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ABSTRACT: In recent years, a variety of new antibody formats have been
developed. One of these formats allows the binding of one type of antibody
to two different epitopes. This can for example be achieved by introduction of
the “knob-into-hole” format and a combined CrossMab approach. Due to
their complexity, these bispecific antibodies are expected to result in an
enhanced variety of different degradation products. Reports on the stability of
these molecules are still largely lacking. To address this, a panel of stress
conditions, including elevated temperature, pH, oxidizing agents, and forced
glycation via glucose incubation, to identify and functionally evaluate critical
quality attributes in the complementary-determining and conserved regions
of a bispecific antibody was applied in this study. The exertion of various stress conditions combined with an assessment by size
exclusion chromatography, ion exchange chromatography, LC−MS/MS peptide mapping, and functional evaluation by cell-based
assays was adequate to identify chemical modification sites and assess the stability and integrity, as well as the functionality of a
bispecific antibody. Stress conditions induced size variants and post-translational modifications, such as isomerization, deamidation,
and oxidation, albeit to a modest extent. Of note, all the observed stress conditions largely maintained functionality. In summary, this
study revealed the pronounced stability of IgG1 “knob-into-hole” bispecific CrossMab antibodies compared to already marketed
antibody products.

■ INTRODUCTION

Monoclonal antibodies (mAbs) and their derivatives are the
biggest and rapidly expanding class of products of the
biopharmaceutical industry. The complexity of these ther-
apeutic proteins increases with the current advance in
engineering and manufacturing technologies.1,2 New complex
product formats that deviate from the standard monoclonal
IgG1 antibody structure emerge with improved specificity and
efficacy, novel functionalities, and reduced undesired inter-
actions.3,4 This includes among others the introduction of
bispecific antibodies (bsAbs) offering new opportunities for
the pharmaceutical industry. BsAbs exhibit dual target
specificity to simultaneously address different epitopes on
either the same or different antigens.4,5 Until now, four bsAbs
have been approved by authorities and are available on the
market (catumaxomab, blinatumomab, emicizumab, and
amivantamab), two additional bsAbs were recently submitted
for license application (tebentafusp, faricimab), and over a 100
are in clinical development, while others are constantly
emerging.6,7 During the last 20 years, advances in technical
antibody engineering have resulted in a range of recombinant
bsAbs formats, consisting of more than 100 different
formats.6,8 Various commercialized technology platforms exist
for their creation and development.2,6,8,9

Different strategies have been employed to accomplish
heterodimerization of heavy chains to develop large
immunoglobulin G (IgG)-like molecules. One of the
techniques to enforce correct assembly is the “knob-into-
hole” strategy: forcing heterodimerization by introducing
specific mutations into each CH3 domain of the two heavy
chains, which results in asymmetric bsAbs that can be further
stabilized by implementing an artificial disulfide bridge.10,11

While the knob-into-hole approach enables the correct
assembly of the two heavy chains, a further technique is
needed to allow the correct assembly of the two light chains.
One solution is the Cross-Mab technology.12 Here, correct
pairing of the light chains with the corresponding heavy chains
is achieved by either exchanging the CH1 domain of one heavy
chain with the constant (CL) domain of the corresponding
light chain (CrossMab CH1-CL) or exchanging the light chain

Received: November 9, 2021
Accepted: December 24, 2021
Published: January 19, 2022

Articlehttp://pubs.acs.org/journal/acsodf

© 2022 The Authors. Published by
American Chemical Society

3671
https://doi.org/10.1021/acsomega.1c06305

ACS Omega 2022, 7, 3671−3679

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ingrid+Grunert"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Katrin+Heinrich"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Juliane+Ernst"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Hingar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alexandre+Briguet"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Michael+Leiss"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfred+Wuhrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Manfred+Wuhrer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Dietmar+Reusch"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Patrick+Bulau"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.1c06305&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06305?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06305?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06305?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06305?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c06305?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
https://pubs.acs.org/toc/acsodf/7/4?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.1c06305?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


of one Fab arm by the Fd of the corresponding heavy chain
(CrossMab Fab), or by interchanging the VH-VL interface of
the Fab fragments (CrossMab VH-VL).13

