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The S228P Mutation Prevents in Vivo and in Vitro lgG4
Fab-arm Exchange as Demonstrated using a Combination of
Novel Quantitative Immunoassays and Physiological Matrix
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Background: IgG4 antibodies are able to undergo a process termed Fab arm exchange (FAE).

Results: A novel method for quantifying FAE in physiologically relevant matrices was developed.

Conclusion: A hinge mutation in IgG4 antibodies inhibits FAE to undetectable levels in the immunoassays described herein.
Significance: These methods are valuable for investigating and assessing the factors affecting and controlling IgG4 FAE.

Human immunoglobulin G isotype 4 (IgG4) antibodies (Abs)
are potential candidates for immunotherapy when reduced
effector functions are desirable. IgG4 Abs are dynamic mole-
cules able to undergo a process known as Fab arm exchange
(FAE). This results in functionally monovalent, bispecific anti-
bodies (bsAbs) with unknown specificity and hence, potentially,
reduced therapeutic efficacy. IgG4 FAE is suggested to be an
important biological mechanism that provides the basis for the
anti-inflammatory activity attributed to IgG4 Abs. To date, the
mechanism of FAE is not entirely understood and studies mea-
suring FAE in ex vivo matrices have been hampered by the pres-
ence and abundance of endogenous IgG4 wild-type (WT) Abs.
Using representative humanized WT IgG4 monoclonal Abs,
namely, anti-IL-6 and anti-TNF, and a core-hinge stabilized ser-
ine 228 to proline (S228P) anti-IL-6 IgG4 mutant, it is demon-
strated for the first time how anti-IgG4 affinity chromatography
can be used to prepare physiologically relevant matrices for
assessing and quantifying FAE. A novel method for quantifying
FAE using a single MSD immunoassay is also reported and con-
firms previous findings that, dependent on the redox condi-
tions, the S228P mutation can prevent IgG4 FAE to undetect-
able levels both in vitro and in vivo. Together, the findings and
novel methodologies will allow researchers to monitor and
quantify FAE of their own IgG4 molecules in physiologically
relevant matrices.

Immunoglobulin G (IgG)? is the most abundant antibody
(Ab) in human sera and is subdivided into four subclasses: IgG1,
IgG2, IgG3, and IgG4. IgG1 and IgG4 both have two interhinge
disulfide bonds (DSBs), IgG2 has four interhinge DSBs, and
IgG3 has 11 interhinge DSBs. IgG1 and IgG3 are generally
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described as active isotypes because they elicit antibody-depen-
dent cell-mediated cytotoxicity and complement-dependent
cell-mediated cytotoxicity (1, 2). Conversely, IgG2 and IgG4 are
described as inactive isotypes as they bind poorly to effector
molecules, resulting in relatively low effector function induc-
tion (1-4). Among the IgG isotypes, IgG4 molecules have a
unique feature in that they are able to undergo a dynamic swap-
ping event known as “half-molecule exchange” or “Fab arm
exchange” (5-11). This physiological process involves the
exchange and recombination of a heavy-light chain pair (half-
molecule) of one IgG4 Ab with that of another IgG4 Ab.

This inherent ability of bivalent, monospecific IgG4 Abs to
undergo FAE results in the formation of functionally monova-
lent, bsAbs i.e. Abs unable to cross-link identical antigens (12).
Exchange occurring between Abs with different and unknown
V-regions results in bsAbs with unknown, and perhaps
undesirable specificity. Consequently, biotherapeutic bivalent,
monospecific IgG4 WT Abs undergoing FAE with endogenous
IgG4 WT Abs could result in the formation of chimeric, func-
tionally monovalent, bsAbs in which binding to the target anti-
gen could, in time, change from an avidity to an affinity inter-
action. This could affect the pharmacokinetics and efficacy of
the biotherapeutic and change homologous cross-linking of the
originally targeted antigen to non-cross-linking behavior. Sub-
sequently, FAE could introduce undesired pharmacodynamic
unpredictability for human immunotherapy. Therefore, the
propensity of WT IgG4 Abs to participate in FAE has raised
question marks over choosing the, otherwise, inactive IgG4 iso-
type as the backbone for biotherapeutics (13, 14).

While the mechanism of FAE is not yet fully understood or
characterized, the molecular determinants driving FAE in
humans were identified by site-directed mutagenesis as resi-
dues Ser-228 (15, 16), located in the IgG4 core hinge, and Arg-
409 in the IgG4 CH3 domain (8). To investigate and measure
FAE, researchers have to date used artificial buffered matrices
to mimic the physiological environment and have steered clear
of using more relevant physiological matrices such as blood and
plasma due to the presence of interfering endogenous IgG4 W'T
Abs (11, 15-17). The work detailed in this paper demonstrates
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how functional bridging assays and various biochemical tech-
niques were successfully established and employed, including,
for the first time, a novel method of physiological matrix prep-
aration, to monitor and quantify FAE. Evidence to support the
notion that a single amino acid mutation (S228P) in the IgG4
core-hinge region is sufficient to prevent the in vivo FAE of our
anti-IL-6 IgG4 Ab, is also provided.

