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Eiie&ﬁ[‘é“i;?il,“ai°e#§°als’ '”CK“7(7170§’; Charge heterogeneity is an important quality attribute of therapeutic anti-

o  aryiown, ’ bodies, and a detailed understanding of charge heterogeneity arising from

Email: jennifer.nguyen@regeneron.com post-translational modifications (PTMs) is required by regulatory agencies
during drug development. Among antibody therapeutics, the bispecific anti-

Review Editor: Aitziber L. Cortajarena body with two distinct Fab domains targeting distinct antigens provides addi-

tional complexity to the charge profile. In this study, charge variant species
were enriched from three bispecific antibodies (bsAbs) each containing one
anti-CD3 binding arm designed with differential affinity to CD3. The charge
heterogeneity corresponding to each anti-CD3 arm within each enriched
fraction was evaluated using a domain-specific, digestion-assisted imaged
capillary isoelectric focusing (iclEF) method known as DiCE. Through frac-
tionation, we observed that the anti-CD3 arm of each bispecific antibody
exhibited different distributions of acidic variants, even when the anti-CD3
arms were identical based on primary sequence. Reduced peptide mapping
was performed on specific fractions to identify unique site-specific PTMs
that were uncovered or enriched through fractionation. In each case, the
bispecific arm that was most susceptible to PTMs exhibited a more basic
isoelectric point. Conformational stability analysis of each bispecific anti-
body using differential scanning calorimetry suggested that the more basic
Fab arm tended to be correlated with a lower melting temperature, although
it is unclear the extent to which PTMs on the basic arm may contribute to
reduced conformational stability. Overall, these results provide additional
evidence that each of the two arms of a bispecific antibody may exhibit dif-
ferential susceptibility to post-translational modification and that this suscep-
tibility is likely correlated with subtle differences in overall bispecific antibody

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2025 Regeneron Pharmaceuticals, Inc. Protein Science published by Wiley Periodicals LLC on behalf of The Protein Society.

Protein Science. 2025;34:e70079. wileyonlinelibrary.com/journal/pro 10f 14
https://doi.org/10.1002/pro.70079


https://orcid.org/0009-0008-0488-353X
mailto:jennifer.nguyen@regeneron.com
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/pro
https://doi.org/10.1002/pro.70079

NGUYEN ET AL.

2 | WILEY— 4§ ey

antibodies.

KEYWORDS

1 | INTRODUCTION

Bispecific antibodies (bsAbs) have emerged as the
next-generation antibody-based therapeutic modality to
traditional monospecific monoclonal antibodies (mAbs),
with the specific advantage of being designed for dual
functionality by targeting two antigens (bispecific) or
distinct epitopes on the same antigen (biparatopic)
(DaSilva et al. 2020; Frankel and Baeuerle 2013; Guna-
sekaran et al. 2010; Li et al. 2020; Liu et al. 2015;
Niquille et al. 2024; Smith et al. 2015). In oncology,
bsAbs have been developed to redirect T cells to tumor
cells displaying a specific antigen, which can exert mul-
tiple anti-tumor effects or potentiate T-cell activation,
leading to increased anti-tumor activity.

Several T-cell engaging antibodies have been
developed across the biopharmaceutical industry since
the early 1980s (Saini and Kumar 2021; Willems
et al. 2005). More recently, bispecific antibodies with
one arm targeting a T-cell receptor and one arm target-
ing a tumor-specific antigen (TSA) have been devel-
oped. Within the past 2years alone, eight new
bispecific antibodies have been approved, with hun-
dreds of unique T-cell receptor targeting bispecific anti-
bodies currently in clinical trials at various stages (Klein
et al. 2024; Middelburg et al. 2024; Paul et al. 2024;
Surowka and Klein 2024; Wei et al. 2022).

Among T-cell receptor targets, the CD3 protein com-
plex and T-cell co-receptor are present on all T cells and
have become a highly desirable target for developing
immunomodulatory approaches for cancer therapy
(Menon et al. 2023). The CD3 protein complex itself con-
tains four distinct subunits, which assemble and function
as three pairs of dimers, providing a high degree of modu-
larity and tunability of T-cell activation, which can be fur-
ther tuned through antibody-based therapeutics targeting
different subunits. Despite the myriad advantages, target-
ing CD3 has been associated with adverse effects,
including liver toxicity, cytokine release syndrome (CRS),
respiratory failure, and tachycardia (Middelburg
et al. 2021). As a result, prudent design of anti-CD3
bsAbs must balance these risks against the desired ther-
apeutic effect by fine-tuning expected binding affinity and
potency (Lim 2020).

structure, which is influenced by electrostatic properties inherent to the pri-
mary sequence. Future studies to obtain high-resolution structures of full-
length bispecific antibodies by crystallography or cryo-electron microscopy
may help to elucidate the driving force for susceptibility to PTMs in bispecific

analytical characterization, bispecific antibodies, CD3, imaged capillary isoelectric focusing,
post-translational modification

Even with fine-tuning of the immunomodulatory
response, the potency of anti-CD3-containing bsAbs
may be affected by post-translational modifications within
the anti-CD3 regions. Post-translational modifications are
often associated with an increase in charge heterogene-
ity and can occur during protein expression, manufactur-
ing, or storage. We recently reported an imaged capillary
isoelectric focusing (iclEF) method, known as DiCE, for
quantitating domain-specific charge variants in bsAbs. In
this study, we present a workflow that combines charge
variant enrichment via chromatography with domain-
specific charge variant analysis and provide results for
three bsAbs generated using the star substitution strat-
egy for bsAb heterodimerization (Tustian et al. 2016).
This approach allows us to investigate the susceptibility
of the anti-CD3 arm to post-translational modifications,
which may in turn affect potency.