Considerably challenging are the quantity, quality, purity,
and stability of bsAbs during manufacturing and formulation,
which is crucial for the safety and efficacy of these protein
therapeutics.14 The complexity of these formats leads to
additional modifications and changes, resulting in a larger
number of undesired variants, which might differ in biophysical
properties or biological function.15 Therefore, an adequate, in-
depth characterization and assessment of their structural and
chemical variety and consequences on the functional activity is
important. Critical quality attributes (CQAs) need to be
identified and monitored to ensure efficacy as well as patient
safety and immunogenicity.16 Forced degradation studies are
commonly applied to identify CQAs, such as post-translational
modifications, and to assess the impact on the overall
molecule,17 especially their effect on stability and biological
function. Until now, only a few studies have addressed the
impact of selected stress conditions on the stability and
functionality of bsAb formats in detail.18−21

Hence, the aim of this study was the thorough character-
ization of the chemical stability and potency of an IgG1
bispecific antibody (bsAb1) based on the CrossMab
technology combined with the “knob-into-hole” format,
targeting two soluble ligands (Target 1 and Target 2), after
applying various stress conditions, including high temperature,
low and high pH, hydrogen peroxide, and high concentration
of glucose.
As introduced before, the selected bsAb1 (schematically

shown in Figure 1) comprises two different heavy (HC1,

HC2) and two different light chains (LC1, LC2), containing
point mutations within the CH3 domain of the heavy chains
that promote the correct assembly (“knob-into-hole).” In
addition, the CH1 and CL domains in one of the target-
binding Fabs were exchanged to foster the correct assembly of
the two different light chains (“CrossMab”). Moreover, the
neonatal Fc receptor (FcRn) and Fc gamma receptor (FcγR)
binding sites of bsAb1 were modified to disable the antibody’s
effector functions.22,23

A comprehensive analytical platform to characterize the
physico-chemical properties was applied: Structural integrity
was assessed by size-exclusion chromatography (SEC) and
more detailed by SEC coupled to mass spectrometry (SEC-
UV-MS). Charge heterogeneity was analyzed by cation-

exchange chromatography (CEC), and the relevant chemical
degradation sites were identified by tryptic LC−MS/MS
peptide mapping. The effects on functionality of the generated
bsAb1 variants were addressed in two independent cell-based
potency assays, each measuring the ability of the bsAb to
neutralize one of the two different target antigens.

■ RESULTS AND DISCUSSION
Preparation of Various Stress Conditions of bsAb1.

The stability, physico-chemical, and functional assessment of
an IgG1 knob-into-hole bispecific CrossMab antibody (bsAb1)
was examined after applying several different stress conditions.
Therefore, bsAb1 reference material was exposed to elevated
temperature (40 °C), low (pH 4.0) and high pH (pH 9.0),
glucose (1 M glucose), and physiological (phosphate buffered
saline at 37 °C) and oxidative stress (0.015% H2O2) as
described in the Experimental Section (Table 1).

Structural Characterization of bsAb1 Integrity by
SEC-UV and Identification of Structural Variants by
SEC-UV-MS. The structural integrity as well as the distribution
of size variants of the stressed bsAb1 samples was assessed by
size-exclusion chromatography with UV detection (SEC-UV).
In addition, the size variants were identified by SEC-UV
coupled to near native mass spectrometric analysis (SEC-UV-
MS, see Figure 2). SEC-UV analysis revealed a low to
moderate increase (≤1.1% difference of HMW1 or HMW2
compared to the negative control) of high-molecular-weight
(HMW) forms for the low pH, thermal, and combined high
pH + thermal stress bsAb1 samples. At low pH (pH 4, 25 °C, 5
days), the higher order HMW form, HMW2, was primarily
formed, whereas the other applied stress conditions mostly
resulted in an increase of HMW1 size variants. Furthermore,
the SEC-UV data exhibited a modest increase of low-
molecular-weight (LMW) forms for the thermal and high
pH + thermal stress conditions compared to the negative
control (≤1.1% difference of LMW1 or LMW2 compared to
the negative control). The quantitative SEC-UV data are
provided in Supporting Information Table S1. All other stress
studies showed no relevant changes in size variants.
In summary, the data indicated maintained structural

integrity (≥95.1% of main peak) of bsAb1 even following
harsh stress conditions, showing relatively low amounts of
fragmentation and aggregation products. To identify the
detected bsAb1 size variants, near-native SEC coupled to UV
and mass spectrometric detection (SEC-UV-MS) was applied.
Deconvoluted intact bsAb1 spectra of the SEC-UV-MS main
peak revealed four prominent peaks, each corresponding to the
bsAb1 monomer containing different glycan combinations (i.e.,
G0F/G0F; G0F/G1F). Only the glucose stress sample at 37

