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Engineered antibody Fc variant with selectively enhanced FcyRlilb binding

(Bergtold er al., 2005; Mousavi e al., 2007). These reports
suggest that an antibody with enhanced binding affinity to
FeyRIla would be more rapidly eliminated from plasma by
FeyRIla-mediated uptake and degradation than wild-type
IgGl, while an antibody with enhanced binding only to
FeyRIIb would have a longer half-life because the antibody
would be recycled back to the cell surface. Indeed, an antibody
with enhanced binding to both murine FeyRII and FeyRII
(counterpart of human FcyRIla) exhibited more rapid clear-
ance from plasma compared with an antibody with enhanced
binding only to murine FcyRII (data not shown).

These facts indicate that therapeutic IgG with S267E/L.328F
substitution has the potential to induce platelet aggregation
and activation and to be rapidly cleared from plasma in
patients with FcyRIIa®'3! genotype. One report described that
the allelic frequency of R/R131, R/H131 and H/H131 is 31, 44
and 25%, respectively, among healthy Caucasians, and 26, 43
and 31%, respectively, among healthy African Americans
(Lehrnbecher er al., 1999). Another report showed that in
Japanese, Chinese and Asian Indian populations the R/R131
genotype occurs in 6, 6 and 31%, respectively (Osborne et al.,
1994). Considering the proportion of populations with R/R
and R/H igc’.notypes, enhancing the binding affinity to
FeyRI1a®*T would have a substantial impact.

Previous studies using S267E/L328F or S267E substitu-
tion(s) have demonstrated that enhancing affinity to FcyRIIb is
a promising application for therapeutic antibodies against
CD19, IgE, DR5 and CD40 (Li and Ravetch, 2011, 2012; Chu
et al., 2012; Hammer, 2012). Consistent with these reports,
V12 variant, as well as S267E/L328F variant, enhanced agon-
istic activity of antibody against CD137, one of TNFR super-
family molecules, compared with intact human IgGl. Since
agonistic antibodies against TNFR superfamily are currently
being explored for cancer immunotherapy, enhancement of
the agonistic activity of these antibodies by selectively im-
proving the binding affinity for FcyRIIb could be a promising
approach. In addition, in Ba/F3 cells expressing constitutively
active mutants of the receptor tyrosine kinase, Kit, ICs that
crosslinked FeyRIIb and Kit inhibited growth factor-
independent proliferation (Malbec and Dagron, 2012). In
another report, ICs suppressed the TLR4-mediated response of
DCs in rheumatoid arthritis patients through FeyRIIb. Each of
these effects of FcyRIlb could be enhanced by applying Fc
with enhanced affinity for FeyRIIb. Moreover, ICs significant-
ly suppressed expression of CD40, CD80 and CD86 on
FeyRITb-overexpressing DCs, suggesting that in DCs, using
ICs consisting of an antibody variant with selectively
enhanced FcyRIIb affinity relative to FeyRITa might polarize
IC-triggered activating signals to inhibitory signals (Zhang
eral.,2011).

Conclusion

In this study, we screened antibody Fc variant which selective-
ly enhances the binding affinity to FeyRIIb over both
FeyRIa®**! and FeyRITa"!3! by comprehensive mutagenesis.
We identified a distinct substitution, P238D, that could dis-
criminate FeyRITb from FeyRIIaR™! precisely, and crystal
structural analysis revealed that this substitution substantially
changed the recognition interface of Fc-FeyRIIb., We further
designed an antibody variant with 200-fold higher affinity for
FeyRIIb than IgGl without increasing the affinity for other

active FeyRs. The variant was comparable with IgG1 in terms
of pharmacokinetics and storage stability. We also showed that
an antibody with increased affinity for FeyRIla has an
increased possibility of inducing platelet activation and aggre-
gation and of being rapidly cleared from plasma. Since previ-
ous studies and our study using agonist anti-CD137 antibody
suggested that increasing the binding affinity to FcyRIIb has
various therapeutic applications, our engineered Fc, which
enhances binding selectivity to FeyRIIb, is expected to have a
significant therapeutic potential.
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Monoclonal antibodies are widely used to target disease-related antigens. However, because conventional antibody binds
to the antigen but cannot eliminate the antigen from plasma, and rather increases the plasma antigen concentration by
reducing the clearance of the antigen; some clinically important antigens are still difficult to target with. monoclonal
antibodies because of the huge dosages required. While conventional antibody can-only bind to the antigen, some natural
endocytic receptors not only bind to- the ligands but also continuously efiminate them from plasma by pH-dependent
dissociation of the ligands within the acidic endosome and subsequent réceptor recycling to the cell surface. Here, we
demonstrate that an engineered antibody, named sweeping antibody, having both pH-dependent antigen binding (to
mimic the receptor-ligand interaction) and increased binding to cell surface neonatal Fc receptor (FcRn) at neutral pH (to
mimic the cell-bound form of the receptor), selectively eliminated the antigen from-plasma. With this novel antigen-
sweeping activity, antibody without in vitro neutralizing activity exerted in vivo efficacy by directly eliminating the antigen
from plasma. Moreover, conversion of conventional antibody with in vitro neutralizing activity into sweeping antibody
further potentiated the in vivo efficacy. Depending on the binding affinity to FcRn at neutral pH, sweeping antibody
reduced antigen concentration 50+ to 1000-fold compared to - conventional antibody. Thereby, sweeping antibody
antagonized excess amounts of antigen in plasma against which conventional antibody was completely ineffective, and
could afford marked reduction of dosage to a level that conventional antibody can never achieve. Thus, the novel mode of
action of sweeping antibody provides potential advantages over conventional antibody and may allow access to the target
antigens which were previously undruggable by conventional antibody.
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Introduction

Therapeutic monoclonal antibadics are now becoming an
important option for treating various discases [1,2]. Although high
affinity antibodies with neutralizing activity against various
antigens have been generated and shown to be therapeutically
effective in #iza, some clinically important antigens have proved
difficult to target by conventional antibody because of the huge
antibody dosage required.

It has heen reported that administering conventional antibodies
to target soluble antigens, such as amyloid beta [3], MCPI [4],
hepcidin (5], IL6 [6], CD23 7] and VEGF [8], results in more
than 1000-fold increased antigen concentration over the bascline
due to the accumulation of antibody-antigen complex in plasma.
Since the hali-life of the IgG antibody is very much longer than
that of the antigen, the binding of antigen to antibody results in an
increase in the plasma antigen concentration by reducing the
clearance of the antigen [9]. The extent of increase in antigen
concentration is determined by the difference in clearance
between antigen and antibody-antigen complex [10]. As a striking
example, administration of high aflinity antibody against hepeidin,
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swhich has very rapid clearance, resulted in approximately 5,000
{old increase in plasma hepeidin concentration, requiring a huge
antibody dosage of 300 mg/kg weekly to neutralize the hepcidin,
which is an unrealistic dosage for therapeutic development [5]. In
other cases, the bascline plasma concentration of the antigen may
itself be extremely high, as in that of complement factor €5, the
target antigen of cculizamab, which is in the range of pg/mkL, in
contrast to most therapeutic antibodics in the pg/mL or ng/mL
range. Because of such high C5 concemtration, cculizumab
requires huge antibody dosage for ellicient C5 neutralization
[11], which makes eculizumab one of the highest annual dosages
of the approved therapeutic antibodics. In theory, even an
antibody with infinite affinity would need to be at a concentration
higher than that of the total antigen to neutralize that antigen
in vivo [12]. Therefore, when targeting soluble antigens with rapid
clearance or high bascline plasma concentration, even conven-
tional antibody with infinite affinity requires huge antibody dosage
to achieve therapeutic efficacy. This impedes not only the
development of subcutaneous formulations, which are important
for chronic discase, but also the commercial development itself
because of increased manufacturing cost.

May 2013 | Volume 8 | Issue 5 | 63236

Since these issues stem from the fact that conventional antibody
can only bind to the antigen and accumulates the antigen in
plasma, engineered antibody that enables active and sclective
climination of the antigen from plasma could overcome these
issues. In the natural system, several cell surface endocytic
receptors, such as asialoglycoprotein receptor [13], low-density
lipoprotein receptor [14] and epidermal growth [actor receptor
{15], deliver ligands to the lysosome to eliminate the ligands from
plasma. These receptors bind to the ligands at the cell surface and
internalize the ligands into the cell. Since these reeeptors bind to
the ligands pH dependently, they release the ligands in the acidic
endosome, and while the released ligands are transferred to
lysosome and degraded, the free receptors rapidly recycle back to
the cell surface for another round of ligand climination from
plasma. Such properties make these receptors ideal for “sweeping™
the ligands from the plasma. In this study, we engineered
monoclonal  antibody to mimic the endocytic  receptor-like
property so that it can exert antigen-sweeping activity and
climinate the antigen from the plasma.

We have investigated enginecred monoclonal antibody to exert
novel antigen-sweeping activity by simultaneously engincering
both pH-dependent antigen binding, to mimic the pH-dependent
receptor-ligand binding of such endocytic receptors, and increased
FeRn binding aflinity at neutral pH, to mimic the cell-bound form
of the receptors. We demonstrate that the  convel
conventional antibody into sweeping antibody, which dircetly

climinates the antigen from plasma, could aford huge reduction of

the antibody dosage to a level that conventional antibody even
with infinite affinity cannot achicve and may allow access to target
antigens which have previously been undruggable by conventional
antibody.

Materials and Methods

Ethics Statement

Animal studies were performed in - accordance with  the
Guidelines for the Care and Use of Laboratory Animals at
Chugai Pharmaceutical Co., Ltd. under the approval of the
company’s Institutional Animal Carc and Use Committee. The
company is fully aceredited by the Association for Assessment and
Accreditation of Laboratory Animal Care International (hup://
www.aaalac.org).

Generation of Anti-IL-6R Antibodies with Increased
Binding Affinity to FcRn at Neutral pH

pH-dependent binding antibody against human soluble 1L-6
receptor (hsIL-6R) with neutralizing activity (PH-IgG1) were
generated from  non-pH-dependent binding  antbody (NPH-
1gG1) as previowsly deseribed {16]. pH-dependent binding
antibodies against hsIL-GR without neutralizing activity (PHX-
[gGl) in BaF/gpl30 assay [17] were also generated. To
increase the binding affinity to cither mouse FeRn (mFcRn)
or human FcRn (hFeRn) at neutral pH, various Fe-engineered
variants were generated by site-directed mutagenesis of human
1gG1. Amino acid substitutions were introduced at the positions
251-258, 286, 288, 307-316, 428 and 433-436 in the EU
numbering system which were reported to affect FeRn binding
(18-26]. Mutation was comprehensively introduced at cach
position, and eflective mutations identificd wey combined to
generate Fe variants with increased binding aflinity to FeRn at
neutral pH. More than 1,000 variants were generated and
asscssed for their binding affinity (Kp) to recombinant mlFcRn
or hFcRn [18] at pH 7.0 using Biacore T200 (GE Healthearc).
Each variant was captured onto a Protein L (AGTIgen)
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immobhilized CM4 sensor chip, then FeRn was injected over
the fow cell. Kp was determined  wsing  Biacore  T200
Evaluation Software (GE Healthcare), Fe variants with  the
desired allinity 0 FeRn were identificd. NPH-IgG1 (conven-
tional antibody with necutralizing activity but without pH-
dependent binding), PH-IgG1, PHX-IgG! and their Fe variants
were expressed transiently and purified. NPH-IgG1, PH-IgG1
and PHX-IgGl were assessed for their Kp to recombinant
bsIL-6R at pH 7.4 and pH 6.0 as previously described [16].

In vivo Study of Antibodies in Normal Mice and hFcRn
Transgenic Mice Co-injection Model

All animal cxperiments in this study were performed  in
accordance with the Guidelines for the Care and Use of
Laboratory Animals at Chugai Pharmaccutical Co., Ltd. In co-
injection model, C57BL/G] normal mice (Charles River) or hFcRn
transgenic mice (WFeRn-Tgm, Bé.mFcRn=/=.hFcRn Tg line
276+/+ mouse, Jackson Laboratories) [27] were administered by
single i.v. injection with hslL-6R alone or with hsIL-6R pre-mixed
with antibody. The first group received 50 pg/kg hsIL-GR but the
other groups  additionally reccived 1 mg/kg of  anti-IL-GR
antibodics. Total hsIL-GR plasma concentration was determined
as previously described [16].

In vivo Study of Antibodies in a Normal Mice hslL-6R
Trans-signaling Model

To evaluate the ellt
inhibition i #iva, C57BL/G] normal mice were initially
i ed with bsIL-GR [16} (250 pg/kg). Then antbodies with
designated doses and MR16-1 28] (15 mg/kg, rat anti
GR antibody) were admir edd at 2 h after the initial inj
8 pg/kg of human IL-6 (Toray) was injected at 24 h. Blood
samples were collected at 30 b afier the initial injection and total
hsIL-6R and serum amyloid A (SAA) plasma concentrations were
determined as previously described [16].

t ol antibodies on hsIL-6R trans-signaling

In vivo Study of Single Doses of Antibodies in Normal
Mice and hFcRn Transgenic Mice Steady-state Model

An infusion pump {alzet) filled with 92.8 pg/mL hsIL-6R was
implanted under the skin on the back of C37BL/Q] normal
mice or hFcRn-Tgm (B6.mFcRn—/—.hFeRn Ty line 32+/+
mouse, Jackson Laboratories) [27] to prepare model mice with
constant plasma concentration of hsIL-6R. Monoclonal anti-
mouse CD4 antibody GKL1.5 [29] was administered by i
injection to inhibit the production of mouse antibody against
bsIL-GR by depleting CDi+ T-cells. Antibodies against hsIL-GR
were administered at 1 mg/kg to normal mice or hFeRn-Tgm
with or without a single iv. injection of 1 g/kg of higG
(Intravenous immunoglobulin, CSL Behring) to mimic endoge-
nous human IgG.

Plasma anti-hsIL-6R antibody concentration in the presence of
human IgG was determined using anti-idiotype antibody coated
on ELISA 96-well plates, and detected by hslL-6R, biotinylated
anti-hIL-6R  antibody  (R&D  Sysiems)  and  Streptavidin-
PolyHRP80 (St specific Detection Technologies) using perox-
idase substrate, Plasma total hsIL-6R, antibody concentration in
the absence of hlgG and pharmacokinetic parameters were
determined as previously deseribed [16]. The theoretical free
hsIL-6R concentration was calculated from antibody concentra-
tion, total hsIL-GR concentration and the Kp of the antibody by
cquilibrium reaction formula.
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In vivo Study of Multiple Doses of Antibodies in hFcRn
Transgenic Mice Steady-state Model with High hsiL-6R
Concentration

Study was performed as described in the single dose study
but with 320 pg/mL hsIL-6R in the pump, and doses were
administered to hFeRn-Tgm (B6.mFcRn—/—hFeRn Tg line
32+/+ mouse, Jackson Laboratories) [27] every other day
(except the first dose which was injected together with a single
Lv. injection of 1 g/kg of human IgG). Total hsIL-6R plasma
concentrations  were  determined  as  desceribed  above. To
determine free hsIL-6R plasma concentration, samples were
treated by rProtein A (GE healtheare) to remove antibody and
antibody-antigen  complex.  Because  rProtein - A treatment
requires 10 pL of plasma, samples of n=3-5 were cqually
pooled before the weatment. Subsequently, the free hsIL-6R
plasma concentrations were determined by the same method as
for total hsIL-6R, and hsIL-6R ncutralization percentages were
obtained by calculating the percentage reduction of free hsIL-
6R plasma concentration over control group.

Pharmacokinetic Analysis and Simulation using
Antibody-antigen Dynamic Model

The plasma concentration—time profiles of antibodies and
total hsIL-6R obtained in the study of hFcRn-Tgm steady-state
model were [itted to an antibody-antigen dynamic model [30]
and parameters were optimized for conventional, pH-dependent
binding, and vi-type sweeping antibodics. The k, and kg values
were from surface plasmon resonance (SPR) data. Simulation
study was carried out using the obtained pharmacokinetic

arameters, and antibody dosages required to neutralize 95% of
p ters, and antibody dosag; quired t tralize 95% of

the antigen (baseline 250 ng/mL (6.6 nM)) at trough by dosing
once a month were obtained for cach type of antibody with

antigen binding affinity (Kp) of 0.001, 0.01, 0.1, 1 and 10 nM.

Results

Antigen Sweeping by pH-dependent Binding Antibody
with Increased FcRn Binding at Neutral pH

In order to evaluate the effect of pH-dependent antigen binding
and increased FeRn binding affinity at neutral pH on antigen
pharmacokinctics, we used a non-pH-dependent binding antibody
against hsIL-6R with hIgG1 constant region (NPH-IgG1) and a
pH-dependency-engineered variant (PH-IgG1) (Table $1). higG1
has almost no detectable binding to FcRn at pH 7.4, and very

weak binding at pH 7.0. In order to increase the binding affinity of

PH-IgG1 to cither mouse I'cRu (mFcRn) or human FeRn (hFeRn)
at neutral pH, various hlgG1 Fe variants with mutation(s) in the
FeRn binding region (positions 251-258, 286, 288, 307-316, 428
and 433-436 in the EU numbering system) were generated by site-
dirccted mutagenesis. More than 1000 variants were screened by
binding to either mFcRn or hFcRn at pH 7.0, and hlgGl Fc
variants for i vive studies were selected (Table 1) The v1 variant
was used to evaluate the a wivo effect of pH-dependent antigen
binding antibody with increased binding aflinity 1o mFcRn at
pH 7.0 by administering hsIL-6R to normal mice either on its own
or in Lomplc\ with NPH-IgG1, PH-IgG1 or PH-v1 (Fig. 1A). In
on model, NPH-IgG1 significantly reduced the
clearance of hsIL-6R because antigen-antibody complex has lower
clearance than the antigen [9,10]; PH-IgG1 increased the
clearance of hsIL-6R to some extent, but was stll slower than
hsIL-6R alone; while PH-vI accelerated the clearance of hsIL-6R.
faster than hsIL-6R alone.

PLOS ONE | www.plosone.org
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Since this co-injection model may not have reflected the actual
therapeutic situation where antibody is exposed to plasma in
which steady-state baseline concentration of soluble antigen is
present, we evaluated antigen sweeping in a mouse model which
maintains steady-state plasma antigen concentration. We admin-
istered NPH-IgG1, PH-IgG1 and PH-v1 into normal mice steady-
sistent with the co-injection mod
d hsIL-6R plasma concentratio
PH-IgG1 reduced that increase but an incr over the baseline
was still observed; and PH-vl actively eliminated hsIL-6R from
the plasma and reduced the plasma hslL-6R  concentration
approximately 150-fold below the bascline, demonstrating that
engineered antibody with pH-dependent binding antibody and
cd binding allinity to FeRn at neutral pH can eliminate the
antigen form plasma in vizo.

incre

Effect of Antigen Sweeping by Sweeping Antibody on
Antigen Antagonism in vivo

To evaluate the effect of antigen sweeping by sweeping antibody
on antigen antagonism in vivo, in vize cificacy ol the anti-hsIL-6R
sweeping antibodies was tested in a normal mouse hsIL-6R trans-
signaling model [31], which exhibits an increase in SAA
dependent on hIL-6/hsIL-6R-mediated trans-signaling. We gen-
crated PHX-1gGl, a pH- dL])Lnd(m binding antibody against
hsIL-6R without hsIL-6R neutrs ing activity i zitro {Table S1),
and its Fc variant PHX-vl with increased binding affinity to
mFcRn at neutral pH. In the first study, PHX-1gG1 and PHX-v]
were administered at antibody dosage of 30 mg/kg, and plasma
concentration of hsIL-6R and SAA, as a pharmacodynamic
marker of hsIL-6R antagonism, arc shown (Fig. 2AB). While
PHX-IgG1 could not inhibit SAA production at all, PHX-v1
significantly inhibited SAA production in zire by directly sweeping
hsIL-6R from the plasma, despite having no neutralizing activity
o witro. In the next study, antibodies with hsIL-6R ncutralizing
activity, NPH-1gG1, PH-IgG1 and PH-vl, were administered at
antibody dosage of 0.03 mg/kg. While NPH-IgG1 and PH-IgG1
with hsIL-6R neutralizing activity # zitro could not completely
inhibit SAA production at this dosage, PH-vl, with both
neutralizing and sweeping activity, completely inhibited SAA
production (Fig. 2C,D).

Antigen Sweeping Requires Both pH-Dependent Antigen
Binding and Increased FcRn Binding Affinity at Neutral
pH

For clinical application of sweeping antibody, further studies of
antigen sweeping were conducted using an hFeRn system. The v2
variant with increased binding affinity to hFcRn at neutral pH was
generated (Table 1), As a control for v2 variant, a YTE variant
previously reported as improving the half-life [19] with increased
binding affinity to hFcRn at ac pH but not significantly at
neutral pH, was used. In a co-injection model, hsIL-6R was
administered to hFcRn-Tgm cither on its own or in complex with
NPH-IgGl, PH-IgG1, PH-YTE and PH-v2 (Fig. 3A). Consistent
with the study using normal mice, PH-v2 markedly accelerated the
clearance of hsIL-6R faster than hsIL-6R alone in hFeRn-Tgm.
On the other hand, PH-YTE exerted slightly slower clearance of
hsIL-6R than PH-IgG1.

