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ABSTRACT
During the development of monoclonal antibodies (mAbs) and other therapeutic proteins,
immunogenicity, in particular the induction of anti-drug antibodies (ADAs), is an important concern, and
thus immunogenicity assessment is a requirement for their approval. Establishment of appropriate
methods for detecting and characterizing ADAs is necessary for immunogenicity assessment, but the lack
of commonly available reference standards makes it difficult to compare and evaluate the methods. It is
also difficult to compare the data with those obtained by other methods or facilities without reference
standards. Here, we developed a panel of ADAs against anti-CD20 rituximab (Rituxan� , MabThera�); the
panel consisted of eight clones of recombinant human-rat chimeric mAbs that target rituximab. The anti-
rituximab mAbs showed different binding properties (specificity, epitope and affinity), and different
neutralization potencies for CD20 binding, complement-dependent cytotoxicity and antibody-dependent
cell-mediated cytotoxicity. The molecular size of the immune complex consisting of rituximab and the
anti-rituximab mAb differed among the clones, and was well correlated with their level of Fcg-receptor
activation. These results suggest that the ADAs chosen for the newly developed panel are suitable
surrogates for human ADAs, which exhibit different potential to affect the efficacy and safety of rituximab.
Next, we used this panel to compare several ADA-detecting assays and revealed that the assays had
different abilities to detect the ADAs with different binding characteristics. We conclude that our panel of
ADAs against rituximab will be useful for the future development and characterization of assays for
immunogenicity assessment.
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Introduction

Monoclonal antibody (mAb) therapeutics have shown great
success as treatments for various diseases, including tumors
and inflammatory diseases.1-3 Because of their higher target
specificity, mAb treatments are generally considered to pose a
lower risk of adverse reactions than chemical drugs. However,
administration of mAbs and other therapeutic proteins may
cause immunogenicity, and in particular the induction of anti-
drug antibodies (ADAs),4-6 which can adversely affect the effi-
cacy, pharmacokinetics and/or safety profiles of drugs. A prom-
inent example was the development of human anti-mouse
antibodies in patients who received murine mAbs, which was
the major obstacle to continued use of this therapy.7 To resolve
this problem, chimeric and humanized mAbs, in which the
rodent-derived sequences are reduced by recombinant DNA
technologies, have been developed. In addition, transgenic-
mouse and phage-display technologies have enabled the gener-
ation of fully human mAbs. These advances in mAbs-produc-
tion technologies have generally succeed in reducing
immunogenicity, and contributed to the clinical use of
therapeutic mAbs with lower risk of unwanted immune
responses.8,9 However, inductions of ADAs are still reported in
patients administered chimeric, humanized and human
mAbs.10,11 Thus, based on the existing data, even when human

mAbs, in which the rodent-derived sequences have been
completely eliminated, are used in therapy, the risk of induc-
tions of ADAs, including human anti-human antibodies
(HAHAs) is not completely eliminated.

ADAs directed against therapeutic mAbs can affect efficacy,
pharmacokinetics and/or safety profiles.4,12,13 In the case of inflixi-
mab (human-mouse chimeric mAb targeting tumor necrosis fac-
tor (TNF)), it has been reported that the presence of ADAs is
associated with lower serum drug concentrations, reduced clinical
responses and increased risk of adverse events, including infusion
reactions.14-16 A correlation between the serum concentration of
rituximab (a human-mouse chimeric anti-CD20 mAb) and
human anti-chimeric antibody,17 and the relationship of HAHA
to the biodistribution of sibrotuzumab (a humanized anti-FAP
mAb)18 have also been reported. An anti-idiotypic IgE against
basiliximab (a human-mouse chimeric anti-interleukin-2 receptor
mAb) has been reported to trigger anaphylactic shock.19

Because of these risks of ADAs, immunogenicity assessment is a
regulatory requirement for approval of therapeutic mAbs.20, 21 The
strategy for immunogenicity assessment consists of several steps,
including screening assay, confirmatory assay and characterization.
In the screening and confirmation steps, ADAs with the potential
to bind to the tested drugs are detected using various assay plat-
forms,22,23 including radioimmunoassay (RIA), enzyme-linked
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immunosorbent assay (ELISA), electrochemiluminescence (ECL)
immunoassay, surface plasmon resonance (SPR) assay and bio-
layer interferometry (BLI) assay. Each of these binding assays has
different sensitivity for the detection of ADAs in human clinical
samples, including serum or plasma. In addition, the ability to
detect ADAs that show weak binding affinities or fast dissociation
rates varies depending on the type of assay format (e.g., the pres-
ence or absence of a washing step). Cell-based functional assays are
the preferred approach for characterizing whether a detected ADA
is a neutralizing antibody (NAb), and they are also useful for esti-
mating the impact of the presence of an ADA on clinical efficacy.
However, the sensitivity of cell-based assays to detect ADAs is often
inferior to that of binding assays, and thus the neutralizing activity
of an ADA with low concentration may not be detected.24 Accord-
ingly, these assays have different performance characteristics for
detecting or characterizing ADAs. When establishing the methods
for immunogenicity assessment, it is thus important to choose and
validate an assay that is suitable for the purpose. Nonetheless, there
is currently no commonly available reference standard of ADAs
against mAb therapeutics, despite the potential importance of such
a standard for evaluating and comparing the assays.

