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Prevention of joint bleeding is of major importance in the care
of hemophilia A patients.” However, it remained unproven whether
repeated SC dosing of ACE910 could actually prevent spontancous
bleeding episodes, including the joint bleeds that are a pathologic
hallmark of hemophilia A. To address this question nonclinicaily, we
required a primate model because ACE910 is highly species-specific
in its FVII-mimetic cofactor activity.'®

In this study, we aimed first to establish a long-term acquired
hemophilia A model expressing spontancous bleeding episodes,
including joint bleeds, in nonhuman primates, and sccond to evaluate
the preventive effect of once-weekly SC dosing of ACE910 in this
madel for investigating the potential of a prophylactic {reatment in
hemophilia A patients.

Materials and methods

ACE910

ACE910 was expressed in HEK293 or CHO cells cotransfected with a
mixture of plasmids encoding the anti-FIXa heavy chain, anti-FX heavy
chain, and common light chain.'® ACE910 was purified by protein A and ion-
exchange chromatography from the culture supernatants.

Anti-primate FVIIl neutralizing antibodies

A mouse monoclonal anti-primate FVIII neutralizing antibody, termed VHI-
2236, was prepared from hybridoma culture supernatants."*'® A chimeric
mouse-monkey anti-primate FVIH neutralizing antibody, termed cyVHI-
2236, was constructed comprising the mouse variable region from V1III-2236
and the monkey constant region of IgG, which we originatly cloned from
cynomolgus monkey thymus. The cyVII-2236 antibody was produced in
HEK?293 cells and isolated by protein A and gel permeation ct atography
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working days from day 0 until day 28. To observe bruises easily, the body hair
was sheared on day 0, and the area of bruises and the number of days when
bruises had been detected were assessed.

In the second part of this study, another 8 cynomolgus monkeys received
weekly 1V injections (10 mg/kg) of ey VIII-2236. Two groups (n = 4 each)
were established: a control group (the vehicle group) treated with vehicle and
a test group (the ACE910 group) treated with ACE910. ACE910 was ad-
ministered as an initial 3.97 mg/kg SC dose 2 hours after cyVIII-2236
injection on day 0, and thereafter as weekly | mg/kg SC doses. The same
dosing regimen of vehicle (histidine buffer containing a surfactant) was
applied to the vehicle group. Citrated blood was collected over time. Blood
Hgb concentration was measured; the change in blood Hgb level was ex-
pressed as a percentage of that on day 0 (2 hours after cy VIII-2236 injection).
APTT was measured with Thrombocheck APTT-SLA and KC4 Delta.
Bleeding symptoms were monitored on 41 working days until day 56.
Necropsy was performed on day 56; organs and tissues from the whole
body were »pically examined, and b hagic findings in joints
(shoulder, elbow, wrist, hip, knee, and ankle on both sides) were scored.
Then, they were histopathologically examined.

We 1 cyVII-2236 o ation, FVII-neutralizing titer of
cyVII1-2236, ACE910 concentration, and development of anti-ACE910 ai-
loantibodies. The methods are described in detail in the supplemental Methods.
Briefly, cyVII-2236 ion was d ined with a sandwich enzyme-
linked immunosorbent assay (ELISA) using recombinant human FVIII and
an anti-human IgG antibody. FVIi-neutralizing titers of cyVIII-2236 on
days 0 (just after cy VIII-2236 injection) and 56 were assessed with a mod-
ified Bethesda assay. ACE910 concentration was determined with a sandwich
ELISA to quantify human 1gG."® Anti-ACE910 alloantibodies present at
necropsy were examined with an electrochemiluminescent bridging
immunoassay using labeled ACE910.'®

In both parts, the monkeys were carefully monitored under the super-
vision of the attending veterinarian to determine the necessity of pain relief
or other treatment. Consequently, no monkeys received an analgesic drug.

from the culture supernatants.

Comparison of cyVHil-2236 with Vill-2236 in an APTT assay

First, to compare the FVIII-neutralizing activity between cyVIII-2236 and
VI11-2236, each was added to citrated plasma pooled from 3 normal male
(5% lgus } Then, activated partial th plastin time (APTT)
was measured with a standard method using Thrombocheck APTT-SLA
(Sysmex) and coagulation analyzer KC4 Delta (Stago). Second, to compare
the effect of cyVIIE-2236 and VIII-2236 on the APTT-shortening activity of
ACE910, each was added to FV1II-deficient human plasma (George King) at
the final plasma concentration of 300 pg/mL together with various con-
centrations of ACE910, then APTT was measured.

Animals

Ten male cynomolgus monkeys (2.35-4.25 kg, aged 3-4 years) were
purchased from Hamri. All animal studies were approved by the institutional
animal care and use of Chugai Phar I, and were con-
ducted in accordance with the approved protocols and the Guidelines for the
Care and Use of Laboratory Animals at the company. Chugai Pharmaceu-
tical is fully dited by the Association for A and A ditation
of Laboratory Animal Care (AAALAC) International.

Long-term pri model of acquired h philia A

In the first part of this study, 2 cynomolgus monkeys received weekly 1V
injections (3 or 10 mg/kg each) of VIH-2236. Citrated blood was collected
over time. Blood hemoglobin (Hgb) concentration was measured by he-
matology analyzer SF-3000 (Sysmex) to monitor hemorrhagic anemia.
APTT was assessed with a standard method using Data-Fi APTT (Siemens)
and coagulation analyzer AMAX CS-190 (Trinity). In addition, bleeding
symptoms (bruises [dark-red areas on the body surface], hematuria, limping,
and general condition including joint swelling) were monitored on 21

| lysis and multiple-dosing simuiation

The data are presented as individual values or as mean * standard deviation
(SD). In the in vivo efficacy study, some were analyzed by 2-tailed Student
1 test (SAS Preclinical kage, version 5.00) between the vehicle and the
ACE910 groups. A P value of .05 or less was considered statistically sig-
nificant. Multiple doses of ACE9 10 were simulated on the basis of the PK
parameters previously determined'® with SAAM I, version 1.2 software
(SAAM Institute).

Results

Failure of long-term ization of end FVIll by
VIII-2236 in cynomolgus monkeys

First, we attempled to cstablish a Jong-term acquired hemophilia A
maodel] by weekly IV injection of VIII-2236 in cynomolgus monkeys.
APTT prolongation was obscrved for the first 2 weeks (Figure 1), but
gradually shortened after the third injection, and finally disappeared
by the end of the fourth wecek, suggesting the development of allo-
antibodies to VIII-2236. VIII-2236 is a mouse IgG, and therefore
entirely foreign to primates. In addition, no sign of joint bleeds was
observed, although some bruises and a transient decrease in blood
Hgb were detected (data not shown). Consequently, we sought an
alternative way of establishing a longer-term primate model of acquired
hemophilia A.

Chimerization of VI-2236 to cyVIII-2236
As an attempt to avoid anti-VII1I-2236 alloantibody development, we

chimerized VIII-2236 (mouse IgG) by replacing its constant region
with that of cynomolgus monkey IgG. The chimerized VIII-2236
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Figure 1. Change in APTT after weekly IV injection of the mouse anti-primate
FVIil neutralizing antibody Vill-2236 in cynomolgus monkeys. VIll-2236 was
injected at 3 or 10 mg/kg IV doses to cynomolgus monkeys on days 0, 7, 14, and 21.
Citrated blood was collected on days 0, 3, 7, 10, 14, 17, 21, 24, and 28 (before and
2 hours after VII-2236 injection on days 0, 7, 14, and 21). The time course of APTT
is shown for each monkey.

(cyVI1II-2236) successfully prolonged APTT in cynomolgus mon-
key plasma in vitro with a similar concentration dependency to that
of original VIII-2236 (Figure 2A). Additionally, cy VIII-2236 did not
interfere with the APTT-shortening activity of ACE910, the same
results were also found with VIII-2236 (Figure 2B). These results
indicate that VIII-2236 was successfully chimerized to cy VII1-2236
while retaining the original characteristics.

Establishment of a long-term acquired hemophilia A model
expressing spontaneous joint bleeds in cynomoigus monkeys

Using cyVIII-2236, we rctricd 1o establish long-term neutralization
of endogenous FVIL, expecting reproducible development of spon-
tancous joint bleeds. The experimental protocol is illustrated in
Figure 3A. In all the monkeys given vehicle (n = 4), APTT was
prolonged to approximately twice the normal bascline for 8 weeks
(Figure 3B). Plasma cy VIII-2236 concentration {fuctuated, but
remained over 58.6 p.g/mL (nearly 400 nM) (supplemental Figure 2).
As over 400 nM cyVII-2236 prolonged APTT by twofold in vitro
(Figure 2A), these obscrvations seemed consistent. Thus, an ac-
quired hemophilia A state was successfully maintained by using
cyVII-2236.

In this tong-lasting acquired hemophilia A state, all the control
monkeys given vehicle developed abnormal leg motion known as
limping: a behavior to avoid using the affected leg (Figure 3C). The
limping continued until the experiments ended, with days when
limping was detected reaching 25.0 + 8.3 days (61% * 20%) of the
41 observation days. Two control monkeys (#3 and #4) developed
Jjoint swelling at the ankle in the limping limb from days 28 to 42
and from days 18 to 42, respectively. Macroscopic observation at
necropsy on day 56 revealed intraarticular dark red arcas (consistent
with hemorrhagic findings in the histopathological examination) in
joints (elbow, hip, or ankle) of all the control monkeys; the number
of bleeding joints was 2.0 * 0.8 per head (Figure 3D, Table 1).
Bleeding was detected in the hip or ankle joint of the side that limped.
Representative macroscopic findings of the hip joints are shown in
Figures 3Ei-ii. Hemorrhagic findings or reactive findings associated
with hemorrhage were histopathologically confirmed in the joints
that limped: hemorrhage/hemosiderin deposition, mononuclear ccll
infiltration, and vascular proliferation in the synovial membrancs;
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synovial hyperplasia; granulation tssue; and destruction of artic-
ular cartilage or underlying bone (Figure 4A-C). Thus, a long-term
acquired hemophilia A model expressing spontancous joint bleeds
was successfully established in cynomolgus monkeys.

Other spontancous bleeding symptoms, that is, bruises and
hematuria, were detected by daily observation in the vehicle group
(data not shown). By macroscopic observation at necropsy, hem-
orrhagic findings were also observed in skeletal muscle (Tower ab-
domen and femoral region), urinary bladder, seminal vesicle, rectum,
and subcutis (back) in 1 or 2 of the 4 control monkeys (Table 1).
Additionally, blood Hgh temporarily decreased during the observa-
tion period with the lowest values reaching 64% to 87% (Figure 5),
suggesting substantial hemorrhagic blood loss.

Bleeding preventive effect of ACE910 in the long-term acquired
hemophilia A model

The preventive effect of a weekly SC dose of ACE910 on spontancous
joint bleeds was evaluated in the model described in “Establishment of
a long-term acquired hemophilia A model expressing spontancous
joint bleeds in cynomolgus monkeys.” The dosing regimen was sim-
ulated to maintain the plasma concentration trough at >30 pg/mL
from the first week after administration using the PK parameters of
ACE910in cynomolgus monkeys previously obtained because around
26 pg/mL of plasma ACE910 would show hemostatic activity

A 60 7 Normal cynomolgus monkey plasma
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Figure 2. Comparison of the mouse-monkey chimeric anti-primate FVHI
neutralizing antibody cyVill-2236 with the original mouse antibody VIII-2236
in an APTT assay. (A) Effects of cyVIlI-2236 and VIII-2236 on APTT in normal
cynomolgus mankey plasma. (B) Influence of 300 j.g/ml cyVIIl-2236 and VIli-2236
on APTT-shortening activity of ACE910 in FVIli-deficient human plasma. Data are
expressed as means = SD {n — 3). The bars depicting SD are shorter than the height
of the symbols. The symbols for the group without anti-FVIIl antibody are hidden
behind the symbols for the ather groups in panel B.
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Figure 3. Preventive effects of ACE910 on spontaneous joint bleeds in a long-term primate model of acquired hemophilia A. {A) Experimental protocol used for
evaluating preventive effects of ACE910 in a long-term hemophilia A model induced by the weekly 1V doses of 10 mg/kg cyVIl1-2236. The 8 cynomolgus monkeys received
weeKly IV injections of cyV1l1-2236 on days 0, 7, 14, 21, 28, 35, 42, and 49, ACE910 was administered as an initial 3.97 mg/kg SC dose 2 hours alter cyVIi-2236 injection on
day 0, and thereafter as a weekly 1 mg/kg SC dose on days 7, 14, 21, 28, 35, 42, and 49, Citrated blood was collected on days 0, 4,7, 11, 14, 18, 21, 25, 28, 32, 35, 89, 42, 46,
48, 53, and 56 (before and 2 hours after cyVIH-2236 injection on day 0; just before cyVIil-2236, vehicle, and ACE910 injections on days 7, 14, 21, 28, 35, 42, and 48). (B) The
time courses of APTT are shown as individual values for respective cynomolgus monkeys {#1-4) of the vehicle and ACE910 groups. The APTT of the vehicle #3 monkey on
day 46 was not determined due to a handling failure. (C) The days in which limping was observed are shown in red for the individual cynomolgus monkeys. The gray boxes
indicate that no data are available because the ACE910 #4 monkey was killed for humane reasons on day 28 (See “Results"). The number of days with limping (C) and the
number of bleeding joints at necropsy (D) are shown as individual values {#1-4) and as means * SD in the vehicle group {(n = 4) and the ACES10 group (n — 8). “'P < .0t

indicates significant differences from the vehicle group (2-tailed Student t test). (E) Representative macroscopic findings of the joints at necropsy. Left hip joint with fi

ping in

the vehicle #1 monkey; dark-red area in the Af (i) and Ht (ji) is detected. Left hip joint without limping in the ACE910 #3 monkey; no abnormalities are noted in the Af (iii) and Hf

{iv). Ac, acetabulum; Af, acetabular fossa; Hf, head of femur.

comparable to that of 10 U/kg (twice-daily) rpoFVIII in a short-
term primate model of acquired hemophilia A.'

In all the monkeys treated with ACE910 (n = 4), APTT was
initially prolonged to approximately twice the normal baseline after
the first IV injection of cyVII-2236, as in the group treated with
vehicle. Then, repeated ACE910 administration shortencd the pro-
longed APTT to the baseline level over the entire dosing period
(Figure 3B), although carcful observation indicates that the APTT-
shortening effect was slightly reversed in 1 monkey (ACE910 #4)
on days 25 and 28. It should be noted that the APTT of FVIII-
neutralized cynomolgus monkey plasma was normalized even
at around 30 pg/mL (nearly 200 nM) of ACE910, which also
indicated rpoFVIII relative activity of <10% on the basis of peak
height in the thrombin generation assa)c"’ This is assumedly be-
cause ACE910 does not require an activation process to exert its
cofactor activity, whereas FVIII needs additional time to be ac-
tivated by thrombin or FXa in the APTT assay. Therefore, the effect
of ACE910 on APTT should be carcfully interpreted in relation to
the hemostatic efficacy. Plasma cy VIII-2236 in the ACE910 group

remained over 96.1 pg/mL, which exceeded the minimal cy VIII-
2236 level (58.6 wg/mL) in the vehicle group (supplemental
Figure 2). Furthermore, in all monkeys other than the ACE910 #4
monkey, the FVIII-neutralizing titer measured by the modified
Bethesda assay was maintained on day 56 (data not shown). These
results suggest that endogenous FVII was also successfully ncu-
tralized in the ACE910 group.

The ACE910 #4 monkey showed a rapid and significant decrease
in plasma ACE910 concentration from day 21 to day 28, on which it
was only 2.8 pg/mL (Figure 6), and anti-ACE910 alioantibodies
were detected in the plasma (data not shown). Furthermore, this
monkey accidentally experienced a fracture of the mandibular cuspid
on day 28, although no other monkeys experienced such a rare
accident. Owing to the conscquent massive bleeding in the oral
cavity, the blood Hgb concentration decreased to 2.2 g/dL (19% of
day 0 values, Figure 5). Thercfore, in consideration of animal ethics
and the impossibility of maintaining an effective ACE910 level, this
monkey was killed humanely on day 28 and macroscopic observation
of its organs and tissues was carried out at necropsy.

From www bloodjournal.org by guest on December 28, 2014. For

BLOOD, 13 NOVEMBER 2014 - VOLUME 124, NUMBER 20

Table 1. Macroscopic hemorrhagic findings at necropsy on day 56
in a long-term primate mode} of acquired hemophilia A

No. of animals with

findings
Vehicle, ACES10,

Organftissue Site n=4 n=3
Joint Etbow Leit 1 o
Right 1 [
Hip Left 4 0
Right 1 o
Anide Left 1 o
Skeletal muscle Lower abdomen 2 0
Femnur 1 [}
Urinary bladder Wall 2 ¢
Seminal vesicle Serosa 1 0
Rectum Serose 1 o
Skin Back Subcutis 1 0

In the other 3 monkeys, plasma ACE910 level remained around
the target concentration (30 wg/mL) from day 4 to day 56 (Figure 6).
demonstrating that the multiple-dosing simulation worked very
well. Anti-ACE910 alloantibodies were examined in plasma col-
lected at necropsy (day 28 for the #4 monkey: day 56 for the other 3
monkeys). In addition to the #4 monkey, 1 other monkey (ACE910
#3) had anti-ACE910 alloantibodices. In this menkey, however, the
plasma ACE910 level slightly decrcased only after day 49, and
remained around 26 pg/mL, a level which is expected to show
hemostatic activity.'®

Regarding the joint bleeding symptoms, no limping and no
macroscopic bleeding joints at necropsy were observed in any of the
ACE910-treated monkeys, including monkey #4. In the ACE910
group (n = 3; excluding #4 statistically), the number of limping
days (Figure 3C) and the number of bleeding joints at necropsy
(Figure 3D, Table 1) significantly decreased (P < .01, 2-tailed
Student 1 test), compared with those of the vehiele group (n = 4). In
the ACE910 group, synovial hyperplasia and vascular proliferation
in the synovial membranes of joints were histopathologically noted
(Figure 4D-F). However, these findings were less severe and less
frequent in the ACE910 group than those in the joints with neither
macroscopic bleeding nor limping in the vehicle group.

Regarding the other spo us bleeding symptoms, bruises
(the maximum value of areas and the number of days detected during
the observation period) were ameliorated, and no hematuria and no
organ bleeds at necropsy were found except for the oral cavity bleeds
of the ACE910 #4 monkey (Table 1). Furthermore, monkeys #1 to 3

Figure 4. Hi: ical findings in a rep! Vehicle

tative joint in a long-term primate model of acquired
hemophilia A. Left hip joint with limping in the vehicle
#1 monkey (A-C) and left hip joint without limping in
the ACE910 #3 monkey (D-F) are shown at original
magnification %5 (A, D}, X 20 (B, E), and %400 (C. F).
Hemorrhagic changes (arrowheads) including hemo-
siderin deposition (arrows) and destruction of articular
cartilage/underlying bone (*) are detected in the joint  ACES10
with limping (A-C). No hemorrhagic changes are noted
in the joint without limping (D-F). Hematoxylin and eosin
stain. Aca, articular canifage of acetabulum; Hb, hip
bone; Sm, synovial membrane.
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in the ACE910 group exhibited blood Hgb of 90% or abave for
8 weeks (Figure 5). The minimum value of blood Hgh during
the observation peried was 94.9% = 4.9% in the ACE910 group
{n = 3, excluding monkey #4). which was significaatly higher
than 75.2% = 11.3% in the vehicle group (n = 4) (P < .05, 2-tailed
Student 7 test.

Discussion

Joint damage is one of the most problematic bleeding-related com-
plications in hemophilia A paticnts. Manco-Johnson ct al demon-
strated in a prospective clinical study that the progression of joint
damage could he decreased by routine alternate-day doses of FVII
from infancy.” Although this dosing regimen could render a severe
disease (<< 1% FVHLC) into a moderate one (1%-5%3, its preventive
effect on joint biceds was not pcrl‘ccl,”'” and an analysis by den Uijl
et al determined that the threshold FVIIEC level required to be free
from joint bleeds would be 129 Our previous study in a primate
model of acquired hemophilia A predicted that 226 pg/mlL ACE910
would exhibit hemostatic activity within the range of the mild
phenotype (253%) and that such a hemostatic level would be
maintained by weekly SC doses of 0.64 mg/kg ACE910.'°
Therefore. in the present study, we tnvestigated weekly SC doses
of 1 mg/kg ACE910 and demonstrated that such a regimen signifi-
cantly prevented spontancous joint bleeding, which also confirmed
that the simulation of plasma ACE910 concentrations worked
well. Because PK data of therapeutic antibodies from cynomolgus
monkeys can be scaled to projecthuman PK profiles. 1930 4 similar
PK profile and efficacy are expected for ACEY10 in a clinical
setting.

