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Antibodies have become the fastest growing class of biological therapeutics, in part due to their exquisite specificity and
ability to modulate protein-protein interactions with a high biological potency. The relatively large size and bivalency
of antibodies, however, limits their use as therapeutics in certain circumstances. Antibody fragments, such as single-
chain variable fragments and antigen binding-fragments, have emerged as viable alternatives, but without further
modifications these monovalent formats have reduced terminal serum half-lives because of their small size and lack
of an Fc domain, which is required for FcRn-mediated recycling. Using rational engineering of the IgG4 Fc domain to
disrupt key interactions at the CH3-CH3 interface, we identified a number of point mutations that abolish Fc dimerization
and created half-antibodies, a novel monovalent antibody format that retains a monomeric Fc domain. Introduction of
these mutations into an IgG1 framework also led to the creation of half-antibodies. These half-antibodies were shown to
be soluble, thermodynamically stable and monomeric, characteristics that are favorable for use as therapeutic proteins.
Despite significantly reduced FcRn binding in vitro, which suggests that avidity gains in a dimeric Fc are critical to optimal
FcRn binding, this format demonstrated an increased terminal serum half-life compared with that expected for most

alternative antibody fragments.

Introduction

The ability of antibodies to recognize an almost unlimited num-
ber of antigens with high specificity has resulted in their becom-
ing the fastest growing class of biological therapeutics."* The
most commonly used antibody class for therapy, immunoglobu-
lin G (IgG), is based upon a protein structure consisting of two
heavy and two light chains forming two Fab arms, containing
variable (V) binding domains, attached by a flexible hinge region
to the stem of the antibody, the Fc domain, resulting in a mono-
specific, bivalent molecule with a Y’ shape.

The majority of approved therapeutic antibodies are of the
IgG1 subclass,® due in part to its ability to exert effector func-
tions, such as antibody-dependant cell-mediated cytotoxicity
and complement dependent cytotoxicity, through binding of Fc
receptors.*> In certain therapeutic circumstances, however, such
as targeting of the proto oncogenes hepatocyte growth factor
receptor® (HGFR or MET) or macrophage stimulating protein
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receptor’ (RON), receptor dimerization caused by bivalent anti-
bodies is not desired. In these cases, a monomeric antibody for-
mat unable to dimerize and thus agonise cell surface receptors
would be desirable. Antibody fragments lacking the Fc domain,
such as single-chain variable fragments (scFv) and antigen bind-
ing-fragments (Fab), are alternatives,® but these suffer from short
serum half-lives’ due to both the lack of an Fc domain, which is

10-13 and their small size,

required for FcRn mediated recycling,
which results in glomerular filtration. Protein engineering to gen-
erate a2 monovalent “half-antibody” would provide an attractive
format large enough to exceed the theoretical renal filtration limit
of 70 kDa,"** and also potentially maintain FcRn binding capa-
bilities through a monomeric Fc domain. This would conceivably
generate a smaller antibody fragment with increased diffusivity
16

and capillary permeability,'® but with an improved serum half-
life compared with most currently available monovalent options.
Recent studies have demonstrated that IgG4 molecules are

able to undergo Fab-arm exchange, where heavy chains can be
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swapped between antibodies in vivo."!8

IgG4 molecules have
also been shown to have a small population of half-antibody in
solution,” suggesting that the bivalent form of IgG4 is less sta-
ble than IgGl. Although most efforts have concentrated on sta-
bilizing the IgG4 hinge or CH3-CH3 interface to prevent arm
exchange,'®**?* a number of modifications have been identified
that apparently increase the population of IgG4 half-antibody in
vitro."”»%” In particular, a single point mutation, F405Q at the
CH3-CH3 interface of a modified IgG4 antibody was reported to
significantly increase the half-antibody population,” while a com-
bination of seven mutations at the interface of an IgG1 Fc domain
has been shown to generate a stable monomeric Fc domain.

In the work reported here, we build upon these findings and
knowledge of energetically key interactions at the CH3-CH3
interface?” to investigate how a range of mutants at the CH3-CH3
interface of both IgG4 and IgGl affect Fc dimerization, with the
aim of generating a stable monomeric format. Our results dem-
onstrate that a rational structure-based mutagenesis approach
resulted in the identification of a number of point mutations that
abolish Fc dimerization for both IgG4 and IgGl. This leads to
a stable monovalent half-antibody with favorable in vitro char-
acteristics, such as high levels of soluble expression, and a sig-
nificant increase in terminal serum half-life compared with that