EXPERIMENTAL PROCEDURES

Antibodies and Reagents—Humanized anti-1L-6 WT IgG4
Ab, its S228P point mutated variant (anti-IL-6 S228P IgG4 Ab),
humanized anti-TNF WT IgG4 and IgG1 Abs were expressed
and purified as described previously (18). Recombinant IL-6,
TNF (Peprotech), and anti-human k-light chain specific Ab
(Jackson) were either biotinylated or Sulfo-tag labeled with
Sulfo-NHS-LC-LC-Biotin (Thermo Scientific) or ruthenium-
NHS-ester (Meso Scale Discovery, MSD), respectively, accord-
ing to the manufacturers’ protocols.

Human Samples-in Vivo Fab Arm Exchange—Anonymized
plasma samples from healthy volunteers who received a single 3
mg/kg dose of anti-IL-6 S228P IgG4 by intravenous (IV) injec-
tion were obtained from a Phase 1, randomized, double-blind,
placebo-controlled study.

Fab Arm Exchange—Anti-IL-6 WT IgG4 or anti-IL-6 S228P
IgG4 Abs and their potential exchange partners, namely, either
anti-TNF WT IgG4 or IgG1 Abs, were mixed as follows: for in
vitro studies at 1:1 molar ratios at a total concentration of 100
pg/mlin PBS, pH 7.4. For ex vivo studies at 1:9 molar ratios at a
total concentration of 600 ug/ml in either IgG4-depleted
plasma or IgG4-depleted blood (see “Results”).

To allow DSB reduction, samples were supplemented with
reduced glutathione (GSH) (Sigma) to a final concentration of
0.5 mM. At the start of the experiment (¢ = 0 h) an aliquot of the
mixture was quenched (to inactivate potentially reactive thiol
groups) with N-ethylmaleimide (NEM) (Sigma) to a final con-
centration of 10 mm and incubated alongside the rest of the
reaction for 16 hat 37 °C (¢ = 16 h). After overnight incubation,
the £ = 16 h sample was quenched as above.

Non-reducing SDS-PAGE, Coomassie Staining, and Western
Blotting—Ab and chromatography samples were boiled for 3
min in 1X SDS-PAGE sample buffer supplemented with NEM
(to a final concentration of 10 mMm) and then analyzed using
4-20% gradient Tris-glycine gels (Invitrogen). Following SDS-
PAGE, gels were either stained with Coomassie or transferred
to nitrocellulose membrane for Western blotting (WB). Mem-
branes were blocked in 5% milk (w/v) in PBS/0.1% Tween-20
(PBST, blocking buffer) for 1 h at room temperature with agi-
tation before incubation with appropriate HRP-conjugated pri-
mary Abs (AbD Serotec 1:2,000 in blocking buffer). The
membranes were then washed with PBST, incubated with
chemiluminescent substrate and imaged using the ImageQuant
4000 LAS analyzer (GE Healthcare). Total protein concentra-
tion was quantified by measuring absorbance at 280 nm.

IgG4 Depletion and Physiological Matrix Preparation—
Whole blood from healthy human donors was collected in hep-
arin-containing vials (BD Bioscience) and centrifuged at
1,500 X g for 10 min at room temperature to separate plasma
from cells. 1.5 ml of plasma was sequentially incubated with 2 X
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250 ul of Capture Select IgG4 beads (BAC Netherlands) for 1 h
with agitation at room temperature. Following incubation, the
unbound flow-through material (IgG4-depleted plasma) was
collected and stored at 4 °C. The beads were washed three times
with 1 ml of physiological salt solution (PSS, in mm: 145 NaCl,
5.6 KCl, 5.6 glucose, 1 MgCl,, 1 CaCl,, 15 HEPES; pH 7.4)
before elution with 100 ul of 1X SDS-sample buffer (Invitro-
gen). Chromatography fractions were then analyzed by non-
reducing SDS-PAGE (see below). During the incubation of
plasma with affinity columns, the pelleted cells from the initial
whole blood centrifugation were washed three times by resus-
pension in PSS and centrifugation as above. The washed blood
cells were then resuspended in IgG4-depleted plasma (i.e. the
flow-through from the Capture Select [gG4 columns) to yield
IgG4-depleted whole blood.

