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

Abbreviations: ADCC, antibody-dependent cell-mediated cytotoxicity; T,, melting temperature; mAb, monoclonal antibody;
NK, natural killer; ITAM, immunoreceptor tyrosine-based activation motif; ITIM, immunoreceptor tyrosine-based inhibition

class effector function for therapeutic antibodies against tumor antigens.

Introduction

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

ADCC is induced when effector cells are recruited by the
Fc domain engaging with a member of the Fcy receptor fam-
ily, which is comprised in humans of FcyRI, FcyRIla, FcyRIIb,
FcyRIle, FeyRIIla and FeyRIIIb isoforms. FcyRI, FcyRlla,
FeyRIle and FeyRIIIa are activating receptors characterized by
the immunoreceptor tyrosine-based activation motif (ITAM),
and FcyRIIb is the only inhibitory receptor characterized by
ITIM. The receptors are expressed on a variety of immune cells,
such as NK cells, monocytes, macrophages and dendritic cells.!
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Increasing affinity for FcyR enhances ADCC, so Fc engineer-
ing is considered to be a promising means of increasing the antitu-
mor potency of mAbs.? Previous reports described that follicular
lymphoma patients treated with rituximab had, on average, sig-
nificantly prolonged progression-free survival if they possessed
two copies of the high-affinity FcyRIIla allele, FcyRIIIa"">8.34
This result suggests that the efficacy of rituximab is mediated
by FcyRIIa-expressing cells, such as NK cells, and that higher
affinity to FcyRIIla improves the efficacy. Several strategies have
been employed to enhance the FcyR binding of mAbs. The first
strategy was engineering the glycan moiety attached to Asn297
residue in the Fc domain. Afucosylated IgG1 antibody, which is
a mAb without fucose in the N-linked glycan at Asn297, binds
to FcyRIIIa with higher affinity and mediates superior ADCC
compared with wild-type fucosylated IgG1 antibody.”® The sec-
ond strategy was introducing amino acid substitutions into the Fc
domain. mAbs with triple substitutions, S239D/A330L/I332E,
bind to FeyRIIla with higher affinity and have shown superior
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ADCC activity than wild-type IgG.” In addition to enhancing
the binding to activating FcyRs, minimizing the interaction with
inhibitory FcyR, namely FeyRIIDb, is another strategy to enhance
the potential of the antibody.® Enhanced cancer elimination was
observed in FcyRIIb knockout mice compared with that observed
in mice expressing FcyRIIb when they were treated with anti-
Her2/neu mAb or anti-E-cadherin mAb,”"® demonstrating that
the ratio of activating FcyR binding to inhibitory FcyR binding
(A/T ratio) is an important factor determining the therapeutic
efficacy of antitumor antibody.! mAb with five substitutions,
L235V/F243L/R292P/Y300L/P396L, showed enhanced bind-
ing to FeyRIIa, but not to FcyRIIb, which improved the A/I
ratio.® In terms of improving the selectivity for a specific FcyR,
antibody variants with selectively enhanced binding for FeyRI
were reported.'?

Although these glyco- and protein-engineering approaches
have successfully enhanced the effector function of mAbs, each
technology has issues to overcome. First, afucosylated antibod-
ies bind with lower affinity to FcyRIIIa"® than to FcyRIIIa ",
As a consequence, the resulting ADCC mediated by NK cells
bearing the lower-affinity FcyRIIIa allotype is lower than that
mediated by NK cells bearing the higher-affinity allotype, sug-
gesting that afucosylated Fc may not achieve maximum ADCC
activity for patients having the lower-affinity allotype."” Second,
because activating and inhibitory FcyRs have high homology,
the S239D/A330L/I332E variant also increased binding affin-
ity against inhibitory FcyRIIb, which would be undesirable for
achieving maximum antitumor efficacy considering the A/I ratio.
Moreover, the T, in the C, 2 domain of the $239D/A330L/1332E
variant was significantly reduced (by more than 20°C), which
could be an issue when the variant is developed as a pharmaceuti-
cal product.” Third, although the L235V/F243L/R292P/Y300L/
P396L variant did not increase the binding affinity against inhibi-
tory FcyRIIb, it had only 10-fold increased binding affinity to
FeyRIIla, which is substantially less than the S239D/A330L/
[332E variant, thereby achieving only a moderate A/I ratio.