Figure 1. Schematic illustration of the bsAb1 structure, an IgG1
bispecific antibody of the knob-into-hole format combined with the
CrossMab (CH1-CL) format. Red lines indicate the disulfide bonds
between two cysteines.

Table 1. Overview of bsAb1 Selected Stress Conditions

stress study name applied stress condition

negative control dialysis in formulation buffer
thermal stress 40 °C, 4 weeks
physiological stress PBS, pH 7.4, 37 °C, 14 days
low pH stress pH 4.0, 25 °C, 5 days
high pH + thermal stress pH 9.0, 37 °C, 7 days
high pH stress pH 9.0, 25 °C, 7 days
oxidative stress 0.015% H2O2, 25 °C, 18 h
glucose + thermal stress 1 M glucose, 37 °C, 7 days
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°C showed a different peak pattern with multiple + 162 Da
mass shifts (Figure 2).
The most intensive peak exhibited a delta mass of six times

162 Da (compared to bsAb1 monomer + G0F/G0F), which
could be attributed to sixfold lysine glycation events confirmed
by reduced tryptic LC−MS/MS peptide mapping (Table 3).
The theoretical versus experimentally observed bsAb1
molecular mass values along with the proposed bsAb’s size
variant are summarized in Table 2. The findings are in
accordance with earlier investigations but with lower size
variant content due to implementation of an optimized
purification process.24

Further minor mass shifts of the deconvoluted intact mass
spectra were detected for the oxidative, combined glucose +
thermal, and the thermal stress sample. The observed increase
in aggregates (>300 kDa, HMW2) of the low pH stress sample
within SEC-UV (Figure 2) was not confirmed by SEC-UV-MS
(mass detection). As those aggregates were also confirmed by
sedimentation velocity analytical ultracentrifugation (data not
shown), it was assumed that they are of noncovalent nature
and thus not stable during electrospray ionization prior to mass
detection. An in-depth characterization of fractionated bsAb1
size variants verified that these aggregates are indeed
oligomeric variants (e.g., trimer; tetramer; data not shown).
The oxidative stress showed a +16 Da mass shift of the main

peak. This observation can be attributed to methionine
oxidation at different sites, which was confirmed by reduced
tryptic peptide mapping (Table 3). In addition, SEC-UV-MS
of thermal stress samples revealed a range of fragments and
aggregates (increase of LMW and HMW forms) as shown in
Figure 2. The aggregates can be attributed to HMW1 due to
bsAb1 dimerization, whereas the LMW forms primarily

LMW1, eluting next to the monomer peak, were identified
as hinge region fragmentation variants (bsAb1 without Fab,
also named “des-Fab”), as described by Cordoba et al.25 (Table
2, Supporting Information Figure S1). The LMW forms
representing the cleaved Fab part were not detected in the
initial SEC-UV-MS analysis of the nonstressed samples,
probably due to their relative low abundance, but were
detected using an optimized method with improved separation
and MS detection conditions, revealing that the respective Fab
part elutes in the LMW2 region of the SEC-UV method (data
not shown). An increase of dimers (HMW2) was also
observed for the combined high pH + thermal stress (pH 9,
37 °C, 7 days).
In conclusion, these results confirmed the maintained

structural integrity and purity of bsAb1 size variants. Near-
native SEC-UV MS revealed dimers as predominant HMW
forms, as well as LMW forms resulting from hinge region
fragmentation under elevated temperature conditions. This is
in agreement with previous studies on antibody fragmentation
events.25 Moreover and most importantly, no further size
variants related to the bsAb1 technology, e.g., due to chain
scrambling like homodimers (pairing of two knob or two hole
chains), have been detected in the bioprocessed starting
material or any of the stressed bsAb1 samples.

