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Abstract

Monoclonal antibodies (mAb) are widely used in the treatment
of non-Hodgkin’s lymphoma and autoimmune diseases.
Although the mechanism of action in vivo is not always
known, the therapeutic activity of several approved mAbs
depends on the binding of the Fc; regions to low-affinity Fc;
receptors (Fc;R) expressed on effector cells. We did functional
genetic screens to identify IgG1 Fc domains with improved
binding to the low-affinity activating Fc receptor CD16A
(Fc;RIIIA) and reduced binding to the low-affinity inhibitory
Fc receptor, CD32B (Fc;RIIB). Identification of new amino
acid residues important for Fc;R binding guided the
construction of an Fc domain that showed a dramatically
enhanced CD16A binding and greater than a 100-fold
improvement in antibody-dependent cell-mediated cytotox-
icity. In a xenograft murine model of B-cell malignancy, the
greatest enhancement of an Fc-optimized anti-human B-cell
mAb was accounted for by improved binding to Fc;RIV, a
unique mouse activating Fc;R that is expressed by monocytes
and macrophages but not natural killer (NK) cells, consistent
with experimental and clinical data suggesting that mono-
nuclear phagocytes, effector cells expressing both activating
and inhibitory Fc;R, are critical mediators of B-cell depletion
in vivo . By using mice transgenic for human CD16A , enhanced
survival was observed due to expression of CD16A-158phe on
monocytes and macrophages as well as on NK cells in these
mice. The design of new generations of improved antibodies
for immunotherapy should aim at Fc optimization to increase
the engagement of activating Fc;R present on the surface
of tumor-infiltrating effector cell populations. [Cancer Res
2007;67(18):8882–90]

Introduction

Immunotherapy of cancer with monoclonal antibodies (mAb)
promotes elimination of tumor cells by a variety of mechanisms.
Although complement-dependent cytotoxicity, the interference
with signaling pathways, or the induction of apoptosis have all
been invoked, accumulated evidence suggests a major role for the
engagement of Fc-g receptors (FcgR) and the recruitment of
effector cells in Fc-dependent cellular cytotoxicity events. Experi-
mental evidence includes a study in a reconstituted nonobese

diabetic/severe combined immunodeficient tumor model of human
adult T-cell leukemia, which showed that improved survival after
anti-CD25 immunotherapy was associated with non–natural killer
cell-mediated Fcg-dependent tumor cell killing (1). More signifi-
cantly, the therapeutic outcome in patients treated with rituximab
(Rituxan, a Food and Drug Administration–approved chimeric
mouse/human IgG1 mAb against CD20) for non-Hodgkin’s lym-
phoma (NHL; refs. 2, 3) or Waldenstrom’s macroglobulinemia (4)
correlated with the individual’s expression of allelic variants of
FcgRs with distinct intrinsic affinities for the Fc domain of human
IgG1. In these studies, patients homozygous for the high-binding
CD16A-158val allele showed higher response rates and, in the cases
of NHL, improved progression-free survival. The study by Weng and
Levy (3) additionally showed a positive and independent association
of response rates in rituximab-treated NHL patients with the
high-binding allele of a second FcgR, CD32A (FcgRIIA). This study
implicates the response to rituximab in NHL patients to cells that
express CD32A, a subgroup of leukocytes that includes neutrophils
and mononuclear phagocytes, but not NK cells. Consistent with
this clinical observation, B-cell depletion in mice treated with an
anti-CD20 mAb was independent of NK cells, but proceeded via an
FcgR-dependent mechanism that required mononuclear phago-
cytes (5). Both human and murine mononuclear phagocytes express
two low-affinity activating FcgR. Human mononuclear phagocytes,
however, express CD16A and CD32A, whereas mice express FcgRIV,
which shares the highest homology to human CD16A, together
with a more distantly related receptor, FcgRIII (6).
Mononuclear phagocytes, but not NK cells, in both humans and

mice also express CD32B (FcgRIIB), an inhibitory Fcg receptor that
functions as a threshold and negative regulator of cell activation
(7). In agreement with its inhibitory role, the therapeutic activities
of both an anti-Her2/neu mAb and an anti–E-cadherin mAb were
amplified in mice deficient for the inhibitory receptor compared
with the effect observed in wild-type (WT) mice (8, 9). These results
further underscore the importance of the mononuclear phagocyte
compartment and the relative balance between activating and
inhibitory FcgR in antibody-mediated tumor cell depletion in vivo .
The optimization of the interaction between antibodies and