To date, neither glyco- nor protein-engineering has been
able to overcome all these issues. Ideal therapeutic use requires
an antibody Fc variant that has higher binding affinity to both
FeyRIIIa"™* and FeyRIIIa"® and better stability of the C2
domain, but that does not increase binding affinity to inhibi-
tory FcyRIIb to maintain a higher A/I ratio. To overcome these
issues, in this study we focused on the fact that homodimeric and
symmetric Fc domain recognizes monomeric FcyR asymmetri-
cally, which was previously revealed by the structural analysis of
Fc fragment with FcyR.” Considering that Fc and FeyR interact
asymmetrically, we hypothesized that asymmetric Fc engineering
would make it possible to design a novel Fc variant with improved
affinity against both low- and high-affinity FcyRIIIa allotypes,
enhancing ADCC activity compared with previously known pro-
tein- or glyco-engineering. In addition, asymmetric Fc engineer-
ing would result in fewer substitutions or avoidance of the need
for stability-reducing substitutions to minimize the reduction of
the T, of the C,2 domain. Moreover, asymmetric Fc engineering
would allow us to optimize the Fc-FcyR interaction more pre-
cisely so as not to increase binding affinity to inhibitory FcyRIIb
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and to have a higher A/I ratio by discriminating activating FcyRs
from inhibitory FcyR.

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

Results

Comparing the binding affinity for FcyRIIla of asym-mAb
and sym-mAb. We screened a set of over 1,000 asym- and sym-
mAbs, each with a single substitution in the lower hinge and
C,2 domain, for binding to human FcyRIIIa™* to identify
substitutions that enhance FcyRIIIa binding only when they
were introduced in one Fc domain. The effect of substitutions
in both sym- and asym-mAbs was evaluated using surface
plasmon resonance (SPR). We identified several unique sub-
stitutions to meet our criteria (binding affinity of asym-mAb
> that of sym-mAb). Of them, we selected three single substi-
tutions, L234Y, G236W and S298A, and designed a variant
with L234Y/G236W/S298A (YWA) substitutions, to investi-
gate whether asymmetric Fc engineering has any advantages
over symmetric Fc engineering. As an example of symmetric
Fc engineering, we utilized $239D/A330L/1332E (DLE) sub-
stitutions, which were previously reported to increase affinity to
FeyRIIIa.” We prepared five variants: hemi-DLE variant, vari-
ant with DLE substitutions in only one Fc domain; homo-DLE
variant, variant with DLE in both Fc domains; hemi-Y WA vari-
ant, variant with YWA substitutions in only one Fc domain;
homo-YWA variant, variant with YWA in both Fc domains and
DLE/YWA variant with DLE in one Fc domain and YWA in
the other Fc domain. We evaluated the affinity for FcyRIIIa™5®
of each variant (Table 1). The representative sensorgrams are
depicted in Figure S1.

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

Fc variants Substitutions in heavy chain A Substitutions in heavy chain B K, (wmol/L) Fold T, (°C) ATM (°C)
control mAb1 = 14+0.3 1 68 =
hemi-YWA = L234Y/G236W/S298A 0.28 + 0.04 5.0 68 0
hemi-DLE S239D/A330L/I1332E 0.046 + 0.009 30 60 -8
homo-YWA L234Y/G236W/S298A L234Y/G236W/S298A 3.0£0.6 0.47 68 0
homo-DLE S239D/A330L/I1332E S239D/A330L/1332E 0.0055 + 0.0005 255 48 -20
DLE/YWA S239D/A330L/I332E L234Y/G236W/S298A 0.0042 + 0.0003 333 59 -9

K, =K, for FcyRllla™8, Fold = K | (control mAb1)/K  (Fc variants). T, means T, of the C,2 domain. AT, =T, (Fc variants) - T, (control mAb1). K was repre-

sented as mean = SD (n = 3).
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Figure 1. ADCC comparison of asym-mAbs and sym-mAbs. ADCC was determined by percent lysis of SK-Hep-1 cells expressing tumor antigen X at
varying concentrations of antibody Fc variants to tumor antigen X using PBMC as effector cells. Mean + SD of triplicate wells. Black diamond, control
mAb?1; white square, homo-DLE; black square, hemi-DLE; white triangle, homo-YWA; black triangle, hemi-YWA and black circle, DLE/YWA.

