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Fig. 3. Structural comparison of Fc(P238D)/FcyRIIb complex with Fe(IgG1)/FeyR11a®!*! complex. (A) The overall structural comparison of Fc(P238D)/FcyRIIb
complex with Fe(IgG1)/FeyRIaR!* complex. (B) The binding interface between the Cyy2-A domain of Fc(P238D) and FeyRIIb. (C) The binding interface
between the Cy2-B domain and FoyRIIb. The structural changes and novel interactions introduced by P238D in both interfaces are shown by comparing
Fe(P238D)/FeyRIIb and Fe(IgG1)/ FeyRIaR'!, Fc(P238D)/FcyRIIb and Fe(IgG1)/FeyRIIa®®! are shown in green and magenta, respectively. FeyRIIb and

FeyRIaR!3! are shown in the darker color, respectively.

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

Variant Amino acid change Fold (Kp, for
no. FeyRIIb)
Single substitution

V1 E233D 1.7

V2 G237D 15

V3 H268D 1.7

V4 P271G 5.0

V5 A330R 12
Two substitutions

V6 E233D A330R 1.9
Three substitutions

V7 E233D P271G  A330R 82

V8 G237D H268D P271G 9.5

V9 G237D P271G  A330R 33
Four substitutions

V10 E233D H268D P271G A330R 9.0

V11 G237D H268D P271G  A330R 40

Five substitutions
Vi2 E233D G237D H268D P271G  A330R 62

Fold = Kp (P238D variant)/K}, (Fc variants).

Screening, characterization and design of variants to further
enhance FcyRIIb binding by comprehensive mutagenesis
using the P238D variant as a template
In order to further enhance the affinity to FcyRIIb, we com-
bined P238D with L328E or S267E/L.328F, previously known
variant to increase binding to FcyRIIb and FeyRIa®'*'.
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 FcyRIIb
binding when they were combined with P238D by
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Fig. 4. Affinity ratio of S267E/L328F and V12 variant for all the human
FcyRs. The binding of V12 variant to FeyRIIIa™*® or FeyRIITaY!*® was not
detected. Affinity ratio was calculated by the equation, Kp (IgGl1)/Kp (Fc
variant).

comprehensive mutagenesis using the P238D variant 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 FcyRIIb over
P238D variant are listed in Table I.

Kps of wild-type 1gG1, 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

IgG1 are shown in Fig. 4. V12 variant showed 217-fold in- -

crease in affinity for FcyRIIb, yet bound to FcyRIIa®"*! with

similar affinity to that of wild-type IgGl and to the other
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activating FcyRs with affinity significantly lower than that of
IgG1. On the other hand, S267E/L.328F variant increased the
affinity for FeyRIIb 355-fold and that for FeyRIIa®"?! even
greater, 864-fold.

Crystal structure of the FcyRIIb complex with Fe(V12)

The same conformational changes around Asp238 induced by
P238D substitution in Fc(P238D)/FcyRIIb were also observed
in Fe(V12)/FeyRl1lb.

In the Cy2-A domain, the introduced residues, Asp233,
Asp237 and Arg330, were located in the interface with
FcyRIlb (Fig. 5A). The weak electron density of Asp233,
replaced from Glu, was observed. As Lys113 of FcyRIIb 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 Tyr160 of FcyRIIb. In add-
ition, the hydrogen bond distance between NH of the main
chain at position 237 in Fc and OH of the Tyr160 side chain in
FcyRIIb changed from 3.1 A in Fe(P238D) (Fig. 3C) to 2.9 A
in Fc(V12) (Fig. 5A). A weak hydrogen bond between the side
chain of Asp238 and the side chain of Thr158 of FcyRIIb was
also observed. The electron density of the side chain of
Arg330, which replaced Ala, was not clearly observed. As
Glu86 of FcyRIIb is located near Arg330, a weak interaction
between those residues could be present.

In the Cyx2-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 FcyRIIb, which also formed
a salt bridge with Asp270 in Cy2-B of Fc(V12) as well as in
Fc(P238D). In addition, the electron density of Gly271 in
Cy2-B was clearly observed, though in Pro271 in Fc(P238D)
it was not. This conformational change of the loop caused a re-
arrangement of Arg292 in Cy2-B of Fc(V12). The other sub-
stituted residue, Asp268, formed an electrostatic interaction
with the shifted Arg292.

Pharmacokinetic and biophysical property assessment
of VI 2 variant

In order to characterize the pharmacokinetic aspect of V12
variant, we measured the affinity for hFcRn and the pharmaco-
kinetics in hFcRn 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 1I).

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 IgG1
(Table II).

In vitro activation and aggregation of platelets by ICs
consisting of IgE and anti-IgE antibody with S267E/L328F
variant or V12 variant

Platelets obtained from two donors homozygous for
FcyRI1a®"?! genotype and incubated with IC consisting of IgE
and anti-IgE S267E/L.328F 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
FcyRIIa""?! genotype, IC consisting of IgE 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 FeyRIIaR'*! genotype, while IC consisting of IgE
and anti-IgE with V12 variant did not (Fig. 6A and B). On the
other hand, IC consisting of neither variant induced the aggre-
gation of the platelets obtained from two donors homozygous
for FeyRIIa™?! genotype (Fig. 6C and D).

Enhancement of agonistic activity of anti-CD | 37 antibody
with enhanced FcyRlIb binding Fc

Several reports have described that agonistic anti-TNFR super-
family antibodies generally require FcyRIIb coengagment for
their agonistic activity and that enhancing the binding affinity
of the antibodies for FcyRIIb could increase the agonistic ac-
tivity (White ef al., 2011; Wilson et al., 2011; 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
CD137-expressing cells (Fig. 7A), and human B lymphoma
cell line Raji was used as human FcyRII-positive cells
(Herndndez et 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
IgG1 by more than 5-fold (Fig. 7B).

Discussion

Several efforts to improve FcyR binding by Fc engineering
have been reported to date. While most of the engineering
enhances the binding affinity for activating FcyRs
(Stavenhagen et al., 2007; Zalevsky et al., 2009; Mossner
et al., 2010), engineering to enhance binding affinity to inhibi-
tory FcyR is limited (Chu ez al., 2008). S267E/L328F variant,
the Fc variant reported to have the highest affinity for inhibi-
tory FcyR binding, enhanced the binding affinity for FcyRIIb
by 355-fold; however, it also enhanced the binding affinity for
ch(RIIatR131 to the same level as FcyRIIb (Smith ez al., 2012).
The high similarity between FcyRIIb and FcyRIIa®"! sug-
gests that discriminating FeyRIIb and FeyRIIa®!®! by Fc en-
gineering is challenging (Supplementary Fig. S1).

In this work, we investigated the substitutions to distinguish
FeyRIIb from FeyRIIa®! by comprehensive mutagenesis
and discovered a highly selective substitution, P238D, which
provides the highest selectivity for FcyRIIb relative to all the
other active FcyRs including FeyRIIa®"!. Fc variants which
discriminate FcyRIIb from FeyRIIaR®®! were extremely rare,
probably because FcyRIIb is highly homologous to
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Fig. 5. Structure of Fc(V12)/FcyRIIb complex. (A) The binding interface between the Cy2-A domain of Fc(V12) and FeyRIIb. The substitutions in Fe(V12) and
the residues in FcyRIIb with a minimum distance of 3.8 A from these substitutions are shown as sticks. (B) The binding interface between the Cy2-B domain of
Fc(V12) and FeyRIIb. The structural changes around Asp270 in the Cy2-B domains shown by comparing Fc(P238D)/FcyRIIb (green) and Fc(P238D)/FcyRIIb

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

Table Il. Characterization of V12 variant

Ty (CH2)  HMW formation KpforFcRn  Half-life
°C) after storage (%) (uM)* (day)®

IgG1 70 0.30 15400 128 +38

V2 62 0.33 14+00 126 +3.2

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 hFcRn
transgenic mouse.

