptor, is produced in SP2/0 and contains an additional N-gly-
cosylation site in the Fab portion.”” As a result, cetuximab has an
exposed a-gal moiety on its Fab fragment.

No information exists on a potentially accelerated clearance of
cetuximab due to (IgG) anti-a-gal antibodies. However, a high
incidence of sometimes life-threatening hypersensitivity reactions
at the first administration of cetuximab was observed in some
areas of the United States.”® It was found that most patients who
developed hypersensitivity reactions were positive for pre-existing
IgE anti-o-gal antibodies. Subsequent studies indicate that the
IgE antibodies were specifically developed after exposure to tick
bites in these rural areas.”” (On the other hand, there are no indi-
cations that cetuximab-treated individuals without pre-existing
IgE anti-a-gal develop these antibodies upon treatment.) Testing
patients before start of treatment for the presence of IgE anti-
a-gal may identify patients at risk for developing a severe hyper-
sensitivity reaction.

Although infliximab and palivizumab also include a-gal, the
a-gal epitopes of infliximab and palivizumab are exclusively
located on Fc-linked glycans in relatively low abundance and
were found not to be recognized by IgE anti-a-gal unless the Fc
part was digested into fragments.”' Therefore, IgE anti-a-gal
thus far appears to only be of significant importance to patients
treated with cetuximab.

Non-Specific Associations Between
Immunoglobulins

Antibody molecules will typically bind to a target via a specific
interaction that is largely mediated by the CDRs. However,
immunoglobulins can also associate in a variety of other ways.”®
Depending on the type of immunoassay that is carried out, such
non-specific associations may result in a positive signal, which
will often reflect limitations of the assay format rather than a gen-
uine interaction that may also take place in vivo. It is important
to keep in mind that for some of the aforementioned examples of
pre-existing antibodies, assays used to measure them can also suf-
fer from these limitations, direct ELISAs in particular, as will be
elaborated below.

Antibodies that are directly adsorbed onto a polystyrene micro-
titer plate will unfold to various degrees.””'*® As a result, parts of
several immunoglobulin domains that are normally involved in
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interactions between light and heavy chains, and therefore
shielded, may become exposed. These interaction surfaces exist
between heavy and light chains (VH-VL; CH1-CL) and between
heavy chains (CH3-CH3). Antibodies from a serum sample may
subsequently associate to these partially unfolded antibodies in a
non-specific fashion depending on, for example, their isotype as
well as their structural integrity. A well-studied example is human
IgG4, which can associate to immobilized/partially unfolded IgG

The interaction involves
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exclusively via Fc-Fc interactions.'”!
(partial) dissociation and re-association of CH3 domains,
which is most efficient for IgG3 and IgG4.'” Association of
IgG4 is also observed to various degrees to immobilized IgG from
other species,'* and is easily confused for e.g., rheumatoid factor
activity.'® A similar association could be envisaged involving dis-
sociation and re-association of light and heavy chains from certain
antibody molecules, especially since interactions between VH and
VL domains may greatly differ in association strength for different
antibodies."® This could explain the observation that in sera from
healthy individuals, antibody reactivity to infliximab F(ab’)
2 fragments adsorbed to microtiter plates could be only partially
depleted by repeated absorption using the same F(ab’)2 fragments
chemically attached to agarose.”®

Another artificial interaction that may be relevant to immuno-
genicity testing is so-called ‘acquired polyreactivity’, a general
increase in reactivity to many proteins, including immunoglobu-
lins, upon treatment of antibodies with acid.'?” Anti-drug anti-
body assays nowadays often include an acid-dissociation step to
dissociate potential drug-antibody complexes. This sample treat-
ment might result in an association of drug to serum antibodies
that would not normally bind to the drug. It is therefore useful
to test pre-treatment samples, which will not contain drug, both
with and without an acid-dissociation step to ensure that no arti-
ficial reactivities are introduced following acidification. In gen-
eral, one should be aware that assay steps that introduce
structural modifications to a therapeutic antibody may lead to
artificial antibody interactions.

Besides these non-physiological immunoglobulin interactions,
another type of Fc interaction was recently found to contribute
to IgG hexamer formation upon Clq binding.'?*'% These low-
affinity interactions will not result in association between mono-
meric IgG molecules, but may be responsible for the fact that
IgG Fc fragments readily crystallize, and possibly facilitate PEG-
induced immune complex precipitation reactions.”® Interference
from these non-specific, low-affinity interactions in immunoas-
says may be minimized by ensuring that reagents, including drug
molecules that are tagged (e.g., with biotin), are aggregate-free.

