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ABSTRACT

Disulfide bonds play a crucial role in folding and structural stabilization of monoclonal antibodies (mAbs).
Disulfide bond reduction may happen during the mAb manufacturing process, resulting in low molecular
weight species and possible failure to meet product specifications. Although many mitigation strategies
have been developed to prevent disulfide reduction, to the best of our knowledge, reforming disulfide
bonds from the reduced antibody in manufacturing has not previously been reported. Here, we explored
a novel rescue strategy in the downstream process to repair the broken disulfide bonds via in-vitro redox
reactions on Protein A resin. Redox conditions including redox pair (cysteine/cystine ratio), pH, tempera-
ture, and reaction time were examined to achieve high antibody purity and a high reaction rate. Under the
optimal redox condition, >90% reduced antibody could be reoxidized to form an intact antibody on
Protein A resin in an hour. In addition, this study showed high flexibility on the range of the intact mAb
fraction in the initial reduced mAb sample (the lower limit of intact mAb faction could be 14% based on
the data reported in this study). Furthermore, a kinetic model based on elementary oxidative reactions
was constructed to help optimize the reoxidation conditions and to predict product purity. Together, the
deep understanding of interchain disulfide bond reoxidation, combined with the predictive kinetic model,
provided a good foundation to implement a rescue strategy to generate high-purity antibodies with
substantial cost savings in manufacturing processes.
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Introduction previously."' "7 Yet, mitigation methods do not always ade-
quately prevent the disulfide reduction from occurring. In addi-
tion, these mitigation methods may require extra equipment and
increase the manufacturing cost. Alternatively, reoxidizing the
disulfide from the reduced antibody species to generate intact
antibody products as a rescue strategy could be developed to
address the disulfide bond reduction challenge. The rescue strat-
egy can “save” the reduced mAbD batches without sacrificing the
manufacturing process flexibility or increasing the manufactur-
ing cost. To our best knowledge, this is the first time that the
approach of developing the rescue strategy in manufacturing
process has been reported.®>'®%2!

As a post-translational modification, a disulfide bond is
formed by reoxidizing two neighboring free cysteine residues.-
22724 Though there is a vast body of knowledge of in-vitro
disulfide reoxidation for antibodies, the majority of these studies
focused on the solution environment with limited investiga-
tional conditions.>'®'**>*® The existing studies cannot be
directly and practically implemented in manufacturing process
for three reasons. First, the reaction parameters were not opti-
mized under typical manufacturing operation conditions to
achieve high intact purity and fast reoxidation kinetics. Second,
there is limited information on whether any downstream unit
operation (such as Protein A chromatography, ion exchange

Recombinant monoclonal antibodies (mAbs) constitute a pro-
minent class of therapeutic proteins.”” A typical mAb has a
molecular weight of approximately 150 kilodalton (kDa) and
consists of two identical light chains and two identical heavy
chains, linked by inter-heavy-heavy (HH) and inter heavy-light
(HL) disulfide bonds.*™ Disulfide bonds that connect two heavy
chains or connect a light chain and a heavy chain are known as
interchain disulfide bonds. Disulfide bonds that connect the two
B-sheets in a single domain (constant domain or variable
domain) are known as intrachain disulfide bonds. In a typical
mAD, there are 12 intrachain disulfide bonds (one per each
domain), two interchain disulfide bonds between light chain
and heavy chain, and two to eleven interchain disulfide bonds
between two heavy chains.>® Disulfide bonds stabilize proteins
thermodynamically and mechanically. Improper disulfide bond
formation and disulfide bond reduction can affect process per-
formance, protein stability, and biological functionality.*>”~'° In
recent years, the disulfide bond reduction after cell culture
harvest has been observed more often for many large-scale
mAb manufacturing processes, resulting in out-of-specification
levels of low-molecular-weight (LMW) species and potential
batch failure in manufacturing.”'"'* Studies focusing on pre-
venting interchain disulfide bond breakage have been reported
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chromatograph, and ultrafiltration/diafiltration) can be selected
to implement the rescue strategies. Also, the manufacturability
of using the rescue strategies at a large scale remains to be seen.
Third, there is a lack of comprehensive characterizations to
confirm the product comparability between the rescued mAb
and the reference material. Thus, to develop practical industrial
rescue strategies, the gap between the existing disulfide bond
formation studies and the general mAb manufacturing process
must be bridged.

In this series of studies, we systematically evaluated how to
implement the reduced mAb rescue strategy into the mAb
manufacturing process to bridge the aforementioned gap.
Our studies are discussed in two papers: 1) the “proof-of-
concept” study evaluated the possibilities of rescuing reduced
mAD, selected the unit operation step (Protein A chromato-
graphy) to include the rescue strategy and developed the
kinetics models to optimize reaction parameters under typical
manufacturing operation conditions; and 2) the “developabil-
ity and manufacturability” study implemented a potential res-
cue strategy during Protein A chromatography and performed
comprehensive characterizations of the recovered mAb, show-
ing the capabilities of generating high-purity antibody pro-
ducts from the reduced form in the manufacturing process.
The “proof-of-concept” study results are reported here, and
“developability and manufacturability” study results are dis-
cussed in a separate paper (Tan et al., mAbs, in press).

This paper focuses on the fundamental understanding of
disulfide bond reoxidation in vitro, leading to a “proof-of-con-
cept” implementation of this reoxidation-based rescue strategy
in bioprocess with an expectation of eliminating LMW issue in
manufacturing processes. This study had two main objectives: 1)
to optimize process conditions to achieve high antibody purity
and a higher reaction rate; and 2) to select the proper unit
operation that can use the rescue strategy. We first examined
factors (such as concentrations of redox components, pH, tem-
perature, and reaction time) that potentially influenced the dis-
ulfide formation rate in order to define an optimal redox
condition. Then, we laid out a rationale for using Protein A
chromatography as a platform to implement the rescue strategy
(details are included in Discussion section). We found that the
disulfide reoxidation rate was considerably enhanced while
immobilizing the reduced antibody on the Protein A resin in
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comparison to the one in free solution. Additionally, there were
several practical considerations that justified the Protein A chro-
matography step as the most favorable step in the process to
implement the rescue strategy. We also constructed a mathema-
tical kinetic model of disulfide formation based on elementary
oxidative reactions (Scheme 1) using the Excel Visual Basic
program ODExLims to determine rate constants, and hence, to
choose optimal reoxidation conditions and help to predict pro-
duct purity. In the end, an optimized condition was proposed to
achieve high productivity and an acceptable product quality.
Different mAbs were also tested to validate the optimized con-
ditions, which demonstrated that the rescue strategy could have
a potentially broad application in rescuing mAbs with severe
disulfide reduction issues in mAb manufacturing process.