In this study. a fong-term acquired hemophilia A model was
newly established. The FVIHEC in this model was speculated
tokeep < 4% and < 3% in the vehicle and ACE9 10 groups. respec-
tively, according to plasma cy VIII-2236 level und the cy VIII-2236
concentration vs FVIIEC correlation in the pooled cynomolgus
monkey plasma (supplemental Figures 2 and 3). In the case of
congenital hemophilia AL a small percentage of FVIIEC is con-
sidered to render the severity of bleeding: however, in acquired
hemophilia A. measured FVHEC does not necessarily correlate
with the severity.”! Although ¢y VIII-2236 would not have nec-
essarily decreased FVIIECin the T-stage clotting assay to < 1% inthe
monkeys. the control monkeys actually presented severe bleeding
symptoms. Thus, we considered that this model was a severe
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Figure 5. Relative blood Hgb concentrations in a long-term primate model of
acquired hemophilia A. The time courses of blood Hgb concentration relative to

concentration on day 0 (2 hours after cyVIiI-2236 injection) are shown as individual
values in respective cynomolgus monkeys (#1-4) of the vehicle and ACE910 groups.

acquired hemophilia A one. In an attempt to further validate this
model by looking at reactivity to injected FVIII, we examined the
effects of rpoFVIIL, which is not neutralized by cyVIH-2236 (data
not shown). Aiming to cvaluate the marginal level of rpoFVIIT
efficacy, we administered rpoFVIII for 8 weeks with a twice-weekly
20 U/kg IV dosing regimen, which was sct to keep =1% rpoFVIIEC
for 6 days a week (supplemental Figures 4 and 5A).* The prolonged
APTT was shortened immediately after the initial rpoF Vi injection
(supplemental Figure 5B); however, in 3 of 4 monkeys, the APTT-
shortening cffect gradually disappeared in the middle of the dosing
period, suggesting that anti-rpoFVIII alloantibodics had developed.
In terms of bleeding symptoms, the number of days with limping was
fower in the rpoFVIII group than in the vehicle group (supplemental
Figure 5C); furthermore, the course of blood Hgb tended to worsen
when anti-rpoFVIIL alloantibodies presumably emerged (supple-
mental Figure 5D). In the monkey in which rpoFVIII maintained
the APTT-shortening effect, limping and decrease in blood Hgb
were not observed; nevertheless, 2 bleeding joints were noted by
macroscopic observation at necropsy. Although it was difficult to
[ully evaluate the elfect of rpoFVIII because anti-rpoFVIIT alloanti-
bodies developed, these results suggest that increasing FVIH activity
could ameliorate the bleeding tendency in this model; however, the
twice-weekly 20 U/kg IV dosing regimen was not sufficient to fully
prevent joint biceding.

ACE910 and rpoFVIII are proteins foreign to cynomolgus
monkeys; therefore, the development of alloantibodies to these is
theoretically incvitable.?® Incidence rates of anti-humanized anti-
body alloantibodics in cynomolgus monkeys are reported to vary
(0%-100%), and antigenicity in cynomolgus monkeys cannot pre-
dict that in humans. ' Although the antigenicity risk scorc of ACE910
in an in silico T-cell epitope prediction system was comparable to
that of trastuzumab and palivizumab, which are nonimmunogenic in
a clinical sctting,'® the rate of anti-ACE910 alloantibody devel-
opment must be evaluated in the actual clinical setting.

In this long-term acquired hemophilia A model, joint damage
involving abnormal motion and histopathological features associ-
ated with intraarticular hemorrhage were similar to those of he-
mophilia A patients.*#*2* Although a number of animal models have
been reported [or hemophilia A, it has been difficult to develop
reproducibie spontancous joint bleeds. 2% The FVIII-deficient
mouse model of hemophilia A nceds an artificial injuring procedure
to induce joint bleeding.?”?* Although congenital hemophilia A
models in dogs, sheep, rats, and pigs have been reported to develop
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Jjoint bleeds, it seems difficult to express reproducible joint bleeds in
individuals and to efficiently evaluate drug cfficacy in a practicable
experimental period.*** Our model stably developed leg-joint
damage within 8 wecks, which was possibly produced by the severe
acquired hemophilic state and by bodyweight loading due to the
bipedal motion of the monkeys. Thus, this model may be particularly
uselul in testing the efficacy of therapeutic agents from the ortho-
pedic aspect of hemophilia A. In addition, this primate model should
be useful for the many therapeutic antibodies that have poor in-
terspecics cross-reactivity. Morcover, along with our model of he-
mophilia A, the strategy of using a mouse-host animal chimeric
antibody may be beneficial for cstablishing long-term acquired
animal models of other protein-deficiency diseases in the hematology
research ficld.

Although limping and macroscopic intraarticular hemorrhage
at necropsy were observed in all 4 control monkeys, joint swelling
was noted in only 2 monkeys. Therefore, it was not so reproducible
and may be inappropriate for quantitative assessment. The joint
swelling was linked to limping in both monkeys. However, in one of
the monkeys (vehicle #4), the ankle joint that had swollen did not
present macroscopic intraarticular hemorrhage. We assume that the
intraarticular hemorrhage may have been absorbed during 2 weeks
after the remission of joint swelling.

Inthis study, although ACE910 completely prevented the mac-
roscopic joint impairment, subclinical histopathological changes
in the joint synovium were found, despite the presence of ACE910.
We assume that the subclinical or small joint bleeds would occur
in this model, and ACE910 prevented them from becoming larger
and from leading to clinical symptoms, but did not provide a his-
topathological complete recavery at around 30 wg/mL of plasma
ACE910 concentration. An appropriate clinical investigation will
be required to elucidate whether such an action of ACE910 can
completely prevent macroscopic and clinical joint damage in the
long run.

In conclusion, a long-term acquired hemophilia A model ex-
pressing reproducible spontancous joint biceds and other bleeds was
newly cstablished in cynomolgus monkeys, and weekly SC doses
of ACE910 significantly prevented these bleeding symptoms. The
difficulty in venous access negatively alfects the adoption of and
adherence to the routine prophylaxis regimen in home settings. ™
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Figure 6. Plasma ACES10 concentrations in a long-term primate model of
acquired hemophilia A. ACES10 was administered at an initial SC dose of
3.97 mg/kg on day 0 followed by weekly SC doses of 1 mg/kg on days 7, 14, 21,
28, 35, 42, and 49. The time courses of actual measured and simulated plasma
concentrations of ACE910 are shown. The actual measured concentrations are

as indivi values for monkeys (#1-4) of the ACES10

group.
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ACE910 is cxpected to provide hemophilia A paticnts, regardless
of FVIII inhibitors, with a more effective and uscr-friendly way of
bleeding prophylaxis. Clinical investigation of ACE910 is currently
ongoing.
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1. Introduction

With more than 30 monoclonal antibodies already approved for
therapeutic use | 1] and more than 300 under clinical development {2},
monoclonal antibodies are clearly expected to play an important role
in future therapeutics. Therefore, antibody engineering technologies
that improve the therapeutic potency of monoclonal antibodies have
been extensively studied in this decade. Such technalogies include im-
proving the binding affinity to a target, the specificity, the pharmacoki-
netics, and the effector function mediated by the Fc region of an
antibody. Binding affinity can be improved by several methods, such
as in vitro affinity maturation by library display [3} and computer-
based in silico design [4]. For pharmacokinetics, lowering the isoelectric
point of the variable region of an antibody is reported to prolong the an-
tibody half-life by reducing the non-specific clearance of the antibody
[5]. Fc engineering to enhance the binding affinity to FcRn at acidic pH
also improves pharmacokinetics by increasing the recycling efficiency
from the endosomes after non-specific uptake into cells [6]. Modulation
of the antibody effector function by optimizing the interaction between
the Fc region and an Fc gamma receptor is reported to improve the ther-
apeutic efficacy of a monoclonal antibody [7]. Another noteworthy

** This article is part of a Special Issue entitled: Recent advances in molecular engineer-
ing of antibody.
* Corresponding author. Tel.: +81 550 87 3029; fax: +81 550 87 5326,
E-mail address: igawatmy@chugai-pharp.co.jp (T. Igawa).

http://dx.doi.org/10.1016/j.bbapap.2014.08.003
1570-9539/© 2014 Elsevier BV. All rights reserved.

technology that has recently been reported provides bispecific antibod-
ies with a unique function that conventional monoclonal antibodies
cannot achieve; they can neutralize two different disease~related cyto-
Kkines {8]. In addition, bispecific antibodies can also redirect cytotoxic T
cells to cancer cells by binding to CD3 and a tumor antigen [9), and
they can mimic the function of coagulation factor VIll by binding to co-
agulation factor IXa and X [10].

Although these technologies have bestowed improved potency on
therapeutic antibodies, it is now becoming more important to generate
monoclonal antibodies that have further improved properties and are
differentiated from conventional high-affinity monoclonal antibodies.
in terms of modulating the interaction between an antigen and an anti-
body, achieving a high affinity binding to the antigen by affinity matura-
tion has been the only approach for improvement. However, even with
an infinite binding affinity to the antigen, a conventional antibody can
bind to the antigen only once during its lifetime in plasma, and it is
fundamentally limited by its consequent inability to neutralize further
antigens, if the in vivo produced molar amount of antigen is larger
than the amount of antibody injected.

If an antibody is targeting a membrane-bound antigen with a high
rate of synthesis, such as 1L-6 receptor (1L-6R), EGFR, CD4, or CD40
{11-14}, the antibody is rapidly eliminated from plasma through
antigen-mediated clearance. As a result, targeting these types of
membrane antigen cannot be improved by affinity maturation and re-
quires a high dose. Similarly, a high antibody dose is also required to
neutralize soluble antigen at a high plasma concentration. The plasma
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concentration of soluble antigen after antibody administration is deter-
mined by two factors: the baseline concentration and the antibody-
mediated antigen accumulation. Some soluble antigens, such as 1gE
and C5, have a plasma baseline concentration that is already very high
[15,16]; other soluble antigens without a high baseline concentration
in plasma accumulate more than 1000-fold because the recycling func-
tion of an antibody inhibits degradation of the antigen and results in a
very high concentration [ 17]. This accumulation after antibody adminis-
tration occurs because an antigen in complex with an antibody has a
longer half-life than the antigen alone [18,19]. The resulting high plasma
antigen concentration requires a high antibody dose to neutralize the
antigen. For both membrane-bound and soluble antigens, the limitation
of conventional antibodies in only binding to the antigen once, even
when the binding affinity is infinite, requires a high antibody dose.

Recently, we and others have reported that a pH-dependent
antigen-binding property could overcome this limitation of convention-
al antibodies {20-22]. An antibody with a pH-dependent antigen-
binding property dissociates the bound antigen in acidic endosomes
after internalization into cells. Consequently, the dissociated antigen is
trafficked to the lysosome and degraded, whereas the dissociated anti-
body, free of antigen, is recycled back to plasma by FcRn. The recycled
free antibody can bind to another target antigen. By repeating this
cycle, a pH-dependent antigen-binding antibody can bind to the target
molecule more than once. Moreover, we have shown that the therapeu-
tic potency of a pH-dependent antigen-binding antibody can be further
enhanced by increasing its binding affinity to FcRn at neutral pH [23).
These studies demonstrate that pH-dependent antigen-binding anti-
bodies can overcome the limitation of conventional antibodies and
allow novel antibody therapeutics with differentiating properties to be
generated. In this review, the features, advantages, and challenges of
pH-dependent antigen-binding antibodies, and how they can be gener-
ated and optimized are discussed.

2. Effect of a pH-depend: soen-bindi ibody

2.1. Against a membrane-bound antigen

Fig. 1A describes the fate of a conventional antibody bound to a
membrane-bound antigen. A conventional antibody bound to the cell
surface antigen is internalized into cells, after which the antibody-anti-
gen complex passes through the sorting endosome and is transferred to
a lysosome, where eventually both the antibody and antigen are de-
graded by proteolysis. This means that, even with infinite binding

A

%{ Conventional aniiody
“ﬂbﬂﬁ Recycling antibody

affinity to the antigen, a conventional antibody is limited to binding to
an antigen only once. Conventional antibodies against membrane-
bound antigens, such as IL-6R, EGFR, CD4, and CD40, exhibit non-
linear clearance in vivo through antigen-mediated antibody clearance
{11-14]. When a membrane-bound antigen is highly expressed in the
body, the antibody is rapidly cleared from plasma, thereby requiring a
high dose to neutralize this type of antigen over a long period.

Fig. 1B describes the fate of a pH-dependent antigen-binding anti-
body, which we also refer to as a recycling antibody, bound to a
membrane-bound antigen. The recycling antibody bound to the cell sur-
face antigen is internalized into the cells in the same way as a conven-
tional antibody. However, in the sorting endosome, where the pH of
the vesicle is acidic, the pH-dependent binding antibody is dissociated
from the antigen. The antigen is transferred to the lysosome and de-
graded by proteolysis, while the dissociated antibody binds to FcRn in
the endosome and is recycled back to the cell surface. Since FcRn does
not bind to the antibody at neutral pH, the antibody dissociates from
FcRn at the cell surface and returns back to plasma. A recycling antibody
exhibits less non-linear antigen-mediated antibody clearance in vivo
than conventional antibody and shows prolonged pharmacokinetics
by avoiding antigen-mediated clearance. By repeating this cycle of bind-
ing atthe cell surface and dissociating within the endosomes, a recycling
antibody can bind to multiple antigens and overcomes the limitation of
a conventional antibody.

The effect of a recycling antibody on a membrane-bound antigen
was first demonstrated by our group using a monoclonal antibody
against IL-6R [20]. A conventional antibody against IL-6R, toci-
lizumab, was engineered by a histidine mutagenesis approach (de-
tails described in section 4-1) to generate a pH-dependent binding
antibody against IL-6R, named recycling tocilizumab. Importantly,
tocilizumab and recycling tocilizumab have similar binding affinity to
IL-6R at pH 7.4, while only recycling tocilizumab rapidly dissociates
IL-6R at pH 6.0, allowing us to evaluate only the effect of pH-
dependent antigen dissociation in the acidic endosomes. In a pharma-
cokinetic study in human iL-6R transgenic mice, the pharmacokinetics
of recycling tocilizumab was better than that of tocilizumab, while in
normal mice (whose IL-6R neither of the antibodies can bind) the phar-
macokinetics of the two antibodies were similar, demonstrating that
engineering the pH dependency reduced IL-6R-mediated clearance
but did not influence non-specific clearance. By using a FcRn null variant
of each antibody, we confirmed that the reduced IL-6R-mediated clear-
ance by recycling tocilizumab was dependent on FcRn binding, indicat-
ing that recycling tocilizumab dissociated within the endosomes and

Fig. 1. Models showing the fate of (A) a conventional antibody and (B) a recycling antibody bound to a membrane-bound antigen. (A) A conventional antibody bound to a membrane-
bound antigen is internalized into the cell, after which the antibody-antigen complex is trafficked to the serting endosome and finally to lysosome, where eventually both the antibody

and antigen are degraded by lysosomal protease. (B) A recycling antibody bound to a

bound antigen is i into the cell in the same way as a conventional antibody.

However, in the sorting endosome, where the pH of the vesicle is acidic, the recycling antibody is dissociated from the antigen by means of its pH-dependent antigen-binding property. The
antigen is transferred to the lysosome and degraded by proteolysis, while the dissociated antibody is recycled back to the cell surface and plasma by utilizing FcRn.

T. Igawa et al. | Biochimica et Biophysica Acta 1844 (2014) 19431950 1945

was recycled back to plasma by FcRn (unpublished data). Chaparro-
Riggers et al. also showed that FcRn is indispensable for a pH-
dependent anti-PCSK9 antibody to be rescued from antigen-mediated
clearance [21]. This was demonstrated by the fact that the half-life
of the pH-dependent anti-PCSK9 antibody was the same as that of an
antibody without pH-dependent binding (0.7 days) in FcRn knockout
mice, while in wild-type mice, that of the pH-dependent antibody
(14.4 days) was significantly longer than that of the antibody without
pH-dependent binding (2.9 days).

Afurther engineered version of recycling tocilizumab, named SA237,
which has a pH-dependent antigen-binding property and enhanced
FcRn binding, demonstrated improved pharmacokinetics in cynomol-
gus monkeys compared to tocilizumab [20). Whereas a subcutaneous
injection of 2 mg/kg of tocilizumab inhibited C-reactive protein produc-
tion for approximately 10 days, 2 mg/kg of SA237 was effective for
more than 28 days. A Phase 1 clinical study of SA237 demonstrated
significantly prolonged pharmacokinetics compared to tocilizumab,
similar to that observed in cynomoigus monkeys (unpublished data).
This study result clinically validated the concept of pH-dependent
antigen-binding recycling antibodies.

2.2. Against a soluble antigen

Fig. 2A describes the fate of a conventional antibody bound to a sol-
uble antigen. The conventional antibody bound to the soluble antigen in
plasma is taken up into cells by non-specific endocytosis or pinocytosis.
The antibody-antigen complex is transferred to a sorting endosome and
binds to FcRn at acidic pH. FcRn recycles the antibody-antigen complex
to the cell surface, where the complex is dissociated from FcRn back to
plasma. Although the antibody is recycled, it is recycled in an antigen-
bound form; therefore, the antibody cannot bind to the next antigen.
This also limits a conventional antibody to binding only one soluble an-
tigen, just as with a membrane-bound antigen. A soluble antigen in the
absence of a conventional antibody is generally transferred to a lyso-
some and degraded, since most target antigens do not bind to FcRn
(only lgG and albumin bind to FcRn). By binding to the soluble antigen,
a conventional antibody inhibits the lysosomal degradation pathway of
the soluble antigen. Thus, a conventional antibody against a soluble
antigen in vive generally results in an increase of total plasma antigen
concentration or an accumulation of soluble antigen in plasma, an effect
that has been reported for IL~6, MCP1, amyloid beta, hepcidin, and other
soluble antigens [17,24-28]. When a soluble antigen is abundant in the

body, antigen accumulation results in the antigen binding sites of the
antibodies becoming rapidly saturated, and free antibodies that are
capable of binding to the antigens is lost.

Fig. 2B describes the fate of a recycling antibody bound to a soluble
antigen. The antibody-antigen complex formed by the recycling anti-
body is also non-specifically taken up into cells in the same way as a
conventional antibody. However, within the sorting endosome, the an-
tibody pH-dependently dissociates from the soluble antigen, which is
transferred to the lysosome and degraded by proteolysis. On the ather
hand, the free antibody is recycled back to plasma by FcRn. By repeating
this cycle of binding in plasma and dissociating within the endosome,
recycling antibodies against soluble antigens can also bind to multiple
antigens and overcome the limitation of conventional antibodies.
Since an antigen that forms a complex with a recycling antibody is de-
graded in the lysosome, recycling antibodies can degrade soluble anti-
gens at the rate of non-specific uptake of the antibody-antigen
complexes, and thus degrade the antigens more effectively than
conventional antibodies. A recycling antibody exhibits reduced plasma
antigen accumulation in vivo by enhancing soluble antigen clearance,
and extends the half-life of the free antibodies.

The effect of a recycling antibody on a soluble antigen was also first
demonstrated by the same monoclonal antibodies against IL-6R de-
scribed above. Soluble IL-6R (sH-6R) clearance was compared in normal
mice that received sIL-6R alone, tocilizurab with sIL-6R, or recycling
tocilizumab with sIL-6R. While sIL-6R alone was rapidly cleared from
plasma, sIL-6R injected together with tocilizumab showed reduced
clearance because it was bound to tocilizumab, which has a long half-
life. In contrast, sIL-6R injected together with recycling tocilizumab
showed accelerated sIL-6R clearance [20]. This antibody-antigen co-
injection study can be generally applied to evaluate whether the clear-
ance of a soluble antigen can be accelerated by pH-dependent antigen
binding. However, this study does not mimic the clinical situation,
where an antibody is injected to plasma at a steady-state soluble anti-
gen concentration. To mimic the clinical situation, mice were implanted
with an infusion pump filled with siL-6R that continuously provided sIL-
6R into plasma and maintained a steady-state sIL-6R concentration.
In this model, an injection of tocilizumab resulted in approximately
20-fold increase of total plasma sIL-6R concentration, while recycling
tocilizumab significantly reduced the accumulation and resulted in
only a 2-fold increase of total plasma sIL-6R concentration [23].