To further clarify the molecular requirement to achieve antigen
sweeping, we administered NPH-1gG1, PH-IgG1, NPH-v2, PH-
v2 and PH-v0 to hFcRn-Tgm steady-state model (Fig. 3B). NPH-
v2, a non-pH-dependent binding antibody with increased binding
aflinity to hFcRn at neatral pH, increased hsIL-6R plasma
concentration above the bascline to a similar level 1o NPH-IgG1;
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Figure 1. A H-depend i bindil ibody with increased FcRn binding at neutral pH. in vivo study of

g by pl
NPH-lgG1, PH- IgG1 and PH -v1 in normal mice. Effect of antibodies on the total hleéR plasma concentration was evaluated in a co-injection model
and a steady-state model. In the co-injection model, hslL-6R, hslL-6R+NPH-IgG1, hsiL-6R+PH-IgG1 and hslL-6R+PH-v1 were intravenously
administered as single doses of 50 pg/kg for hslL-6R and 1 mg/kg for antibody and a time profile of total hsll-6R plasma concentration {A} is shown.
Each data point represents the mean = s.d. (n=3 each). In the steady-state model, steady-state plasma cencentration of approximately 20 ng/ml
hsiL-6R was maintained using an infusion pump filled with hsiL-6R solution, and NPH-IgG1, PH-IgG1 and PH-v1 were intravenously administered as
single doses of 1 mg/kg and a time profile of total hsiL-6R plasma concentration (B} is shown, Each data point represents the mean * sd.

(n=3 each).
doi:10.137 V/journal.pone.0063236.g001

PH-v0), a pH-dependent binding antibody with no hFeRn binding
{32], also increased hsIL-6R plasma concentration 1o a similar
level o PH-IgGL, but only wransiently; and only PH-v2, a pH-
dependent binding antibody with increased binding affinity w0
hFcRn at neutral pH, actively eliminated hsIL-6R from the
plasma. This clearly demonstrates that both  pH-dependent
antigen binding and increased binding aflinity to FeRn at neuwral
pH are required for antigen sweeping.

Effect of Endogenous IgG Competition on Antigen
Sweeping

Because mouse IgG does not bind w0 hFeRn [33], hFceRn-Tgm
cping
antibody for hl'eRn, which might not reilect the dlinical situation
s high endogenous human 1gG (hlgG) concentra-
ton [20]. To evaluate the effect of endogenous IpGoon antigen
sweeping, NPH-IgG 1 PH-IgG 1 and PH-v2 alone or together with

has substantially no endogenous IgG competing with sw

in which the
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Table 1. Mutations and FcRn binding affinity of higG1 Fc variants.

Fe variant Ko (nM} at pH7.0 Kp (nM) at pH6.0 Mutations

: : “mouse FeRn human FcRo mouse FcRn human FcRn

igG1 3918 88000 237 1377 -

vi 52 NT. 3 NT T33IVINABAY

v2 NT 155 NT & MISTWANGIIW

V3 NT. 288 NT 15 MR52Y/NA3LY

v4 NT 120 NT 8 M2S2Y/MNBEEMN4A3AY

V5 NT 77 NT 5 M252Y/T307Q/QITIAINAZAY
V6 NT 35 NT 3 M252Y/V308P/N434Y

vo " no binding | no binding no-binding rio_binding 1253A

8inding affinity (Kp) of i9G1 and v1 to mFcRn at pH 7.0 and pH 6.0, binding affinity (Kp) of 19G1, v2-v6 and v0 to hFcRn at pH 7.0 and pH 6.0, and mutations introduced
in the Fc region are shown. Mutation sites in the Fc region are described in EU numbering. NT, not tested.

doi:10.1371/journal pone.0063236.1001
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Figure 2. /n vivo study of sweeping antibodies in a normal mice hslL-6R trans-signaling model. Effect of antibodies on the total hslL-6R
plasma concentration and SAA plasma concentration (as a marker for hsIL-6R antagonism) were evaluated. hsiL-6R was intravenously administered as
a single dose of 250 pg/kg. At 2 h, non-neutralizing antibodies PHX-IgG1 and PHX-v1 were intravenously administered as single doses of 30 mg/kg
(A, B), and neutralizing antibodies NPH-IgG1, PH-IgG1 and PH-v1 were intravenously administered as single doses of 0.03 mg/kg (C, D). At 24 h, hiL-6
was intravenously administered as a single dose of 8 1g/kg. Total hsIL-6R plasma concentration (A, C) and SAA plasma concentration (B, D) at 30 h is
shown. Each data represents the mean = s.d. for total hsIL-6R plasma concentration and the mean * s.e. for SAA plasma concentration (n=3-
7 each). ND, not detected (below 0.195 ng/ml). Statistical significance was determined by t-test (*) or Tukey’s multiple comparison test (#) for total
hsiL-6R and SAA plasma concentration.

doi:10.1371/journal.pone.0063236.g002

1 g/kg of hlgG, which mimics cndogenous IgG, were adminis- pharmacokinetics, Fo variants (v3-v6) with various binding aflinity
tered 1o hFeRn-Tgm steady-state model. hsIL-6R sweeping by to hFeRn at pH 7.0 were generated (Table 1)

PH-v2 was attenuated when higG as endogenous IgG was present Antigen sweeping and antibody pharmacokinetics of NPH-
(Fig. S1). IgG1, PH-1gG1 and its Fe variants were evaluated in hFeRn-Tgm

steady-state model in the presence of hlgG (Fig. 4A,B, Table $2).
Effect of hFcRn Binding Affinity at Neutral pH on Antigen ~ Compared to IgG1, the v3 variant, with Kp 288 nM at pH 7.0,
Sweeping in Human FcRn Transgenic Mice slightly prolonged the antibody pharmdcokl.mms, moreover, PH
Since FeRn binding at neutral pH is required for antigen v3 reduced total hsIL-6R plasma concentration to a similar level as
m’;c in’ itis 'mumt‘:l that bin(linpv '111.'mil ‘I(K ) o FcRng'\l hascline concentration, Notably, the v4 variant, with Ky 120 nM
i p & 15 assam T s At v} D I o at pH 7.0, reduced total hsIL-6R plasma concentration below the
neutral pH would allect the anugen sweeping thkj‘ o addlfm.n’ bascline level while the antibody pharmacokinetics was main-
previous studies have shown that increasing FeRa binding aflinity tained. Total hsIL-6R plasma concentration of PH-v4 was 50-fold
at neutrs i affect the antibody - g o ent s OBk
‘_l\wn_u“fl[gﬁzzl]‘h;r lr;(lrf;‘::dafr dl:[[] ,n‘,);['(.; L(:ll Fc‘}:nd::i‘:‘.:;;)v lower than NPH-IgG1 while the antibody plasma concentration
cloarance s orde " ¢ ces S s was comparable. The study using the v5 and v6 variants with,
affinity at neutral pH on antigen sweeping and  antibody respectively, Kpy 77 and 35 nM at pH 7.0 has demonstrated that
s K g .0 ha s
variants with stronger hFcRn binding affinity exhibited more
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ibody in hFcRn-Tgm. (A) in vivo study of NPH-IgG1, PH-IgG1, PH-YTE and PH-v2 in hFcRn-Tgm.

ection model. hsiL-6R, hsIL-6R+NPH-1gG1, hsIL-6R+PH-IgG1,

hsIL-6R+PH-YTE and hsiL-6R+PH-v2 were intravenously administered as single doses of 50 ug/kg for hsiL-6R and 1 mg/kg for antibody and a time
profile of total hsIL-6R plasma concentration is shown. Each data point represents the mean * s.d. (n=3 each). (B) Effect of pH-dependent antigen
binding and increased binding affinity to FcRn at neutral pH on antigen sweeping in hFcRn-Tgm steady-state model with hsIL-6R plasma
concentration of approximately 20 ng/mL. NPH-IgG1, NPH-v2, PH-IgG1, PH-v2 and PH-v0 were intravenously administered as single doses of 1 mg/

kg. Time profile of total hsiL-6R plasma concentration is shown. Each data point represents the mean * s.d. {(n=3 each)

doi:10.1371/journal.pone.0063236.9003

extensive antigen sweeping and lower minimum total hsIL-6R
plasma concentration, but had increased antibody clearance and a
shorter duration of antigen sweeping (faster recovery to hascline).
Spccifically, the v6 variant reduced total hsIL-GR  plasma
concentration approximately 1000-fold compared to NPH-IgG1,
while the antibody clearance was increased only by 4-flold.

Sweeping Antibody Antagonizes High Concentration
Antigen where Conventional Antibody is Ineffective

The vG-type sweeping antibody with hFcRn binding aflinity of
35 nM provided short-lasting but extensive 1000-fold reduction of
antigen plasma concentration compared to conventional antibody.
To understand its therapeutic advantage, NPH-IgG1, PH-IgG1
and PH-v6 at doses of 0.01 mg/kg were administered to hFeRn-
Tgm steady-state model with bigh plasma hsIL-GR concentration
(250 ng/mL) every other day in the presence of hlgG (Fig. 5 A, B).
Multiple dosing of NPH-IgG 1 and PH-IgG1 achieved no hsIL-GR
neutralization throughout the study because molar hsIL-6R
concentration was higher than that of antibody (molar antibody
concentration was approximately 5-fold lower than the total
antigen concentration immediately after the first administration);
however, PH-v6 gradually reduced the total hsIL-GR plasma
concentration, enabling a neutralization of hsIL-6R at Day 8.

Discussion

In this study, we have demonstrated that simultancous
engineering of pH-dependent antigen binding and inc 1
FeRn binding aflinity at neutral pH actively climinated the antigen
from the plasma, creating “sweeping antibody™. Importantly, both
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pH-dependent antigen binding and increased  FeRno binding
aflinity at neuwal pH was required for antigen  sweeping,
mimicking the function of the ligand-sweeping endocytic receptors
that we previously mentioned.

When targeting soluble antigen with monoclonal antibody,
conventional antibody (NPH-IgG I} remains bound to the soluble
antigen within the acidic endosome (Fig. 52A) and thereby inhibits
the antigen degradation by lwommL resulting in accumulation of
the antigen in the plasma, have recently reported that
engineered antibody with pH-dependent antigen binding (PH-
IgG1), named recycling antibody, dissociates the soluble antigen in
the acidic endosome and the dissociated antigen is then transferred
. $2B) [16]. However, our current
study demonstrates that pH-dependent antigen binding alone
could not actively eliminate the antigen from plasma. This is
because intact IgG1 does not bind to FeRn on the cell surface at
neuwral pH 23], and the antibody-antigen complex is only
marginally taken up into the cell by pinocytosis, which limits the
rate of antigen degradation.

Previous studies have demonstrated  that Fe-engineering w0
increase the binding aflinity 1o FeRn at acidic pH improved the
endosomal recycling efliciency and prolonged the pharmacokinet-
ics of the antibody [20,25,26]. However, a simultancous increase
of binding aflinity at ncutral pH did not prolong [21,22], or even
shortened {23,24], the pharmacokinetics because of inefficient
antibody release from FeRn back to plasma afier transporting it
back to the cell surface, providing ne therapeutic merit. Increasing
FeRn binding affinity at newtral pH would anchor the antibody to
the cell surface, similarly 10 an endoeytic receptor, and enhance
cellular uptake of antibody-antigen complex by FeRn-mediated

1o lysosome and degraded (Fig
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Figure 4. Effect of hFcRn binding affinity at neutral pH on antigen sweeping profile in hFcRn-Tgm. (A, B) Effect of FcRn binding affinity
at pH 7.0 on antigen sweeping and antibody pharmacokinetics in hFcRn-Tgm steady-state model with hsIL-6R concentration of approximately
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Figure 5. Effect of sweeping antibody on high plasma concentration antigen. Effect of NPH-IgG1, PH-IgG1 and PH-v6 on a hFcRn-Tgm
steady-state model with high hsiL-6R concentration of approximately 250 ng/mL in the presence of human IgG. NPH-IgG1, PH-IgG1 and PH-v6 were
intravenously administered as multiple doses of 0.01 mg/kg every other day. Molar baseline hsiL-6R concentration (6.6 nM) is 5-fold higher than
antibody concentration at 15 min (1.3 nM). Time profiles of total hsIL-6R plasma concentration (A) and free hsiL-6R percentage over control (B) are
shown. Each data point represents the mean £ s.d. for total hsIL-6R concentration (n=3-5 each). Free hsIL-6R percentage over control is determined

from the pooled plasma sample of n=3-5 each.
doi:10.1371/journal.pone.0063236.g005
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endocytosis. However, our study demonstrated that antibody with
increased FeRn binding affinity at neutral pH withow pH-
dependent antigen binding (NPH-v2) could not actively climinate
the antigen from plasma becanse the antigen is also recycled back
to plasma by FcRn in the antibody-antigen complex.

Combining a pH-dependent antigen binding with increased
FeRn binding at only acidic pH {PH-YTE) attenuated rather than
accelerated antigen cearance compared to pH-dependent anti-
gen-binding antibody with wild type IgG1 (PH-IgG 1), probably
because the improved endosomal recydling efficiency [19] also
applicd to the antigen that remained bound 1o the antibody. In
addition, non-FcRn binding Fo (PH-NB}) could not actively
climinate the antigen from plasma because, similar 1o PH-IgG L
the uptake of antibody-antigen complex into the cell was marginal.

Antigen sweeping was only achieved by the combinatdon of pH-
dependent antigen binding with increased FeRu binding affinity at
neutral pH (PH-v2). These studies support the following mecha-
nism of sweeping antibody, mimicking the process of rapid ligand
sweeping by endocytic receptors [18-15] (Fig. S20): (i) increasing
binding aflinity to FcRn at neutral pH anchors the amibody to the

cell surface and provides FeRn-mediated cellular uptake of
antibody-antigen  complex, (i) pH-dependent dissociation of

antibody-antigen complex enables selective degradation of the
antigen, (i) FeRn-mediated recycling of the free antibody o the
cell surface enables another round of the cycle, Because this evele
has a rapid turnover rate and FeRn s broadly expressed in the
bod
plasma,

As our results show, this antigen-sweeping activity can be
illy applied cither to antibody which has no m v hslL-

weeping antibody can effectively eliminate the antigen from

cces

6R newtralizing activity (PHX-v1) 10 create a wieo inhibition of

hsIL-6R /7hIL-6-mediated trans-signaling or to convert conven-
tional antibody with m wite activity (NPH-IgG1) into sweeping
antibody {PH-v1) to further potentiate the i oo signaling

inhibition. This study demonstrated that o efficacy of

sweeping antibody required no i witro biological activity, indicat-
ing that sweeping antibody could antagonize multi-cpitope antigen
{antigen with multiple functional epitope) or toxic antigen with ne
functional epitope, which cannot be amagonized with a conven-
tional antibody, by directly climinating the antigen from plasma.
Morcover, this study also demonstrated that  conventional
antibody with biological activity i vifra can be further potentiated

inwiwo by engineering the antibody into sweeping amtibody,
indicating that engineering conventional antibody into sweeping
antibody could be an alternative approach to cnhancing the
therapentic efficacy of conventional antibody.

Since sweeping antibody would compete with endogenous gl
1o bind to FeRn, it was assumed that endogenous [5G would affect
the cfficiency of antigen sweeping. A similar phenomenon he
been reported for antibody-dependent cellular eytotoxicity medi-
ated by Fe gamma receptor binding, which was significandy
inhibited by the presence of endogenous higG [34]. As expected,
antigen sweeping in hFeRn-Tgm was significandy attenuated in
the presence of higG when hlgG concentration wa
an average of 10 mg/mL {reflecting the clinical situation where
endogenous  hlgG is approximately 10 mg/mL [20]). This
demonstrates that endogenous IgG is an important factor in the
cflicacy of sweeping antibody when considering clinical applica-
tions. It has been reported that IgG with increased FeRn binding
at neutral pH (Abdeg) accelerates the clearance of endogenous
IgG by blocking FeRn [35]. However, we did not observe
accelerated clearance of hlgG in the presence of vi-type sweeping
antibody (data not shown). Since reported Abdeg {with FcRn

s maintained at

binding affinity of 7.4 nM at pH 7.2) accelerated the clearance of
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cadogenous IgG at a dose of approximately 8 mg/kg, it is
expected that vi-type sweeping antibody {with FeRn binding
aflinity of 120 M at pH 7.0 significanty lower than Abdeg)
would not acecderate the clearance of endogenous I1gGoat a
therapeutically relevant dosage, although a high dosage of v6-type
sweeping antibody {with stronger FeRn binding affinity of 35 nM
at pH 7.0) may have some ceffect on the dlearance of endogenous
154G

The effect of WFeRn binding aflinity at neuwal pH on the
antigen sweeping profile and amibody  pharmacokinetics was
investigated by cvaluating Fe variants v3 10 v6 in hFeRn-Tgm in
the presence of BlgG. The results cearly demonstrate that both

antigen sweeping and antibody  pharmacokinetics depend on
hFcRa binding aflinity at neuiral pH. By inereasing the binding
allinity at nevirad pHL the extent of antigen sweeping (reflected by
minimum il hslL-GR plasma concentration {Table S2)) was
enhanced but the duration of antigen sweeping was shonened and

amibody clearance was inere,
antibody (NPH-1gG 13, all sweep
reduction of frec antigen plasma concentration, which determines
the peatic antibody, and the extent and
the duration of free antigen reduction depended on hlFeRu

d. Compared w conventional
s antibody exhibited sironger

efficacy as il

binding affiniiy {

Sweeping antibody with moderae hFeRn binding affinity at
neatral pH provides moderate but long-acting antigen sweeping.
Speeifically, compared 10 conventional antibody (INPH-Ig(1),
sweeping antibody with hFeRn binding aflinity of 120 2M (PH-vH
mainains @ similar antibody plasma concentration and provides

long-lasting approximately 50-fuld reduction of total ant
plasma concentration. Importantly, this demonstrates that the
antigen, not the angbody, i seleciively eliminated from he
plasma. To systematically understand the therapentic advantage of
this vi-type sweeping antibody, modeling and simulation [30] was
conducted hased on the experimental result of the hFeRa-Tgm
study (Fig. S, Table $3) The simulaton was conducted w
caleulate the dosage required 10 newralize 95% of hsIL-6R
(haseline 250 ng/mL3 by once-a-month dosing using conventional,
pH-dependent antigen binding, and vi-type sweeping antibodies
with different binding aflinity o hslL-6R (Fig. SIBL In the
simulation study, the dosage of conventional antibody cannor be
lowered below 5 mg/kg oven with infinite affinity
sweeping antibody with only 0.1 0 aflinity can be efit
Lot myp/ke. This demonstrates that vi-type sweeping antibody
provides more than 30-fold reduction of dosage over conventivnal
antibody even with infinite aflinity, a level which can never be
achicved with conventional antibody.

On the other hand, sweeping antibody with hFeRa binding
aflinity below 80 nM provides shor-lasting but extensive redue-
tion ol antigen plasma concentration compared to conventional
antibody. Specifically, sweeping anibody with h¥FeRn binding
allinity of 35 nM (PH-6) reduces antigen concentration approx-
imately 1000-fold compared 1o conventional antibody, while the
antibody clearance & inereased only 4-fold. To understand the
therapeutic advantage of vO-type sweeping antibody, antibodies
were tested under conditions in which an excess molar amount of
antigen was present in plasma, mimicking the therapeutic situation
where antigen is present at a high concentration, This exc
amount of antigen, which, as expected, conventional antibody
(NPH-IgG1) or pH-dependent binding antibody (PH-1gG1) could
not antagonize, was antagonized by sweeping antibody (PH-v6) by
reducing the plasma antigen concentration below the baseline.
This study demonstrated that sweeping antibody could antagonize
high concentration antigen against which conventional or pH-

whereas
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dependent antigen binding antibody, even with infinite aflinity,
would be completely ineflective.

We believe that sweeping antibody, an Lnggncurcd monoclonal
antibody with novel antigen-sweeping activity, provides potential
advantages over conventional antibody that can only bind to the
antigen and accumulates the antigen in plasma. First, sweeping
antibody could be applied to high concentration antigens or
antigens with rapid clearance which conventional antibodics, even
with infinite affinity, have previously had difficulty in targeting.
Second, by directly eliminating the antigen from plasma, sweeping
antibody could be applied to antagonize multi-epitope antigen or
toxic antigens without functional epitope, which cannot be simply
antagonized by a conventional antibody. These two points suggest

that sweeping antibody may expand the target antigen space of

therapeutic monoclonal antibody to include target antigens which
were previously undruggable by conventional monoclonal anti-
body. Third, sweeping antibody could provide an alternative
approach to affinity maturation against the antigen by reducing

the plasma antigen concentration to potentiate the cfficacy of

conventional antibody [36]. Fourth, sweeping antibody could
provide a significant advantage over conventional antibody (even

assuming infinite affinity) in dosing by enabling the convenience of

subcutancous and less [requent injections, or in manufacturing by
reducing the cost. Since changing the binding allinity to hFeRn
generates antibodies with different extent and duration of antigen
sweeping, antigen-sweeping profiles can be readily customized.
We have applied sweeping antibody technology to vario
antigens such as IL6, IgA, soluble plexin Al, soluble CD4 and
other antigens. We have identified pH-dependent antibodics
against cach of these antigens and engineered them to bind o
FcRn at newtral pH. All of these antibodies demonstrated similar
antigen sweeping cffect that is shown in this study using hsIL-6R
(data not shown). These results suggest that sweeping antbody can
be broadly applicable to various antigens.