FcyRIIa®3! (Supplementary Fig. S1) and the Fc-FcyRIlb
interface would be also highly homologous to the
FC-FC’YRIIaRBl. To the best of our knowledge, this is the first
report illustrating an Fc variant that enhances FcyRIIb binding
while distinguishing FcyRIIb and FeyRIIa®'*! precisely.

To elucidate the structural mechanism by which P238D
variant discriminates FcyRIIb from FeyRIIaR3! 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-FcyRIIb interface that was induced
by P238D substitution into wild-type IgGl. In reported
Fc(1gG1) 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 Fc(IgG1) was occupied
by Leu235 instead in Cy2-A of Fc(P238D) complexed with
FcyRIIb. 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
Cy2-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)/FcyRIIb complex was different from that of
Fc(IgG1)/FeyRIIaR'®! | despite FcyRIIb having the highest
homology to FeyRIIa®"3!, 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 Cyx2-A and the side chain of Tyr160
in FcyRIIb. Both FcyRIla allotype cannot make this hydrogen
bond because corresponding residue of this Tyr is Phe in

FcyRIla (Supplementary Fig. S1). So, this interaction would
play a critical role for distinguishing FcyRIIb from FcyRIla.
The other one is the salt bridge between Asp270 in Cy2-A and
Argl31 of FcyRIIb. This salt bridge would contribute to
improve not only the binding affinity to FcyRIIb but also the
selectivity over FeyRIIa""! because this allotype has His as
the corresponding residue of Argl31 in FcyRIIb. On the other
hand, the S267E/L328F variant increased binding affinity to
both FeyRIIb and FeyRIIa®!?! to the same extent, while it did
not increase binding affinity to FcyRIIa™"*! or other FcyRs.
From the reported complex structure of Fc(IgGl)/
FeyRIIa®'3!, we elucidated that Glu267 of the Fc with S267E/
L.328F substitution would form a salt bridge with Arg131 of
the FeyRIIb and also of the FcyRIIa®**!. This might explain
the reason for the lack of selectivity of the S267E/L328F
variant to FcyRIIb over FC\(RIIaR13 ! 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/L328F.

Then, in order to further increase the binding affinity to
FcyRIIb, 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 Fc(P238D)/FcyRIlb was considered to be signifi-
cantly changed from that of Fe(IgG1)/FcyRIIb. 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 Fc (V12) and Argl31 in
FcyRIIb 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 Cyx2
domain, although 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 IgG1.

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 V12
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Fig. 6. Platelet aggregation studies incubated with ICs. Platelet aggregation was evaluated after platelets were incubated with ICs consisting of IgE with anti-IgE
V12 variant (blue), that of anti-IgE S267E/L328F variant (red), IgE and anti-IgE IgG1 (green) or phosphate-buffered saline (black) for 5 min after being primed
with ADP. Aggregation of the platelets from two donors with FcyRIIa R/R131 homozygous genotype are shown in panels A and B, respectively. Aggregation of
the platelets from two donors with FcyRIIa H/H131 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) CD137 surface expression on CTLL-2 cells. Open
histogram indicates 1D8-IgG1 and filled histogram indicates IgG1 isotype control. (B) T-cell activation induced by anti-CD137 antibody with different Fc (IgGlI,
V12 variant and S267E/L328F variant) was measured as mouse IFN-y production of CTLL-2 co-cultured with Raji. Each bar shows mean + SEM of three

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 et al., 2003; Scappaticci et 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 1gG. However, the effect of engineered Fc with
enhanced binding affinity to FcyRIla 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 FcyRIIb and
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FeyRIIa®"3! (S267E/L328F variant) induced the activation
and aggregation of platelets obtained from FcyRlla genotype
of R/R131 homozygous donors, but not from FcyRIla geno-
type of H/H131 homozygous donors. On the other hand,
anti-IgE antibody with selectively enhanced binding affinity to
FcyRIIb did not induce the activation or aggregation of plate-
lets from donors with either genotype. Platelets whose
FcyRlla genotype is R/H131 are considered to express both
FcyRIla allotypes on their surface, while platelets whose
FcyRIla genotype is R/R131 express only FcyRHaR13 !
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 FcyRIla internalizes ICs by endocytosis
and transfers them to lysosomal degradation (Zhang and
Booth, 2010), while FcyRIIb recycles the internalized ICs
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(Bergtold et al., 2005; Mousavi et al., 2007). These reports
suggest that an antibody with enhanced binding affinity to
FcyRIla would be more rapidly eliminated from plasma by
FcyRIla-mediated uptake and degradation than wild-type
IgGl, while an antibody with enhanced binding only to
FcyRIIb would have a longer half-life because the antibody
would be recycled back to the cell surface. Indeed, an antibody
with enhanced binding to both murine FcyRII and FcyRIII
(counterpart of human FcyRIIa) exhibited more rapid clear-
ance from plasma compared with an antibody with enhanced
binding only to murine FcyRII (data not shown).

These facts indicate that therapeutic IgG with S267E/L328F
substitution has the potential to induce platelet aggregation
and activation and to be rapidly cleared from plasma in
patients with FcyRIIa®'®! genotype. One report described that
the allelic frequency of R/R131, R/H131 and H/H131 is 31, 44
and 25%, respectively, among healthy Caucasians, and 26, 43
and 31%, respectively, among healthy African Americans
(Lehrnbecher er al., 1999). Another report showed that in
Japanese, Chinese and Asian Indian populations the R/R131
genotype occurs in 6, 6 and 31%, respectively (Osborne ef al.,
1994). Considering the proportion of populations with R/R
and R/H genotypes, enhancing the binding affinity to
FeyRIa®"*! would have a substantial impact.

Previous studies using S267E/L328F or S267E substitu-
tion(s) have demonstrated that enhancing affinity to FcyRIIb is
a promising application for therapeutic antibodies against
CD19, IgE, DR5 and CD40 (Li and Ravetch, 2011, 2012; Chu
et al., 2012; Hammer, 2012). Consistent with these reports,
V12 variant, as well as S267E/L.328F variant, enhanced agon-
istic activity of antibody against CD137, one of TNFR super-
family molecules, compared with intact human IgG1l. Since
agonistic antibodies against TNFR superfamily are currently
being explored for cancer immunotherapy, enhancement of
the agonistic activity of these antibodies by selectively im-
proving the binding affinity for FcyRIIb could be a promising
approach. In addition, in Ba/F3 cells expressing constitutively
active mutants of the receptor tyrosine kinase, Kit, ICs that
crosslinked FcyRIIb and Kit inhibited growth factor-
independent proliferation (Malbec and Dagron, 2012). In
another report, ICs suppressed the TLR4-mediated response of
DCs in rheumatoid arthritis patients through FcyRIIb. Each of
these effects of FcyRIIb could be enhanced by applying Fc
with enhanced affinity for FcyRIIb. Moreover, ICs significant-
ly suppressed expression of CD40, CD80 and CD86 on
FcyRIIb-overexpressing DCs, suggesting that in DCs, using
ICs consisting of an antibody variant with selectively
enhanced FcyRIIb affinity relative to FcyRIla might polarize
IC-triggered activating signals to inhibitory signals (Zhang
etal., 2011).