Chaparro-Riggers et al. reported using a pH-dependent binding anti-
body against PCSK9 [21]. PCSK9 is a soluble antigen responsible for

v Conventional antibogy
%& Sweeping antibody

Mutations 1o enhance
FcRn binding

Soluble antigen

FeRn
Degraded anligen

Degraded antibody

Q
¥

Lyscsomal protease

Fig. 2. Models showing the fate of (A} a conventional antibody, (B) a recycling antibady and (C) a sweeping antibody bound to a soluble antigen. (A) A conventional antibody bound to a
soluble antigen in plasma is taken up into cells by non-specific endocytosis or pinocytosis. The antibody-antigen complex is transferred to a sorting endosome, where it binds to FcRn at
acidic pH and is recycled back to the cell surface and plasma by utilizing FcRn. Although the antibody is recycled, it is recycled in an antigen-bound form; therefore, the antibody cannot
bind to the next antigen. (B) A recycling antibody bound to a soluble antigen in plasma is taken up into cells in the same way as a conventional antibody. However, within the sorting
endosome, the recycling antibody dissociates the soluble antigen by utilizing its pH-dependent antigen-binding property. The dissociated antigen is transferred to a lysosome and degrad-
ed by lysosomal protease. On the other hand, the free antibody is recycled back to plasma by FeRn, (C) A sweeping antibody with enhanced FcRn binding at neutral pH binds to a soluble
antigen, and the antibody-antigen complex is rapidly taken up into the cell in a FcRn-mediated manner. By accelerating the uptake of antibody-antigen complexes into cells, a sweeping

antibody can degrade a larger amount of soluble antigen than a recycling antibody.
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enhancing the degradation of LDL receptors. Inhibition of PCSK9 inhibits
LDL receptor degradation and thereby reduces the LDL cholesterol level
in plasma. A conventional antibody against PCSK9, J10, showed non-
linear clearance in cynomolgus monkeys, which was presumably
caused by an accelerated clearance of PCSK9-antibody complexes via
an unknown pathway. To overcome the relatively short pharmacokinet-
ics of J10 at low dosages, J17, a histidine-engineered version of J10 with
a pH-dependent PCSK9-binding property, was generated. |17 demon-
strated significantly improved pharmacokinetics compared to J10 in cy-
nomolgus monkeys, and the LDL cholesterol-lowering effect was longer
than that of J10 at the same dose. In the microscopic assay using HepG2
cells, J10 was more efficiently trafficked to lysosomes than j17 when co-
incubated with PCSK9, while the trafficking of PCSK9 to lysosomes was
comparable in the presence of J10 and J17. The authors demonstrated
that a PCSK9-bound antibody shows accelerated lysosomal degradation
by an unknown pathway, and this degradation can be avoided by a pH-
dependent binding antibody that dissociates from PCSK9 in the
endosomes. This study also confirmed the favorable effect of pH-
dependent binding against a sofuble antigen. Recently, Devanaboyina
et al. reported a pH-dependent binding antibody against IL-6. In a
mouse co-injection study, a conventional antibody against iL-6,
clone 0218, significantly reduced the clearance of IL-6, while the pH-
dependent binding antibody derived from clone 0218, VH4, accelerated
the clearance of IL-6 from plasma [22]. In a microscopic assay using
GFP-fused human FcRn variant-transfected HMEC-1 cells, they demon-
strated that the conventional antibody against IL-6, clone 0218,
colocalized with 1L-6 in early endosomes, while the pH-dependent
binding antibody, clone VH4, dissociated IL-6 in the early endosomes,
and the dissociated IL-6 was subsequently trafficked to lysosomes.

These studies clearly demonstrated that recycling antibody against
soluble antigen generally clears soluble antigen faster than conventional
antibody and reduces antigen accumulation in plasma. Because admin-
istering recycling antibody reduces the total soluble antigen concentra-
tion compared with conventional antibody, the antibody dose required
to neutralize the soluble antigen can be reduced.

3. Improving a recycling antibody against seluble antigens into a
sweeping antibody by Fc engineering

A recycling antibody, with the capability of dissociating soluble anti-
gens in the endosomes, can accelerate the clearance of the soluble anti-
gens from plasma. However, the rate of antigen clearance by a recycling
antibody is limited by the slow rate of non-specific uptake of antibody-
antigen complexes into cells, so further enhancing the rate of soluble
antigen degradation would be very beneficial. To further enhance the
clearance of soluble antigens from plasma, we have recently developed
a sweeping antibody, which is an Fc-engineered pH-dependent binding
antibody {23]. Since uptake of antibody-antigen complexes was the
rate-limiting step for antigen degradation, we engineered the Fc region
of a pH-dependent antigen-binding antibody to increase the binding
affinity to FcRn at neutral pH (wild-type IgG1 just marginally binds to
FcRn at pH 7.4). This sweeping antibody, a pH-dependent binding anti-
body with engineered IgG1, can bind to FcRn at neutral pH on the cell
surface, which causes antibody-antigen complexes to be rapidly taken
up into the cells in an FcRn-mediated manner and, therefore, degrades
more soluble antigens than a recycling antibody (Fig. 2C).

By moderately increasing the binding affinity to FcRn at neutral pH,
an in vivo study using human FcRn transgenic mice demonstrated
that the clearance of soluble antigens can be accelerated approximately
50-fold while the antibody maintains pharmacokinetics similar to a
conventional antibody with wild-type IgG1 (Fig. 3). It is important to
note that the antigen clearance, not the antibody clearance, was selec-
tively enhanced by simultaneously engineering the pH-dependent anti-
gen binding and moderately increasing the binding affinity to FcRn at
neutral pH. For their microscopic assay, Devanaboyina et al. used
human/mouse chimeric FcRn, which has increased affinity to wild-

type human IgG1. In the assay, they reported that, while a soluble
antigen remained bound to a non-pH dependent binding antibody in
the sorting endosomes, the antigen was dissociated from the pH-
dependent binding antibody, and the dissociated antigen was finally
transferred to lysosomes [22]. This result also suggests that both pH-
dependent antigen binding and enhanced FcRn binding are required
to increase antigen uptake into cells. We also observed the same phe-
nomenon in our in vitro confocal microscopy assay using the human
FcRn-transfected MDCK cell line. While a soluble antigen remained
bound to a non-pH-dependent binding antibody in the sorting
endosome (Fig. 4A), the soluble antigen was dissociated from a pH-
dependent binding antibody with engineered 1gG1 and enhanced
FcRn binding (Fig. 4B).

It should be noted that previous Fc engineering to increase the bind-
ing affinity to FcRn at acidic pH aimed to improve antibody pharmaco-
kinetics by increasing FcRn-mediated 1gG recycling [29]. On the other
hand, we engineered a pH-dependent antigen-binding antibody to
moderately increase its binding affinity at neutral pH to generate a
sweeping antibody, which selectively enhanced the clearance of the an-
tigen while maintaining antibody pharmacokinetics similar to wild-
type IgG1 (Fig. 3). However, consistent with the report from Vaccaro
et al. in which they reported that engineering the Fc region of IgG1 to
create a strong binding to FcRn at neutral pH modulated in vivo concen-
tration of endogenous IgG antibodies {30}, a sweeping antibody with
strongly increased binding affinity to FcRn at neutral pH resulted in in-
creased antibody clearance, although antigen clearance was more accel-
erated than that of a sweeping antibody with moderately increased
binding affinity to FcRn at neutral pH {23]. An appropriate level of bind-
ing affinity to FcRn at neutral pH should be selected, depending on the
characteristics of the target soluble antigen.

An alternative approach for enhancing the uptake of antibody-anti-
gen complexes into cells is utilizing uptake mediated by Fc gamma re-
ceptor, which has been reported elsewhere as contributing to the
clearance of antibody-antigen immune complexes in vivo {31]. Especial-
ly, the clearance of small immune complexes is dominantly supported
by Fc gamma receptor I1b {(or CD32b) expressed on liver sinusoidal en-
dothelial cells [32]. Because Fc gamma receptor lib is reported to be a
recycling receptor, enhancing the binding affinity to this receptor
could have a similar effect to that observed when the binding affinity
to FcRn at neutral pH was enhanced [33]. Previously reported Fc engi-
neering to enhance binding affinity to Fc gamma receptor 1ib also
enhanced the binding affinity to Fc gamma receptor lla (or CD32a)
with arginine 131 allotype, which represents approximately 70% of
the Caucasian population [34}. However, since Fc gamma receptor lla
is not a recycling receptor and js expressed on platelets, enhancing
the binding affinity also to Fc gamma receptor Ila could have both
pharmacokinetic and safety issues. Recently, we have reported a novel
engineered Fc variant that selectively enhances binding to Fc gamma
receptor Iib over both the histidine and arginine 131 allotypes of Fc
gamma receptor Ila [35]. By combining pH-dependent antigen binding
with this novel Fc engineering, we may be able to accelerate the antigen
clearance and degrade more soluble antigen than with a recycling
antibody.

4. Approaches for generating recycling antibodies
4.1. Experimental approaches

Previously, monoclonal antibodies generated by either animal im-
munization or in vitro antibody library display technology have been se-
lected based on their strong binding affinity to their target antigens at
neutral pH and their binding to a functionally appropriate epitope.
Therefore, the monoclonal antibodies obtained in such a way seldom
had a pH-dependent antigen-binding property. Although most antibod-
ies lose their binding affinity to the antigen at pH 3.0, they do not show
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Fig. 3. The effect of a conventional antibady and a sweeping antibody against a soluble antigen in human FeRn transgenic mice, (A) shows the time course of plasma concentration of
total soluble antigen, hsiL-6R, after antibodies were administered. {B) shows the plasma antibedy concentration. Blue lines indicate a conventional antibody, red lines a sweeping antibady
(pH-dependent antigen-binding antibody with enhanced FcRn binding), and gray lines the baseline of the soluble antigen.

rapid enough dissociation of antigens at pH 55-6.0 in a sorting
endosome.

In our first report of a pH-dependent binding antibody [20], we
engineered a conventional antibody against IL-6R, tocilizumab, into a
pH-dependent binding antibody, which was identified by mice immuni-
zation and subsequent screening of the binding affinity and 1L-6-
binding neutralizing capability {36]. We took advantage of a natural
amino acid, histidine, which has pKa of around 6 {depending on the sur-
rounding environment) and is utilized in naturally occurring pH-
dependent protein-protein interactions [37]. We introduced several
histidine residues in the CDR or FR of tocilizumab by site-directed mu-
tagenesis. Because of the pKa of the imidazole group, histidine
residues are protonated at endosomal acidic pH, which results in
destabilizing the antibody-antigen interaction either directly, with his-
tidine residues involved in interacting with the antigen, or indirectly,
with histidine residues involved in maintaining the conformation of

FcRn-EGFP

hslL-6R-Alexa555

the CDRs. A crystal structure of tocilizumab Fab fragment in complex
with 1L-6R suggested that a mutation of the tyrosine residue in the
CDR of tocilizumab, which interacts with an arginine residue, into a his-
tidine residue resulted in electrostatic repulsion between the arginine
and the protonated histidine residue at acidic pH {unpublished data).
A total of three histidine residues and several other mutations were in-
troduced into tocilizumab to compensate for the reduced affinity at
neutral pH or to improve its physiochemical properties, and finally
histidine-based engineered tocilizumab that rapidly dissociates from
1L-6R at pH 6.0 was generated, as we previously reported [20]. The
kinetic parameters of tocilizumab and the histidine-based engineered
antibody are described in Table 1.

We have applied the same histidine-based engineering approach to
several other antibodies against different antigens, and in all cases we
have successfully conferred a pH-dependent antigen-binding property.
However, in some cases, although introducing histidine(s} in the

Overlay

Fig. 4. The intraceilular trafficking of an antigen in complex with either a conventional antibody or a pH-dependentantigen-binding antibody in MDCK transfected with human FcRn-EGFP

{in green) and beta-2-microglobulin, {(A-C) are images of

after a pH-d: dent antibady with enhanced FeRn binding was incubated in complex with its target

antigen, hsIL-GR, which was labeled with Alexa-555 (in red). (D~F) are images of

after aci i antibody with enhanced FcRn binding was incubated in

complex with hslL-6R. (A) and (D) are images of FcRn-EGFP. {B) and (E) are images of hsiL-6R-Alexa555. (C) and (F) are overlays of the FcRn and hsIL-GR images. These are unpublished

data.
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appropriate position can provide pH dependency (i.e. reduction of the
binding affinity at acidic pH), it simultaneously reduces the binding af-
finity to the antigen at neutral pH to some extent (but less than that
at acidic pH). Although such an antibody would elicit a recycling prop-
erty, the loss of binding affinity at neutral pH would reduce the biolog-
ical activity of the antibody in plasma. If the biological activity does not
meet the therapeutic goal, the binding affinity at neutral pH needs to be
improved by the affinity maturation process.

Following our report, Chaparro-Riggers et al. reported their pH-
dependent binding antibody against PCSK9, which was also generated
through histidine-based engineering of the parent antibody [21]. More-
over, Devanaboyina et al. recently reported generating a pH-dependent
binding antibody against IL-6 in the same way [22]. Changing a single
aspartic acid to a histidine residue in HCDR3 conferred pH-dependent
binding on I1-6, but the binding affinity to IL-6 at neutral pH was slightly
reduced. Other histidine mutations tested in this report either did not
display an increased pH dependency or resulted in a substantial loss of
the binding affinity at neutral pH.

These reports verify that histidine-based engineering is a general
approach for generating pH-dependent binding antibodies that demon-
strate a recycling property. However, in some cases, a simultaneous loss
of binding affinity at neutral pH may occur. Since the binding affinity at
neutral pH is important for the biological activity of the antibody,
this loss of binding affinity at neutral pH may need to be recovered by
subsequent affinity maturation (discussed further in section 6).

The second approach for generating a pH-dependent binding anti-
body is to isolate the antibody directly from immunized animals. Our
trial to screen a large number of antigen-binding antibodies suggested
the feasibility of directly isolating rare pH-dependent antigen-binding
antibodies (generally less than 5% of the binders) from immunized ani-
mals by using direct B cell-cloning technology, which allows antigen-
binding antibodies to be identified more efficiently than conventional
mouse hybridoma technology |38].

The third approach for generating a pH-dependent binding antibody
is to isolate the antibody directly from a synthetic antibody phage li-
brary. Since histidine is rarely used in the CDR of human antibodies
(0.5%-0.6%), the possibility of directly isolating a pH-dependent binding
antibody from naive or synthetic antibody libraries that mimic the
human repertoire is low. Therefore, a library of synthetic antibodies
that use more histidine in the CDR in combination with pH-dependent
antigen panning {antigen binding at neutral pH and elution at acidic
pH) can be used to directly isolate a pH-dependent antigen-binding
antibody.

The fourth approach is to use a combinatorial antibody library to
generate a pH-dependent binding antibody from a conventional
antibody. Murtaugh et al. described a combinatorial histidine scanning
library approach to engineer a conventional antibody into a pH-
dependent binding antibody [39]. In their study, a VHH antibedy against
RNase A was used as a model antibody, and a combinatorial library was
constructed that consisted of combinations of histidine and wild-type
residues in the antibody-antigen interface. Antibodies displayed on
phages were coselected for high-affinity binding and pH-dependent
binding, which resulted in generating pH-dependent VHH antibody
against RNase A. Although there was a slight loss in the binding affinity
at neutral pH, this approach may be an efficient way to generate a pH-
dependent binding antibody from a conventional antibody. Although a
histidine-based pH-dependent binding antibody is a promising type of

recycling antibody, we are exploring an alternative approach to design-
ing an antibody that dissociates the antigen within sorting endosomes.
While the recycling antibodies discussed above take advantage of the
pH difference between plasma and endosomes, another environmental
difference between plasma and endosomes is calcium ion concentra-
tion. Calcium ion concentration in plasma is reported to be 1.2-2 mM
in plasma which drops to 3-30 uM in endosomes after endocytosis
{40]. Therefore, a calcium ion-dependent binding antibody, which
binds to the antigen at the calcium ion concentration in plasma and dis-
sociates the antigen at the calcium ion concentration in endosomes,
may be used to generate a recycling antibody.

4.2. Computational approaches

Significant progress has been achieved in the field of computa-
tional approaches that design functional proteins, so identifying a
pH-dependent antigen-binding antibody by computational design
could be an alternative approach. However, although computational
design has already been applied to improve antibody-antigen inter-
action [4] and to generate pH-dependent binding proteins {41,42],
there is no report to date of successfully designing a pH-dependent
antigen-binding antibody. Strauch et al. computationally designed a
pH-dependent protein that binds to the Fc region by utilizing
histidine residues in the Fc region [41]. Sarkar et al. designed a pH-
dependent granulocyte colony-stimulating factor (GCSF) that main-
tained the affinity to its receptor at neutral pH. To do this, they
computationally identified negatively charged residues in the inter-
face of GCSF and the GCSF receptor (GCSFR). If these negatively
charged residues are replaced with histidine residues, the GCSFR
binding affinity at neutral pH is expected to stay the same but the
binding affinity at acidic pH will be reduced. They selected residues
to mutate into histidine by comparing the free energy values at neu-
tral and acidic pH of each histidine-mutated GCSF in complex with
GCSFR [42]. A similar approach could be applied to provide antibod-
ies with a pH-dependent antigen-binding property.

5. Ad of pH-depend: i binding antibodies and
potential applications

pH-dependent antigen-binding antibodies have an advantage over
conventional antibodies, especially when the target molecules are
membrane-bound antigens or soluble antigens abundantly present in
the body. Antibodies targeting these antigens require either a high
dose that cannot be injected subcutaneously or frequent dosing, both
of which are not patient-friendly, especially in chronic diseases.

When an antibody targets an antigen that is both membrane-bound
and has a high rate of synthesis, such as IL-6R, EGFR, CD4, or CD40, the
antibody is rapidly eliminated from plasma through antigen-mediated
clearance [11-14]. In the case of tocilizumab, which targets IL-6R, nei-
ther improving the binding affinity to IL-6R nor reducing the non-
specific clearance by increasing the binding affinity to FcRn at acidic
pH significantly improved the duration of IL-6R neutralization in vivo
[23]. This is because an antibody that targets IL-6R is mainly cleared
from plasma by IL-6R-mediated clearance. Modeling and simulation
suggested that the molar amount of IL-6R produced in the body within
approximately 18 days is the same as 2 mg/kg of antibody. Since a con-
ventional antibody can bind to the antigen only once, it is evident that,

Table 1
Kinetic parameters of parent antibody (tocilizumab) and histidine-engineered antibody (recycling tocilizumab).
kyatpH 7.4 kqatpH 7.4 KpatpH 7.4 ky at pH 6.0 pH dependency
(st M) (s™h) (M} 7Y (kg at pH 6.0/k4 at pH 7.4)
Tocilizumab 22x10° 11x107? 51x107° 23x107% 23
Recycling tocilizumab 53 x 10° 1.0x 1073 19 x10°% 1.5x 107 15
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even if a conventional antibody has infinite binding affinity to 1L-6R or
very low non-specific clearance, a 2 mg/kg dose cannot be effective
for more than 18 days. A pH-dependent binding antibody against
IL-6R (SA237) that is recycled back to plasma after IL-6R-mediated
uptake into cells, can bind to IL-6R multiple times, which allows
2 mg/kg of SA237 to remain effective for more than one month. Impor-
tantly, because the amount of an antibody that can be administered in a
single subcutaneous injection is limited (generally 1 mL of 150 mg/mL
IgG formulation), a pH-dependent binding antibody would be the
only way to achieve monthly subcutaneous dosing for an antibody
that targets IL-6R. The same strategy can be applied to other antibodies
targeting membrane-bound antigens that are rapidly eliminated from
plasma through antigen-mediated clearance.