Acidic variants of each anti-CD3 targeting bsAb
were successfully enriched based on intact iclEF and
DiCE; some of these acidic fractions were associated
with reduced potency. Further investigation determined
that these acidic variants were correlated with the
enrichment of specific PTMs or sequence variants in
the complementarity-determining region (CDR) of either
the anti-CD3 or anti-TSA arm. Interestingly, the anti-
CD3 arm of each bispecific antibody evaluated in this
study exhibited different distributions of acidic variants,
even when the anti-CD3 arms were identical based on
primary sequence, suggesting that the primary
sequence of each Fab was not solely responsible for its
vulnerability to modification. Indeed, the bispecific arm
carrying a more basic charge was demonstrated to be
more susceptible to PTMs. Analysis of the thermal sta-
bility of each bispecific antibody arm using differential
scanning calorimetry indicated that the more basic arm
tended to be correlated with a lower thermal melting
temperature (T,,), suggesting that the thermal stability
of each Fab may influence its susceptibility to PTMs.
Overall, these results provide evidence that each of the
two arms of a bispecific antibody may exhibit differential
susceptibility to post-translational modification and that
this susceptibility is likely correlated with subtle differ-
ences in overall bispecific antibody structure, which is
mediated by the more basic heavy chain arm.
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(a) Diagrams of the three anti-CD3 bispecific antibodies applied to this study. bsAb1 utilizes a high affinity anti-CD3 arm (Smith

et al. 2015) whereas bsAb2 and bsAb3 utilize a moderate affinity anti-CD3 arm. Note that bsAb2 and bsAb3 share the same anti-CD3
monoclonal heavy chain (Fd region denoted in pink) with only minor differences in light chain sequences (green and light green). (b) Sequence
similarity within the CD3 Fd domains shared among bsAb1, bsAb2, and bsAb3. (c) Sequence similarity within the LC domains shared among
bsAb1, bsAb2, and bsAb3. TSA1, TSA2, and TSA3 refer to three distinct antigens wherein the anti-TSA Fd domains (CDR regions) exhibit no

sequence homology.

2 |

21 | Enrichment of charge variants from
three anti-CD3 antibodies

RESULTS

The charge variants of three bsAbs that target separate
TSAs with moderate (M) to strong (S) CD3 affinity
(Haber et al. 2021) (Figure 1a) were enriched using a
combination of molecule-specific, empirically deter-
mined ion exchange chromatography steps (Baek et al.
2020; Hirsh and Hirsh 2008; Zhang et al. 2013). Bispe-
cific antibodies bsAb2 and bsAb3 share identical anti-
CD3 heavy chain (HC) arms and a highly similar light
chain (LC) sequence, which differs by only two amino
acid residues. The anti-CD3 arm and LC of bsAb1
share >95% and >84% sequence homology, respec-
tively, with the other two molecules. TSA1, TSA2, and
TSAS3 refer to three distinct antigens for which the anti-
TSA sequences share no appreciable homology within
the CDR (Figure 1) (Baek et al. 2020; Hirsh and
Hirsh 2008; Zhang et al. 2013).

The fractionation method yielded at least three acidic,
one main, and at least one basic fraction for each bsAb
molecule. The resultant intact iclEF profiles generated for
each enriched fraction (Figure S1, Supporting Informa-
tion) demonstrate successful enrichment of multiple
acidic variants and basic variants to high purity.

2.2 | Domain-specific DiCE analysis of
each enriched charge variant sample can
provide detailed impurity analysis

The domain-specific charge heterogeneity of each
sample was further evaluated using DiCE analysis, in
which each sample was pretreated with IdeS enzyme
prior to iclEF analysis under reduced, denaturing condi-
tions (Figure 2a—c) (Liu et al. 2024). This methodology
provides additional domain-specific charge variant
analysis, which can often distinguish modifications on
the Fc, LC, and each Fd arm.

2.21 | Evaluation of the Fc region of DIiCE
reveals specific enrichment of PTMs and anti-
TSA parental impurities in enriched acidic
fractions

For bsAb1, peaks 1-7 (pl ~6.2—6.8) correspond to the
Fc/2 or Fc*/2 species generated by sample treatment.
More specifically, peaks 2, 4, and 6 correspond to
acidic, main, and basic charge variants of the Fc/2 frag-
ment, whereas peaks 3, 5, and 7 correspond to variants
of the Fc*/2. Peaks 6 and 7 refer to the unclipped
C-terminal lysine of each Fc/2 or Fc*/2 fragment,
respectively. Visual inspection of the DICE profiles
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FIGURE 2 Differential susceptibility of bsAb arms to post-translational modification may be influenced by pl and/or thermal stability. (left
panels) DiCE analysis of unfractionated and enriched charge variants of (a) bsAb1, (b) bsAb2, and (c) bsAb3. (right panels) DSC thermograms
of each bsAb (black solid lines) and its respective parental monospecific mAbs (shaded regions) are also provided for comparison of thermal

stability.

generated for the three bsAb sample sets revealed an

interesting pattern: if a single C-terminal lysine variant

was enriched in a basic

fraction, this residue was

present on the star (anti-CD3) arm. This result suggests

that the C-terminal lysine residue tended to be prefer-

entially hydrolyzed from the non-star (anti-TSA) arm;
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however, the mechanism for this chain-specific or
sequence-specific susceptibility is unclear.

Additional quantitative analysis of the Fc region of
the DICE profiles from these samples also revealed
enrichment of undesirable monospecific parental mAb
impurities which may have been carried through the
purification process. In this bsAb format, the Fc*
domain contains a double substitution (HY — RF)
which reduces binding affinity to Protein A compared to
the native Fc domain sequence (Tustian et al. 2016).
This substitution facilitates effective separation of the
desired bsAb product from monospecific parental mAb
(Fc/Fc and Fc*/Fc*) byproducts during the affinity cap-
ture step of the purification process based on differen-
tial affinity to Protein A. Because a completely
homogeneous bsAb sample should contain one copy
each of the Fc and Fc*, the theoretical ratio (by area) of
all Fc peaks relative to all Fc* peaks should be ~1.0, as
observed in the unfractionated and enriched main
charge variant samples. However, the area ratio of
Fc/Fc* peaks was higher (~1.47) in acidic variants
1 and 2, suggesting a potential enrichment of the anti-
TSA1 monospecific mAb impurity, whereas this ratio
was lower (~0.75) in basic variant 2 (Table S1), sug-
gesting a partial enrichment of the anti-CD3 monospe-
cific mAb impurity in this fraction. No appreciable
enrichments of parental impurities were observed for
bsAb2 and bsAb3. These results were consistent with
quantitation of parental monospecific impurities based
on mixed mode (size-exclusion with hydrophobic inter-

action) chromatography (Table S1) (Zhang and
Liu 2016).
2.2.2 | Evaluation of the Fd peaks from

enriched charge variant samples reveals a
susceptibility to acidic modifications on the
Fab arm/Fd fragment exhibiting a more
basic pl

With respect to the antigen-binding domains, generally
similar levels of peaks corresponding to LC (~22%—
26%) were observed in all enriched fractions corre-
sponding to each antibody. Not surprisingly, enriched
acidic fractions tended to exhibit a slightly lower abun-
dance of the predominant LC peak, with a concomitant
increase in peaks likely corresponding to an acidic
PTM on the LC, which may represent LC glycation or
deamidation. In contrast, peaks corresponding to the
anti-CD3 or anti-TSA Fd fragments for each of the three
bsAb molecules exhibited distinct comparative differ-
ences with respect to the number and relative abun-
dance of chain-specific charge variants observed.