Characterization of Charge Variants by CEC. Sub-
sequently, the effect of the various stress conditions on the
distribution of bsAb1 charge variants was assessed by CEC
with UV detection. Different acidic charge variants, the main
peak, and basic variants were observed (Figure 3).
A relevant increase of the acidic region was observed for

almost all stress conditions (Figure 3, for the quantitative CEC
evaluation, refer to Supporting Information Table S2).

Figure 2. (A) Size variant distribution by SEC-UV and (B) deconvoluted intact mass spectra of main peak detected by near-native SEC-UV-MS of
stressed bsAb1 CrossMab (for assignment of the stress conditions, see the left side of Panel A)stacked zoom. The top chromatogram/mass
spectra show exemplarily the assignment of the different variants.
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For the stress conditions with elevated temperature (at 37 or
40 °C), predominantly the acidic peak 2 (AP2) increased. The
basic region predominantly increased during thermal, low pH,
and oxidative stress. The thermal stress condition led to a
preponderant increase in basic peak 3 (BP3) and basic peak 4
(BP4), the low pH stress condition in basic peak 3 (BP3), and
the oxidative stress condition in basic peak 1 (BP1).
In summary, merely the thermal and high pH stress as well

as the combination of both resulted in a reduction of main
peak to levels <60%, alongside with an increase of acidic charge
variants (around 34−54% AP1 and AP2). Consequently,
chemical and post-translational modifications were analyzed by
tryptic peptide mapping to identify product variants impacting
the CEC pattern. A contribution of bsAb1 fragments
(predominantly due to hinge region cleavage) on the complex
acidic charge variant profile can be assumed. For further

detailed identification and functional characterization of acidic
bsAb1charge variants, a comprehensive study using isolated
charge will be performed in a follow-up study.

Characterization and Identification of bsAb1 Post-
Translational Modifications by Reduced Tryptic LC−
MS/MS Peptide Mapping. In the next step, the stressed
samples were further analyzed by reduced tryptic peptide
mapping combined with quantitative LC−MS/MS testing.
Mildly acidic conditions were selected for proteolytic digestion
to minimize artificial deamidation.26 Quantitative evaluation of
modified peptides and their unmodified parent peptides are
summarized in Table 3. All listed peptides were identified and
confirmed by MS/MS experiments.
Regarding C- and N-terminal modifications, only a minor

increase of N-terminal pyroglutamic acid (pyrE) at both heavy
chains under thermal (including combined thermal stresses)

Table 2. Theoretical and Observed Molecular Mass Values of bsAb1 Size Variants Detected by Near-Native SEC-UV-MS
Analysis under Various Stress Conditionsa

an.d., not detected; aa, amino acid number.
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and low pH stress was observed. The pyroglutamic acid level
increased under thermal, combined high pH + thermal, and

low pH and physiological stress conditions, which is consistent
with previous studies.27

Across the stress panel samples, asparagine (Asn, N)
deamidation/succinimide formation was shown to increase at
high pH and thermal stress, in line with the increase of acidic
variants observed by CEC (Figure 3).
Deamidation and isomerization induced by thermal and pH

stress are common degradation pathways for therapeutic
antibodies.27,28 The combined high pH + thermal stress
sample (pH 9, 37 °C, 7 d) was most susceptible to
deamidation. The most susceptible Fc Asn deamidation
motif is located in the conserved IgG1 heavy chain region
(CH3 domain) of therapeutic antibodies and was also found in
endogenous human IgGs,27,29 namely, Asn390/395 (HC1)
and Asn400/405 (HC2), respectively (HC1’HC2-N390/
395’N400/405-deam). Of the latter, an increase of 10% within
high pH + thermal stress compared to the negative control was
observed. Together with the CEC data, this indicates an
enrichment of Fc deamidation in the acidic AP1 peak region
(Figure 3). HC1’LC2-N165’152-deam increased moderately
by 2.5% within the high pH + thermal stress (pH 9, 37 °C,
7d). Only minor changes in deamidation (≤1.5% increase)
were observed for other Asn motives, which might also be
attributed to a loss of structural integrity (refer to SEC, Figure
1): LC2-N25-deam, HC2-N52/N54/N59-deam, and HC1-
N84-deam. No susceptible glutamine residues were identified.
In addition, isomerization and succinimide formation at

aspartic acid (Asp, D) sites were evaluated. HC2-D106 was
identified to be the most susceptible site for isomerization,
increasing 12.9% during thermal stress conditions followed by

Figure 3. Characterization of bsAb1 charge variants by CEC; stacked
UV chromatograms not normalized and expanded zoom. The top
CEC chromatogram shows exemplarily the assignment of the different
variants. AP, acidic peak; BP, basic peak.