expected for a scFv or Fab.
Results

Analysis of the CH3-CH3 interface. The CH3 domain con-
sists of approximately 106 residues and the CH3-CH3 interface
consists of 16 residues located on four anti-parallel B-sheets that
make intermolecular contacts.’®*?! Residues from the two internal
[B-sheets contribute significantly more to the stability of the dimer
than those on the two external B-sheets.?” Our analysis grouped
interface residues based on location, the strength and number of
non-covalent intermolecular interactions in which each residue
was involved and the potential steric hindrance that would be
caused to the packing of the interface by replacement of the side
chain. Using this method, we identified residues at the core of
the interface (T366, L368, F405 and Y407) as being involved in
significant interactions in this region, as well as four salt bridges
(E356, D399, K392, R409 and K439) dispersed around the edge
of the interface. This suggests that rational mutations at these
locations may disrupt dimerization of the CH3 domain. In addi-
tion to these interactions, a third set of five residues (L351, S364,
1368, K370 and T394) were identified as interacting in a homo-
typic manner (i.e., involved in interactions with their counterpart
in the other CH3 domain) or being in a position that was deemed
more likely to enable the insertion of a disruptive mutation
(e.g., by insertion of like charges opposite each other). Finally, a
fourth set of residues (Y349, $354 and E357) on the periphery
of the CH3-CH3 interface were also determined to be likely to
influence stabilization of the dimer. A selection of the aforemen-
tioned amino acids and their location at the interface are high-
lighted in Figure 1.

To analyze the influence of single or multiple site-directed
mutations at these positions, a set of five amino acids were chosen
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to be representative of each type of side chain: positive (arginine);
negative (aspartate); large aromatic (tryptophan); small neutral
(alanine); and hydrophilic (glutamine). Aliphatic side chains
were avoided because it has been demonstrated previously that
mutations increasing the hydrophobicity of antibody interfaces
is more likely to thermodynamically stabilize an interface.** On
this basis, a total of 65 CH3 variants containing single, double
and triple mutations were rationally designed, expressed and ana-
lyzed within an IgG4 hingeless Fc domain.

Size exclusion chromatography. To analyze the affect of these
mutations on dimerization of hingeless IgG4 Fc domains, ini-
tial screening of the approximate molecular weight of all mutant
Fc domains was performed by size exclusion chromatography
(SEC). Representative data showing that Fc domain mutants
could be resolved based on SEC retention time is shown in
Figure 2. Determination of average partition coefficient, kav,
for each from column calibration enabled determination of pre-
dicted molecular weight based on retention time (Table 1). The
spread of SEC retention times is very broad, with the majority of
elution profiles appearing monodisperse, although some have a
predicted molecular weight between that of monomer and dimer.
This suggests that a significant number of the samples analyzed
are in rapid-exchange between monomer and dimer, such that on
the time-scale of SEC they appear monodisperse with the exact
retention time depending on the proportion of time the molecule
spends as monomer or dimer. Because of the exposure of a hydro-
phobic surface in the monomeric Fc domains, it is plausible that
the spread of retention times could also be due to column bind-
ing artifacts. To rule this out, more accurate multi-angle laser
light scattering (MALLS) solution molecular weights were deter-
mined for ten of the mutants, confirming the findings from SEC
(Table 1).

Separating the mutants into three nominal groups based
on SEC retention time, MALLS predicted molecular weight,
and the appearance of the chromatogram (such as an appar-
ently monodisperse sample, or an obvious mixture of species
due to peak broadening or double peaks) results in 19 dimers,
17 in monomer-dimer equilibrium and 26 mutants that have a
molecular weight indicative of a predominantly monomeric spe-
cies. Introduction of a wild-type IgG4 hinge to the monomeric
IgG4 Fc domains resulted in some dimerization (1-25%). This
was abolished upon substitution of the hinge cysteines for gluta-
mine (data not shown), suggesting that the hinge region does not
play a significant role in Fc dimerization other than stabilizing it
through disulphide bonds once the dimer has formed.

The Fc domain of IgGl is known to be a more stable dimer
than the IgG4 Fc domain due to a single amino acid difference
at position 409.%* To determine whether the monomeric Fc muta-
tions identified for IgG4 would also result in the formation of
monomeric IgG1 Fc domains, 21 mutants were analyzed as IgGl
hingeless Fc domains by SEC, with 11 of these exhibiting mono-
meric behavior (Table S1). Site-directed mutagenesis of the IgGl
Fc mutants to produce an IgG4-like interface (K409R) resulted
in 5 of 6 of the dimeric IgG1l mutant Fc domains reverting to
monomer upon introduction of this mutation (Table S1). This
agrees with previous findings that a K409R mutation can invoke
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domain colored in green.

Figure 1. Cartoon representation of the CH3-CH3 interface of an antibody. (A) Representative image of the crystal structure of an antibody, with one
heavy chain colored in green and the other in cyan. (B) Space filled representation of the residues T394 and L351, which are directly opposite their
counterpart at the interface. (C) K370 sits in a compact region close to L368 and S364 which would potentially enable substitution of these residues
with a positively charged amino acid to create a repulsive affect. (D) A selection of the amino acids involved in polar contacts at the interface. (E) A
view looking through a space filled CH3 domain in cyan to visualize amino acids contributing to the core of the interface from the opposing CH3

IgG4-like behavior into an IgG1 Fc domain® and offers a poten-
tial means of generating a larger number of monomeric IgG1 Fc
domains.