In the DICE electropherogram of bsAb1, two promi-
nent adjacent peaks (peaks 11 and 13) corresponding
to the anti-TSA1 and anti-CD3 Fd fragments, respec-
tively, were observed (Figure 2a). These peaks

B - WiLEY L s
comprise 22.1% and 21.1% of the total peak area,
respectively, indicating the expected ~1:1 molar ratio
between the two equivalent Fd arms in the unfractio-
nated bsAb1 product. The enriched acidic 1 (Ac1) and
main fractions also exhibited an approximate molar
equivalence of these two peaks based on peak area.
However, the most acidic charge variants (Ac2 and
Ac3) of bsAb1 exhibited a significantly lower abun-
dance of the predominant anti-CD3 peak (9.3%—
12.7%) compared to the anti-TSA1 Fd fragment in
these fractions (21.3%—24.9%; anti-TSA/anti-CD3 ratio
~2.0-2.2). This result both suggests a higher abun-
dance of acidic modifications on the anti-CD3 arm and
corroborates DiCE observations in the Fc region, which
indicated the enrichment of anti-TSA1 parental impuri-
ties in these acidic fractions. A significantly higher
abundance of the predominant anti-CD3 Fd peak
(29.1%) was observed in the most basic fraction (Ba2)
of bsAb1, resulting in an anti-TSA/anti-CD3 ratio of
~0.68, consistent with the Fc/Fc* ratio for bsAb1
(~0.75) and suggesting enrichment of the anti-CD3
parental monospecific impurity. Two minor basic peaks
of the anti-TSA1 and anti-CD3 Fd fragments (peaks
12 and 14) were also observed in the DiCE electrophe-
rogram for the most basic fraction; these peaks likely
correspond to N-terminal pyroglutamate modifications
(data not shown). Although N-terminal pyroglutamate is
not expected to impact target binding and potency, this
PTM can be sensitively detected using this enrichment
workflow.

DIiCE analysis of unfractionated bsAb2 revealed
three peaks corresponding to the anti-CD3 Fd fragment
and five peaks representing charge variants of the anti-
TSA2 Fd fragments (Figure 2b), demonstrating that
bsAb2 inherently exhibits higher charge heterogeneity
than bsAb1. At present, it is unclear whether this
charge heterogeneity represents possible differences
in downstream bioprocessing or the susceptibility of the
molecule itself to post-translational modification during
protein expression.

Following charge-based enrichment, acidic fractions
Ac4, Ac3, and Ac2 from bsAb2 exhibited a minor
increase in the relative abundance of acidic peaks
9 and 10, with a concomitant decrease in the abun-
dance of the main anti-CD3 peak 11 (~19.1%—19.6%)
compared to the unfractionated bsAb2, main, and basic
samples (~22.4-23.3%). These results suggest that
only a minor degree of charge variant modifications
occurs on the anti-CD3 arm in this molecule. In con-
trast, the peaks corresponding to the anti-TSA2 Fd
exhibited a high level of enrichment of acidic variants,
indicating that the surface charge characteristics
exploited to enrich the charge variants from bsAb2
were likely dominated by charge heterogeneity occur-
ring on the anti-TSA2 arm.

bsAb2 contains a known CDR glycation on the anti-
TSA2 Fd arm (Liu et al. 2024; Xu et al. 2022) which



NGUYEN ET AL.

6 of 14 iy

ot | WILE Y-8 Sey
TABLE 1
bioassay for bsAb1.

Peak area by DiCE (%)?

Comparison of relative abundance of the predominant Fd or Fd* peaks by DiCE against average relative potency by cell-based

bsAb1 sample Anti-TSA Fd (%)

Unfractionated control 221
Acidic 3 21.3
Acidic 2 24.9
Acidic 1 22.0
Main 22.3
Basic 1 14.8
Basic 2 19.7

2Values represent the average of triplicate measurements.

Anti-CD3 Fd* (%) Average relative potency (%)°

21.1 133 (13)
9.3 61 (10)
12.7 77 (5)
185 92 (6)
21.9 115 (6)
12.8 80 (15)
29.1 81(9)

PValues represent the mean relative potency calculated from three independent determinations. Relative standard deviation is presented in parentheses.

manifests as an acidic variant in DICE analysis (peak
16) and was specifically enriched in the Ac1 fraction.
Additional peaks 12, 13, 14, and 15, corresponding to
acidic variants of the anti-TSA2 arm, were enriched in
the most acidic fractions. These peaks may include glu-
curonylation or advanced glycation end products such
as carboxymethyllysine as well as oxidation and deami-
dation PTMs (Wei et al. 2017).

DiCE analysis of bsAb3, which shares an identical
anti-CD3 HC and a highly homologous LC sequence
with bsAb2 (Figure 1c), revealed three prominent peaks
representing the anti-TSA3 Fd (pl ~6.9), LC (pl ~7.2),
and anti-CD3 Fd (pl ~8.2) fragments (Figure 2c). Four
additional peaks representing anti-CD3 Fd variants
were also observed (peaks 11-13). The relative ratio
between the most prominent anti-TSA3 Fd peak (peak
8) and the sum of anti-CD3 Fd peaks was approxi-
mately ~1.0 for all samples, indicating that even after
enrichment, there is low evidence of parental impurity
in the unfractionated sample. Interestingly, a significant
decrease in the predominant anti-TSA3 Fd fragment
was observed in the most acidic fraction (Ac3), along
with specific enrichment of acidic peaks 11-13, sug-
gesting that the anti-CD3 Fd sequence used in bsAb2
and bsAb3 is also susceptible to post-translational
modification (Table S3).