Detection and Quantification of FAE in Vitro—In vitro FAE of
anti-IL-6 (WT or S228P) Abs with anti-TNF WT Abs was
quantified, and the presence of newly formed anti-IL-6/anti-
TNF bsAbs demonstrated, using two MSD bridging methods:
Method 1: indirect quantification of FAE as determined by the
loss in ability of monospecific, bivalent anti-IL-6 Abs to cross-
link two differently tagged variants of the same antigen.
Quenched reaction samples diluted 1:4,000 in PBS/1% BSA
(PB) were incubated with 2 pg/ml of a 1:1 mixture of biotiny-
lated IL-6 and Sulfo-tag labeled IL-6 for 1 h at room tempera-
ture with agitation. After incubation, samples were transferred
to, and incubated with agitation in, PB pre-blocked streptavi-
din-coated MSD plates (MSD) for 1 h at room temperature
before being processed as per Method 2 below. Method 2:
directly monitoring FAE as determined by the gain in ability of
the newly formed anti-IL-6/anti-TNF bsAbs to cross-link two
different antigens. 1:4,000 PB diluted reaction samples were
incubated with 2 ug/ml of a 1:1 mixture of biotinylated-IL-6
and Sulfo-tag labeled-TNF in PB for 1 h at room temperature
with agitation. After incubation, samples were transferred to,
and incubated with agitation in, PB pre-blocked streptavidin
coated MSD plates for 1 h at room temperature. After incuba-
tion with tagged antigens, wells were washed three times with
PBST before signals were revealed and measured using the
manufacturer’s read buffer and SectorImager 6000 analyzer
(MSD). Background values obtained from control parallel reac-
tions in which non-biotinylated-IL-6 was substituted for the
biotinylated variant, were subtracted from all signals. Duplicate
values from at least three independent experiments were used
for all calculations. Averaged data with S.E. values are plotted.

Anti-IL-6/TNF bsAb Generation—CH3 mutants of human-
ized anti-IL-6 and anti-TNF WT IgG1l Abs were generated
using QuikChange site-directed mutagenesis kit (Agilent Tech-
nologies). F405L was introduced into the anti-IL-6 Ab and
K409R was introduced into the anti-TNF Ab (19). Equal quan-
tities of the Abs were mixed to a final concentration of 0.9
mg/ml and incubated in the presence of 50 mm 2-mercaptoeth-
ylamine HCIL. Samples were quenched using a 10-fold molar
excess of NEM at either, the beginning of the experiment or
after 2 h of incubation at 37 °C. Samples were buffer exchanged
against PBS, pH 7.4, using Zeba Spin Desalting Columns
(Thermo Scientific) and subsequently analyzed using Hydro-
phobic interaction chromatography (HIC). Approximately, 5
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png of material was loaded onto a ProPAC HIC-10 column
(Thermo Scientific), pre-equilibrated in 0.8 M ammonium sul-
fate, 50 mM sodium phosphate, pH 7.4, attached to a 1260 Infin-
ity HPLC system (Agilent Technologies). Proteins were eluted
using a linear gradient of 50 mm phosphate buffer, pH 7.4, and
monitored using a fluorescence detector. The percentage of
bsAb after FAE was determined by integration of the HIC peaks
at their respective retention times.

Assay Characterization and Generation of Anti-IL-6/TNF
bsAb Standard Curves—Known amounts of the anti-IL-6/TNF
bsAb were serially diluted in relevant matrices (buffer, plasma,
or whole blood) containing increasing amounts of parental
anti-IL-6 and anti-TNF WT Abs. Serially diluted standards
were assayed as in Method 1 and used to characterize the assay
as per industry guidelines (20, 21). Data were plotted using
GraphPad Prism software and a 4-parameter logistic fit with
1/y* weighting.

Detection of Anti-IL-6 S228P IgG4 Fab Arm Exchange in
Vivo—Plasma samples from healthy volunteers dosed with
anti-IL-6 S228P IgG4 were taken at regular time intervals and
assayed by two discrete MSD assays namely, total and intact.
The total assay detects all monovalent Ab half-molecules (i.e.
both non-exchanged and exchanged species) while the intact
assay only detects monospecific, bivalent Ab molecules (i.e.
only non-exchanged species). In brief, for the total assay,
plasma samples were serially diluted in PB and incubated with
agitation for 1 h at room temperature with 1 ug/ml of biotiny-
lated IL-6. After incubation, samples were transferred to, and
incubated with agitation in PB pre-blocked streptavidin-coated
MSD plates for 1 h at room temperature. Wells were then
washed three times with PBST before incubation with 1 ug/ml
of Sulfo-tag-labeled goat anti-human k-light chain Ab (to label
captured anti-I1L-6 S228P IgG4 k-light chain half-molecules) in
PB for another 1 h at room temperature with agitation and
processed as per the intact assay below. For the intact assay,
after dilution with PB, plasma samples were incubated with
agitation for 1 h at room temperature with 2 ug/ml of a 1:1
mixture of biotinylated IL-6 and Sulfo-tag-labeled IL-6. After
incubation, wells were washed with PBST and signals revealed
and measured as previously detailed. Known amounts of seri-
ally diluted anti-IL-6 S228P IgG4 were used in parallel assays to
obtain calibration curves from which the plasma anti-IL-6
S228P IgG4 concentrations were calculated. Duplicate values
from two independent experiments were used for all calcula-
tions. The amount of anti-IL-6 S228P IgG4 FAE was assessed by
comparing the two generated profiles. In vivo plasma anti-IL-6
$228P IgG4 half-lives were calculated using GraphPad Prism
software.

