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ABSTRACT

IgG4s are dynamic molecules that undergo a process called Fab-arm exchange. Disulfide bonds between
heavy chains are transiently reduced, resulting in half antibodies that reform intact antibodies with other
IgG4 half antibodies. In vivo, therapeutic IgG4s can recombine with endogenous IgG4s, resulting in
a heterogeneous mixture of bispecific antibodies. A related issue that can occur for any therapeutic
protein during manufacturing is interchain disulfide bond reduction. For 1gG4s, this primarily results in
high levels of half-mAb that persist through purification processes. The S228P mutation has been used to
prevent half-mAb formation. However, we demonstrated that IgG4s with the S228P mutation are subject
to half-mAb formation and Fab-arm exchange in reducing environments. We identified two novel
mutations that stabilize the heavy-heavy chain interaction via incorporation of additional disulfide
bonds in the hinge region. Individually, these mutations increase stability toward reduction and lessen
Fab-arm exchange. Combination of all three mutations, Y219C, G220C, and S228P, has an additive benefit
resulting in an IgG4 with >7-fold increase in stability toward reduction while preventing Fab-arm
exchange. Importantly, the mutations do not affect antigen binding or Fc effector function. These
mutations hold great promise for solving mAb reduction during manufacturing and preventing Fab-
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arm exchange in vivo.

Introduction

Antibody-based therapeutics are entering the clinic at record
numbers, with over 570 molecules across the different clinical
stages." All therapeutic mAbs are based on IgGl, IgG2, or IgG4
isotypes. Each of the different isotypes has unique structural fea-
tures that control immune effector functions.”> The most com-
monly used format is IgGl, likely due to its strong effector
functions, including antibody-dependent cell-mediated cytotoxi-
city (ADCC).”> However, there are many instances where it is
desirable to have reduced effector function for a therapeutic
mAb. IgG4s naturally have low effector function and are com-
monly selected as the format for a therapeutic mAb when deple-
tion of the antigen-expressing target cells would have adverse
effects on the health of the patient.”

IgG4 antibodies are dynamic molecules that are unique
among immunoglobulins in their ability to undergo a process
called Fab-arm exchange. In this process, an IgG4 antibody
will form two-half antibodies (heavy chain + light chain) that
can then reform complete antibodies with other IgG4 half-
mADbs. It has been demonstrated in vivo that a therapeutic
IgG4 antibody can recombine with an endogenous IgG4.
The therapeutic antibody then becomes a heterogeneous mix-
ture of bispecific antibodies, with one Fab binding to unknown

antigens. In the case of a combination therapy with two IgG4s,
the therapeutic mAbs can recombine with each other, creating
bispecific mAbs that might have adverse effects. An additional
consequence is that the newly formed bispecific mAbs are
functionally monovalent for the intended target antigen. The
combined effects of Fab-arm exchange can affect the pharma-
cokinetics and efficacy of the biotherapeutic.®

All antibodies rely on interchain disulfide bonds to maintain
the correct structure for function and activity. During manu-
facturing processes, all antibodies are susceptible to reduction
of the interchain disulfide bonds that hold the heavy and light
chains together.”® Antibody reduction has been observed
industry-wide and has been attributed to components of the
glutathione and thioredoxin systems that are released from
lysed cells during manufacturing operations.*'® Antibody
reduction can result in loss of product, increased complexity
of the manufacturing process, and reduced stability of the
formulated drug product.*>''"** For an IgG4, antibody reduc-
tion typically manifests as high levels of half-mAb that persist
through the purification process.'”

Since the first step of Fab-arm exchange is reduction of the
heavy-heavy chain disulfide bonds to form a half-mAb and
antibody reduction for IgG4 results in high levels of half-mAb,
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we hypothesized that strengthening the heavy-heavy chain
interaction would both make the IgG4 more stable toward
reduction during manufacturing and prevent Fab-arm
exchange. To this end, we identified two novel mutations in
the IgG4 hinge region, tyrosine to cysteine at position 219
(Y219C) and glycine to cysteine at position 220 (G220C).
Previously, the mutation of serine to proline at position 228
(5228P) in the hinge region of IgG4 antibodies has been shown
to reduce half-mAb formation and prevent Fab-arm exchange
with endogenous IgG4 antibodies in vitro.'®'” We evaluated all
three hinge mutations by incorporating them into the same
IgG4 heavy chain sequence and comparing the relative stability
toward reduction of interchain disulfide bonds, the amount of
half-mAb formed, and the amount of Fab-arm exchanged for
the mutants compared to the unmodified IgG4. It is important
to note that the amount of half-mAb formed and the stability
toward reduction are not necessarily correlated. A mAb could
be easily reduced without forming any half-mAb via reduction
of the heavy-light chain disulfide bonds or, conversely, be
relatively stable toward reduction, yet form high levels of half-
mAD when ultimately reduced. However, half-mAb formation
is required for Fab-arm exchange; therefore, we hypothesized
that IgG4s with decreased half-mAb formation would also be
less susceptible to Fab-arm exchange.