Table 3. Quantitative Assessment of bsAb1 Chemical and Post-Translational Modification Sites under Various Stress
Conditions by Tryptic LC−MS/MS Peptide Mappinga

modification [%]

peptide name

stress study

negative
control

thermal
stress

physiological
stress

low pH
stress

high pH +
thermal stress

high pH
stress

oxidative
stress

glucose +
thermal stress

N-terminal HC1-E1-pyrE 3.6 5.0 4.4 4.4 5.7 4.2 3.8 4.0
HC2-Q1-pyrE 98.1 99.8 99.9 99.3 98.6 98.3 98.1 98.3

asparagine deamidation/
succinimide formation

LC2-N25-deam 0.4 0.9 0.6 0.5 1.6 0.8 0.5 0.7
HC2-N52/N54/N59-
deam

0.3 1.5 0.4 0.5 0.6 0.4 0.3 0.4

HC1-N84-deam 0.3 0.4 0.5 0.3 1.7 0.8 0.2 0.4
HC1’LC2-N165’152-
deam

2.0 3.3 2.6 2.6 4.5 3.2 2.7 2.4

HC1’HC2-N390/
395’N400/405-deam

0.3 0.6 0.7 0.3 10.2 3.6 0.3 0.5

HC1’HC2-N390/
395’N400/405-suc

1.8 2.0 2.0 1.8 2.9 2.1 1.8 2.0

aspartate isomerization/
succinimide formation

HC2-D106-iso 3.2 16.1 7.7 3.7 6.0 3.9 1.1 6.0
LC2-D50-iso 0.2 2.3 0.4 0.3 0.3 0.2 0.2 0.3
LC2-D50-suc 1.6 4.3 1.5 1.5 0.9 1.4 1.4 1.1
HC1-D405/407-iso 0.9 0.8 0.9 0.8 3.8 1.8 0.7 1.0
HC2-D415/417-iso 0.9 0.7 0.8 0.7 3.4 1.8 0.8 0.9

methionine oxidation HC2-M124-ox 2.2 4.1 2.9 2.8 5.4 4.9 67.3 2.8
HC1’HC2-
M258’M268-ox

1.2 1.3 1.2 1.2 1.2 1.1 22.6 1.3

HC1’HC2-
M434’M444-ox

0.7 0.8 0.7 0.7 0.7 0.6 10.0 0.8

lysine glycation HC1-K65-gly 0.7 n.q. n.q. n.q. n.q. n.q. n.q. 4.2
HC1-K98-gly 2.0 n.q. n.q. n.q. n.q. n.q. n.q. 34.5
HC1-K252-gly 0.2 n.q. n.q. n.q. n.q. n.q. n.q. 1.4
LC1-K107-gly 0.2 n.q. n.q. n.q. n.q. n.q. n.q. 1.4

an.q., not quantified.
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the isomerization at LC2-D50 (2.1%). Both Asp sites are
located in the complementarity-determining regions (CDR).
The increase in HC2-D106 isomerization correlates with the
alterations of CEC acidic peak AP2 (Figure 3). Further
characterization data of AP2 and HC2-D106 isomerization of
the long-term stored drug product at 5 °C confirmed this
correlation (Figure S2). The residue most susceptible to
succinimide formation is LC2-D50 in the CDR (2.7% LC2-
D50-suc). The increase in isomerization and succinimide
formation at LC2-D50 was observed predominantly for the
thermal stress correlating with an increase in the basic CEC
peak BP3 (Figure 3). Within non-CDR regions, a moderate
increase of 2.9% in HC1-D405/407-iso during high pH +
thermal stress (pH 9, 37 °C, 7 days) and for the same motif in
HC2 (HC2-D415/417) of 2.5% was observed.
HC2-M124 located in the CDR3 was identified to be the