Analytical ultracentrifugation. To verify the classification
of mutants as dimeric, monomeric or in monomer-dimer equi-
librium, sedimentation velocity analytical ultracentrifugation
(SV-AUC) was performed as an accurate means of determining
intact solution molecular weights. The apparent major species
for wild type IgG4 Fc domain gave a sedimentation coefficient
of 3.7 S with a smaller component of 2.4 S representing 1.2%
of the population as measured by UV absorbance. Conversion to
molar mass distribution, c(M), gave the 3.7 and 2.4 S compo-
nents apparent solution molecular weights of 51.2 and 27.4 kDa,
respectively, which is in agreement with the expected molecular
mass of homodimer and monomer. A Y349D mutant gave a sedi-
mentation coefficient of 3.5 S, equating to an apparent molecular
weight of 43 kDa. In agreement with SEC data, this suggests that
this mutant is in rapid exchange between monomer and dimer.
A T394D mutant gave a predominant sedimentation coefficient
of 2.4 S. Conversion to c(M) resulted in an apparent solution
molecular weight of 26.8 kDa, consistent with a monomeric spe-
cies. No species with a sedimentation coefficient consistent with
dimer was observed for this particular mutant. Graphical summa-
ries of the size distribution analysis, c(s), are shown in Figure 3.
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To further investigate the potential concentration depen-
dence of the monomeric nature of the Fc domain mutants and
the extent of reversible self-association, further SV-AUC analysis
was performed for eight hingeless IgG4 Fc domains: wild-type;
Y349D; 1.368R; F405Q; S364R; T394D; Y407R; and F405R.
Initial screening at 0.5 mg/ml confirmed that wild-type was pre-
dominantly dimeric with Y349D exhibiting behavior consistent
with a monomer-dimer equilibrium. Self-association constants,
k ,of2.1nMand 2.4 pM, respectively, were calculated for these
Fc domains, which is in the range of previously determined self-
association constants for these proteins from orthologous tech-
niques.” No significant reversible self-association was detected
for the remaining mutants at 0.5 mg/ml. A concentration series
for L368R gave expected size distribution plots for a monomer at
0.25 and 0.5 mg/ml, but reversible self-association was observed
at 1.56 mg/ml (Fig. S1). SEDANAL® curve fit of L368R to a
model of a monomer-dimer equilibrium fit all data points well,
resulting in a k  of 670 pM.

Structural models of the mutants L368R, F405Q), S364R,
T394D, Y407R, and F405R were prepared by homology model-
ingand energy minimisation. Hydrodynamic bead modeling soft-
ware, SOMO,** was used to determine theoretical sedimentation

coefficient values, S, , for each variant. Experimentally deter-

20w’
mined sedimentation coefficients fit to a single non-interacting
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Figure 2. Representative HPLC chromatograms showing how mutations can influence the monomer-dimer equilibrium. (A) IgG4 Fc wild type (solid
line), IgG4 Fc T366Q (dashed line) and IgG4 Fc T366WL368W (dotted line) are dimeric, in monomer-dimer equilibrium and monomeric respectively.
(B) Variants showing predominantly monomeric behavior, IgG4 D399R (solid line), IgG4 T364RL368R (dashed line), and IgG4 T349D (dotted line).

(€) Variants showing equilibrium or mixed behavior, IgG4 Y407D (solid line), IgG4 T394R (dashed line), and IgG4 E356RK392D (dotted line). (D) Variants
showing dimeric behavior, IgG4 K439D (solid line), IgG4 T366DY407D (dashed line), and IgG4 E356R (dotted line). In each of (B), (C), and (D) chromato-
grams are shown relative to IgG4 Fc wild type (solid line), and IgG4 Fc T366WL368W (dotted line) in a gray trace.

species for each mutant at 0.5 mg/ml were converted to S, using
SEDNTERP.* Comparison of theoretical and experimentally
determined sedimentation values showed that L368R, F405Q,
Y407R and S364R had values with less than 1% difference. This
suggests that these mutants behave in a comparable manner to
L368R and will show weak self-association at concentrations
above ~1.5 mg/ml. When fit to a monomer-dimer model the
sedimentation value for L368R was ~4% lower than the SOMO
determined value, suggesting that the sedimentation value for a
true monomer is 4% lower than the SOMO determined values.
For F405R and T394D, the experimental sedimentation val-
ues were 3.2 and 4.0% lower than the SOMO calculated val-
ues, indicating that these mutants are likely to show no signs of
reversible self-association. To confirm this, a concentration series
for T394D gave expected size distribution plots for a monomer
at 0.1, 0.5, 2.0 and 5.5 mg/ml, indicating that this particular
mutant does not undergo reversible self-association at all concen-
trations analyzed (Fig. S1).