Results
Structure and conformation of reduced mAb

One concern in applying the reoxidation strategy to rescue
reduced mAbs is that protein may undergo conformational
changes while the interchain disulfide bonds are broken, which
then affects the protein stability and biological properties. Thus,
understanding the structure and conformation of the reduced
mAb is essential to assess the feasibility of using reoxidation
strategies in process development. In this study, two mAbs
(IgG1 and IgG4) expressed using a Chinese Hamster Ovary
(CHO) cell line were withdrawn from 500-L pilot-scale manu-
facturing (antibody sample details are available in Material and
methods section). The IgG1 mAb (mAb-1) was used for most of
the studies and the IgG4 mAb (mAb-2) was used for model
comparison only. The structural profiles of the reduced mAb-1
and the intact mAb-1 were characterized using non-reduced
capillary electrophoresis SDS (CE-SDS NR), size exclusion chro-
matography (SEC), imaged capillary electrophoresis focusing
(icIEF), and circular dichroism (CD). Figure 1(a) showed that
the majority of the mAb-1 was reduced into species heavy-heavy-
light fragment (HHL), heavy-heavy fragment (HH), halfmer
(HL), heavy chain (H), and light chain (L) during manufacturing.
The icIEF analysis revealed a significant-skewed charge variant
distribution for the reduced sample (Figure 1(b)) in comparison
to the intact sample. However, both reduced and intact samples

Scheme 1. Simplified reaction pathways for intact mAb formation from fragments. The long blue bar represents the heavy chain, and the short red bar represents the

light chain.
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Figure 1. Conformations between intact and partially reduced monoclonal antibody (mAb), mAb-1 (IgG1). (a) Non-reduced CE-SDS analysis showed H2L2, HHL, HH, HL,
H, and L for the reduced sample; (b) iclEF analysis showed different charge profiles between the reduced and intact mAb samples; (c) SEC analysis showed identical
native sizes for the reduced and intact mAb samples; and (d) near-UV circular dichroism analysis showed identical high-order structures for the reduced and intact mAb
samples. The intact mAb was defined with = 90% purity based on non-reduced CE-SDS measurement and partially reduced mAbs was defined with < 90% purity.
Analytical measurements details were documented in Material and Methods. H2L2: intact mADb, L: light chain, H: heavy chain, HH: heavy-heavy fragment, HL: halfmer,

HHL: heavy-heavy-light fragment.

showed an identical SEC profile (Figure 1(c)) and near-UV CD
profile (Figure 1(d)). The results showed in Figure 1 were similar
to previous reports that reduced mAb showed as one peak under
native conditions, suggesting that the reduced mAb remained
assembled through non-covalent interactions and retained the
native tertiary structure although the interchain disulfide bonds
had been largely broken.>’

Factors that affect the in-vitro disulfide bond formation

Glutathione (GSH)/glutathione disulfide (GSSG) is the most
important redox pair in the endoplasm reticulum (ER), where
antibody is synthesized, folded, and assembled.?® Previous in-
vitro experiments demonstrated that a GSH/GSSG ratio similar
to that found in the ER could efficiently oxidize active-site
cysteine in protein dimerization isomerase, which then could
lead to the disulfide formation of substrate proteins.”®*>° Since
the intracellular disulfide formation is regulated by the redox

system, we applied the same principle in an in-vitro environ-
ment. Cysteine (Cys) and cystine (Cys-Cys) have been reported
as an effective combination to reoxidize reduced mAb frag-
ments to form intact mAb.>*>* In addition, the use of these
two redox components is not expected to pose any product
safety concerns as both are common upstream media compo-
nents. Thus, we carried out in-solution studies to evaluate the
possibilities of reoxidizing the reduced mAb-1 using a redox
system containing varied amounts of cysteine and cystine. GSH
was included in the studies due to its wide use in process
development. Factors including pH and temperature were
also evaluated. The starting material was a partially reduced
mADb-1 molecule containing L, HL, HH, HHL, and H,L, (intact
mAD). Figure 2 showed a typical dynamic profile of mAb
species overtime in an in-vitro redox system containing
cysteine/cystine pair at pH 8. This allowed us to assess the
possibility of adapting the principle of intracellular redox sys-
tem into the in-vitro redox system without further optimizing
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Figure 2. Dynamic profile of the partially reduced mAb-1 species analyzed by non-reduced CE-SDS during the inter-chain disulfide bond reformation process. The
starting material (< 5% intact mAb based on CE-SDS measurement) was incubated in the redox buffer system containing cysteine/cystine pair at pH 8 over a time course
of 24 hours. H,L,: intact mAb, L: light chain, H: heavy chain, HH: heavy-heavy fragment, HL: halfmer, HHL: heavy-heavy-light fragment.
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the redox components and pH condition. The starting mate-
rial, composed of less than 5% intact mAb-1 (presented as
potential worst-case scenario), was recovered to reach the
final product purity greater than 95% after 24 hours at room
temperature.