2.3 | The integrity of the predominant Fd
peaks is highly correlated with functional
activity

To assess whether the product-related impurities and
unique charge variants revealed by this workflow may
be correlated with a reduction in functional activity, we
evaluated the cell-based potency for each enriched
sample using TSA-specific cell-based bioassays and
subsequently correlated functional efficacy parameters
to key responses determined by the DiCE assay.

Each reporter bioassay was developed to charac-
terize the ability of bsAb1, bsAb2, and bsAb3 to

activate TCR/CD3 on reporter cells in the presence of
target cells expressing the TSA on the cell surface. This
mechanism mimics the process of cell-mediated immu-
nity by redirecting T cells specifically to tumor cells
overexpressing TSAs to initiate cell lysis.

For bsAb1, all enriched fractions were functional
based on the bioassay, suggesting that any charge var-
iants and/or parental impurities present in each
enriched sample were below the (currently undefined)
critical threshold required to impact potency (Table 1).
In contrast, three of the four enriched acidic variants of
bsAb2 exhibited significantly compromised potency
(£50%). Importantly, this reduced potency was consis-
tent with a systematic reduction in the purity of the pre-
dominant peak corresponding to the anti-TSA2 Fd
based on DIiCE analysis (Table 2) and likely correlates
with increased abundance of the known CDR glycation
modification (Xu et al. 2022). Notably, the main fraction
enriched from bsAb2 exhibits no glycation on the TSA2
Fd; this sample was also correlated with a hyperpotent
phenotype (>150% potency, relative to the unfractio-
nated reference standard). For bsAb3, only the most
acidic enriched variant (Ac3), which exhibited the
most unique DIiCE profile among all the enriched sam-
ples, was correlated with a reduction in cell-based
potency (~41%; Table 3). These results demonstrate
the capability of DICE to reveal charge variants and
other modifications that have the potential to affect
potency.

24 | The susceptibility of each bsAb
Fab arm to post-translational modification
may be correlated with its structural
integrity and/or melting temperature

Given that the anti-CD3 Fd arms of bsAb2 and bsAb3
exhibited different levels of post-translational modifica-
tions despite sharing an identical primary sequence, we
speculated that the differential vulnerability could be
related to the solvent accessibility of each Fab arm
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TABLE 2 Comparison of relative abundance of the predominant Fd or Fd* peaks by DiCE against average relative potency by cell-based

bioassay for bsAb2.
Peak area by DiCE (%)?
bsAb2 sample Anti-TSA Fd (%) Anti-CD3 Fd* (%) Average relative potency (%)°
Unfractionated control 6.0 22.0 71 (6)
Acidic 4 1.1 19.6 14 (13)
Acidic 3 0.9 19.3 22 (22)
Acidic 2 22 19.1 41 (32)
Acidic 1 2.1 22.4 66 (4)
Main 11.5 22.5 174 (17)
Basic 1 7.9 23.3 101 (20)

2Values represent the average of triplicate measurements.

PValues represent the mean relative potency calculated from three independent determinations. Relative standard deviation is presented in parentheses.

TABLE 3 Comparison of relative abundance of the predominant Fd or Fd* peaks by DiCE against average relative potency by cell-based

bioassay for bsAb3.
Peak area by DiCE (%)?
bsAb3 sample Anti-TSA Fd (%) Anti-CD3 Fd* (%) Average relative potency (%)°
Unfractionated control 20.9 16.9 97 (4)
Acidic 3 19.7 7.7 41 (2)
Acidic 2 19.9 16.9 84 (4)
Acidic 1 20.5 17.7 95 (3)
Main 22.9 16.0 101 (5)
Basic 1 21.2 17.9 112 (11)
Basic 2 21.6 17.6 90 (1)

2Values represent the average of triplicate measurements.

®Values represent the mean relative potency calculated from three independent determinations. Relative standard deviation (RSD) is presented in parentheses.

TABLE 4 Comparison of thermal melting temperatures obtained by differential scanning calorimetry (DSC) for the anti-TSA and anti-CD3

Fab arms of bsAb1, bsAb2, and bsAb3.

Molecule Buffer condition

bsAb1 10 mM sodium acetate, pH 5.0
bsAb2 10 mM acetate, 80 mM NaCl, pH 5.0
bsAb3 10 mM histidine, pH 6.0

2Values represent the average of at least three independent determinations.

within the structure of the intact bsAb. To evaluate this
hypothesis, differential scanning calorimetry (DSC) was
performed on each bispecific antibody, focusing on the
relative melting temperatures (T,,,) of each Fab domain
(Table 4). In general, the Fab with a lower relative
melting temperature and/or onset melting temperature
(Tonset) suggests lower overall thermal stability (Folch
et al. 2010), which may indicate a slightly higher flexibil-
ity or solvent accessibility at lower temperatures and
allow for enhanced opportunity for non-enzymatic post-
translational modifications.

Most monovalent monoclonal antibodies exhibit up
to three thermal transitions, correlating to the CH2,

Tm (°C)?

Anti-TSA, Fab Anti-CD3, Fab
72.3(0.0) 78.6 (0.0)

62.8 (0.1) 65.2 (0.5)

76.6 (0.0) 67.4 (0.1)

CH3, and Fab domains (lonescu et al. 2008; Ito and
Tsumoto 2013). For a bispecific antibody, two separate
transitions corresponding to the different Fab domains
may be observed. The DSC thermograms for bsAb1
and bsAb3 exhibited multiple thermal transitions,
whereas bsAb2 exhibited only a single broad transition
(Figure 2). To facilitate data interpretation and confirm
peak identities, DSC thermograms for the parental
monospecific  antibodies were also generated
(Figure 2).

We note that DSC buffer systems were specifically
optimized for each bsAb (Table 4); however, identical
calorimetric enthalpies were observed for the highly



NGUYEN ET AL.