In this study, we generated recombinant human-rat chimeric
anti-rituximabmAbs and developed a panel of ADAs against ritux-
imab. The panel consists of anti-rituximab mAbs with various
binding characteristics and neutralizing activities. Using this

ADA panel, we then showed that the molecular size of an
immune-complex consisting of rituximab and anti-rituximab
mAb is well correlated with the activation of Fcg receptor (FcgR),
which may lead to the immune response in vivo. In addition, we
experimentally demonstrated the differential ability of the ADA
assays to detect ADAs with different binding characteristics.

Results

Generation of anti-rituximab mAbs

To create ADAs against rituximab, rats were immunized with an
F(ab’)2 fragment of rituximab, and hybridomas were generated
by using the iliac lymph node method. The hybridomas were
screened for their activity to bind rituximab, resulting in the
establishment of 22 clones expressing rat anti-rituximab mAbs
(rat ADAs). To estimate the binding specificity of the rat ADAs,
we performed an SPR-binding assay in which a human-mouse
chimeric therapeutic mAb (rituximab, infliximab or cetuximab)
or fully human therapeutic mAb (adalimumab, panitumumab or
ofatumumab) was captured on the sensor chip, and the binding
of rat ADAs was analyzed (Fig. 1A). Most of the established
clones (except for ADA15, 17, 19, 20 and 21) showed specific
binding to rituximab, indicating these clones recognize the com-
plementarity-determining region (CDR) of rituximab and that

Figure 1. Binding characteristics of anti-rituximab mAbs. (A, B) The binding specificity of anti-rituximab mAbs was analyzed by an SPR-binding assay. The binding of each
clone to rituximab, infliximab, cetuximab (human-mouse chimeric IgG1), adalimumab (human IgG1), panitumumab (human IgG2) or ofatumumab (human IgG1) was rep-
resented as a response unit. (C) Epitope binning assay. The binding response of Ab-2 (a competing Ab) to Ab-1 (the saturating Ab)-bound rituximab is shown in the
matrix. Self-blocking, blocking (<0.5) and binding (�0.5) are indicated in yellow, red and green, respectively. The dendrogram generated by cluster analysis indicates the
difference in the binding epitopes of each clone.
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they are anti-idiotypic antibodies. ADA19 bound to human-
mouse chimeric mAbs, but not to fully human mAbs, suggesting
that ADA19 recognizes the murine-derived sequences in
human-mouse chimeric mAbs. ADA15, 17, 20 and 21, which
bound to both human-mouse chimeric and fully human mAbs,
are thought to recognize the constant region of human IgG. We
next prepared the human-rat chimeric ADAs against rituximab
(chimeric ADAs) by grafting the variable regions of rat ADA to
human IgG1. The binding specificity of each chimeric ADA was
evaluated by SPR analysis, and we confirmed that, as well as orig-
inal rat clones, ADA03, 05, 06, 08, 10, 12 and 13 bind specifically
to rituximab, and ADA19 binds to chimeric mAbs with a murine
variable region (Fig. 1B). We used this set of human-rat chimeric
ADAs in all experiments hereafter.

Epitope analysis of anti-rituximab mAbs

We next performed an epitope binning assay to characterize the
binding epitope of anti-rituximab mAbs by using the BLI method.
The epitope binning assay consists of two association steps: 1)
binding of the saturating mAb (Ab-1) to a rituximab-immobilized
sensor chip, and 2) binding of a competing Ab (Ab-2) to rituxi-
mab in the presence of Ab-1. The binding of Ab-2 in the presence
of Ab-1, which was normalized to the binding in the absence of
Ab-1, is shown in Fig. 1C with the dendrogram generated by clus-
ter analysis. When Ab-1 and Ab-2 were the same mAb, self-block-
ing was observed as expected. ADA03, 05, 06, 08, 10, and 12
prevented each other from binding to rituximab, suggesting that
they share the same binding epitope. In contrast, ADA13 blocked
the binding of ADA03, 05, 06, 08, 10 and 12 to rituximab, but was
bound to rituximab in the presence of these ADAs, indicating that
ADA13 had a different binding epitope than the other clones.
ADA19, which recognizes murine-derived sequences in chimeric
mAbs, did not block the binding of other rituximab-specific
mAbs, and showed binding to rituximab even in the presence of
other rituximab-specific mAbs.