Conclusion

In this study, we screened antibody Fc variant which selective-
ly enhances the binding affinity to FcyRIIb over both
FcyRIIaR131 and Fm/RHaHl3 ' by comprehensive mutagenesis.
We identified a distinct substitution, P238D, that could dis-
criminate FeyRIIb from FeyRIaR™! precisely, and crystal
structural analysis revealed that this substitution substantially
changed the recognition interface of Fc-FcyRIIb. We further
designed an antibody variant with 200-fold higher affinity for
FcyRIIb than IgGl without increasing the affinity for other

active FcyRs. The variant was comparable with IgG1 in terms
of pharmacokinetics and storage stability. We also showed that
an antibody with increased affinity for FcyRlla has an
increased possibility of inducing platelet activation and aggre-
gation and of being rapidly cleared from plasma. Since previ-
ous studies and our study using agonist anti-CD137 antibody
suggested that increasing the binding affinity to FcyRIIb has
various therapeutic applications, our engineered Fc, which
enhances binding selectivity to FcyRIIb, is expected to have a
significant therapeutic potential.

Supplementary data
Supplementary data are available at PEDS online.
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Introduction

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

It has been reported that administering conventional antibodies
to target soluble antigens, such as amyloid beta [3], MCP1 [4],
hepcidin [5], IL6 [6], CD23 [7] and VEGF [8], results in more
than 1000-fold increased antigen concentration over the baseline
due to the accumulation of antibody-antigen complex in plasma.
Since the half-life of the IgG antibody is very much longer than
that of the antigen, the binding of antigen to antibody results in an
increase in the plasma antigen concentration by reducing the
clearance of the antigen [9]. The extent of increase in antigen
concentration is determined by the difference in clearance
between antigen and antibody-antigen complex [10]. As a striking
example, administration of high affinity antibody against hepcidin,
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which has very rapid clearance, resulted in approximately 5,000-
fold increase in plasma hepcidin concentration, requiring a huge
antibody dosage of 300 mg/kg weekly to neutralize the hepcidin,
which is an unrealistic dosage for therapeutic development [5]. In
other cases, the baseline plasma concentration of the antigen may
itself be extremely high, as in that of complement factor G5, the
target antigen of eculizumab, which is in the range of pig/mL, in
contrast to most therapeutic antibodies in the pg/mL or ng/mL
range. Because of such high C5 concentration, eculizumab
requires huge antibody dosage for efficient C5 neutralization
[11], which makes eculizumab one of the highest annual dosages
of the approved therapeutic antibodies. In theory, even an
antibody with infinite affinity would need to be at a concentration
higher than that of the total antigen to neutralize that antigen
in vivo [12]. Therefore, when targeting soluble antigens with rapid
clearance or high baseline plasma concentration, even conven-
tional antibody with infinite affinity requires huge antibody dosage
to achieve therapeutic efficacy. This impedes not only the
development of subcutaneous formulations, which are important
for chronic disease, but also the commercial development itself,
because of increased manufacturing cost.
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Since these issues stem from the fact that conventional antibody
can only bind to the antigen and accumulates the antigen in
plasma, engineered antibody that enables active and selective
elimination of the antigen from plasma could overcome these
issues. In the natural system, several cell surface endocytic
receptors, such as asialoglycoprotein receptor [13], low-density
lipoprotein receptor [14] and epidermal growth factor receptor
[15], deliver ligands to the lysosome to eliminate the ligands from
plasma. These receptors bind to the ligands at the cell surface and
internalize the ligands into the cell. Since these receptors bind to
the ligands pH dependently, they release the ligands in the acidic
endosome, and while the released ligands are transferred to
lysosome and degraded, the free receptors rapidly recycle back to
the cell surface for another round of ligand elimination from
plasma. Such properties make these receptors ideal for “sweeping”
the ligands from the plasma. In this study, we engineered
monoclonal antibody to mimic the endocytic receptor-like
property so that it can exert antigen-sweeping activity and
eliminate the antigen from the plasma.

We have investigated engineered monoclonal antibody to exert
novel antigen-sweeping activity by simultaneously engineering
both pH-dependent antigen binding, to mimic the pH-dependent
receptor-ligand binding of such endocytic receptors, and increased
FcRn binding affinity at neutral pH, to mimic the cell-bound form
of the receptors. We demonstrate that the conversion of
conventional antibody into sweeping antibody, which directly
eliminates the antigen from plasma, could afford huge reduction of
the antibody dosage to a level that conventional antibody even
with infinite affinity cannot achieve and may allow access to target
antigens which have previously been undruggable by conventional
antibody.

Materials and Methods

Ethics Statement

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

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

pH-dependent binding antibody against human soluble IL-6
receptor (hsIL-6R) with neutralizing activity (PH-IgG1) were
generated from non-pH-dependent binding antibody (NPH-
IgG1l) as previously described [16]. pH-dependent binding
antibodies against hsIL-6R without neutralizing activity (PHX-
IgGl) in BaF/gpl30 assay [17] were also generated. To
increase the binding affinity to either mouse FcRn (mFcRn)
or human FcRn (hFcRn) at neutral pH, various Fc-engineered
variants were generated by site-directed mutagenesis of human
IgG1. Amino acid substitutions were introduced at the positions
251-258, 286, 288, 307-316, 428 and 433436 in the EU
numbering system which were reported to affect FcRn binding
[18-26]. Mutation was comprehensively introduced at each
position, and effective mutations identified were combined to
generate Fc variants with increased binding affinity to FcRn at
neutral pH. More than 1,000 variants were generated and
assessed for their binding affinity (Kp) to recombinant mFcRn
or hFcRn [18] at pH 7.0 using Biacore T200 (GE Healthcare).
Each variant was captured onto a Protein L (ACTIgen)
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immobilized CM4 sensor chip, then FcRn was injected over
the flow cell. Kp was determined using Biacore T200
Evaluation Software (GE Healthcare). Fc variants with the
desired affinity to FcRn were identified. NPH-IgG1 (conven-
tional antibody with neutralizing activity but without pH-
dependent binding), PH-IgG1, PHX-IgG1 and their Fc variants
were expressed transiently and purified. NPH-IgG1, PH-IgG1
and PHX-IgGl were assessed for their Kp to recombinant
hsIL-6R at pH 7.4 and pH 6.0 as previously described [16].

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

All animal experiments in this study were performed in
accordance with the Guidelines for the Care and Use of
Laboratory Animals at Chugai Pharmaceutical Co., Ltd. In co-
injection model, C57BL/6] normal mice (Charles River) or hFcRn
transgenic mice (hFcRn-Tgm, B6.mFcRn—/—hFcRn Tg line
276+/+ mouse, Jackson Laboratories) [27] were administered by
single i.v. injection with hsIL-6R alone or with hsIL-6R pre-mixed
with antibody. The first group received 50 pg/kg hsIL-6R but the
other groups additionally received 1 mg/kg of anti-IL-6R
antibodies. Total hsIL-6R plasma concentration was determined
as previously described [16].

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

To evaluate the effect of antibodies on hsIL-6R trans-signaling
inhibition @ vivo, C57BL/6] normal mice were initially iv.
injected with hsIL-6R [16] (250 pg/kg). Then antibodies with
designated doses and MR16-1 [28] (15 mg/kg, rat anti-mouse IL-
6R antibody) were administered at 2 h after the initial injection.
8 nug/kg of human IL-6 (Toray) was injected at 24 h. Blood
samples were collected at 30 h after the initial injection and total
hsIL-6R and serum amyloid A (SAA) plasma concentrations were
determined as previously described [16].