Composition of in-vitro redox system

The study above showed it was possible to reoxidize the reduced
mADb using the cysteine/cystine redox pair. A design-of-experi-
ment (DoE) approach was used to further choose an optimal
redox composition to achieve a kinetically higher disulfide for-
mation rate. DoEs are widely applied in mAb downstream
process development.”>> Generally, their designs take into
account the factors number and type, existing information,
and reliability of the results to design the experiments. Thus,
several factors can be changed in one set of the experiments, and
the influences of these factors could be evaluated by a small
number of experiments.** The design details, including concen-
trations of cysteine and cystine and pH, and resulting sample
purities, are summarized in Table 1 and Supporting Information
Table S1. The JMP analysis based on Fit Least Square model
showed that cystine concentration (p = .001) and pH (p = .03)
were statistically significant factors that influenced the disulfide
bond formation. While cysteine concentration (p = .55) did not
show statistical significance, some interesting observations are
worth mentioning. As shown in Table 1, at pH 10 condition,
when there is only 0.3 mM cystine present (Run #3 in Table 1),
the intact mAb fraction increased by 7.7% compared with the
negative control sample (Run #1 in Table 1). Similarly, at pH 8
condition, when there is only 0.3 mM cystine present (Run #12
in Table 1), the intact mAb fraction increased by 6.7% compar-
ing with the negative control sample (Run #10 in Table 1).
However, at pH 7 condition, when there is both cysteine
(1 mM cysteine for Run # 20, and 3 mM cysteine for Run #22)
and 0.3 mM cystine present, the intact mAb fraction increased
by 18.3% and 15.6% compared with the negative control sample
(Run #19 in Table 1), respectively. In brief, the presence of low-

level of cysteine improved the mAb purity in general, but
appeared more pronounced at the pH 7 condition than pH 8
or pH 10. Disulfide bond reoxidation was primarily dependent
on pH and cystine concentration. This was consistent with those
reported in literatures.*>*® Statistical analysis predicted that a
redox composition of 1-3 mM cysteine, 0.3 mM cystine, and pH
8.5 could be an ideal redox condition for in-vitro disulfide
formation (Figure 3).

Disulfide formation on Protein A resin

Redox systems containing cysteine and cystine have been
used in studies for in-vitro oxidization of reduced mAb
fragments in free solutions.’*>> However, there have been
limited reports of disulfide bond formation on a solid sur-
face, such as bound to a chromatographic resin.*>*” Here,
we selected Protein A chromatography to evaluate the rescue
strategy and studied the in-vitro disulfide formation on the
Protein A resin surface; details regarding the unit operation
step selection are included in the Discussion section below.
We compared the disulfide formation rates in solution and
on Protein A resin with and without the redox system (1 mM
cysteine and 0.3 mM cystine at pH 8), respectively. Using the
partially reduced mAb-1 sample (64% intact purity) in phos-
phate buffer matrix at pH 8, the experiment was performed
at room temperature for over 7 hours in order to obtain a
complete kinetic profile. Figure 4(a-d) show plots of all mAb
species against reaction time based on experimental and
kinetics model (Scheme 1) simulated results for each studied
condition. The kinetics model described the simplified reac-
tion pathways as six elemental reactions, and the reaction
rates fitted from the kinetics model were used for redox
reaction rate comparisons in this study; kinetics model
details are described in the Materials and Methods section.
The kinetics model can also be applied as a predictive tool
for selecting optimal redox condition and reoxidized pro-
duct purity prediction (see section ‘Kinetics model construc-
tion and validation’ below for details).

Table 1. Reoxidation results of the design-of-experiment investigation on cysteine, cystine, GSH, and pH.

Run # mAb (mM) Cysteine (mM) Cystine (mM) GSH (mM) Total disulfide (mM) Total thiols (mM) pH Intact mAb (%)
1 0.03 0.0 0.0 0.0 0.09 0.09 10 84.9
2 0.03 5.0 0.0 0.0 0.09 5.09 10 68.8
3 0.03 0.0 0.3 0.0 0.39 0.09 10 92,6
4 0.03 5.0 0.3 0.0 0.39 5.09 10 95.0
5 0.03 2.5 0.15 25 0.24 5.09 10 87.7
6 0.03 0.0 0.0 5.0 0.09 5.09 10 73.0
7 0.03 5.0 0.0 5.0 0.09 10.09 10 823
8 0.03 0.0 0.3 5.0 0.39 5.09 10 91.4
9 0.03 5.0 0.3 5.0 0.39 10.09 10 87.7
10 0.03 0.0 0.0 0.0 0.09 0.09 8 85.8
1 0.03 5.0 0.0 0.0 0.09 5.09 8 93.9
12 0.03 0.0 0.3 0.0 0.39 0.09 8 92.5
13 0.03 5.0 0.3 0.0 0.39 5.09 8 93.7
14 0.03 2.5 0.15 2.5 0.24 5.09 8 92.3
15 0.03 0.0 0.0 5.0 0.09 5.09 8 88.9
16 0.03 5.0 0.0 5.0 0.09 10.09 8 92.5
17 0.03 0.0 0.3 5.0 0.39 5.09 8 924
18 0.03 5.0 0.3 5.0 0.39 10.09 8 95.2
19 0.03 0.0 0.0 0.0 0.09 0.09 7 68.4
20 0.03 1.0 0.3 0.0 0.39 1.09 7 86.7
21 0.03 3.0 0.15 0.0 0.24 3.09 7 82.6
22 0.03 3.0 0.3 0.0 0.39 3.09 7 84.0
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Figure 3. Reoxidation results of the design of experiment (DoE) investigation on cysteine, cystine, and pH. (a) Surface plot of the resulted intact mAb% in response to the
concentrations of cysteine and cystine; (b) Surface plot of the resulted intact mAb% in response to the concentrations of cysteine and pH; (c) Surface plot of the resulted

intact mAb% in response to the concentrations of cystine and pH.
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Figure 4. Plots of disulfide formation for an IgG1 antibody (dots denoted the experimental data and the lines represented the kinetic model simulated results). (a) In free
solution without redox; (b) On Protein A resin without redox; (c) In free solution with redox pair (1 mM cysteine and 0.3 mM cystine); (d) On Protein A resin with redox
pair (1 mM cysteine and 0.3 mM cystine). Each plot included six kinetic profiles, representing all six elementary reactions in the kinetic model (Scheme 1). Mono: intact
mADb, L: light chain, H: heavy chain, HH: heavy-heavy fragment, HL: halfmer, HHL: heavy-heavy-light fragment.