Modeling. To understand the affect of the monomeric
mutations on the packing of the CH3-CH3 interface, energy
minimised models of dimeric Fc versions of the mutants were
compared. Superposition of all models shows no significant per-
turbation of the backbone structure of the Fc domain; however,
significant rearrangement of the packing of amino acid side
chains at the CH3-CH3 interface compared with wild-type IgG4

Fc domain can be identified for all monomeric mutants analyzed.
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As a representation of the disruption to the interface, (Fig. S3)
highlights the disruption of key interactions at the interface in
the T394D mutant compared with wild-type IgG4 Fc. In addi-
tion to the positioning of an aspartate residue directly opposite
itself at the interface, which was the initial rationale behind the
design of this mutation, the T394D mutation also is predicted
to cause substantial rearrangement of the side chains of K370,
K392, D399, R409 and K439, as well as more minor modifi-
cations in the positioning of other side chains at the interface.
Such perturbations would be predicted to be sufficient to abolish
dimerization of this mutant Fc domain, explaining the observed
behavior of the mutant.

Conformational stability. In a dimeric Fc, intermolecular
interactions between the CH3 domains and the carbohydrates
of the CH2 domain stabilize the Fc domain.** CH2 and CH3
domains have typical thermal unfolding temperatures of 60-70
and 80-85°C, respectively. To ensure that the monomeric Fc
domains retain a conformational stability that is indicative of a
stable folded protein, thermal unfolding was performed by dif-
ferential scanning calorimetry (DSC). The monomeric hingeless
IgG4 Fc domains selected for AUC analysis all showed a 10-15°C
decrease in the melting temperature of the CH2 domain com-
pared with a wild-type IgG4 Fc domain (data not shown) with
all mutants having minimum melting temperature above 55°C.

To confirm these findings in the context of a monovalent half-
antibody rather than monomeric Fc domain, glycosylated and
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aglycosylated versions of an anti-Fas monovalent half-antibody
incorporating the T394D mutation were analyzed (Fig. 4). The
wild-type antibody has a typical thermal stability profile for an
antibody”” with a minimal melting temperature of 69°C, while
the CH2 domain of the half-antibody shows an approximate 9°C
decrease in stability with a further 5°C decrease in the aglycosyl-
ated version.

On the basis of the in vitro characterization described above,
the T394D mutant was selected as the monomeric mutant to be
used for all subsequent analyses because it fulfilled key criteria,
i.e., it was monomeric at concentrations up to 5.5 mg/ml, had
thermal stability greater than 54°C, had similar expression yields
to wild-type, showed no major signs of aggregation during puri-
fication and was monomeric as both IgG4 and IgG1 Fc domains.

Arm exchange analysis. Understanding the potential for
IgG4-based therapeutics to exchange arms with endogenous
IgG4 is important because the exchange may result in forma-
tion of undesirable heterodimeric molecules.” To determine
whether a monomeric format incorporating the T394D muta-
tion could undergo arm exchange with wild-type IgG4, an in
vitro SEC assay was performed in a similar manner as previ-
ously reported.’®¥ A wild-type IgG4 antibody was mixed with
either a wild-type IgG4 hinged Fc domain or a monomeric IgG4
hinged Fc domain in the presence or absence of 0.5 mM reduced
glutathione (GSH), which is known to induce arm exchange in
vitro.'#383 SEC was used to resolve the resulting species, clearly
showing that in the presence of GSH the antibody and wild-
type IgG4 hinged Fc domain undergo arm exchange to form a
heterodimer of intermediate size, while the monomeric IgG4 Fc
does not undergo arm exchange after incubation at 37°C for 24
or 96 h (Fig. 5). This confirms that the T394D mutation is suf-
ficiently disruptive to abolish dimerization both with itself and
with a wild-type Fc domain.

FcRn binding kinetics. The ability of antibodies to bind
FcRn is critical to their long serum half-life, and it is postulated
that two molecules of FcRn can bind to the Fc domain of an
antibody, one to each chain.**# For a monovalent half-antibody,
the ratio will be reduced to 1:1, which may affect half-life in vivo.
To assess this, the mouse FcRn binding kinetics of the wild-type
IgG4 and monovalent half-antibody were determined by surface
plasmon resonance (SPR). Fitting of the data to a heterogeneous
ligand model,*** which incorporates a high and low affinity
binding site on FcRn, clearly shows that a marked increase in off
rate for the half-antibody can be attributed primarily to a 5000-
fold increase in £,2 (Table 2; Fig. S1). Determination of steady-
state binding constants shows an approximate four-fold decrease
in affinity of the monovalent half-antibody to mouse FcRn with
a K of 301 nM compared with 69 nM for wild-type IgG4. A
similar pattern was observed for half-antibody binding to human
FcRn (data not shown).

Although we cannot rule out the possibility of impaired FcRn
binding due to structural rearrangement or increased flexibility at
the binding site covering the CH2 and CH3 domain, the T394D
mutation is spatially far removed from this site and, based on
energy minimised modeling, has no affect on the global struc-
ture of the Fc domain. It would, therefore, seem likely that the
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reduced FcRn binding property of the monovalent half-antibody
is primarily due to reduced avidity for FcRn.