FcgR has emerged as a promising technology to enhance the
activity of therapeutic antibodies for cancer treatment. Improved
binding to human low-affinity activating FcgR has been achieved
through glycoengineering and mutagenesis (10–13). The latter
approach has been limited to alanine scanning of surface-exposed
residues (12) or mutagenesis guided by a protein structure design
algorithm (13) targeting residues important for FcgR contact
(14, 15). Here, we report the results of performing functional genetic
screens using yeast surface display to identify novel human IgG1 Fc
regions with increased binding to the low-affinity activating FcgR,
CD16A, and reduced binding to CD32B, the low-affinity inhibitory
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FcgR. This approach yielded the identification of novel Fc variants
greatly expanding the range of Fc residues that play specific roles in
FcgR interactions. We further show that Fc domains, optimized for
improved binding to human and mouse activating FcgR expressed
on murine monocytes and macrophages, markedly increased the
activity of a prototype therapeutic mAb in xenograft mouse models
of B-cell lymphoma and in tumor models in FcgRIII-knockout mice
that express the low-binding allele of human CD16A.

Materials and Methods

Cell Lines and Culture Conditions
The human tumor cell lines, HT29 (colon), SKOV3 (ovarian), and SKBR3

(breast); Daudi (Burkitt’s lymphoma), Raji (Burkitt’s lymphoma), and the

murine tumor cell line EL4 (thymoma) were obtained from American Type
Culture Collection. Daudi and Raji cells were maintained in RPMI 1640 with

10% fetal bovine serum (FBS), 4 mmol/L glutamine, 10 mmol/L HEPES,

1 mmol/L sodium pyruvate, 0.1 mmol/L nonessential amino acids, 50 Ag/mL

penicillin, and 100 Ag/mL streptomycin. SKBR3, SKOV3, and HT29 cells were
maintained in McCoy’s 5A medium supplemented with 10% FBS, 4 mmol/L

glutamine, 10 mmol/L HEPES, 50 Ag/mL penicillin, and 100 Ag/mL

streptomycin. All cell lines were grown at 37jC, 5% CO2. EL4 cells were

maintained in DMEM with 10% horse serum. The EL4-CD32B cell line was
generated by transfection via electroporation of CD32B cDNA cloned in

the pCIneo (Promega). Cells were selected with 100 Ag/mL of G418 (Life

Technologies) followed by subcloning and screening of CD32B-positive cells
by fluorescence-activated cell sorting analysis.

Yeast Surface Display
Yeast surface display was done as previously described (16, 17). Details of

the library construction and screening criteria are included in the
Supplementary Methods.

Antibody Cloning and Mammalian Expression
The murine antibody, 4D5 (18, 19), was chimerized to human IgG1.

Ch4D5 heavy chain (HC) and light chain (LC) genes were cloned into
pcDNA3.1 (Invitrogen), pcDNA-4D5HC, and pcDNA-4D5LC. Heavy-chain

constant regions harboring Fc mutants were cloned as AgeI/NheI fragments

into linearized pcDNA-4D5HC. Additional amino acid changes were added

to Fc mutants or WT IgG1 by site-directed mutagenesis (Quick Change,
Stratagene). The rituximab HC and LC genes were cloned into pCIneo and

pcDNA3.1, respectively. The ch4D5 HC Fc mutants were converted to

rituximab by swapping the HC variable domains. Fc mutants were analyzed
in the humanized anti-CD32B antibody, hu2B6 (20). Fc mutant 18 (F243L/

R292P/Y300L/V305I/P396L) was cloned into hu2B6 by replacing the WT

Fc region with the variant Fc domains. An Fc-null version of ch4D5 was

constructed as an aglycosylated molecule by introducing a single N297Q
mutation in the Fc region (20).

For transient transfections, HC and LC vectors were cotransfected into

HEK 293 cells using OPTI-PRO SFM (Invitrogen) as per manufacturer’s

instructions. Supernatants were collected on days 3, 6, and 9. For stable
transfections, CHO-S cells were seeded at 0.75 � 106 per well in 2 mL of

DMEM nonselection medium with glutamine, 10% FBS/0.5� Pen-Strep

overnight. After 48 h at 37jC under 5% CO2, cells were plated for selection
in 96-well plates at densities of 500, 1,000, 2,000, and 4,000 per well in 200 AL
of selection medium (DMEM without glutamine, 10% dialyzed/heat

inactivated FBS, 25 Amol/L MSX, 1� GSEM, and 0.5� Pen-Strep).