8of14 iy
ot I WILEY- 48 s
homologous anti-CD3 Fab domains present on bsAb2
and bsAb3 (data not shown), demonstrating compara-
ble intermolecular interactions, including hydrogen
bonding, within this domain for both molecules. Further-
more, the observed melting temperature corresponding
to the anti-CD3 Fab domain of each bsAb sample
remained similar (65.2 and 67.4°C, respectively),
despite using different buffer systems, and were identi-
cal within the same buffer systems (data not shown).
These results further demonstrate adequate robust-
ness within our selected method parameters and sup-
port a global comparison among the three bsAb
molecules.

Based on our analysis, a general trend relating the
Tm of the major Fab transitions and domain-specific
charge heterogeneity measured by DIiCE analysis
appeared evident when comparing across all bsAb mol-
ecules. Notably, the Fab arm with the lowest overall T,
(anti-TSA2; 63.0°C) displayed the highest degree of
Fd-specific charge heterogeneity among all bsAb sam-
ples, whereas Fab arms exhibiting the highest T,
values (anti-CD3 from bsAb1 and anti-TSA3; 78.6 and
76.6°C, respectively) displayed the lowest degree of
Fd-specific charge heterogeneity (Figure 2 and
Table 4). These results suggest that the differences in
apparent PTM susceptibility among each of the Fab
arms within the bsAb molecules evaluated in this study
may be correlated with their relative conformational sta-
bility. Extension of this analysis to additional bsAb and
potentially more complex antibody-based products will
be critical to evaluating the validity of this proposed
hypothesis.

2.5 | Reduced peptide mapping,
triggered by DiCE analysis, enables site-
specific identification of PTMs that likely
correlate with reduced potency

To identify site-specific modifications that may contrib-
ute to the formation of charge variants detected by
DiCE following enrichment, the unfractionated and
enriched samples from all three anti-CD3 bsAbs were
subjected to reduced peptide mapping analysis.
Sequence identity and site-specific PTMs were charac-
terized using liquid chromatography—tandem mass
spectrometry (LC-MS/MS), and extracted ion chro-
matograms (XIC) were generated to quantify the rela-
tive abundance of each PTM.

For bsAb1, a small but steady increase in oxidation
and deamidation variants was observed across each
enriched acidic variant sample (Table S2). Both oxidation
and deamidation PTMs introduce a negative charge at
each methionine or asparagine residue, rendering the
side chain more polar or acidic. These oxidation and dea-
midation modifications were generally observed at simi-
lar, low levels between the HC (anti-TSA1) and HC*

(anti-CD3) arms. The only prominent site-specific PTM
observed was the oxidation of an Fc methionine, which
was enriched in the Acidic 3 and Acidic 2 fractions (8.3%
and 10.5%, respectively). Overall, these results suggest
that each arm of bsAb1 may be equally susceptible to
oxidation and deamidation.

Peptide mapping results for bsAb2 confirmed the
hypothesis that the acidic charge heterogeneity
observed within the anti-TSA2 Fd arm was driven pri-
marily by glycation and advanced glycation end prod-
ucts (AGEs) (Fu et al. 1996) located at Lys®
(Table S3). Although glycation was the predominant
PTM observed in the enriched Acidic 1 fraction for
bsAb2, the more acidic fractions were correlated with a
higher degree of glucuronylation and carboxymethyl
lysine, as well as a +161 Da adduct that is suspected
to be another advanced glycation end product.

In the case of bsAb3, the significant reduction of the
predominant peak corresponding to the CD3 Fd arm in
the Acidic 3 fraction based on DIiCE analysis
(Figure 2c), correlating with its significantly reduced
potency (Table 3), prompted us to investigate the iden-
tity and site-specificity of this acidic variant. Although
CDR glycation at Lys®® on the anti-CD3 Fd might be an
obvious possibility based on the experience with
bsAb2, no meaningful differences in glycation were
observed among the three acidic fractions compared to
the unfractionated control sample (5.2%—-8.2%;
Table S4). Interestingly, an elevated level of Asn dea-
midation was observed in the bsAb3 Acidic 3 fraction
(~3.7%), compared to other acidic fractions and the
unfractionated control  (~0.1%-0.5%); however,
the abundance of this PTM alone was insufficient to
account for the >55% decrease in peak area of the pre-
dominant anti-CD3 Fd peak observed by DIiCE. A
closer inspection of the reversed-phase tryptic peptide
liquid chromatography chromatograms obtained for the
unfractionated control and three acidic fractions
revealed a minor but distinct peak that was uniquely
observed in the Acidic 3 fraction (Figure 3a). Additional
tandem MS/MS experiments indicated that this tryptic
peptide corresponded to a novel sequence variant in
CDRS3 of the anti-CD3 arm of bsAb3, containing two
adjacent amino acid substitutions from “LY” to “FF”
(Table S4). The identity of this double substitution
sequence variant was further validated by comparing
the retention time and MS/MS spectra of the peptide
observed in the bsAb3 Acidic 3 fraction to that of a syn-
thesized peptide standard containing the same double
substitution (Figure 3b,c).

3 | DISCUSSION

Overall, this study presents an effective workflow for
assessing potential quality attributes of bispecific anti-
bodies through charge-based enrichment followed by
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FIGURE 3 Discovery and identification of a novel double substitution sequence variant by peptide mapping. (a) Overlay of reverse-phase
UV chromatograms for trypsin-digested bsAb3 unfractionated control, acidic 1, 2, and 3 fractions, including an expanded view to highlight a
unique peak of interest appearing at ~46.6 min. (b) Extracted ion chromatograms (XIC) of the m/z of a synthetic peptide with amino acid
sequence AEDTAFFYC(Carbamidomethyl)AK and the Acidic 1, 2, and 3 fractions from basAb3. (c) MS/MS fragmentation pattern corresponding
to the novel peak at ~46.6 min compared against MS/MS results obtained for the synthetic peptide AEDTAFFYC(Carbamidomethyl)AK. The
nearly identical XIC elution profile and MS/MS fragmentation pattern confirm the identity of this novel di-amino acid substituted sequence variant.

the evaluation of domain-specific charge heterogeneity
and potency. This methodology further validates the
utility and versatility of the DIiCE assay, presenting a
roadmap for in-depth analysis and interpretation of
DiCE data, especially in the context of these enriched
samples. Not only can DIiCE reveal domain-specific
charge heterogeneity, but it can provide a qualitative
evaluation of parental impurities in partially pure or par-
tially enriched samples. Importantly, the study demon-
strated that the integrity of the predominant Fd peak
observed in the DiCE electropherogram is highly corre-
lated with functional efficacy, leading to the discovery
and identification of a novel double substitution
sequence variant in bsAb3.