most susceptible methionine (Met, M) oxidation site
increasing up to 65.1% by oxidative stress conditions followed
by the conserved Fc motives Met258/268 (HC1’HC2-
M258’M268-ox) showing an increase of 21.4% and Met
434/Met444 (HC1’HC2-M434’M444-ox) with 9.3% oxida-
tion. Consequently, the oxidation of multiple methionine
residues resulted in the formation of bsAb1 basic charge
variants (Figure 3; BP1). No relevant oxidation (≥0.5%) of
tryptophane residues was identified by the applied stress
conditions.
Finally, glycation of lysine (Lys, K) residues was assessed for

the negative control and glucose stress samples. HC1-K98-gly
was identified as the most susceptible glycation site (increase
from 2 to 35% at the tryptic peptide level), whereas only one
motif within the CDR (HC1-K65-gly) was detected to be
moderately elevated following high glucose concentration.
Altogether, the application of tryptic peptide mapping

indicated that the increase of the CEC basic region for the
low pH stress condition was mainly attributed to the
isomerization or succinimide formation of LC2-D50 (BP3)
and methionine oxidation (BP1), whereas the elevation of BP4
is a consequence of aggregation at elevated temperatures as
demonstrated by SEC-UV-MS. The increase in the CEC acidic
region is likely to be attributed to Fc deamidation at high pH
(AP1), isomerization of HC2-D106 due to thermal stress
(AP2), and glycation following incubation with glucose (AP1).
No chemical or post-translational modifications were found
within the knob-into-hole amino acid sequence-binding region
of both heavy chains.
Functional Assessment of the bsAb1 Target-Binding

Potency by Cell-Based Assays. Potency was evaluated by
two different bsAb1 cell-based assays to analyze the effects of
the stress conditions on functionality, hence the ability to
neutralize its two target ligands. The identified conserved Fc
modifications, the oxidation of Met252 (according to EU
numbering), which is known to impact the interaction with the
FcRn receptor and thus affecting the pharmacokinetics of
antibodies,30 and the conserved N-glycosylation at Asn297
(EU numbering), which is known to influence effector
functions,31,32 were not further assessed, since the FcRn and
FcγR binding sites of bsAb1 were modified to disable the
undesired effector functions.22,23

Interestingly, only the thermal stress conditions showed a
moderate impact on the target 2 neutralization (76%), as
shown in Table 4. All the other forced stress conditions did not
affect either target 1 or target 2 neutralization.

This demonstrates that the accelerated pH, physiological,
oxidative, and glucose stress conditions did not impact the
functional potency of the molecule. The decrease in target 2
neutralization (24% reduction after 4 weeks at 40 °C, Table 4)
for the thermal stress indicates a correlation between the loss
of bsAb1 target binding activity and the increase of HC-2-
D106 isomerization observed by tryptic peptide mapping, as
well as with the observed fragmentation by SEC. Moreover,
neither the susceptible oxidation site in the CDR3 (HC2-
M124-Ox, Table 3) nor the overall glycation did negatively
impact the bsAb1 functionality. Hence, none of the various
stress conditions resulted in complete functional loss.

■ CONCLUSIONS
Forced degradation experiments followed by in-depth
characterization and assessment of their structural and
chemical effects, as well as the impact on the functional
activity, were applied to assess the stability of a bispecific IgG1
antibody assembled by the knob-into-hole and CrossMab
technology. Comparing the result from this exercise to a
previous study,33 which applied and characterized different
stress conditions of a standard format IgG1 antibody, it can be
concluded that the bsAb1 knob-into-hole IgG1 CrossMab
technology exhibits similar degradation behavior and product
stability.
In summary, the application of specific stress conditions

combined with selected analytical methods for an in-depth
characterization and functional evaluation were adequate for
the identification and assessment of different kinds of bsAbs
degradation products. For the tested bsAb1, it was
demonstrated that the knob-into-hole IgG1 CrossMab
technology is suitable to produce stable therapeutic antibody
products, which to our knowledge has not been reported so far.
Moreover, the combination of stress conditions and analytical
methodologies allows the stability comparison for other
biopharmaceutical technologies, such as Fc-fusion proteins34

or protein scaffolds.35

■ EXPERIMENTAL SECTION
Induction of bsAb1 Degradation Products Applying

Various Stress Conditions. The recombinant bispecific
IgG1 CrossMab antibody of the knob-into-hole format, bsAb1,
was expressed in a Chinese hamster ovary cell system. The
antibody was manufactured at Roche Diagnostics, Penzberg,
Germany, using standard cell culture and purification
technology. BsAb1 drug substance material was formulated at
a concentration of 123 mg/mL in a His/acetate buffer system
(20 mM) at pH 5.5. The below described stress studies (except