Supernatants from both transient and stable transfections were subjected
to protein A chromatography for IgG1 purification. All antibodies were

concentrated and analyzed by SDS-PAGE, and protein concentrations were

determined by absorbance at A280. Soluble recombinant receptors secreted

in the conditioned medium were captured over an IgG column and the
affinity-purified receptors were analyzed by SDS-PAGE.

Fc;R Cloning and Expression
Vectors for expression of human Fc receptors, expression and purification

of human FcgRs have been previously described (21). For the cloning of the

mouse soluble FcgR, RNA from C57BL mouse spleen was isolated and

used as template for cDNA synthesis (SuperScript First-Strand cDNA

Synthesis System kit, Invitrogen). Reverse transcription-PCR was done using

gene-specific primers for the corresponding mouse FcgR. The extracellular
domains for the receptors were fused to the mouse IgG1 Fc region con-

taining a N297Q mutation by overlapping PCR. A signal sequence was added

at the NH2 terminal to improve secretion during protein expression in

293H cells. The FcgR-Fc fusions were cloned into pCIneo (Promega) vector

at NheI-EcoRI sites. Expression and purification was similar to that of

the human FcgR-Fc fusions (21).

BIAcore Analysis of Fc;R Binding
Binding of human and mouse FcgR to the IgG1 Fc was analyzed by

surface plasmon resonance using a BIAcore 3000 biosensor (BIAcore). The

antigen for 4D5 (R&D Systems) was immobilized on the CM-5 sensor chip

by amine coupling kit as recommended by the manufacturer. Binding

experiments were done in HBS-P buffer [10 mmol/L HEPES (pH 7.4), 150

mmol/L NaCl, and 0.005% P20 surfactant]. WT or mutant antibody was

captured, followed by injection of the soluble monomeric receptors CD16A-

158val and CD16A-158phe at concentrations of 400 and 800 nmol/L,

respectively, and flow rate of 50 AL/min for 30 s with dissociation time

60 s. Dimeric Fc-G2 (N297Q) fusions of human CD32B and CD32A-131his

were injected at 100 nmol/L. Each receptor was injected in duplicate.

Regeneration of the captured antibody was done by pulse injection of

50 mmol/L glycine (pH 4) and 50 mmol/L glycine (pH 9.5) and 3 mol/L

NaCl. Regeneration of antigen surface was done by pulse injection of

50 mmol/L glycine (pH 1.5). Binding responses for each soluble receptor

were normalized to the level of captured WT Ch4D5 antibody. The change

in stability of receptor-mutant Fc complex relatively to WT Fc was

evaluated by calculation of dissociation rate constants (koff) from binding

curves using separate koff/kon fit of BIAevaluation 3.0 software. Fit was

applied to 31 to 33 s segment of each binding curve and average koff (s
�1)

value was calculated for each receptor-Fc interaction.

Affinities of the soluble monomeric CD16A-158val and CD16A-158phe with

selected mutants were obtained by injection of soluble CD16A receptor

alleles in duplicate at concentrations of 0, 62.5, 125, 250, 500, 1,000, and

2,000 nmol/L for 120 s at a flow rate of 30 AL/min over immobilized ch4D5-

ErbB2/Fc. Avidities of mouse FcgRII, FcgRIII, FcgRIV, and human CD32B in

their dimeric forms toward selected ch4D5 mutants were obtained by

receptor injections in duplicates at concentrations 0, 12.5, 25, 50, 100, and

200 nmol/L for 120 to 180 s at flow rate 30 AL/min over immobilized ch4D5-

ErbB2/Fc. Binding curve at zero concentration was subtracted as a blank.

Equilibrium dissociation constants (KD) were determined by fitting of

equilibrium responses to steady-state affinity model provided by BIAeval-

uation 3.0 software.

Antibody-Dependent Cell-Mediated Cytotoxicity
Peripheral blood mononuclear cells (PBMC) were purified from whole

human blood of healthy donors and used as effector cells. The genotype of

each donor was determined by DNA sequence analysis. Target cells (5 � 106

in 0.5 mL) were labeled with 100 ACi of indium (In-111; GE-Amersham) at

room temperature for 30 min. Unincorporated In-111 was removed through

four sequential washes with cell culture medium. Target cells were

opsonized with antibody at various concentrations for 30 min at 37jC.
Subsequently, cells were combined with PBMC and incubated for 18 h at

37jC, 5% CO2. For mouse NK-enriched splenocytes, the antibody-dependent
111In-release assay was done by mixing 2,500 opsonized 111In-labeled target

cells per well with a graded number of effector cells (100:1, 50:1, 25:1, 12:1,

6:1, 3:1, 1:1) in a U-bottomed 96-well plate for 24 h at 37jC, 5% CO2.