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

An infusion pump (alzet) filled with 92.8 pg/mL hsIL-6R was
implanted under the skin on the back of C57BL/6] normal
mice or hFcRn-Tgm (B6.mFcRn—/—hFcRn Tg line 32+/+
mouse, Jackson Laboratories) [27] to prepare model mice with
constant plasma concentration of hsIL-6R. Monoclonal anti-
mouse CD4 antibody GKI1.5 [29] was administered by iv.
injection to inhibit the production of mouse antibody against
hsIL-6R by depleting CD4+ T-cells. Antibodies against hsIL-6R
were administered at 1 mg/kg to normal mice or hFcRn-Tgm
with or without a single iv. injection of 1 g/kg of hlgG
(Intravenous immunoglobulin, GSL Behring) to mimic endoge-
nous human IgG.

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

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

Pharmacokinetic Analysis and Simulation using
Antibody-antigen Dynamic Model

The plasma concentration—time profiles of antibodies and
total hsIL-6R obtained in the study of hFcRn-Tgm steady-state
model were fitted to an antibody-antigen dynamic model [30]
and parameters were optimized for conventional, pH-dependent
binding, and v4-type sweeping antibodies. The k, and ky values
were from surface plasmon resonance (SPR) data. Simulation
study was carried out using the obtained pharmacokinetic
parameters, and antibody dosages required to neutralize 95% of
the antigen (baseline 250 ng/mL (6.6 nM)) at trough by dosing
once a month were obtained for each type of antibody with
antigen binding affinity (Kp) of 0.001, 0.01, 0.1, T and 10 nM.

Results

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

In order to evaluate the effect of pH-dependent antigen binding
and increased FcRn binding affinity at neutral pH on antigen
pharmacokinetics, we used a non-pH-dependent binding antibody
against hsIL-6R with hIgG1 constant region (NPH-IgG1) and a
pH-dependency-engineered variant (PH-IgG1) (Table S1). hIgGl
has almost no detectable binding to FcRn at pH 7.4, and very
weak binding at pH 7.0. In order to increase the binding affinity of
PH-IgG1 to either mouse FcRn (mFcRn) or human FcRn (hFcRn)
at neutral pH, various hIgG1 Fc variants with mutation(s) in the
FcRn binding region (positions 251-258, 286, 288, 307-316, 428
and 433-436 in the EU numbering system) were generated by site-
directed mutagenesis. More than 1000 variants were screened by
binding to either mFcRn or hFcRn at pH 7.0, and hlgGl Fc
variants for i vivo studies were selected (Table 1). The v1 variant
was used to evaluate the in vivo effect of pH-dependent antigen
binding antibody with increased binding affinity to mFcRn at
pH 7.0 by administering hsIL-6R to normal mice either on its own
or in complex with NPH-IgG1, PH-IgG1 or PH-vl (Fig. 1A). In
this co-injection model, NPH-IgG1 significantly reduced the
clearance of hsIL-6R because antigen-antibody complex has lower
clearance than the antigen [9,10]; PH-IgGl increased the
clearance of hsIL-6R to some extent, but was still slower than
hsIL-6R alone; while PH-v1 accelerated the clearance of hsIL-6R
faster than hsIL-6R alone.
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Since this co-injection model may not have reflected the actual
therapeutic situation where antibody is exposed to plasma in
which steady-state baseline concentration of soluble antigen is
present, we evaluated antigen sweeping in a mouse model which
maintains steady-state plasma antigen concentration. We admin-
istered NPH-IgG 1, PH-IgG1 and PH-v1 into normal mice steady-
state model (Fig. 1B). Consistent with the co-injection model,
NPH-IgGl1 significantly increased hsIL-6R plasma concentration;
PH-IgG1 reduced that increase but an increase over the baseline
was still observed; and PH-v1 actively eliminated hsIL-6R from
the plasma and reduced the plasma hsIL-6R concentration
approximately 150-fold below the baseline, demonstrating that
engineered antibody with pH-dependent binding antibody and
increased binding affinity to FcRn at neutral pH can eliminate the
antigen form plasma i vivo.

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

To evaluate the effect of antigen sweeping by sweeping antibody
on antigen antagonism & vive, i viwo efficacy of the anti-hsIL-6R
sweeping antibodies was tested in a normal mouse hsIL-6R trans-
signaling model [31], which exhibits an increase in SAA
dependent on hIL-6/hsIL-6R-mediated trans-signaling. We gen-
erated PHX-IgGl, a pH-dependent binding antibody against
hsIL-6R without hsIL-6R neutralizing activity i vitro (Table S1),
and its Fc variant PHX-vl with increased binding affinity to
mFcRn at neutral pH. In the first study, PHX-IgG1 and PHX-v1
were administered at antibody dosage of 30 mg/kg, and plasma
concentration of hsIL-6R and SAA, as a pharmacodynamic
marker of hsIL-6R antagonism, are shown (Fig. 2AB). While
PHX-IgG1 could not inhibit SAA production at all, PHX-vl
significantly inhibited SAA production i zizo by directly sweeping
hsIL-6R from the plasma, despite having no neutralizing activity
in vitro. In the next study, antibodies with hsIL-6R neutralizing
activity, NPH-IgG1, PH-IgG1 and PH-vl, were administered at
antibody dosage of 0.03 mg/kg. While NPH-IgG1 and PH-IgG1
with hsIL-6R neutralizing activity én vitro could not completely
inhibit SAA production at this dosage, PH-vl, with both
neutralizing and sweeping activity, completely inhibited SAA
production (Fig. 2C,D).

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

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

To further clarify the molecular requirement to achieve antigen
sweeping, we administered NPH-IgG1, PH-IgG1, NPH-v2, PH-
v2 and PH-v0 to hFcRn-Tgm steady-state model (Fig. 3B). NPH-
v2, a non-pH-dependent binding antibody with increased binding
affinity to hFcRn at neutral pH, increased hsIL-6R plasma
concentration above the baseline to a similar level to NPH-IgG1;
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Figure 1. Antigen sweeping by pH-dependent antigen binding antibody with increased FcRn binding at neutral pH. /n vivo study of
NPH-IgG1, PH-IgG1 and PH-v1 in normal mice. Effect of antibodies on the total hsiL-6R plasma concentration was evaluated in a co-injection model
and a steady-state model. In the co-injection model, hsiL-6R, hsIL-6R+NPH-IgG1, hsIL-6R+PH-IgG1 and hslL-6R+PH-v1 were intravenously
administered as single doses of 50 pg/kg for hsIL-6R and 1 mg/kg for antibody and a time profile of total hsIL-6R plasma concentration (A) is shown.
Each data point represents the mean = s.d. (n=3 each). In the steady-state model, steady-state plasma concentration of approximately 20 ng/mL
hsIL-6R was maintained using an infusion pump filled with hsiL-6R solution, and NPH-IgG1, PH-IgG1 and PH-v1 were intravenously administered as
single doses of 1 mg/kg and a time profile of total hslL-6R plasma concentration (B) is shown. Each data point represents the mean * s.d.
(n=3 each).

doi:10.1371/journal.pone.0063236.g001

PH-v0, a pH-dependent binding antibody with no hFcRn binding Effect of Endogenous IgG Competition on Antigen
[32], also increased hsIL-6R plasma concentration to a similar Sweeping

level to PH-I.gle, but fmly trar.lsiel}ﬂy; and on'ly ?H-\’Q, a pH- Because mouse IgG does not bind to hFcRn [33], hFcRn-Tgm
dependent binding antibody with 1.nc‘rcased binding affinity © 155 sybstantially no endogenous IgG competing with sweeping
hFcRn at neutral pH, actively eliminated hsIL-6R from the antibody for hFcRn, which might not reflect the clinical situation

pla§ma. jI'hi‘s clearl}l demonst}"atf.:s that .bOth pH-dependent in which there is high endogenous human IgG (hIgG) concentra-
antigen binding and increased binding affinity to FcRn at neutral tion [20]. To evaluate the effect of endogenous IgG on antigen

pH are required for antigen sweeping. sweeping, NPH-IgG1, PH-IgG1 and PH-v2 alone or together with