Table 4. Quantitative Potency Analysis of Stressed bsAb1 by
Cell-Based Assays

stress studya
target 1 neutralization

[%]
target 2 neutralization

[%]

negative control 103 111
thermal stress 90 76
physiological stress 97 91
low pH stress 106 90
high pH + thermal stress 101 93
high pH stress 99 95
oxidative stress 95 93
glucose + thermal stress 94 100
aData normalized to starting material (100%).
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the thermal stress) were buffer exchanged by dialysis via Slide-
A-Lyzer cassettes (20 K MWCO G2, 15 mL, Thermo
Scientific) into formulation buffer in order to stop the stress
reaction and stored frozen (at −80 °C) until analysis.
Preparation of Thermal Stress Material. BsAb1 was

incubated at elevated temperature (40 °C) for 4 weeks and
subsequently stored at −80 °C until analysis.
Preparation of High pH Stress Material. BsAb1 was

incubated at pH 9.0 by 1:2 dilution (sample/buffer) in 200
mM Tris−HCl (pH 9.0) followed by incubation for 7 days at
different temperatures (25 and 37 °C).
Preparation of Low pH Stress Material. BsAb1 was

incubated at pH 4.0. Therefore, it was 1:3 diluted (sample/
buffer) in 200 mM sodium acetate (pH 4.0). After dilution, the
sample was incubated at 25 °C for 5 days.
Preparation of Physiological Stress Material. BsAb1

was incubated under physiological conditions. Therefore, it
was 1:3 diluted (sample/buffer) in 1× phosphate buffered
saline (PBS) and incubated for 14 days at pH 7.4 at 37 °C.
Preparation of Oxidative Stress Material. BsAb1 was

oxidized by adding 1% H2O2 stock solution to a final
concentration of 0.015% H2O2 (v/v) for 18 h at 25 °C.
Preparation of Glucose and Thermal Stress Material.

BsAb1 was diluted with a glucose stock solution to a final
concentration of 1 M glucose and incubated for 7 days at 37
°C.
Negative Control. As a negative control (stress study

control), bsAb1 was 1:3 diluted (sample/buffer) in formula-
tion buffer followed by buffer exchange via dialysis as described
for the stress study samples and stored frozen (at −80 °C)
until analysis.
Size Variant Analysis by SEC. SEC was carried out using

a TSKgel UP-SW3000 column (4.6 × 300 mm, 2 μm particle
size; Tosoh Bioscience, Cat. No. 0023448). An isocratic
elution using 200 mM KH2PO4, 250 mM KCl, pH 6.2 at 0.3
mL/min as the solvent was used for chromatographic
separation on a Dionex UltiMate3000 BioRS HPLC-system
(Thermo Scientific) equipped with UV detection at 280 nm.
Then, 50 μg of bsAb1 was injected for the chromatographic
analysis. Data acquisition and relative quantification by manual
integration and comparison of peak areas was performed by
Chromeleon software (Thermo Scientific).
Charge Variant Analysis by CEC. Initial characterization

of IgG charge variants was performed by CEC using a BioPro
IEX-SF analytical cation exchange column (100 × 4.6 mm, 5
μm, Cat. No. SF00S05-1046WP, YMC) on a Dionex
UltiMate3000 RSLC HPLC-system (Thermo Scientific) with-
out carboxypeptidase B (CpB) pretreatment. Separation was
achieved with a gradient from 2 to 15% eluent B in 30 min, 15
to 100% in 0.1 and 5 min at 100% eluent B (eluent A: 20 mm
BES, pH 6.8; eluent B: 20 mM BES, 488 mM NaCl, pH 6.8). A
flow rate of 0.8 mL/min, column temperature of 41 °C, and
maximum pressure of 120 bar were applied. The UV
absorption was monitored at 280 nm. Approximately, 150 μg
per sample was injected for chromatographic analysis. Data
acquisition and relative quantification by manual integration
and comparison of peak areas was performed by Chromeleon
software (Thermo Scientific).
Intact Mass Spectrometry by Near-Native SEC-UV-