This double substitution should be considered rare
and likely reflects a unique case of natural or environ-
mental selection (Creixell et al. 2012; Gunnarsson and
Babu 2023). Indeed, the probability of a spontaneous
single nucleotide substitution resulting in a sequence
modification is on the order of ~10~*; the probability of
two adjacent random mutations is necessarily even
lower (~10~"") (Gunnarsson and Babu 2023). Further-
more, leucine and tyrosine are considered slow-
evolving amino acids with low relative mutability, further
reducing the likelihood of such mutations (Creixell

et al. 2012; National Biomedical Research Founda-
tion 1978). Thus, the observed spontaneous mutation
from “LY” to “FF” in the CDR3 of the CD3 arm of
bsAb3 is highly improbable without environmental influ-
ence and/or selective bias, such as an insufficient feed
strategy during cell expansion and protein expression.
Interestingly, the feed strategy for bsAb3 included an
additional tyrosine feed (75 g/L) after inoculation, sug-
gesting sufficient tyrosine levels in the bioreactor. An
alternative explanation is that the double substitution
variant could have also been contributed by amino acid
misincorporation or mischarging by the tRNA during
protein synthesis (Raina et al. 2014).

The results from this study also revealed that each
bispecific arm may be differentially susceptible to
post-translational modification, with the more basic Fab
arm tending to be more vulnerable. It could be argued
that perhaps the purification processes used during
enrichment preferentially select for charge/PTM variants
of the more basic Fab arm. However, the three bsAb mol-
ecules presented in this case study were enriched using
different purification processes: bsAb1 was enriched
using a single-step cation exchange process, whereas
bsAb2 and bsAb3 were each enriched using a molecule-
specific, two-step method combining anion exchange
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followed by cation exchange chromatography. Further-
more, each bsAb was formulated at a similar pH and
buffer, ensuring a similar chemical environment. Thus,
the vulnerability of the basic Fab arm to modifications is
more likely due to an inherent feature of the bsAb.

In some ways, the side-by-side comparison of multi-
ple bsAb molecules in this study may have inspired
more questions than answers. If the primary sequence
dictates the type of PTMs each bsAb will experience,
does the absolute pl of each Fab influence susceptibil-
ity and/or the distribution of PTMs? Moreover, what is
the influence of bsAb structure on susceptibility to
PTMs? What is the extent to which PTMs on the basic
arm may further contribute to reduced conformational
stability?

With respect to the first question, we compared two
distinct bsAb (bsAb2 and bsAb3) wherein the anti-TSA
arms exhibit dramatically different theoretical and experi-
mental pls, but the anti-CD3 Fabs were nearly identical.
The side-by-side comparison of these molecules by
DiCE analysis revealed a similar number of acidic peaks
likely correlated with the anti-CD3 arm; however, the dis-
tribution of these peaks across the charge-enriched frac-
tions was highly variable. We thus tentatively propose
that this anti-CD3 Fab arm may be generally stable to
post-translational modifications; however, the juxtaposi-
tion of this arm to the anti-TSA arm within the context of
the bsAb influences the flexibility of the molecule and
therefore its specific distribution of PTMs.

Conformational flexibility between the two Fab arms
is an inherent feature of antibodies and is enabled by
the 1gG hinge motif, generating “Y-shaped,” “T-
shaped,” and “l-shaped” antibodies (Williams
et al. 2021). The three bispecific antibodies evaluated
in this study contain identical hinge and Fc sequences,
so we anticipate that any conformational flexibility
would be modulated by the Fab domain. In bispecific
antibodies, the tendency toward one particular shape
or conformation may be influenced by the surface
charge and/or hydrophobicity of each bispecific Fab
arm relative to the Fc. This can result in the basic
Fab arm becoming more solvent-exposed and thus
more susceptible to PTMs.

This emerging hypothesis may be supported by the
DSC results. Indeed, the thermal melting temperatures
corresponding to the major Fab transitions across all
three bsAb molecules generally appear to be correlated
with the degree of domain-specific charge heterogene-
ity observed by our DiCE analysis.

Future studies to evaluate the DIiCE profiles and
PTMs present within each parental monospecific anti-
TSA and anti-CD3 mAb may help to validate this
emerging hypothesis. Additionally, obtaining high-
resolution structures of full-length bispecific antibodies
through crystallography or cryo-electron microscopy
may help to elucidate the factors driving their suscepti-
bility to PTMs. Although this study included only three
bispecific antibodies, further investigations are already

in progress, focusing on other bispecific/biparatopic
and alternative format antibodies.

4 | METHODS

All bsAbs used in this experiment were expressed in
Chinese hamster ovary cells and produced at Regen-
eron Pharmaceuticals, Inc. Immunoglobulin
G-degrading enzyme of S. pyogenes (IdeS) enzyme
(FabRICATOR™) was purchased from Genovis, Inc.
Urea and guanidine hydrochloride were purchased
from Sigma-Aldrich. Carrier ampholytes (pH 5-8 and
pH 8-10.5) were purchased from GE Healthcare. The
0.5% methyl cellulose, 1% methyl cellulose, electrolyte
solutions (0.08M phosphoric acid in 0.1% methyl cellu-
lose and 0.1M sodium hydroxide in 0.1% methyl
cellulose), pl markers 5.85 and 9.50, Transfer Time
Measurement (TTM) solution, and fluorocarbon-coated
capillary isoelectric focusing (clEF) cartridges were pur-
chased from Protein Simple, Inc. Bond-Breaker TCEP
(tris(2-carboxyethyl)phosphine) solution, 1X Dulbecco’s
phosphate-buffered saline (DPBS), and Zeba Spin
Desalting Plates (7 K molecular weight cutoff) were
purchased from Thermo Fisher Scientific. BEH SEC
Acquity UPLC Columns (200 A, 1.7 pm, 4.6 x 300 mm)
were purchased from Waters. The remaining chemical
reagents were purchased from J.T. Baker.