Each plot includes six kinetic profiles, representing all six
elementary reactions. All four studied conditions showed that
the simulated results were in good agreement with the experi-
mental results. Additionally, plots (Figure 5(a-d)) were also
generated for each mAb species versus time to compare these
four studied conditions and respective rate constants were
determined by the kinetic modeling (kinetic model was illu-
strated in Scheme 1, and rate constants were summarized in
Table 2). In doing so, we observed a general trend that over
time the overall intact mAb percentage increased and inter-
mediate species decreased, but at different rates depending on
the environmental conditions. Specifically, we first observed
that the redox system significantly accelerated the disulfide
formation rates in solution. All rate constants for the solution
with redox system were increased at least 10-fold compared
to the ones in solution redox-free system, as shown in Table 2.

Secondly, in a redox-free system (labeled as “In solution
without redox” and “Resin surface without redox” in
Table 2), we found that all the disulfide formation rates (k;-
ks) were higher on the resin surface (“Resin surface without
redox” sample in Table 2) compared to the ones in solution
(“In solution without redox” sample in Table 2), suggesting
that the disulfide formation kinetics were enhanced by bind-
ing the reduced mAb-1 onto Protein A resin. In contrast in a
redox system (labeled as “In solution with redox” and “Resin
surface with redox” in Table 2), except for k¢, all other ele-
mentary reaction rates on Protein A resin (“Resin surface
with redox” in Table 2) were noticeably different from those
in a free solution (“In solution with redox” in Table 2). Lastly,
the compounding effect of using the redox condition on
Protein A resin showed an overall improvement for the dis-
ulfide formation kinetics.

Table 2. The k; to ks values of mAb reoxidation in solution and on Protein A resin using sodium phosphate buffer, pH 8. The

regression parameters are based on equations 14-19.

Rate constants (107%/(%-h)) k; ks ks ks ks ks

In solution without redox 0.00 0.00 0.04 0.02 0.00 1.00
In solution with redox 3.70 1.50 15.00 5.20 0.3 19.00
Resin surface without redox 0.58 0.76 0.33 0.48 0.25 1.60
Resin surface with redox 14.00 5.60 24.00 0.00 0.00 18.00
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Figure 5. Plots of intermediate specie fractions for an IgG1 antibody based on kinetic model simulated results. (a) Intact mAb; (b) HHL species; (c) HL species; (d) L
species. Each plot included the result in four reaction environments: free solution without redox; On Protein A resin without redox; In free solution with redox pair
cysteine and cystine; On Protein A resin with redox pair cysteine and cystine. Intact: intact mAb, L: light chain, HL: halfmer, HHL: heavy-heavy-light fragment.

pH impact on disulfide formation

Figure 6(a,b) depicted the disulfide formation kinetics under pH
7, 8 and 10 using two redox systems (0.5 mM cysteine/0.3 mM
cystine and 1 mM cysteine/0.3 mM cystine), respectively.
Cystine was controlled at a constant concentration of 0.3 mM
for all conditions due to its limited solubility.”® The experimental
results showed a good agreement with the kinetic model simu-
lated results. The calculated reaction rate constants, summarized
in Table 3, showed a higher disulfide formation rate at higher pH
conditions. We chose pH 8 as the condition for the following
experiment to be consistent throughout the studies.

Temperature impact on disulfide formation

Temperature is known to affect reaction kinetics significantly.
This study was conducted at three different temperatures (4°C,
20°C, and 34°C) using two redox systems at pH 8 (0.5 mM
cysteine/0.3 mM cystine and 1 mM cysteine/0.3 mM cystine),
respectively. In Figure 7(a,b), reaction rate decreases were
observed with temperature decrease at both 0.5 and 1.0 mM
cysteine levels. Selected kinetic parameters (k3 and k4 directly
reflect disulfide formation rate of intact mAb) were listed in
Table 4 and their relations to temperature were simulated via
Arrhenius Equation (Equation (1)).

A B
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Figure 6. Plots of disulfide formation represented as intact mAb % (mAb-1) change on the Protein A resin in 20 mM sodium phosphate buffer (pH 7 and pH 8) and
20 mM sodium carbonate buffer (pH10) and room temperature. (a) using a redox system containing 0.5 mM cysteine and 0.3 mM cystine; (b) using a redox system
containing T mM cysteine and 0.3 mM cystine. The dots denoted the experimental data and the lines represented the simulation results. The kinetic model illustration
was shown in scheme 1 and simulation parameters were listed in Table 3.

Table 3. The k; and k4 values of mAb reoxidation in the presence of two redox buffer conditions (0.5 mM cysteine/0.3 mM cystine, T mM cysteine/0.3 mM cystine). The
regression parameters are based on equations 14-19.

Intact mAb (%)
Rate constants (1072/(%:h))

Initial Composition (%) pH k; k> ks k4 ks ks after 1.25-hr
mAb-1 (IgG1) 0.5 mM cysteine, 0.3 mM cystine H,L,: 57.6; HHL: 0.8 7 55 0.4 15 57 0 36 87.6
HH: 3.7; HL: 5.5; 8 4.8 9.1 18 0 7.3 49 90.3
H: 18.4; L: 13.9 10 23 8.1 16 0 12 76 91.3
1 mM cysteine, 0.3 mM cystine 7 37 1.6 15 53 0.3 19 85.7
8 9.9 9 24 6 1.7 49 93.5
10 13 12 30 0 4.2 115 94.9
mAb-2 (IgG4) 1 mM cysteine, 0.3 mM cystine HoLy: 59.5; HHL: 13.7 8 19 7.1 61 0 0 7.8 90.8

HH: 3.4; HL: 17.3
H:3.2; L: 3.0
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Figure 7. Plots of mAb-1 disulfide reoxidation using 0.5 or T mM cysteine and 0.3 mM cystine in the sodium phosphate (pH 8) buffer on Protein A resin at different
temperatures (4°C, 20°C and 34°C). (a) 0.5 mM cysteine, 0.3 mM cystine; (b) 1 mM cysteine, 0.3 mM cystine. The dots denoted the experimental data and the lines

represented the simulation results; (c) Arrhenius Equation simulation of the selected

kinetic parameters k3 and ks at different cysteine concentrations. The kinetic model

illustration was shown in Scheme 1. The kinetic parameters, the activation energy fitted from Arrhenius and R-squared value of the fitting were listed in Table 4.