RESULTS

Analysis of Abs by Non-reducing SDS-PAGE—To investigate
FAE four different Abs were used throughout this work, these
were: anti-IL-6 WT IgG4, anti-IL-6 S228P IgG4, anti-TNF WT
IgG4, and IgG1. Their analysis by denaturing, non-reducing
SDS-PAGE, and Coomassie staining is shown in Fig. 1. As can
be seen from the gel, the WT IgG4 Abs are a heterogenous
preparation containing two predominant species: the full-size,
bivalent, monospecific Ab (Fig. 1, open arrowhead) and a lower
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FIGURE 1. Antibody analysis by SDS-PAGE and Coomassie staining. Equiv-
alent amounts of each Ab were analyzed by denaturing, non-reducing SDS-
PAGE and Coomassie staining. The specificity, isotype, hinge sequence (WT or
SP mutation) and amino acid identity at position 228 (S, Serine; P, Proline) of
each Ab is specified above. Open arrowhead, indicates the position of intact,
full-length Abs; closed arrowhead, indicates the position of half-molecules.
Note the absence of detectable half-molecules in both the anti-IL-6 S228P
and the anti-TNF WT IgG4 Ab preparations (lanes 2 and 4), respectively. The
positions and molecular masses of protein markers are shown on the left.

molecular weight species corresponding to the monovalent,
monospecific, heavy-light chain half-molecules (Fig. 1, closed
arrowhead). In agreement with Angal et al. (6), this IgG4 WT
specific heterogeneity is abolished by the introduction of a sin-
gle S241P point mutation (numbered according to the Kabat
system (22)) or, alternatively, as referred to hereafter, S228P,
numbered according to the EU numbering system (23)). In Fig.
1, note the absence of heavy-light chain bands in lane 2 (5228P
1gG4) and lane 4 (WT IgG1).

Investigating Fab Arm Exchange in Vitro—To study the effect
of the S228P mutation on anti-IL-6 IgG4 FAE in vitro, anti-IL-6
WT IgG4, or anti-IL-6 S228P 1gG4 Abs were mixed with either
anti-TNF WT IgG4 or IgG1 Abs in a 1:1 molar ratio and the
samples were incubated at 37 °C in the presence or absence of
GSH. To control for the potential detrimental effect of GSH,
anti-1L-6 WT IgG4, or anti-1L-6 S228P IgG4 were incubated on
their own in the presence of GSH in a parallel set of reactions.
After incubation, the samples were assayed by two MSD-based
bridging methods (Fig. 24). Method 1 exploits the bivalent,
monospecific nature of the parental Abs and involves incuba-
tion of the reaction mixture with differently tagged variants of
the same antigen. A loss in MSD signal by this method infers the
loss of parental IgG4 monospecific, bivalent Abs from the reac-
tion mixture, possibly due to FAE with a counterpart Ab. Anal-
ysis of reaction mixtures by this method resulted in a marked
loss (~28%) in signal from the GSH supplemented anti-IL-6
WT IgG4 Ab and anti-TNF WT IgG4 Ab sample (Fig. 2B).
Interestingly, no such loss was observed in the absence of GSH,
the anti-IL-6 WT IgG4 alone, the WT IgG1, or any of the $228P
IgG4-containing samples.