Supporting Information

Figure S1 Effect of high concentration higG on antigen
sweeping in hFeRn-Tgm. NPH-IgGl, PH-IgG1 and PH-v2
were intravenously administered as single doses of | mg/kg cither
with or without 1 g/kg of hIgG o hFcRn-Tgm with steady-state
hsIL-6R concentration of approximately 20 ng/mL. Time profile
of total hsIL-6R plasma concentration is shown. Each data point
represents the mean = s.d. (0= 3 each).

(TF)

Figure 82 Proposed mode of action of sweeping anti-
body in parison with ional and pH-depen-
dent binding antibody. (A) Conventional antibody bound to
soluble antigen is non-specifically taken up by pinocytosis, and
binds to FeRn in acidic endosome. Antibody-antigen complex is
recycled back to the cell surface and released from FcRn back 10
plasma. (B) pH-dependent binding antibody (recycling antibody)
bound to soluble antigen is non-specifically taken up by
pmocylosx and binds to FeRn in acidic endosome, while antigen
is dissociated (rom the antibody, transferred into lysosome and
degraded. Antibody is recycled back to the cell surface by FcRn,
released from FeRn back to plasma and binds to another antigen,
allowing single antibody to bind to antigen multiple times. (C)
Sweeping antibocly bound to soluble antigen is rapidly taken up by
FeRn-mediated endocytosis. In acidic endosome, antibody binds
to FeRn, and antigen is dissociated from the antibody, transferred
into lysosome and degraded. Antibody is recycled back to the cell
surface and cither released from FcRn back to plasma or stays
bound to FeRn on the cell surface to bind to another antigen.
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Rapid FcRn-mediated uptake allows enhanced lysosomal antigen
degradation rate.

(TIF)

Figure $3 Antigen ping profile of ibodies with
different hFcRn binding affinity at neutral pH in hFcRo-
Tgm. Effect of FcRn binding affinity at pH 7.0 on antigen
sweeping and antibody pharmacokinetics in hFcRo-Tgm with
steady-state hsIL-6R concentration of approximately 20 ng/mL in
the presence of human IgG. NPH-IgG 1, PH-IgG1, PH-v3, v4, v5
and v6 were intravenously administered as single doses of I mg/kg
with 1 g/kg of hIgG. Theoretical frec hsIL-6R plasma concen-
tration was calculated from plasma antibody concentration, total
hsIL-6R concentration and binding affinity o hsIL-6R. Time
profile of theoretical free hsIL-6R plasma concentration is shown.
(T1F)

Figure S¢ Modeling and simulation of sweeping anti-
body. (A) Antibody-antigen dynamic model of sweeping antibody.
Antibody is injected intravenously to the central compartment and
distributed to the peripheral compartment. Antibody binds to the
antigen in the central compartment. Antibody, antigen and
antibody-antigen complex  are  climinated from the central
compartment. Effect of pH-dependent binding and  increased

binding aflinity to FeRn is reflected in the elimination rate of

antibody-antigen complex. Parameters used in this model are
Kenae (rate constant of antigen synthes « (baseline

Cantigen,base

concentration of antigen), Kejanigen (climination rate constant of

antigen), VdLuigen (volume of distribution of antigen), k12 udigen
(transfer rate constant of antigen from central to peripheral
compartment), Kgj anggen (Iransfer rate constant of antigen from
peripheral to central compartment), kegyap (climination rate
constant of antibody), Vdl,,.., (volume of distribution of antibody),
Kigpap (ransler rate constant of antibody from central to

peripheral  compartment), kyy ., (transfer rate constant of

antibody from peripheral to central compartment) and ke complex
(climination rate constant of antigen in complex with antibody).
Note that antibody in complex with antigen is eliminated at the
rate of keman (B) Simulation of required dosage to ncutralize
antigen (bascline concentration 250 ng/mL) by 95% at trough
with dosing once a month using conventional antibody (non-pH
dependent binding IgG1 antibody), pH-dependent binding IgG1
antibody and vd-type sweeping antibody with different binding
aflinity to the antigen. Relationship between the antigen binding
affinity (Kp) and the antibody dosage required to achieve once
monthly dosing is shown.

(TIF)

Table $1 Binding affinity of the anti-IL-6R IgGl anti-
bodies.

(TIF)

Table $2 Antibody clearance and minimum or maxi-
mum total hsIL-6R plasma concentration for tested
antibodies.

(TIF)
Table S3 Fitted ph kinetic par s in anti-
body-antigen dynamic model.

(TIF)
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In hemophilia A, routine prophylaxis with exogenous factor VIl {FVIII) requires frequent intravenous injections and can lead
to the development of anti-FVIil alloantibodies (FVIII inhibitors). To overcome these drawbacks, we screened asymmetric
bispecific IgG antibodies to factor IXa (FiXa) and factor X (FX), mimicking the FVIIl cofactor function. Since the therapeutic
potential of the lead bispecific antibody was marginal, FVill-mimetic activity was improved by modifying its binding
properties to FiXa and FX, and the pharmacokinetics was improved by engineering the charge properties of the variable
region. Difficulties in manufacturing the bispecific antibody were overcome by identifying a common light chain for the
anti-FIXa and anti-FX heavy chains through framework/complementarity determining region shuffling, and by pl
engineering of the two heavy chains to facilitate ion exchange chromatographic purification of the bispecific antibody from
the mixture of byproducts. Engineering to overcome low solubility and deamidation was alsa performed. The
multidimensionally. optimized bispecific antibody hBS910 exhibited potent FViii-mimetic activity in human FVill-deficient
plasma, and had a half-life of 3 weeks and high subcutaneous bioavailability in cynomolgus monkeys. importantly, the
activity of hBS910 was not affected by FVIIl inhibitors, while anti-hBS910 antibodies did not inhibit FVIii activity, allowing the
use of hBS910 without considering the development or presence of FVill inhibitors. Furthermore, hBS910 could be purified
on a large manufacturing scale and formulated into a subcutaneously injectable liquid formulation for clinical use. These
features of hBS910 enable routine prophylaxis by subcutaneous delivery at a long dosing interval without considering the
development or presence of FVIIl inhibitors. We expect that hBS910 (investigational drug name: ACE910) will provide
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Introduction

Hemophilia A is caused by an X-linked inherited dysfunction of

coagulation factor VIII (FVIII). Patients with severe hemophilia A,
who have plasma FVIIT levels of less than 1% of normal, typically
experience bleeding events several times a month [1]. Routine
supplementation with exogenous human FVII to maintain FVII
levels at [% of normal or above is cffective for reducing joint
bleeding events and improving joint status and health-related
quality of life in hemophilia A patients [2]. However, there are two
major drawbacks to this prophylactic usage of exogenous FVIIL
The first drawback is the necessity of frequent intravenous
administration: three intravenous injections wecekly of FVIIT are
necessary because of its low subcutancous bioavailability and its
short plasma half-life [3,4,5]. The sccond drawback is the

PLOS ONE | www.plosone.org

development of inhibitory ant-FVIID alloantibadies, known as
“inhibitors” [6]. Once FVII inhibitors have developed, routine
supplementation with exogenous FVIIT will be no longer effective
and the usage of exogenous FVIII for treating on-going bleeds is
restricted. In such cases, alternative agents, such as activated factor
VII and activated prothrombin complex concentrate, which are
more expensive and have less stable hemostatic effects, need to be
used to control bleeding [7,8]. Therefore, a new agent that
resolves these drawbacks of exogenous FVIILis awaited in the field
of the bleeding prophylaxis of severe hemophilia A.

Monoclonal antibodies have become an important therapeutic
option in numerous diseases and are expected to play a greater
role in the future of disease treatment [9,10}. Various monoclonal
antibodies have been generated {11]; these not only include those
with antagonistic activity but also those with agonistic activity [12],

February 2013 | Volume 8 | Issue 2 | e57479

catalytic activity [13], and allosteric activity {11, Antibody
engineering technologies 1o generate bispecific antibodies have
been extensively studied due to the huge potential of these
antibodies for therapeutic applications [15]. Bispecitic antibodies
can be applied w0 simultancously target two disease related
antigens, retarget effector eells against the arget cell {167, and co-
ligate two different antigens on the same cell {17].

FVII is cleaved by thrombin or factor Na (FNa
resultant factor VIa (FVIHIa) presents a heterotrimeric structure
consisting of the Al subunit, the A2 subunit, and the light chain
[18]. Simultancous binding of FVIIIa to FINa and FX by t
chain and the A2 subunit, and by the Al subunit, respectively
contributes to FVIHT cofactor activity which plac Na and
into proximity, and also allosterically enhances the ca
constant of FIXa [19,20,21,22,23] (Fig. 1A).

), and the

Iytic rate

Considering this function of FVII and the versatlities of

antibodics, we hypothesized that a bispecific antibody recognizing
FIXa with one arm and FX with the other arm could mimic the
FVIII cofactor activity by placing FINa and FX in spatially
appropriate positions, and by allosterically enhancing the catalytc
activity of FIXa (Fig. 1B) [25]. We have recentdy reported
a recombinant humanized bispecific antibody to FINa and FX,
termed hBS23, which exerted coagulation activity in FVIII-
deficient plasma, even in the presence of FVIHL inhibitors, and
showed fn ziee hemostatic activity in a cynomolgus monkey model
of acquired hemophilia A, and had high subcutancous bio-

A FVilla

Phospholipid membrane

B Bispecific antibody

an
Phospholipid membrarne

Factor VIt Mimetic Bispecific 1gG Antibody

availability and a 2-week hallHlife in cynomolgus monkey [23].
Although the pharmacological concept of FVHI-mimetic bispecific
antibody was clearly demonsirated in this report, the detail of this
Xa/FX asymmewric bispecific IgGoandbody identification
was not deseribed, and moreover, It required further optimization
in several ways hefore the clinical use of such an agent in humans,

For therapeutic development, optimization of ihe bispecific
antibody by molecular  engineering w  enable  Jarge-scale
manufacturing of the bispecific anibody at clinival grade would
be required. Although a variety of molecular formats for bispeailic
antibodies have been studivd, including single-chain diabody,
tandem sclv, IgGeseFy, DVD-lg, CrossMab, and dual-binding
Fab {24], we selected an asymmetric bispecific IgG format because
it is the only format that can recognize FINa and FX with each
arm and has 1 long halflife and a native IgG structure. However,

=

recombinam production of this format is challenging in compar-
ison to the other formats because it consists of two different heavy
chains and two different light chains which would result in the
seeretion of a mixture of wn different combinations of heavy and
fight chains {25]. Purification of one desired bispecific antbody
from 2 mixture including nine miss-paived byproducts is nearly
impuossit ngincering technolog
have been previowsdy reported. I
fight chain by phage display as the partner of the tyo heavy chains
can reduce the number of heavy and light combinadions w three:
one heterodimeric bispecific antibody and two  homodimeric

ies to resolve such a diflicalty

t, idemtification of a common

Figure 1. Schematic illustrations of cofactor actions of FVilla and a bispecific antibody promoting the interaction between FiXa and
FX. (A) FVilla forms a complex with FIXa and supports the interaction between FiXa and FX through its binding ability to both factors on the
phospholipid membrane. (B) A bispecific antibody binding to FIXa and FX would promote the interaction between FiXa and FX and exert FVIli-

mimetic activity on the phospholipid membrane.
doi:10.1371/journal.pone.0057479.g001
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monospecilic antibodies [26]. However, sclection of 2 common
light chain with potent FVII-mimetic activity based on the
binding aflinity by phage display was not leasible for our bispecific
antibody, because higher binding allinities was considered not to
lead to higher activity. To date, alternative approach to obtain
common light chain has not been reported. Sccond, engineering
the Cyu3 domain to [acilitate Fe heterodimerization can minimize
the amount of homodimeric byproducts [25,26]. Nevertheless, the
cfficiency ol heterodimerization is not complete; therefore, a small
amount of homodimeric byproduct is formed, which needs to be
removed in the downstream purification  process.  However,
because the biophysical properties of the homodimeric byproduets
are often similar o those of the target big c antibody,
purilying the target bispecific antibody on a large scale for clinical
applications is still challenging. To date, technologies to address
this issue have not been reported. Thercfore, improving the
manufacturability ol this type of FVIII-mimetic antibody by
molecular engineering is required for therapeutic application.

Morcover, for maximizing the therapeutic potential of FVIII-
mimetic bispecific antibody, optimization to increase the FVII-
mimetic activity of the bispecific antibody, prolong the half-life,
improve the physicochemical properties of the antibody and
reduce the immunogenicity of the humanized antibody would be
required. s would enable more effective and long-term
prophylaxis with stronger hemostatic elfect for hemophilia A
patients by a subcutancous formulation with a longer dosing
interval.

In this paper, we report molecular identification and multidi-
mensional optimization of a FVIII-mimetic bispecific antibody
which can be used for clinical application. At the start of this study,
we examined bispecific combinations of large number of mono-
clonal anti-FIXa and anti-FX antibodies, and identified the lead
anti-FIXa/FX  bispecific IgG antibody baving FVIII-mimetic
activity. Then, this lead bispecific antibody was subjected to
multidimensional optimization processes [27] to improve both its
therapeutic potential and - manufacturahility. We  successtully
generated a humanized bispecific IgG antibody having suflicient
FVHI-mimetic activity for prophylactic use even in the presence of
FVHI inhibitors, high subcutancous bicavailability with an
approximately 3-week plasma halflife in cynomolgus monkeys,
and minimal immunogenicity risk. In addition, molecular engi-
neering enabled purification on a large manufacturing scale and
formulation into a liquid formulation of 150 mg/mL for sub-
cutancous delivery. We expect that this ant-FIXa/FX bispecific
antibody mimicking FVIII cofactor activity will provide significant
benefit for managing bleeding events in severe hemophilia A
patients.

Results,

Research Flow of Identification and Multidimensional
Optimization of Lead FVIil-mimetic anti-FIXa/FX Bispecific
Antibody

Figure 2 shows the {low of the screening process to identify the
Iead bispecific antibody with a common light chain (BS13). BS15
was generated by combinatorial screening of bispecific antibodies
composed of anti-FIXa and anti-FX antibodies derived from
immunizatien, followed by screening of common light chains and
then framework/complementarity determining region (FR/CDR)
shuflling.

Figure 3 represents the multidimensional optimization flow o
generate the bispecific antibody with the most  appropriate
propertics for clinical application (hBS910) from the lead bispecilic
antibody (BS15). BS15 was firstly humanized to generate hBSI,

PLOS ONE | www.plosone.org
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lollowed Dby engineering 10 improve FVII-mimetic activity
(hBS106), improve pharmacokinetics (hBS128 and hBS$228),
cnable purification of target bispecific antibody (hBS366 and
hBS376), improve solubility (hBS560), remove deamidation site
(hBS660), and reduce immunogenicity risk (deimmunization) to
generate a multidimensionally optimized  bispecific  antibody
(hBS910). Through this multidimensional optimization process,
the numbers of variable region variants that we have generated for
anti-FIXa heavy chain, anti-FX heavy chain and common light
chain were approximately 500, 300 and 400, respectively, and the
number of bispecific IgG antibodies that we have prepared and
cvaluated s approximately 2,400. Supplementary table S1
represents the number of mutations which were introduced into
hBS1 1o generate bispecilic antibodies described in this report.

Identification of Lead Anti-FIXa/FX Bispecific Antibody
with FVIll-mimetic Activity

Approximatcly 200 monoclonal antibodics against FIXa or FX
were obtained [rom animals immunized with cither human FIXa
or FX. Approximately 40,000 bispecitic IgG antibodies that
comprised diflerent combinations of anti-FIXa and anti-FX
antibodies in cach arm were expressed. Although the expression
product of two different heavy chain and two dilerent light chain
genes consists of a mixture of ten different species with different
heavy and light chain combinations, including the one desired
bispecific antibody and the nine miss-paired antibodies (miss-
paired antibody includes two  homodimeric  antibodies with
a correct heavy and light chain pair), Fc heterodimerization
mutations would theoretically enable expression of an antibody
mixture containing at least approximately 20% of the target

bispecific antibody (sce methods for detail) [25]. A total number of

94 bispecific antibodies, or combinations of anti-FIXa heavy chain
and anti-FX heavy chain, which had FVHI-mimetic activity were
successfully identified by an enzymatic assay. Heavy chain
combinations were selected from the point ol high FVIH-mimetic
activity, not from the point of the similarity of the cognate light
chain.

Next, in order to identify a common light chain for the different
heavy chains to FIXa and FX, the sclected heavy chain
combinations were expressed with cither one of cognate light
chains. Out of 188 light chain commonized bispecific antibodics,
the most potent one, termed cl, which consisted of rat anti-FiXa
Vi1 and mouse anti-FFX Vi chimerized with human IgG, and rat
anti-FIXa V, chimerized with human « (cIL), was sclected for the
next step.

Finally, in order to design a more potent common light chain,
we performed FR/ZCDR shufiling. Since the cognate light chain
for the selected anti-FX Vi (€2L) was not cflective as a4 common
light chain at all {(data not shown), we tried to seck another
ellective common light chain with a high homalogy to ¢2L. From
our antibody source, we identilied a light chain (¢3L) whose CDR
sequence had >85% homalogy to that of ¢2L, and found out that
it was clfective as a common light chain for the selected two heavy
chains. Therefore, we decided to use ¢3L for FR/CDR shulfling,
too. Then, CDRs of ¢1L, ¢2L and ¢3L were shuflled among cach
other and grafied onto the FRs of ¢1L and ¢3L to generate twenty
four light chain variants (supplementary Fig. S2A). Twenty four
light chain variants were expressed with the two heavy chains, and
the most potent common light chain, BS15L, 2 mousc—rat hybrid
Vi chimerized with human «, was identified (supplementary Fig.
52B). Thus, the light chain communized bispecific antibody with
BSI5L was sclected as the lead chimeric bispecific 1gG antibody
(termed BS15).
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doi:10.1371/journal.pone.0057479.g003

PLOS ONE | www.plosene,org 4 February 2013 | Volume 8 | Issue 2 | 57479



— 997 —

Humanization of Lead Chimeric Bispecific Antibody

The lead chimeric bispecific IgG antibody, BS15, was iub)u\cd
to humanization. CDRs of the anti-FIXa hea: i
heavy chain and the common light chain were grafted onto
homologous human antibody FRs, which were the FRs of Vi3,
Vul and Vil subfamilies respectively, by using a conventional
CDR grafting approach {28]. A humanized bispecific IgG,
antibody, termed hBS1, was successfully generated while main-
taining FVIII-mimetic activity (supplementary Fig. S3).

Improving FVill-mimetic Activity of the Bispecific
Antibody

Although the humanized bispecilic antibody hBS1 enhanced
FX activation dose-dependently, demonstrating FVI-mimetic
activity, its therapeutic potential was marginal and its FVIII-
mimetic activity needed to be improved for therapeutic applica-
tion. Thercfore, we explored mutations in the CDRs of hBSI 1o
improve the FVII-mimetic actvity, and we identified several
effective mutations in the CDRs of the three chains. Following
extensive studies to identify effective combinations of mutations
that additively or synergistically improved FVIH-mimetic activity,
we successfully generated hBS106. hBS106 demonstrated marked
improvement of FVIII-mimetic activity over hBS!, including
maximum activity, in the enzymatic assay (Fig. 4A).

During the course of subsequent optimization of hBS106 from
the point of other aspects, FVIII-mimetic activity was monitored
for cach mutation so that the mutation would not compromise the
activity. Morcover, further screening for mutations to further
improve the activity was performed in parallel with other
optimizations. Finally, we successfully generated hBS910, whose
activity was even higher than that of hBS106 (Fig. 4A).

Improving Pharmacokinetics of the Bispecific Antibody

To assess the pharmacokinetics of hBSI106, the variant with
improved FVII-mimetic activity, the time course of the plasma
concentration of this antibody (Fig. 4B) and its pharmacokinetic
parameters (supplementary Table $2) were determined in mice.
Clearance of hBS106 (67 mL/day/kg) was unexpectedly larger
than the clearance of human IgG, antibody reported in mice after
subcutancous injection (3-20 mL/day/kg) [29].
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Figure 4. Imp of th ial of the bispecifi
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A homology model of hBS106 was used to explore the
molecular features responsible for the poor pharmacokinet
and a positiv
the anti- arm (supplementary Fig. S4). To remove this
cluster, we initially attempted subjecting lysine and  arginine
residues in the cluster to mutagenesis. However, these residues
were found to be indispensable for the FVIHI-mimetic activity

=

(data not shown). Therefore, we explored the introduction of

negatively charged residues near the cluster to neutralize the
positive charge, and we identified a Tyr30Glhn mutation in the
common light chain that achieved this without any reduction in
FVIHI-mimetic activity. With hBS128, a variant of hBS106 with
the single Tyr30Glu mutation, we observed improved plasma
concentration and an approximately 4-fold improvement in the
clearance compared to hBS106. Furthermore, the isoelectric point
{pl) of hBS128 was lowered by introducing multiple mutations in
the variable regions. hBS228, a variant of hBS128 with lowered
pl, demonstrated further improved plasma concentration and
approximately 2-fold improvement in clearance compared to

hBS128 (Fig. 4B, supplementary Table $2). During the course of

subscquent optimization of hBS228, we constantly made an effort
to further improve the pharmacokinetics of the bispecific antibody.