We found that the Y219C mutation resulted in a minor
increase in stability toward reduction and decreased both half-
mAb formation and Fab-arm exchange to very low levels. The
G220C mutation also resulted in increased stability toward
reduction, decreased half-mAb formation, and undetectable
levels of Fab-arm exchange. Interestingly, the S228P mutation
increased the stability of the mAb toward reduction, but the
mAb still formed similar levels of half-mAb as the unmodified
IgG4 and moderate levels of Fab-arm exchange. After the
initial assessment of each individual mutation, we evaluated
all combinations of the mutations into the same IgG4 antibody.
We found the effects of the mutations were additive in increas-
ing the stability of the mAb toward reduction and decreasing
the levels of both half-mAb formed and Fab-arm exchange.

Importantly, we determined that all seven of the IgG4s
with hinge region mutations retained similar effector
function and antigen binding compared to the unmodified
IgG4. In summary, we identified two novel IgG4 hinge
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region mutations that increase stability toward disulfide
bond reduction during manufacturing and have the
potential to prevent Fab-arm exchange in-vivo.

Results

Comparison of reduction kinetics and pathways across IgG
isotypes

The glutathione and thioredoxin enzymatic systems both pro-
vide a reducing environment in vivo and have been shown to
similarly reduce mAbs during manufacturing operations.*>'*'®
We selected the thioredoxin enzyme system because its role in
mAb reduction during manufacturing is better characterized
than the glutathione system. We initially compared the relative
stability toward reduction of a variety of mAbs by incubating
each with thioredoxin, thioredoxin reductase, and nicotina-
mide adenine dinucleotide phosphate hydrogen (NADPH).
Stability toward reduction represents the loss of intact mAb
(contains two heavy and two light chains) to any fragment that
does not contain the expected two heavy and two light chains
of a canonical mAb. The library of mAbs that we evaluated
included IgGls, I1gG2s, and IgG4s. Four of the mAbs had
lambda light chains, five had kappa light chains, and one of
the IgG4s had the commonly used S228P mutation. In line with
previous results, we found that IgG2s are more stable toward
reduction than IgGls and that mAbs with kappa light chains
are more stable than mAbs with lambda light chains
(Figure 1)."”?! Interestingly, despite the propensity of IgGd4s
to form half-mAbs, we found IgG4 mAbs to be more stable
toward reduction than IgGls. The S228P mutation has been
incorporated into several therapeutic IgG4s to prevent the
formation of half-mAbs." Expectedly, the IgG4 with the
S228P mutation was more stable toward reduction than
IgG4s with the wild-type hinge sequence.

Next, we examined the intermediate species formed for each of
the mAbs as they were reduced from intact mAbs to free heavy and
light chains by the thioredoxin system. A representative set, con-
taining IgGls, IgG2s, IgG4s, each with kappa or lambda light
chains, is compared in Figure 2 and Fig. S1. The results demon-
strate that similar intermediate species are formed for IgGls and
IgG2s and these species are dependent on the light chain type. The
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Figure 1. Relative stability of IgGs toward reduction by the thioredoxin system. IgG1, 1gG2, and IgG4 mAbs were incubated with the components of the thioredoxin
system. The figure contains data for 4 distinct IgG1s, 3 distinct 1gG4s, and 2 distinct IgG2s. Samples were taken at the indicated timepoints and intact mAb was
quantified using capillary electrophoresis. Experiment was repeated twice with single replicates; 1 replicate is shown.
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Figure 2. Intermediate species formed during reduction by the thioredoxin system. IgG1, IgG2, and IgG4 mAbs were incubated with the components of the thioredoxin
system. Samples were taken at the indicated timepoints and mAb fragments were quantified using capillary electrophoresis. For all figures intact mAb (LHHL) is on the
left axis and fragment species (HHL, HH, and HL) are on the right axis. Free heavy and light chain were not shown to aid in visualization, they are however, included in