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

Fc variant Kp (nM) at pH7.0 Kp (nM) at pH6.0

Mutations

1gG1 3918 237 1377 -

v2 NT 155 NT 6 M252W/N434W

v4 NT 120 NT 8 M252Y/N286E/N434Y

M252Y/V308P/N434Y

Binding affinity (Kp) of IgG1 and v1 to mFcRn at pH 7.0 and pH 6.0, binding affinity (Kp) of IgG1, v2-v6 and vO to hFcRn at pH 7.0 and pH 6.0, and mutations introduced
in the Fc region are shown. Mutation sites in the Fc region are described in EU numbering. NT, not tested.
doi:10.1371/journal.pone.0063236.t001
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Figure 2. /n vivo study of sweeping antibodies in a normal mice hsIL-6R trans-signaling model. Effect of antibodies on the total hsIL-6R
plasma concentration and SAA plasma concentration (as a marker for hsIL-6R antagonism) were evaluated. hsiL-6R was intravenously administered as
a single dose of 250 pug/kg. At 2 h, non-neutralizing antibodies PHX-IgG1 and PHX-v1 were intravenously administered as single doses of 30 mg/kg
(A, B), and neutralizing antibodies NPH-IgG1, PH-IgG1 and PH-v1 were intravenously administered as single doses of 0.03 mg/kg (C, D). At 24 h, hiL-6
was intravenously administered as a single dose of 8 pg/kg. Total hsIL-6R plasma concentration (A, C) and SAA plasma concentration (B, D) at 30 h is
shown. Each data represents the mean = s.d. for total hsIL-6R plasma concentration and the mean * s.e. for SAA plasma concentration (n=3-
7 each). ND, not detected (below 0.195 ng/ml). Statistical significance was determined by t-test (¥) or Tukey’s multiple comparison test (#) for total

hsIL-6R and SAA plasma concentration.
doi:10.1371/journal.pone.0063236.g002

1 g/kg of hIgG, which mimics endogenous IgG, were adminis-
tered to hFcRn-Tgm steady-state model. hsIL-6R sweeping by
PH-v2 was attenuated when hIgG as endogenous IgG was present
(Fig. S1).

Effect of hFcRn Binding Affinity at Neutral pH on Antigen
Sweeping in Human FcRn Transgenic Mice

Since FcRn binding at neutral pH is required for antigen
sweeping, it is assumed that binding affinity (Kp) to FcRn at
neutral pH would affect the antigen sweeping profile. In addition,
previous studies have shown that increasing FcRn binding affinity
at neutral pH either increased or did not affect the antibody
clearance [21-24]. In order to assess the effect of FcRn binding
affinity at neutral pH on antigen sweeping and antibody
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pharmacokinetics, Fc variants (v3-v6) with various binding affinity
to hFcRn at pH 7.0 were generated (Table 1).

Antigen sweeping and antibody pharmacokinetics of NPH-
IgG1, PH-IgG1 and its Fc variants were evaluated in hFcRn-Tgm
steady-state model in the presence of hlgG (Fig. 4A,B, Table S2).
Compared to IgG1, the v3 variant, with Kp 288 nM at pH 7.0,
slightly prolonged the antibody pharmacokinetics; moreover, PH-
v3 reduced total hsIL-6R plasma concentration to a similar level as
baseline concentration. Notably, the v4 variant, with Kp 120 nM
at pH 7.0, reduced total hsIL-6R plasma concentration below the
baseline level while the antibody pharmacokinetics was main-
tained. Total hsIL-6R plasma concentration of PH-v4 was 50-fold
lower than NPH-IgG1 while the antibody plasma concentration
was comparable. The study using the vd and v6 variants with,
respectively, Kp 77 and 35 nM at pH 7.0 has demonstrated that
variants with stronger hFcRn binding affinity exhibited more
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Figure 3. Characterization of sweeping antibody in hFcRn-Tgm. (A) In vivo study of NPH-IgG1, PH-igG1, PH-YTE and PH-v2 in hFcRn-Tgm.
Effect of antibodies on the total hsIL-6R plasma concentration was evaluated in a co-injection model. hsIL-6R, hsIL-6R+NPH-IgG1, hsIL-6R+PH-IgG1,
hsIL-6R+PH-YTE and hsIL-6R+PH-v2 were intravenously administered as single doses of 50 ug/kg for hsIL-6R and 1 mg/kg for antibody and a time
profile of total hsIL-6R plasma concentration is shown. Each data point represents the mean = s.d. (n=3 each). (B) Effect of pH-dependent antigen
binding and increased binding affinity to FcRn at neutral pH on antigen sweeping in hFcRn-Tgm steady-state model with hsIL-6R plasma
concentration of approximately 20 ng/mL. NPH-IgG1, NPH-v2, PH-IgG1, PH-v2 and PH-v0 were intravenously administered as single doses of 1 mg/

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

doi:10.1371/journal.pone.0063236.9g003

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

Sweeping Antibody Antagonizes High Concentration
Antigen where Conventional Antibody is Ineffective

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

Discussion

In this study, we have demonstrated that simultaneous
engineering of pH-dependent antigen binding and increased
FcRn binding affinity at neutral pH actively eliminated the antigen
from the plasma, creating “sweeping antibody”. Importantly, both
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pH-dependent antigen binding and increased FcRn binding
affinity at neutral pH was required for antigen sweeping,
mimicking the function of the ligand-sweeping endocytic receptors
that we previously mentioned.

When targeting soluble antigen with monoclonal antibody,
conventional antibody (NPH-IgG1) remains bound to the soluble
antigen within the acidic endosome (Fig. S2A) and thereby inhibits
the antigen degradation by lysosome, resulting in accumulation of
the antigen in the plasma. We have recently reported that
engineered antibody with pH-dependent antigen binding (PH-
IgG1), named recycling antibody, dissociates the soluble antigen in
the acidic endosome and the dissociated antigen is then transferred
to lysosome and degraded (Fig. S2B) [16]. However, our current
study demonstrates that pH-dependent antigen binding alone
could not actively eliminate the antigen from plasma. This is
because intact IgG1 does not bind to FcRn on the cell surface at
neutral pH [25], and the antibody-antigen complex is only
marginally taken up into the cell by pinocytosis, which limits the
rate of antigen degradation.

Previous studies have demonstrated that Fc-engineering to
increase the binding affinity to FcRn at acidic pH improved the
endosomal recycling efficiency and prolonged the pharmacokinet-
ics of the antibody [20,25,26]. However, a simultaneous increase
of binding affinity at neutral pH did not prolong [21,22], or even
shortened [23,24], the pharmacokinetics because of inefficient
antibody release from FcRn back to plasma -after transporting it
back to the cell surface, providing no therapeutic merit. Increasing
FcRn binding affinity at neutral pH would anchor the antibody to
the cell surface, similarly to an endocytic receptor, and enhance
cellular uptake of antibody-antigen complex by FcRn-mediated
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Figure 4. Effect of hFcRn binding affinity at neutral pH on antigen sweeping profile in hFcRn-Tgm. (A, B) Effect of FcRn binding affinity
at pH 7.0 on antigen sweeping and antibody pharmacokinetics in hFcRn-Tgm steady-state model with hslL-6R concentration of approximately
20 ng/mL in the presence of human IgG. NPH-IgG1, PH-IgG1, PH-v3, v4, v5 and v6 were intravenously administered as single doses of 1 mg/kg with
1 g/kg of hlgG. Time profiles of total hsIL-6R plasma concentration (A) and antibody plasma concentration (B) are shown. Each data point represents
the mean * s.d. (n=3-6 each).