Supernatants were harvested and released radioactivity was quantified.

Maximal release (MR) and spontaneous release (SR) were determined by

incubation of target cells with 2% Triton X-100 and medium alone,

respectively. Antibody-independent cellular cytotoxicity (AICC) was mea-

sured by incubation of target and effector cells in the absence of antibody.

Total cytolysis was calculated as follows: (release by effector cells plus target

cells � SR) / (MR � SR) � 100. The specific cytolysis is calculated as total

cytolysis � AICC.
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Enrichment of NK Cells from Mouse Splenocytes
Mouse spleens were crushed between glass slides in RPMI 1640. The

homogenized spleen was placed on ice for 5 min. Splenocytes were spun at

1,000 rpm for 10 min. Splenocytes were resuspended in RPMI 1640

containing 10% FBS, 2 mmol/L glutamine, kanamycin (100 Ag/mL),

incubated with Dynabeads Mouse pan T and pan B for 30 min at 4jC
and the beads together with T cells and B cells were removed. The resulting

supernatant was enriched further by mixing with Dynabeads Sheep anti-rat

IgG and rat anti-mouse CD24. The remaining cells (NK-enriched

splenocytes) were washed and cultured in RPMI 1640 containing 10%

FBS, 2 mmol/L glutamine, kanamycin (100 Ag/mL), 5 � 10�5 mol/L h2-
mercaptoethanol, and 10 ng/mL human interleukin 2.

Mouse Tumor Models
Xenograft models. Female athymic BALB/c nude (nu/nu) mice, 8 to 10

weeks old, were purchased fromTaconic. Daudi cells (5� 106 permouse) were

suspended in PBS + Matrigel and injected s.c. into the right flank of BALB/c

nudemice. Tumor developmentwasmonitored twice per week, using calipers,

and tumor weight was estimated by the following formula: tumor weight =
(length � width2)/2. I.p. injections of antibodies at various concentrations

(1 Ag/g, or 0.1 Ag/g) were done weekly for 7 weeks, starting at day 0.
Transgenic tumor models. Male and female athymic mFccRIII�/�,

hCD16A+ nude mice, were bred in MacroGenics animal facility. EL4/CD32B

cells (1 � 104 per mouse) or SKOV3 (2 � 106 per mouse) were suspended

in PBS and injected i.p. at day 0. I.p. injections of anti-CD32B (hu2B6)

antibodies (4 Ag/g) were done on days 0, 1, 2, and 3. I.p. injections of anti-
HER2 (ch4D5) antibodies (4 Ag/g) were done on day 0 and continued weekly
for 7 weeks. Mouse body weight was measured twice a week. Mice showing

excessive body weight gain as well as signs of ascites were sacrificed by CO2

asphyxiation. Survival was recorded accordingly. Animal studies were
conducted in accordance with the Public Health Service Policy on the

Humane Care and Use of Laboratory Animals. Data was analyzed using

PRISM (Graphpad Software) for calculation of SD [antibody-dependent cell-
mediated cytotoxicity (ADCC), tumor model] and statistical significance

using t tests and log-rank analysis (tumor models).

Results

Selection and binding analysis of IgG1 Fc variants. We
undertook a comprehensive functional genetic screen of the IgG1
Fcg region to elucidate the contribution of different amino acid
residues to the binding to low-affinity FcgR. Yeast surface display
(16, 22) was done on a random library of f1 � 107 Fc mutants by
using both equilibrium and kinetic screening strategies for binding
to a phycoerythrin-conjugated soluble CD16A, CD32A, and/or
CD32B as ligands (Supplementary Methods). The ‘‘single round’’
approach yielded Fc domains with enhanced avidity for the low-
affinity activating FcgR, CD16A. To enrich the IgG1 Fc library for Fc
variants with limited or no binding potential to the inhibitory
receptor, CD32B, the library was first absorbed to beads coated
with recombinant CD32B, followed by amplification of the
remaining yeast cells and positive selection for binding to either
activating receptor, CD16A or CD32A. The ‘‘dual round’’ strategy
was highly reiterative, resulting in an enriched population of yeast
cells harboring a limited number of Fc mutants, with reduced
binding to the inhibitory receptor, CD32B, and at least WT binding
to CD16A.
In total, over 400 amino acid changes were identified from Fcg