Binding affinities of anti-rituximab mAbs

To assess the rituximab-binding affinity of anti-rituximab mAbs,
the binding between rituximab and anti-rituximab mAbs was ana-
lyzed by the BLI method. The binding sensorgrams and analyzed
kinetic parameters are shown in Supplemental Figure 1 andTable 1,
respectively. All of the clones bound to rituximab in a dose-depen-
dent manner, and their dissociation constants (KD) varied from
100 pM to 10 nM. The on-off ratemap, in which the kinetic param-
eters of each clone are visualized, indicated that the kinetics

parameters (ka and kd) differed among the clones (Fig. 2). In partic-
ular, ADA13 showed a higher kd value than the other clones.

Neutralizing activity of anti-rituximab mAbs

When considering the effects of ADAs on clinical efficacy, it is
important to evaluate whether an ADA is a NAb. Rituximab
binds to CD20 expressed on the cell surface of B-cell lymphoma
and exerts anti-tumor activity by killing the target cells via com-
plement-dependent cytotoxicity (CDC) and antibody-dependent
cell-mediated cytotoxicity (ADCC).25,26 We first estimated the
neutralizing activity of anti-rituximab mAbs against the CD20-
binding activity of rituximab. Binding of rituximab to CD20-
expressing Raji cells was dose-dependently inhibited by all clones
of the anti-rituximab mAbs, indicating that they neutralize the
CD20-binding activity of rituximab (Fig. 3A). ADA13 showed
lower neutralization potency than the other clones, whereas all
the clones except ADA13 exhibited similar potency. We next
assessed the neutralization potency against the CDC activity of
rituximab by using Raji cells as target cells. As in the binding
assay, all clones inhibited the CDC activity of rituximab, and the
potency of ADA13 appeared to be lower than that of the other
clones (Fig. 3B). For the measurement of ADCC activity, we
used Raji cells and Jurkat/FcgRIIIa/NFAT-Luc reporter cells as
target and effector cells, respectively. Human FcgRIIIa is one of
the activating FcgRs expressed on various human immune cells,
and plays a pivotal role in the natural killer cell-mediated ADCC
activity of mAbs.27 By using Jurkat/FcgRIIIa/NFAT-Luc reporter
cells, activation of FcgRIIIa by the antigen-mAb complex can be
measured as luciferase activity, and this assay is useful as a surro-
gate of the ADCC assay.28,29 As shown in Fig. 3C, the activation
of FcgRIIIa by rituximab bound to CD20 expressed on Raji cells
was inhibited by anti-rituximab mAbs. The strength of the neu-
tralization potency was in the order of ADA05 > ADA03,
ADA08, ADA12 > ADA06 > ADA19 > ADA10 > ADA13.
The IC50 values of each clone in the binding, CDC and ADCC
assays are summarized in Table 2. These results suggest that the
anti-rituximab mAbs in our ADA panel have different abilities
to neutralize the pharmacological activities of rituximab.

Table 1. Summary of binding kinetics parameters of anti-rituximab mAbs.

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

ADA03 1.47 £ 105 9.07 £ 10¡4 6.19£ 10¡10

ADA05 2.14 £ 106 7.56 £ 10¡4 3.53£ 10¡10

ADA06 1.40 £ 105 4.27 £ 10¡4 3.04£ 10¡9

ADA08 3.94 £ 105 1.99 £ 10¡4 5.05£ 10¡10

ADA10 3.51 £ 105 2.80 £ 10¡4 7.99£ 10¡10

ADA12 1.28 £ 105 3.55 £ 10¡4 2.76£ 10¡9

ADA13 6.23 £ 105 1.93 £ 10¡3 3.09£ 10¡9

ADA19 1.15 £ 105 3.96 £ 10¡4 3.45£ 10¡9

Figure 2. On-off rate map indicating the binding kinetics parameters of anti-rituxi-
mab mAbs analyzed by BLI assay. The association rate constant (ka) is plotted
against the dissociation rate constant (kd). The diagonal lines indicate the equilib-
rium dissociation constant (KD).
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Immune-complex formation of anti-rituximab mAbs

The formation of immune complexes between ADAs and therapeutic
proteins is a major cause of the immune-mediated adverse reactions
attributed to ADAs.12 Drug/ADA immune complexes can activate a
complement cascade and FcgR-mediated immune-cell signaling,
resulting in immune-cell activation and inflammatory cytokine release.
In order to evaluate the formation of immune complexes between