Table 4. The k3 and ks values at different cysteine concentrations and temperatures, and the activation energies calculated based

on the Arrhenius Equation (1).

ks 107%/(% - h)™

ks 107%/(% - h)™

T(°C) Cysteine Conc. omM 0.5 mM 1TmM omM 0.5 mM 1 mM
4 NA 1.5 1.5 NA 0.12 0.60
20 0.33 26 24 1.6 8.7 18
34 NA 40 105 NA 56 49
E, (KJ/mol) N/A 79+ 4 100 £5 N/A 135+7 106 £ 5
R? N/A 0.98 0.99 N/A 0.98 0.94

E,

In(k) = In(ko) RT

1
where k, is a constant for each reaction; E, is the activation
energy; R is the universal gas constant; T is the absolute
temperature.

Figure 7(c) showed that the temperature impact on k3 and kg
can be well illustrated using Arrhenius Equation. Table 4 sum-
marized the activation energy of two redox systems at different
cysteine levels. A higher cysteine concentration appears to result
in an increase of E, for k; but lowered E, for k4, suggesting that
the primary function of cysteine is to accelerate the reaction kg
instead of k; by decreasing the E, of ke, especially at room or
lower temperatures. All the fittings in Table 4 had R-square (R%)
values close to 0.95 or higher than 0.95.

Kinetics model construction and validation

The studies on the factors affecting the in-vitro disulfide bond
formation provided a general guidance to implement the rescue
strategy into Protein A chromatography. To get a better under-
standing of the reaction mechanism, a model was built
upon experimental results and the respective reaction rate con-
stants were calculated using the Excel Visual Basic program
ODExLims.” In our study, despite the fact that different types of
fragments may exist in the antibody sample solution, free thiols of
the reduced species can be reoxidized to form disulfide bonds,
resulting in larger intermediate species and subsequently an intact
mAb molecule.'®'*?* Although the reoxidation kinetics depended
on multiple factors, including redox pair, temperature, pH, the
reaction pathways could be simplified to be expressed using the six
elementary reactions (Scheme 1) and further illustrated using a
kinetic model described in Materials and Methods section.

Our kinetic study showed that a higher reoxidation rate and
high intact antibody purity were achieved by carrying out the
disulfide reoxidation on Protein A resin using the following

optimal redox condition: 1 mM cysteine, 0.3 mM cystine, pH 8.
In doing so, the purity of the initial mAb-1 sample (IgG1 contain-
ing 57.6% intact purity) was improved to 93.5% after a 1.25-h
treatment (details shown in Table 3). The kinetics data were
simulated (Figure 8(a)) to generate rate constants for each ele-
mentary reaction (Table 3). The kinetics of the same mAb under
the above mentioned optimal redox condition were predicted
based on the initial mAb composition. As shown in Figure 8(b,
¢), the disulfide formation kinetics of two batches of starting mAb-
1 materials with intact purities of 14.0% and 29.0% were com-
puted based on Equations (14)-(19) (dash line). The predicted
results showed a high agreement with the experimental results for
both intact and intermediate species (Table 5 and Supporting
Information Table S2). For example, the intact purities of sample
1 and sample 2 reached 80.7% and 89.1%, respectively, after 1-h
treatment versus predicted purities of 83.3% and 86.8%. The HL
reached experimental values of 9.1% and 5.8% after 1-h treatment
versus predicted values of 7.1% and 4.8% for sample 1 and sample
2, respectively. However, sample 1 showed less divergence
between the experimental and predicted values than sample2,
possibly due to the analytical assay variability. Overall, these
results validated the kinetic modeling mechanism and confirmed
the applicability of using this modeling method to predict the
kinetic performance of antibody interchain disulfide formation.

Disulfide formation for different IgG subclasses

Four major types of IgGs naturally exist in humans. Different
IgG types may possess different disulfide reoxidation kinetics
due to the difference of their interchain disulfide linkages.” To
evaluate whether the rescue method can be applied to all IgG
subclasses in general, we also studied the disulfide formation for
an IgG4 (mAb-2) antibody. Figure 9(a,b) showed kinetics of
disulfide formation on Protein A resin in the presence of
1 mM cysteine, 0.3 mM cystine, pH 8, for mAb-1 (IgG1) and
mAb-2 (IgG4), respectively. The initial compositions of both
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Figure 8. Model validation of mAb-1 disulfide bond formation kinetics using two starting materials with different purities. (a) Kinetic model was constructed based on
data using the redox system containing 1 mM cysteine, 0.5 mM cystine, pH8 at 20°C on Protein A resin; (b) Model validation using starting material with 14% purity; (c)
Model validation using starting material with 29% purity. The dots denote the experimental data and the lines represent the computational prediction results.. Each plot
included six kinetic profiles, representing all six elementary reactions in the kinetic model (Scheme 1). Mono: intact mAb, L: light chain, H: heavy chain, HH: heavy-heavy
fragment, HL: halfmer, HHL: heavy-heavy-light fragment.

Table 5. Validation of the kinetic model.

Reoxidation Time (hrs)

mADb Species  Initial composition (%) Results (%) 0.5 1.0 1.75 2.5

Sample 1 H,L, (Intact) 14.0 Predicted % 525 833 91.1 938

Actual % 52.5 80.7 91.8 94.0

HHL 11.9 Predicted %  13.3 5.7 34 2.5

Actual % 133 6.5 24 2.0

HH 3.8 Predicted % 1.4 0.8 0.5 0.4

Actual % 1.4 0.5 0.2 0.3

HL 26.0 Predicted %  23.4 7.1 35 23

Actual % 23.4 9.1 4.2 2.7

H 289 Predicted % 44 13 0.6 0.4

Actual % 4.4 1.1 0.4 0.2

L 15.3 Predicted % 5.1 1.8 0.9 0.5

Actual % 5.1 2.1 0.9 0.8

Sample 2 H,L, (Intact) 29.0 Predicted % 789 868 90.7 923

Actual % 729 89.1 94.0 95.9

HHL 19.1 Predicted % 6.6 48 3.9 3.6

Actual % 9.1 33 1.6 1.1

HH 4.1 Predicted % 1.8 14 1.2 1.1

Actual % 0.6 0.3 0.2 0.2

HL 24.6 Predicted % 8.5 48 2.8 2.0

Actual % 12.6 5.8 34 2.1

H 12.6 Predicted % 23 1.4 1.0 0.8

Actual % 1.8 0.4 0.1 0.1

L 10.7 Predicted % 1.9 0.9 0.4 0.2

Actual % 3.0 1.2 0.7 0.6

L 1gG1 B 100 lgG4

80 F 80 oo o

, _ t HHL [ Experimental

g 60 § 60 — — - Simulated
8 o I Experimental
g)- 20 ‘% 40 Simulated
a HL O Experimental
H @ Experimental