Taken together these results infer that anti-IL-6 WT mono-
specific, bivalent, IgG4 Abs are specifically lost from the reac-
tion mixture due to GSH-dependent FAE with WT anti-TNF
IgG4 (but not WT IgG1) Abs. If true, this process ought to
result in the formation of anti-IL-6/anti-TNF bsAbs.
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FIGURE 2. Fab arm exchange. A, schematic representation of in vitro FAE and
the assays used for quantification. Method 1: samples incubated with differ-
ently tagged variants of the same antigen. A loss in signal after 16 h incuba-
tion infers FAE has taken place. Method 2: samples incubated with differently
tagged variants of two different antigens. A gain in signal after 16 h incuba-
tion infers the presence of newly formed bsAbs arising from FAE. Light gray
Y-shapes, anti-IL-6 (WT or S228P) Abs; dark gray Y-shapes, anti-TNF WT Abs;
black broken ellipse, highlights the newly formed bispecific (anti-IL-6/anti-
TNF) Abs; solid black line, streptavidin coated MSD plates; light gray circles,
biotinylated IL-6; light gray diamonds, Sulfo-tag labeled IL-6; dark gray dia-
monds, Sulfo-tag-labeled TNF; curly arrow, denotes signal generated. Band C,
quantifying and detecting FAE in vitro by two MSD-based methods. Ab sam-
ples quenched before or after overnight incubation at 37°C(T=0and T =
16 h, respectively) in the presence or absence of GSH were analyzed by the
two assays shown in A. Light gray hatched bars, anti-IL-6 WT IgG4 Ab contain-
ing samples; dark gray hatched bars, anti-IL-6 S228P IgG4 Ab containing sam-
ples; AU, arbitrary units. Note: Only the sample containing anti-IL-6 WT Abs
and anti-TNF WT IgG4 Abs incubated in the presence of GSH shows a loss in
signal when assayed by Method 1 (B) and an associated gain in signal when
assayed by Method 2 (C). Data points represent mean = S.E. values of three
independent measurements. *, p < 0.05, paired t test.

To directly investigate the presence of anti-IL-6/anti-TNF
bsAbs, equivalent aliquots of all reaction mixtures were assayed
using a second MSD-based method (see Fig. 24). Method 2
exploits the bivalent, bispecific nature of the newly formed Abs
and involves incubation of the reaction mixture with a combi-
nation of antigens to first capture and then reveal the bsAbs. A
gain in MSD signal by this method infers the formation of newly
formed bsAbs from the FAE of disparate, monospecific paren-
tal Abs. The results of this analysis, Fig. 2C, show an associated
complementary, specific and significant, gain in signal in the
same sample in which a loss in signal by Method 1 was previ-
ously observed (namely, the GSH supplemented, anti-IL-6 WT
IgG4 Ab and anti-TNF WT IgG4 Ab sample). No such gain in
SASBMB
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FIGURE 3. Hydrophobic interaction chromatography (HIC) analysis. A,
anti-IL-6 and anti-TNF Abs before (top panel) and after (bottom panel) FAE
were analyzed by HIC. Anti-IL-6, anti-TNF, and anti-IL-6/TNF bsAbs had
respective retention times of 7.0, 18.7, and 13.3 min. LU: light units. B, anti-IL-
6/TNF bsAb calibration curves. Anti-IL-6/TNF bsAb calibration curves were
generated by serial dilution of anti-IL-6/TNF bsAbs in various matrices
(detailed in figure) and subsequent analysis per Method 1 (main text).
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signal was detected in the absence of GSH, the anti-IL-6 WT
IgG4 alone, the WT IgG1, or any of the S228P IgG4 Ab contain-
ing samples.

Taken together these results demonstrate that, under these
conditions, the WT IgG4 Abs lost from solution (as demon-
strated by Method 1, Fig. 2B) have participated in GSH-depen-
dent FAE with WT IgG4 (but not WT IgG1) Abs resulting in the
formation of anti-IL-6/anti-TNF bsAbs (as demonstrated by
Method 2, Fig. 2C).

Assay Characterization and Generation of an Anti-IL-6/TNF
bsAb Assay Calibrator—To better characterize the assay used
in Method 1, an appropriate bsAb assay calibrator was required.
Consequently, an anti-IL-6/TNF bsAb was generated using
CH3 mutated anti-IL-6 and anti-TNF IgG1 Abs and modified
methods of Labrijn et al. (19). Samples of the FAE reaction used
to generate the bsAb were analyzed by HIC both, before (Fig.
3A, top panel) and after (Fig. 3A, bottom panel) incubation at
37 °C in reducing conditions. By integrating the area under the
bsAb curve, it was determined that the FAE reaction resulted in
an approximate 95% yield of anti-IL-6/TNF bsAb.
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The newly generated bsAb was used to assess the perfor-
mance, precision and accuracy of the assay and to ensure the
assay was fit-for-purpose. Calibrator curves of the bsAb were
prepared in different matrices (Fig. 3B) and used to determine
the lower limits of quantitation of the assay, which were 5 and
7.5% bsAb for, buffer and plasma/whole blood, respectively.
(While beyond the scope of this report, these respective per-
centages corresponded to 73 and 110 ng/ml of bsAb.)