rituximab and anti-rituximab mAbs, we first analyzed the molecular
size of anti-rituximab mAbs in the presence or absence of rituximab
by the dynamic light scattering (DLS) method. The results showed
that the size of molecules in the mixture of rituximab and anti-rituxi-
mab mAbs was larger than that of rituximab or anti-rituximab mAbs
alone (Fig. 4A), indicating the formation of rituximab/ADA immune
complexes. The molecular size of the rituximab/ADA immune com-
plexes varied among the clones. To examine whether rituximab/ADA
immune complexes can activate immune cells, we next evaluated the
activation of FcgR by the immune complexes by using Jurkat/
FcgRIIa/NFAT-Luc cells. Human FcgRIIa is expressed on various
immune cells including monocytes, macrophages, neutrophils and
dendritic cells, and is involved in the activation of these cells by anti-
gen-bound IgGs. Anti-rituximab mAbs did not activate FcgRIIa in
the absence of rituximab, but did activate FcgRIIa in the presence of
rituximab (Fig. 4B), suggesting that immune complexes consisting of
rituximab and anti-rituximab mAbs have the potential to activate
immune cells via FcgRIIa. Interestingly, immune complexes of larger
molecular size exhibited stronger FcgRIIa activation, and a positive
correlation (R square D 0.848) was observed between the molecular
size of the immune complex and FcgRIIa activation (Fig. 4C). These
results suggest that the molecular size of the rituximab/ADA immune
complex could be one of the important characteristics of ADA that is
correlated with immune-mediated adverse reactions caused by
unwanted activation of immune cells.

Comparison of the methods for detecting ADAs against
rituximab

As described above, we developed an ADA panel consisting of
anti-rituximab mAbs with different binding-epitope, binding-
affinity and neutralization-activity characteristics, and we
applied this panel to a comparison of different methods for
detecting ADAs: ECL immunoassay, SPR assay and BLI assay.
The assays were performed in the presence or absence of
human serum. The details of these assays are described in the
Materials and Methods. As shown in Fig. 5, the detectability of
each clone of the anti-rituximab mAbs differed among the
assays. In particular, there was a remarkable difference in the
detection of ADA13, which showed a higher kd value and
seemed to dissociate more rapidly than the other clones. The
ECL immunoassay could not detect ADA13 at all (Fig. 5A),
whereas the SPR and BLI assay could detect it in a dose-depen-
dent manner (Fig. 5B and 5C). In addition, ADA05 showed the
strongest response in the SPR and BLI assay, and a weaker
response in the ECL immunoassay. In this way, the SPR and
BLI methods, but not the ECL immunoassay, showed similar
tendencies in terms of the detection of ADAs with different
binding characteristics. Addition of 10% human serum in the
samples did not influence the detectability of almost clones, but
the response signal of ADA19 was apparently decreased in the
presence of 10% human serum in all three methods.

Discussion

Development of a method for detecting and characterizing ADAs
is a critical step in the immunogenicity assessment of biopharma-
ceuticals, including therapeutic mAbs. Because the human ADAs
induced in patients are polyclonal antibodies with different

Figure 3. Neutralization activity of anti-rituximab mAbs against CD20 binding (A),
CDC activity (B) and ADCC activity (C) of rituximab. The percentage of activity is
plotted against the concentration of ADA (n D 3, bars indicate SEM). An anti-TNF
mAb, infliximab, was used as a negative control in the binding assay.

Table 2. Summary of neutralization activities of anti-rituximab mAbs.

IC50 (mg/ml) Binding CDC ADCC (FcgRIIIa activation)

ADA03 0.245 0.158 0.127
ADA05 0.356 0.167 0.102
ADA06 0.355 0.225 0.211
ADA08 0.294 0.166 0.138
ADA10 0.219 0.149 0.900
ADA12 0.249 0.167 0.137
ADA13 0.577 0.530 1.106
ADA19 0.287 0.172 0.678
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binding epitopes and binding affinities, it is important when
developing ADA-detection methods to ensure that the methods
can detect ADAs with various characteristics in a range of clini-
cally relevant concentrations. A polyclonal antibody prepared
from drug-immunized animals is generally used as a surrogate
positive control in assay development, even though animal-
derived polyclonal antibodies generally exhibit different character-
istics in binding affinity or binding epitopes compared to human
ADAs. Human antibodies that show similar characteristics to the
ADAs induced in patients are desirable surrogates, but they are
not commonly available. Recently, the first World Health

Organization erythropoietin antibody reference panel was estab-
lished.30,31 This panel consists of nine fully human mAbs against
erythropoietin with various characteristics, and is useful for evalu-
ating assay performance as well as for assay validation and
standardization.32

In this study, we developed a panel of anti-rituximab
mAbs that consists of 8 clones with various characteristics in
binding epitope, binding affinity and neutralization activity.
This is the first report on the development of an ADA panel
for rituximab. When human-murine chimeric mAbs, includ-
ing rituximab, are administrated to human, both CDRs and