- — - Simulated
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@
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Figure 9. Plots of disulfide formation for an IgG1 antibody and an IgG4 antibody on Protein A resin using a redox system containing 1 mM cysteine and 0.3 mM cystine
at pH 8 and room temperature. (a) IlgG1 mAb (mAb-1) with a starting purity of 57.6%; (b) lgG4 mAb (mAb-2) with a starting purity of 59.5%.. Each plot included six
kinetic profiles, representing all six elementary reactions in the kinetic model (Scheme 1). Mono: intact mAb, L: light chain, H: heavy chain, HH: heavy-heavy fragment,
HL: halfmer, HHL: heavy-heavy-light fragment.

mAbs and their calculated rate constants were summarized in
Table 3. Under the redox condition 1 mM cysteine, 0.3 mM
cystine, pH 8 for 1.25 hours, the intact purities of mAb-1 and
mAb-2 were improved from 57.6% to 93.5% and 59.5% to 90.8%,

respectively. This result showed that the rescue strategy, which
was developed using mAb-1 (an IgG1 antibody), could be used
as a general approach for reduced mAbs rescue, but the reaction
rate varied for different mAbs.



Discussion

As the main goal of this study was to demonstrate a proof of
concept of applying disulfide reoxidation as a rescue strategy in
mAb manufacturing process, the method must achieve high
antibody purity at a fast disulfide formation rate to meet
manufacturing process requirements (e.g., cadence and facility
fit). The chemistry of disulfide bond reduction and formation
essentially is the chemistry of reduction-oxidation reactions.
The redox environment and the physical proximity of the
pairing cysteine residues are the key factors to drive the dis-
ulfide formation rate.'®*>*!

It has been reported that oxygen can function as an oxidant
and be used to form disulfide bonds.?? In fact, we observed an
increase of product purity through downstream steps for several
antibody programs with disulfide reduction issue. This sponta-
neous and often random air-oxidation reaction is thermodyna-
mically favorable but kinetically slow, resulting in undesirable
product quality and potential facility fit challenges.’® Active
aeration has been applied to increase dissolved oxygen levels to
enhance cellular growth and promote the formation of disulfide
bonds.'>**"** However, the active aeration alone cannot com-
pletely solve the issue.

Numerous studies have been conducted to understand in-
vitro disulfide reoxidation kinetics fundamentally.*"*>"** The
rate of in-vitro disulfide formation was significantly affected by
the pH and composition of the redox system. All biologically
significant reactions of thiols involve the ionized thiolate form
(§7).18454 Thjpl-disulfide exchange is dependent on the con-
centration of the reactive thiolates anion (S™) relative to that of
the unreactive thiol groups (SH), both of which are strongly
dependent on solution pH. The concentration of reactive thio-
late ion (S7) decreases while solution pH decreases. For dis-
ulfide formation, the starting species is the thiol group found
on the cysteine residues in proteins. These fundamentally
important studies informed the basics of our initial redox
condition design. The pH value of 28 for our optimal redox
condition is in agreement with the literature that alkaline
condition is favorable for disulfide reoxidation.***

In the disulfide reoxidation process, another factor driving
disulfide formation is the proximity of the pairing cysteine
residues of the antibody molecule.*' Here, the in-vitro system
containing cysteine/cystine pair at pH >8 was optimized to
enhance the interchain disulfide formation of an antibody
expressed from a CHO cell line. Extensive characterization
(Figure 1(a,c,d)) showed that the reduced antibody, despite
the interchain disulfide breakage, retained its native and
high-order structures, likely being held together through
non-covalent interactions.>** The conformation of the chains
and the relative spatial relationships between chains, which
provide evidence of the intact high-order structure, is essential
to maintain the physical proximity of the partnering cysteine
residues to enable the disulfide formation."

A distinctive aspect of this study was our examination of the
kinetics of disulfide formation on the Protein A resin. Here, we
selected Protein A chromatography as the unit operation to
implement the rescue strategy based on the following three
factors. First, the affinity between mAb and Protein A ligand is
through Fc region of the antibody. Since the high-order
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structure is intact, the affinity between mAb and Protein A
would remain unchanged. Thus, reduced mAb still binds to
Protein A resin. As our dynamic binding capacity study (Tan et
al, mAbs, in press) showed, at 10% breakthrough and 4-min
residence time, mAb material containing three different LMW
levels (90%, 50%, and 1%) achieved DBCs of 58.6, 58.6, and
58.5 g/Lresin, respectively. Second, Protein A chromatography
is a general unit operation to purify mAb, and implementing
the rescue strategy in Protein A chromatography could be a
mAb platform process operation.”">* Third, compared with
ion-exchange chromatography, Protein A chromatography is
less sensitive to operation buffer composition change and
easier to include the redox pair into Protein A chromatography
operation buffer.”

Interestingly, we observed that the reoxidation kinetics was
enhanced by binding the reduced antibody on the Protein A
resin compared to the resin-free condition, all of which demon-
strated that the Protein A chromatography step is a favorable
unit operation for rescue strategy implementation. A possible
reason of Protein A-enabled disulfide reoxidation enhancement
was that the immobilization and concentration of the reduced
antibody on the resin surface increased the molecular rigidity
and created a closer proximity between the neighboring free
sulthydryl groups of the reduced molecule, resulting in a lower
reaction activation energy and enabling easier disulfide forma-
tion. However, further analysis revealed that the rate constant kg4
(hinge disulfide bond formation rate) did not show much dif-
ference between the redox reaction on the Protein A resin and
the in-solution redox reaction, while all other reaction rates (k; _
ks) were clearly distinct between the two conditions. Such diver-
gence of rate constants of these redox reactions in response to
the Protein A resin or in solution could be related to the differ-
ence of the interchain solvent accessibility. It has been reported
that the disulfide bonds in the hinge region (HH) are more
solvent accessible,™* resulting in a higher rate of the HH dis-
ulfide formation than other interchains. Because of this, the HH
disulfide bonds formation rate would appear to be less affected
by whether the reduced mAb was bound onto the Protein A
resin or in free solution. Figure 10 illustrates a schematic model
of disulfide bond formation on the resin surface. The finding that
the interchain disulfide bonds can be reformed and further
enhanced on Protein A resin surface not only provides a novel
way to probe in-vitro disulfide formation, which may help gain
insight into the intracellular IgG assembly, but more impor-
tantly, further drives us to seek practical applications in the
manufacturing process.