Pharmacokinetic study. To assess the in vivo properties of
the monovalent half-antibody format a pharmacokinetic (PK)
study was performed with wild-type and half-antibody versions
of an anti-Fas IgG4 antibody. Mouse serum drug titers (Fig. 6)
and associated numerical analysis (Table 3) show a significantly
reduced serum half-life for both glycosylated and aglycosylated
versions of the half-antibody (21 h) compared with wild-type
IgG4 (13 d). Because we used an anti-human Fas antibody that
is not mouse cross-reactive, we believe that this decrease does not
represent any target mediated factors and is, therefore, an inher-
ent property of the half-antibody. The reduction in in vivo half-
life is in agreement with the measured in vitro decrease in affinity
to mouse FcRn for the monovalent half-antibody. The monova-
lent half-antibody, however, shows an approximate 10- to 20-fold
improvement in half-life compared with Fabs, which have a typi-
cal half-life of 0.5 to 3 h in rodents.****® A similar comparative PK
study reported in the patent literature showed an improved half-
life for a monovalent half-antibody engineered through multiple
CH3 interface mutations compared with a Fab, but with a more
modest half-life of 6 h for the monovalent half-antibody.”

Discussion

The work described here demonstrates that mutations at the
CH3-CH3 interface of an antibody can affect the extent of Fc
dimerization, either leading to rapid monomer-dimer exchange or
abolishing dimerization altogether. Through a number of orthol-
ogous biophysical techniques, we identified 26 IgG4 Fc domain
mutants, many of which contain single point mutations, that are
almost exclusively monomeric under the conditions tested. In
particular, a T394D mutation showed no measurable self-asso-
ciation up to a concentration of at least 5.5 mg/ml. Despite the
increased stability of an IgG1 Fc domain resulting from a lysine
instead of arginine at position 409,% 11 of these mutations also
resulted in the formation of stable monomeric IgG1 Fc domains.
Monomeric IgGl Fc domains have recently been reported else-
where, but with the need for a combination of seven mutations at
the interface rather than single mutants.?®

Our data suggests that monomeric Fc domains inherently
have a lower conformational stability than the dimer. In particu-
lar, it is the thermal stability of the CH2 domain that is reduced,
presumably due to the loss of carbohydrate interactions that are
known to stabilize this domain.*® The use of single mutations
to generate monomeric Fc domains has a less detrimental effect
on conformational stability, however, and may also reduce the
potential immunogenicity of these molecules compared with
those with multiple mutations.

PK analysis clearly demonstrates a reduced terminal serum
half-life of approximately 21 h for the half-antibody format com-
pared with wild-type antibody; however, this still represents at
least a 10-fold increase in half-life over a typical Fab domain.*-4
The reduced half-life compared with a wild-type antibody is due
primarily to an approximate 5000-fold increase in dissociation
rate for the high affinity binding site on FcRn (kd2), and is not
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Table 1. A summary of the IgG4 Fc mutants analyzed by SEC

IgG4Fc Mutant Retention time (min) Calibrated weight (kDa) MALLS weight (kDa)

Dimer E356RK392DR409D 19.6 59.0

T366W 19.7 59.5 53
T366D 20.3 54.0
K439D 20.5 52.5
K370W 20.5 52.5
K392AK439A 20.5 52.5
K439A 20.6 51.5

WT 20.6 51.5 52
R409A 20.6 51.5
D399W 20.7 51.0
S364W 20.7 51.0
S354D 20.7 51.0
K370A 20.7 51.0
E356AK392A 20.7 51.0
K392D 20.8 50.0
E356A 20.8 50.0
E356R 20.8 50.0
R409D 20.9 49.0
D399A 21.0 48.0
S354W 21.0 48.0
Monomer-dimer equilibrium T366DY407D 20.7 51.0
D399WR409W 21.0 48.0
D399AK439A 21.1 47.5
T366QY407Q 21.1 47.5

F405A 21.1 47.5 50
E356RR409D 21.1 47.5
L351W 21.1 47.5
K392DK439D 21.2 46.5
Y349D 214 44.5
L368W 21.5 44.0
Y407Q 21.6 43.5
T366Q 21.7 42.0
E356RK392D 21.8 41.5
E356AD399A 22.0 40.0
T394W 22.0 40.0
Y407A 221 39.5
L35TWT394W 22.2 38.5

The samples are split into three groups and ordered by retention time with calibration of the column used to estimate molecular weight. The calcu-
lated molecular weight from SEC-MALLS is also shown for those samples for which data was collected.

due to increased degradation of the monomeric Fc domain by
serum proteases (data not shown). This marked increase in dis-
sociation rate is likely due to reduced avidity through a 1:1 rather
than 2:1 binding ratio. This supports the suggestion that two
FcRn binding sites on the Fc domain are required for efficient
rescue from catabolism.”” A study of monomeric binding of Fc
to FcRn using a heterodimeric Fc domain with only one FcRn
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binding site has previously shown that, although equal amounts
of wild-type and heterodimeric Fc initially enter the cell, intracel-
lular trafficking is markedly different.” Upon internalization and
delivery to early endosomes, a greater proportion of wild-type Fc
remains bound to FcRn and is ultimately recycled back to the
cell surface. Conversely, more of the heterodimeric Fc molecule
is transferred to the lysosomal degradation pathway along with
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Table 1. A summary of the IgG4 Fc mutants analyzed by SEC