doi:10.1371/journal.pone.0063236.9g004
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Figure 5. Effect of sweeping antibody on high plasma concentration antigen. Effect of NPH-IgG1, PH-IlgG1 and PH-v6 on a hFcRn-Tgm
steady-state model with high hslL-6R concentration of approximately 250 ng/mL in the presence of human IgG. NPH-IgG1, PH-IgG1 and PH-v6 were
intravenously administered as multiple doses of 0.01 mg/kg every other day. Molar baseline hsIL-6R concentration (6.6 nM) is 5-fold higher than
antibody concentration at 15 min (1.3 nM). Time profiles of total hsIL-6R plasma concentration (A) and free hsIL-6R percentage over control (B) are
shown. Each data point represents the mean =* s.d. for total hsIL-6R concentration (n=3-5 each). Free hsIL-6R percentage over control is determined
from the pooled plasma sample of n=3-5 each.

doi:10.1371/journal.pone.0063236.9g005
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endocytosis. However, our study demonstrated that antibody with
increased FcRn binding affinity at neutral pH without pH-
dependent antigen binding (NPH-v2) could not actively eliminate
the antigen from plasma because the antigen is also recycled back
to plasma by FcRn in the antibody-antigen complex.

Combining a pH-dependent antigen binding with increased
FcRn binding at only acidic pH (PH-YTE) attenuated rather than
accelerated antigen clearance compared to pH-dependent anti-
gen-binding antibody with wild type IgGl (PH-IgG1), probably
because the improved endosomal recycling efficiency [19] also
applied to the antigen that remained bound to the antibody. In
addition, non-FcRn binding Fc (PH-NB) could not actively
eliminate the antigen from plasma because, similar to PH-IgG1,
the uptake of antibody-antigen complex into the cell was marginal.

Antigen sweeping was only achieved by the combination of pH-
dependent antigen binding with increased FcRu binding affinity at
neutral pH (PH-v2). These studies support the following mecha-
nism of sweeping antibody, mimicking the process of rapid ligand
sweeping by endocytic receptors [13-15] (Fig. S2C): (i) increasing
binding affinity to FcRn at neutral pH anchors the antibody to the
cell surface and provides FcRn-mediated cellular uptake of
antibody-antigen complex, (i) pH-dependent dissociation of
antibody-antigen complex enables selective degradation of the
antigen, (i) FcRn-mediated recycling of the free antibody to the
cell surface enables another round of the cycle. Because this cycle
has a rapid turnover rate and FcRn is broadly expressed in the
body, sweeping antibody can effectively eliminate the antigen from
plasma.

As our results show, this antigen-sweeping activity can be
successfully applied either to antibody which has no i vitro hsIL-
6R neutralizing activity (PHX-v1) to create  vivo inhibition of
hsIL-6R/hIL-6-mediated trans-signaling or to convert conven-
tional antibody with i zitro activity (NPH-IgG1) into sweeping
antibody (PH-vl) to further potentiate the in vio signaling
inhibition. This study demonstrated that @ vivo efficacy of
sweeping antibody required no @ uitro biological activity, indicat-
ing that sweeping antibody could antagonize multi-epitope antigen
(antigen with multiple functional epitope) or toxic antigen with no
functional epitope, which cannot be antagonized with a conven-
tional antibody, by directly eliminating the antigen from plasma.
Moreover, this study also demonstrated that conventional
antibody with biological activity i vitro can be further potentiated
in vivo by engineering the antibody into sweeping antibody,
indicating that engineering conventional antibody into sweeping
antibody could be an alternative approach to enhancing the
therapeutic efficacy of conventional antibody.

Since sweeping antibody would compete with endogenous IgG
to bind to FcRun, it was assumed that endogenous IgG would affect
the efficiency of antigen sweeping. A similar phenomenon has
been reported for antibody-dependent cellular cytotoxicity medi-
ated by Fc gamma receptor binding, which was significantly
inhibited by the presence of endogenous hIgG [34]. As expected,
antigen sweeping in hFcRn-Tgm was significantly attenuated in
the presence of hIgG when hIgG concentration was maintained at
an average of 10 mg/mL (reflecting the clinical situation where
endogenous hlgG is approximately 10 mg/mL [20]). This
demonstrates that endogenous IgG is an important factor in the
efficacy of sweeping antibody when considering clinical applica-
tions. It has been reported that IgG with increased FcRn binding
at neutral pH (Abdeg) accelerates the clearance of endogenous
IgG by blocking FcRn [35]. However, we did not observe
accelerated clearance of hIgG in the presence of v4-type sweeping
antibody (data not shown). Since reported Abdeg (with FcRn
binding affinity of 7.4 nM at pH 7.2) accelerated the clearance of
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endogenous IgG at a dose of approximately 8 mg/kg, it is
expected that v4-type sweeping antibody (with FcRn binding
affinity of 120 nM at pH 7.0 significantly lower than Abdeg)
would not accelerate the clearance of endogenous IgG at a
therapeutically relevant dosage, although a high dosage of v6-type
sweeping antibody (with stronger FcRn binding affinity of 35 nM
at pH 7.0) may have some effect on the clearance of endogenous
IgG.

The effect of hFcRn binding affinity at neutral pH on the
antigen sweeping profile and antibody pharmacokinetics was
investigated by evaluating Fc variants v3 to v6 in hFcRn-Tgm in
the presence of hIgG. The results clearly demonstrate that both
antigen sweeping and antibody pharmacokinetics depend on
hFcRn binding affinity at neutral pH. By increasing the binding
affinity at neutral pH, the extent of antigen sweeping (reflected by
minimum total hsIL-6R plasma concentration (Table S2)) was
enhanced but the duration of antigen sweeping was shortened and
antibody clearance was increased. Compared to conventional
antibody (NPH-IgG1), all sweeping antibody exhibited stronger
reduction of free antigen plasma concentration, which determines
the i vivo efficacy as a therapeutic antibody, and the extent and
the duration of free antigen reduction depended on hFcRn
binding affinity (Fig. S3).

Sweeping antibody with moderate hFcRn binding affinity at
neutral pH provides moderate but long-acting antigen sweeping.
Specifically, compared to conventional antibody (NPH-IgGl),
sweeping antibody with hFcRn binding affinity of 120 nM (PH-v4)
maintains a similar antibody plasma concentration and provides
long-lasting approximately 50-fold reduction of total antigen
plasma concentration. Importantly, this demonstrates that the
antigen, not the antibody, is selectively eliminated from the
plasma. To systematically understand the therapeutic advantage of
this v4-type sweeping antibody, modeling and simulation [30] was
conducted based on the experimental result of the hFcRn-Tgm
study (Fig. S4A, Table S3). The simulation was conducted to
calculate the dosage required to neutralize 95% of hsIL-6R
(baseline 250 ng/mL) by once-a-month dosing using conventional,
pH-dependent antigen binding, and v4-type sweeping antibodies
with different binding affinity to hsIL-6R (Fig. S4B). In the
simulation study, the dosage of conventional antibody cannot be
lowered below 45 mg/kg even with infinite affinity, whereas
sweeping antibody with only 0.1 nM affinity can be effective at
1.4 mg/kg. This demonstrates that v4-type sweeping antibody
provides more than 30-fold reduction of dosage over conventional
antibody even with infinite affinity, a level which can never be
achieved with conventional antibody.