mutant libraries spanning both the CH2 and CH3 domains (Fig. 1A
and B ; Supplementary Data). The nonrestrictive nature of our
strategy enabled the identification of residues previously unknown
to mediate molecular interactions within the Fcg domain or effect
on the kinetics of Fcg/FcgR interactions. Novel Fc variants were
selected containing multiple mutations that had significant effects
on FcgR binding. Analysis of the collection of single- and multiple-

site mutants selected by yeast display revealed that specific
mutations recurred frequently, a potential indication of the
importance of an individual residue for FcgR binding (Fig. 1A
and B ; Supplementary Data). The most frequently identified sites in
the single round (326, 334, 396) and dual round screening (270, 292,
298, 330, 396) included sites that had also been identified by
alanine-scanning mutagenesis as important for FcgR binding (326,
334, 270, 292, 298, 330; ref. 12), validating the use of yeast surface
display as a functional tool for selection of Fc regions with
increased binding to FcgR.
Comparison of off-rates (koff ) for selected Fc mutants, single

amino acid changes, or Fc domains containing multiple mutations
was done to identify an Fc domain optimized for improved binding
to the activating receptors and reduced binding to CD32B. Off-rate
analysis provides the best indicator for potential improvement of
in vivo FcgR binding activity because as a kinetic variable it directly
reflects the Fc-FcgR interaction independent of antibody concen-
tration (23). Fc-engineered versions of ch4D5, the progenitor to
the anti-HER2/neu antibody, trastuzumab (Herceptin; ref. 19), were
analyzed by surface plasmon resonance for koff to confirm the
improvement in binding of Fc variants in the context of a native
antibody. Fc variant 13, selected during the dual round screen,
showed a dramatic reduction in binding to CD32B. Analysis of each
of the amino acid changes in mutant 13 as a single and in some cases
a double mutant indicated that the reduction in binding to CD32B
was due mostly to amino acid changes at positions R292P and F243L
with a context-dependent contribution of V305I (Table 1). Next, we
constructed novel Fc variants by grouping different amino acid
substitutions identified in the functional screen to determine which
combination of mutations would provide the greatest overall
improvement in off-rate to CD16A (Table 1). Fc variants 16
(F243L/R292P/Y300L/P396L) and 18 (F243L/R292P/Y300L/V305I/
P396L) showed the overall greatest improvement in off-rate to both
the high-affinity (158val) and low-affinity (158phe) isoform of CD16A
and CD32A-131His while maintaining approximately WT binding to
CD32B. In contrast, two mutants, 12 (F243L/R292P/Y300L) and 14
(F243L/R292P/P396L), showed an improvement in binding to
CD16A and a reduction in binding to CD32B. Fc variant 18, with
the greatest improvement in off-rate to CD16A, did not show a
significant improvement in binding to the human CD64, the high-
affinity activating FcgR (data not shown).
Fc variants with increased ADCC. The biological effect of