Figure 4. Molecular size and FcgR activation property of the rituximab/ADA immune complex, (A) DLS analysis of the rituximab/ADA immune complex. The size distribu-
tion of rituximab (blue), ADA (green) and the rituximab/ADA complex at a molar ratio of 1:1 (red) is shown. (B) FcgRIIa activation by ADAs in the presence or absence of
rituximab was measured by using Jurkat/FcgRIIa/NFAT-Luc reporter cells. Infliximab was used as a negative control. Data represent the mean C SEM (n D 3). (C) Correla-
tion between the FcgRIIa activation and the size of the immune complex. The FcgRIIa activation (in relative light units: RLU) is plotted against the size of the immune
complex (diameter). The dashed line is a regression line (R square is 0.848).
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framework regions in murine-derived variable regions can be
immunogenic determinants,33 therefore we chose seven anti-
idiotypic clones that specifically bind to rituximab (ADA03,
05, 06, 08, 10, 12 and 13) and a clone that broadly binds to
human-murine chimeric mAbs (ADA19). The epitope bin-
ning assay indicated that the anti-idiotypic clones could be
further classified into two groups in terms of the binding epi-
tope (ADA13 and the others). The binding affinities of anti-
rituximab mAbs to rituximab (KD) varied widely, ranging
from 100 pM to 10 nM. When using the ADAs in this panel
as positive control reagents for the development or charac-
terization of various assays, it is important that the recombi-
nant ADAs show characteristics similar to those of human
ADAs developed in patients. Animal-derived antibodies
with adjuvant-based immunization are generally considered
to show higher binding affinity than human ADAs. Although
the analysis of detailed characteristics of human ADAs is
technically difficult due to their limited availability, it has

been reported that patient-derived anti-adalimumab mAbs
show high binding affinity (KD between 0.6 and
233 pM) to adalimumab,34 suggesting that the binding affini-
ties of our anti-rituximab mAbs are not very different from
those of patient-derived ADAs.

Among our anti-rituximab mAbs, ADA13 shows different
characteristics from the other clones in terms of its biological
activity. ADA13 binds to rituximab with an affinity (KD) simi-
lar to ADA06, 12 and 19, but dissociates from rituximab more
rapidly because of its higher off-rate (kd). The neutralizing
potency of ADA13 in CD20 binding and CDC and ADCC
activity is significantly lower than that of the other clones.
Thus, ADA13 seems to hold promise as a surrogate for an
ADA with lower potency that is not sufficiently affinity matu-
rated. All of the anti-idiotypic clones except for ADA13 showed
similar neutralization activity in the CD20-binding assay, but
there was a difference in the potency to neutralize CDC and
ADCC activity. In the CDC assay, ADA06 and 10 showed

Figure 5. Comparison of the methods for detecting anti-rituximab mAbs. Each serially diluted clone of anti-rituximab mAbs was measured by ECL immunoassay (A), SPR
assay (B) and BLI assay (C) in the presence or absence of 10% human serum as described in the Materials and Methods.
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somewhat weaker potency than ADA03, 05, 08 and 12. In the
ADCC assay, the difference between the clones was more
remarkable: the order of the neutralizing potency against
ADCC activity was ADA05 > ADA03, ADA08, ADA12 >

ADA06> ADA10. These results indicate that the anti-idiotypic
clones in our panel exhibit various levels of activity for neutral-
izing the pharmacological activity of rituximab, and also sug-
gest that the cell-based assays have differential ability to
measure the neutralization activity.

The drug/ADA immune complex can induce the activation
of various immune cells, and this activation correlates with
the impact of ADAs on the drug pharmacokinetics and/or
safety profile. As shown in Fig. 4, the anti-rituximab mAbs in
our developed ADA panel formed immune complexes with
rituximab, and the molecular sizes of the rituximab/ADA
immune complexes differed among the clones. The size of the
rituximab/ADA03 immune complex, which was the largest
complex formed by the clones, was approximately 25 nm in
diameter. Based on the estimated molecular weight calculated
by the DLS software, the immune complex seems to be a tet-
rameric complex consisting of two rituximab and two ADA03
molecules. These results are consistent with a previous report
in which therapeutic mAbs and ADA were shown to form rel-
atively smaller immune complexes (e.g., dimeric or tetrameric
complexes) due to steric hindrance.12,34,35 It has been reported
that small immune complexes can persist in circulation, while
large immune complexes can be cleared efficiently by immune
cells via FcgRs,12,36,37 although the relationship between the
molecular size of the immune complex and the FcgRs-activa-
tion profile is not fully understood. We recently reported that
the molecular size of immune complexes formed by TNF and
anti-TNF mAbs was correlated with the ability of the com-
plexes to activate FcgRs.38 In this study, we revealed that the
rituximab/ADA immune complexes directly activated FcgRIIa,
and that their ability to activate FcgRIIa was correlated with
their molecular size. This is the first report to experimentally
demonstrate the direct activation of FcgRs by mAb/ADA
immune complexes. Although the contribution of FcgRIIa-
activation measured by our reporter assay on the activation of
immune cells in vivo is not clear, our results suggest that small
mAb/ADA immune complexes can activate FcgR-expressing
immune cells, which may lead to faster clearance of mAbs by
phagocytosis or induce adverse reactions mediated by inflam-
matory cytokines. Interestingly, the order of the ability of
anti-idiotypic clones to activate FcgRIIa by the rituximab/
ADA immune complex was different from the order of the
neutralization activity of the clones. For example, ADA10
exhibited weaker neutralization activity against ADCC than
most of the other anti-idiotypic clones, but the rituximab/
ADA10 immune complex strongly activated FcgRIIa. These
results suggest that the impact of ADAs on the drug efficacy
may not always be correlated with the impact on drug safety:
ADAs with weak neutralization activity have the potential to
induce adverse reactions via FcgR-mediated immune-cell
activation.