Isoelectric Point Engineering to Facilitate Purification of
the Target Bispecific Antibody

Having a common light chain reduces the number of pairs of

heavy and light chains to three, and engineering the C3 domain
enables preferential seeretion of heterodimerized heavy chains.
However, it is stll difficult to completely prevent miss-paired
homodimerization in large-scale production. Thercfore, a down-
stream purification process to remove homodimeric byproducts is
essential for pharmaceutical development. Ion exchange chroma-
tography (IEC) is the major purification process by which to

remove impurities after Protein A purification. The retention of
IgG antibodies by IEC is determined by the electrostatic charge of

the antibody molecule, which can be measured as its pl
Therefore, the pls of hBS128 and hBS228, variants with improved
pharmacokin and pls of their homodimeric byproducts were
determined by ¢IEF (Fig. 5A). For both hBS128 and hBS228, the
pls of the bispecilic antibody and the homodimeric byproducts

= hBS106
+ hBS128
# hBS228

0 2 4 6 8 10 12 14
Time (day)

antibody. (A) Improving FViil-mimetic activity of the bispecific antibody.

Effect of hBS1 (circles), hBS106 (squares) and hBS910 (diamonds) on FX activation in the presence of FIXa, FX, and synthetic phospholipid is shown.
The Y-axis indicates the absorbance at 405 nm of the chromogenic substrate assay (in many cases, the bars depicting s.d. are shorter than the height
of the symbols). (B) Improving pharmacokinetics of the bispecific antibody. Time profiles of plasma concentration of hBS106 (circles), hBS128
(squares), and hBS228 (diamonds) in mice after subcutaneous injection at a dose of 1 mg/kg are shown. All the data were collected in triplicate and

are expressed as mean * s.d.
doi:10.1371/journal. pone.0057479.g004
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Figure 5. isoel: ic point i ing to facili purification of the target bispecific antibody. {A] isoelectric points of target bispecific
{squares) antibodies and homodimeric byproducts (anti-FIXa monospecific antibodies {circles) and anti-FX monospecific antibodies {diamonds))
determined by clEF. (B) Cation exchange purification chromatogram of the target bispecific antibody of hB5560 from its homodimeric byproducts
with step-wise elution with different NaCl concentrations. Peak 1, anti-FX homodimeric antibody; Peak 2, target bispecific antibody: Peak 3, anti-FiXa
homodimeric antibody. Each peak area of peak 1, peak 2 and peak 3 was 9.9%, 85.7% and 4.4%, respectively.

doi:10.1371/journal pone.0057479.g005

y close 10 each other, indicating that purification of the
bispecific antibody hBS128 or hBS228 from the mixwure of
homodimeric byproducts is not feasible.

To facilitate the purification of the bispecific antibody,
implemented pl engineering into cither one of the heavy
variable regions to increase the pl diflerence between the bispeeific
antibody and the homodimeric byproducts. We  successfully
generated two variants, hBS366 (pl of the anti-FN heavy chain
is lowered) and hBS376 (pl of the anti-FINa heavy chain is
lowered), in which FVHI-mimetic activity was maintained. The
difference in the pl between the antibody  and
homadimeric byproducts markedly increased (Fig. 5AL

hBS366 was further optimized from the point of solubility {detail
in the next paragraph), to generate hBS560. The target molecular
form of hBS560 (heterodimeric bispecific amibody} was well
separated from the two homodimeric byproducts by using vation
exchange chromatography with siep-wise chaion (Fig. During
the course of subsequent optimization of hBS360, the pl differenc
bewween the two heavy chains was carclully maintained. The
multidimensionally optimized variant hBS910 was capable of
being purified on a large production scale (2500-liter fermenta-
tion).

Improving Solubility Properties of the Bispecific Antibody
BBS106, a variant with improved FVHI-mimetic activity, had
unexpectedly low solubility, exhibiting cither precipitation or
liquid-liquid phase separation [30] {supplementary Fig, S5). This
lack of solubility was partially due to the positive charg
since the Tyr30Glu mutation deseribed above markedly improved
However, for hBS376, the variant whose anti-FINa
n pl was lowered, at concentrations of 4 and ) mg/
tation and phase separation still occurred in phosphate
buffer of pH 5.5 to 7.0 and NaCl of 100 mM or less (Fig. 6A).
To improve the solubility of hBS376, mutatiol
regions of hBS376 were explored. Several effective mutations
including substitutions ol hydrophobic residues into hydrophilic
residues were identified, and their combinations successfully
generated  hBS560.  Precipitation  and  phase  separation of

cluster,

n the variable

PLOS ONE | www.plosone.org

hBS560, the variant with improved solubility, was markedly
suppressed and oceurred only below 40 mM NaCl {Fig. 6A). The
solubility of hBS560 was more than 100 mg/ml. During the
course of subsequent optimization of hBS560, the effect of
mutations on the solubility was constantly monitored and we
miade further cfforts on improving the solubility, We suceessfully
generated hBSS10, a multidinensionally optimized variant, which
did not exhibit precipitadon or phase separation under the
{ AL Punthermore, hBS910 could be
cast 200 mg/ml.

conditions tested

concentrated up o a

Removing Deamidation Site in the CDR of the Bispecific
Antibody

An accelerated stability stndy revealed thar hBSS6U exhibited
asparagine deamidation in the third complementarivy-detenmining
(Asn99) of the ant-FINa arm

region ol the heavy chain

after incubation
the acidic peak in the ©
Fig. 6B) {31}, and reduction of FVHEmimetic activity we
observed {data not shown) A single mutaton of Asn99 10 another
amino acid to remove this deamidation site was not feasible due 1o
the loss of FVIH-mimetic activity and solubility. Subsequends,
a double mutation was explored, and hBSGG0, in which
a His98Arg and Asn99Glu double mutation was imroduced o
hBS560, was idemtified to maintain the FVIH-mimetic a Y.
BBS660 showed no increase in the acidic peak afier incubation,
removed {Fig. 6B).

S

demonstrating that the deamidation site w;
During the cowrse ol subsequent optimization of hBS660,
deamidation was carcfully monitored, and successfully generated
hBS910, « muliidimensionally optimized variant, which did not

exhibit deamidation.

Deimmunization of Humanized Bispecific Antibody by
Removing T-cell Epitopes

During the course of multidimensional optimization of hBSI,
the effects of cach mutation on immunogenicity were evaluated by
Epibase (Lonza), an i silico T-cell epitope prediction system [32].
Any mutation that was predicted 1o increase the  potential

February 2013 | Volume 8 | Issue 2 | e57479
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Figure 6. Imp of phar ical properties of bispecific antibodies. (A) Antibody solution profiles of hBS376 and hBS560 at
different antibody concentrations, pH, and NaCl concentrations. The antibody sofution under each condition was photographed and the state
determined (P, precipitation; L, liquid-liquid phase separation; -, clear liquid). (B} Cation exchange chromatography of hBS560 and hBS660 before
(black) and after incubation at 40°C for 2 weeks (red). Acidic peak indicating deamidation at HCDR3 increased after incubation at 40°C for 2 weeks for
hBS560. No marked increase of acidic peak was observed for hBS660.

doi:10.1371/journal.pone.0057479.g006
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immunogenicity risk was avoided as much as possible. Simulta-
ncously, to gencrate a  bispecific antibody with  minimum
immunogenicity risk, any mutation that was predicted to decrease
the potential immunogenicity risk by reducing the number of T-
cell epitopes was screenced.

The immunogenicity risk score of hBS910, the multidimension-
ally optimized variant, was markedly decreased compared o the
lead chimeric antibody (BS15) and its humanized version (hBS1),
and was comparable to trastuzumab and pa mab which arc
non-immunogenic in clinical (supplementary Fig. S6A). Morcover,
EpiMatrix (EpiVax), another i sifico immunogenicity prediction
system [33,34], also predicted that the sequence of hBS910 was
minimally immunogenic (supplementary Fig. S6B).

T,

Therapeutic Potential of the Multidimensionally
Optimized Bispecific Antibody, hBS910

To examine the therapeutic potential of hBS910, its FVIII-
mimetic activity was compared with human FVIII by using
thrombin generation assay (TGA) [23,35,36] in commercially
available human FVIII-deficient plasma which was derived from
a single donor with severe hemophilia A without FVIII inhibitors
(Fig. 7A). hBS910 dosc-dependently increased peak height (defined
as the peak concentration of free thrombin) in the same manner as
recombinant human FVIIL (thFVIID. The thrombin generation

activity of hBS910 was also observed even in plasma of

a hemophilia A donor who has FVIII inhibitors, whereas 1 U/
mL of thFVIII did not exhibit any effects {data not shown). On the
other hand, while polyclonal anti-idiotype antibodies to the anti-
FIXa Fab or anti-FX Fab of hBS910 completely inhibited the
activity of hBS910, they did not interfere with rhFVIIT activity at
all (data not shown),

To assess the potential for subcutancous delivery with a long
dosing interval, hBS910 was intravenously and subcutancously
administrated to cynomolgus monkeys, and the time course of the
antibody plasma concentration and pharmacokinetic parameters
were obtained (Fig. 7B, supplementary Table $3). The sub-
cutancous bioavailability was suflicientdy high (86%) and the
plasma hall-life was approximately 3 weeks. Morcover, hBS910
could be formulated into a 150 mg/mL liquid formulation for
subcutancous delivery in the clinical setting without any significant
aggregation or degradation during storage.

Discussion

The lead bispecilic antibody was
40,000 diﬂ'crcm l)ispuiﬁc antibodi
the criteriz
(<0.3%). antibody
requires simultancous binding to the appropriate epitope of both
FIXa and FX in order to place these two factors into a spatially
appropriate position and precisely bring the catalytic site of FIXa
close 10 the cleavage site of FX. Requirement of simultancous
binding to FIXa and FX by a single bispecilic antibody was
supported by the fact that only a bispecific antibody, and neither
monospecific antibodies nor a mixture of them, exhibited FVIII-
mimetic activity (supplementary Fig. $7).

Generally, the biological activity of antagonistic antibodies can
be improved by increasing the binding aflinity to the target antigen
[37,38]. The biological activity of agonistic antibodics, on the
other hand, is reported to be inversely correlated with the allinity
to the antigen, presumably duc to the necessity to dissociate from
the antigen to repeatedly induce agonistic signals to the target
[39]. In the case of our bispecific antibody, the antibody needs to
bind to both FIXa and FX with suflicient aflinity to promote the

identified [rom approximatcly
Bispecilic mml)o(hu meeting

FVHI cofactor activity we
s seems reasonable since such a bi
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Figure 7. Th ial of Itidi i lly opti-

mized blspeqfn: annhody, hBS910. (A) FVIll-mimetic activity of
hBS910 in thrombin generation assay (TGA). Effect of hBS910 (circles) or
rec i human FVIIl (sqL ) on thrombin generation in FVili-
deficient plasma is shown The reaction was triggered by FXla, synthetic
phospholipid, and Ca*'. The Y-axis indicates the peak height, a thrombin
generation parameter (in many cases, the bars depicting s.d. are shorter
than the height of the symbols). Data were collected in triplicate for
each plasma lot and are expressed as mean * s.d. (B) Pharmacokinetics
of hBS910 in cynomolgus monkeys. Time profiles of pfasma concen-
tration of hBS910 after intravenous (circles) or subcutaneous (squares)
injection are shown.

dei:10.1371/journal.pone.0057479.g007

interaction between the fi

tors, while after FX activation by FIXa,
FXa needs to be rapidly dissociated from the antibody to proceed
to the subsequent coagulation reaction and to enable the antibody
to turn over. Therelore, wi
binding allinity 0 both T
improve the FVITE-mimetic activity. Consequently, gener:
variants that had improved activity required screening of a targe
number of variants in which mutations had been introduced via
structure-based or random mutagenesis. These mutations were
mainly introduced o the residues that were predicted to directly or
indirecdy contact the antigen by the homology modeling of the
lead antibody or experimentally identified to affect FVIIT-mimetic
activity,

To gain insights into the mechanisms underlying the improve-
ment in activity, kinetic analyses of hBS1, hB$106, and hBS910
(bispecific antibodies cach with different FVHI-mimetic 4\L\l\'l())
binding 0 FINa and FX were performed by SPR - analysis
(supplementary  Fig. S8A, B). However, because the kinetic
parameters ol these antibodies were diflerently affected by the
fiting conditions of the sensorgrams, we were not able to obtain
meaningful kinetic parameters with which o compare these
antibodies. Nevertheless, the hinding properties of these antibodies

ase in the

sumed that a simple inc
INa and X would not nec
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were obviously different, and these changes might have contrib-
uted to the improvement in activity. It appears that the binding
affinity of hBS910 to FIXa is weaker than hBS1 and hBS106, and
hBS910 has faster association and dissociation rate for FX.
Although this tendency might result in rapid turnover of FX
activation by the bispecilic antibody and explain the highest
FVIIT-mimetic activity of hBS910, it does not explain the large
difference of FVHI-mimetic activity between hBS1 and hBS106.
Since bispecific antibody needs to strictly place catalytic site of
FIXa to the cleavage site of FX and may require allosteric effect
on FIXa in order to mimic the function of FVIIL it can be
postulated that the improved FVII-mimetic activity of hBS106
compared to hBST may be derived not only from the changes in
the binding kinetics but also from the subtle changes in the binding
epitope, binding angle or allosteric effect caused by the mutations
introduced.

The FVIH-mimetic activity of 30 nM hBS910 was cquivalent to
rhIFVIIT activity at 0.01 TU/mL (1% of normal level), and the
activity of 300 nM hBS910 was greater than rhFVIIT activity at
0.1 [U/mL (10% of normal level) in the TGA using human FVIII-
deficient plasma. The activity was also observed cven in the
presence of FVIIT inhibitors, which is reasonable considering the
lack of homology between the sequences of hBS910 and FVIIL
Recently, we have demonstrated that FVHI-mimetic bispecific
antibody, termed hBS23, exerts hemostatic activity o wizo in
acquired hemophilia A model using cynomolgus monkey, which
was considered sufficient for routine prophylaxis [23]. hBS23 is
one of the FVHI-mimetic activity improved nts obtained
during the multidimensional optimization o generate hBS910,
and has similar FVIII-mimetic activity as hBS106. Kinetic analysis
[23] of hBS23 and hBS910 demonstrated that hBS910 showed
two times the eflect on increasing kea/Ay, compared to hBS23
(unpublished data). In human FVII-deficient plasma, hBS910
required only two third of plasma concentration to exhibit the
equivalent activity to hBS23 in the 'TGA, suggesting that hBS910
has 1.5 times the activity to promote thrombin burst (unpublished
data). When compared with FVIIL, this i vioo hemostatic eflect
was consistent with its a vitre activity in TGA. Thus, the above
results clearly demonstrate that hBS910, w more potent
than hBS23, could exert FVII-mimetic activity in hemophilia A
patients suflicient to achieve routine prophylaxis regardless of the
presence of FVIT inhibitors. The amino acid sequence ol hBS23 is
described in our patent as an antibody name Q153-G4k/J142-
G4h/L180-k, and that of hBS910 is described in the patent [Igawa
T, Sampei Z, Kojima T, Socda T, Muto A, et al. Multi-specific
antigen-binding molecule having alternative function to function
of blood coagulation factor VIII. WO/2012/067176].

It is highly desirable that our bispecific antibody be able to be
administered subcutancously with a long interval between doses.
The poor pharmacokinetics of hBSI06 in mice was partially
attributed to the large positive charge cluster, and the single
Tyr30Glu mutation to newwralize this charge cluster markedly
improved the pharmacokinetics. Such a charge cluster may
in ¢ non-specific binding to the extracellular matrix which
would increase the clearance of the molecule. Recently, it was
reported that antibodies with lower pl have better pharmacoki-
netics, and engineering antibodies 1o lower the pl improved their
pharmacokinetics {29]. This approach was successfully applied to
our bispecilic antibody. hBS910 exhibited a plasma half-life of
approximately 3 weeks in cynomolgus monkeys, which is longer
than the half-lives of hBS23 (approximately 2 wecks) [23) and
other humanized or fully human IgG antibodies [40,41], pre-
sumably due to the benefit of pl engineering. Since the half-lives of
1gG antibodies are generally longer in humans than in cynomolgus
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monkeys [42], we expect that hBS910 would have a half-life of at
least 3 weeks in humans, which is overwhelmingly longer than that
of exogenous FVIT (0.5 day: . Furthermore, hBS910 exhibited
86% sub bioavailability, ¢ with that of other
IgG antibodies [24,43,44], providing a huge advantage over
exogenous FVI which requires intravenous administration [5].
This high subcutancous bioavailability and long halfife of
hBS910 strongly supports the feasibility of routine prophylaxis
by subcutancous administration with a long dosing interval.

We utilized an in silico T-cell epitope prediction system, Epil
to minimize the number of T-cell epitopes present in the bispecific
antibody. The immunogenicity risk of hBS$910 was predicted not
only by Epibase but also by EpiMatrix to be comparable with that
of non-immunogenic antibodies. Considering that up to 30% of
patients develop inhibitors against exogenous FVIIT [45], immu-
nogenicity is an important issue in the routine prophylaxis of
hemophilia A, Although the true immunogenicity of hBS910
needs to be evaluated clinically, it is noteworthy that two different
in silico systems predicted hBS910 to be non-immunogenic.
However, the possibility that a small number of patients could
develop anti-hBS910 antibodies cannot be ruled out. In case
hBS910 becomes ineflective owing to development of anti-hBS910
antibodics, it is important that they do not cross-react with FVII
so that exogenous FVIIT treatment remaing as an alternative. In
addition to the fact that there is no homology between the amino
acid sequences of hBS910 and FVIH, the risk of such cros
reactivity was found to be negligible because polyclonal anti-
idiotype antibodies against hBS910 did not inhibit the thrombin
generation activity of FVIIL This demonstrates that the de-
velopment of anti-hBS910 antibodies would not compromise the
use of exogenous human FVIII therapy.

No recombinant bispecilic IgG antibody has yet reached the
market. One of the reasons is the difficulty in large-scale
manufacturing at clinical grade. Identification of a common light
chain is an important step for manufacturing asymmetric bispecific
IgG antibodies. A previous study utilized a phage display library to
identify a common light chain for the two heavy chains against
dilferent antigens [26]. However, since high-aflinity binding to
FIXa or FX would not necessarily result in high FVHI-mimetic
activity, selection of a common light chain with potent activity
based on the binding allinity by phage display was not feasible. We
successfully identified a potent common light chain by a novel FR/
CDR shuflling approach. Since we were able to obtain the
common light chain (BS15L) that had much betier potency than
the parental light chain (cIL) from the inital tventy four light
chain variants, we did not perform further shuflling of FRs.
Because residues in the FR often aflects antigen binding of the
antibady, we propose that shuflling of both CDRs and FRs would
be an efficient and general approach to idemily potent common
light chains for bispecific antibodies. This novel approach enables
incorporation of the beneficial residues from each CDR and FR
into a common light chain. Although it might be not suitable for
screening common light chain against large pancls of heavy
chains, this approach can be generally applicable for identification
of a common light chain for the selected pair of heavy chains
without using a hbrary display system. In our other asymmetric
bispecific antibodies with the same molecular format, common
light chains for two different heavy chains could be successfully
identificd by this approach. In some cases, it was possible to
direedy identify humanized common light chain by performing
CDR shuflling on the human FRs. This could be a more efficient
approach since it abbreviates the following humanization process.
However, since FR residues are often important for antigen
binding property, we took more cautious approach in this FVIII-
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mimetic bispecific antibody, and performed CDR shullling on its
cognate FRs 1o identify a potent common light ¢
humanization of the identified common light chain.

Although the heavy chain heterodimerization efficiency de-
pended on the expression balance of cach heavy chain, our Fe
heterodimerization mutations achieved approximately 85% effi-
cieney for hBS560 in the system of unoptimized expression
balance (Fig. 5B). Nevertheless, expression of 2 small amount of
monospecific homodimeric antibodies s Inevitable even with Fe
heterodimerization mutations. In the case of our bispecilic
antibody, byproducts are anti-FIXa and anti-FX bivalent mono-
specific antibodies. These byproducts are not simply impurities

in, followed by

with no activity, but they have the potential w0 competitively
inhibit the activity of the bispecific amtibody by bivalent binding to
the factors. Therefore, homodimeric byproducts need o be
removed as much as possible by a downstream process. However,
the only molecular difference between a homodimeric hyproduct
and the bispecific antibody is the heavy chain varfable region of
one arm. Since antibody variable regions generally have similar
sequences except for the CDRs, it was assumed that separation off
such byproducts from the bispecific antibody by 1EC would be
difficult. Thercfore, we ook the advantage of pl engineering, and
engineered the heavy chain variable region o increase the pl
difference between the bispecific antibody and the byproducts,
thereby improving the separation by TEC. pl engineered hBSG10
could be actually purified from 2500-liter fermentation by Protwin
wtion processes.