Depleting Plasma and Blood of Endogenous IgG4 Abs—While
PBS provides an Ab-free and buffered environment to monitor
FAE, the lack of cells and endogenous factors means this in vitro
buffer is far from physiologically relevant. More appropriate
physiological matrices to monitor FAE would be blood or
plasma. However, the use of such matrices is hampered by the
presence and abundance of endogenous IgG4 WT Abs of
unknown specificity, which, due to their intrinsic ability to par-
ticipate in FAE would result in dilution of the formation of the
bsAbs of interest (namely, anti-IL-6/anti-TNF) and hence, an
underestimation of quantified FAE. Therefore, in order to
accurately monitor in vitro FAE of the Abs of interest under
physiologically relevant conditions, a novel, IgG4-free, buffered
matrix was established by depleting blood of endogenous IgG4
Abs using anti-IgG4 affinity chromatography, Fig. 44. After
centrifugation, the top plasma layer was harvested from the
blood and, to ensure exhaustive IgG4 depletion, subjected to
two sequential rounds of anti-IgG4 affinity chromatography
(with a fresh aliquot of resin each time). To control for nonspe-
cific absorption of the IgG4 Abs to the affinity matrix a control
Sepharose column was used in parallel. Chromatography sam-
ples were analyzed by non-reducing SDS-PAGE and WB using
HRP-conjugated anti-IgG4 Abs (Fig. 4B, left upper panel). To
verify and confirm that only IgG4 Abs were being isolated dur-
ing chromatography samples were additionally analyzed by
SDS-PAGE and WB using anti-IgG 1, 2, and 3 HRP-conjugated
Abs (Fig. 4B, left lower panels). The fractions containing [gG4
Abs were pooled, and the purity (> 99%) assessed by SDS-
PAGE and Coomassie staining (Fig. 4B, right). By measuring
absorbance at 280 nm the total protein content of the pooled
anti-IgG4 column eluates was approximately, 600 ug/ml. The
unbound, flow-through material from the anti-IgG4 column
yielded IgG-4-depleted plasma and after addition of washed
blood cells yielded IgG4 depleted whole blood (Fig. 4A4). These
two physiologically relevant, buffered, IgG4-free matrices were
subsequently used to monitor FAE.

In Vitro Anti-IL-6 S228P IgG4 Fab-arm Exchange in IgG4-
depleted Physiological Matrices—To ensure that physiologi-
cally relevant Ab concentrations were experimentally em-
ployed for studying FAE, the 600 wug/ml of endogenous IgG4
Abs removed from whole plasma by anti-IgG4 affinity chroma-
tography (see above) were replaced with an equivalent amount
of pre-mixed anti-IL-6 (either WT or S228P) IgG4 Abs and
anti-TNF WT IgG4 Abs. To ensure clinically relevant amounts
of Abs were used, 60 ug/ml of anti-IL-6 IgG4 Abs (~equivalent
to the C,,,,, of a 3 mg/kg IV dose)® were mixed with 540 pg/ml
(i.e. a 9-fold molar excess) of anti-TNF WT IgG4 Abs. The Abs

3. Jose, personal communication.
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FIGURE 4. Preparation and analysis of IgG4-depleted physiological mat-
rices. A, schematic of the anti-lgG4 (and control) affinity chromatography
employed to deplete endogenous IgG4 Abs. After centrifuging blood, equiv-
alent amounts of plasma (load) were sequentially incubated with either, two
anti-lg4 columns (left hand side) or, in parallel, with two control columns (right
hand side). The unbound, flow-through (FT) material from each chromatogra-
phy was collected (FT1 and 2, respectively) before columns were washed and
eluted with SDS-PAGE sample buffer (E1 and 2, respectively). FT2 from the
anti-lgG4 affinity chromatography was either used directly (IgG4-depleted
plasma) or, was added to washed red blood cells (RBC) before use to yield,
1gG4-depleted blood. B, Analysis of chromatography samples by SDS-PAGE,
WB, and Coomassie staining. Chromatography samples (from A) were ana-
lyzed by SDS-PAGE and WB with HRP-conjugated anti-IgG 4, 1, 2, and 3 Fc
specific Abs (specified on the left hand side of the main image). Closed arrow-
head, denotes the position of half-molecules (only immunoreactive with anti-
IgG4 Abs). Fractions E1 and 2 from the anti-lgG4 affinity chromatography
were combined (E,,) and analyzed by SDS-PAGE and Coomassie staining
(right hand image). The positions and molecular masses of protein markers are
shown on the right.

were incubated in either of the IgG4-depleted matrices or, as a
control, in buffer, in the absence or presence of GSH at 37 °C for
16 h before analysis of FAE by the previously described MSD-
based methods.

Analysis of reaction mixtures by Method 1 demonstrated a
marked loss in MSD signal (~66% in IgG4-depleted blood,
~63% in IgG4-depleted plasma and ~69% in buffer) of the WT
(but not S228P) anti-IL-6 IgG4 Abs with anti-TNF WT IgG4
Abs during GSH-dependent incubation at 37 °C (Fig. 5A4).