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

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

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

After storage for two and four weeks at 40°C at a concen-
tration of 1 mg/ml, the reduction of a monomer peak of each
antibody in size-exclusion chromatography was compared
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Figure 2. Stability of antibody Fc variants in accelerated stability study. Percentage of the reduction of a monomer peak (Amonomer peak (%)) of each
variant after storage at 40°C in size-exclusion chromatography is shown. Black and white bars represent the average reduction in monomer peaks
after 2-week and 4-week storage, respectively. Each experiment was performed twice and individual data were shown in Table S2.

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

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

Compared with the afucosyl mAb, homo-DLE variant and
homo-VLPYLL variant, asym-mAbl demonstrated greatly
enhanced affinity for FcyRIIla. Asym-mADbl increased affinity
for FcyRIIIa™® by 2000-fold and for FcyRIIIa"® by 1000-
fold. On the other hand, the afucosyl mAb, homo-DLE variant
and homo-VLPYLL variant enhanced affinity for FcyRIIIa™®
only by 18-, 286- and 63-fold and affinity for FcyRIIIa""®
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only by 45-, 126- and 33-fold, respectively. As for the bind-
ing to FcyRIIb, the affinity for FcyRIIb of asym-mAbl and
of VLPYLL variant was comparable with that of control mab2.

Asym-mADbI also demonstrated the highest A/I ratio. Asym-
mAbl increased A/l ratio for FcyRIIIa™® 2000-fold and
for FcyRIIIa"® 1000-fold, while the afucosyl mAb, homo-
DLE variant and homo-VLPYLL variant enhanced A/I ratio
for FcyRIIIa™® only by 7.7-, 43- and 119-fold and that for
FeyRIIIa®8 only by 20-, 18- and 59-fold, respectively.

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

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

Discussion

Despite the fact that the Fc domain recognizes FcyRs asymmetri-
cally with two distinct interfaces,” previous approaches for modi-
fying Fc-FcyR interaction, such as alanine scanning mutagenesis,
a protein structure design algorithm and a yeast surface displayed
random mutant library screening, focused on modifying the Fc
7816 making it difficult to iden-
tify substitutions that enhance FcyR binding when they are intro-

domain in a symmetric manner,

duced in only one Fc domain. We investigated such substitutions
by comparing single-substituted asymmetric variants and the cor-
responding symmetric variants in comprehensive mutagenesis and
combined the substitutions, L234Y, G236W and S298A, with the
desired property that we identified through the investigation.
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Table 2. Relative affinity for FcyRs and T, in the C, 2 domain of Fc variants

FcyRla FcyRllaR™3! FcyRIlaR™®
Fc variants
Fold K, Fold K, Fold K,
afucosyl mAb 0.53 1.8 0.85
homo-DLE 34 29 1.4
homo-VLPYLL 0.36 0.32 2.2
asym-mAb1 1.0 2.6 4.9

FcyRIlb FcyRIllaf'%8 FcyRIllaV's®

FoldK, FoldK,  Fold A/l FoldK,  Fold A/l AT Q)
23 18 7.7 45 20 2
6.7 286 43 126 18 21
0.54 63 19 33 59 -1
1.0 2167 2188 1054 1032 -6

Fold K, =K, (control)/K , (Fc variants). A/l = (K, for FcyRIlb)/(K , for FcyRIaf*8) or (K, for FcyRIIb)/(K, for FcyRIIa"'*8). Fold A/l = A/I (Fc variants)/A/I
(control). ATM =T,,in C,2 domain (control) - T, in C 2 domain (Fc variants). In calculating the parameters of afucosyl mAb and protein-engineered Fc
variants, those of IgG1 and control mAb2 were used as a control, respectively.
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Figure 3. ADCC of antibody Fc variants. ADCC of IgG1, afucosyl mAb and asym-mAb1 was determined by percent lysis of DLD-1 cells expressing tumor
antigen Y opsonized at varying concentrations of antibody Fc variants to tumor antigen Y using PBMC obtained from four different donors as effector
cells with 10 mg/ml human IgG (A, B and C) or without it (D). Triangle, IgG1; square, afucosyl mAb and circle, asym-mAb1. (A, B and C) Open markers

indicate individual data and closed makers with lines indicate average (n =

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

www.landesbioscience.com

2). (D) Mean + SD of triplicate wells.