An antibody that targets a soluble antigen with a high baseline plas-
ma concentration, such as IgE or C5, would also require a high dose to
neutralize the antigen | 15,16]. To use omalizumab, an anti-IgE antibody,
in patients with high plasma IgE concentration, subcutaneous injections
at two or three sites are required, because plasma IgE concentration (in
the range of sub pg/mL) is higher than the concentration of most cyto-
kines (generally in the range of pg/mL) [16]. Similarly, eculizumab, an
anti-complement C5 antibody, requires intravenous infusion, because
plasma C5 concentration is reported to be 70-140 pug/mL [15]. Although
eculizumab requires chronic dosing, such a large amount of antigen can-
not be neutralized by a subcutaneous dose. Administering an antibody
against a soluble antigen with rapid clearance, such as amyloid beta,
MCP1, hepcidin, 1L-6, CD23, or VEGF, results in more than 1000-fold
increase of plasma antigen concentration from the baseline by the
antigen accumulation effect [17,24-28]. Notably, administering an
anti-hepcidin antibody resulted in an accumulation of hepcidin by ap-
proximately 5000-fold, which required a 300 mg/kg dose to neutralize
hepcidin, despite its picomolar binding affinity {17]. Since soluble anti-
gens with a molecular weight below 60,000 g/L are generally very rap-
idly eliminated through renal excretion [43), an antibody targeting a
soluble antigen with a small molecular weight would suffer from the
same issue. Taken together, conventional antibodies targeting soluble
antigens with a high baseline concentration and/or a large antigen-
accumulation effect require a high dose. Since conventional antibodies
can bind to antigens only once and cannot accelerate the antigen clear-
ance, pH-dependent binding antibodies would provide a significant ad-
vantage over conventional antibodies against these soluble antigens.
pH-dependent binding antibodies would enable subcutaneous dosing
or less frequent dosing that cannot be achieved by simple high-affinity
conventional antibodies with a long half-life.

Recycling antibodies can be engineered into sweeping antibodies by
Fc engineering to enhance the binding to Fc gamma receptor or FcRn.
The use of a sweeping antibody against a soluble antigen further re-
duces the dosage compared to a recycling antibody, providing another
advantage over a conventional antibody. Moreover, since a sweeping
antibody can actively eliminate the target soluble antigen from plasma,
a sweeping antibody against soluble IL-6R that targeted a non-
neutralizing epitope and showed no neutralizing activity in vitro was
able to antagonize the activity of soluble IL-6R in vivo by directly remov-
ing soluble IL-6R from plasma [23]. Therefore, a sweeping antibody can
target a soluble ligand with multiple target epitopes, through which the
ligand binds to different receptors that cannot be neutralized by a single
monoclonal antibody. Administering a conventional antibody may neu-
tralize the binding of a ligand to its receptor through one epitope, but
another epitope remains. In addition, the increase of antibody-antigen
complexes in plasma may allow increased signaling to the second re-
ceptor through the epitope that is not neutralized. The sweeping anti-
body, on the other hand, could directly remove such antigens from
plasma, allowing multiple epitopes to be antagonized in vivo. The
same strategy could be applied to toxic antigens that do not have a
functional epitope. Similarly to an LDL receptor removing LDL or an
asiologlycoprotein receptor removing asiologlycoprotein from plasma,
a sweeping antibody could directly remove a toxic antigen from plasma

to alleviate the disease condition [44,45]. Since these types of soluble
antigen could not be therapeutic targets for conventional antibodies,
sweeping antibodies may expand the target antigen space of antibody
therapeutics.

6. Chall in developing a pH-depend anti bindi

antibody as a therapeutic

Although a pH-dependent antigen-binding antibody has attractive
features, there are several challenges when generating the antibody
for therapeutic application. The following challenges are specific to
pH-dependent antigen-binding antibodies and need not be considered
when developing conventional monoclonal antibodies.

First, histidine-based engineering to generate a pH-dependent
antigen-binding antibody sometimes abrogates the binding affinity at
neutral pH. In the case of the anti-IL-6 antibody, histidine mutagenesis
conferred a recycling property onto the parental antibody, but at the
same time it also reduced the binding affinity against IL-6 at pH 7.4 com-
pared to the parent antibody {22]. If the binding affinity at neutral pH of
a histidine-based recycling antibody is not sufficient to elicit the desired
therapeutic activity, the binding affinity at neutral pH can be improved
by the affinity maturation process, which is commonly applied to gener-
ate a potent therapeutic antibody {3,4). Although a general affinity mat-
uration strategy can be applied to recover the loss of binding affinity at
PH 7.4, such mutations tend to also increase the binding affinity at acidic
pH, which is undesirable. Nevertheless, we have been able to successful-
Iy generate high-affinity recycling antibodies with nanomolar Kp at
pH 7.4 and simultaneously have sufficient pH dependency or large kq
at acidic pH by using histidine-based engineering and affinity matura-
tion in all the antibodies targeting various antigens tested to date.

Second, the extent of pH-dependency required to dissociate the tar-
get antigens in acidic endosomes is not clear. An anti-IL-6R antibody
with 20-fold larger Kp and 15-fold larger kq at pH 6.0 than at pH 7.4
showed an improved pharmacokinetic property in cynomolgus mon-
keys and humans. PCSK9, an antibody with only 2.6-fold larger Ky and
12-fold larger ky at pH 6.0 than at pH 7.4, showed a prolonged half-
life in cynomolgus monkeys, although its binding affinity to cynomolgus
monkey PCSK9 at pH 7.4 was also reduced. These results suggest
that the pH-dependency in kq is @ more important factor than that
in Kp for improving the pharmacokinetics of an antibody, but we
assume that the absolute kg value in acidic pH, not the relative pH-
dependency of kq (the ratio of kq at pH 7.4 to that at pH 6.0), would
alsa be important to achieve sufficient dissociation of the antigen. How-
ever, the absolute kq value at pH 6.0 required to sufficiently dissociate
an antigen from an antibody remains to be elucidated. The absolute Kp
at pH 6.0 would also be important if we consider that the internalized
antibody-antigen complexes reach a new equilibrium in the acidic
endosomes. A detailed kinetic analysis of endosomal trafficking of anti-
body-antigen complexes would be required to identify the parameters
necessary to sufficiently dissociate the antigens in the endosomes.
Although these parameters could differ between the pH-dependent
binding antibodies that target membrane-bound antigens, those that
target soluble antigens, and the Fc-engineered sweeping antibodies,
identifying these parameters would be important for generating pH-
dependent binding antibodies with optimum in vivo properties.

Third, when considering therapeutic application, it would be neces-
sary to predict antibody pharmacokinetics or the rate of antigen clear-
ance in humans by preclinical study. This is often conducted in a
pharmacokinetic study using cynomolgus monkeys; therefore, the
antibody preferably needs to bind to a cynomolgus monkey antigen
with a similar binding affinity as to the human antigen. Although
cross-reactivity to cynomolgus monkey antigens is not so challenging
for conventional antibodies, it could be more challenging for pH-
dependent binding antibodies since the binding kinetics (both Kp
and ky) at pH 6.0 also need to be considered. In the case of the pH-
dependent anti-PCSK9 antibody, since pH-dependency of Kp and k4
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and absolute kq at pH 6.0 is somewhat different between humans and
cynomolgus monkeys, predicting human PK/PD from a cynomolgus
monkey study could be difficult. Moreover, with sweeping antibodies,
since the Fc region is engineered to enhance the binding affinity to an
Fc receptor, cross-reactivity of the Fc region also needs to be considered.

7. Conclusion

Recycling antibodies with pH-dependent antigen binding offer
significant advantages over conventional antibodies by dissociating
the antigens in endosomes and recycling free antibodies back to plasma.
Although generating a high-affinity pH-dependent antigen-binding an-
tibody is still challenging, various approaches are currently available
and have been successfully applied to various antigens. Because affinity
maturation has now become a basic technology for engineering im-
proved antibody therapeutics, pH-dependent binding antibodies should
play an important role as a novel modality for antibody therapeutics in
the near future.
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Summary. Background: We previously reported that a
humanized anti-factor IXa/X bispecific antibody, hBS23.
mimics the function of FVII even in the presence of
FVIII inhibitors, and has preventive hemostatic activity
against bleeding in an animal model of acquired hemo-
philia A. After further molecular engineering of hBS23,
we recently identified an improved humanized bispecific
antibody, ACE910, for clinical investigation. Objectives:
To elucidate the in vivo hemostatic potency of ACEY10
by examining its effect against ongoing bleeds, and to
determine its pharmacokinetic parameters for discussion
of its potency for prophylactic use. Methods: A non-
human primate model of acquired hemophilia A was
established by injecting anti-primate FVIII neutralizing
antibody. When bleeds emerged following an artificial
bleed-inducing procedure, either ACE910 or recombinant
porcine FVIII (rpoFVIII) was intravenously administered.
rpoF VI was additionally administered twice daily on
the following 2 days. Bleeding symptoms were monitored
for 3 days. A pharmacokinetic study and multiple-dosing
simulations of ACE910 were also performed. Results: A
single bolus of 1 or 3 mg kg™' ACE910 showed hemo-
static activity comparable to that of 10 U kg™ (twice
daily) rpoFVIII against ongoing bleeds. The determined
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ACE910 pharmacokinetic parameters included a long
half-life (3 weeks) and high subcutancous bioavailability
(nearly 100%). The simulation results based on pharma-
cokinetic parameters indicated that the above hemostatic
level could be maintained with once-weekly subcutaneous
administration of ACEY10, suggesting the possibility of
more elfective prophylaxis. Conclusions: ACE910 may
offer an alternative on-demand treatment option for
patients with hemophilia A, as well as user-friendly and
aggressive routine supplementation.

Keywords: antibodies,  catalyticc  factor VIII:  hemo-
philia A; hemostasis: therapeutics.

Introduction

Hemophilia A is a bleeding disorder caused by an inher-
ited deficiency of factor VIIL. The severity is known to
correlate with the plasma FVIHI level: severe. moderate
and mild phenotypes are defined b} plasma FVII levels
of < 1, 1-5 and > 5 to < 40 U dL~". respectively. Severe
cases have a high pmpcnsuy to suffer bleeds, including
joint bleeds, whereas moderate cases Lypically experience
far fewer bleeding episodes, and mild cases rarely bleed
spontaneously [1.2].

Patients are primarily treated with FVIII agents. How-
ever, as FVHI agents are exogenous for severely affected
patients, ~ 30% of them develop alloantibodies against
FVIHT (FVHI inhibitors) [2]. FVII inhibitors largely
restrict treatment with FVIIT agents, and consequently
make it difficult to control bleeding. because alternative
bypassing agents have shorter i vivo half-lives and are
not always effective [3]. The eradication of FVII inhibi-
tors with high doses of FVIII is very expensive, and does
not always work [4]. In patients with severe hemophilia A
without FVHT inhibitors, routine prophylaxis with exoge-

© 2013 International Society on Thrombosis and Hacmostasis
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nous FVHI to maintain FVIII levels above 1 U dL™" is
beneficial to prevent bleeding [5,6]; however, the need for
frequent intravenous injections negatively aflfects patients’
quality of life [7].

In order to overcome these shortcomings, we previously
created a humanized anti-FIXa/FX bispecific 1gG anti-
body, termed hBS23, which replicated FVIII cofactor
function by binding and placing F1Xa and FX into spa-
tially appropriate positions [8]. hBS23 had cofactor activ-
ity in vitro, even in the presence of FVHI inhibitors, and,
in a non-human primate model of acquired hemophilia A,
hBS23 at an intravenous dose of 0.3 mg kg“' exerted he-
mostatic activity to prevent the progression ol bleeding
symptoms to the same extent as recombinant porcine
FVIII (rpoFVII) maintained at a plasma level of
>1 U dL"". However, it remained unproven whether this
bispecific antibody approach possessed the potency to
ameliorate ongoing bleeds, which would require higher
levels of FVIII, or how much hemostatic potency it had
in comparison with FVIII. We recently modified hBS23
with a multidimensional optimization approach to
improve the FVIiI-mimetic cofactor activity, pharmacoki-
netic properties, immunogenicity, physicochemical stabil-
ity, and ease of industrial manufacture for clinical
application; we consequently identified an improved
humanized anti-F1Xa/FX bispecific IgG antibody, termed
ACE910 [9]. In this study, we elucidate the in vivo hemo-
static potency of ACE910, including that against ongoing
bleeds as compared with rpoFVIIL, by using a non-
human primate model of acquired hemophilia A.

Furthermore, in order to elucidate the potency of
ACE910 in routine supplementation, we performed a
pharmacokinetic study of ACE910 in non-human pri-
mates to determine its pharmacokinetic parameters, and
conducted multiple dosing simulations with those parame-
ters. Routine supplementation with exogenous FVIII is
aimed at keeping the FVIII level at 1 U dL™! or above to
convert a severe disease to a moderate one [2,5]. This
strategy successfully reduces bleeding episodes and the
risk of developing hemophilic arthropathy [5]. However,
the effect is not necessarily perfect: a recenl report sug-
gested that the risk of joint damage remains until the
baseline factor level is 10-15 U dL™" or higher [10]. In
this study, we also discuss the possibility of once-weekly
subcutaneous administration of ACE910 for routine sup-
plementation that is more aggressive than the current one
with exogenous FVIII; in other words, a regimen that can
convert a severe disease (o a mild disease.

Materials and methods

Materials

ACE910 was expressed in human embryonic kidney 293
or Chinese hamster ovary (CHO) cells, which were co-
transfected with the mixture of plasmids encoding the
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humanized anti-FIXa heavy chain, anti-FX heavy chain,
and common light chain. ACE910 was purified by pro-
tein A and ion exchange chromatography from the cul-
ture supernatant [9]. B domain-deleted rpoFVIII {§] was
prepared as described in the supporting information (Pre-
paration and analysis of rpoFVIII). Briefly, we expressed
it in CHO cells by stable transfection. Then, rpoFVIII
was purified from the supernatant by using ion exchange
and gel permeation chromatography. We confirmed its
purity with SDS-PAGE under reduced conditions, and
determined its activity (U dL™") with an activated partial
thromboplastin time (APTT)-based one-stage coagulation
assay. Recombinant human FVIII (rhFVIII) was pur-
chased from Bayer HealthCare (Leverkusen, Germany).
Anti-primate FVHI neutralizing antibody (VIII-2236) [§]
and the other purchased reagents are described in the
supporting information (Confirmation of non-reactivity
of VII-2236 to rpoFVII and ACEY10, and the other
supporting methods).

Animals and ethics

We used 26 and 12 male cynomolgus monkeys for the
in vivo hemostatic study (2.6-4.0 kg, aged 3 years; Hamri,
Ibaraki, Japan) and for the pharmacokinetic study (2.9~
5.0 kg, aged 4-5 years; Japan Laboratory Animals,
Tokyo, Japan), respectively. We used 24 female mice
(aged 5 weeks; Charles River, Yokohama, Japan, and
SLC, Hamamatsu, Japan) and 24 female rats (aged 4
weeks; Charles River) for the immunization to generate
anti-idiotype antibodies against the variable region of
ACE910. The details of anti-idiotype antibodies are
described in the supporting information (Generation and
preparation of anti-idiotype antibodies to each variable
region of ACE910).

All animal studies were approved by the Institutional
Animal Care and Use Committee of Chugai Pharmaceuti-
cal, and were conducted in accordance with the approved
protocols and the Guidelines for the Care and Use of
Laboratory Animals at the company. Chugai Pharmaceu-
tical is fully accredited by the Association for Assessment
and Accreditation of Laboratory Animal Care Interna-
tional.

APTT and thrombin generation (TG) assays

APTT and TG assays were performed with standard
equipment. In the TG assay, we employed two kinds of
triggering solutions that contained, respectively, FXla
and tssue factor (TF). The solution containing human
FXla (Enzyme Research Laboratories, Swansea, UK)
was prepared in-house, and the solution containing TF,
PPP-Reagent LOW (Thrombinoscope BV, Maastricht,
the Netherlands) was purchased. The details are
described in the supporting information (APTT and TG
assays).
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In vivo hemostatic study in an acquired hemophilia A model

As ACE910 is highly species-specific in its FVIII-mimetic
cofactor activity, non-human primates were used. On
day 0, the animals received an intravenous injection of
VII-2236 (10 mg kg™'). Two hours later, the animals
were anesthetized with isoflurane inhalation, and bruises
on the body surface that might possibly have emerged
because of FVIII neutralization were measured. Then, the
following two surgical procedures were performed: a
18G-needle was inserted 1 cm deep into the muscle at 22
siles (lwo sites in each upper arm, three sites in each fore-
arm, four sites on the inside of each thigh, and two sites
on the outside of each thigh); and subcutaneous exfolia-
tion was performed by inserting the tip of forceps beneath
the abdominal skin to 3 cm at two sites. Aflter adminis-
tration of buprenorphine, an analgesic drug, the animals
were allowed to recover from the anesthesia. (They
received this analgesic treatment twice daily [morning and
evening] [rom day 0 to day 2; six doses were given, and
the condition of the animals was observed daily.) After
recognition of bleeding, approximately 6-8 h after injury,
the animals received intravenous ACE910 (0.3, 1 or
3mgkg™'; n=4 for each group), rpoFVIIl (3.4 or
10U kg"; n =4 for each group), or no test item (con-
trol; n = 6). In the rpoFVIII group, rpoFVIIL was also
intravenously administered in the morning and evening
on days 1 and 2 (a total of five administrations). In the
morning on days 1, 2, and 3, the animals were anesthe-
tized for measurement of the bruised areas. After the
evaluation on day 3, the animals were killed humanely.
Citrated blood was collected before and 2 h after the
VHI-2236 injection, ~ 10 min after the test item adminis-
tration on day 0, and before measurement of the bruised
area on days 1, 2, and 3. The change in blood hemoglo-
bin level was expressed as a percentage of that on day 0
(2 h after the VIII-2236 injection). The plasma ACE910
concentration was determined with the method described
in the supporting information (Measurement of plasma
ACE910 concentration).

Pharmacokinetic study

Animals received intravenous ACE910 (6 mg kg™'; i = 3)
or subcutaneous ACE910 (0.06, 0.6 or 6 mg kg™ '; n =3
for each group) in a single dose. For animals dosed intra-
venously, blood was sampled with a heparinized syringe
at 0.25, 2, 8, 24, 48, 72 and 96 h postdose, as well as at 7,
14, 28, 42, 56, 70 and 84 days postdose. For animals
dosed subcutaneously, blood was collected in the same
way without sampling at 0.25 h. The plasma concentra-
tions of ACE910 and anti-ACE910 alloantibodies were
measured with the methods described in the supporting
information (Measurement of plasma ACE910 concentra-
tion and detection of anti-ACE910 alloantibodies).

Statistical analysis, pharmacokinetic analysis,
and multiple-dosing simulation

For the in vivo hemostatic study, data are presented as
mean = standard error. Other data are presented as
mean + standard deviation. The parametric Dunnett
multiple comparison test (two-tailed) (sas preclinical
package version 5.00; SAS Institute Japan, Tokyo, Japan)
was used o determine P-values. P < 0.05 was considered
to be statistically significant.

In the pharmacokinetic study, the plasma ACE910 con-
centration data were analyzed by non-compartmental
analysis with PHOENIX WINNONLIN version 6.2 (Pharsight,
St Louis, MO, USA). Multiple-dosing simulations were
performed with saam n version 1.2 (SAAM Institute,
Seattle, WA, USA).

Results

In vitro cross-reactivity of ACE910 with cynomolgus
monkeys

First, we examined the cross-reactivity of ACE910 with
cynomolgus monkeys by use of an APTT assay. ACE910
shortened APTT in FVIii-neutralized cynomolgus mon-
key plasma with a concentration dependency similar to
that in human FVIIH-deficient plasma (Fig. 1A,B).

We next examined the cross-reactivity of ACE910 with
cynomolgus monkeys by use of one of the global assays,
the TG assay [11]. Because we had not clearly detected
rpoF VI activity in the standard low-TF triggering con-
dition in FVIH-neutralized cynomolgus monkey plasma,
we instead employed FXIa as a trigger. Beforehand, we
had confirmed, in human FVIlI-deficient plasma, that the
two triggering conditions produced similar peak heights
for the purpose of comparing ACE910 with rhFVIII (Figs
1C and S1). ACE910 improved the peak height of the
FXla-triggered TG assay in FVIII-neutralized cynomol-
gus monkey plasma in a similar concentration-dependent
manner to that in human FVIil-deficient plasma
(Fig. 1C,D). ACE910 had a similar cofactor activity as
rhFVII or rpoFVI in improving the peak height in
each species. Beforehand, the rpoFVII that we prepared
had been analyzed for qualification (Fig. S2).

In vivo hemostatic study in an acquired hemophilia A model

To examine the in wvo hemostatic potency of ACE910,
including that against ongoing bleeds, we modified the
non-human primate model of acquired hemophilia A that
we previously reported [8]. Briefly, more intense injury
procedures were employed, and the dose timing of the
test item was set Lo after the emergence of bleeding symp-
toms, so that the hemostatic action of 10 U kg™ rpoF-
VIII could be properly evaluated.
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FVIH-deficient plasma without and with FVIII inhibitors (A, C) and in FVIHi-neutralized cynomolgus monkey plasma (B. D). Data are

expressed as mean 4 standard deviation (n = 3).