Our ADA panel was also shown to be useful for comparing
or evaluating the methods for detecting ADAs against rituxi-
mab. When comparing the detectability of three different
assays (ECL immunoassay, SPR assay and BLI assay) for the

ADAs against rituximab, only the ECL immunoassay failed to
detect ADA13. The ECL immunoassay in bridging format is
one of the most popular methods for detecting ADAs because
of its high sensitivity and throughput. On the other hand, the
washing steps required in the ECL immunoassay often make
it difficult to detect ADAs with a low binding affinity or high
dissociation rate. As shown in Fig. 2, ADA13 binds rituximab
with a similar binding affinity (KD) to ADA06, 12 and 19, but
dissociates more rapidly than the others. Thus, the undetect-
ability of the ECL immunoassay for ADA13 can be explained
by the higher kd value of ADA13: the binding of ADA13 to
rituximab may not be maintained in the washing steps in the
ECL immunoassay. Both the SPR assay and BLI assay are
label-free assays that do not require washing steps, and they
showed a similar ability to detect various clones of anti-rituxi-
mab mAbs in our panel. We also examined the effect of
human serum in the samples on the detectability of ADAs
against rituximab. In all three methods, the dose-dependent
responses of most clones (except for ADA19) were not
affected by the addition of 10% human serum, suggesting that
these clones were useful for the characterization of ADA
assays performed in the presence of human serum. The
response signal of ADA19 was apparently decreased in the
samples containing human serum regardless of the type of
ADA assays. As revealed by the binding analysis, ADA19
broadly binds to human-murine chimeric mAbs and its bind-
ing specificity seems to be lower than other clones (Fig. 1).
Thus, it is considered that the binding of ADA19 to immuno-
globulins or other proteins in human serum interfered with its
detection.

In conclusion, we generated human-rat chimeric anti-rituxi-
mab mAbs with various biological characteristics and devel-
oped a panel of ADAs against rituximab. By using this panel,
we revealed the relationship between the size of the mAb/ADA
immune complex and FcgR-mediated immune-cell activation,
and also experimentally demonstrated the difference in the
detectability of ADAs between the ECL immunoassay, SPR
assay and BLI assay. Our panel consists of human-rat chimeric
mAbs with human IgG1 subclass, whereas ADAs with various
immunoglobulin subclasses, including IgG4 and IgM, can be
induced in patients, and the detection of ADAs with IgG4 and
IgM subclass is often more complicated than the detection of
ADAs with IgG1. Thus, substitution of the immunoglobulin
subclass of anti-rituximab mAbs to IgG4 and IgM will
strengthen the usefulness of our ADA panel for the assessment
of assays detecting ADAs.

We are not aware of any study in which the detailed charac-
teristics of patient-derived ADAs against rituximab were ana-
lyzed, and we cannot assess whether our recombinant ADAs
exhibit similar characteristics to ADAs induced in patients. In
addition, no matter how similar recombinant ADAs are to clin-
ical ADAs in their biological functions, they are not the same
as the clinical samples, which consist of polyclonal antibodies
with various characteristics. Although there are limitations
in the use of recombinant ADAs generated by animal immuni-
zation, we believe that the panel of control ADAs with
diverse repertoire of different binding properties and
neutralization activities is a promising tool that may facilitate
decision-making on assay selection by the comparison and
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evaluation of ADA assays. Our approach can be applied to
other mAb therapeutics, and will assist in the development and
characterization of various assays for immunogenicity
assessment.

Materials and methods

Generation of rat anti-rituximab mAbs

Immunization of rats and generation of hybridomas were per-
formed by ITM (Nagano, Japan). Briefly, rituximab F(ab’)2 pre-
pared by pepsin digestion of MabThera� was crosslinked by
glutaraldehyde and used as an immunogen. WKY rats were
immunized with Freund’s Complete Adjuvant-conjugated
immunogen. After two weeks, the iliac lymph nodes were col-
lected from the immunized rats, followed by separation of lym-
phocytes and fusion to myeloma. The resultant hybridomas
were screened by ELISA, and the hybridomas secreting rat
anti-rituximab mAbs were established. The hybridomas were
cultured in GIT medium (WAKO) and rat anti-rituximab
mAbs were purified from the culture medium by using a
HiTrap Protein G HP column (GE Healthcare).