Fig S1. Experiment was repeated twice with single replicates; 1 replicate is shown.

dominant intermediate species formed for IgG1 and IgG2 mAbs
with lambda light chains are heavy chain dimers (HH), while IgG1
and IgG2 mAbs with kappa light chains form similar or greater
amounts of half-mAb containing a single heavy and light chain
(HL) compared to HH. These results demonstrate that the dis-
ulfide bond between a lambda light chain and the heavy chain is
more easily reduced than the disulfide bond between a kappa light
chain and the heavy chain.

The intermediates formed for the IgG4 mAbs did not depend
on the light chain isotype or even the presence of the S228P hinge
mutation. As shown in Figure 2, both IgG4s formed almost
exclusively HL as they were reduced by the thioredoxin system.
The IgG4 with the S228P mutation was more stable toward reduc-
tion by the thioredoxin system, but our results demonstrate that,
upon reduction, the mAb still formed exclusively HL. This is
somewhat surprising considering the S228P mutation has been
engineered into multiple therapeutic mAbs to prevent the forma-
tion of half-mAb and Fab-arm exchange. However, this result is
consistent with the observation that hinge-stabilized IgG4 mAbs

containing the S228P mutation can undergo Fab-arm exchange,
albeit under more reducing conditions than those required for
unmodified IgG4s.>** Additionally, these results demonstrate that
half-mAb formation and stability toward reduction are not corre-
lated in all instances. The IgG4 mAbs were more stable toward
reduction than IgGls, yet the IgGls formed comparatively low
levels of half-mAb. The results in Figure 2 are summarized in
Figure 3, which illustrates the major intermediate species formed
for different mAb types as they are reduced by the thioredoxin
system.

Hinge mutations prevent half-mAb formation and
increase stability toward reduction

For an IgG4 mADb, the first step in Fab-arm exchange and reduc-
tion during manufacturing is breaking the heavy-heavy chain
disulfide bonds. IgG1 and IgG2 mAbs are not subject to Fab-
arm exchange, and the first step in reduction during
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Figure 3. Cartoon depiction of the major intermediates formed for different IgG isotypes when exposed to reducing conditions.

manufacturing for these molecules is removal of a light chain.*
Based on these observations, we hypothesized that if the heavy-
heavy chain interaction in an IgG4 were strengthened to be greater
than the heavy-light chain interaction, we could both increase the
stability of the IgG4 toward reduction and eliminate the possibility
of half-mAb formation, and subsequently Fab-arm exchange. To
that end, we compared the heavy chain hinge sequence for an
IgG1, IgG2, and IgG4 (Tablel). IgG1 and IgG2 mAbs both contain
a proline at position 228, while IgG4 mAbs contain a serine. The
S228P mutation has been widely used across the industry to
prevent Fab-arm exchange and was therefore included in our
evaluation." We identified two additional novel mutations based
on the hinge sequence of an IgG2 mAb. IgGl, IgG2, and IgG4
mAbs contain disulfide bonds at positions 226 and 229, while
IgG2s contain additional disulfide bonds at positions 219 and

220. IgG2 mAbs are the most stable toward reduction and we
hypothesized that this is at least in part due to the four disulfide
bonds in the hinge region compared to only two hinge disulfide
bonds for IgG1 and IgG4 mAbs. Based on the sequence alignment
(Table 1), we chose to evaluate the Y219C and G220C mutations in
an IgG4\; each of these mutations adds an additional disulfide
bond between heavy chains in the hinge region. After synthesis
and purification, intact mass spectrometry analysis was used to
determine if the mutations had the desired effect of increasing the
number of disulfide bonds. The results in Table S1 and Fig. S1
demonstrated that IgG4-Y291C and IgG4-G220C have an addi-
tional disulfide bond.