The experimental protocol is illustrated in Fig. 2A. An
acquired hemophilia A status was first established by
injecting an anti-primate FVIII antibody, VIII-2236,
which neutralizes endogenous FVIII, but neither exoge-
nous rpoFVIII nor ACE910 (Fig. S3). Then, bleeding
was artificially induced by inserting a needle in the limb
muscles and by subcutaneous exfoliation on the abdomen.
The animals in the control group showed a progressive
decrease in hemoglobin level (anemia associated with
hemorrhage) and expansion of bruised areas (Fig. 2B,C).
A single intravenous administration of ACE910 at 6-8 h
after bleeding induction, when visible bleeding symptoms
had emerged, tended to ameliorate the decrease in hemo-
globin level (P =0.0643 at 3 mg kg™' vs. control). The
expansion of bruised areas was significantly reduced at
doses of 1 and 3 mg kg™' ACE910 (P < 0.05 vs. control).
These hemostatic effects of ACE910 at 1 and 3 mg kg™’
were comparable to the hemostatic effect of dosing twice
daily with 10 U kg™" rpoFVIIL In such a regimen, the
plasma concentration of rpoFVIII would reach
25U dL™! just after the first injection, and would range
between 7.4 and 46 U dL"', according to a simulation of
multiple dosing of rpoFVIII based on the pharmacoki-
netic parameters obtained from the single-dose injection

© 2013 International Society on Thrombosis and Haemostasis

study of rpoFVIII in cynomolgus monkeys (Fig. S4). The
mean plasma concentration of ACE910 (0.3, 1 or
3 mg kg~') was, respectively, 6.6, 26 or 61 pg mL™" (45,
180 or 420 nm) just after administration, and 3.0, 8.4 or
34 pg mL™' (21, 58 or 230 nm) on day 3 (Fig. 2D). In
the clinical setting, 20 U dL™" is often employed as the
target initial FVIII level for treatment of ongoing
bleeds {12]. Therefore, intravenous administration of
1-3 mg kg™! ACE910, or a plasma concentration of 26

61 pg mL~! (180-420 nm), is also expected to exert he-
mostatic activity against ongoing bleeds in the clinical set-
ting.

Pharmacokinetic study and multiple-dosing simulation

In order to investigate the potency of ACE910 for routine
supplementation, we performed a single-dose pharmacoki-
netic study of ACE910, to determine the pharmacokinetic
parameters for simulating the plasma ACE910 concentra-
tion after multiple dosing.

The plasma half-life of ACE910 was 19.4 days aflter a
single intravenous administration at 6 mg kg™', and in
the range of 23.6-26.5 days after a single subcutaneous
administration at 0.06, 0.6 or 6 mg kg~ (Table S1). With
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show statistical significance of the data on day 3 (*F < 0.05 and **£ < 0.01 vs. contral). (D) Time course of plasma ACE910 concentration in

the ACE910 groups. Data are expressed as mean & standard error. iv.,

subcutaneous administration, the maximum plasma con-
centration of ACE910 increased in approximate propor-
tion to the dose increment. The subcutaneous
bioavailability was 102.3% at the 6 mg kg™ dose. These
results were consistent with those of our previous study
[9]. For these analyses, we excluded two animals in which
anti-ACE910 alloantibodies were detected, respectively.
from 28 days after the intravenous administration of
6 mg kg™ and from 56 days after the subcutaneous
administration of 0.06 mg kg™'. Their plasma ACE910
concentrations decreased in association with the detection
of anti-ACE910 alloantibodies.

In the in vivo hemostatic study, the mean initial plasma
concentrations of ACE910 were 26 and 61 pg mL™' (180
and 420 nm) in the 1 and 3 mg kg™ groups, respectively.
The hemostatic effect in these groups was comparable to
that in the rpoFVIII 10U kg™! group. in which the
FVIII level was within the range of a mild phenotype
(Fig. S4B). We considered that if, by routine supplemen-
tation, a plasma ACES10 level of 26 ug mL™" or above
were maintained at all times in patients, a severe pheno-

intravenous.

type would possibly be converted to a mild phenotype
beyond a moderate phenotype. To examine this possibil-
ity, multiple-dosing simulations of ACE910 were per-
formed with the parameters obtained [rom  the
pharmacokinetic study. The results of the simulations
indicated that, if the target trough plasma level of
ACE910 were set to 26 or 61 pg mL ', it could be main-
tained by once-weekly subcutaneous administrations of
0.64 or 1.5mgkg ' at a steady state. respectively
(Fig. 3).

Discussion

We previously reported the creation of an anti-FIXa/FX
bispecific antibody, named hBS23, which restored FVHI
cofactor function [8]. Although hBS23 had meaningful
hemostatic activity, its molecular structure would have
required [urther optimization in terms of manufacturing
elficiency, immunogenicity, pharmacokinetic profile, phys-
icochemical properties, and FVIII-mimetic cofactor activ-
ity. To address these remaining issues, we continued (o

© 2013 International Socicty on Thrombosis and Haemostasis



— 6v¥ —

200 4
= 3,63 mg kg~? i.v. + once-weekly 0.64 mg kg~' s.c.

- 8,63 mg kg~" i.v. + once-weekly 1.5 mg kg~' s.c.

® o
o S

P NN

@
=1

40+

}
N AR s

20 1

Simulated plasma concentration (ug mL™1)

10 T T Y T T
0 30 60 20 120 150

Time (day)

Fig. 3. Examples of simulations; plasma ACE910 concentration afler
multiple dosing in cynomolgus monkeys. The time course of plasma
ACEY10 concentration was simulated by use of the pharmacokinetic
study data in cynomolgus monkeys for the case ol once-weekly sub-
cutancous (s.c.) administration at 0.64 or 1.5 mg kg™, starting

7 days after the initial bolus intravenous administration of 3.63 or
.53 mg kg™, respectively. i.v., intravenous.

optimize the bispecific antibody multidimensionally, and
finally identified an improved one, ACE910, for clinical
investigation [9]. ACE910 had twice the effect on increas-
ing catalytic efficiency, 1.5 times the in vivo half-life and
higher subcutaneous bioavailability than hBS23. Further-
more, ACE910 was able to be purified on a large manu-
facturing scale and formulated into a subcutaneously
injectable liquid formulation. However, the degree of
in vivo hemostatic potency of ACE910 remained unpro-
ven. We hypothesized that approximately 300 nm
(44 pg mL "y of plasma ACE910 would exert an in vivo
hemostatic activity equivalent to 10 U dL™" FVIIL, as
300 nm ACE910 showed in vitro cofactor activity similar
to that of 10 U dL™" FVIIL, in terms of the peak height
in the TG assay in human FVIIl-deficient plasma
(Fig. 1C) [9]. When making this hypothesis, we did not
use the APTT data. ACE910 strongly shortened APTT,
even beyond the level achieved with 100 U dL™" FVIII at
more than 300 nm (Fig. 1A), but we considered that this
phenomenon could be attributed to the fact that FVIII
requires additional time to be activated by thrombin or
FXa, whereas ACE910 does not.

In order to prove the hypothesis, we had to detect
appropriately the in vivo hemostatic activity ol a plasma
level of approximately 10 U dL™" rpoFVIIL. For this pur-
pose, we employed more intensive injury procedures, and
changed the timing of administration of the test items to
after bleeding symptoms had emerged. In the clinical set-
ting, the treatment of ongoing bleeds minimally requires a
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plasma FVIII level of 10-20 U dL™', which is much
higher than the level required for prophylactic bleeding
prevention (1 U dL™") [12]. As a result, intravenous
administration of 10 U kg™! (twice daily) of rpoFVIII
showed a significant hemostatic effect, whereas a hemo-
static effect of 3.4 U kg™' (twice daily) of rpoFVIII was
not clearly detected in this model. The multiple-dosing
simulations of rpoFVIII in cynomolgus monkeys
indicated that, with twice-daily doses of 3.4 or 10 U kg”‘,
the plasma rpoFVIII level would be, respectively, 8.5 or
25 U dL ! at the outset, would remain at more than 2.5
or 7.4 U dL™', and would reach a maximum of 16 or
46 UdL™' by the end of the observation period
(Fig. S4B). Therefore, we judged thatl this re-established
model was well validated in terms of the reactivity to
FVIII. Using this validated model, we elucidated the
in vivo hemostatic potency of ACE910. A single intrave-
nous administration of ACE910 at 1 or 3 mg kg~' ame-
liorated bleeding symptoms to an extent equivalent to
that achieved with twice-daily doses of 10 U kg™' rpoF-
VIII. Among the results, it seems contradictory that the
mean bruised area of the ACE910 1 mg kg™' group was
smaller than that of the 3 mg kg™ group. From the view-
point of ethics for primates, we employed the minimum
number of animals possible to detect a hemostatic effect.
Therefore, we think that this variation in dose depen-
dency occurred incidentally, because the deviation in the
bruised area was rather large.

The pharmacokinetic profiles of ACE910 and rpoFVIII
were different, and therefore it is quite difficult to com-
pare their in vivo hemostatic activities in terms of plasma
level. However, to say the least, the hemostatic activity at
the maximum plasma level of ACE910, 26 or
61 pg mL™', would have reached that at the minimum
plasma level of rpoFVIIL, 7.4 U dL™'. If the two agents
were compared according to their initial plasma levels, 26
or 61 pg mL~" plasma ACE910 would have shown hemo-
static activity equivalent to that of 25 U dL™" rpoFVIIL
Given that ACE910 should work equivalently in humans
and cynomolgus monkeys (Fig. 1C,D), and that ACE910
fully exerted its activity even in the presence of FVIII
inhibitors (Fig. 1A,C), ACE910 could be possibly an
effective and long-acting treatment option to ameliorate
ongoing bleeds in patients with FVIII inhibitors.

We also consider that ACE910 will be highly valuable
for routine prophylaxis against bleeding. Current routine
prophylaxis with exogenous FVIII is aimed at converting
a severe disease (< 1 U dL™" FVIII) to a moderate one
(1-5 U dL™"), but it requires frequent venous access, Lyp-
ically three times weekly. This negatively affects both the
implementation of and adherence to the supplementation
routine, particularly for pediatric patients treated at home
[7]. In addition, the development of FVIII inhibitors
deprives them of this treatment option. As ACE910 is
expected to be a long-acting, subcutaneously injectable
agent that is unaffected by the presence of FVIII inhibi-
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tors, it will be able to resolve the drawbacks inherent Lo
exogenous FVIII and its prophylactic use [13,14]. Fur-
thermore, although routine prophylaxis with exogenous
FVIII effectively reduces joint bleeds and prevents joint
damage, its prophylactic effect is not necessarily perfect
[5,10]. In line with this, the clinical outcomes of patients
with moderate hemophilia A vary, and the proportion of
them who suffer from joint impairment is not negligible
[1]. Therefore, keeping FVIII levels within the range of a
mild phenotype (> 5 U dL™") may provide patients with
substantial benefits in terms of preserving joint status and
enabling patients to participate in physical activities [15].
As mentioned above, even by a conservative estimate,
61 pg mL™" plasma ACE910 would be expected to show
hemostatic activity within the range of a mild phenotype.

Generally, pharmacokinetic data of therapeutic anti-
bodies from cynomolgus monkeys can be scaled to pro-
ject human pharmacokinetic profiles [16], and the
simulated plasma concentration-time profiles from the
pharmacokinetic parameters are known to be comparable
to the actual observed profiles for therapeutic antibodies
[17]. Therelore, we conducted multiple-dosing simulations
with the pharmacokinetic study data in cynomolgus mon-
keys, and found that 61 pg mL™" plasma ACE910 would
be maintained at a steady state by once-weekly subcuta-
neous administration of 1.5 mg kg"' (Fig. 3). The simula-
tion is, of course, not the same as actual data, but we
have since confirmed that the simulation of the time pro-
file of plasma ACE910 concentration with the above
pharmacokinetic parameters gave a good prediction of
the actual data in another cynomolgus monkey study
employing multiple dosing with ACE910 (Y. Sakamoto,
unpublished data). Therefore, we think that the simula-
tion would work well.

In the pharmacokinetic study, two of 12 animals devel-
oped anti-ACE910 alloantibodies. In cynomolgus mon-
keys, the development of anti-humanized antibody
alloantibodies is theoretically inevitable, and their
reported incidence rates vary (0-100%) [18]. Unfortu-
nately, it has been found that the immunogenicity in
cynomolgus monkeys cannot predict that in humans [18].

In terms of subcutaneous injection, the upper limit of
the dosing amount is generally considered to be I mL or
less than 2 mg kg ™' of therapeutic antibodies [19], and
ACE910 has a sufficiently high solubility for such a sub-
cutaneous dosage to be obtained with a small injection
volume [9]. Thus, we expect that once-weekly subcutane-
ous administration of ACE910 will provide more aggres-
sive routine prophylaxis aimed at achieving a mild
phenotype in hemophilia A patients both without and
with FVIII inhibitors.

In conclusion, this study suggests that ACE910 has the
potential not only to ameliorate ongoing bleeds, even in
patients with FVIII inhibitors, but also to offer a user-
friendly and aggressive routine prophylaxis for patients
both without and with FVIII inhibitors. ACE910 may

provide greal benefits to all patients with severe hemo-
philia A, including pediatric patients and patients with
FVIII inhibitors.
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Additional Supporting Information may be found in the
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Table S1. Pharmacokinetic parameters of ACE910 in
cynomolgus monkeys.

Fig. S1. Effects ol ACE910 or rhFVIII on peak height of
thrombin generation triggered by low TF in human
FVIli-deficient plasma without FVIII inhibitors.

Fig. S2. SDS-PAGE analysis of rpoFVIII. Purified rpoF-
VIII (0.95 pg) was analyzed by SDS-PAGE with 4-20%
gradient gel under reducing conditions, followed by stain-
ing with Coomassie brilliant blue.
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Fig. S3. Influence of VIII-2236 on the APTT-shortening
activity of rpoFVIII, ACE910 or rhFVIII in human
FVIIl-deficient plasma. In the absence of VIII-2236,
rpoFVIII, ACE910 and rhFVIII concentration-depen-
dently shortened the APTT of human FVII-deficient
plasma.

Fig. S4. Pharmacodynamic study and multiple dosing
simulations of rpoFVIII in cynomolgus monkeys.
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Enhancing the effector function by optinnzing the mnteraction between Fe and Foy receptor (FeyR)1s a
promising approach to enhance the potency of anticancer monoclonal antibodies (mAbs). To date, a vari-
ety of Fcengineering approaches to modulate the interaction have been reported, such as afucosylation in
the heavy chain Fcregion or symmetrically introducing amimo acid substitutions into the region, and there
is still room to improve FoyR binding and thermal stability of the Cy2 domain with these approaches.
Recently, we have reported that asymmetric Fo engineering, which introduces different substitutions
into each Fe region of heavy chain, can further imiprove the FoyR binding while maimtaining the thermal
stability of the Cy2 domain by fine-tuning the asymmetric interface between the Fe domain and FeyR,
However, the structural mechanism by which the asymmetrically engineered Fe improved FeyR binding
remained unclear. In order to elucidate the mechanism, we solved the crystal structure of a novel asym-
metrically engineered Fe, asym-mAb23, in complex with FoyRIlla, Asym-mAb23 has enhanced binding
affinity for both FcyRilla and FeyRla at the highest level of previously reported Fc variants. The struc-

tural analysis reveals the features of the asymmetricaliy engineered Fe in comparison with symmetric Fo
and how each asymmetrically introduced substitution contributes to the improved interaction between
asym-mAb23 and FeyRlilla. This crystal structure could be utilized to enable us te design a more potent

asymmetric Fc.

®© 2013 The Authors. Published by Elsevier Ltd. Gpen access under i

1. Introduction

Effector functions including antibody-dependent cell-mediated
cytotoxicity (ADCC)and antibody-dependent cell-mediated phago-
cytosis (ADCP) significantly contribute to the efficacy and potency
of anticancer therapeutic monoclonal antibodies (mAbs) (
¢ . According to cumulative evidence, the potency of the
antibodies can be enhanced by improving the binding affinity for
Foy receptors (FeyRs), which are expressed on effector cells such
as NK cells and macrophages ( ). There have been a

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity: ADCP,
antibody-dependent cell-mediated phagocytosis: A/l ratio, acnvatmg FcyR bm(L
ing to inhibitory FcyR binding: asy AD23, a novel ically {
Fc; FcyR, Foy receptor; mAb, monoclonal antibody; PDB, Protein Data Bank; PBMC,
peripheral blood mononuclear cells; rms, root-mean-square; SPR, surface plasmon
resonance.
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number of reports about engineering the heavy chain Fc region to
improve the binding affinity for FeyRs by methods such as afuco-
Syla{ion of the N-linked glycan attached to Asn297 {
Yor symmetrically introducing aming
acid subst!muons into the heavy chain Fe reg;z)n withor w:thoul the
N-linked glycan attached to AsnES)’i {

el ). These engmeered Fe vananrs enhanced
Ihe binding aff inity for FoyRila and FeyRIHa orimproved the ratio of
activating FeyR binding to inhibitory FeyR binding (A/l ratio), which
resulted in enhanced ADCP and ADCC activity. However, these sym-
metric Fc engineering approaches cannot achieve a high affinity for
both FeyRlilla high- and low-affinity allotypes and improve the Afl
ratio and maintain thermal stability of the Cy2 domain at the same
time. Recently, we have reported a novel potent Fc variant that
maximized the effector function by an asymimetric Fc engineer-
ing approach 31%). We introduced different amino
acid substitutions into each heavy chain Fc region in an asymmet-
ric manner to optimize the asymmetric interface between the Fc
region and FcyR to successfully design an asymmetric Fc variant
that had the highest affinity for both FeyRlIlla high- and low-affinity
allotypes, had superior or at least comparable ADCC with the pre-
viously reported symimetrically engineered antibody, and had the
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highest A/l ratio. However, the mechanism by which the asymmet-
rically introduced substitutions contribute to the improved FcyR
binding remained unclear.

Here we report a crystal structure of the novel asymmetrically
engineered Fc variant, asym-mAb23, in complex with FeyRilla. In
contrast to the previously reported asymmetrically engineered Fc
variant (&% H £), asym-mAb23 enhanced the binding
affinity for both FcyR!I!a and FcyRlla to a level comparable w1th
that of previously reported Fc variants for both FcyRilla (i«
: and FeyRlla (Rict ¢). This is the ﬁrst
report describing the structure of asymmetncally engineered Fc
variant with increased affinity for FcyRs. This crystal structure
sheds light on the molecular mechanisms behind the interaction
between FcyRs and asymmetrically engineered Fc variant, which
will be beneficial for further designing a more potent asymmetric
Fc variant.

2. Materials and methods
2.1. Preparation of antibodies and FcyRs

The antibody variants used in the experiments were expressed
transiently in FreeStyle™ 293 cells (Life Technologies) transfected
with plasmids encoding heavy and light chains and purified from
culture supernatants using rProtein A Sepharose 4 Fast Flow or
rProtein G Sepharose 4 Fast Flow (GE Healthcare), as previousty
described ( 3i4). Asymmetrically engineered Fc
variants contained knobs—mm holes substitutions, Y349C/T366W
in one of the heavy chains and D356C/T3GGS/L368A/Y4U7V in the

other, to facilitate heterodimerization (iain ¢4 al. ).

The FcyRs used in the experiments were also expressed tran-
siently in FreeStyle™ 293 cells (Life Technologies), as previously
described (¥

2.2. Surface plasmon resonance (SPR) analysis

The kinetic analysis of antibody variants for human FcyRs
was monitored by SPR analysis using a Biacore 4000 instrument
(GE Healthcare), as previously described ( )
A recombinant protein A/G (Thermo Scientific) was lmmobxhzed
on a CM5 sensor chip (GE Healthcare) using a standard primary
amine-coupling protocol. HBS-EP+ (GE Healthcare) was used as
the running buffer. Antibody variants were captured on the chip,
followed by injection of FcyRs. The assay concentrations are from
0.001 nM to 16 nM for FcyRl, from 0.49 nM to 2000 nM for FcyRila,
from 2.0 nM to 8000 nM for FcyRIIb, and from 0.12 nM to 2000 nM
for FcyRlIlfa. The experiments were conducted independently, in
triplicate.

2.3. ADCC assay

Cytotoxicity of antibody against antigen A was measured using
a standard calcein-AM release assay, as previously described
(it 3). We used DLD-1 cells expressing tumor anti-
gen A as target cells for the assay. Peripheral blood mononuclear
cells (PBMC) were purified from whole human blood of healthy
donors and used as effector cells. Antibody solution was mixed with
the target celis (1 x 104 cells) and then the effector cells were added
to the solution at a ratio of 50:1 PBMC to target cells.