41 | Enrichment technique

Charge variants of bsAb1 were enriched using prepara-
tive cation exchange chromatography. Briefly, a Mono
S column (10 mm x 100 mm) was pre-equilibrated with
64% mobile phase A (1 mM PiSepB, 2 mM PiSepA,
pH 5.0 + 0.1) and 36% mobile phase B (1 mM PiSepB,
pH >10) (Tsonev and Hirsch 2008). bsAb1 was diluted
to ~45mg/mL with 10 mM histidine, pH 5.8, and
~54 mg was loaded onto the column at a flow rate of
5.0-5.5 mL/min. Elution of charge variant forms
of bsAb1 was attained by gradually increasing the aver-
age ampholyte pl using linear gradients and isocratic
hold steps. Fractions were collected in a fraction collec-
tor held at 4°C and immediately neutralized with the
addition of 200 mM histidine, pH 5.8. Fractions corre-
sponding to each peak were pooled together.

Charge variants of bsAb2 were enriched using two-
step preparative ion exchange chromatography. Briefly,
a Mono Q column (10 mm x 100 mm) was pre-
equilibrated with mobile phase A (40 mM Tris, pH 9.0;
97%) and mobile phase B (45 mM sodium acetate,
100 mM NaCl, pH 5.6). bsAb2 (~50 mg/mL; ~40 mg)
was injected onto the column and eluted using a steady
gradient of decreasing pH and increasing NaCl, yield-
ing basic and main fractions, as well as a pool of acidic
variants. The acidic pool was further separated over a
preparative Mono S column (10 mm x 100 mm), pre-
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equilibrated in a combination of Mono S buffer A
(20 mM MES, pH5.5; 97%) and Mono S buffer B
(40 mM sodium phosphate, 100 mM NacCl, pH 9.0;
3%). Acidic variants of bsAb2 were eluted using a linear
gradient of increasing pH and NaCl, resulting in four
additional, distinct acidic fractions.

Charge variants of bsAb3 were enriched using two-
step preparative anion exchange chromatography.
Briefly, a Mono Q column (10 mm x 100 mm) was pre-
equilibrated with a combination of 59% mobile phase A
(2 mM Tris, 2 mM imidazole, 2 mM piperazine, 16 mM
NaCl, pH 4.0 £ 0.1) and 41% mobile phase B (4 mM
Tris, 4 mM imidazole, 4 mM piperazine, pH ~10.5).
bsAb3 was diluted to ~40 mg/mL with 10 mM histidine,
pH 6.0, and ~60 mg was loaded onto the column at a
flow rate of 6.0 mL/min. Elution of charge variant forms
of bsAb3 was attained by gradually decreasing the
average ampholyte pl using linear gradients and iso-
cratic hold steps. Fractions were collected in a fraction
collector held at 4°C and immediately neutralized with
the addition of 200 mM histidine, pH 6.0. Fractions cor-
responding to each peak were pooled together.

In addition to the charge variant fractions, unfractio-

nated bsAb1, bsAb2, and bsAb3 controls were
analyzed.
4.2 | DiCE analysis

Domain-specific charge heterogeneity of bsAb1 and
bsAb2 unfractionated and enriched charge variant sam-
ples was evaluated using DiCE following the procedure
presented in Liu et al. (Liu et al. 2024).

bsAb3 samples were subjected to identical FabRICA-
TOR digestion conditions as previously reported; how-
ever, bsAb3 samples were subsequently diluted to
~2 mg/mL and exchanged into 1X DPBS supplemented
with 5 mM acetic acid and 5 mM Tris (2-carboxylethyl)
phosphine (TCEP) for heat denaturation at 80°C for
10 min. Reduced, denatured samples were then neutral-
ized by diluting 2-fold in 8M urea, 120 mM Tris—HCI,
pH 7.5, and then buffer exchanged into 35 mM sodium
phosphate, 8M urea, and 1 mM TCEP using a Zeba
desalting column (0.5 mL, 7 kDa MWCO). The digested
samples were then diluted in iclEF sample buffer to pro-
duce a final solution containing 21 mM sodium phos-
phate, 8.3M urea, 0.6 mM TCEP, 0.35% methyl cellulose,
4% (viv) 3—10 pharmalytes, and 0.5% (w/v) of each pl
marker. Data collection and analysis followed the same
procedure as previously reported (Liu et al. 2024).

4.3 | Differential scanning calorimetry
analysis

Capillary DSC was performed to assess relative ther-
mal stability for each bsAb and its parental mAbs. All
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experiments were performed in the same manner
except that the buffer conditions were optimized for
each bsAb (and used for their respective parental
mAbs). The sample buffers were 10 mM sodium ace-
tate, pH 5.0; 10 mM sodium acetate, 80 mM NaCl,
pH 5.0; and 10 mM histidine, pH 6.0 for bsAb1, bsAb2,
and bsAb3, respectively (Table 4). All samples were
exchanged into their appropriate sample buffers and
subsequently diluted to a concentration of ~1 mg/mL.
The sample buffer was used as the reference buffer.
Samples and reference buffer were injected into the
Malvern PEAQ-DSC cells in a volume of 325 pulL.
Briefly, each sample was heated in the sample cell at
a scan rate of 90°C/h with the temperature ranging
from 15 to 110°C and with a filtering period of 10 s.
This was conducted in parallel with the reference cell
filed with reference buffer. Differential power was
applied to the sample and reference cells to maintain
the same heating rate in both cells and was monitored
as a function of temperature. Data analysis was per-
formed using MicroCal PEAQ-DSC software. The dif-
ferential power values (pcal/s) were converted to Cp,
(kcal/mole/°C), and each thermogram was
background-subtracted and fit with a linear baseline.
The total enthalpy of unfolding (AH) and thermal melt-
ing temperature for each domain was calculated by
integration of each thermogram.