Generation of human-rat chimeric anti-rituximab mAbs

For sequence analysis of the variable regions of rat anti-rituxi-
mab mAbs, total RNA was purified from rat hybridomas by
using an RNeasy Plus Micro Kit (QIAGEN). cDNA synthesis
and 50-RACE PCR were performed by using a SMARTer
RACE 50/30 Kit (Clontech) according to the manufacturer’s
instructions. DNA sequencing was performed by TAKARA
BIO (Shiga, Japan). DNA fragments encoding the variable
region of the heavy chain and light chain were synthesized by
GenScript Japan (Tokyo, Japan), and subcloned into pFUSE-
CHIg-hG1 and pFUSE2-CLIg-hk vector (Invivogen), respec-
tively, resulting in the expression vectors of human-rat chime-
ric anti-rituximab mAbs. The expression and purification of
recombinant mAbs were performed as described previously.28,
29 Briefly, FreeStyle CHO-S cells (Invitrogen) were transfected
with mAb expression vectors by using FreeStyle MAX reagent
(Invitrogen) and cultured in FreeStyle Expression Medium
(Invitrogen) (37�C, 8% CO2). After 7 days of culture, the cul-
ture supernatants were collected by centrifugation, and the
recombinant mAbs were purified using HiTrap Protein G HP
columns.

Biotinylation of mAbs therapeutics

Rituximab (MabThera�), infliximab (Remicade�), cetuximab
(Erbitux�), adalimumab (Humira�), panitumumab (Vectibix�)
and ofatumumab (Arzerra�) were purchased from reagent dis-
tributors, and biotinylated using an EZ-Link Sulfo-NHS-LC-Bioti-
nylation Kit (Pierce) according to the manufacturer’s instructions.

SPR analysis

A Biacore T200 SPR biosensor (GE Healthcare) and Biotin
CAPture Kit (GE Healthcare) were used for SPR analysis. The
capturing of biotinylated ligands and regeneration of the sensor
chip were performed according to the manufacturer’s

instructions. All measurements were performed at 25�C and
HBS-EPC (GE Healthcare) was used as a running buffer. To
evaluate the binding specificity of anti-rituximab mAbs, bioti-
nylated mAb therapeutics (rituximab, infliximab, cetuximab,
adalimumab, panitumumab and ofatumumab) were captured
on the Sensor Chip CAP, then anti-rituximab mAbs diluted to
1 ug/ml were injected for 90 sec. In the ADA detection assay,
anti-rituximab mAbs were serially diluted in running buffer or
running buffer containing 10% human serum (Sigma-Aldrich,
H4522), and were injected on the sensor chip loaded with bio-
tinylated rituximab for 600 sec. Binding levels (RU) were calcu-
lated by using Biacore T200 Software (GE Healthcare).

BLI analysis

BLI analysis was performed by using an Octet RED384 sys-
tem (Paul ForteBio) and Dip and Read Streptavidin (SA)
Biosensors (Paul ForteBio). All experiments were performed
at 30�C and 1000 rpm in HBS-EPC buffer. The epitope
binning assay was performed using an in-tandem format.
Biotinylated rituximab diluted to 1 mg/ml was loaded on
the SA biosensors for 60 sec, and 20 ug/ml anti-rituximab
mAbs (saturating Abs: Ab-1) were applied to the biosensors
for 600 sec, resulting in the saturated binding to rituximab.
Then, 20 mg/ml anti-rituximab mAbs (competing Abs: Ab-
2) were applied for 300 sec, and their binding to rituximab
was calculated by using Data Analysis HT 9.0 software
(Paul Fortebio). The binding levels of Ab-2 in the presence
of Ab-1 were normalized to the binding levels in the
absence of Ab-1. Cluster analysis was performed by using
JMP software (SAS Institute Japan). For the binding kinetics
analysis, biotinylated rituximab diluted to 1 mg/ml was
loaded onto the SA biosensors for 60 sec, and serially
diluted anti-rituximab mAbs were applied to the biosensors
for 120 sec followed by a 130-sec dissociation phase. The
kinetics parameters (ka, kd and KD) were calculated from
the sensorgrams using a 1:1 binding model by Data Analy-
sis 9.0 software (Paul Fortebio). In the ADA detection
assay, anti-rituximab mAbs were serially diluted in HBS-
EPC buffer or HBS-EPC buffer containing 10% human
serum, and were applied to the biosensors loaded with bio-
tinylated rituximab for 180 sec, and the binding levels (nm)
were calculated using Data Analysis 9.0 software.