We first compared the relative stability of a set of IgG4As
(IgG4, IgG4-Y219C, IgG4-G220C, and IgG4-S228P) toward
reduction by the thioredoxin system (Figure 4). The results in

Table 1. Amino acid sequence comparison of the hinge region for IgG1, IgG2, and IgG4 antibodies using the EU index for antibody numbering. The positions of the

mutations evaluated are indicated in red.
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Figure 4. Hinge mutations increase stability of lgG4 mAbs toward reduction. IlgG4 mAbs with the indicated hinge mutations were incubated with the components of the
thioredoxin system. Samples were taken at the indicated timepoints and intact mAb was quantified using capillary electrophoresis. Data represent the mean + SD of
triplicate experiments.



Figure 4 were fit to a first-order exponential decay model to
calculate the half-life of each mAb. The half-life of the mAb
represents the stability of the mAb toward reduction by the
thioredoxin system, and comparison of the half-life of the
IgG4s with hinge mutations to the unmodified IgG4 provides
the relative improvement in stability (Table 2). Our results
show that the Y219C mutation provides only minimal
improvement in stability while G220C and S228P mutations
provide greater than twofold and threefold increases, respec-
tively, in stability toward reduction. Next, we evaluated the
intermediate species formed as these four mAbs were reduced
to determine if there were differences in the amount of half-
mAb formed (Figure 5, Fig S.3). In line with the earlier results
(Figure 2), only the kinetics differed between the two mAbs; the
unmodified IgG4 was quickly reduced to HL then to free heavy
and light chain while the same process occurred more slowly
for the IgG4-S228P. Interestingly, compared to the wild-type
IgG4, the Y219C mutation nearly eliminated the formation of
HL, while the G220C mutation reduced the amount of HL.
Finally, we evaluated Fab-arm exchange for each mAb under
three different redox conditions: oxidizing, mildly reducing,
and reducing by utilizing buffers with (1) oxidized glutathione
(GSSG), (2) a 1:1 ratio of GSSG to reduced glutathione (GSH),
and (3) GSH, respectively. The IgG4s were all incubated with
the same, unmodified IgG4, and Fab-arm exchange was deter-
mined by quantifying hybrid mAb formation using capillary
electrophoresis (Figure 6, Fig. S4) and confirmed using mass
spectrometry (Figure 6¢, Fig. S5, and Fig. $6). All IgG4s with
hinge mutations had significantly reduced Fab-arm exchange
compared to the unmodified IgG4. The IgG4-Y219C mAb had
low levels of Fab-arm exchange in the buffer with the 1:1 GSH
to GSSG that increased under the more reducing, GSH condi-
tion. The IgG4-G220C mAb had undetectable levels of Fab-
arm exchange under all conditions. The IgG4-S228P mAb had
undetectable levels of Fab-arm exchange with the 1:1 GSH to
GSSG buffer and moderate levels under the more reducing,
GSH condition. A second IgG4 with the S228P mutation was
also included for comparison and yielded similar results.

In summary, the Y219C mutation provided only a minimal
increase in stability toward reduction, but nearly eliminated
half-mAb formation and significantly decreased Fab-arm
exchange; the G220C mutation increased the stability of the
mADb toward reduction, reduced half-mAb formation and
eliminated Fab-arm exchange; and the S228P mutation
increased the stability of the mAb toward reduction and

Table 2. The relative stability of the IgG4\s was assessed by fitting the results in
Figure 4 to a first-order exponential decay to determine the half-life of each mAb.
An 1gG1\ and IgG2A were included for comparison

50% Reduced (min)

IgG4 Hinge Region Mutation(s) Fold Improvement

Unmodified 123 NA
Y219 C 159 1.3
G220 C 27.5 2.2
S228P 373 3.0
Y219 C+ S228P 440 36
G220 C+ S228P 59.0 4.8
Y219 C+ G220 C 32.1 2.6
Y219 C+ G220 C+ S228P 83.9 6.8
IgGTA 32 0.3
IgG2\ 41.7 34
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decreased Fab-arm exchange, but did not affect the amount
of half-mAb formed.

Effects of the hinge mutations are additive

Next, we evaluated combinations of the hinge mutations to
determine if the beneficial effects of each individual mutation
are additive when combined in the same molecule.