4.4 | Bispecific parental impurity
analysis by mixed-mode chromatography

bsAb1, bsAb2, and bsAb3 samples were analyzed by
mixed-mode chromatography (MMC), combining size-
exclusion with hydrophobic interaction chromatography,
to quantify peaks corresponding to the respective anti-
TSA and anti-CD3 monospecific mAb impurities. Briefly,
each bsAb1 sample was buffer exchanged into 1X DPBS
and diluted to approximately 5 mg/mL prior to analysis
for injection (10-15 pg) at a flow rate of 0.2 mL/min onto
a Zenix SEC-300 size-exclusion column (Sepax Technol-
ogies; 7.8 mm x 300 mm, 3 pum particle size) pre-
equilibrated in 10 mM sodium phosphate, 800 mM
sodium chloride, pH 7.0 + 0.1. The absorbance signal
was monitored at 215 and 280 nm, and chromatograms
were integrated to determine the relative abundance of
each peak. Anti-TSA and anti-CD3 monospecific (paren-
tal) mAb samples were prepared separately under the
same conditions described above and were included as
controls to identify peaks corresponding to each impurity.
A similar method was used for bsAb2, except with a flow
rate of 0.3 mL/min in the mobile phase containing 20 mM
sodium phosphate, 10 MM sodium acetate, 350 mM
sodium sulfate, and 160 mM sodium chloride, pH 7.0
+0.2. The bsAb3 MMC method was performed at
0.2 mL/min with a mobile phase consisting of 10 mM
sodium phosphate, 1.5M sodium chloride, pH 7.0 + 0.1.
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4.5 | Reporter bioassay for TCR/CD3

activation mediated by bsAb1, bsAb2, and
bsAb3

Reporter bioassays were developed to characterize the
ability of CD3 bsAb1, bsAb2, and bsAb3 to activate
TCR/CD3 on reporter cells in the presence of target
cells expressing the TSA on the cell surface. Bioassay
reporter cells consist of Jurkat cells (immortalized
human T-cell lymphocytes expressing TCR/CD3
endogenously) engineered with a luciferase reporter
under the control of a NFAT response element. The tar-
get cell lines for bsAb1, bsAb2, and bsAb3 consist of
individual human cell lines that were selected based on
specific TSA expression. The bioassay consists of mix-
ing the reporter cells, target cells, and bsAb and incu-
bating the assay for 4—6 h at 37°C and 5% CO,. This
was followed by the addition of OneGlo™ detection
reagent and reading assay plates luminescence in a
multimodal plate reader. Each individual bioassay was
optimized in terms of reporter: target cell ratio, total cell
numbers per well, and bsAb concentration range and
dilution factor. The data was analyzed in GraphPad
Prism using a four-parameter logistic (4PL) regression
analysis without constraints of the raw data with log-
transformed concentration values. Each dose—
response curve was derived from three intra-plate tech-
nical replicates, and each replicate Y-value was consid-
ered as an individual point in the 4PL analysis. The
reference standard used for each assay was a qualified
and representative bsAb lot for each bsAb. The relative
potency value for each test article was calculated using
Equation (1),

ECso Reference standard
ECso Test article

Relative potency = ( ) x 100%.

(1)

4.6 | Reduced peptide mapping

Peptide mapping analysis for bsAb1 and bsAb2 was
performed according to the procedure described in Liu
et al. (Liu et al. 2024).

Briefly, bsAb3 was buffer exchanged into 5 mM acetic
acid using a Nanosep® 10 K centrifugal filter (Pall Corpo-
ration, Port Washington, NY). A 0.1 mg aliquot of the
bsAb3 sample was denatured and reduced with 5 mM
TCEP-HCI at 80°C for 10 min, diluted with 8M urea, alky-
lated with 2 mM iodoacetamide, and digested with
sequencing grade modified trypsin from Promega
(Madison, WI; enzyme-to-substrate ratio of 1:20 w/w) at
37°C in the dark for 3 h. The digested sample was
quenched with 5% trifluoracetic acid (TFA).

To validate the identification of the peptide with two
adjacent amino acid substitution sites, a synthetic

peptide (AEDTAFFYC[Carbamidomethylation]AK,
purity >98%, Thermo Fisher Scientific, San Jose, CA)
was analyzed on an LC-MS system at a final concen-
tration of 0.1 mg/mL.

LC-MS experiment was performed using an
ACQUITY UPLC Peptide BEH C18 column (1.7 pm,
300 A, 2.1 mm x 150 mm, 1-30 K, Waters Corpora-
tion, Milford, MA) on an ACQUITY UPLC I-Class sys-
tem (Waters Corporation). Mobile phase (MP) Buffer A
was 0.05% TFA in Milli-Q water, and Buffer B was pre-
pared with 0.045% TFA in acetonitrile. The gradient
was run at 0.25 mL/min, starting with 0.1% MPB from
0 to 5 min, followed by 0.1%—40% MPB from 5 to
90 min, 40%—-90% MPB from 90 to 95 min, 90% MPB
from 95 to 105 min, 90%—0.1% MPB from 105 to
106 min, and then 0.1% MPB until the end of the
125 min gradient. The column temperature was set to
40°C during the experiment, and 10 pg was injected for
each experiment.

The LC system was coupled to a Thermo Scientific
Q Exactive Plus Hybrid Quadrupole-Orbitrap mass
spectrometer (Bremen, Germany). MS data acquisition
was performed through a full scan at a resolution of
70,000 in positive mode with a scan range of 300—
2000 m/z, AGC target at 3e6, and maximum injection
time of 100 ms. MS/MS experiments were conducted at
a resolution of 17,500, AGC at 1e5, maximum injection
time of 100 ms, loop count of 5, and normalized colli-
sion energy of 27. The ESI parameters were set with a
spray voltage of 3.8 kV, capillary temperature of 320°C,
S-lens at 50, sheath gas at 40, auxiliary gas at 10, and
auxiliary gas heater temperature of 250°C. Byonic (ver-
sion 4.6.1, Protein Metrics Inc., Cupertino, CA) was
used to perform protein sequence searches and PTM
identifications. BioPharma Finder (version 5.0, Thermo
Fisher Scientific, San Jose, CA) was utilized for protein
sequence searches, PTM identifications, and differen-
tial analysis. The relative quantification of PTMs was
determined using Skyline-daily software (version 23.1,
University of Washington, Seattle, WA). The retention
time and MS/MS spectrum match between the identi-
fied sequence variant peptide and the synthetic peptide
was confirmed using Xcalibur (version 4.1, Thermo
Fisher Scientific, San Jose, CA).
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