A and IEC using conventional antibody pur
Such a novel pl engincering approach would be generally
applicable 1o faciliate the purification of bispecilic IgG antibodics.

To realize subcwtancous delivery in a clinical setting, bispecific
antibodics need to be formulated into a high concentration
>100 mg/mL) since the volume that can be subcutancou:
injected is generally limited to less than 1.5 mL [46]. However,
hBS376 exhibited phase separation even at 4 mg/mlL. Phase
separation of antibody solutions imo an upper phase with fow
antibody concentration and a lower phase with high antibady
concentration not only preciudes high concentration formulation
but also makes downstream purification processes dilficak [30]. It
has been recently reported that low solubility of antibodies has
been overcome by introducing specific muations into  the
molecular surface {47], but mutations to prevent phase separation
have not been reported. We demonstrated that phase separation of
hBS376 could also be climinated by introducing muliple
mutations into the molecular surface. hBS910 exhibited no phase
separation under the conditions tested, and could be concentrated
up to at least 200 mg/mlL without any issue.

Since FVII is unstable under liquid formulaton, all the
marketed FVIIT agents are distributed as lyophilized formulation,
and therefore require reconstitution before injection. Liquid
formulation allows injection without this process, and thus would
be much more convenient for the patients. However, monoclonal
antibodies stored in aqueous solution often undergo deamidation
of the asparagine residues in the CDRs resulting in reduction of
the biological activity of the antibody, which was the case for
hBS560 {31]. Although the general strategy is 1o remove the
deamidation site by mutating the asparagine residue itsell”
another amino acid, this strategy was not feasible in the case of
hBS560. A simultancous double mutation approach enabled
storage of hBSIL0 at 40°C for 2 weeks without reduction of
activity. Consequently, hBS910 could be stably stored in a patient-
friendly 150 mg/mL liquid formulation, which would enable
approximately 3 mg/kg subcutancous delivery in humans (1.5 mL
injection for a 75 kg patient). Considering the FVIH-mimetic
activity determined by TGA and the pharmacokinetics in
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cynomolgus monkeys, such a formalation would provide effective
prophylaxis by subcwaneous delivery with a long dosing intenval,

In conclusion, we have generated a novel humanized anti-
FINa/FX bispecific IgG anibody, hBSO10, through a process of
identfying the ead candidate  from  approximately 40,000
bispecific combinations, followed by a mulidimensional optimi-
zation process to improve both the therapeutic potential and dwe
manufacturabilivy. hBS910 overcomes the two major drawbacks of
xis by exogenons FVIL First, while exogenous

routine prophyls
FVHI requires frequent intravenous administration, hBS910 can
be subentanvously adminisiered with o long dosing Inmterval,
Second, while the development of FVI inhibitors is & critical
issue for exogenous FVTIL our study suggests that hBS910 can be
used without fear of developing FVIHT inhibitors and can be used
in patients who have already developed FVI inhibitors. We
believe that BBSH0, with s mulidimensionally optimized profile,
will provide significant improvement in the qualiy of life of
hemophilian A patients by reducing not only bleeding but also the
burden on the patiesis themselves, their parents, and all medical
stall. Potential of hBSH10 dnvestigational drug name; ACES10) in
hemophilia A patient is carmenily being evaluated in elinical study.

Materials and Methods

Ethics Statement

Animal studies were performed in accordance with the Guide-
fines for the Care and Use of Laboratory Animals a1 Chugal
Pharmacewival Co., Lad. under the approval of the company™s
Institutional Animal Care and Use Commitee. The company is
Tully acoredited by the Assoctation Tor Assessment and Aceredi-
tation of Laboratory Animal Care International {(hup://www.
aaalac.org). Details of cynomalgus monkey care and maintenance,
including shelter and availability of food, water, and environmen-
tal ecnrichment are as follows. Identification of individuals
individual animals were idemified by microckip number. Each
idemified t e number indicated on the cage rack,

€
cage ype:
wemperaiure;

a stainless steel eage. housing density; 1 animal/cage,

air

18 Cro 28 €, relative humidity:
change frequencys at 10 dimes per b, illuminaton timing:
12 h per day, from T:00 am o 700 pm, feed; cynomolgus
monkeys were daily provided approximately 100 g of solid chow
(Centified Primate Dier 5048, Japan SLC) and supplementary
foods (1/2 peeled banana or 30 g of sweet potato} and drinking
water; animal room ap water, provided ad libhum using the
automatic water supply svstem. The studies involved injection of
the agents and collection of blood samples which did not require
procedures that would cause more than slight or momentary pain
or distress 10 the animals. All injections and blood colicction were
conducted by wained and qualified primate therapewtic safl’ in
Chugai Pharmaceutical. Provisions were made in the approved
protocol for veterinary intervention in the case of any dis
morbidity from the injected agent; however no adverse cvens
occurred  during the stadies or during the recovery period.

Therefore, no scarification of the animals was conducted.

Generation of Anti-FIXa/FX Bispecific Antibodies
Approximately 200 monoclonal antibodies to FIXa or FX were
obtained from FINa or FN immunized mice, rats, and rabbits.
The Vi and Vy of those antibodics were then combined with
engineered human IgGy or IgGy that included mutations 10
itate Fe heterodimerization. These engineered human IgGy or
which included the knobs-into-holes mutations {26
generated by introducing the same substitutions as those of 1gG,
knobs-into-holes to the corresponding positions of 1gGy and IgGy

were
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heavy chains, and were used through the screening for the lead
identification.  Anti-FIXa/FX  bispecific  were  generated by
HEK293 cells co-transfected with mixture of four plasmids
encoding anti-FIXa heavy and light chain and anti-FX heavy
and light chain (supplementary Fig. S$1). At the screening step for
lead identilication, we used knobs-into-holes mutations which
could achieve at least 90% efliciency ol the twoe heavy chain
heterodimerization. Il the assembly of a heavy chain with two light
chains occurs with cqual probability, 25% of heavy chain
heterodimerie antibodies will have the correct heavy and light
chain pair [25]. Theoretically, in the supernatant of transfected
cells, this would result in at least approximately 20%
(90% x25% = 22.5%) of antibodies to be the target bispecific
antibody, and less than 3% (10% x25% =2.5%) ol antibodies 10
be homodimeric antibodics with a correct heavy and light chain
pair. Transfected cells were cultured in 96-well culture plates, and
cither filtrated culture  supernatants or Protein A purified
antibodics were used for evaluation. We also gencerated bispecific
antibodies with a common light chain, ant-FIXa monospecific
IgG consisting of anti-FIXa heavy chain and a common light
chain, and anti-FX monospecific IgG consisting of anti-FX heavy
chain and a common light chain by the method described above.
The engincered human IgGy including the knobs-into-holes
mutations was used during the carly stage of the multidimensional
optimization, and a different engineered IgG, including electro-
static stcering mutations [25] was used during the late
optimization. By using the engincered I1gGy, approximar
95% of the Protein A purified antibody would be the tar
bispecilic antibody and the rest would be homodimeric antibodics.
For the detailed characterization of hBS910, homodimeric
antibodies were removed by ion exchange chromatography.

Screening Bispecific Antibodies for FVIll-mimetic Activity
(Enzymatic Assay)

The ability of cach antibody 10 enhance FIXa-catalized FXa
generation was evaluated in an enzymatie assay with purified
human coagulation factors (Enzyme Rescarch Laboratorics). The
FXa generation reaction was performed in the presence of 1 nM
human FIXa, 140 nM human FX, 20 pM synthetic phospholipid
(10% phosphatidylserine, 60% phosphatidylcholine and 30%
phosphatidylethanolamine; Avanti Polar Lipids) prepared as
previously described {48], and antibodies at room temperature
for 2 min in TBS containing 5 mM CaCly | mM MgCly and
0.1% (wt/vol) BSA (pH 7.6). The reaction was stopped by the
addition of EDTA at appropriate time points. The activity of the
FXa generated was determined by absorbance at 405 nm alier the
addition of chromogenic substrate $-2222 (Chromogenix). Data
were collected in wriplicate.

FR/CDR Shuffling of the Light Chains

CDRs of three light chains (¢IL, ¢2L and ¢3L) were shuflled
among cach other then gralted onto the FRs of cither ¢1L or ¢3L
to generate light chain variants (supplementary Fig. S2A). Since
¢2L and ¢3L had identical CDR1 and CDR2 scquences, we
g,gnu ated twenty four light chains (twelve CDR combinations in
) including parental ¢IL and ¢3L. Light chain variant
re gencrated by assembly PCR, and the twenty four
antibodies with these light chains were prepared as
described above. FVIIEmimetic activity of cach antibody was
evaluated in APTT assay with standard techniques using APTT
reagent (Sysmex) and FVII deficient plasma (Sysmex).
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Pharmacokinetic Study of Bispecific Antibodies in Mice

1 mg/kg doses of cach bispecific antibody were administered to
C57BL/6] normal mice {Charles River) by single subcutancous
injection (2= 3 for cach group). Blood samples were collected at an
appropriate time after cach administration. Plasma concentration
of bispecific antibodies was determined by human IgG-specific
ELISA. Pharmacokinetic parameters were calculated by Win-
Nonlin Professional software (Pharsight).

Determination of Isoelectric Point (pl) by Capillary
Isoelectric Focusing (clEF)

cIEF analyses of antibodics were performed with a PA800 plus
Pharmaceutical Analysis System and 32 Karat soltware (Beckman
Coulter) as described in the cIEF application guide (PN
AT8788AA). Briclly, antibody solutions (approximately | mg/
mL in PBS) were diluted 1:25 with ¢lEF master mix solution
containing cIEF gel, urea, Pharmalyte 3-10, arginine, iminodia-
cetic acid, and pI markers. A neutral capillary was preconditioned
by rinsing with urca solution, and samples were injected and
focused. The pl of each of the antibodies was determined from the
pl markers.

Separation of Bispecific Antibodies by Cation Exchange
Chromatography

Using an AKTAexplorer 108 (GE Healthcare), two HiTrap SP
FF I mL columns (GE Healthcare) were connected in tandem and
equilibrated by 20 mM sodium phosphate, pH 6.0. The clution
buffer contained an appropriate concentration of NaCl in this
cquilibration buffer. The load sample was first prepared from
culture supernatant using MabSelect Sure (GE Healtheare), and
was then dialyzed with equilibration buffer. The sample antibody
solution was applied to the HiTrap SP FF column at 1.5 mg/mL
resin. Alter washing with equilibration bufler, antibodies were
cluted with [0 column volumes (CV) of equilibration bufler
containing 150 mM NaCl and then with 15 CV 0f'220 mM NaCl
buller in a stepwise manner, and finally with 15 CV of NaGl buffer
in a lincar gradient to 450 mM.

Solubility Analysis of Bispecific Antibodies

Stock solutions of bispecific antibodies were prepared by dialysis
against water or 50 mM NaCl solutions, [ollowed by ultraliltration
concentration. Samples were prepared by adding formulation
stock solution to antibody stock solution using a Hydra IT Plus One
liquid-handling robot (Matrix). After centrifugation, 1 pL of each
sample was stored in an Intelli-Plate 96-2 (Art Robbins) at 20°C
for 1 day, and then images of cach well were taken by Rock
Imager 54 (Formulatrix). The state of cach antibody solution was
determined as cither a clear solution, precipitation, or liquid—
liquid phase separation.

Accelerated Stability Study of Bispecific Antibodies

Solutions of bispecific antibodics were dialyzed against PBS,
pH 7.4 (Sigma). 1 mg/mL of cach antibody solution was stored at
40°C for 2 weeks and then analyzed by cation exchange
chromatography (IEC) using BioPro SP columns (YMC) at room
temperature. The mobile phase (A) was 20 mM  sodium
phosphate, pH 5.8, and the mobile phase (B) was 20 mM sodium
phosphate and 500 mM NaCl, pH 5.8.

In sifico Evaluation of Immunogenicity of the Variable
Region of Bispecific Antibodies

T-cell epitope prediction of the bispecilic antibody variants and
immunogenicity risk scores of antibodies were provided by
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Epibase (Lonza). Immunogenicity scales ol antibodies were
provided by EpiMatrix (EpiVax).

Thrombin Generation Assay (TGA)

Calibrated automated thrombography [35] was employed using
a 96-well plate fluorometer (Thermo Fisher Scientific) equipped
with a 3907460 filter set, a dispenser, and the analyzing software
(Thrombinoscope softwarce version 3.0.0.29; Thrombinoscope) to
measure thrombograms. Briefly, cach concentration of bispecilic
antibody or rhFVII (Bayer Healthcare) was added to FVIII-
deficient plasma (<1% FVHI activity) cither without inhibitors or
with inhibitors against FVII {(George King Bio-Medical). Each
concentration of bispecific antibody or rthFVIHI was also added to
plasma containing polyclonal rabbit anti-idiotype  antibodies
against anti-FIXa Fab or anti-FX Fab (300 pg/mL cach). Into
cach well was dispensed 80 pL ol the plasma, to which was then
added 20 pL of the triggering solution containing 0.47 nM human
FXIa (Enzyme Rescarch Laboratories) and 20 gM  synthetic
phospholipid but no Ca®*. For calibration, 20 pL of Thrombin
Calibrator (Thrombinoscope) was added instead of the triggering
solution. 20 uL. of FluCa-reagent prepared from  FluCa-kit
(Thrombinoscope) was dispensed to initiate the reaction. The
thrombograms and peak height were analyzed by the soltware.
Data were collected in triplicate.

Pharmacokinetic Study of hBS910 in Cynomolgus
Monkeys

A single dose of 0.3 mg/kg of hBS910 was intravenously or
subcutancously administered to male cynomolgus monkeys (#=3
for each group). Blood samples were collected at an appropriate
time afer each administration. Plasma concentration of bispecific
antibodics was determined by human  IgG-specific  ELISA.
Pharmacokinetic  paramcters were calculated by WinNonlin
Professional sofiware (Pharsight).

Kinetic Analysis of Bispecific Antibodies Binding to FIXa
and FX Using Surface Plasmon Resonance

Kinetic analysis of bispecific antibodies was performed by
surface plasmon resonance (SPR) using a Biacore T200 system
(GE Healthcare). MabSclect SuRe Ligand (Recombinant Protein
A; GE Healthcare) was immobilized onto a CM4 sensor chip (GE
Healthcare). Then, anti-FIXa or anti-FX monospecific antibodies
were injected into flow ecll 2 to be captured. Natalizumab (Biogen-
Idec Inc.) as a control human IgG, antibody was also injected into
flow cell 1 to be captured. Then, 0, 80, 160, 320, 640, or
1,280 nM human FIXa or FX dissolved in running bufler (10 mM
HEPES [pH 7.4], 150 mM NaCl, 0.05% surfactant P20, 2.5 mM
CaCly) was injected at a flow rate of 30 uL/min to monitor the
association phase for 120 s and the dissociation phase for 30 s.

Supporting Information

Figure S1 Generation of anti-FIXa/FX bispecific anti-
bodies. Heavy chain variable n.gions (Vi) of anti-FIXa or anti-
FX antibodies were fused with engineered human IgG, or IgGy
constant region having mutations to facilitate Fe heterodimeri
tion. Light chain variable regions (V1) were fused with human k or
L constant region. Bispec antibodies were  generated by
expression with two pairs of genes, anti-FIXa and anti-FX heavy
chain and light chain genes (or a common light chain gene).
(PDB)

Figure $2 FR/CDR shuffling of the light chain. (A) CDRs
of three light chains (¢1L, ¢2L and ¢3L) were shuffled among cach
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other and grafied onto the FRs of ¢1L and ¢3L. Each light chain
variant was expressed with the selected anti-FIXa and ani-FX
& ilic antibodics (67 nM) with light
in l'\/lll delicient plasma are
shown. T 3 s All the data were
collected in (luphc ate and are a,\pusscd as mean.
(PDF)
Figure 83 Effect of h i of the lead chi ic
antibody (BS15) on FVII-mimetic activity. Lflcct of
chimeric antibody BS15 (circles) or humanized antibody hBSI
{squares) on FX activation in the presence of FIXa, FX, and
synthetic phospholipid. The Y-axis indicates the 405 nm absor-
bance at 120 min of chromogenic development in the chromo-
genic substrate assay. All the data v olleeted in riplicate and
are expressed as mean £ s.d {in many casces, the bars depicting s.d.
are shorter than the height of the symbols).
(PDI)

chain

Figure 34 Positive charge cluster and Tyr30Glu muta-
tion on anti-FIXa Fv of hBS106. The positive charge cluster
consists ol arginine or lysine residues at Kabat position 60, 61, and
95 in the heavy chain and Kabat positions 24, 27, 31, 53, 54, 61,
and 66 in the light chain of hBS106. Tyrosine located at Kabat
s mutated to glutamic acid to
neutralize the positive charge cluster. Blue, red and gray colored
surface indicates positively charged, negatively charged and
neutral protein surface,
hicavy and light chain, respectively.
by
Figure 85 Precipitation and liquid-liquid phase sepa-~
ration of bispecific antibody solution, Micro CCD camera
images of states of bispecific antibody solution showing a clear
solution, precipitation, and liquid-liquid phase separation.
(PDF)
anure S$6 In silico predlcuon of utununogemclty of
ifi ibodies. (A) Imr city risk score of BSIS,
]\BSI hBS910, trastuzumab, and  palivizumab predicted by
Epibase, (B) Immunoge cale of hBS910 and other marketed
monoclonal antibodies by EpiMatrix. In both prediction systems,
bigher score indicates higher risk ol immunogenicity in human.
(D1
Figure 87 Necessity of bispecific binding to FIXa and
FX for FVIHI-mimetic activity. Effcct of the bispecific
antibody (hBS910) (circles), monospecific anti-FINa  antibody
{squares), monospes anti-FX antibody (triangles), or a mixture
of the monospecific antibodices (diamonds) on FX activation in
the presence of FIXa, FX, and synthetic phospholipid. The Y-axis
indicates the 405 nm absorbance at 30 min ol chromogenic
development in the chromogen ate assay. All the data were
colle 1 as mean * s.d (in many
cases, the bars depicting s.d
symbols). Monospecific antibodies against FIXa or FX antibodies
or the mixture of them did not exhibit any detectable activity even
at 120 min of chromogenic development.
{PDF)
Figure $8 Surface pl nalysis of bis-
pecific antibodies binding to FIXa and FX. Scosorgrams ol
hBS1, hBS106, and hBS910 binding to FIXa (A) and FX (B) at
a concentration of 80 nM, 160 nM, 320 nM, 640 nM, and
1280 nM.
(PDIY)

position 30 in the light chain w:

espectively. Red and green line indicates
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Novel asymmetrically engineered antibody Fc
variant with superior FcyR binding affinity and
specificity compared with afucosylated Fc variant

Futa Mimoto, Tomoyuki lgawa,* Taichi Kuramochi, Hitoshi Katada, Shojiro Kadono, Takayuki Kamikawa,
Meiri Shida-Kawazoe and Kunihiro Hattori

Research Division; Chugai Pharmaceutical Uo., Ltd,; Tokyo, Japan
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Abbreviations: ADCC, antibody-dependent cell-mediared cytotoxicity: T, melting cemperature; mAb, monoclonal antibody;
NK, natural killer; ITAM, immunoreceptor tyrosine-based activation mortif; ITIM, immunoreceptor tyrosine-based inhibition
motif; SPR, surface plasmon resonance; PBMC, peripheral blood mononuclear cells: FeyR, Fe gamma receptor

Fc engineering is a promising approach to enhance the antitumor efficacy of monodional antibodies {mAbs) through
antibody-dependent cell-mediated cytotoxicity (ADCC). Glyco- and protein-F¢ engineering have been employed to
enhance FcyR binding and ADCC activity of mAbs; the drawbacks of previous approaches lie in their binding affinity
to both FeyRilla allotypes, the ratio of activating FeyR binding to inhibitory FeyR binding (A/l ratio} or the melting
temperature (T,) of the C .2 domain. To date, no engineered Fc variant has been reported that satisfies all these
points. Herein, we present a novel Fc engineering approach that introduces different substitutions in each Fc domain
asymmetrically, conferring optimal binding affinity to FcyR and specificity to the activating FeyR without impairing the
stability. We successfully designed an asymmetric Fc variant with the highest binding affinity for both FoyRilla allotypes
and the highest A/l ratio compared with previously reported symmetrically engineered Fovariants, and superior or at least
comparable in vitro ADCC activity compared with afucosylated Fc variants. In addition, the asymmetric Fc engineering
approach offered higher stability by minimizing the use of substitutions that reduce the T of the C 2 domain compared
with the symmetric approach. These results demonstrate that the asymmetric e engineering platform provides best-in-
class effector function for therapeutic antibodies against tumor antigens.

Introduction

Monoclonal antibodies (mAbs) have enormous potential as anti-
cancer therapeutics. MAbs promote elimination of tumor cells
by Fab-dependent and Fe-dependent mechanisms, such as inter-
ference with signaling pathways, apoprosis induction, comple-
ment-dependent cytotoxicity, antibody-dependent cell-mediared
phagocytosis and antibody-dependent cell-mediated cytotoxicity
(ADCC).