2.4. Preparation of Fc fragments and FcyRllla for crystallization

We cloned a recombinant Fc fragment of asym-mAb23, Fc
(asym-mAb23), corresponding to the heavy chain residues from
216 (EU numbering) to C-terminus for the crystallization. Cys220
was replaced with Ser so that the free cysteine would not make

Table 1
Data collection and refinement statistics.

Fc (asym-mAb23)-FeyRllla

Data collection

Space group P2y
Cell dimensions
a,b,c(A) 75.03,72.49, 163.48
o, A (?) 90, 91.15, 90
Resolution (A) 2.78(2.85-2.78)°
Rsym 0.078 (0.614)
Hot 139(2.1)
Completeness (%) 98.1(98.2)
Redundancy 3.8(3.4)
Refinement
Resolution (A) 25-2.78
No. reflections 41,404
Rwork/Rfree 23.6/274
No. atoms 9961
Average B factors 547
rms deviations
Bond lengths (A) 0.005
Bond angles (") 0.962
Ramachandran statistics
Most favored (%) 96.4
Additional allowed (%) 33
Disallowed (%) 03

Number of crystals for each structure is one,
 Values in parentheses are for highest-resolution shell.

disulfide bonds. FcyRllla with N35Q, N71Q, and N166Q substitut-
ions was prepared as previously described tai, 2011). The
complex of Fc (asym-mAb23) and FeyRIlla.was prepared by mixing
the Fc fragment with a little excess of FeyRlIla, and purified by size
exclusion chromatography.

2.5. Crystallization

Diffraction-quality crystals were obtained by 1:1 mixing of the
10 mg/ml protein complex of Fc (asym-mAb23) and FeyRilla with
0.1 M Bis~Tris pH 6.25, 0.2 M sodium iodide, and 14.5% PEG 3350 in
hanging drop vapor diffusion setups with streak seeding at 20°C.

2.6. Data collection

For data collection, crystals were flash frozen at 95K in pre-
cipitant solution containing 20% ethylene glycol. Diffraction data
to 2.78 A were collected using the Photon Factory beamline BL-
NE3A. Data were processed with XlaZ(M ), XDS Package
{Kab; 1), and Scala (

2.7. Structure determination

The crystals Dbelong to the space group P2y with cell parameters
ofa=75.03A,b=72.49A,c=16348A, and f=91.15°. The structure
was determined by molecular replacement with PHASER (i
ot &, ) using the structure of 1gG1-Fc fragment, Fc ([gGl)
and FeyRilla complex (PDB: 3SGJ) as a search model. The asym-
metric unit contains two 1:1 complexes of Fc (asym-mAb23) and
FeyRllla. A model was built with the program Coot
2(14¢3) and refined with the program REFMACS (i et al.,

111). Data collection and refinement statistics are summarized in
. . When numbering, the standard EU numbering was used
fot the heavy chain Fc region. For FcyRliila, the FC'yRII numbermg
system was used like PDB entry 1E4K (S } .
convert to standard NCBI numbering, it is necessary to add three
to the amino acid residue number of FcyRllla. All graphical presen-
tations were prepared with PyMOL ( 2). Superposition
and calculation of root-mean-square (rms) differences were done
by LSQKAB (i :) in CCP4 program suite, Coordinates and
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Fig. 1. Affinity analysis of antibody Fe variants for FeyRs by SPR. Fold increase of
the binding affinity for each FcyR was calculated by the equation, Ky (control)/Kp
(Fc variants). As the control, the K value of IgG1 is used for afucosyl mAb and the
K value of IgG1 with knobs-into-holes substitutions is used for ADE variant, DLE
variant, and asym-mAb23. The K, used for the calculation is the mean value of the
triplicate independent experiments. Bar colars are as follows: white, afucosyl mAb;
light gray, ADE variant; dark gray, DLE variant; and black, asym-mAb23.

structure factors have been deposited at the Protein Data Bank
(PDB) with the codes 3WN5.

3. Results and discussion
3.1. SPR analysis of FcyR binding affinity and ADCC

We optimized Fc variants asymmetrically to increase the
binding affinity for both FcyRllla and FeyRlla by utilizing the com-
prehensive mutagenesis in FcyR binding sites of rhe 2 domam
as we explained in our previous report
As a result, we obtained a variant, asym-mAb23, by mtrodumng
L234Y/L235Y/G236W/[S239M/H268D/S298A/A327D substitutions
into one heavy chain Fc region and D270E/K326D/A330K/K334E
substitutions into the other heavy chain Fc region, which enhanced
binding affinity for FcyRlla by 67-fold and for FcyRlila by 1000-
fold compared with wild-type mAb, as shown in {. The kinetic
parameters (ka, ky, and Kp) of each antibody are shown in supple-
mentary Table 1 and representative sensorgrams are depicted in
supplementary Fig. 1. The FeyRlla binding affinity of asym-mAb23
was comparable with that of the most potent symmetrically engi-
neered Fc variant with G236A/S239D/I332E (ADE) substitutions
The FeyRlIila binding affinity of asym-mADb23 was also com-
parable with that of the most potent symmetrically engineered F¢
variantwith S239D/A330L/I332E (DLE) substitutions (& . Asym-
mADb23 achieved the most potent binding to FcyRla and FeyRllla
at the same time, which could not be achieved by symmetricaily
engineered Fc variants.

The ADCC activity of asym-mAb23 was compared with that
of wild-type IgG1 and afucosyl mAb using human PBMC. Asym-
mAb23 showed greater ADCC activity than IgG1 and slightly higher
or comparable activity with afucosyl mAD ( ).

3.2. Overall structure of the asymmetrically engineered Fc variant
in complex with FcyRllla

The 2.78 A resolution crystal structure was determined for the
complex of Fc (asym-mADb23) with human FeyRIHa. In an asymmet-
ric unit of the crystal, two 1:1 complexes of Fc (asym-mADb23) and
FcyRIlla, complex 1(¥ig. 3A) and complex 2 2B), were observed.
In both of the complexes, Fc (asym-mAb23) binds to FcyRllia at the
lower hinge region and Cyy2 domains, as observed in the prevzous!y
reported crystal structures of Fc and FeyR complexes (
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Fig.2. ADCC of antibody Fc variants. ADCC of IgG 1, afucosyl mAD, and asym-mAb23
was determined by percent lysis of DLD-1 cells expressing opsonized tumor antigen
A at varying concentrations of antibody Fc variants to tumor antigen A, using PBMC
as effector cells, Square, 1gG1: triangle, afucosyl mAb; and circle, asym-mAb23.
Mean +S.D. of triplicate wells.

difference of the whole main chain atoms between the two com-
plexes in the asymmetric unit is slightly large, at 2.03 A. However,
the rms difference of the main chain atoms in the binding region
consisting of domain 2 of FcyRilla and the Cy2 domains of the Fc
(asym-mAb23)is 1.60 A.

Theoretically, an asymmetrically engineered Fc variant is
able to interact with FcyRs in two different orientations, since
the Fc region recognizes the FcyR asymmetrically from each
side of the region. However, in this crystal structure, Fc (asym-
mADb23) has the same asymmetric binding orientation toward
FeyRilla in each complex. The chain of Fc (asym-mAb23) with
D270E/K326D/A330K/K334E substitutions binds to the side of
FeyRilla that comprises W87, W110, and K158, and the other
chain with L234Y/L235Y/G236W/S239M[H268D/S298A/A327D
substitutions binds to the other side of FcyRllla that comprises
K117, Y129, and H131. This result suggests that asym-mAb23
recognized FcyRlla or FeyRIla only in a favorable manner.

Between the FcyRllla and Fc (1gG1) complex (PDB 1D: 35GJ) and
complex 1 of the Fc (asym-mAb23) and FeyRIlla in this crystal, rms
difference of the main chain atoms in the binding region is 1.65A
and between the FcyRllla and Fc (IgG1) complex and complex 2,
that is 1.03 A. This result indicates that the protein structure of
complex 2 is more similar to the FcyRllla and Fe (IgG1) complex
than complex 1 is. Most of the key interactions observed between
Fc(1gG1) and FeyRllla are conserved. Forexample, P329 in the Cy2-
Aofcomplex 1 and complex 2 forms tight hydrophobic interactions
with W87 and W110 of FeyRllla, and D265 in the Cy2-B of both of
the complexes forms a potent electrostatic interaction with K117
of FeyRIlla in a similar way to the reported FeryRlilla and Fe (IgG1)
complex structures.

The structure of the carbohydrate chains attached to N159 of
FeyRllla is different between the complexes. [n complex 1, the
electron density of five branched sugar moieties of FcyRilla was
abserved, sumlar to that seen in the FeyRilla and Fe (IgG1) complex
. and those sugar moieties are involved in the
interaction with a carbohydrate chain of Fc (asym-mAb23). On the
other hand, in complex 2, the electron density of only three sugar
moieties was observed, and these are not involved in the interaction
with Fe (asym-mADb23).

These differences observed in the two complexes in an asym-
metric unit may suggest that Fc (asym-mAb23) could bind to
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Fc (asym-mAb23) / FeyRlila

Complex 1
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Fig. 3. The overall structure of Fc {(asym-mAb23) and FeyRlila complexes in the asymmetric unit in comparison with a known Fe (1gG1) and FoyRllla complex. (A) The Ca
trace of Fc (asym-mAb23) and FeyRilla complex 1. Complex 1 consists of two Fe fragments and FoyRHla. The Fe fragment with D270E/K326D/A330K/K334E substitutions is
shown in green (Fc fragment A} and the other Fe fragment with L234Y/L.235Y/G236W/[S239M/H268D/S298A/A327D substitutions in cyan (Fc fragment B). FeyRilla is shown
in magenta, (B) The Cu trace of Fc (asym-mAb23) and FeyR{Ha complex 2. Complex 2 consists of two Fc fragments and FeyRilla, Fe fragment A is shown in red and Fc fragment
B in blue. FeyRlla is shown in orange. (C) The Ca trace of a known Fe (IgG1) and FoyRlila complex (PDB {D: 35G}). The complex consists of two Fc fragments and FcyRIla, Fo
fragment A and B are corresponding to those of Fc {(asym-mAb23) and FcyRIlla complex, Both of the Fc fragments are shown in yellow and FcyRIlla in gray. The substituted
residues in Fc (asym-mAb23) and the corresponding residues in Fc (JgG1) are shown by spheres. The carbohydrate chains of the heavy chain Fc region and of FcyRiHa are

shown by sticks.

FeyRilla in several different manners, although the difference may
also be influenced by the crystal packing environment.

3.3. Structural implication of the contribution of each
substitution of asym-mAb23 to the improved FcyRIla binding

The interfaces between the Cy2-A of Fc (asym-mAb23)
and FeyRlIlla in complexes 1 and 2 are depicted in
In the Cy2-A of Fc (asym-mADb23), four substitutions,
D270E/K326D/A330 K/K334E, are introduced. Structural super-
position of the Cy2-A of FcyRlila and Fe (IgG1) complex (PDB ID:
3SGJ) with the C;;2-A of complex 1 and complex 2 results in 0.75 A
and 0.67 A rms differences of the main chain atoms, respectively.
These substitutions do not affect the main chain structure of the
Cyy2-A, but affect the side chain structures around the residues.

In the Cy2-A, all of the substituted residues are charged, which
would improve long-range electrostatic interactions with FcyRIl{a.
in both of the complexes in this crystal, D270E would optimize
the electrostatic interaction with K111 of FcyRllla iA and B);
K326D would change electrostatic repulsions with K19 of FcyRllla
to electrostatic attractions 4A and B); A330K would make a
new electrostatic interaction with E163 of FcyRlila and enhance
van der Waals contacts with 185 of FcyRllla (fiz. 4A and B). The
conformation of these side chain residues and the distances of
jon-pairs are slightly different between the two complexes. This
might reflect the weakness of these long-range electrostatic inter-
actions. The contribution of K334E to the enhancement of FcyRIlla
binding seems mediated by a different mechanism from those of
other substitutions. K334E makes a hydrogen bond with the car-
bohydrate chain attached to N297 of the Cy2-A of complex 1 and
complex 2 ( -1C and D), which could result in changing and sta-
bilizing the carbohydrate chain conformation. The carbohydrate
chain of the heavy chain Fc region is known to be critical for the
binding to FcyRs ), so mod-
ifying and stabilizing the carbohydrate chain conformation could
contribute to enhancing the binding activity to FeyRs.

The interfaces between the Cy2-B of Fc (asym-mAb23) and
FcyRllla in complex 1 and 2 are depicted in The substitut-
ions introduced into the Cy2-B domain of Fc (asym-mAb23),
1234Y/L235Y/G236W/S239M/H268D/S298A/A327D, affect not

3oral

only the side chain structures around the substituted residues,
but also the main chain structure of the lower hinge region, loop
265-273, and loop 325-331. Structural superposition of the Cy2-B
of complex 1 with the Cj;2-B of FeyRllfa and Fe (IgG1) complex (PDB
ID: 35G]) results in 1.13 A rms difference of the main chain atoms.
The lower hinge and some of the loops show larger deviations;
with regard to residues 235-237 in the lower hinge, loop 265-273,
and loop 325-331, the largest rms differences of the main chain are
observed at Y235, P271, and D327, respectively, and their values
are 4.85A, 2.18 A, and 3.91 A, respectively. Similar lower hinge and
loop deviations are observed in the Cy2-B of complex 2. Structural
superposition of the Cy2-B of complex 2 in this crystal structure
with the Cy2-B of FcyRIlla and Fe (1gG1) complex (PDB ID: 3SG])
results in 0.77A rms difference of the main chain atoms. On the
other hand, with regard to residues 235-237 in the lower hinge,
loop 265-273, and loop 325-331, the largest rms differences of
the main chain are observed at the same residues as in the Cy2-B
of complex 1(Y235, P271, and D327, respectively) and their values
are 3.00A, 2.59A, and 2.27A, respectively. Compared with the
FcyRilla and Fe (1gG1) complex, the electron density of the lower
hinge is not well observed, especially in the Cy2-B. In both of the
complexes, the conformation of L234Y and the preceding residues
are not defined.

Some structural differences are observed around 1235Y and
G236W between the Cy2-B of complex 1 and complex 2; the main
difference being that the two residues are interchanged between
the two complexes and adopt conformations that are both differ-
ent from that of the FcyRllla and Fc (IgG1) complex. In complex 1,
‘W236 is involved in a hydrophobic core of the Ci2-B domain with
P238, 1328, V323, and 1332 of the same domain, which can shift
loop 325-331 considerably from the corresponding loop observed
in the Fe (1gG1) and FeyRlIlla complex. L235Y of Cy2-B in complex 1
forms a van der Walls contact with K117 and edge-to-face interac-
tions with H116 and H132 of FeyRIila >A). On the other hand,
in the Cy2-B domain of complex 2, W236 is not involved in the
hydrophobic core of the same domain, as is observed in the Cy2-B
of complex 1. Instead, it forms a stacking interaction with H116 of
FeyRIila, with L235Y of Cy2 making contact with 1328 and P329
in the same domain (¥ig. 3B). In complex 1, H268D would make
a new electrostatic interaction with K128 of FeyRlIila. Moreover,
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Complex 1

Complex 2

Fig. 4. The binding interfaces between the Cyi2-A of Fe (asym-mAb23) and FeyRIlla in complexes 1 and 2. The binding interfaces between the C;2-A {shown in green} of Fo
{asym-mAb23) and FcyRIifla (shown in magenta) in complex 1 and the corresponding binding interfaces between the Cu2-A {shown in red) of Fc (asym-mAb23) and FoyRilla
{shown in orange) in complex 2 are depicted in {A) and (B), respectively. The binding interfaces of another angle between the Cy2-B of Fe (asym-mAb23} and FeyRilla in
complex 1 and 2 are depicted in (C) and (D), respectively. The corresponding €2 domain structure of the Fe {IgG 1) {PDB 1D: 35G]) (shown in yellow) is superimposed on the

Cu2-A domain of Fc (asym-mAb23).

H268D may change the side chain conformation of neighboring
residues E269 and E294 in Cy2-B of complex 1 and thus may con-
tribute to optimizing the electrostatic interactions of those residues
with K128 and K125 of FcyRlla, respectively (7 A).On the other
hand, in complex 2, the conformations of K125 and K128 of FcyRlHla
are not completely defined because their electron density is poor
( B), and this suggests that the long-range electrostatic inter-
actions related to H268D might be weaker than others. As shown in
Fig SA and B, in complex 1 and complex 2, S298A reduces the size
of the side chain of the residue, which might result in optimizing a
van der Waals interaction with FcyRIla to achieve closer binding
in the whole binding surface of the Cy2-B in the Fc region. S239M
makes new van der Waals contacts with K117 of FeyRlla and with
the carbohydrate chain attached to N297 of the Cy2-B of complex 1
and complex 2 and D). This mutation might also contribute
to stabilizing the carbohydrare chain conformation and enhancing
the binding activity for FeyRs. The direct contribution of A327D
to the improved binding affinity to FcyRilla is not obvious from
the structural analysis, because even the nearest possible partner
residues in FeyRIlla, K117 and K128, are too far (approximately
14A) to form effective electrostatic interactions in either of the
complexes. In the Fc (IgG1) and FoyRllla complex, A327 is located
close enough to D270, so A327D might introduce an electrostatic

repulsion with D270 to trigger the conformational change of loop
265-273 and loop 324-331. This would be the reason why the side
chainof D270 of Fe {asym-mAb23) forms a hydrogen bond with the
side chain of H131 of FoyRHla, which was not observed in Fe {1gG1)
bound to FeyRlla. As a result, this substitution may contribute to
the improvement of binding activity to FoyRilla.

As described above, the X-ray crystal structure suggests that the
contribution of each substitution to the binding affinity is mod-
erate. This is indicated by the distant electrostatic interactions
(4-9A) observed in the structure and is also suggested by the fact
that two types of binding mode were observed in some parts of
the interface between Fc (asym-mAb23) and FeyRilla. Some of the
substitutions seem to contribute to the binding enhancement indi-
rectly by stabilizing the carbohydrate chains of the heavy chain
Fec region or changing the loop conformation. Nevertheless, asym-
mAb23 showed approximately 1000-fold enhanced binding affinity
for FeyRilla. This would be achieved by the cumulative effect of
these weak direct effects and the indirect effects caused by the sta-
bilization of the carbohydrate chain conformation and the change
of loop conformation.

A previous report suggested the difficulty of maintaining the
high stability and improving the binding affinity for FcyRs at the
same time by protein-engineering of Fc region (s
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Fig. 5. The binding interfaces between the C;y2-B of Fc (asym-mAb23) and FcyRila in complexes 1 and 2. The binding interfaces between the Cy;2-B (shown in cyan) of Fc
(asym-mAb23) and FeyRIlla (shown in magenta) in complex 1 and the corresponding binding interfaces between the Cy2-B (shown in blue) of Fc (asym-mAb23) and FcyRilla
(shown in orange) in complex 2 are depicted in (A) and (B), respectively. The binding interfaces of another angle between the Cy;2-B of Fe (asym-mAD23) and FcyRlla in
complex 1 and 2 are depicted in (C) and (D), respectively. The corresponding Cy2 domain structure of the Fc (1gG1) (PDB ID: 3SGJ) (shown in yellow) is superimposed on the

C12-B domain of Fc (asym-mAb23).

2002), However, asymmetric Fc engineering can minimize the
numberof total substitutions in the Fc region, as we discussed in the
previous report ( H 2i3171). In other words, asymmetric
Fc engineering enables us to utilize a large number of substitut-
ions and to exploit their contributions, even those conferring weak
enhancement.