Analysis of these same samples by Method 2 showed a spe-
cific and significant gain in MSD signal in the same reactions,
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FIGURE 5. Analy5|s of FAE in ex vivo IgG-4-depIeted physiological matri-
ces.Aand B, anti-IL-6 WT IgG4 (light gray hatched bars) or S228P Abs (dark gray
hatched bars) containing samples were incubated with anti-TNF WT IgG4 Abs
at a 1:9 molar ratio in either, IgG4-depleted blood (left hand side), IgG4-de-
pleted plasma (middle) or PBS buffer (right hand side), in the presence or
absence of GSH. After overnight incubation at 37 °C samples were quenched
and analyzed for FAE by the two aforementioned assays. A, Method 1; sam-
ples incubated with differently tagged variants of the same antigen. B,
Method 2; samples incubated with differently tagged variants of two differ-
ent antigens. AU, arbitrary units. Note: Under physiologically relevant in vitro
reducing conditionsi.e. in the absence of supplemented GSH, FAE only occurs
in the presence of blood cells but not plasma or buffer alone. Data points
represent mean = S.E. values of three independent experiments. *, p < 0.05;
** p < 0.01, paired t test.

which previously demonstrated a loss in signal by Method 1
(Fig. 5B). Taken together, these results suggest that the anti-
IL-6 WT but not S228P IgG4 Abs undergo FAE with anti-TNF
WT IgG4 Abs in the presence of GSH under these ex vivo
conditions.

Interestingly, even in the absence of supplemented GSH, the
WT Ab variant (but not the S228P mutant) also participates, to
a significant and detectable level, in FAE in IgG4-depleted
whole blood (but not in [gG4-depleted plasma) (Fig. 5). Since
the only difference between these two matrices is the presence
of blood cells, these data suggest that it is these, or a component
thereof, which are catalyzing the FAE reaction.

In Vivo Anti-IL-6 S228P IgG4 Fab Arm Exchange—To date,
the propensity of anti-IL-6 S228P IgG4 to participate in in vitro
FAE by mimicking physiologically and clinically relevant in vivo
conditions has been investigated. However, to directly investi-
gate in vivo anti-IL-6 S228P IgG4 FAE, plasma samples taken
from anonymized human volunteers dosed with anti-IL-6
§228P Ab were assayed using modified protocols of Stuben-
rauch and Shapiro (11, 17) (as detailed under “Experimental
Procedures”). The first MSD assay (total) was designed to
measure both exchanged and non-exchanged monovalent anti-
IL-6 S228P IgG4 half-molecules able to bind IL-6 antigen while
the second assay (intact) was designed to measure only non-
exchanged, monospecific, bivalent anti-IL-6 S228P IgG4 mole-
cules. Differences in the plasma concentration profiles from
these two methods would be indicative of the extent of in vivo
anti-IL-6 S228P IgG4 FAE, as detailed in Ref. 17. However, as
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FIGURE 6. Total and intact anti-IL-6 S228P IgG4 Ab plasma concentration-
time profiles of two dosed subjects. Healthy volunteers were given a 3
mg/kg IV dose of anti-IL-6 S228P IgG4 Ab and plasma samples taken at inter-
vals were assayed by two discrete methods. Total assay; detects all monospe-
cific, monovalent anti-IL-6 S228P 1gG4 Ab half-molecules (i.e. both non-ex-
changed and exchanged species). Intact assay; detects only full-size,
monospecific, bivalent anti-IL-6 S228P IgG4 Ab molecules (i.e. only non-ex-
changed species). Black arrowhead, denotes anti-IL-6 S228P IgG4 Ab admin-
istration. Black profile, total assay; gray profile, intact assay; half-lives (days)
(t1/2).

can be seen from Fig. 6, analysis of anti-IL-6 S228P IgG4 Ab by
the two methods produced overlapping, long-term (>100 days)
plasma concentration profiles for both subjects tested inferring
that the anti-IL-6 S228P IgG4 Ab does not participate, to any
significant level, in in vivo FAE.

DISCUSSION

IgG4 Abs have been shown to undergo a dynamic process of
half-molecule swapping known as FAE (15, 16). The data pre-
sented herein is in good agreement with previous reports (11,
15, 24), demonstrating that the introduction of the S228P core-
hinge mutation in I[gG4 Abs is sufficient to limit the tendency of
these Abs to form intra-DSBs (6, 11, 25, 26) as assessed by a
reduction in the apparent formation of half-molecules (Fig. 1
and Refs. 6, 7, 25). While half-molecules have been shown to
exist by various direct and indirect methods (6, 27-29), their
precise involvement in FAE remains unclear and a focus of on-
going investigation. In this report, two differently configured
MSD assay formats were used to characterize and quantify
IgG4 FAE in physiologically relevant in vitro matrices. The
complementary nature of these assays, assessing both the loss
of parental monospecific Abs from the starting material and the
associated gain of newly formed bsAbs in the final sample, val-
idates the approach and methodologies employed and provides
confidence in the results obtained.