The first double mutant evaluated contained both the Y219C
and S228P mutations. The IgG4-Y219C+S228P significantly
improved stability toward reduction (Figure 4, Table 2), reduced
half-mAb formation compared to the unmodified IgG4 (Figure
5), and had only low levels of Fab-arm exchange under the most
reducing condition (Figure 6). Importantly, the 1gG4-Y219C
+5228P had slightly improved stability toward reduction com-
pared to the IgG4-5228P mAb, comparable half-mAb formation
compared to the I[gG4-Y219C and lower Fab-arm exchange than
either IgG-Y219C or IgG-S228P. These results show that the
effects of the mutations are additive; addition of the Y219C
mutation to the IgG4 containing the S228P mutation slightly
increased the stability of the mAb toward reduction while also
decreasing half-mAb formation and Fab-arm exchange.

The second double mutant evaluated contained both the
G220C and S228P mutations. The IgG4-G220C+S228P had
significantly improved stability toward reduction (Figure 4,
Table 2), reduced half-mAb formation compared to the
unmodified IgG4 (Figure 5), and undetectable levels of Fab-
arm exchange (Figure 6). Importantly, the IgG4-G220C
+5228P had greater stability toward reduction than either
the G220C or S228P IgG4s individually. Additionally, the
IgG4-G220C+S228P had half-mAb formation and Fab-arm
exchange, in line with the IgG4-G220C. These results pro-
vided further evidence that the effects of the mutations are
additive.

The last double mutant evaluated contained both the Y219C
and G220C mutations. The IgG4-Y219C+G220C had signifi-
cantly improved stability toward reduction (Figure 4, Table 2)
and reduced half-mAb formation and Fab-arm exchange com-
pared to the unmodified IgG4 (Figures 5 and 6). The IgG4-Y219C
+G220C had improved stability toward reduction compared to
the IgG4-G220C, but the amount of half-mAb formed was similar
to IgG4-G220C and Fab-arm exchange was similar to IgG4-
Y219C. In this case, the addition of the Y219C mutation to the
G220C mAb did provide the minor improvement in stability, but
the additional decrease in half-mAb formation and Fab-arm
exchange was not observed. Intact mass spectrometry analysis of
this molecule revealed only two disulfide bonds formed in the
hinge region rather than the expected four (Table S1, Fig. S1).
Presumably, if all four disulfide bonds had formed, we might have
observed an additive effect in terms of stability, half-mAb forma-
tion, and Fab-arm exchange rather than just the minor improve-
ment in stability we observed.

The last mAb evaluated contained all three mutations.
The IgG4-Y219C+G220C+S228P had the greatest overall
stability toward reduction (Figure 4, Table 2), formed very
little half-mAb (Figure 5), and had undetectable levels of
Fab-arm exchange (Figure 6). The effects of the mutations
for this mAb were additive, while in the case of the double
mutation, IgG4-Y219C+G220C, they were not. Intact mass
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Figure 5. Hinge mutations decrease half-antibody formation. IgG4 mAbs with the indicated hinge mutation(s) were incubated with the components of the thioredoxin
system. Samples were taken at the indicated timepoints and mAb fragments were quantified using capillary electrophoresis. Free heavy and light chain were not shown
to aid in visualization, they are however, included in Fig S3. Data represent the mean + SD of triplicate experiments.

spectrometry analysis of the triple mutation mAb demon-
strated that all four hinge disulfide bonds were formed.
Previous analysis of IgG4 mAbs with the S228P mutation
has suggested that the increased stability is because of
a conformation change in the hinge region due to the less
flexible amino acid proline amino acid in place of serine.” It
is likely that, in our case, the hinge conformational change
caused by the S228P mutation was required for the proper

alignment and formation of four hinge disulfide bonds in the
IgG4-Y219C+G220C+S228P.
Hinge mutations do not affect antigen binding

The three mutations we evaluated are all in the hinge region
and are therefore not expected to affect antigen binding.
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Figure 6. Hinge mutations decrease Fab-arm exchange. (a) Quantification of hybrid mAb formation for IgG4 mAbs with the indicated hinge mutation(s) after incubation
with a second, unmodified IgG4. Hybrid mAb was quantified using capillary electrophoresis and quantification of each parent mAb is included in Fig. S4. Data represent

the mean + SD of triplicate experiments. (b) Example electropherogram from the capillary electrophoresis for the unmodified IgG4. (c) Example mass spectrometry data
for the unmodified IgG4. Mass spectrometry for remaining samples are in Fig. S5 and S6.