Immunogenicity Assays

There are several reasons to measure antibody responses to
therapeutic antibodies, including purely scientific interest, clini-
cal management, and evaluation of the immunogenic potential
of a drug in development. In all cases, it is important to distin-
guish between an antibody response induced by the therapeutic
antibody, which can be expected to be specific, targeting
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Table 1. Reports on consequences of pre-existing antibodies

Drug Effect Reference
abciximab presence of anti-hinge antibodies might be correlated with thrombocytopenia 2, 86,87
cetuximab IgE antibodies recognizing alpha-gal sugar moieties caused anaphylactic reactions in patients from certain regions in the 96
United states
GSK1995057 in vitro and in vivo cytokine release was associated with antibodies recognizing framework regions of the drug (a VH 29
domain) but not the intact antibody
rituximab decreased in vitro complement-dependent cytotoxicity of rituximab was observed in the presence of rheumatoid factor 44

predominantly the idiotype and are clinically relevant, and pre-
dose antibodies that can bind the therapeutic antibody, but are
often irrelevant or the result of non-specific interactions. Never-
theless, several cases of pre-formed antibodies have been reported
thus far that proved to be (potentially) clinically relevant
(Table 1). The IgE anti-a-gal antibodies that cross-react with
cetuximab and may induce hypersensitivity reactions is the most
dramatic example. Perhaps the most important lesson from these
examples is that understanding the potential risks of these pre-
formed antibodies was possible in large part because of proper
characterization of these antibody responses. Moreover, unusual
features were demonstrable in the therapeutic antibody/antibody
fragments, which were found to relate to the antibody reactivities
that were observed.

Currently, most therapeutic antibodies use ‘natural’ constant
domains, but antibody formats are being developed with
enhanced features compared to wild-type isotypes, such as
improved or diminished binding to Fc receptors or enhanced
capacity for complement activation.'*®!'%” Another example is the
use of single-chain VH domains, of which one example was dis-
cussed above.” Whether or not these modifications will lead to
substantial antibody formation remains to be seen. Furthermore, a
variety of antibody conjugates are in development, such as mole-
cules comprising toxins coupled to an antibody. Data on the
potential immunogenicity as a result of specific determinants other
than the idiotype are still limited, but the existing body of data
suggests that, for example, allotypic mismatch may not result in a
substantial anti-allotype response. However, predictions regarding
the immunogenic potential of antibody modifications are trouble-
some. Addition of protein-based moieties to an antibody struc-
ture, such as an antibody-toxin conjugate, may have unexpected
consequences with respect to immunogenicity. In any case, spe-
cific assessment of antibody reactivity to the modified parts is eas-
ily accomplished by cross-screening/inhibition experiments using
the wild-type counterpart of such a therapeutic (see below).

More commonly observed pre-dose reactivides to ‘typical’
antibodies will in most cases largely consist of low-affinity anti-
bodies such as RF. The current body of evidence suggests that
there is no value in taking into account these antibodies for

Table 2. Key points

immunogenicity testing, but rather one should take measures to
eliminate the detection of these antibodies. Importantly, pre-dose
positivity does not appear to predict post-dose immunogenicity.”®
Since many autoimmune diseases are characterized by elevated
levels of such antibodies, it is necessary to base cut-points of
immunogenicity assays not solely on samples from healthy indi-
viduals. Especially if one follows the advice of using a screening
assay that by design identifies 1 out of 20 samples as positive,'*
by itself a high false-positivity rate, the amount of positives in a
patient group may easily reach double digits if the cut-point was
based only on healthy individuals, while in fact none of the posi-
tive samples would represent a true positive. On the other hand,
if no efforts are undertaken to eliminate the interference of irrele-
vant pre-existing reactivities, the resulting assay may be insensi-
tive because of an artificially high cut-point. Furthermore,
besides RF, other IgG-binding serum components such as Clq
may render similar false-positive signals, especially in bridging
formats. Specificity can be assessed, for instance, by checking for
cross-reactivity with other antibodies with a different specific-
!
aggregated) polyclonal human immunoglobulin to check for RF

as well as inhibition experiments using, for example, (heat-

background, or using the same clone expressed as a different allo-
type to evaluate possible allo-reactivity.

In addition, as explained in the previous section, one should
be aware of the fact that assay steps resulting in structural modifi-
cations of antibodies (e.g., by direct adsorption to a solid phase)
may lead to non-specific associations of immunoglobulins and
thereby false-positive signals. If in doubt, it is useful to (re-)
design the assay in such a way that antibody-drug interactions
take place in fluid phase. Assays should be set up in a manner
that avoids structural modifications that can affect the interac-
tions between the drug and serum antibodies.

To conclude, pre-formed antibodies in general appear to have
little or no consequences during treatment, but a few exceptions
exist where pre-formed antibodies could or did have clinical con-
sequences. In these cases, specificities of the antibodies were ana-
lyzed and could be linked to distinct, unusual epitopes of the
therapeutic. Therefore, immunogenicity testing strategies should
always include a sufficient level of antibody characterization,

e Even fully human monoclonal antibodies are potentially immunogenic
e Antibodies formed in response to treatment are mostly neutralizing
e In many (but not all) cases, pre-existing antibodies have little consequences

o Pre-existing antibodies should be carefully distinguished from false-positive results
e Pre-existing antibodies should be evaluated on a case-by-case basis using assays that yield information on the specificity of the antibodies
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especially in case of pre-formed antibodies (Table 2). On the one

hand, this should ensure that false-positives, particularly due to
rheumatoid factors, are largely eliminated. On the other hand,

knowing which types of antibodies produce a genuine pre-dose
signal to a certain drug will help to judge their potential threat.
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