On the other hand, sweeping antibody with hFcRn binding
affinity below 80 nM provides short-lasting but extensive reduc-
tion of antigen plasma concentration compared to conventional
antibody. Specifically, sweeping antibody with hFcRn binding
affinity of 35 nM (PH-v6) reduces antigen concentration approx-
imately 1000-fold compared to conventional antibody, while the
antibody clearance is increased only 4-fold. To understand the
therapeutic advantage of v6-type sweeping antibody, antibodies
were tested under conditions in which an excess molar amount of
antigen was present in plasma, mimicking the therapeutic situation
where antigen is present at a high concentration. This excess
amount of antigen, which, as expected, conventional antibody
(NPH-IgG1) or pH-dependent binding antibody (PH-IgG1) could
not antagonize, was antagonized by sweeping antibody (PH-v6) by
reducing the plasma antigen concentration below the baseline.
This study demonstrated that sweeping antibody could antagonize
high concentration antigen against which conventional or pH-
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dependent antigen binding antibody, even with infinite affinity,
would be completely ineffective.

We believe that sweeping antibody, an engineered monoclonal
antibody with novel antigen-sweeping activity, provides potential
advantages over conventional antibody that can only bind to the
antigen and accumulates the antigen in plasma. First, sweeping
antibody could be applied to high concentration antigens or
antigens with rapid clearance which conventional antibodies, even
with infinite affinity, have previously had difficulty in targeting.
Second, by directly eliminating the antigen from plasma, sweeping
antibody could be applied to antagonize multi-epitope antigen or
toxic antigens without functional epitope, which cannot be simply
antagonized by a conventional antibody. These two points suggest
that sweeping antibody may expand the target antigen space of
therapeutic monoclonal antibody to include target antigens which
were previously undruggable by conventional monoclonal anti-
body. Third, sweeping antibody could provide an alternative
approach to affinity maturation against the antigen by reducing
the plasma antigen concentration to potentiate the efficacy of
conventional antibody [36]. Fourth, sweeping antibody could
provide a significant advantage over conventional antibody (even
assuming infinite affinity) in dosing by enabling the convenience of
subcutaneous and less frequent injections, or in manufacturing by
reducing the cost. Since changing the binding affinity to hFcRn
generates antibodies with different extent and duration of antigen
sweeping, antigen-sweeping profiles can be readily customized.
We have applied sweeping antibody technology to various
antigens such as IL6, IgA, soluble plexin Al, soluble CD4 and
other antigens. We have identified pH-dependent antibodies
against each of these antigens and engineered them to bind to
FcRn at neutral pH. All of these antibodies demonstrated similar
antigen sweeping effect that is shown in this study using hsIL-6R
(data not shown). These results suggest that sweeping antibody can
be broadly applicable to various antigens.

Supporting Information

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

(TIF)

Figure S2 Proposed mode of action of sweeping anti-
body in comparison with conventional and pH-depen-
dent binding antibody. (A) Conventional antibody bound to
soluble antigen is non-specifically taken up by pinocytosis, and
binds to FcRn in acidic endosome. Antibody-antigen complex is
recycled back to the cell surface and released from FcRn back to
plasma. (B) pH-dependent binding antibody (recycling antibody)
bound to soluble antigen is non-specifically taken up by
pinocytosis, and binds to FcRn in acidic endosome, while antigen
is dissociated from the antibody, transferred into lysosome and
degraded. Antibody is recycled back to the cell surface by FcRn,
released from FcRn back to plasma and binds to another antigen,
allowing single antibody to bind to antigen multiple times. (C)
Sweeping antibody bound to soluble antigen is rapidly taken up by
FcRn-mediated endocytosis. In acidic endosome, antibody binds
to FcRn, and antigen is dissociated from the antibody, transferred
into lysosome and degraded. Antibody is recycled back to the cell
surface and either released from FcRn back to plasma or stays
bound to FcRn on the cell surface to bind to another antigen.
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Rapid FcRn-mediated uptake allows enhanced lysosomal antigen
degradation rate.

(TIF)

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

Figure S4 Modeling and simulation of sweeping anti-
body. (A) Antibody-antigen dynamic model of sweeping antibody.
Antibody is injected intravenously to the central compartment and
distributed to the peripheral compartment. Antibody binds to the
antigen in the central compartment. Antibody, antigen and
antibody-antigen complex are eliminated from the central
compartment. Effect of pH-dependent binding and increased
binding affinity to FcRn is reflected in the elimination rate of
antibody-antigen complex. Parameters used in this model are
Kqynine (rate constant of antigen synthesis), Canrigenbaseline (Daseline
concentration of antigen), ke anigen (€limination rate constant of
antigen), Vdl,nigen (volume of distribution of antigen), ki2 andgen
(transfer rate constant of antigen from central to peripheral
compartment), Koj antgen (transfer rate constant of antigen from
peripheral to central compartment), K ma, (elimination rate
constant of antibody), Vd1,,.1, (volume of distribution of antibody),
kijomap (transfer rate constant of antibody from central to
peripheral compartment), kojma, (transfer rate constant of
antibody from peripheral to central compartment) and kej compiex
(elimination rate constant of antigen in complex with antibody).
Note that antibody in complex with antigen is eliminated at the
rate of Kemap- (B) Simulation of required dosage to neutralize
antigen (baseline concentration 250 ng/mlL) by 95% at trough
with dosing once a month using conventional antibody (non-pH
dependent binding IgG1 antibody), pH-dependent binding IgG1
antibody and v4-type sweeping antibody with different binding
affinity to the antigen. Relationship between the antigen binding
affinity (Kp) and the antibody dosage required to achieve once
monthly dosing is shown.

(TIF)

Table S1 Binding affinity of the anti-IL-6R IgGl anti-
bodies.

(TTF)
Table S2 Antibody clearance and minimum or maxi-

mum total hsIL-6R plasma concentration for tested
antibodies.

(TTF)
Table 83 Fitted pharmacokinetic parameters in anti-
body-antigen dynamic model.

(TIF)
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Introduction

Hemophilia A is caused by an X-linked inherited dysfunction of
coagulation factor VIII (FVIII). Patients with severe hemophilia A,
who have plasma FVIII levels of less than 1% of normal, typically
experience bleeding events several times a month [1]. Routine
supplementation with exogenous human FVIII to maintain FVIII
levels at 1% of normal or above is effective for reducing joint
bleeding events and improving joint status and health-related
quality of life in hemophilia A patients [2]. However, there are two
major drawbacks to this prophylactic usage of exogenous FVIIL
The first drawback is the necessity of frequent intravenous
administration: three intravenous injections weekly of FVIII are
necessary because of its low subcutaneous bioavailability and its
short plasma half-life [3,4,5]. The second drawback is the
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development of inhibitory anti-FVIII alloantibodies, known as
“inhibitors” [6]. Once FVIII inhibitors have developed, routine
supplementation with exogenous FVIII will be no longer effective
and the usage of exogenous FVIII for treating on-going bleeds is
restricted. In such cases, alternative agents, such as activated factor
VII and activated prothrombin complex concentrate, which are
more expensive and have less stable hemostatic effects, need to be
used to control bleeding [7,8]. Therefore, a new agent that
resolves these drawbacks of exogenous FVIII is awaited in the field
of the bleeding prophylaxis of severe hemophilia A.

Monoclonal antibodies have become an important therapeutic
option in numerous diseases and are expected to play a greater
role in the future of disease treatment [9,10]. Various monoclonal
antibodies have been generated [11]; these not only include those
with antagonistic activity but also those with agonistic activity [12],
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catalytic activity [13], and allosteric activity [14]. Antibody
engineering technologies to generate bispecific antibodies have
been extensively studied due to the huge potential of these
antibodies for therapeutic applications [15]. Bispecific antibodies
can be applied to simultaneously target two disease related
antigens, retarget effector cells against the target cell [16], and co-
ligate two different antigens on the same cell [17].