but to differing degrees, to enhancing the binding affinity for
FcyRlIla. In contrast to DLE substitutions, YWA substitutions
showed a distinct effect. While hemi-Y'WA variant enhanced affin-
ity for FcyRI1Ia 5.0-fold, homo-Y WA variant substantially reduced
the affinity. This result implies that YWA substitutions stabilize
the interaction in one of the two interfaces with FcyRI1Ia, but sub-
stantially destabilize the interaction in the other interface. The sum
of the interactions in each Fc domain was not energetically benefi-
cial, and, as a result, when YWA substitutions were introduced in
both Fc domains, they substantially reduced the binding affinity to
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FeyRIIIa. Although the hemi-Y WA variant has enhanced binding
affinity for FcyRIIa, the binding affinity was weaker than that of
the hemi-DLE variant. These results indicate that YWA substitu-
tions are less potent than DLE substitutions both in hemi-manner
and homo-manner; however, the DLE/YWA variant unexpect-
edly exhibited even higher affinity for FcyRIIIa than homo-DLE
variant, suggesting that DLE and YWA enhance FcyRIIIa bind-
ing synergistically (not just additively) by stabilizing each of the
Fc-FcyRIIla interfaces simultaneously in a distinct structural
environment. Importantly, although the homo-DLE variant was
the most potent Fc variant reported to date, the effect of DLE/
Y WA variant demonstrated that Fc-FcyRI1Ia interactions could be
further optimized by the novel asymmetric engineering approach.
Consistent with the affinity for FcyRIIIa, the DLE/Y'WA variant
exerted stronger ADCC activity than homo-DLE. Among the
evaluated variants, higher ADCC showed a general correlation
with higher affinity for FeyRIIIa. This correlation demonstrates
that asymmetrically engineered Fc could interact with FcyRIIIa
expressed on effector cells in a similar manner to symmetrically
engineered Fc.

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

By further optimizing the Fc domain in an asymmetric man-
ner, we successfully generated asym-mAbl variant. During the
optimization of the DLE/YWA variant to generate asym-mAbl,
we removed DLE substitutions because, despite the fact that
DLE substitution significantly contributes to the increased bind-
ing affinity to FcyRIIla, DLE substitutions even in one of the
Fc domains significantly reduced the T, of the C,2 domain. To
the best of our knowledge, asym-mAbl binds to FcyRIIIa™®
and FcyRIIIa"™® with the highest affinity among any reported
Fc engineered mAbs (K = 1.2 nM and 0.37 nM, respectively).
Consistent with this increased binding affinity to FcyRlIlla,
asym-mAbl demonstrated significantly higher ADCC activity
than IgGl, and comparable or slightly superior ADCC activ-
ity compared with afucosyl mAb. Asym-mAbl showed slightly
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superior ADCC activity than afucosyl mAb in some donors, who
might have lower-affinity FcyRIIla genotype. Notably, asym-
mADb]l increased FcyRIIIa binding affinity 1000-fold while main-
taining inhibitory FcyRIIb binding comparable with wild-type
IgGl. We assumed that this selectivity against FcyRIIb binding
was achieved by fine-tuning each Fc-FcyR interaction, resulting
in an A/I ratio of 1000 to 2000, which is far superior to the other
Fc variants. Moreover, the T, of the C,2 domain in asym-mAbl
was 64°C, significantly higher than that of the homo-DLE variant
and, though it is slightly lower than wild-type IgG, high enough
for pharmaceutical development (Table S1). These results dem-
onstrate that our novel asymmetric engineering provides an anti-
body Fc variant that has the strongest binding affinity for both
FeyRIITa™® and FeyRIIIa"® with no increased binding affinity
to inhibitory FcyRIIb and with high stability of the C,2 domain.