ADCC is induced when effector cells are recruited by the
Fc domain engaging with a member of the Fey recepror fam-
ily, which is comprised in humans of FeyRI, FeyRIla, FeyRIIb,
FeyRlle, FeyRlila and FeyRIIIb isoforms. FeyRI, FeyRila,
FeyR1le and FeyR1la are activating receptors characterized by
the immunoreceptor tyrosine-based activation modif (ITAM),
and FcyRlIb is the only inhibitory receptor characterized by
ITIM. The receptors are expressed on a variety of immune cells,
such as NK cells, monocytes, macrophages and dendritic cells.’

*Correspondence to: Tormoyuk! Igawa; Email: igawatmy@chugai-pharm.cojp
Submitted: 12/05/12; Revised: 12/27/12, Accepted: 12/31/12
http//dx.doi.org/104161/mabs. 23452
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Increasing affinity for FeyR enhances ADCC, so Fe engineer-
ing is considered ro be a promising means of increasing the antitu-
mor potency of mAbs.” Previous reports described thac follicular
lymphoma patients treated with ricuximab had, on average, sig-
nificandy prolonged progression-free survival if they possessed
wwo copies of the high-affinity FeyRIa allele, FoyRUR™
This result suggests that the efficacy of rituximab is mediated
by FeyRIHa-expressing cells, such as NK cells, and thac higher
affinity to FeyRlIIla improves the efficacy. Several strategics have
been employed to enhance the FoyR binding of mAbs. The first
strategy was cngineering the glycan moiety attached to Asn297
residue in the Fe domain. Afucosylated 1gG1 antibody, which is
a mAb withour fucose in the N-linked glycan at Asn297, binds
to FoyR1lTa with higher affinity and mediates superior ADCC
compared with wild-type fucosylated 1gG1 antibody.™ The sec-
ond strategy was introducing amino acid substitutions into the Fe
domain. mAbs with wiple substitutions, $239D/A330L/1332E,
bind to FeyRIla with higher affinity and have shown superior
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ADCC activity than wild-type IgG. In addition to enhancing
the binding to activating FcyRs, minimizing the interaction with
inhibitory FeyR, namely FeyRIIb, is another strategy to enhance
the potential of the antibody.” Enhanced cancer elimination was
observed in FeyRIIb knockout mice compared with that observed
in mice expressing FcyRIIb when they were treated wich anti-
Her2/neu mAb or anti-E~cadherin mAb,*** demonstrating that
the ratio of activating FcyR binding to inhibitory FcyR binding
(A/1 ratio) is an important factor determining the therapeutic
efficacy of antitumor antibody."! mAb with five subscitutions,
L235V/F243L/R292P/Y300L/P396L, showed enhanced bind-
ing to FcyRIIla, but not to FeyRIIb, which improved the A/l
ratio.” In terms of improving the selectivity for a specific FcyR,
antibody variants with selectively enhanced binding for FcyRI
were reported

Although these glyco- and protein-engineering approaches
have successfully enhanced the effector function of mAbs, each
technology has issues to overcome. First, afucosylated antibod-
ies bind with lower affinity to FcyRIIIa™® than to FoyRII2"%,
As a consequence, the resulting ADCC mediated by NK cells
bearing the lower-affinity FeyRIlla allotype is lower than that
mediated by NK cells bearing the higher-affinity allotype, sug-
gesting that afucosylated Fe may not achieve maximum ADCC
activity for patients having the lower-affinity allotype.' Second,
because activating and inhibitory FcyRs have high homology,
the S239D/A330L/1332E variant also increased binding affin-
ity against inhibitory FcyRIIb, which would be undesirable for
achieving maximum antitumor efficacy considering the A/I ratio.
Moreover, the T, in the C;2 domain of the S239D/A330L/1332E
variant was significantly reduced (by more than 20°C), which
could be an issue when the variant is developed as a pharmaceuti-
cal product.” Third, although the L235V/F243L/R292P/Y300L/
P396L variant did not increase the binding affinity against inhibi-
tory FcyRIIb, it had only 10-fold increased binding affinity to
FcyRIlla, which is substantially less than the S239D/A330L/
[332E variant, thereby achieving only a moderate A/I ratio.

To date, neither glyco- nor protein-engineering has been
able to overcome all these issues. Ideal therapeutic use requires
an antibody Fc variant that has higher binding affinity to both
FeyRIa™* and FeyRIa""* and better stability of the C,2
domain, but that does not increase binding affinity to inhibi-
tory FeyRIIb to maintain a higher A/I ratio. To overcome these
issues, in this study we focused on the fact that homodimeric and
symmetric Fc domain recognizes monomeric FcyR asymmetri-
cally, which was previously revealed by the structural analysis of
Fc fragment with FeyR."” Considering that Fc and FeyR interact
asymmetrically, we hypothesized that asymmetric Fc engineering
would make it possible to design a novel Fc variant with improved
affinity against both low- and high-affinity FcyRllla allotypes,
enhancing ADCC activity compared with previously known pro-
tein- or glyco-engineering, In addition, asymmetric Fc engineer-
ing would result in fewer substitutions or avoidance of the need
for stability-reducing substitutions to minimize the reduction of
the T, of the C, 2 domain. Moreover, asymmetric Fc engineering
would allow us to optimize the Fc-FcyR interaction more pre-
cisely so as not to increase binding affinity to inhibitory FeyRIIb
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and to have a higher A/l ratio by disctiminating activating FcyRs
from inhibitory FeyR.

We designed antibody variants with an asymmetrically engi-
neered Fe domain (asym-mAb) by introducing different substicu-
tions in each Fc domain. Comprehensive mutagenesis in the C,;2
domain has identified several substitutions that increase the bind-
ing affinity for FcyRs more swongly when they are introduced
in one Fc domain than in both chains. We successfully designed
an asym-mAb with hethigher affinity for both FeyRIla allotypes
and superior or at least comparable ADCC than the previously
reported symmetrically engineered antibody (sym-mAb), with-
out increasing the affinity for FeyRIIb or substantially reducing
the stability of the antibody. Our results demonstrated a novel
approach for optimizing the interaction between Fc and FeyR
and confirmed the advantage of that approach when applied
therapeutically.

Results

Comparing the binding affinity for FcyRIIla of asym-mAb
and sym-mAb. We screened a set of over 1,000 asym- and sym-
mAbs, each with a single substitution in the lower hinge and
C,;2 domain, for binding to human FeyRIIa™ to identify
substitutions that enhance FeyRI1Ia binding only when they
were introduced in one Fc domain. The effect of substitutions
in both sym- and asym-mAbs was evaluated using surface
plasmon resonance (SPR). We identified several unique sub-
stitutions to meet our criteria (binding affinity of asym-mAb
> that of sym-mAb). Of them, we selected three single substi-
tutions, L.234Y, G236W and S298A, and designed a variant
with L234Y/G236W/S298A (YWA) substitutions, to investi-
gate whether asymmetric Fc engineering has any advantages
over symmetric Fc engineering. As an example of symmetric
Fe engineering, we urilized S239D/A330L/1332E (DLE) sub-
stitutions, which were previously reported to increase affinity to
FeyRIMTa? We prepared five variants: hemi-DLE variant, vari-
ant with DLE substitutions in only one Fc domain; homo-DLE
variant, variant with DLE in both Fc domains; hemi-Y WA vari-
ant, variant with YWA substitutions in only one Fc¢ domain;
homo-YWA variant, variant with YWA in both Fc domains and
DLE/YWA variant with DLE in one Fc domain and YWA in
the other Fc domain. We evaluated the affinity for FeyRIITa™*
of each variant (Table 1). The representative sensorgrams are
depicted in Figure S1.

First, we compared homo- and hemi-DLE variants to evalu-
ate the effect of DLE substitutions in symmetric Fc engineer-
ing or asymmetric Fe engineering. The homo-DLE variant
increased the affinity for FeyRIIla 255-fold compared with
control mAbl, which only has substitutions to facilitate het-
erodimerization of two heavy chains, while the hemi-DLE
variant increased it only 30-fold. Next, we evaluated the other
substitutions, YWA. The homo-Y'WA variant reduced the affin-
ity 0.47-fold, but the hemi-Y'WA variant increased it 5.0-fold.
YWA substitutions showed a distinctly different effect on the
Fe-FeyRlIlla interaction when introduced in one Fc domain
than when introduced in both Fc domains. The DLE/YWA
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Table 1. Affinity for FcyRIlla™®® and T, of antibody variants

Fc variants Substitutions in heavy chain A Substitutions in heavy chain B K, (mol/L) Fold - T {°C} -~ AT, (°Q)
control mAb1 - - 14£03 1 68 -
hemi-YWA - L234Y/G236W/S298A 0.28:+0.04 50 68 ]
hemi-DLE S239D/A330L/1332E - 0.046 + 0.009 30 60 -8
homo-YWA L234Y/G236W/S298A L234Y/G236W/S298A 3006 0.47 68 o
homo-DLE $239D/A330L/I332E S239D/A330L/I1332E 0.0055 + 0.0005 255 48 -20
DLE/YWA 5239D/A330L/1332E L234Y/G236W/S298A 0.0042 £ 0.0003 333 59 -9

K, = K, for FeyRiiia™*. Fold = K, (control mAbT)/K, (Fc variants). T, means T, of the C, 2 domain. AT, =T, (Fcvariants) - T, (control mAb1). K, was repre-

sented as mean + SD (n =3).
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Figure 1. ADCC comparison of asym-mAbs and sym-mAbs, ADCC was determined by percent lysis of SK-Hép-1 cells expressing tumor antigen X at
varying concentrations of antibody F¢ variants to tumor antigen X using PBMC as effector cells. Mean + SD of triplicate wells. Black diarmond, control

mAb1; white square, homo-DLE; black square, hemi-DLE; white triangle, homo-YWA; black triangle, hemi-YWA and black circle, DLE/YWA.

variant showed the highest affinity among evaluated variants,
even higher than the homo-DLE variant.

ADCC of antibody variants with asymmetrically engi-
neered Fe. The cellular cytotoxicity of asym-mAb and sym-
mADb to tumor antigen X with enhanced FcyRIl1a binding was
evaluated using SK-Hep-1 cells expressing tumor antigen X and
human PBMC (Fig. 1). Homo- and hemi-DLE variants showed
higher ADCC than control mAbl, while ADCC of the homo-
DLE variant was slightly higher than that of hemi-DLE. On
the other hand, the homo-YWA variant showed no detectable
ADCC, but the hemi-YWA showed higher ADCC than control
mAbl. In ADCC assay, YWA substitutions showed this oppo-
site effect whether they were introduced in both Fc domains or
in only one Fc domain. The DLE/YWA variant with the high-
est FeyRIla binding showed the highest ADCC. These results

www.landesbioscience.com mAbs

from the ADCC assay were consistent with those obrained in
the kineric analyses of the variants.

Thermostability and accelerated stability study of anti-
body variants with asymmetrically engineered Fe. T, of the
C,2 domain of hemi-DLE, homo-DLE, hemi-YWA, homo-
YWA and DLE/YWA variants was measured by thermal shift
assay (Table 1). The T, of the C,,2 domain of hemi-DLE vari-
ant decreased by 8°C from control mAbl and that of homo-
DLE by 20°C. On the other hand, the T, of hemi-YWA and
homo-YWA variants was not significanly reduced, and that of
the DLE/YWA variant decreased to the same degree as that of
hemi-DLE variant.

After storage for two and four weeks at 40°C at a concen-
tration of 1 mg/ml, the reduction of a monomer peak of each
antibody in size-exclusion chromatography was compared
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| Figure 2. Stability of antibody Fc variants in accelerated stability study. Percentage of the reduiction of a monomer peak (Amonomer peak (%)) of each
+-variant after storage at 40°C in size-exclusion chromatography is shown. Blackand white bars represent the average reduction in monomer peaks i

| after2-week and 4-week storage, respectively. Each experiment was performed twice and individual data were shown in Table 52.

(Fig. 2). The monomer peak of hemi-DLE variant decreased
~10% after 4-week storage and that of homo-DLE decreased
16%. The same tendency was observed after 2-week storage.
On the other hand, the reduction of monomer peaks of other
variants, including DLE/YWA, was comparable with that of
control mAbl.

Further optimization of asymmetrically engincered Fc. We
further designed more potent asym-mAbs with higher bind-
ing affinity to active FcyRs. Further optimization to enhance
FeyRIlla binding was performed based on the result of com-
prehensive murtagenesis. As a result, we obtained asym-mAbl
containing  L234Y/L235Q/G236W/S239M/H268D/D270E/
S298A substitutions in one Fc domain and D270E/K326D/
A330M/K334E substitutions in the other. We also prepared the
reported protein- and glyco-engineered Fc variants to compare
their affinity for FeyRs with asym-mAbl. Protein-engineered Fc
variants were prepared by control mAb2, an antibody with only
substitutions to facilitate heterodimerization of the two heavy
chains. Afucosylated IgGl, afucosyl mAb and the homo-DLE
variant were prepared as antibodies with enhanced FcyRIlla
binding, and the homo-L235V/F243L/R292P/Y300L/P396L
(VLPYLL) variant was also prepared as an antibody with a
high A/l ratio, without increased affinity for FeyRIIb.® Their
increase of affinity for human FcyRs, A/I ratio and the reduc-
tion of T,, in C;2 domain are shown in Table 2. K, and T, in
C,,2 domain of these variants are summarized in Table S1.

Compared with the afucosyl mAb, homo-DLE variant and
homo-VLPYLL wvariant, asym-mAbl demonstrated greatly
enhanced affinity for FeyRIlla. Asym-mAbl increased affinicy
for FcyRIITa®™ by 2000-fold and for FcyRIITa""** by 1000-
fold. On the other hand, the afucosyl mAb, homo-DLE variant
and homo-VLPYLL variant enhanced affinity for FeyRI11a™™
only by 18-, 286- and 63-fold and affinity for FcyRIIIa"'**

232 mAbs

only by 45-, 126- and 33-fold, respectively. As for the bind-
ing to FcyR1lb, the affinity for FeyRIIb of asym-mAbl and
of VLPYLL variant was comparable with that of control mab2.

Asym-mAbl! also demonstrated the highest A/l ratio. Asym-
mAbl increased A/l ratio for FoyRIIIa™* 2000-fold and
for FcyRIIIa™* 1000-fold, while the afucosyl mAb, homo-
DLE variant and homo-VLPYLL variant enhanced A/l ratio
for FeyRIMaf* only by 7.7-, 43- and 119-fold and that for
FeyRI11a"* only by 20-, 18- and 59-fold, respectively.

Homo-DLE variant reduced the T, in C,;2 domain by 21°C,
while other engineered Fc variants reduced it only by less than
10°C.

ADCC of further optimized asym-mAb. ADCC activity of
the optimized asym-mAb was compared with that of afucosyl
mAb using human PBMC obrained from four different donors.
Asym-mAb! showed remarkably greater ADCC activity than
IgGl, and comparable or slightly higher ADCC activity com-
pared with afucosyl mADb, as shown in Figure 3 (A, B, C and D).

Discussion

Despite the fact that the Fc domain recognizes FcyRs asymmerri-
cally with two distinct interfaces,” previous approaches for modi-
fying Fc-FeyR interaction, such as alanine scanning mutagenesis,
a protein structure design algorithm and a yeast surface displayed
random mutant ibrary screening, focused on modifying the Fc
domain in a symmetric manner,”'* making it difficult o iden-
tify substitutions that enhance FeyR binding when they are intro-
duced in only one Fc domain. We investigated such substitutions
by comparing single-substituted asymmetric variants and the cor-
responding symmetric variants in comprehensive mutagenesis and
combined the substitutions, L234Y, G236W and S298A, with the
desired property that we identified through the investigation.

Volume 5 Issue 2
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Table 2. Relative affinity for FcyRs and T, in the €2 domain of Fc variants

FeyRia FeyRilaks? FoyRilah!
Fe variants
Fold K, Fold K, Fold K,
afucosyl mAb 0.53 18 0.85
homo-DLE 34 29 14
home-VLPYLL 0.36 032 22
asym-mAb1 1.0 2.6 49

FoyRilb FoyRINah's FeyRIllaY'ss

Fold K, FoldK, ~ FoldA/f  FoldK,  Fold Afl R
23 18 77 45 20 2
67 285 43 126 18 2
0.54 &3 19 33 59 -
10 2167 2188 1054 1032 -5

Fold K, = K_ (control)/K, (Fc variants). A/l = (K, for FeyRUb)/(K, for FoyRHla®™) or (K, for FeyRIB)AK,, for FeyRIlia”™). Fold A/t = A/l (Fevariants)/Adt
(control). AT, =T, in C 2 domain (control) - T, in C 2 domain (Fc variants). In calculating the parameters of afucosyl mab and protein-engineered Fc

variants, those of IgG1 and control mAb2 were used as a control, respectively.
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Figure 3. ADCC of antibody Fc variants. ADCC of 1gG1, afucosyl mAb and asym-mAb1 was determined by percent lysis of DLD-1 cells expressing tumor |
of antibody Fc variants to tumor antigen Y using PBMC obtained from four different donors as effector
cells with 10 mg/ml human igG (A, B and C) or without it {D}. Triangle, IgG1; square, afucosyl mAb and circle, asym-mAbl. (A, B and C} Open markers

{ indicate individual data and closed makers with lines indicate average (n = 2). (D) Mean = S0 of triplicate wells.

We evaluated the FcyR binding and ADCC of homo-YWA,
hemi-YWA, homo-DLE, hemi-DLE and DLE/YWA variants. [n
a previous analysis, DLE substitutions were thought o improve
FeyR interaction mainly in one Fe domain.” In our results, hemi-
and homo-DLE variant enhanced affinity for FeyR1Ila by 30- and
255-fold, respectively, compared with the wild-type antibody.
While DLE substitutions in one Fc domain enhanced the bind-
ing affinity 30-fold, the gain of affinity by DLE substitution when
introduced in the other Fc domain was only 8.5-fold, suggesting
that DLE substitutions in each Fc domain contribute positively,

www.landesbioscience.com mAbs

but to differing degrees, to enhancing the binding affinity for
FeyR1a. In contrast to DLE substitutions, YWA substitutions
showed a distince effect. While hemi-Y WA varianc enhanced affin-
ity for FoyR1Hla 5.0-fold, homo-Y WA variant substantially reduced
the affinity. This resule implies that YWA substitutions stbilize
the interaction in one of the two interfaces with FeyRIIa, but sub-
stantially destabilize the interaction in the other interface. The sum
of the interactions in each Fc domain was not energetically benefi-
cial, and, as a result, when YWA substitutions were introduced in
both Fe domains, they substantially reduced the binding affinity o
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FeyRITHa. Although the hemi-YWA variant has enhanced binding
affinity for FeyR1lla, the binding affinity was weaker than that of
the hemi-DLE variant. These results indicate that YWA substitu-
tions are less potent than DLE substitutions both in hemi-manner
and homo-manner; however, the DLE/YWA variant unexpect-
edly exhibited even higher affinity for FeyRI1la than homo-DLE
variant, suggesting that DLE and YWA enhance FeyRI1Ta bind-
ing synergistically (not just additively) by stabilizing each of the
Fc-FeyRlIla interfaces simultaneously in a distinct structural
environment. Importantly, although the homo-DLE variant was
the most potent Fc variant reported to date, the effect of DLE/
YWA variant demonstrated that Fc-FoyRI11a interactions could be
further optimized by the novel asymmetric engineering approach.
Consistent with the affinity for FeyRIHa, the DLE/YWA variant
exerted stronger ADCC activity than homo-DLE. Among the
evaluated variants, higher ADCC showed a general correlation
with higher affinity for FeyRIlIa. This correlation demonstrates
that asymmetrically engineered Fe could interact with FeyRIITa
expressed on effector cells in a similar manner to symmetrically
engineered Fc.

DLE substitutions were reported to decrease T,, of the C, 2
domain by more than 20°C in a homo-DLE variant." In our
analysis, the homo-DLE variant did reduce the T,, by 20°C, but
the hemi-DLE variant reduced it by only 8°C, less than half of
the reduction by homo-DLE. On the other hand, even when
Y WA substitutions were introduced in both Fc domains, they did
not decrease the TM, and the DLE/YWA variant showed almost
the same reduction in T,, as hemi-DLE. These results suggest
that substitutions in each Fc domain reduce the T, of the C,2
domain independently and that the net reduction is the sum of
them. To further clarify the storage stability of asym-mAb, we
investigated the storage stability of each variant under accelerated
conditions. The monomer peak of the homo-DLE variant was
reduced by 16% after 4 weeks of accelerated storage, while that of
hemi-DLE was reduced by about 10%, suggesting that DLE sub-
stitutions additively reduced the storage stability of the variants.
On the other hand, the reduction in monomer peaks of homo-
YWA, hemi-YWA and even DLE/Y WA variants was comparable
with that of wild-type antibody. These studies demonstrate chat
asymmetric engineering cannot only offer Fc variants with supe-
rior ADCC activity compared with the symmetric one, but can
also offer Fc variants with higher stability.