FVIII is cleaved by thrombin or factor Xa (FXa), and the
resultant factor VIIIa (FVIIIa) presents a heterotrimeric structure
consisting of the Al subunit, the A2 subunit, and the light chain
[18]. Simultaneous binding of FVIIIa to FIXa and FX by the light
chain and the A2 subunit, and by the Al subunit, respectively,
contributes to FVIII cofactor activity which places FIXa and FX
into proximity, and also allosterically enhances the catalytic rate
constant of FIXa [19,20,21,22,23] (Fig. 1A).

Considering this function of FVIII and the versatilities of
antibodies, we hypothesized that a bispecific antibody recognizing
FIXa with one arm and FX with the other arm could mimic the
FVIII cofactor activity by placing FIXa and FX in spatially
appropriate positions, and by allosterically enhancing the catalytic
activity of FIXa (Fig. 1B) [23]. We have recently reported
a recombinant humanized bispecific antibody to FIXa and FX,
termed hBS23, which exerted coagulation activity in FVIII-
deficient plasma, even in the presence of FVIII inhibitors, and
showed i vivo hemostatic activity in a cynomolgus monkey model
of acquired hemophilia A, and had high subcutaneous bio-

A FViila

Phospholipid membrane

B Bispecific antibody

FiXa

Phospholipid membrane

FX

Factor VIII Mimetic Bispecific IgG Antibody

availability and a 2-week half-life in cynomolgus monkey [23].
Although the pharmacological concept of FVIII-mimetic bispecific
antibody was clearly demonstrated in this report, the detail of this
anti-FIXa/FX asymmetric bispecific IgG antibody identification
was not described, and moreover, it required further optimization
in several ways before the clinical use of such an agent in humans.

For therapeutic development, optimization of the bispecific
antibody by molecular engineering to enable large-scale

- manufacturing of the bispecific antibody at clinical grade would

be required. Although a variety of molecular formats for bispecific
antibodies have been studied, including single-chain diabody,
tandem scFv, IgG-scFv, DVD-Ig, CrossMab, and dual-binding
Fab [24], we selected an asymmetric bispecific IgG format because
it is the only format that can recognize FIXa and FX with each
arm and has a long half-life and a native IgG structure. However,
recombinant production of this format is challenging in compar-
ison to the other formats because it consists of two different heavy
chains and two different light chains which would result in the
secretion of a mixture of ten different combinations of heavy and
light chains [25]. Purification of one desired bispecific antibody
from a mixture including nine miss-paired byproducts is nearly
impossible. Engineering technologies to resolve such a difficulty
have been previously reported. First, identification of a common
light chain by phage display as the partner of the two heavy chains
can reduce the number of heavy and light combinations to three:
one heterodimeric bispecific antibody and two homodimeric

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

doi:10.1371/journal.pone.0057479.g001
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monospecific antibodies [26]. However, selection of a common
light chain with potent FVIII-mimetic activity based on the
binding affinity by phage display was not feasible for our bispecific
antibody, because higher binding affinities was considered not to
lead to higher activity. To date, alternative approach to obtain
common light chain has not been reported. Second, engineering
the Cy3 domain to facilitate Fc heterodimerization can minimize
the amount of homodimeric byproducts [25,26]. Nevertheless, the
efficiency of heterodimerization is not complete; therefore, a small
amount of homodimeric byproduct is formed, which needs to be
removed in the downstream purification process. However,
because the biophysical properties of the homodimeric byproducts
are often similar to those of the target bispecific antibody,
purifying the target bispecific antibody on a large scale for clinical
applications is still challenging. To date, technologies to address
this issue have not been reported. Therefore, improving the
manufacturability of this type of FVII-mimetic antibody by
molecular engineering is required for therapeutic application.

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

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

Results

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

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

Figure 3 represents the multidimensional optimization flow to
generate the bispecific antibody with the most appropriate
properties for clinical application (hBS910) from the lead bispecific
antibody (BS15). BS15 was firstly humanized to generate hBSI,
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followed by engineering to improve FVIII-mimetic activity
(hBS106), improve pharmacokinetics (hBS128 and hBS228),
enable purification of target bispecific antibody (hBS366 and
hBS376), improve solubility (hBS560), remove deamidation site
(hBS660), and reduce immunogenicity risk (deimmunization) to
generate a multidimensionally optimized bispecific antibody
(hBS910). Through this multidimensional optimization process,
the numbers of variable region variants that we have generated for
anti-FIXa heavy chain, anti-FX heavy chain and common light
chain were approximately 500, 300 and 400, respectively, and the
number of bispecific IgG antibodies that we have prepared and
evaluated is approximately 2,400. Supplementary table S1
represents the number of mutations which were introduced into
hBS1 to generate bispecific antibodies described in this report.

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

Approximately 200 monoclonal antibodies against FIXa or FX
were obtained from animals immunized with either human FIXa
or FX. Approximately 40,000 bispecific IgG antibodies that
comprised different combinations of anti-FIXa and anti-FX
antibodies in each arm were expressed. Although the expression
product of two different heavy chain and two different light chain
genes consists of a mixture of ten different species with different
heavy and light chain combinations, including the one desired
bispecific antibody and the nine miss-paired antibodies (miss-
paired antibody includes two homodimeric antibodies with
a correct heavy and light chain pair), Fc heterodimerization
mutations would theoretically enable expression of an antibody
mixture containing at least approximately 20% of the target
bispecific antibody (see methods for detail) [25]. A total number of
94 bispecific antibodies, or combinations of anti-FIXa heavy chain
and anti-FX heavy chain, which had FVIII-mimetic activity were
successfully identified by an enzymatic assay. Heavy chain
combinations were selected from the point of high FVIII-mimetic
activity, not from the point of the similarity of the cognate light
chain.

Next, in order to identify a common light chain for the different
heavy chains to FIXa and FX, the selected heavy chain
combinations were expressed with either one of cognate light
chains. Out of 188 light chain commonized bispecific antibodies,
the most potent one, termed cl, which consisted of rat anti-FIXa
Vy and mouse anti-FX Vy chimerized with human IgG, and rat
anti-FIXa Vy, chimerized with human x (c1L), was selected for the
next step.

Finally, in order to design a more potent common light chain,
we performed FR/CDR shuffling. Since the cognate light chain
for the selected anti-FX Vg (c2L) was not effective as a common
light chain at all (data not shown), we tried to seek another
effective common light chain with a high homology to ¢2L. From
our antibody source, we identified a light chain (c3L) whose CDR
sequence had >85% homology to that of c2L, and found out that
it was effective as a common light chain for the selected two heavy
chains. Therefore, we decided to use c¢3L for FR/CDR shuffling,
too. Then, CDRs of c1L, c2L and c¢3L were shuffled among each
other and grafted onto the FRs of ¢1L and c3L to generate twenty
four light chain variants (supplementary Fig. S2A). Twenty four
light chain variants were expressed with the two heavy chains, and
the most potent common light chain, BS15L, a mouse-rat hybrid
Vi, chimerized with human «, was identified (supplementary Fig.
S2B). Thus, the light chain communized bispecific antibody with
BS15L was selected as the lead chimeric bispecific IgG antibody
(termed BS15).
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Figure 2. Flow of process to identify the lead bispecific antibody (BS15). BS15 was identified by combinatorial screening of bispecific
antibodies, followed by screening of common light chains and then FR/CDR shuffling.
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Figure 3. Multidimensional optimization flow to generate the bispecific antibody with most appropriate properties (hBS910).
hBS910 was generated through multidimensional optimization with various antibody engineering technologies.
doi:10.1371/journal.pone.0057479.g003
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