However, it is possible that the additional disulfide bonds in the
hinge region of an IgG4 could alter the conformation of the
mAD, and lead to impaired antigen binding. Thus, antigen
binding for all seven mAbs with hinge region mutations was
compared to the unmodified IgG4 in an enzyme-linked immu-
nosorbent assay (ELISA). As shown in Figure 7a, all seven
mAbs demonstrated similar antigen binding to the unmodified

IgG4. This result demonstrates that these mutations can be
incorporated into an IgG4 without affecting antigen binding.

Hinge mutations do not affect FcRn binding

Binding to the neonatal Fc receptor (FcRn) provides IgGs
long serum half-lives, enabling monthly or even less
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compared to the unmodified IgG4 in an ELISA assay. An isotype control demonstrated no binding up to 5000 nM (not shown). Data represent the mean + SD of
duplicate experiments. (b) FcRn and (c) FcyRllla binding for the 1gG4 s with hinge mutations were compared to the unmodified IgG4 in AlphaLISA assays. Rituximab was
run as a known positive control in the FcyRllla AlphaLISA. Data represent the mean + SD of duplicate independent experiments.

frequent dosing.””> The FcRn binding site is on the heavy
chains between the CH3 and CH2 domains, and was
therefore not predicted to be impacted by the hinge
mutations. However, due to the importance of FcRn bind-
ing to the efficacy of therapeutic mAbs, it was critical to

demonstrate that the hinge mutations do not inhibit FcRn
binding. As our results in Figure 7b demonstrate, all the
IgG4s with hinge mutations have similar binding to FcRn
compared to the unmodified IgG4. This result demon-
strates that the hinge mutations do not reduce FcRn



binding in wvitro. Additionally, as the Fab remains
unchanged, the hinge mutations are unlikely to adversely
affect the pharmacokinetics compared to the unmodified
IgG4.

Hinge mutations do not affect fc effector function

Fc effector function is critical for the efficacy of mAbs.> The
FcyRIIIa receptor mediates ADCC, which can be an important
part of the mechanism of action for IgG1-based therapeutics.”*
IgG4 mAbs have naturally low binding to this receptor and are
often selected when depletion of the antigen-expressing target
cells would have adverse effects on the health of the patient.
Recently, it has been shown that afucosylation can increase
ADCC activity for IgG4s to levels comparable to an IgG1 and
that the increased ADCC activity is mediated via FcyRIIIa
binding.*® To confirm that the hinge modifications are unlikely
to increase ADCC activity, we evaluated FcyRIIIa binding. Our
results in Figure 7c demonstrate negligible FcyRIIIa binding
for all IgG4s evaluated in this study. Combined, the results in
Figure 7 demonstrate that the hinge mutations are unlikely to
affect Fc effector function in vivo.

Discussion

Antibody reduction during manufacturing processes has been
widely observed and occurs for all antibody isotypes. For an
IgG4, this presents as high levels of half-mAb that persist
through the purification process. Half-mAb is formed upon
reduction of the heavy-heavy chain disulfide bonds. Similarly,
the first step in Fab-arm exchange is the reduction of heavy-
heavy chain disulfide bonds. Thus, mutations that increase the
stability of the heavy-heavy chain interaction would both
increase the stability of the IgG4 toward reduction during
manufacturing and reduce the propensity for Fab-arm
exchange. Further, if under reducing conditions, the IgG4
does not form half-mAbs, then Fab-arm exchange would not
be possible.