The approach of measuring FAE as a percentage loss of the
starting parental, bivalent, monospecific material (Method 1),
in a physiologically relevant matrix devoid of any interfering
wild-type IgG4 Abs, is a novel method of in vitro FAE quantifi-
cation. At equilibrium, the theoretical amount of FAE occur-
ring between an equimolar mixture of two WT IgG4 Abs is 50%
(19), however, experimentally this was calculated to be ~28%
(Fig. 2). Possible reasons for this apparent discrepancy could be
that FAE was measured only under sub-optimal conditions i.e.
after a single incubation time of 16 h and in the presence of a
single GSH concentration of 0.5 mm. Since the specific pairing
of Abs may also affect FAE* it is also possible that the particular
Abs used in this study may require extended incubation times
or a different (more optimal) reducing environment to

“H. Kirby, personal communication.

JOURNAL OF BIOLOGICAL CHEMISTRY 5467



Quantifying Fab Arm Exchange using Novel Methodologies

approach the theoretical limit of FAE. (Alternatively, it could be
that a proportion of the heterogenous recombinant WT IgG4
Abs used in these reactions is never actually able to participate
in FAE due to differences in glycosylation and/or expression).
In future, samples could be incubated for different amounts of
time, in the presence of different concentrations of GSH (or
other reducing agents), and a comprehensive time-course of
FAE investigated.

The results indicate that FAE occurred under reducing con-
ditions in both buffer and plasma for IgG4 WT anti-IL-6 Abs
but not the IgG4 S228P core-hinge mutated anti-IL-6 Abs or
the IgG1 WT anti-TNF Abs (Figs. 2 and 5). These results sup-
port the notions that even at the elevated supplemented GSH
concentration of 0.5 mm (~100-fold higher than endogenous
GSH concentrations of 2—6 um (11, 30, 31)) the S228P muta-
tion is sufficient to inhibit FAE to undetectable levels (15, 16)
and that IgG1 does not participate in FAE to any significant
extent (32). Interestingly, the observed ability of IgG4 WT Abs
to undergo FAE in the absence of GSH in blood but not plasma
or buffer alone (Fig. 5) is in good agreement with a previous
study (16) and is attributed to the difference between IgG4-
depleted whole blood and IgG4-depleted plasma i.e. that the
redox environment is provided by blood cells.

The novel method of IgG4 Ab depletion, by anti-IgG4 affinity
chromatography (Fig. 4), provides a buffered, physiologically
relevant matrix to specifically monitor FAE of IgG4 Abs of
interest in the absence of contaminating endogenous IgG4 WT
molecules. The 600 ng/ml of endogenous IgG4 Abs depleted
from plasma by anti-IgG4 affinity chromatography is in good
agreement with previous reports which state that IgG4 plasma
concentrations can range from 0.1 to 1.4 mg/ml in healthy indi-
viduals (33, 34). There was no significant difference in the
extent of in vitro FAE in, IgG4-depleted plasma from a healthy
volunteer or buffer alone (Fig. 5). These results suggest that,
under the specific incubation time and non-physiological GSH
concentration employed in these studies, plasma components
only have a minor effect on the time course and extent of FAE.
However, it is envisaged that these techniques and methodol-
ogy could, in future, be used as part of a more comprehensive
study to investigate the effect of physiological matrix compo-
nents, from both healthy and diseased individuals, on the vari-
ous factors and parameters (e.g. the identity of the V-region, Ab
ratio, Ab concentration, temperature, time-course of exchange,
redox environment, point mutations) implicated in controlling
FAE. While previous studies have already investigated the
effect of such factors on FAE (8, 28, 35), these investigations
have never been carried out in healthy and diseased physiolog-
ically relevant matrices in the absence of interfering WT IgG4
Abs.

Taken together, and in good agreement with previously pub-
lished reports (16, 17), these data suggest that the core-hinge
mutation alone is sufficient to prevent FAE, to below the limits
of detection of this assay under all conditions investigated i.e. in
vitro (Fig. 2), ex vivo (Fig. 5), and in vivo (Fig. 6). The results and
novel methodology presented herein pave the way, and provide
valuable research tools, for future studies investigating the fac-
tors involved in controlling the propensity of IgG4 Abs
(mutants or otherwise) to undergo FAE under physiologically

5468 JOURNAL OF BIOLOGICAL CHEMISTRY

relevant in vitro conditions. These studies will allow research-
ers to gain a better understanding of, and ultimately elucidate,
the mechanism of physiological FAE.
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