By further optimizing the Fc domain in an asymmetric man-
ner, we successfully generated asym-mAbl variant. During the
optimization of the DLE/YWA variant to generate asym-mAbl,
we removed DLE substitutions because, despite the fact that
DLE substitution significantly contributes to the increased bind-
ing affinity to FcyRIIla, DLE substitutions even in one of the
Fc domains significantly reduced the T, of the C,;2 domain. To
the best of our knowledge, asym-mAbl binds to FeyRITTa™™
and FeyRIIIa"""* with the highest affinity among any reported
Fc engineered mAbs (K, = 1.2 nM and 0.37 nM, respectively).
Consistent with this increased binding affinity to FeyRIlla,
asym-mAbl demonstrated significantly higher ADCC activity
than IgGl, and comparable or slightly superior ADCC activ-
ity compared with afucosyl mAb. Asym-mAbl showed slightly
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superior ADCC activity than afucosyl mAb in some donors, who
might have lower-affinity FcyRIlla genotype. Notably, asym-
mAbl increased FeyRlIla binding affinity 1000-fold while main-
taining inhibitory FcyRIIb binding comparable with wild-type
IgGl. We assumed that this selectivity against FcyRIIb binding
was achieved by fine-tuning each Fe-FcyR interaction, resulting
in an A/ ratio of 1000 to 2000, which is far superior to the other
Fc variants. Moreover, the TM of the CHZ domain in asym-mAb!
was 64°C, significantly higher than that of the homo-DLE variant
and, though it is slightly lower than wild-type IgG, high enough
for pharmaceutical development (Table 81). These results dem-
onstrate that our novel asymmetric engineering provides an anti-
body Fc variant that has the strongest binding affinity for both
FcyRITIa"* and FeyRITIa™* with no increased binding affinity
to inhibitory FcyRITb and with high stability of the C,;2 domain.

Although asym-mAb]1 has a human FcyR binding property
superior to other Fc variants, it is challenging to preciscly evaluate
and compare the therapeutic effects of these Fc-engineered anti-
body in human using an in vivo pre-clinical murine model system.
This is because the structural diversity and expression patterns
of murine FcyRs do not correspond to those of human FeyRs.!
As expected, asym-mAbl and other Fc variants bound to murine
FcyRs with a different specificity and affinity (data not shown),
making it impossible to predict their efficacy in human based on
results from the murine model. It would be possible to predict the
effect mediated by human FeyRIIIa by using human FeyRI1la-
transgenic mice as previously described, but it is still difficult
to evaluate the effect mediated through other FcyRs, including
the therapeutic advantage of superior A/l ratio.”” A mouse whose
FcyRs were replaced with human FeyRs was recently developed.
This mouse recapitulated the unique expression pattern and the
functions of human FcyRs that are mediated by human IgG™
and might enable us to evaluate the effect of our asymmetrically
engineered antibody in human more accurately.

Asymmetric bispecific IgG antibody, which binds to different
antigens with cach arm, was recently reported to be valuable in
the field of hemophilia A® and approaches to overcome the prob-
lems involved in manufacturing this type of 1gG antibody has
been recently reviewed.* Cancer-targeting bispecific antibodies,
although not in IgG form, have been investigated to enhance effi-
cacy by rargeting two different tumor antigens.?’ Since asymmetric
bispecific IgG antibodies targeting two different cumor antigens
inevitably require hetero-dimerization of the two heavy chains,
our asymmetrically engineered Fc could be applied to such bispe-
cific antibodies without any difficulty. Bispecific IgG antibody is
a promising antibody format for next-generation antibody thera-
peutics, and our novel asymmetrically engineered Fe can be easily
applied to the format to achieve maximum anti-tumor efficacy.

In conclusion, we demonstrated that asymmetric Fc engi-
neering provides more effective optimization of the Fe-FcyR
interaction and identified an asymmetric Fc variant with the
highest binding affinity for both FeyRIIla allotypes, the high-
est A/l ratio, and slightly higher ADCC activity than previously
reported symmetric Fc variants. In addition, asymmetric Fc engi-
neering minimized the use of substitutions that reduce the T,
of the CHZ domain. Therefore, our asymmetric Fc engineering
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platform provides best-in-class effector function for maximizing
the therapeutic potential of either monospecific or bispecific lgG
antibodics against tumor antigens.

Materials and Methods

Preparation of antibodies. The antibody variants used in the
experiments were expressed transiently in FreeStyle™ 293 cells
(Invitrogen) transfected with plasmids encoding heavy and light
chains and purified from culture supernatants using rProtein A
Sepharose 4 Fast Flow or tProtein G Sepharose 4 Fast Flow (GE
Healthcare). Site-directed mutagenesis of the constant regions
of mAbs was performed using QuikChange Site-Directed
Mutagenesis Kiv (Stratagene) or In-Fusion HD Cloning Kit
(Clontech) and the sequence was confirmed by DNA sequencing.
The substitutions to facilitate Fc heterodimerization were intro-
duced to obtain asym-mAbs consisting of different heavy chains.”
Asym-mAbs were generated by Freestyle™ 293 cells transfected
with three plasmids encoding a light chain and two different heavy
chains. Sym-mAbs were generated by Freestyle™ 293 cells trans-
fected with plasmids encoding a light chain and a heavy chain.
Afucosylated antibody was prepared as previously described.?

Construction, expression and purification of FcyRs. The
sequence information of genes encoding the extracellular region
of human FcyRs was obtained from the Nacional Center for
Biotechnology Information (NCBI) and the genes were syn-
thesized. FcyRs were fused with 6x His-tag at the C terminus.
Vectors containing FcyRs were transfected into FreeStyle™ 293
cells (Invitrogen). Media were harvested and receprors were puri-
fied using cation exchange chromatography, nickel affinity chro-
matography and size exclusion chromatography. Instead of cation
exchange chromatography, anion exchange chromarography was
used to purify FcyRIa.

Comprehensive mutagenesis of the Fc domain of IgG1 and
evaluation of its binding. Sym-mAb and corresponding asym-
mab against tumor antigen X, each with a single substitution in
only one heavy chain, were prepared for comprehensive mutagen-
esis assay. They were designed by substituting each of the residues
234-239, 265-271, 285, 296, 298, 300 and 324337 (EU num-
bering) in the lower hinge and C,;2 domain with other 18 amino
acids excluding cysteine. The Fc variants were expressed in 6-well
cell culture plate (Becton, Dickinson and Company) transiently
in FreeScyle™ 293 cells (Invitrogen) and purified from the culture
supernatants using rProtein A Sepharose 4 Fast Flow or rProtein
G Sepharose 4 Fast Flow (GE Healthcare) in a 96-well format.
The concentrations of purified the Fc variants were determined
by NanoDrop 8000 (Thermo Scientific). The binding activity of
those variants to FeyRIIIa"* was quantified by a Biacore instru-
ment. The variants were captured on the CM5 sensor chip (GE
Healthcare) on which antigen peptide was immobilized, followed
by injection of FeyRs. The binding of each antibody to each FcyR
was normalized by the caprured amount of each variant on the sen-
sor chip and was expressed as a percentage of that of the antibody
without the substitutions.

Kinetic analysis by surface plasmon resonance. The kinetic
analysis of antibody variants for human FcyRs was monitored by
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SPR using a Biacore instrument (GE Healthcare), as previously
described.” A recombinant protein L (ACTIGEN) was immobi-
lized on CMS sensor chip (GE Healthcare) using a standard pri-
mary amine-coupling protocol. Antibody variants were captured
on the chip, followed by injection of FcyRs.

Thermal shift assay. T, of the C2 domain of an antdbody
was measured as previously described.* The SYPRO orange dye
(Invitrogen) was diluted into phosphate buffered saline (PBS;
Sigma-Aldrich), before being added to the 0.3 mg/ml protein
solutions. Fluorescence measurements were em‘ploycd using a
real-time polymerase chain reaction (RT-PCR) instrument,
Rotor-Gene Q (QIAGEN). Rotor-Disc 72 was used with 20 pL
of solution per well. The fluorescence emission was collected at
555 nm with a fixed excitation wavelength at 470 nm. During the
measurement, the temperature was increased from 30°C to 99°C
at a heating rate of 4°C/min.

Stability study under accelerated conditions. Antibodies
were dialyzed against PBS and diluted to 1 mg/ml. The antibody
solutions were stored at 40°C and analyzed before the treatment
and after 2 weeks and 4 weeks. A monomer peak area of each
antibody was analyzed with size-exclusion chromatography TSK-
GEL G3000SWXL column (TOSOH) by SEC-HPLC with UV
detection (Waters). The percentage of reduction from initial
monomer peak area was calculated and reported using Empower
Waters software.

ADCC assay. Cytotoxicity of antibody against antigen X and
antigen Y was measured using a standard 4-h *'Cr release assay
and calcein-AM release assay, respectively.“** Peripheral blood
mononuclear cells (PBMC) were purified from whole human
blood of healthy donors and used as effector cells. For *'Cr-release
assay, we used SK-Hep-1 cells transfected with tumor antigen X
as target cells. Targer cells were labeled with 1.85 MBq of *'Cr ar
37°C for 1 h ina CO, incubator. For calcein-AM release assay,
DLD-1 cells expressing tumor antigen Y were labeled with calecin
solution at 37°C for 2 h in a CO, incubartor. 10 mg/ml human
IgG (Sanglopor, CSL Behring K.K.) was added to mimic endog-
enous IgG in human. The number of tumor antigen X expressed
on the cell surface was 9.8 x 107 per cell and that of tumor antigen
Y was 3.7 x 10° per cell.

Antibody solution was mixed with targer cells (1 x 10° cells)
and then effector cells were added to the solution at 50:1 PBMC/
target cell ratio. The solution was incubarted in a CO, incubator at
37°C for 4 h. Supernatant was harvested and its radioactivity (in
“ICr releasc assay) or the luorescence emitted from ics released cal-
cein (in calcein-AM release assay) was quantified. Calculating the
percentage of specific cell lysis from experiments was done using
the following equation: % specific lysis = 100 x (mean experimen-
tal release - mean spontancous release) + (mean maximal release
- mean spontaneous release). “Mean experimental release” is radio-
activity in *'Cr release assay or fluorescent emission in calcein-AM
release assay of the supernatant from the reaction solution with
antibody variants. “Mean spontancous release” is radioactivity in
“'Cr release assay or fluorescent emission in calcein-AM release
assay of the supernatanc from the reaction solution without anvti-
body. “Mean maximal relcase” is measured from the prepared
supernatant by lysing the target cells with 2% NP-40.
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therapeutic agents to human interleukin-6
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For clinical trials of therapeutic monoclonal antibodies (mAbs) to be successful, their efficacy needs to be
adequately evaluated in preclinical experiments. However, in many cases it is difficult to evaluate the
candidate mAbs using animal disease models because of lower cross-reactivity to the orthologous target
molecules. In this study we have established a novel humanized Castleman’s disease mouse model, in which
the endogenous interleukin-6 receptor gene is successfully replaced by human IL6R, and human IL6 is
overexpressed. We have also demonstrated the therapeutic effects of an antibody that neutralizes human
IL6R, tocilizumab, on the symptoms in this mouse model. Plasma levels of human soluble IL6R and human
IL6 were elevated after 4-week treatment of tocilizumab in this mouse model similarly to the result
previously reported in patients treated with tocilizumab, Our mouse model provides us with a novel means
of evaluating the in vivo efficacy of human IL6R-specific therapeutic agents.

g’ orldwide trends in the development of therapeutic agents are towards the use of moleculatly targeted
drugs such as monoclonal antibodies (mAbs), which have revolutionized therapy for many mtmutable
diseases. However, novel issues have emerged when evaluating their preclinical efficacy and safety’

is usually difficult to evaluate the efficacy of therapeutic mADbs in animal experiments because, in most cases, they
have no or low cross-reactivity to orthologous molecules of animals other than primates (phylogenctically the
closest species to human). This means that systems using smaller experimental animals, such as mice and rats, are
not applicable despite their obvious advantages. These advantages are that they are well-characterized after along
history of contributing to thousands of studies in various research fields of medical science, and their smaller body
sizes require relatively small amounts of candidate agents. This latter advantage is especially useful at the early
stage of drug development when a wider variety of drug candidates needs to be screened to select the best agent. As
for the use of primates, this has been limited by disease outbreak risks, legislative changes and logistical problems
with supply®. Moreover, it has also been pointed out that even an examination using primates would not be
sufficient to perfectly predict clinical outcomes’.

Some reviews propose the use of genetically engineered rodents and/or surrogate antibodies in order to predict
the efficacy and safety of drug candidate antibodies in preclinical studies' *, but various attributes of the two tools
need to be taken into account. For example, it will be costly and time-consuming to develop surrogate antibodies
only for preclinical animal experiments and, even then, the surrogate antibodies would not necessarily work in the
same manner as fully developed therapeutic antibodies. Genetic engineering in mice is a powerful technique to
make loss-of-function or gain-of-function mutants for analyzing in vivo gene function and to develop animal
models for human diseases, but the type of transgenic mouse established needs to correspond to its end purpose.
To evaluate the pharmacokinetics, pharmacodynamics, in vivo efficacy, etc. of a drug, we must produce a
genetically humanized mouse by the gene knock-in technique, in which a human target gene would be substituted
and controlled to express in a similar spatial and temporal pattern to that of the endogenous orthologous gene. By
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using such genetically humanized mice, we can expect to evaluate the
in vivo efficacy of the drug candidate antibodies themselves, instead
of using surrogate antibodies.

We have previously reported that transgenic mice with human
interleukin-6 (hIL6) driven by the major histocompatibility com-
plex class 1 H-2L" gene promoter develop symptoms similar to
Castleman’s disease in human™* such as lymphadenopathy, massive
immunoglobulin G1 plasmacytosis, splenomegaly, mesangial prolif-
erative glomerulonephritis, thrombocytopenia, leukocytosis, anemia
and muscle atrophy”*. We also demonstrated that a mAb to mouse
IL-6 receptor, the surrogate antibody MR16-1, completely blocked
their symptoms®. These findings indicate that neutralization of IL-6
signaling by a mAb to IL-6 receptor would be an effective therapeutic
strategy for IL-6-related diseases. However, it is not possible to use
these transgenic mice to evaluate the in vivo efficacy of drug candid-
ate antibodies directly because they express murine IL-6 receptor
(li6ra) instead of human IL-6 receptor (hIL6R). A possible solution
is to use a double transgenic mouse established by crossing an H-2L"-
hIL6 transgenic mouse with an hIL6R transgenic mouse. As far as
we know, two lines of hIL6R transgenic mice were previously re-
ported™”. However, these hIL6R transgenic mice cannot be used to
evaluate therapeutic mAbs because they express not only hIL6R but
also endogenous mouse Il6ra, which is well known as responding to
human IL6. Therefore, it is necessary to neutralize or disrupt the
endogenous mouse Il6ra before evaluating drug efficacy. More-
over, these hIL6R transgenic mice express extremely higher levels
of hIL6R, driven by relatively stronger promoters. Therefore we pre-
dict that using these hIL6R transgenic mice to evaluate the thera-
peutic efficacy of neutralizing antibody to hIL6R would be difficult
because the antibody, mediated by antigen, would disappear extre-
mely rapidly from blood.

In this study we have generated a novel Castleman’s disease mouse
model, in which, in addition to the H-2L/-hIL6 transgene described
above, mouse endogenous I/6ra gene is successfully replaced by
hIL6R with the gene knock-in technique to establish a humanized
ligand-receptor system for IL6 in mice. We have also demonstrated
that symptoms of this model were almost completely blocked by
administering tocilizumab, a humanized antibody against hIL6R!".
These results demonstrate that genetically humanized mice will be
powerful tools for directly evaluating in vivo efficacy of not only
mAbs but also a wide variety of future therapeutic agents that are
highly specific to human target molecules.

Results

Establishing a human IL6R knock-in mouse. The scheme for gene-
rating an hIL6R gene knock-in mouse is presented in Fig. la.
Correctly targeted ES cell clones with the targeting vector were
microinjected into the blastocysts of C57BL/6] (B6) mouse to
make chimera mice. Male chimera mice were crossed with B6 fe-
males to obtain offspring with the hIL6R knack-in locus. Genomic
PCR analysis of the offspring revealed that the full length of hIL6R
cDNA with a floxed neomycin resistant gene (neo) cassette was
correctly inserted in the target region by homologous recombi-
nation, and the knock-in allele was transmitted through the germ-
line. To establish the hIL6R knock-in allele without the neo cassette,
the Cre expression plasmid vector was microinjected into the
pronuclei of fertilized eggs'? that were obtained by crossing male
heterozygous knock-in mice with C57BL/6] females. PCR product,
amplified with the primer set depicted in Fig. la, reduced the size
from 4.2 kb to 2.7 kb; this difference of 1.5 kb indicates the length of
the neo cassette excised from the knock-in allele (Fig. 1b). Hete-
rozygous mice without the neo cassette were intercrossed to obtain
homozygous knock-in mice. This strain of the hIL6R knock-in
mouse has been named B6;12986-H6ra™ ™"V No apparent
abnormalities were observed in hIL6R knock-in mice.

The results of RT-PCR for hIL6R or mouse Il6ra cDNA show that
each reaction amplified the specific target correctly; that is, in the
cDNA samples of homozygous IiGra" "5 mice, the human-spe-
cific IL6R target sequence was exclusively amplified and the mouse
ll6ra sequence was not and, in the cDNA samples of wild-type
(Il6ra™") littermates, the mouse-specific Il6ra sequence was amp-
lified and the hIL6R sequence was not. Signal intensities detected in
the same organs were almost similar between hIL6R in llgra"" okt
mice and mouse I/6ra in Hl6ra*™"* mice (Fig. 1c).

Plasma soluble hIL6R in homozygous IiGra™ ¥k mice was
detected at a range of 15 ng/mL-30 ng/mL (Fig. 1d), which is sub-
stantially similar to that reported in human'#'%, Soluble hIL6R levels
in heterozygous Il67a""*'* mice were at a range of 8 ng/mL-24 ng/
mL, about half of those in homozygous H6ra""*'s mjice, which
indicates that soluble hIL6R levels in plasma would be dependent on
the gene-dosage of knocked-in hIL6R. As determined by the plasma
levels of serum amyloid A (SAA), which is produced by the hepato-
cytes in response to IL6', the hIL6R knack-in mice can respond to
human IL6 but not mouse 116, whereas wild type mice can respond to
both human I1L6 and mouse 116 (Fig. Le).

Establishing a humanized Castleman’s disease model mouse. We
have crossed the hIL6R knock-in mouse and the H-2L%hIL6 trans-
genic mouse to establish a humanized Castleman’s disease mouse
model, which is named B6(Cg);129-H6ra™ W Tg(IL6)40Csk.
Enlargement of systemic lymph nodes and splenomegaly, typical
symptoms of Castleman’s disease’*, were observed in hIL6 trans-
genic mice whether their Il6ra gene alleles were wild-type (Ji6ra*/*)
(Fig. 2b) or humanized (ll6ra™**'®) (Fig. 2c). Histological
observation revealed that the number of plasma cells and white
pulps were increased in the spleen of both Jigra"***""*_h]LG trans-
genic mice (Table 1, Fig. 3b), as compared to hIL6 non-transgenic
control mice (Hl6ra™ " mice), shown in Fig. 3a.

Treatment with an hIL6R-neutralizing antibody in a humanized
Castleman’s disease mouse model. We then examined whether this
novel humanized Castleman’s disease mouse model can be used to
evaluate the efficacy of hIL6R-specific therapeutic agents. We treated
HGra*" " hIL6 transgenic mice and [I6ra™-hIL6 transgenic
mice with tocilizumab and MR16-1 (Fig. 2a). As we previously
reported, tocilizumab has a neutralizing activity specifically against
hIL6R but not against mouse li6ra, whereas MR16-1 has a specific
neutralizing activity to mouse Il6ra but not to hIL6R".

The spleen weights (mean * SD) markedly increased to 0.26
0.03 g in the vehicle-treated Il6ra"" """ -h]L6 transgenic mice.
These increased spleen weights were significantly different from
those of the hIL6 non-transgenic H6ra"" 1'% mice group (0.08 =
0.01 g). Treatment with tocilizumab markedly prevented the
development of splenomegaly in male Il6ra"" "% h I 6 transgenic
mice (Fig. 2c; Supplementary Fig, S1): the spleen weights at the end of
4-week treatment were decreased to 0.14 *+ 0.03 g,0.14 % 0.02 gand
0.13 + 0.03 g in groups treated with 0.1, 0.25 and 0.5 mg/body of
tocilizumab, respectively. These values were not significantly differ-
ent to those of the hIL6 non-transgenic H6ra" “*"** mice group.
Spleen weights of the group treated with MR16-1, an antibody to
mouse 1i6ra (0.34 = 0.11 g) increased to the same level as the vehicle-
treated group.