Monomer Y407D 22.0 40.0
T394R 221 39.5
T366R 223 37.5 35
R409W 22.3 37.5
E357W 224 37.0
Y407R 224 37.0 32
D399R 22.5 36.5
T366RY407R 225 36.5 32
F405AY407A 226 36.0
T366QF405QY407Q 22.7 35.0
T394D 22.8 34.0 28
F405Q 229 335
S364R 229 335
L351DT394D 23.0 33.0
L368R 23.0 33.0
L351D 23.0 33.0 29
S364RL368R 23.1 32.0
L351R 23.1 32.0 30
F405R 23.1 32.0 29
L351RT394R 23.2 31.5
S364WL368W 233 31.0
E357R 234 30.0
D399RK439D 234 30.0
E356RD399R 234 30.0
T366WL368W 237 28.0
L351RS364RT394R 25.1 26.0

The samples are split into three groups and ordered by retention time with calibration of the column used to estimate molecular weight. The calcu-
lated molecular weight from SEC-MALLS is also shown for those samples for which data was collected.

Aos. B 0.6 C 1.5
ool Ns7s ol Nass 2
o (51.2 kDa) % ) (43.3 kDa) o 1.04 (26.8 kDa)
O 0.4 (8] o
SN B | [ R N R
0.2- \
oofd A . , 00 . . , 0.0 Ao A A ,
0 5 10 15 0 5 10 15 0 5 10 15
Sedimentation coefficient (S) Sedimentation coefficient (S) Sedimentation coefficient (S)

Figure 3. SV-AUC profiles showing continuous size distribution against sedimentation coefficient and apparent solution molecular weight. Apparent
molecular weights have been determined from the sedimentation coefficients with cartoon images representing the multimeric state of the main
population. (A) IgG4 Fc WT has a mass indicative of a dimeric species with only a small fraction of monomer detectable at 2.4 S. (B) IgG4 Y349D has
broadened profile consistent with a rapid equilibrium between monomeric and dimeric species and an average sedimentation coefficient of 3.5S

(C) 1I9G4 Fc T394D has a calculated mass representing monomer with no detectable dimer at 3.7 S.

other fluid-phase components. Although the use of Fc mutations  linear relationship between in vitro FcRn binding and in vivo
to increase pH-dependant FcRn binding affinity®°
an opportunity to increase the serum persistence of monovalent Compared with alternative antibody fragments with potential

may offer half-life for monomeric Fc domains.

half-antibodies further, it is apparent that there is not a simple  as therapeutics, the stability, solubility, high expression levels and
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Figure 4. DSC thermal stability profiles. (A) Wild-type IgG4 antibody, (B) monovalent half-antibody and (C) monovalent aglycosylated half-antibody.
The initial peak is unfolding of the CH2 domain followed by a second unfolding event for all other domains. The CH2 domain of the monovalent half-
antibody has an approximate 9°C decrease in stability with a further 5°C decrease for the aglycosylated format.
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Figure 5. HPLC traces analyzing Fab arm exchange. (A) Overlay of separate runs for a wild-type 1gG4,
represented by the black cartoon image, and an IgG4 wild-type hinged Fc domain, represented by a
white cartoon image. (B) A mixture of IgG4 antibody and IgG4 wild-type hinged Fc after incubation at
37°Cfor 96 h in the presence of 0.5 mM GSH. The wild-type Fc undergoes arm exchange with the IgG4
antibody to produce an intermediate sized heterodimer, as indicated by the cartoon representation.
(C) The same respective incubation as (B) but in the absence of GSH showing no arm exchange.
(D) Overlay of separate runs for the IgG4 antibody and a monomeric hinged Fc domain with the T394D
mutation. (E) A mixture of IgG4 antibody and monomeric Fc after incubation at 37°C for 96 h in the
presence of 0.5 mM GSH. No arm exchange is detectable. (F) The same respective incubation as (E) but
in the absence of GSH.
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prolonged half-life of the monomeric
half-antibody make it a promising for-
mat for further development. In addi-
tion, the use of monomeric Fc domains
as fusion partners or cleavable tags
offers the potential to enhance the ease
of expression, purification and detec-
tion of a range of proteins without the
added complexity that dimerization
may engender.