Besides the investigation on the reaction condition of the
rescue strategy, a kinetic model was developed as a useful tool
in selecting optimal redox conditions and provides an accurate
prediction of the reoxidized product purity (Table 5). Our
model was built based on all six elementary reactions. The
percentage of each reduced species for the starting material is
the only input that is needed for mAb purity prediction. It is
important to note that the overall composition of the starting
material is necessary to warrant an accurate model prediction.
A given starting material containing a composition of mAb
species will give a prediction of a mAb purity and all inter-
mediate species at a given time. As such, a reaction time can be
determined to achieve a predefined acceptable intact mAb
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Figure 10. A model for the disulfide bond formation of mAb. (a) in solution. (b) on Protein A resin. A faster disulfide formation rate was observed on the solid surface
compared to the reaction in solution. It was presumed that association of the reduced mAb and the solid surface led to an increase of rigidity of the molecule and a
closer proximity of the free cysteines on the respective chains. The long blue bar represents the heavy chain, the short red bar represents the light chain, the orange bar

represents the disulfide bond.

purity, which is a critical quality attribute. Additionally, in
order to implement the reoxidation strategy in manufacturing,
the reaction time is a critical process parameter that needs
further fine-tuning to meet the facility fit requirements.
Moreover, it is worth noting that our kinetic modeling, by
determining six rate constants, provides more insightful infor-
mation at a molecular level that relates to various disulfide
formation pathways. In this work, we studied two model anti-
bodies (IgG1 and IgG4) containing different H-L chain disulfide
linkage,>*>’ inferring different disulfide bond reoxidation
kinetics. The k3 value of the IgG4 was twofold larger than that
of IgG1, while the ks value of the IgG1 was 6-fold that of IgG4,
suggesting that combination of HHL and L is the preferable
assembly pathway for the IgG4 antibody and HL-HL assembly
pathway for IgGl antibody. The apparent divergence of these
rate constants between IgG1 and IgG4 antibodies further con-
firms a previous report that different IgG subclasses may be
involved in different preferable disulfide reoxidation pathways.'®
Protein purity is a critical quality attribute that must be
controlled for consistent product quality. Disulfide bond reduc-
tion in mAbs leads to lower protein purity in manufacturing. It
has drawn great attention across industry, and companies have
since taken tremendous efforts to understand root causes and
develop preventive mitigation strategies. Nevertheless, we pro-
pose a rescue strategy, in which reduced disulfide bonds are
repaired via reoxidation, is also a viable option to contribute to
the overall control strategy in mitigating disulfide bond reduc-
tion during the manufacturing process. Through in-vitro experi-
ments, we developed an optimal reoxidation condition to
achieve >90% intact purity from the starting material containing
<5% intact purity within a 1-hr reaction time. A mathematic
model based on all six elementary oxidative reactions was built
to provide an accurate prediction of not only final intact mAb
purity, but also compositions of each intermediate species. This
model can be applied in a manufacturing setting to help achieve
high product purity. Furthermore, this model may help us
further understand the reduction/reoxidation pathways at a
molecular level in a dynamic redox environment. This study
provides proof-of-concept that reduced antibody can be reox-
idized to form high-purity intact antibody at a higher reaction
rate by using an optimal redox system on Protein A resin.
Nevertheless, the feasibility and robustness of using this reoxida-
tion strategy in manufacturing process still needs thorough
evaluation. An extensive study focusing on developability and

manufacturability in downstream process is described in our
other report of results from this series of studies (Tan et al,
mAbs, in press).

Materials and methods
Materials

The intact and partially reduced mAbs (IgG1 and IgG4) were
generated in CHO cell culture at Bristol-Myers Squibb’s facility
in Devens, MA. An intact mADb is defined with >90% purity and
partially reduced mAbs is defined as <90% purity based on non-
reduced CE-SDS measurement. Protein A resin (MabSelect™
SuRe™ LX) was purchased from GE Healthcare. L-cysteine, L-
cystine dihydrochloride, L-Glutathione reduced, Iodoacetamide
were purchased from Sigma-Aldrich (Burlington, MA). Sodium
phosphate, sodium carbonate, sodium chloride, hydrochloride
acid, sodium acetate, acetate acid, and tris base were purchased
from VWR (Radnor, PA).

Disulfide formation kinetic study

Study in solution

In 15 ml tubes, the partially reduced mAb sample was diluted
to a target concentration of 5 mg/mL with 20 mM phosphate
buffer (pH 7 and 8) or 20 mM carbonate buffer (pH 10)
containing components of cysteine, cystine or glutathione.
The tubes were then placed in water baths to maintain constant
reaction temperatures. Samples were collected as a function of
time for up to 7 hours. Samples were alkylated with iodoace-
tamide (IAM) and frozen prior to analysis.

Study on protein A resin

In 15 ml tubes, the partially reduced mAb sample was diluted to a
target concentration of 5 mg/mL (~0.03 mM) with 20 mM phos-
phate buffer (pH 7 and 8) or 20 mM carbonate buffer (pH 10)
containing redox components. The free thiol and disulfide molar
concentration range in the reduced mAb were calculated to be
0.048 ~ 0.161 mM, 0.054 ~ 0.111 mM (Supporting Information
Table S3). The immobilization of mADb to Protein A resin was
carried out by immediately adding appropriate amounts of
MabSelect SuRe LX resin (a target 30 g/L,e, binding) into the
sample and mixing well for 3 minutes. Supernatants were assessed
using UV-visible spectrophotometry measurement at 280 nm
absorbance to ensure they were free of protein. The tubes were



then placed in water baths to maintain constant reaction tempera-
tures. Samples were collected as a function of time for up to
7 hours. The sample mixture was centrifuged for 1 minute at
1000 relative centrifugal force to remove the supernatant that
was confirmed to be free of protein. The product was eluted with
a low pH acetate buffer (pH3.5) and subsequently neutralized to
pH 5.5 with Tris buffer. Finally, samples were alkylated with IAM
and frozen prior to analysis.