In contrast, in 1l6ra*™"*-hIL6 transgenic mice tocilizumab treat-
ment does not show preventive effects on the splenomegaly (0.45
+ 0.26 g) observed in the vehicle-treatment group (0.34 :£ 0.09 g),
whereas MR16-1 markedly prevented splenomegaly at a dose of
0.1 mg/body, with spleen weights decreasing to 0.12 * 0.01 g
These values were not significantly different to those of hIL6 non-
transgenic 1/6ra™* mice (0.08 = 0.01 g) (Fig. 2b; Supplementary Fig.
S1). The spleen weights also displayed great interindividual variabil-
ity in Il6ra*’*-hIL6 transgenic mice treated with tocilizumab
(Fig. 2b).
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Figure 1 | Generation of human IL6 receptor (IL6R) gene knock-in mouse. (a) Schematic representation of the knock-in strategy for the hIL6R gene. A
knock-in vector was constructed by inserting h/L6R cDNA with neo cassette flanked by two loxP sites into the mouse ll6ra genomic locus in the frame of a
BAC genomic clone. A knock-in allele and a neo-deleted knock-in allele are also shown. Arrows indicate PCR primers (m10355 and m11166R) for
genotyping. TC, terminal codon. (b) A representative result of genotyping to confirm the neo-depleted hIL6R knock-in allele and homozygosity of the
hIL6R knock-in allele. Wild-type allele and knock-in allele were detected as signals of 0.8 kb and 4.2 kb, respectively, whereas knock-in allele after
removing rieo cassette was detected as a signal 0f 2.7 kb. M, DNA molecular marker. Numbers above the gel denote the mouse genotypes, (1) l6ra*",
(2) Hera" o, (3) Hera"™ ™M and (4) lGrattetteimiriome (c) Representative results of RT-PCR analysis for tissue distribution of Ii6ra*’" (Wi) and
Hgra™ ek (Ho) mice. (d) Plasma levels of soluble hiL6R in ll6ra* ' (n = 14), H6ra™** (n = 16) and l6ra"*®iek mice (n = 13). (e) Species-specific
ligand response was confirmed after intraperitoneal injection of mouse 16 (mIL6) or human IL6 (hIL6) in l6ra'’" and in L6ra™i™/19% mice. Ligand
responses were evaluated by the elevation of plasma SAA levels after injection of vehicle (n = 3), mIL6 (n = 4) and hIL6 (n = 3) in [6ra""* and those of
vehicle (n = 2), mIL6 (n = 3) and hIL6 (n = 3) in liGrg"terMiiek
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Pigure 2 | Treatment with an hIL6R-neutralizing antibody in humanized Castleman’s disease model mice. (a) Protocol for 4-week treatment with the
anti-mouse Il6ra antibody, MR16-1, or the anti-human IL6R antibody, tocilizumab (TCZ). (iv.), intravenous injection; (sc.) subcutaneous injection,
(b) Spleen weights of [l6ra*’*-hILG transgenic mice and (c) H6ra"™**"*.h L transgenic mice after 4-week treatment (n = 5 per group). Statistical
significances were determined by nonparametric comparisons with control using the Dunn method for joint ranking. The data of each treatment group
were compared with those of the respective hIL6 non-transgenic mouse group in each genotype of interleukin-6 receptor, ll6ra*’* (b) and H6ra"##5%
(c). %, p < 0.05, **, p < 0.01 and NS, not significant. Non Tg, hIL6 non-transgenic mice; Tg, hIL6 transgenic mice.

An increase in the amount of plasma cells in the marginal zone was
observed in all of the saline-treated II6ra™"*5.hLG transgenic
mice (Table 1, Fig. 3b) compared to non-transgenic mice (Table 1,
Fig. 3a), and aggregates of plasma cells were observed in one of three
animals (Table 1, Fig. 3b). Additionally, increased numbers of white
pulp was observed in saline-treated Ii6ra"" /! h]L6 transgenic
mice (Table 1, Fig. 3¢) compared to non-transgenic mice (Table 1,
Fig. 3d), which was evidenced by the incidence of white pulp, and this
finding was accompanied by enlargement of the total spleen area
(Table 1, Fig. 3e). Pathological symptoms of the spleen in tocilizu-
mab-treated IGra" " "***_h]L6 transgenic mice were substantially
ameliorated upon histological observation at the end of the 4-week
treatment (Table 1, Fig. 3, ¢ and f} compared with saline-treated
TIGra"" M1 h L6 transgenic mice.

Plasma levels of human soluble IL6R and human IL6 were markedly
increased at the end of a 4-week tocilizumab treatment in JIrg™ ™.
hiIL6 transgenic mice (Fig. 4, a and b). Antibodies to the drug were
minimally detected in H6ra"“*'* h]LG transgenic mice even after
repeated subcutaneous administration of tocilizumab (Fig. 5).

Discussion
We have established a line of hIL6R knock-in mice, in which endo-
genous mouse [l6ra gene is successfully replaced by hIL6R cDNA.

Table 1 | Incidence of histopathological findings of splenic lympho-
cytes in humanized Castleman’s disease model mice with or without
tocilizomab treatment :

Hgrctuerrines

NonTg hil6Tg hil6Tg
Findings Severity  Saline  Saline Treated'
3/3 0/3  4/5
0/3 2/3 1/5
0/3 1/3 0/5
3/3  0/3 1/5
0/3 0/3 4/5
++ 0/3 3/3 o/5

*Increased plasma cells

+ 1+t

**Increased number of white pulp

4

Severity offindings: *, i of pl Il in th pared o non-
ransgenic mice; +, aggregates of plasma cells observed in the marginal zone. ** +, increased
incidence of white pul i to nondransgenic mice; + + , increased incidence of white pulp

p comp:
with enlargement of the fotal spleen area.
Non Tg, hii6 nonransgenic mice; hil6 Tg, human /L6 transgenic mice.
Numerals indicate the number of animals examined.

!, reated with tocifizumab,

3:1196 | DOL: 10.1038/srep01196

e

Figure 3 | Spleen tissue of an [I6ra"****"'“* mouse (a, d), an H6ra""***"“*. 1 |1 6 transgenic mouse (b,
transgenic mouse {c, f). Increase of plasma cells and increased numbers of white pulp in the liérg

i

3, and a tocilizumab-treated Hora"® <X K16
-hil6 transgenic mouse (b, ¢) were

bt

ameliorated after 4-week treatment with tocilizumab (c, ). Plasma cells are shown in insert (b). Bars: {a—c), 100 pmy (d=f), 500 pm. W, white pulp.

Results of RT-PCR analysis indicate that tissue distribution of the
knocked-in hIL6R expression is well-controlled by endogenous tran-
scription mechanisms (Fig. 1c). Membrane-bound hIL6R expressed
on the cell surface in these mice would be normally released to the
blood as soluble hIL6R, which lacks the transmembrane and cyto-
plasmic region'", and the plasma levels of soluble hIL6R are
revealed to be similar to those reported in Castleman’s disease™",
rheumatoid arthritis patients* and healthy volunteers''*, According
to our survey, two lines of hIL6R transgenic mice were previously

a

(ng/mi) Plasma hsiL6R level
1,400 4
1,200 A
1,000 -
800 A
600 4
400
200 4
ND.
0 bt ;
mAb | Saline | Saline | Saline [MR16-1] TCZ
0.1 0.1
hiL6 Tg| NonTg | NonTg | Tg Tg Te
IL6R | Mouse | Human|Human] Human| Human| Human} Human
{n=5) | (n=5} | {n=5) | (n=5) | (n=5)

established™”. Both of them were reported to have higher serum
levels of soluble hILAR than healthy humans. Peters et al. established
a line of hIL6R transgenic mice, driven by phosphoenolpyruvate car-
boxykinase gene promoter, in which serum concentrations of soluble
hIL6R were described to range between 4 and 8 pg/mL™®, several
hundred times higher than those in human, Moreover, these hIL6R
transgenic mice express only the soluble type of hIL6R, not the
membrane-bound type. Another line of hIL6R transgenic mice was
established to express the membrane bound type of hIL6R, driven by

b

{pg/mi)
1,800

1,600 -
1,400 -
1,200 4
1,000 S
800 -+
600 -+
400 -
200 +

o
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hIL6 Tg| NonTg
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Figure 4 | Plasma levels of soluble hIL6R (a) and hiL6 (b) concentration after 4-week treatment with 0.1, 0,25 and 0.5 mg/body of TCZ in each
genotype of mouse (n = 5 per group). (a) Plasma soluble hIL6R concentrations were approximately 21 ng/ml in saline-treated Il6ra*"**"***_h[L6
transgenic mice, whereas marked elevation of plasma soluble hIL6R levels, approximately 40-50 times higher than those of vehicle control, was observed
after 4 weeks in TCZ-treated [6ra"“**#*.h[L6 transgenic mice. (b) Plasma hIL6 was detected at the level of 163 pg/ml in saline-treated IlGrg"" */*'¢-
hILG transgenic mice, whereas the hiL6 levels were markedly elevated to the levels of 936-1204 pg/ml after 4-week treatment of TCZ. ND, not detected.

Non Tg, hIL6 non-transgenic mice; Tg, hIL6 transgenic mice.
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Figure 5 | Titers of plasma anti-drug antibodies after 4-week treatment with 0.1, 0.25 and 0.5 mg/body of TCZ in each genotype of mouse
(n =5 per group). Extremely high levels of plasma anti-TCZ-antibody titers were detected in [l6ra*’*-hIL6 transgenic mice, whereas those in TCZ-

treated [IGra" "% h L6 transgenic mice were minimally detected. Non

a strong promoter cassette pCAGGS?*, in which serum concentra-
tions of soluble hIL6R were described to range between 80 and
100 ng/mL*, about 4~5 times higher than those in human. Taken
together, for the first time we have succeeded in genetically human-
izing IL6R in mice to produce blood levels of soluble hIL6R similar to
those in human, with plasma concentrations of soluble hIL6R ran-
ging between 15 and 30 ng/mL (Fig. 1d).

No apparent abnormalities were observed in human IL6R knock-
in mice, a fact which shows that human IL6R expression does not
affect animal health under normal breeding conditions. Histological
observation revealed that the spleens of llGra™"****** mice did not
show any abnormalities (Fig. 3a). Homozygous Il6ra™" "% mice
deplete the downstream signal from IL6R because human IL6R can-
not bind to mouse endogenous 116'**, but this lack of IL6 signaling
would not have apparent effects on animal health in normal condi-
tions, as described in several reports that either 16 or Il6ra gene-
disrupted mice are viable and have normal appearance™ . We have
detected elevated plasma SAA levels that confirm the species-specific
ligand responses after intraperitoneal injection of mouse 116 or hu-
man IL6 to the hIL6R knock-in mice. Homozygous Ii6ra"
mice exclusively respond to human IL6 only, and not to mouse 116
(Fig. 1e). These responses are compatible with the fact that mouse
1léra can respond to both mouse 116 and human IL6, whereas hIL6R
can respond to human IL6 only’**. These results strongly suggest
that our hIL6R knock-in mouse expresses not mouse endogenous
1l6ra, but a functional hIL6R molecule that can transduce the down-
stream signals normally.

T'g, hIL6 non-transgenic mice; Tg, hILG transgenic mice.

Recently, either albumin-expressing hepatocyte-specific or lyso-
zyme M-expressing macrophage/granulocyte-specific Il6ra gene
knockout mice have been established by crossing mice having floxed
alleles of Il6ra (Il6ra™") with mice expressing Cre recombinase under
the control of albumin (AlbCre) or lysozyme M promoter (LysCre).
McFarland-Mancini et al. demonstrated that soluble Il6ra level in
plasma was more dependent on immune cell secretion than hepatic
production by showing that AlbCre*/*/ll6ra™" mice had higher levels
of soluble 1l6ra (67.95% of Cre™"~/l6ra™") than LysCre™~/ll6ra™"
mice (39.95%)%. However, SAA production after challenge with tur-
pentine in AlbCre™*/ll6ra™ mice was severely inhibited, whereas
plasma SAA level in LysCre™/li6ra™" mice was similar to that of
wild-type mice. Consequently, membrane-bound Il6ra on the hepa-
tocytes makes a critical contribution to hepatic SAA production,
meaning that trans-signaling by soluble Ii6ra may not have a signifi-
cant role in SAA production. We have demonstrated that
Hl6rattahisk mice can respond to exogenous hIL6 to produce
SAA, which strongly suggests that Il6ra"**"L5* mice express intact
membrane-bound hIL6R, at least on the hepatocytes.

The [i6ra"*/5*_h]L6 transgenic mouse established in this study
showed basically typical Castleman’s disease symptoms (enlarge-
ment of systemic lymph nodes and splenomegaly) similar to those
previously reported in Il6ra™*-hIL6 transgenic mice™". Histological
observation revealed that the number of white pulps is also increased
in Hera srMMtsk K116 transgenic mice. White pulp consists of an
accumulation of lymphocytes, mostly B-cells; therefore, these results
indicate that the knocked-in hIL6R can respond normally to human
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1L6 to cause B-cell differentiation and proliferation in white pulp in
vivo in the same way as endogenous mouse Il6ra in wild-type mice.
Extramedullary hematopoiesis was also observed in the spleen of
lGra" st hIL6 transgenic mice (data not shown) as previously

/e

reported in Il6ra™/*-hIL6 transgenic mice™.

We have also examined the therapeutic efficacy of an hiL6R-spe-
cific neutralizing antibody on the Castleman’s disease-like symptoms
in this mouse model. As far as we know, this humanized Castleman’s
disease mouse model is the first small rodent that can be used to
evaluate in vivo efficacy of a therapeutic antibody specific to human
IL6R. Our results suggest that sufficient efficacy was observed at a
low dose, 0.1 mg/body of tocilizumab, when administered to this
mouse model in our dosing scheme. Even when we increased the
dose of tocilizumab to 0.25 or 0.5 mg/body, further reduction of
spleen weights was not observed; therefore, it may be possible to
decrease the dose of tocilizumab further to find the minimal dose
level. We would like to define the therapeutic window of tocilizumab,
as well as the improved antibodies® described below, in a future
study. Marked elevation of plasma soluble hIL6R and human IL6
levels was also observed in our mouse model similar to that reported
by Nishimoto et al. in the patients with Castleman’s disease or
rheumatoid arthritis that had been treated with tocilizumab'.
Nishimoto et al. concluded that it was likely that soluble hIL6R
increased because the formation of a tocilizumab/soluble hIL6R
immune complex prolonged its elimination half-life, and that free
serum IL6 increased because IL6R-mediated consumption of IL6 was
inhibited by the fack of tocilizumab-free IL6R™. We consider that
increased plasma levels of soluble hIL6R and human IL6 in tocilizu-
mab-treated ll6ra"™ " **-h L6 transgenic mice could be caused by a
mechanism similar to that in humans, and that our humanized
Castleman’s disease model would substantially reflect the clinical
outcomes seen in the tocilizumab-treated patients.

Nowadays various technologies for optimizing therapeutic anti-
bodies (in other words, antibody-engineering technologies) have
been intensively developed by leading researchers, and improving
the pharmacokinetics of these expensive therapeutic antibodies to
reduce the dose or dosing frequency will be an increasingly import-
ant issue®. It is necessary to determine the therapeutic window,
dosing frequency and route of administration while fully under-
standing the binding affinity to antigen, the pharmacokinetics and
the biodistribution of each antibody modified with various sorts of
functions®. We propose that our mouse model, expressing a physio-
logical level of hIL6R, will be well-suited for preclinical studies asses-
sing a modified function added to the backbone of new therapeutic
antibodies. Our mouse model also has the merit of being smaller in
body size than other animal species, such as primates, so smaller
amounts of candidate agents would be sufficient for evaluation.

Antibody ftiters to the drug tocilizumab were only minimally
detected, despite the repeated and frequent subcutaneous admin-
istration (Fig. 5), so that evaluation of in vivo efficacy of humanized
hIL6R-neutralizing antibody was possible after 4-week treatment in
this novel Castleman’s disease mouse model. Although the cause of
these low titer levels remains to be investigated, we are currently
considering two possibilities. The first is that tolerance might be
successfully induced by relatively higher first dosing (2 mg/body)
of humanized antibody intravenously. This possibility is suggested
by two recent reports using MR16-1, a rat antibody to mouse Il6ra.
Yoshida et al. reported that first intravenous dosing (2 mg/body)
inhibited the production of antibodies to MR16-1 after repetitive
intraperitoneal or subcutaneous injections of MR16-1 in NZB/
NZW F1 mice®. Sakurai ef al. also suggested the possibility that
tolerance induction would inhibit the production of antibody to drug
after finding that antibodies to MR16-1 were detected in some mice
treated with 15 mg/kg of MR16-1 intravenously every 3 days but not
detected in 50 mg/kg groups®. In our study, however, in Hi6ra™"-
hIL6 transgenic mice expressing only mouse Ii6ra, the same doses of

tocilizumab produced extremely high titers of anti-tocilizumab anti-
bodies, suggesting that there might be some other mechanism than
tolerance induction from a first higher dosing. Therefore we would
like to propose a second possibility: that 1L6 signal blockade by toci-
lizumab itself might also suppress the production of antibodies to
tocilizumab. In Il6ra™/~-hIL6 transgenic mice, which express mouse
Il6ra but not human IL6R, tocilizumab cannot inhibit IL6 signaling.
Therefore, tocilizumab would be treated as nothing more than a
foreign substance, not as a therapeutic agent, and might stimulate
systemic inflammation induced by hIL6 as well as a strong immune
response. As a result, extremely high titers of antibodies to tocitizu-
mab were detected in tocilizumab-treated JI6ra™*-hIL6 transgenic
mice (Fig. 5). We also speculate that there would be considerable
interindividual variability in the exacerbation of systemic inflammat-
ory response, which could cause the large interindividual variation of
spleen weights seen in Hl6ra™*-hIL6 transgenic mice (Fig. 2). In
summary, at least two mechanisms, namely tolerance induction
(with relatively higher first dosing) and IL6 signal blockade, might
be necessary to inhibit the production of antibodies to tocilizumab.

1L6 is a multifunctional cytokine that has a wide range of biological
activities in various target cells. Therefore not only Castleman’s dis-
ease and rheumatoid arthritis but many other diseases and disorders,
such as multiple myeloma, sepsis, mesangial proliferative glomeru-
lonephritis, and cancer cachexia, may also be associated with 1L6
over-production and subsequent uncontrolled 1L6 signaling'™'™*'.
1t is predicted that an increasing number of researchers in the future
will continue to develop many therapeutic agents molecularly-
designed to target hIL6R. Finally, we expect that our mouse model
provides a novel system for evaluating in vivo efficacy of the next
generation of hIL6R-specific therapeutic agents and also for asses-
sing antibody-engineering technologies to treat patients with
Castleman’s disease, rheumatoid arthritis, and other diseases caused
by abnormalities in IL6 signaling.

Methods

Generation of human IL6R gene knock-in mice. All animal experiments were
performed in accordance with the Guidelines for the Care and Use of Laboratory
Animals at Chugai Pharmaceutical Co, Ltd.

A line of human /L6R gene knock-in mice was established basically by the protocol
we reported previously'***. The methods are briefly described as follows. The
targeting vector, constructed by the seamless insertion of human IL6R gene cDNA
(GenBank # NM_000565) into the mouse Il6ra genomic locus on the BAC clone with
pRed/ET system {Quick and Easy BAC Modification kit, GeneBridges GmbH,
Heidelberg) as shown in Fig. Ia, was introduced by electroporation to the 129/SvEv
mouse ES cells. The ES cells were selected in a culture medium containing G418.
Homologous recombinant ES cell clones were injected into C57BL/6) (B6) mouse
(CLEA Japan, Inc., Tokyo) blastocysts to produce chimera mice. Chimera mice were
bred with B6 females to generate offspring. After confirmation of germline trans-
mission, neo gene cassette was removed from the knock-in allele by pronuclear
microinjection of the Cre recombi pression vector'?. Removal of the #eo gene
ette was confirmed by PCR using the primers m10355 (5'-TCTGCAGTAGC-
CTTCAAAGAGC-3") and m11166R (5"-AACCAGACAGTGTCACATTCC-3").
Neo-deleted allele was determined at 2.7 kb, whereas rreo-intact allele and wild-type
allele were detected at 4.2 kb and 0.8 kb, respectively (Fig. 1b). Heterozygous mice
were intercrossed to produce homozygous mice.

RT-PCR analysis was performed to determine tissue distribution of human and
mouse IL-6R expression. Total RNA samples extracted from tissue samples with
Isogen reagents (Nippon Gene Co. Ltd., Tokyo, Japan) were reverse-transcribed with
SuperSeript 1 reverse-transcriptase (Invitrogen) to synthesize cDNA. PCRs were
performed with a common forward primer 6RIK-s1 (5'-CCCGGCTGCGGAGC-
CGCTCTGC -3") setin 5" untranslated region and species-specific reverse primers in
the coding sequences: 6RLICA2 (5"-AGCAACACCGTGAACTCCTTTG-3") for
mouse Ii6ra and RLI6-al (5"-ACAGTGATGCTGGAGGTCCTT-3') for human
IL6R, respectively. Serum concentrations of soluble-type receptors were determined
as described below.

Species-specific ligand-receptor reaction was examined by plasma levels of SAA
after intraperitoneal injection of human and mouse I1-6. In this experiment
Tigra"™ e mice and ll6ra*’* mice were used. Plasma SAA levels were determined
by the commercially available ELISA kit (Invitrogen), according to the manufac-
turer’s protocol.

ca

blish of i ized Castl ’s discase model mice. The hIL6R knock-in
mice were crossed with the H-2L-hIL6 transgenic mice to establish double transgenic
mice, that is, Ji6ra™**"1*.hIL6 transgenic mice, which have homozygous alleles for
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