Cell-based CD20-binding assay

The human Burkitt lymphoma cell line Raji (JCRB9012) was
obtained from the JCRB Cell Bank (NIBIO, Japan) and cultured
in RPMI1640 medium (Invitrogen) supplemented with 10%
fetal bovine serum. An ECL cell-based assay was performed to
evaluate the neutralization activity against CD20-binding. Raji
cells suspended in phosphate-buffered saline (PBS; 3 £ 104

cells/well) were seeded into a Multi-Array 96-well High Bind
Plate (Meso Scale Discovery) and incubated at 37�C for 1 hour.
After removing the supernatant, the plates were blocked by
adding 3% MSD Blocker A (Meso Scale Discovery) for 1 hour.
Mixtures of 0.5 mg/ml biotinylated rituximab, 0.5 mg/ml
SULFO-TAG Streptavidin (Meso Scale Discovery) and serially
diluted anti-rituximab mAbs were prepared in 1% MSD
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Blocker A and incubated at room temperature for 1 hour. The
pre-incubated mixtures (25 ml/well) were added to each well of
the Raji-coated plate and incubated at room temperature for
1 hour. After washing with PBS, MSD Read Buffer T (Meso
Scale Discovery) (150 ml/well) was added to each well, and the
ECL signal was measured by using MESO QuickPlex SQ120
(Meso Scale Discovery). The percentage of binding activity was
calculated by normalizing the signals of anti-rituximab mAbs-
treated samples to that of the negative control and plotted
against the concentration of anti-rituximab mAbs. The IC50

value of each mAb was calculated by 4-parameter logistic
regression (PRISM 6; Graphpad Software).

CDC assay

Mixtures of 50 mg/ml rituximab and the serially diluted
anti-rituximab mAbs were prepared in PBS and incubated
at 37�C for 30 min. Raji cells were suspended in Opti-
MEM (Invitrogen) supplemented with 16% human serum
(SIGMA) and seeded into a 96-well plate (1 £ 104 cells/
80 ml/well). 20 ml of the pre-incubated mixtures were added
to each well and incubated at 37�C for 2 hours. Cytotoxicity
was measured by using a CytoTox-Glo Cytotoxicity Assay
(Promega) according to manufacturer’s instructions. The
percentage of CDC activity was calculated by normalizing
the cytotoxicity of each sample to that of the negative con-
trol and plotted against the concentration of anti-rituximab
mAbs. The IC50 value of each mAb was calculated by 4-
parameter logistic regression.

ADCC assay (FcgRIIIa activation assay)

An FcgRIIIa activation assay was performed as a surrogate for
the ADCC assay.28,39 Raji and Jurkat/FcgRIIIa/NFAT-Luc cells
were used as target and effector cells, respectively. Mixtures of
1 mg/ml rituximab and serially diluted anti-rituximab mAbs
were prepared in PBS and incubated at 37�C for 30 min. Raji
and Jurkat/FcgRIIIa/NFAT-Luc cells suspended in Opti-MEM
were seeded into a 96-well plate (90 ml/well, the effector:target
ratio was 10:1), and then the pre-incubated mixtures were
added to each well (10 ml/well), followed by incubation at 37�C
for 5 hours. Luciferase activity was measured by using a ONE-
Glo Luciferase Assay Reagent (Promega) and Ensight multi-
mode plate reader (PerkinElmer). The luciferase activity was
normalized to the negative control, and the percentage of activ-
ity was plotted against the concentration of anti-rituximab
mAbs. The IC50 value of each mAb was calculated by 4-param-
eter logistic regression.

Measurement of the size and FcgR activation ability of
immune complexes

Mixtures of 100 mg/ml rituximab and 100 mg/ml of anti-rituxi-
mab mAbs were prepared in PBS and incubated at 37�C for
30 min. The size distribution of pre-incubated mixtures was
measured by DLS analysis at 25�C using a ZetaSizer Nano
(Malvern). For measuring FcgR activation by immune com-
plexes, pre-incubated mixtures were added to Jurkat/FcgRIIa/
NFAT-Luc cells at a final concentration of 1 mg/ml. After
5 hours of incubation at 37�C, luciferase activity was measured

by using ONE-Glo Luciferase Assay Reagent and an Ensight
multimode plate reader.

ECL bridging assays for ADA detection

Rituximab was labeled with ruthenium using MSD GOLD
SULFO-TAG NHS-Ester Conjugation Packs (Meso Scale Dis-
covery) according to the manufacturer’s instructions. Mixtures
of 0.5 mg/ml biotinylated rituximab, 0.5 mg/ml ruthenium-
labeled rituximab and serially diluted anti-rituximab mAbs
were prepared in assay diluent (1% Blocker A in PBS) in the
presence or absence of 10% human serum, and incubated at
room temperature for 2 hours with shaking. An MSD GOLD
96-well Streptavidin QUICKPLEX Plate (Meso Scale Discov-
ery) was blocked with 3% Blocker A in PBS for 2 hours. After
three washings with 0.05% Tween/PBS, 50 ml of the pre-incu-
bated mixtures were added to each well and incubated at room
temperature for 1 hour with shaking. The plate was washed
with 0.05% Tween/PBS and 150 ml of (2x) MSD Read Buffer T
was added to each well, followed by the detection of ECL sig-
nals using MESO QuickPlex SQ120.
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