4. Conclusion

This is the first report describing the crystal structure of an
asymmetrically engineered Fc variantin complex with FeyRllla. The
structural analysis suggested that the asymmetrically introduced
substitutions fine-tuned the interaction in each interface between
the Cy2 domain and FeyRIlla. Thus, the application of asymmetric
Fc engineering would enable us to optimize the interaction in each
interface independently and thus design Fc variants with a vari-
ety of FcyRs binding profiles more precisely. This crystal structure
could be utilized when we design a more potent asymmetric Fc
variant,
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Engaging inhibitory FeyRIIb by Fe region has been re-
cently reported to be an attractive approach for improving
the efficacy of antibody therapeutics. However, the previ-
ously reported S267E/L328F variant with enhanced
binding affimt¥ to FeyRIIb, also enhances binding affinity
to FeyRIa®™ allotype to a similar degree because
FeyRIb and FeyRIa™" are structurally similar. In this
study, we applied comprehensive mutagenesis and struc-
ture-guided design based on the crystal structure of the F¢/
FeyRIIb complex to identify a novel Fe variant with select-
ively enhanced FoyRIIb binding over both FeyRITa®'*!
and FoyRIIa'™, This novel variant has more than 200-
fold stronger binding affinity to FcyRIIb than wud -type
IgG1, while binding affinity to Fc‘yRIla 3 and
Fc'yRIIa"m is comparable with or lower than wild-type
IgG1. This selectivity was achieved by conformational
change of the Cy2 domain by mutating Pro to Asp at pos-
ition 238. Fc variant with increased binding to both
FeyRI1Ib and FeyRITa induced platelet aggregation and ac-
tivation in an immune complex form in vitro while our
novel variant did not. When applied to agonistic anti-
CD137 IgG1 antibody, our variant greatly enhanced the
agonistic activity. Thus, the selective enhancement of
FeyRIIb binding achieved by our Fe variant provides a novel
tool for improving the efficacy of antibody therapeutics.
Keywords: antibody engineering/FcyRITh/Fc engineering/
inhibitory FcyR/platelet activation

Introduction

IgG-based monoclonal antibodies (mAbs) have become im-
portant therapeutic options for numerous diseases (Brekke and
Sandlie, 2003; Maggon, 2007). Fcy receptors (FcyR)-
dependent cytotoxicity plays an important role in the antitu-
mor activity of mAbs for cancer immunotherapy (Nimmerjahn
and Ravetch, 2012).

© The Author 2013. Published by Oxford University Press.

Several works describe engineering the Fc region to
enhance the effector function of mAbs by increasing the
binding affinity for active FcyRs (FeyRla, FeyRITa and
FeyRIITa) with amino acid substitutions. For example, anti-
bodies engineered to have increased binding affinity for
FeyRIMla exhibited superior in vitro ADCC activity and
in vivo antitumor activity compared with wild-type mAbs
(Stavenhagen er al., 2007; Zalevsky et al., 2009). In addition
to protein engineering, glyco-engineered tumor-specific mAbs
with afucosylated N-linked oligosaccharides at Asn297 in the
Fc region showed increased binding affinity for human
FeyRIMTa and mouse FeyRIV, which resulted in enhancing the
therapeutic activity in mouse models (Nimmerjahn and
Ravetch, 2005; Mossner er al., 2010).

In contrast to these activating FcyRs that function as immu-
nostimulatory receptors, inhibitory FcyRIIb is reported to
function as an immunomodulatory receptor (Li and Ravetch.
2011; White er al., 2011). The inhibitory receptor FeyRIIb is
the only IgG Fc receptor expressed on B-cells and plays a crit-
ical role in regulating B-cell homeostasis (Heyman, 2003;
Nimmerjahn and Ravetch, 2008). Immune complexes (ICs)
coengage FeyRITb and B-cell receptor (BCR) and then select-
ively suppress B-cells that recognize cognate antigen
(Heyman, 2003). FeyRIIb also regulates other B-cell stimula-
tors that amplify B-cell profiferation and differentiation and
suppresses the expression of costimulatory molecules
(Leibson, 2004; Crowley ef al., 2009).

FeyRIIb also plays an inhibitory role in a homeostatic
checkpoint of dendritic cells (DCs) for inducing tolerance or
immunity by ICs, in contrast to FcyRIla. While ligation of
FcyRIla led to DC maturation, targeting FcyRIIb alone did
not activate DCs (Boruchov et al., 2005). FeyRIIb on DCs
induced peripheral tolerance by inhibiting antigenic process-
ing and DC activation to suppress T-cell activation (Desai
eral., 2007).

Besides these inhibitory effects of FeyRIIb, several groups
have recently reported that FcyRIIb enhances the agonistic
activity of anti-tumor necrosis factor receptor (TNFR) super-
family antibody by working as a scaffold (White er al.,
2013). Proliferation of antigen-specific T-cells induced by
anti-CD40 antibodies was abrogated in FcyRIIb-deficient
mice (White er al., 2011; Li and Ravetch, 2012). Anti-death
receptor 5 (DR5) agonist antibody also required FeyRIIb to
exert its agonistic activity and initiate apoptosis in lymph-
oma cells (Wilson er «l., 2011). The FeyRIIb-expressing
cells are considered to work as a scaffold to efficiently cross-
link anti-CD40 or DRS5 antibodies bound to target cells via
FeyRIIb.

In order to exploit these properties, engineering Fc region to
increase the binding affinity to FcyRIIb is considered to be a
promising approach. Introducing S267E/L328F substitutions

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/
licenses/by/3.0/), which permits unrestricted reuse, distribution, and reproduction in any medium, provided the original work is 589
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into the Fc region of human IgGl increased the binding affin-
ity to FeyRITb 430-fold without increasing that to FcyRI,
FcyRHam'“ or FeyRIITa (Chu er al., 2008). Anti-CD19 anti-
body with the Fc promoted suppression of B-cell activation
and proliferation in SLE mouse model by coengaging FeyRIIb
with BCR (Horton er «l., 2011). Recent reports noted that
anti-IgE antibody with S267E/L328F Fc variant reduced the
production of IgE in vivo (Chu er al., 2012) and that the Fee
domain fused with S267E/L328F Fe variant suppressed de-
granulation and calcium mobilization of mast cells (Cemerski
et al., 2012). Moreover, agonistic antibodies against CD40 or
DR5 showed more potent agonistic activity in vive with
enhanced FeyRIIb binding (Li and Ravetch. 2011, 2012).
These reports clearly demonstrate that engineered Fe with
enhanced binding to FeyRIIb has various therapeutic applica-
tions. However, it was reported that S267E/L328F substitu-
tions also cuhamed the binding to one of the FeyRIla
allotypes, FeyRIIa®'*!, to a level similar to the binding to
FeyRIIb (Smith er al., 2012). Therefore, when applying the
substitutions to mAb therapeutics, the consequence of increas-
ing the binding to FeyRITa should be considered.

Tt is reported that a high incidence of thromboembolic compli-
cation was observed in patients treated with anti-CDI54 or
anti-VEGF antibody in clinical settings (Boumpas et al., 2003:
Scappaticei ef al., 2007). The ICs composing of these antibodies
and the antigens activated platelets and induced thrombosis in
human FcyRIla transgenic mice by crosslinking FeyRHa
expressed on the platelets (Meyer er al., 2009: Robles-Carrillo
et al., 2010). Moreover, intravenous immunoglobulins also
induced FeyRIla-mediated platelet aggregation in vitro (Pollreisz
et al.. 2008). These results demonstrate that even wild-type IgGl
generally has a potential risk of inducing thromboembolism
through an FeyRIMa-dependent mechanism, suggesting that this
risk could be increased if the binding to FeyRIla is enhanced.
Therefore, considering the therapeutic applications, antibody
with selectively enhanced binding to FeyRITh relative to both
FeyRIa™"! and FeyRIa HI3 g preferred.

In this work, we investigated antibodies with selectively
enhanced binding to FeyRIIb over both FeyRII2®! and
FeyRIIa™?!, We screened a large set of single substituted var-
iants of human IgG1 for binding to human FeyRs and found a
distinct variant that distinguishes FeyRIIb from both FeyRITa
allotypes. We solved its crystal structure in complex with
human FeyRIIb and elucidated the structural recognition
mechanism by which it recognizes FeyRIIb over both
FcyRITa allotypes. In order to improve its FcyRIIb binding,
we conducted further optimization and identified a novel
antibody variant with over 200-fold more enhanced binding
to FcyRIIb without increasing the binding to either FeyRITa
allotype. Structural analysis of this variant revealed the
mechanism of the improved binding to FeyRIIb. We also
report that antibody that also has enhanced binding to
FeyRlIIa is more likely to activate platelets and induce aggre-
gation and would have a shorter in vivo half-life compared to
wild-type IgGl. We also confirmed that this variant enhanced
the agonistic activity of anti-CD137 antibody in vitro. Our
results indicate that the novel Fe variant with purely select-
ively enhanced binding to FcyRIIb is applicable to a broad
range of therapeutic antibodies, since it avoids increasing the
potential to activate or aggregate platelets and to have rapid
clearance in vivo.
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Materials and methods

Preparation of IgG | variants

1gG1 variants used in the experiments were expressed transi-
ently in FreeStyle™ 293F cells transfected with plasmids en-
coding heavy and light chain and purified from culture
supernatants using protein A. Site-directed mutagenesis of the
Fc region was performed using QuikChange Site-Directed
Mutagenesis Kit (Stratagene) or In-Fusion HD Cloning Kit
(Clontech).

Construction, expression and purification of FcyRs

The genes encoding the extracellular region of human FeyRs
were synthesized based on the sequence information obtained
from the National Center for Biotechnology Information.
FeyRs were fused with 6 x His-tag at their C-terminus. Vectors
containing FeyRs were transfected into FreeStyle™ 293F cells.
The receptors were purified from the harvested culture superna-
tants by using fon exchange chromatography, nickel affinity
chromatography and size exclusion chromatography.

Binding and affinity analysis for human FcyRs by surface
plasmon resonance (SPR)

The interaction of antibody variants with FcyRs was moni-
tored using Biacore instruments (GE Healthcare), as previous-
ly described (Richards er al.. 2008). Antibody variants were
captured on the CM3 sensor chip (GE Healthcare) on which
antigen peptide or protein A/G (Thermo Scientific) was immo-
bilized, followed by injection of FeyRs. The binding of each
variant to each FeyR was normalized by the captured amount
of antibody on the sensor chip and was expressed as a percent-
age of that of IgG1. Kinetic analysis was performed by global
fitting of binding data with a 1:1 Langmuir binding model
using Biacore Evaluation Software (GE Healthcare).

Crystalization, data collection and structure determination

of the complex of Fc fragment of human IgG 1 with P238D
substitution, Fc(P238D) and FeyRIib

Crystals were obtained by 1:1 mixing of protein complex
(10 mg/ml) with 0.1 M Bis-Tris pH6.5, 0.2 M ammonium
acetate, 2.7% (w/v) p-galactose, 17% PEG3350 in sitting drop
vapor diffusion setups at 20°C. For data collection, crystals
were flash frozen at 95 K in precipitant solution containing
22.5% ethylene glycol. Diffraction data to 2.6 A were col-
lected using the Photon Factory beamline BL-1A. Data were
processed with Xia2 (Winter. 2010), XDS Package (Kabsch,
2010) and Scala (Evans, 2006). The structure was determined
by molecular replacement with PHASER (McCoy e al., 2007)
using Fe part of Fe(IgG1)/FeyRIITa structure (PDB ID: 3SGJ)
and FeyRIIb structure (PDB ID: 2FCB) as search models. The
asymmetric unit was formed by a single 1:1 complex. A
model was built with the program Coot (Emsley ef al., 2010)
and refined with the program REFMACS (Murshudov er al..
2011).

Crystalization, data collection and structure determination

of the complex of Fc fragment of V12 variant, Fc(V12) and
FeyRIib

Crystals were obtained by [:1 mixing of protein complex
(10 mg/mb) with 0.1 M Bis-Tris pH6.5, 0.2 M potassium phos-
phate dibasic, 19% PEG3350 in hanging drop vapor diffusion
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setups at 20°C. For data collection, crystals were flash frozen at
95 K in precipitant solution containing 20% ethylene glycol.
Diffraction data to 2.86 A were collected at the SPring-8 beam-
line BL-32XU. After data processing and structure determin-
ation by molecular replacement using Fc(P238D)/FeyRIIb
structure, a model was built with the program Coot and refined
with the program REFMACS. The asymmetric unit was formed
by asingle 1: | complex.

Data collection and refinement statistics of both crystals are
summarized in Supplementary Table S1. All graphical presen-
tations were prepared with PyMOL (DeLano, 2002).

Preparation of Fc fragment and FcyRIIb complexes

We cloned recombinant Fc fragments corresponding to the
heavy chain residues from 216 (EU numbering) to C-terminus
for the crystallization. Cys 220 was replaced with Ser so that
the free cysteine would not make disulfide bonds. FeyRITh
expressed by FreeStyle™ 293F cells in the presence of the
mannosidase I inhibitor, kifunensine, was purified and treated
with endoglycosidase Fi fused with glutathione S-transferase
for deglycosylation as described previously to minimize the
heterogeneity of the oligosaccharide (Grueninger-Leitch ef al.,
1996). The complexes of Fc fragment and the deglycosylated
FcyRIlb were prepared by mixing Fc fragment with a little
excess of the deglycosylated FeyRIIb, and purified by size ex-
clusion chromatography.

Thermal shift assay

Melting temperature (Tyy) of the Cy2 region was measured as
previously described (He er al., 2010). The SYPRO orange
dye (Invitrogen) was added to 0.1 mg/ml protein solutions at a
final dilution of I:500. Fluorescence measurements were
employed using a real-time polymerase chain reaction instru-
ment, Rotor-Gene Q (QIAGEN). The temperature was
increased from 30 to 99°C at a heating rate of 4°C/min.

Stability study of high concentration antibodies

Antibodies were concentrated to 100 mg/ml in a histidine
buffer (20 mM histidine, 150 mM NaCl, pH6.0) by ultrafiltra-
tion (Millipore). The solutions were stored at 25°C to assess
the stability of the antibodies. High-molecular-weight (HMW)
species were analyzed with TSK-GEL G3000SWXL column
(TOSOH) by size exclusion high-performance liquid chroma-
tography at initial time point and after 4 weeks. The mobile
phase contained 300 mM NaCl in 50 mM phosphate at pH7.0.
The percentage of HMW species peak in total protein peak
area was calculated using Empower Waters software.

Binding affinity analysis of antibodies for human FcRn
Recombinant, soluble human FcRn (hFcRn) was expressed in
HEK293 cells and prepared as described previously
(Dall’Acqua. et al., 2006). The interaction of soluble hFcRn
was monitored as described previously (Igawa er al., 2010).

Pharmacokinetic studies of monoclonal antibodies in hFcRn
transgenic mouse

Anti-human interleukin-6 receptor (hIL-6R) IgGl or VI2
variant was administered to human FcRn (hFcRn) transgenic
mice (B6.mFcRn™/~ hFCRN Tg32 B6.Cg-Fegrt<tmlDer>
Tg(FCGRT)32Dcr; Jackson Laboratories) by single intraven-
ous injection together with 1 g/kg Sanglopor (CSL Behring
K.K.) to mimic endogenous IgG in human. Blood samples

were collected. The concentration of each antibody was deter-
mined by capture with anti-idiotype antibody (in-house), fol-
lowed by addition of hIL-6R and biotinylated anti-hIL-6R
antibody (R&D Systems) and detected by Streptavidin-Poly
HRP80. The half-life was calculated from the plasma concen-
tration—time data using non-compartmental analysis with
‘WinNonlin Professional software (Pharsight).

Platelet aggregation and activation study using washed
platelets

Fresh blood from healthy volunteers whose FcyRIla genotype
is R/R or H/H was anticoagulated with 0.5 ml of 3.8% sodium
citric acid-citrate in blood collection tubes. Platelet-rich
plasma (PRP) was obtained by centrifuging at 200 g for
15 min and then removing the supernatant. PRP was washed
in modified Tyrode buffer (137 mM NaCl, 2.7 mM KCI,
12 mM NaHCOs, 0.42 mM NaH,PO,;, 2 mM MgCl, 5mM
HEPES, 5.55 mM dextrose, 0.35% bovine serum albumin)
with 1.5 U/ml apyrase and resuspended at a concentration of
3 x 10*/ml in modified Tyrode buffer. Washed platelets were
then incubated with preformed IC for 5 min. The Preformed
IC was prepared by mixing the anti-IgE mAb having different
Fc variants (200 wg/ml) with its antigen (229 pg/ml), human
IgE, at a molar ratio 1: 1. Five minutes after the incubation,
30 wM ADP was added to induce the first wave of platelet ag-
gregation. Platelet aggregation was measured by an aggreg-
ometer (MCM Hema Tracer 712; MC Medical) at 37°C with
stirring at 1000 rpm.

Cells and reagents

CTLL-2 cells (mouse T lymphocyte cell line, No.RCB0637)
were provided by the RIKEN BRC through the National
Bio-Resource Project of the MEXT, Japan. Raji cells (human
Burkitt’s lymphoma cell line, ATCC No.CCL-86) were pur-
chased from the American Type Culture Collection. Both cell
lines were cultured in RPMI 1640 medium (Nacalai tesque),
supplemented with 10% heat-inactivated foetal bovine serum
(Bovogen). The culture medium for CTLL-2 was supplemen-
ted with 10 ng/ml recombinant mouse interleukin (IL)-2
(PeproTech). The culture medium for Raji cells was supple-
mented with 10 mM HEPES, 1 mM sodium pyruvate (Nacalai
tesque), 4.5g/1 Dp-glucose, 1.5g/l sodium bicarbonate
(Sigma-Aldrich).

Flow cytometry analysis of CD 137 expression

To analyze mouse CD137 expression on CTLL-2 cells, anti-
mouse CD137 clone ID8 variable region fused with the Fc
domain of human IgG1 (Shuford e al.. 1997) or human IgGl
isotype control (Alexis, Lausen) was applied. Goat F(ab’)2
anti-human IgG-FITC #732596 (Beckman Coulter) was used
as the detection antibody. Cell Lab Quanta SC MPL system
(Beckman Coulter) was used for cell acquisition and data ana-
lysis was conducted using FlowJo software (Tree Star Inc.).

Measurement of T-cell activation by anti-CD 137 antibody by
cytokine production

CTLL-2 cells (2 x 10°/mL) and Raji cells (2 x 107/ml) were
co-cultured in RPMI 1640 medium supplemented with 10%
heat-inactivated foetal bovine serum (Bovogen), 10 ng/ml
mouse IL-2 (PeproTech), 10 ng/ml phorbol 12-myristate
13-acetate, (.5 wg/ml ionomycin (Sigma-Aldrich). The cells
were treated with 3 pg/ml anti-CD137 antibodies with
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different Fe (Fc of human IgGl, S267E/L328F or V12 variant)
for 24 h at 37°C, 5% CO,. Mouse interferon (IFN)-y concen-
tration in the cultured medium was determined by ELISA
system (PeproTech), according to the manufacturer’s protocol.

Results

Screening and characterization of variants to selectively
enhance FcyRIlb binding by comprehensive mutagenesis
‘We screened a large set of over 500 variants prepared by re-
placing each of about 30 residues in the lower hinge and Cy2
region with every naturally occurring amino acid except for
cysteine, for binding to human FeyRIla™™!| FeyR1IaR!*! and
FcyRITb in order to identify substitutions that selectively
enhance FcyRIIb binding relative to both FeyRIla allotypes.
The effect of each substitution on the binding to FeyRIIa™"*,
FeyRIa™'"*! and FeyRIIb is compared in Fig. 1A and B. Only
two substitutions, P238D and L328E, were found to enhance
FeyRIIb binding while decreasing the binding to both FeyRITa
allotypes, although previously reported S267E and L328F
increased both binding.

We compared the dissociation constant (Kp) of wild-type
human IgGl, P238D variant and L328E variant
(Supplementary Table S2) and the changes in affinity from
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Fig. 1. Comprchensive mumg‘gcncsis of the lower hinge and Cy2 region.
Binding affinity for FeyRITa®"' | FeyRIIa™*" and FeyRIIb was evaluated.
The binding to FeyRITa®"*!, FeyRMa™*! or FeyRITb of template antibody
was normalized to 100. The binding to FeyRIIa®"*" and FeyRIIb is shown in
pancl A and the binding to FeyRIIa"™®! and FeyRIIb is shown in panel
B. Novel substitutions to selectively improve FeyRIIb binding, L328E and
P238D, arc indicated in blue and red, respectively. Previously reported
substitutions, S267E and L328F, to improve FeyRIIb but also FeyRIfa®!"*!
binding are indicated in green and yellow, respectively.
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IgG1 are shown in Fig. 2. Both P238D and L328E variants
enhanced affinity to FcyRIIb, while reduced aftinity to both
FeyRIa®"?! and FeyRI1a""*!, P238D variant reduced the af-
finity for all the active FcyRs and enhanced that for FeyRIIb
more significantly than L328E variant.