To this end, we identified two novel mutations, based on the
IgG2 hinge sequence, that increase the stability of an IgG4
toward reduction, decrease half-mAb formation, and prevent
Fab-arm exchange. The first mutation, Y219C, provided only
a minimal increase in stability toward reduction, but nearly
eliminated half-antibody formation and decreased Fab-arm
exchange to very low levels. The second mutation, G220C,
increased the stability of the IgG4 toward reduction, reduced
half-mAb formation, and prevented Fab-arm exchange. It is
important to note that the IgG4s with the S228P mutation still
formed almost exclusively half-mAb and had moderate levels
of Fab-arm exchange under reducing conditions. These results
are consistent with previous reports that IgG4-S228P mAbs
can still participate in Fab-arm exchange, but require a more
reducing environment than unmodified IgG4 mAbs.>** These
results also confirmed our hypothesis that decreasing the
amount of half-mAb formed under reducing conditions also
decreases Fab-arm exchange. However, it is important to note
that Fab-arm exchange in vivo for an IgG4 with the S228P
mutation has not been reported.
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Additionally, we demonstrated additive effects by combin-
ing the hinge mutations. Both the Y219C and G220C muta-
tions provided additional stability toward reduction, reduced
half-antibody formation, and decreased Fab-arm exchange
when combined with the S228P mutation. The IgG4 contain-
ing both the Y219C and G220C mutation did not have the
same additive effects, but mass spectrometry analysis demon-
strated only two disulfide bonds in the hinge region compared
to the expected four. Finally, the IgG4 containing all three
hinge mutations was the most stable toward reduction, had
low levels of half-mAb formation, and undetectable levels of
Fab-arm exchange. It is likely that the S228P mutation is
required to allow proper hinge alignment for the formation
of four hinge disulfide bonds, as the formation of four hinge
disulfide bonds requires greater conformational constraints
compared to the formation of three hinge disulfide bonds,
which was the case for IgG4-Y219C and IgG4-G220C. The
relative stability toward reduction, half-mAb formation, and
Fab-arm exchange are summarized in Table 3. It should be
noted that the disulfide bonds in the upper hinge region of
IgG2 mAbs can shuffle, resulting in three different isoforms,
representing an alternate location of the disulfide bond
between the heavy-light chain on either or both sides of the
IgG2 mAb.”® In our study, the Fabs are IgG4s, and therefore
may not be subject to disulfide bond shuffling. This possibility,
however, would need to be explored before use as
a therapeutic.

The mutations likely function by decreasing the flexibility of
the hinge region. It has previously been shown that, in terms of
hinge flexibility, IgG1> IgG4> I1gG2,> which aligns with our
results in Figure 1 where IgGls were most easily reduced,
followed by IgG4s, and then IgG2 mAbs. Additionally, the
S$228P mutation has been shown to stabilize the mAb toward
reduction by inducing a more rigid, partial helical structure,””
further supporting the hypothesis that reduced hinge flexibility
decreases half-antibody formation. Incorporation of all three
mutations likely further decreases the flexibility of the hinge
region, thereby providing the additional stability toward reduc-
tion while also minimizing half-mAb formation.

Importantly, we demonstrated that these mutations do
not affect the antibody’s ability to bind its antigen, or to
FcRn or RcyRIIla, which are key mediators of effector
function. Taken together, the above-referenced mutations
hold great promise for solving mAb reduction during man-
ufacturing operations and for preventing Fab-arm exchange
in vivo.

Table 3. Summary of the effect of each mutation on the relative stability toward
reduction, half-mAb formation, and Fab-arm exchange

9G4 Hinge
Region Increased Stability ~ Decrease in half- Decrease in Fab-
Mutation(s) Toward Reduction mAb Formation arm Exchange
Y219C + +++ ++
G220C + ++ +++
$228P + - +
Y219C+ S228P + +++ +++
G220C+ S228P ++ ++ +++
Y219C+ G220C ++ + ++
Y219C+ G220C +++ +++ +++

+ 5228P
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Materials and methods
mADb expression and purification

The hinge mutations were all incorporated into the same
IgG4 heavy chain sequence using site-directed mutagenesis
as previously described.”®*** All IgG4 used the same \ light
chain. The cells were expressed via transient transfection in
Chinese hamster ovary cells and purified using protein
A chromatography followed by size exclusion purification
to reduce product aggregates to <2%.

Stability toward reduction and protein size analysis

The relative stabilities of mAbs toward reduction by the thior-
edoxin system were assessed by spiking purified antibody at
1.2 mg/mL into solutions containing 2 uM thioredoxin
(Abcam, Cambridge MA), 0.1 puM thioredoxin reductase
(Cayman Chemical, Ann Arbor MI), and 0.24 mM NADPH
(Millipore-Sigma, St. Louis) in phosphate buffer, pH 7.4, con-
taining 10 mM EDTA. The amount of intact antibody and
intermediates formed were quantified using a LabChip GXII
Touch HT (Perkin Elmer). Samples were taken at the indicated
time points, stored frozen at —80°C, and then analyzed using
the Protein Express Assay kit under non-reducing conditions,
following the standard protocol from Perkin Elmer. Fab-arm
exchange was quantified using the ProteinEXact assay kit
under non-reducing conditions, following the standard proto-
col from Perkin Elmer.