Materials and Methods

Molecular analysis. Analysis of the
CH3-CH3 interface was performed
using the high resolution crystal
structure of a human IgGl Fc (PDB
accession number 1H3U) or IgG4
Fc domain (PDB accession number
IADQ*?) using PyMol software.
Residues involved in intermolecular
contacts were defined as those resi-
dues with any pair of atomic groups
closer than the sum of their van der
Waal’s radii plus 0.5 A% The poten-
tial disruptiveness of site-directed
mutants at the interface were grouped
based on typical non-covalent inter-
action strengths for any salt bridges
(1-3  kcal/mol), hydrogen bonds
(1-3 kcal/mol), hydrophobic interac-
tions (0.7 kcal/mol), aromatic inter-
actions (1-3 kcal/mol) and van der
Waals forces (0.5—1 kcal/mol)>>* that
the particular amino acid was involved
in at the interface, as well as theoretical
steric clashes predicted by the PyMol
mutagenesis wizard upon substitution
to a different amino acid side chain.
Cloning, expression and protein
purification. To generate

hinged
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Table 2. Rate constants for binding to FcRn

k,1(1/Ms) k1 (1/s) K,1 (M) k.2 (1/Ms) k.2 (1/s) K,2 (M)
Wild-type IgG4 3.11E+04 1.14E-02 3.67E-07 1.54E+05 2.56E-06 1.66E-11
Monovalent IgG4 7.84E+04 3.87E-02 4.94E-07 2.28E+04 1.37E-02 6.01E-07

Biacore data for wild-type IgG4 and monovalent IgG4 binding to mouse FcRn was fit to a heterogeneous ligand model. This assumes there is both a
low and high affinity binding site on FcRn to which an antibody can bind. The half-antibody had a greater dissociation rate constant (k 2) compared

with the wild-type IgG4 by ~1800 fold and a greater association rate constant (k,2) by 7-fold, resulting in a decreased affinity (K,2) of 601 nM for the half

antibody vs. 16.6 pM for the wild-type IgG4.

or hingeless human IgGl or IgG4 Fc domains, the relevant
domains were amplified by PCR from pre-existing antibody
constructs and cloned into pEU expression vectors” contain-

ing an OriP element. Mutant CH3 domains were engineered by SE\ 1001

oligonucleotide-directed mutagenesis performed following the | 35

QuikChange II Site-Directed Mutagenesis protocol (Stratagene). = )

For the anti-Fas antibody, EP12r_E01,%® a \ light chain and three .% 10 if‘\\ & WTIgG4

versions of an IgG4 heavy chain were constructed in pEU vec- o R

tors. The heavygchains we);e: wild-type IgG4; monovalrt):nt IgG4 -g 1 i.‘.\ ® Aglyco mono lgG4

with hinge cysteines substituted (C226Q/C229Q/T394D); and g .'\'?i ¥ Glyco mono 1gG4

monovalent aglycosylated IgG4 with hinge cysteines substituted g o4 Tl

(C226Q/C229Q/N297Q/ T394D). @ LR P E— m-
Transient expression of recombinant Fc domains and anti- 0.01 i i i i . ] . .

bodies was performed in CHO cells with the protein secreted 0 50 100 150 200 250 300 350 400

into the medium. Proteins were purified by protein A affin-
ity chromatography. Mutated Fc domains for monomer-dimer
analysis were concentrated and buffer exchanged into phosphate
buffered saline (PBS). Fc¢ domains and antibody samples for
other in vitro and in vivo analyses were further purified using
either a Superdex 75 or 200 16/60 PG column (GE Healthcare)
equilibrated with PBS and eluted with an isocratic flow. Protein
purity was analyzed by SDS-PAGE with typical yields of
approximately 50-200 mg of > 95% pure protein per original
liter of culture.

Size exclusion chromatography and light scattering. Purified
Fcdomains were analyzed by SEC using a Superdex 75 10/300 GL
column (GE Healthcare) run in PBS on an Agilent 1100 series
HPLC. Data was analyzed using ChemStation software (Agilent).
Column calibration was performed using a set of low molecular
weight standards (GE Healthcare). The void volume, Vo, for the
column was determined by measuring the elution volume, Ve, of
the 2 MDa oligosaccharide Blue Dextran. Kav for each protein
was determined using the following formula®® with a column vol-
ume, V¢, of 24 ml: Kav = (Ve-Vo)/(Ve-Vo).

Multi-angle laser light scattering was performed in-line with
fractionation (SEC-MALLS), which was performed as above.
Light scattering and differential refractive index were detected
using the DAWN-HELEOS and Optilab rEX instruments
respectively and the data analyzed using Astra V software (Wyatt
Technology).

For analysis of arm exchange, anti-Fas wild-type IgG4 anti-
body was mixed in a 1:1 molar ratio with either wild-type IgG4
hinged Fc or monomeric IgG4 hinged Fc (incorporating muta-
tions C226Q/C229Q/T394D) in either the presence or absence
of 0.5 mM GSH. Samples were incubated for 24 or 96 h at 37°C
followed by SEC analysis using a BioSep-SEC-S 2000 column
on an Agilent 1100 series HPLC with the run performed in PBS

414 mAbs

1000

Time (h)

Figure 6. Mouse PK profiles of the monovalent half-antibody format.
Serum concentrations of a wild type anti-Fas IgG4 antibody, monova-
lent aglycosylated anti-Fas IgG4 antibody and monovalent glycosylated
anti-Fas IgG4 antibody over a period of 16 d following a 10 mg/kg body
weight IV bolus dose. Drug titer determined by immunoassay with the
dotted horizontal line representing the lower limit of quantification.

running buffer. Data was analyzed using ChemStation software
(Agilent).