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

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

In conclusion, we demonstrated that asymmetric Fc engi-
neering provides more effective optimization of the Fc-FeyR
interaction and identified an asymmetric Fc variant with the
highest binding affinity for both FcyRIlIa allotypes, the high-
est A/I ratio, and slightly higher ADCC activity than previously
reported symmetric Fc variants. In addition, asymmetric Fc engi-
neering minimized the use of substitutions that reduce the T,,
of the C,2 domain. Therefore, our asymmetric Fc engineering
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platform provides best-in-class effector function for maximizing
the therapeutic potential of either monospecific or bispecific IgG
antibodies against tumor antigens.

Materials and Methods

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

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

Comprehensive mutagenesis of the Fc domain of IgGl and
evaluation of its binding. Sym-mAb and corresponding asym-
mab against tumor antigen X, each with a single substitution in
only one heavy chain, were prepared for comprehensive mutagen-
esis assay. They were designed by substituting each of the residues
234-239, 265-271, 285, 296, 298, 300 and 324-337 (EU num-
bering) in the lower hinge and C,2 domain with other 18 amino
acids excluding cysteine. The Fc variants were expressed in 6-well
cell culture plate (Becton, Dickinson and Company) transiently
in FreeStyle™ 293 cells (Invitrogen) and purified from the culture
supernatants using rProtein A Sepharose 4 Fast Flow or rProtein
G Sepharose 4 Fast Flow (GE Healthcare) in a 96-well format.
The concentrations of purified the Fc variants were determined
by NanoDrop 8000 (Thermo Scientific). The binding activity of
those variants to FcyRIIIa"* was quantified by a Biacore instru-
ment. The variants were captured on the CMS5 sensor chip (GE
Healthcare) on which antigen peptide was immobilized, followed
by injection of FcyRs. The binding of each antibody to each FcyR
was normalized by the captured amount of each variant on the sen-
sor chip and was expressed as a percentage of that of the antibody
without the substitutions.

Kinetic analysis by surface plasmon resonance. The kinetic
analysis of antibody variants for human FcyRs was monitored by
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SPR using a Biacore instrument (GE Healthcare), as previously
described.® A recombinant protein L (ACTIGEN) was immobi-
lized on CM5 sensor chip (GE Healthcare) using a standard pri-
mary amine-coupling protocol. Antibody variants were captured
on the chip, followed by injection of FcyRs.

Thermal shift assay. T, of the C,2 domain of an antibody
was measured as previously described.?* The SYPRO orange dye
(Invitrogen) was diluted into phosphate buffered saline (PBS;
Sigma-Aldrich), before being added to the 0.3 mg/ml protein
solutions. Fluorescence measurements were employed using a
real-time polymerase chain reaction (RT-PCR) instrument,
Rotor-Gene Q (QIAGEN). Rotor-Disc 72 was used with 20 pL
of solution per well. The fluorescence emission was collected at
555 nm with a fixed excitation wavelength at 470 nm. During the
measurement, the temperature was increased from 30°C to 99°C
at a heating rate of 4°C/min.

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

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

Antibody solution was mixed with target cells (1 x 10* cells)
and then effector cells were added to the solution at 50:1 PBMC/
target cell ratio. The solution was incubated in a CO, incubator at
37°C for 4 h. Supernatant was harvested and its radioactivity (in
5ICr release assay) or the fluorescence emitted from its released cal-
cein (in calcein-AM release assay) was quantified. Calculating the
percentage of specific cell lysis from experiments was done using
the following equation: % specific lysis = 100 x (mean experimen-
tal release - mean spontaneous release) + (mean maximal release
- mean spontaneous release). “Mean experimental release” is radio-
activity in >'Cr release assay or fluorescent emission in calcein-AM
release assay of the supernatant from the reaction solution with
antibody variants. “Mean spontaneous release” is radioactivity in
!Cr release assay or fluorescent emission in calcein-AM release
assay of the supernatant from the reaction solution without anvti-
body. “Mean maximal release” is measured from the prepared
supernatant by lysing the target cells with 2% NP-40.
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