Mass spectrometry analysis

Intact mass analysis was performed with a Waters SYNAPT
G2-Si High Definition Mass Spectrometer in conjunction with
a UPLC system (Waters). Samples assessed for Fab-arm
exchanged were pre-treated with PNGase F to remove Fc
N-glycans. For non-reducing intact mass analysis, 1-2 pg of
each sample was directly injected onto a reversed-phase col-
umn (Acquity UPLC BEH300, C4, 1.7 pm, 2.1 mm x 50 mm;
Waters) and eluted on a linear gradient using a mobile phase
A comprising 0.1% formic acid (FA) and 0.01% trifluoroacetic
acid (TFA) in water and a mobile phase B comprising 0.1% FA
and 0.01% TFA in acetonitrile. Mass spectra were collected at
a range of 500-4,500 m/z. Molecular mass was determined by
deconvolution of the m/z data, using the MaxEnt I in
MassLynx software (Waters).

Fab-arm exchange

Three different solutions for each IgG4 mAb under evaluation
were prepared in 50 mM tris buffer pH 7.4 containing 5 mM
ethylenediaminetetraacetic acid (EDTA). All solutions con-
tained the test IgG4 at 1.1 mg/mL, a second unmodified IgG4
at 1.1 mg/mL, and GSH/GSSG as indicated at a total concen-
tration of 1.5 mM. The samples were incubated at 37°C for
90 minutes followed by buffer exchange using Amicon centri-
fugal spin filters with a 10 kDa cutoff membrane to remove
glutathione. The samples were incubated for an additional
24 hours at 37°C prior to analysis as described above.

Antigen binding ELISA

The 96-well plates were coated with 4 pg/mL of the target antigen
over night at 4°C. The plates were blocked with a 5% milk
solution in phosphate-buffered saline (PBS) with 0.5% Tween
20. The primary mAb was detected with a secondary anti-human
IgG4 horseradish peroxidase-conjugated antibody (1:1000 dilu-
tion, Invitrogen MHI1742). Following the addition of tetra-
methylbenzidine, the reaction was stopped with 0.2 N sulfuric
acid and absorbance was read at 450 nm. Between all steps, the
wells were washed 4 times with PBS containing 0.05% Tween 20.

FcRn binding AlphalLISA

An AlphalISA® FcRn competition binding assay Kkit
(PerkinElmer, Catalog #AL3095) was used to measure relative
FcRn binding. Increasing concentrations of antibody bound to
FcRn competitively block the ability of the acceptor and donor
beads to proximally interact, which in turn decreases the assay
signal. IgG4 antibody samples were prepared to a starting con-
centration of 100 pg/mL in MES buffer, pH 6.0. A 10-point
dilution series was prepared and incubated with biotinylated
FcRn in a 96-well plate for 45 minutes at room temperature.
Streptavidin-coated donor beads and human IgG conjugated
acceptor beads were prepared to 20 ug/mL, added to the anti-
body-FcRn solution, and incubated for 60 minutes at room
temperature in the dark. Chemiluminescence was quantified
using an Envision. The resulting data were fit with SoftMax
software using a 4-parameter fit.

FcyRlila binding AlphaLISA

An AlphalISA® FcyRIIla competition binding assay kit
(PerkinElmer, Catalog #AL348) was used to measure relative
FcyRIIIa-158 V binding. Biotinylated human FcyRIIIa-158 V
is captured by streptavidin-coated donor beads. In the absence
of antibody samples, human IgG Fc region conjugated to
acceptor beads binds the FcyRIIla-158 V and brings the
donor and acceptor beads into proximity, generating
a chemiluminescent emission. IgG4 antibody samples were
prepared to a starting concentration of 20 ug/mL in HiBlock
buffer and pre-incubated for 30 minutes at room temperature
with biotinylated human FcyRIIIa-158 V to facilitate binding.
Acceptor and donor beads were prepared to 20 ug/mL, then
added to the antibody-receptor solution and incubated for
60 minutes at room temperature in the dark.
Chemiluminescence was quantified using an Envision, and
data fit with SoftMax software using a 4-parameter fit.
Rituximab was run as a known positive control.
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