MS. Near-native SEC-UV-MS was carried out using an
ACQUITY UPLC Protein BEH SEC column (4.6 × 300
mm, 1.7 μmm particle size; Waters Corp.). An isocratic elution
using 100 mM CH3COONH4, pH 6.0 at 0.25 mL/min, was

used for chromatographic separation with a Vanquish Horizon
UHPLC system (Thermo Scientific) equipped with UV
detection at 280 nm. Sample injection amounts of 12.5 μg of
mAb (diluted in 0.15 M sodium phosphate pH 7.0) were used,
and data acquisition was controlled by Chromeleon software
(Thermo Scientific). The outlet of the UHPLC system was
directly coupled to an Exactive Plus EMR mass spectrometer
(Thermo Scientific). Data analysis and deconvolution was
completed using Intact Mass from BYOLOGIC PMI (Protein
Metrics Inc.).

Reduced Tryptic LC−MS/MS Peptide Mapping. For
the detection and quantification of post-translational mod-
ifications at the peptide level, bsAb1 samples were denatured in
200 mM His/HCl, 8.0 M Gua-HCl, pH 6.0 by diluting 350 μg
of bsAb1 in a total volume of 300 μL. For reduction, 10 μL of
DTT solution (0.1 g/L DTT in H2O) was added followed by
incubation at 50 °C for 1 h. Subsequently, a buffer exchange
via an NAP-5 gel filtration column (GE Healthcare) into
digestion buffer (20 mM His/HCl, pH 6.0) was performed.
After buffer exchange, 10 μL of trypsin solution (0.25 mg/mL
trypsin in 10 mM HCl, Trypsin Proteomics grade) was added
to each NAP-5 eluate and incubated at 37 °C for 18 h (based
on ref 26).

Analysis of Proteolytic Tryptic Peptides by LC−MS.
Approximately 4 μg of the tryptic digested samples was
separated by RP-UHPLC with a C18 column (Acquity UPLC
Peptide CSH C18 column, 1.7 μm, 130 A, 2.1 × 150 mm,
Waters) and subsequently analyzed online with an Orbitrap
Fusion (Thermo Scientific) equipped with an ESI source. The
mobile phases consisted of 0.1% formic acid in water (eluent
A) and 0.1% formic acid in acetonitrile (eluent B).
Chromatography was carried out at a flow rate of 300 μL/
min using a gradient from 1 to 12% eluent B in 31 min, 12 to
14% eluent B in 16 min, 14 to 35% eluent B in 59 min, and 35
to 80% in 2 min (lasting 3 min at 80% eluent B). Data
acquisition was controlled by Orbitrap Tribrid MS Series
Instrument Control Software Version 3.4 (Thermo Scientific).
Parameters for MS detection were adjusted according to
general experience available from peptide analysis of
recombinant antibodies.

Data Analysis for the Quantification of Chemical
Modifications at the Peptide Level. Peptides of interest
were identified by searching manually for their m/z values
within the mass spectrum and quantified with the BYOLOGIC
PMI (Protein Metric Inc.) software tool. For the quantifica-
tion, extracted ion chromatograms of peptides of interest were
generated on the basis of their monoisotopic masses and
detected charge states. The relative amounts of bsAb1
modifications were calculated from the manual integration
results of the modified and unmodified peptide peaks.

Cell-Based bsAb1 Potency Assays. Both bsAb1
functionalities are considered to have independent biological
effects; therefore, two independent cell-based assays addressing
each of the two bsAb1 functionalities were developed. Stably
transfected HEK293 cell lines with an expression vector for the
respective receptor and reporter gene construct were incubated
with varied bsAb1 concentrations, and the dose-dependent
inhibition of the ligand-induced activities was quantified. The
relative potency of a sample was calculated based on the
concentration shift between reference and sample dose−
response curve fits.
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