DoE of redox reaction optimization

A custom DoE was used to evaluate factors that may affect the
disulfide bond formation rate. Cysteine concentration (0-
5 mM), cystine concentration (0-0.3 mM), and pH (7, 8, 10)
were the main factors included in the experimental design. The
experiment was carried out by mixing the starting material
containing 57.6% H,L, (intact mAb), 0.8% HHL, 3.7% HH,
5.5% HL, 18.4% H, and 13.9% L with redox components
(Table 1). After incubating the mixtures at 20°C for 30 minutes,
samples were alkylated with IAM. Samples were then tested for
purity using non-reduced CE-SDS method. Statistical analysis
was performed using JMP13.1.0 Statistical software from SAS.

Non-reduced CE-SDS analysis

SDS Microchip-based CE-SDS was performed on a LabChip
GXII (Perkin Elmer) under non-reducing condition.
Iodoacetamide was added into HT Protein Express Sample
Buffer (Perkin Elmer) to a final IAM concentration of approxi-
mately 5 mM. A total of 5 uL antibody sample at approximately
1 mg/mL was mixed with 100 pL of the IAM containing sample
buffer. The samples were incubated at 75°C for 10 min. The
denatured proteins were analyzed with the “HT Protein
Express 200” program.

Size exclusion chromatography

SEC was performed using a Waters BEH column (4.6 mm x
150 mm, 200 A, 1.5 pm) with an isocratic gradient monitored
at 280 nm on a Waters ACQUITY UPLC system (Milford,
MA). The samples were injected onto the system at an isocratic
flow rate of 0.4 mL/min using mobile phase of 25 mM phos-
phate, 300 mM arginine, pH 6.8.

Charge variants analysis

Charge variants were assayed by icIEF, which was performed
on a Protein Simple iCE3 instrument with an Alcott 720 NV
autosampler (San Jose, CA). Samples were mixed with appro-
priate pI markers, ampholytes, and urea and injected into a
fluorocarbon-coated capillary cartridge. A high voltage was
applied and the charged variants migrated to their respective
pI values. A UV camera captured the image at 280 nm. The
main peak was identified and the peaks that migrated into the
acidic range and basic range were summed, quantitated, and
reported as relative percent area.
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Circular dichroism

CD spectra were measured using a Chirascan-auto CD spectro-
polarimeter (Applied Photophysics) fitted with a 0.5 mm path-
length quartz cuvette. Near-UV (CD) spectroscopy was used to
monitor protein tertiary structure. Near-UV CD spectra were
collected from 340 to 250 nm on solutions containing 10 mg/mL
protein. All protein solutions were prepared and added to a 96-
well plate temperature controlled at 10°C. Spectra were collected in
triplicate, baseline subtracted, averaged, and converted from milli-
degrees to molar ellipticity using the theoretical molecular weight.

Kinetic modeling

Different types of fragments may exist in the mAb solution.
Based on the primary CE-SDS NR analysis, the major contents
in the initial solution are light chain (L), heavy chain (H),
heavy-heavy fragment (HH), half-mer (HL), heavy-heavy-
light fragment (HHL) and intact (H,L, or Mono). The simpli-
fied reaction pathways can be illustrated as scheme land the
reaction kinetics can be expressed as

L + H— HL, r = k[L][H] )

L + HH— HHL, r, = k[L][HH| 3)

L + HHL— Mono, r3 = ks[L][HHL] (4)
H + H— HH, ry = ky[H]” (5)

H + HL— HHL, rs = ks[H][HL] (6)
HL + HL— Mono, re = k¢[HL]* (7)

Where r; (i = 1,.6) is the reaction rate for each elemental reaction, k;
(i = 1,.6) is the rate constant for the corresponding reaction.

Based on Equations (2)-(7), mole balances of each fragment
can be expressed as

% . (®)
% S Y ©)
@ " — 15— 2rg (10)
d[Ic‘iItH} S, (11)
d[IZIL] — r—rs s (12)
@ =135+ (13)

Where t is reaction time.
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By substituting Equations (3)-(8) into Equations (8)-(13),
the dynamic fragment concentrations at time ¢ can be then
integrated as:

L), = [L]o + JO(*kl [L][H] — ky[L][HH] — ks[L][HHL])dt
(14)

[H], = [H], + J (=ki[L][H] — 2ks[H)* — ks[H][HL])dt (15)

[HL], = [HL], + J[ (ki [L)[H] — ks[H][HL] — 2ke[HL]*)dt
(16)

H], = (H + [ (-l HH] + 7

(17)

[HHL), = [HHL], + Jz (ko[L][HH] — ks[L)[HHL) + ks[H][HL)])dt
(18)

[Mono], = [Mono], + Jt (ks[L|[HHL] + ks[HL]*)dt

(19)

Kinetic parameter calculation

The kinetic parameters were calculated based on Equations (14)-
(19). The program OdexLims in Excel (2017) coded with Visual
Basic for Applications was used to solve the equations.” The
relationship of different impacting factors and the kinetic para-
meters were analyzed via the JMP13 software based on the DOE
principle. Since Equations (4) and (7) illustrate two major path-
ways to form intact mAb molecules, k; and ks were chosen as two
key kinetic parameters to indicate the reoxidation properties for
the intact mAb formation.

Abbreviations

CD circular dichroism

CE-SDS capillary electrophoresis with sodium dodecyl sulfate
CHO Chinese Hamster Ovary

DoE design of experiment

ER endoplasm reticulum

GSH glutathione

GSSG glutathione disulfide

HH inter heavy-heavy

HL inter heavy-light

IAM iodoacetamide

icIEF imaged capillary isoelectric focusing
LC light chain

LMW low molecular weight

mAb monoclonal antibody

SEC size exclusion chromatography
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