Analytical ultracentrifugation. SV-AUC was undertaken on
a Beckman Coulter XL-A AUC instrument at 20°C with sample
concentrations between 28 and 42 wM and PBS buffer as a refer-
ence. A final rotor speed of 40,000 rpm was selected with 300
nm wavelength scans performed at 6 min intervals for a total of
200 scans. The data obtained was assessed using the SEDFIT
program® to obtain the continuous size distribution profile of the
sedimentation coefficient values, reported in Svedberg units (S).
An average partial specific volume of 0.73 ml/g at 20°C was used
in the analysis. The computer program SEDNTERP? was used
to calculate the buffer density and viscosity of PBS.

To measure reversible self-association, a concentration series
was performed between 0.5 and 1.56 mg/ml for the following
IgG4 Fc domains: wild-type, Y349D and L368R. Self-association
constants were determined by curve fitting using SEDANAL.»
Hydrodynamic bead modeling software, SOMO,** was used to
calculate S, =~ sedimentation coefficient values from homology
models of mutant Fc domains L368R, F405Q), S364R, T394D,
Y407R and F405R. Experimentally determined sedimentation
coefficient values for each mutant fit to a single non-interacting
species at 0.5 mg/ml were converted to S, using SEDNTERP?®
and compared with theoretical S, values from bead modeling.
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Table 3. Non-compartmental and two-compartmental analysis of pharmacokinetic parameters for a wild-type 19gG4, glycosylated monovalent IgG4

and aglycosylated monovalent IgG4

Non-compartmental analysis

Parameter Unit Mono agly IgG4 Mono gly IgG4 WT IgG4
Half-life days 0.86 0.86 13.89
Cmax ug/ml 293.26 24471 262.31
AUCINF day*ug/ml 131.83 178.93 1896.33
Clearance ml/day/kg 75.85 55.89 5.27
Two-compartmental modeling
Half-life days (S.D.) 0.85 (0.08) 0.87 (0.08) 13.36 (4.12)
Clearance ml/day/kg (S.D.) 119.6 (12.1) 103.9 (11.3) 5.32(1.1)

Modeling. Homology models of mutant Fc domains were
generated using the Discovery Studio 2.5.5 software package
(Accelrys Inc.). Templates for homology modeling were identi-
fied using the BLAST NCBI database. Sequence alignments were
optimized and three-dimensional homology models built using
MODELER.®" The homology models were submitted to side-
chain optimization and minimization steps, followed by model
validation.

Conformational stability. DSC to determine thermal stabil-
ity was performed using a VP-Capillary DSC system (Microcal
LLC) with samples heated from 25 to 100°C at a scan rate of
95°C per hour. Data was analyzed using Origin 7 software.

FcRn binding kinetics. The kinetics of soluble wild-
type IgG4 and aglycosylated monovalent IgG4 binding with
mouse FcRn was determined using a T200 SPR biosensor
(GE Healthcare). Soluble mouse FcRn was amine coupled to a
CMS5 sensor chip at a surface density of approximately 175 RU.
Reference flow cells were also prepared using the same amine
coupling procedure but without the addition of FcRn. Assay
running buffer and sample diluent was 50 mM sodium
phosphate, 100 mM sodium chloride, 0.05% P20, pH 6.0.
A three-fold dilution series of both the wild-type and mon-
ovalent half-antibody was prepared from 1 wM to 1.37 nM.
Samples were allowed to associate for 3 min and dissociate for
2 min, after which the FcRn surface was regenerated with a
30 sec injection of PBS, pH 7.4. Experiments were conducted at
25°C using a flow rate of 30 pl/min. Sensorgram data was both
reference subtracted and buffer subtracted before being fit to a
heterogeneous ligand model. "

Pharmacokinetic study. BALB/c mice were given a 10 mg/kg
body weight intravenous bolus dose of one of three versions
of an anti-human Fas antibody: wild-type IgG4; glycosylated
monovalent IgG4; or an aglycosylated monovalent IgG4. Each
group contained five mice with plasma samples collected at
5 min, 1, 2, 4, 7, 10, 13 and 16 d for the wild-type IgG4 and
aglycosylated monovalent IgG4 and at 5 min, 2, 4 and 7 d for
the glycosylated monovalent IgG4. Serum titers were assayed
using an immunoassay with capture of the antibodies using an
anti-human IgG4 Fc polyclonal antibody and detection using
an anti-human lambda light chain monoclonal antibody. For
each group WinNonlin software (Pharsight) was used to cal-
culate pharmacokinetic parameters using non-compartmental
analysis or two-compartmental modeling.
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