Crystal structure of the FcyRIIb complex with IgG | Fc
fragment with P238D

Fc(P238D) bound to FcyRIIb in an asymmetric fashion
between the two Cy32 domains (Cy-A and Cy-B) like previous-
ly reported Fe(TIgGl) and FcyR complexes. In Fig. 3A, the
overall structure of Fe(P238D)/FeyRIIb was compared with
known Fc(IgG1)Y/FeyRIa®"?' (PDB ID: 3RY6) (Ramsland
et al., 2011). Despite the high-sequence homology between
FeyRIIb and FeyRIa®'*' (Supplementary Fig. S1), the
domain arrangement of Cy2-B in Fe(P238D)-FeyRIlb inter-
face was different from that in Fe(lgG1)/FeyRIIaR !,

Structural comparisons of both Cy2 domains with those of
Fe(IgGl) complexed with FeyRIaR'™ revealed conform-
ational changes of loops around position 238 in both Cy2
domains (Fig. 3B and C). Pro238 in wild-type human IgGl
formed an inside hydrophobic core with Val263, Val266,
V323, Asn325 and Leu328. On the other hand, Asp238 in
P238D variant shifted out of the core and it was exposed to
the solvent region. Instead, Leu235 occupied the vacated
space which Pro238 occupied in Fc(IgGl), forming another
hydrophobic core in Cy2-A, but not in Cy2-B. As a result,
there was a large cavity surrounded by Val263, Val266,
Val273, Val323, Asn325 and Leu328 in Cy2-B. Asp238 in
Cy2-B formed an electrostatic interaction with Lys334 in the
same chain.

In the C;2-A domain, the main chain of Gly237 formed a
novel hydrogen bond with Tyrl60 of FeyRIIb (Fig. 3B). A
weak hydrogen bond between the main chain of Asp238 and
the side chain of Thr158 of FcyRIIb was also observed. In
addition, the side chain of Asp238 formed van der Waals con-
tacts with the side chain of ThrI58 in FeyRIIb. In the Cy2-B
domain, the conformation of the loop around Asp270 changed
from that of Fe(IgGl) complexed with FeyRIa®™?! and
Asp270 formed a salt bridge with Argl31 of FeyRIIb
(Fig. 3C).
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Fig. 2. Alfinity ratio of Fc variants identified by comprehensive mum%cncxis
for all the human FeyRs, The binding of P238D variant to FeyRITa"™! and
FeyRITaY"™ and that of L328E variant to FeyRITa'""! were not detected.
Affinity ratio was calculated by the equation, Ky, (1gG1)/Ky, (Fe variant).
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Fig. 3. Structural comparison of Fe(P238D)/FeyRIIb complex with Fe(IgG1)/FeyRUaR*! complex. (A) The overall structural comparison of Fe(P238D)/FeyRITh
complex with Fe(IgG D)/FeyRIa™™ complex. (B) The binding interface between the Cpi2-A domain of Fc(P238D) and FeyRIIb. (C) The binding interface
between the Cy2-B domain and FeyRIIb. The structural changes and novel interactions introduced by P238D in both interfaces are shown by comparing
Fe(P238D)/FeyRIlb and Fe(IgG1) FeyRITa®'*. Fe(P238DYFeyRIMb and Fe(IgG1)/FeyRIa"'*! are shown in green and magenta, respectively. FeyRITb and

FeyRITa®"*! are shown in the darker color, respectively.

Table 1. Elfect of additional substitution(s) into P238D variant on binding
affinity for FeyRIIb

Variant Amino acid change Fold (Ky, for
no. FeyRITb)
Single substitution

Vi E233D L7

V2 G237D L5

V3 H268D 17

V4 P271G 5.0

Vs A330R 12
Two substitutions

V6 E233D A330R 19
‘Three substitutions

v7 E233D P271G  A330R 8.2

V8 G237D  H268D  P271G 9.5

V9 G237D P271G  A330R 33
Four substitutions

V1o E233D H268D  P271G  A330R 9.0

Vit G237D  H268D P271G A330R 40

Five substitutions
vi2 E233D G237D H268D P271G  A330R 62

Fold = Kj (P238D variant)/Ky, (Fe variants).

Screening, characterization and design of variants to further
enhance FcyRIlb binding by comprehensive mutagenesis
using the P238D variant as a template
In order to further enhance the affinity to FeyRIIb, we com-
bined P238D with L328E or S267E/L328F, previously known
variant to increase binding to FcyRIIb and FeyRIaR'™,
Unexpectedly, the additive effect by combining P238D with
those substitutions was not observed. Affinities for FcyRIIb of
these variants are listed in Supplementary Table S3.

Then, we screened substitutions to improve FeyRIIb
binding when they were combined with P238D by
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Fig. 4. Affinily catio of S267E/L328F and V12 variant for all the human
FeyRs. The binding of V12 variant to FeyRITa" ™ ar FeyRIa" " was not
detected. Affinity ratio was calculated by the equation, Ky, (IgG1VKy, (Fc
variant).

comprehensive mutagenesis using the P238D varfant as a tem-
plate. Approximately 400 variants with an additional single
substitution onto the P238D variant were generated, and the
affinity for FcyRIIb was determined. Six effective substitu-
tions (E233D, G237D, H268D, P271G, Y296D and A330R)
were identified. We further combined these substitutions to
create V12 variant having all the six substitutions described
above. The fold increases of the variants against FeyRIIb over
P238D variant are listed in Table I.

Kps of wild-type IgG1, S267E/L328F variant and the most
potent variant, V12 variant, to all the FcyRs are listed in
Supplementary Table S2 and the changes in affinity from
IgGl are shown in Fig. 4. V12 variant showed 217-fold in-
crease in affinity for FeyRIlIb, yet bound to FeyRIIa®*! with
similar affinity to that of wild-type IgGl and to the other
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activating FeyRs with affinity significantly lower than that of
IgG1. On the other hand, S267E/L328F variant increased the
affinity for FeyRIIb 355-fold and that for FeyRITa®'*! even
greater, 864-fold.

Crystal structure of the FeyRIlb complex with Fe(V12)

The same conformational changes around Asp238 induced by
P238D substitution in Fc(P238D)/FcyRIIb were also observed
in Fe(V12)/FeyRITh,

In the Cy2-A domain, the introduced residues, Asp233.
Asp237 and Arg330, were located in the interface with
FeyRIb (Fig. 5A). The weak electron density of Asp233,
replaced from Glu, was observed. As Lys113 of FeyRIIb is
located near Asp233, they might interact with each other. In
the Cy2-A domain, Asp237, replaced from Gly, made van der
‘Waals contacts with Trp87 and Tyri60 of FeyRIlb. In add-
ition, the hydrogen bond distance between NH of the main
chain at position 237 in Fe and OH of the Tyr160 side chain in
FeyRIIb changed from 3.1 A in Fe(P238D) (Fig. 30y 10 2.9 A
in Fe(V12) (Fig. 5A). A weak hydrogen bond between the side
chain of Asp238 and the side chain of Thr158 of FeyRIIb was
also observed. The electron density of the side chain of
Arg330, which replaced Ala, was not clearly observed. As
Glu86 of FeyRIIb is located near Arg330, a weak interaction
between those residues could be present.

In the Cy2-B domain, H268D and P271G substitutions
induced a further conformational change of a loop around
Asp270 (Fig. 5B). The substitution from Pro to Gly at position
271 caused the main chain to flip and consequently rearranged
the 266—273 loop and Argl31 of FeyRIlb, which also formed
a salt bridge with Asp270 in Cy2-B of Fe(V12) as well as in
Fe(P238D). In addition, the electron density of Gly271 in
Cyu2-B was clearly observed, though in Pro271 in Fe(P238D)
it was not. This conformational change of the loop caused are-
arrangement of Arg292 in Cyy2-B of Fe(V12). The other sub-
stituted residue, Asp268, formed an electrostatic interaction
with the shifted Arg292.

Pharmacokinetic and biophysical property assessment

of V12 variant

In order to characterize the pharmacokinetic aspect of V12
variant, we measured the affinity for hFcRn and the pharmaco-
kinetics in hFcRa transgenic mice. The binding affinity of
V12 variant for hFcRn at pH6.0 was comparable with that of
wild-type IgG1 and the in vivo half-life was also comparable
(Table II).

T of the Cyy2 domain was measured by thermal shift assay.
The Ty of V12 variant decreased by 8°C relative to wild-type
IgG1 (Table II). To assess the real-time stability for pharma-
ceutical application of V12 variant, a stability study at an anti-
body concentration of 100 mg/ml was performed. The
formation of HMW species of V12 variant after storage for
4 weeks at 25°C was comparable with that of wild-type IgGl
(Table IT).

In vitro activation and aggregation of platelets by ICs
consisting of IgE and anti-IgE antibody with S26 7E/(328F
variant or V' 2 variant

Platelets obtained from two donors homozygous for
FeyRIIaR*! genotype and incubated with IC consisting of IgE
and anti-IgE S267E/L328F variant increased the expression of
CD62p and PAC-1 on the platelets, but those incubated with
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IC consisting of IgE and anti-IgE with the V12 variant did not
(Supplementary Fig. S2A and B). On the other hand, when we
used platelets obtained from two donors homozygous for
FeyRIaM'Y genotype. IC consisting of TgE and anti-IgE
S267E/L328F variant slightly upregulated the expression of
CD62p and PAC-1 on the platelets but IC consisting of
anti-IgE with the V12 variant did not after the incubation com-
pared  with the control  (phosphate-buffered  saline)
(Supplementary Fig. S2C and D).

Next, the platelet aggregation induced by ICs was evaluated
with an aggregometer. After the addition of ADP, only IC con-
sisting of IgE and anti-IgE with S267E/L328F substitutions
aggregated the platelets obtained from two donors homozy-
gous for FeyRIa®"! genotype. while IC consisting of IgE
and anti-TgE with V12 variant did not (Fig. 6A and B). On the
other hand, YC consisting of neither variant induced the aggre-
gation of the platelets obtained from two donors homozygous
for FeyRITa"!*! genotype (Fig. 6C and D).

Enhancement of agonistic activity of anti-CD 137 antibody
with enhanced FcyRIlb binding Fc

Several reports have described that agonistic anti-TNFR super-
family antibodies generally require FeyRIIb coengagment for
their agonistic activity and that enhancing the binding affinity
of the antibodies for FeyRIIb could increase the agonistic ac-
tivity (White ¢f ol 2011 Wilson ez al., 201 1; Li and Ravetch,
2012). Therefore, we tested whether V12 also has the same
property using agonist antibody against CD137 (clone 1D8),
which is one of the TNFR superfamily.

Mouse T lymphoma cell line CTLL-2 was used as mouse
CDI137-expressing cells (Fig. 7A), and human B lymphoma
cell line Raji was used as human FeyRII-positive cells
(Herndndez er al., 2010). T-cell activating agonistic activity of
anti-CD137 antibody was measured with the production of
mouse IFN-vy production of CTLL-2 co-cultured with Raji
cells. Consistent with the previous reports, V12 variant as well
as S267E/L328F variant increased IFN-y production induced
by agonist anti-CD137 antibody compared with intact human
1¢G1 by more than 5-fold (Fig. 7B).

Discussion

Several efforts to improve FeyR binding by Fc engineering
have been reported to date. While most of the engineering
enhances the binding affinity for activating FeyRs
(Stavenhagen e al., 2007, Zalevsky er al, 2009: Mossner
et al.. 2010), engineering to enhance binding affinity to inhibi-
tory FeyR is fimited (Chu o7 of., 2008). S267E/.328F variant,
the Fe variant reported to have the highest affinity for inhibi-
tory FeyR binding, enhanced the binding affinity for FeyRIIb
by 355-fold; however, it also enhanced the binding affinity for
Fc:yRIIa”H to the same level as FeyRITb (Smith er al.. 2012).
The high similarity between FeyRIIb and FeyRITa®* sug-
gests that discriminating FeyRITb and FeyRIIa®! by Fe en-
gineering is challenging (Supplementary Fig. §1).

In this work, we investigated the substitutions to distinguish
FeyRIb from FeyRIEa®! by comprehensive mutagenesis
and discovered a highly selective substitution, P238D, which
provides the highest selectivity for FcyRIIb relative to all the
other active FeyRs including FeyRITa®'!. Fe variants which
discriminate FeyRIIb from FeyRITa®"! were extremely rare,
probably because FcyRIIb is highly homologous to
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Engineered antibody Fc variant with selectively enhanced FeyRIIb binding

Fig. 5. Structure of Fe(V12)/FeyRIth complex. (A) The binding interface between the Cy2-A domai
the residues in FeyRIIb with a minimum distance of 3.8 A from these substitutions

of Fe(V12) and FeyRIIb. The substitutions in Fe(V 12) and
shown as sticks. (B) The binding interface between the Cy2-B domain of

Fe(V12) and FeyRIh. The structural changes around Asp270 in the Cyy2-B domains shown by comparing Fc(P238D)/FcyRIIb (green) and Fe(P238D)/FeyRITb

(cyan) complexes. FeyRIIb in each complex is shown in the darker color.

Table II. Characterization of V12 variant

Tw (CH2)  HMW formation Ky, for FeRn Half-life

“‘C) after storage (%) (%) (day)®
1gGl 70 0.30 15400 128 +38
Vi2 62 0.33 14400 126 +32

The group mean = SD are given for the parameter (n = 3 each).

“Ky» for FcRn was measured at pH6.0 by SPR.

PHalf-life of intravenously injected IgG1 and V12 variant at 1 mg/kg in hFeRn
transgenic mouse.

FeyRIIa*'*! (Supplementary Fig. S1) and the Fe-FeyRIIb
interface would be also highly homologous to the
Fe-FeyRI1a®"™! . To the best of our knowledge, this is the first
report iflustrating an Fc variant that enhances FeyRIIb binding
while distinguishing FeyRIIb and FeyRIIaR*?! precisely.

To elucidate the structural mechanism by which P238D
variant discriminates FcyRIIb from Fc’yRIInR"”, we solved
the crystal structure of the complex of Fc(P238D) and
FcyRIIb. Our structural analysis indicated that the high select-
ivity of P238D variant was achieved by a dynamic conform-
ational change of the Fc-FeyRIlb interface that was induced
by P238D substitution into wild-type IgGl. In reported
Fe(IgG1) structures, Pro238 forms a hydrophobic core with its
surrounding residues. Therefore, substituting this hydrophobic
Pro238 to hydrophilic Asp should cause large free energy loss
for desolvation of Asp to maintain the same structure. To
avoid this free energy loss, Asp238 showed a large shift out of
its original position to achieve access to the solvent region.
Additionally, the position of Pro238 in Fe(IgG1) was occupied
by Leu235 instead in Cy2-A of Fe(P238D) complexed with
FeyRIIb. As the result, the large conformational change of
loop233-240 attached to the hinge region was observed. This
change would affect the domain arrangement between the
Cu2-A and B domains because both Cy2 domains connect by
S-S bonds in the hinge region and cannot move independent-
ly. In fact, the relative arrangement of Cy2-A and B domains
in the Fe(P238D)/FeyRIIb complex was different from that of
Fe(IgG1)/FeyRIIa™™!, despite FcyRIIb having the highest
homology to FeyRITa®"*', As the result of these dynamic con-
formational changes, Fc(P238D) acquired two novel interac-
tions with FcyRIIb. One is the hydrogen bond between the
main chain of Gly237 in Cy2-A and the side chain of Tyr160
in FcyRIIb. Both FeyRIIa allotype cannot make this hydrogen
bond because corresponding residue of this Tyr is Phe in

FeyRIla (Supplementary Fig. S1). So, this interaction would
play a critical role for distinguishing FcyRIIb from FeyRIla.
The other one is the salt bridge between Asp270 in Cy2-A and
Argl31 of FeyRIIb. This salt bridge would contribute to
improve not only the binding affinity to FeyRIIb but also the
selectivity over FeyRITa™"?! because this allotype has His as
the comresponding residue of Argl31 in FcyRIIb. On the other
hand, the S267E/L.328F variant increased binding affinity to
both FeyRITb and FeyRUa®"! to the same extent, while it did
not increase binding affinity to FeyRIa™*! or other FeyRs.
From the reported complex structure of Fe(IgGl)/
FeyRITaR"!, we elucidated that Glu267 of the Fc with S267E/
L328F substitution would form a salt bridge with Argl31 of
the FcyRIIb and also of the FeyRITa®'!, This might explain
the reason for the lack of selectivity of the S267E/L328F
variant to FeyRIIb over FeyRIIaR'?!, both of which have Arg
at position 131. Large conformational change induced by
P238D would also explain the reason for lack of additive
effect of combining P238D with L328E or S267E/.328F.

Then, in order to further increase the binding affinity to
FeyRIIb, we conducted a second comprehensive mutagenesis
using the P238D variant as a template rather than combining
substitution(s) effective for wild-type IgG1 template, since the
interface of Fe(P238D)/FcyRIIb was considered to be signifi-
cantly changed from that of Fe(IgGl1)/FcyRITb. P238D-based
comprehensive and combinatorial study identified V12 variant
whose affinity for FcyRIIb was significantly increased from
P238D variant. Especially, P271G markedly increased affinity
for FcyRIIb. The substitution of fixed proline to flexible
glycine would contribute to release conformational stress
when a salt bridge between Asp270 in Fe (V12) and Argl31 in
FeyRITb is formed, which is considered to contribute to the af-
finity improvement for FcyRIIb.

Structural analysis of P238D suggests that P238D substitu-
tion seemed to destabilize the hydrophobic core of Cy2
domain, aithough this could be partially compensated by
Leu235 as found in Cy2-A domain. The conformational
changes seem to be the cause of decreased Ty, for V12 variant.
Although this reduced Ty raised concern regarding the storage
stability of Fc(V12) for pharmaceutical application, its stabil-
ity (aggregation tendency at 100 mg/ml) was comparable with
that of wild-type IgGl.

It is known that, for IgG1 antibody to have a long half-life
in vivo, binding to FcRn at acidic pH is important. The affinity
of V12 variant for hFcRn was comparable with that of wild-
type IgGl and, consistently, the in vivo half-life of VI2
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Fig. 6. Platclet aggregation studies incubated with ICs. Plalelet aggregation was evaluated alter platelets were incubated with ICs consisting of IgE with anti-Igk
V12 variant (blue), that of anti-IgE S267E/L328F variant (red), IgE and anti-JgE 1gG1 (green) or phosphate-bulfered saline (black) for S min alter being primed

with ADP. Aggregation of the platelets from two donors with FeyRITa R/R131 homozygous genotype ar

hown in pancls A and B, respectively. Aggregation of

the platelets from two donors with FeyR1ITa H/H 131 homozygous genotype are shown in panels C and D, respectively.
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Fig. 7. V12 variant enhanced the T-cell activating agonistic activity of anti-CD137 antibody 1D8. (A) CDI37 surface expression on CTLL-2 cells. Open

histogram indicates 1D8-1gG1 and fitled histogram indic;

2G1 isotype control. (B) T-cell activation induced by anti-CD 137 antibody with different Fe (IgG1,

V12 variant and S267E/L328F variant) was measured as mouse IFN-y prod
independent experiments.

variant was also comparable with that of wild-type IgGl.
However, it should be noted that because the binding affinity
of V12 variant to murine FcyRIIb (the mouse counterpart of
human FcyRIIb) was not increased, its effect on the pharma-
cokinetics was not addressed in this study.

ICs induce platelet aggregation and activation when anti-
body binds to FcyRIla expressed on the platelet surface
(Boumpas ef al., 2003; Scappaticci er al., 2007). The previous
studies suggest that ICs consisting of IgG with enhanced
binding to FcyRIIa have the potential to induce platelet aggre-
gation and activation more intensively than IC consisting of
wild-type IgG. However, the effect of engineered Fc with
enhanced binding affinity to FcyRITa on platelet activation
and aggregation induced by IC has not so far been investi-
gated. In this report, IC consisting of IgE and anti-IgE anti-
body with enhanced binding affinity to both FeyRIIb and
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of CTLL-2 Jtured with Raji. Each bar shows mean + SEM of three

FeyRIIa®"3! (S267E/L328F variant) induced the activation
and aggregation of platelets obtained from FeyRIIa genotype
of R/R131 homozygous donors, but not from FeyRIla geno-
type of H/HI31 homozygous donors. On the other hand,
anti-IgE antibody with selectively enhanced binding affinity to
FeyRIIb did not induce the activation or aggregation of plate-
lets from donors with either genotype. Platelets whose
FeyRITa genotype is RZHI31 are considered to express both
FeyRIMa allotypes on their surface, while platelets whose
FcyRITa genotype is R/RI31 express only FeyRIa®'?!
Therefore, a similar tendency will be observed in the platelets
from heterozygous donors, although the induction of the ag-
gregation and activation might be milder.

- It is known that FeyRIIa internalizes ICs by endocytosis
and transfers them to lysosomal degradation (Zhang and
Booth, 2010), while FeyRIIb recycles the internalized ICs
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