enhancing FcgR binding was examined in three different anti-
bodies. Fc-engineered versions of ch4D5 were tested against a
HER2/neu+ colon carcinoma cell line, HT29 (Fig. 2A). In general, Fc
mutants with slower off-rates for CD16A showed greater increases
in ADCC (Table 1; Fig. 2A) and, within a limited set of four Fc,
ADCC improvement showed a direct relationship with affinity for
CD16A (Table 2; data not shown). An absolute correlation between
CD16A off-rates and ADCC, however, was not observed, owing to
some exceptions with slower off-rates that show no ADCC
improvement. These exceptions suggest that other interactions
may be important for mediating this complex function. Two
mutants, 18 (F243L/R292P/Y300L/V305I/P396L) and 12 (F243L/
R292P/Y300L), mediated the highest levels of ADCC, showing an
f100-fold increased rate of lysis, as noted by a leftward shift in the
curve and an increase in maximal lysis. Of these two Fc variants,
variant 18 showed a greater effect on specific lysis at lower
antibody concentrations (Fig. 2B). Genotyping for the CD16A-158
polymorphism further showed that variant 18 was also remarkably
effective in improving ADCC from the low binding CD16A-158phe
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allele carriers (Fig. 2C). In addition to HT29 (colon; f104 copies
per cell), Ch4D5-18 also enhanced ADCC against SKOV3 (ovarian;
f106 copies per cell) and SKBR3 (breast;f5 � 106 copies per cell)
tumor cell lines (Fig. 2A and D ; refs. 18, 24), indicating that variant
18 improves ch4D5-mediated ADCC irrespective of the level of
HER2/neu expression or tissue origin of the target cells. We
analyzed Fc variants 18 and 12 in the anti-CD20 mAb, rituximab
(25), to determine if the Fc optimization enhanced the activity of
different antibodies. Both variants exhibited enhanced ADCC
against the human Burkitt’s lymphoma line, Daudi, at multiple
antibody concentrations (Fig. 3A). Variant 18 was also used to
increase effector function in a third antibody, a humanized version
of a novel anti-CD32B mAb (20), that has been shown to be effective
in treatment of xenograft models for B-cell malignancies. Hu2B6-18
increased ADCC in an antibody concentration–dependent fashion
against two different human Burkitt’s lymphoma lines, Daudi and
Raji, using PBMC from multiple donors (Fig. 3B).
The availability of transgenic murine models expressing human

FcgR provides a unique opportunity to evaluate the ability of Fc
engineering to enhance the potency of therapeutic antibodies
in vivo . The activity of Fc-engineered mAbs was analyzed using

effector cells from mFcgRIII-knockout mice expressing the trans-
gene for the low-affinity allele of human CD16A (26). In these mice,
human CD16A-158phe is expressed by NK cells and mononuclear
phagocytes, similarly to its cell type–specific expression in humans
(27). In vitro ADCC using harvested splenocytes from WT BALB/c,
BALB/c FccRIIIA�, and BALB/c mFccRIIIA� hCD16A-158phe mice
strains was used to characterize the potential of these mice to
mediate Fc-dependent lysis of Daudi cells via a human IgG
antibody. Only splenocytes harvested from the hCD16A-158phe

transgenic mice were able to mediate ADCC (Fig. 3C). As predicted
from studies with human PBMC, hu2B6-18 showed a significantly
greater level of lysis compared with hu2B6-WT.
Fc optimization improves survival in a xenograft tumor

model for ovarian cancer. Fc optimization of ch4D5, an antibody
that is capable of mediating tumor depletion by multiple
mechanisms, including ADCC and tumor cell growth inhibition
(8, 28), was evaluated in an ovarian tumor model expressing high
levels of HER2/neu antigen. We assayed Fc-optimized ch4D5
antibodies in the hCD16A-158phe transgenic mice injected with
SKOV3, an ovarian carcinoma cell line. Mice treated with variant
ch4D5-18 showed significant enhancement in protection over the

Figure 1. Locations of Fc mutations identified by yeast surface display. A, two-dimensional Collier de Perles representations of the IgG1 CH2 and CH3 domains (39).
Black semiovals, FcgRIIIB (CD16B)-IgG Fc contact residues (15). Open boxes, amino acid changes identified in single round screens; shaded boxes, residues
identified in dual round screens. Specific frequently identified residues are marked from the single round screen: 326, 334, and 396 (large arrowheads ); the dual round
screen: 270, 292, 298, 330 (arrows ); and amino acids 243, 292, and 305 (stars ) mutated in variant 13. Perpendicular lines are placed at 10 amino acid intervals.
B, space-filling diagram of the IgG1 Fc-FcgRIIIB cocrystal structure (15). The positions of the amino acid changes in the single round and dual round screens are
indicated in orange and blue, respectively. In cases where the amino acid variant was identified in both screens, the residue is marked as blue. The a-chain (gray) and h-
chain (red ) are color coded, and the CH2 (lighter shade ) and CH3 (darker shade ) are identified. The ball-and-stick structures represent the N-linked carbohydrate
moiety and the wireframe structure represents FcgRIIIB.
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same dosing regimen of ch4D5-WT antibody (Fig. 4A). Ch4D5-WT
showed significant improvement compared with either PBS or an
Fc null version of ch4D5 (aglycosylated) controls, with 15% of mice
surviving until the end of the experiment compared with 100%
mortality by day 100. However, animals treated with ch4D5-18
showed the greatest rate of survival, 40% survival through the
duration of the experiment. These data indicate that the greatly
enhanced tumor cell killing observed in vitro translates to dramatic
improvement in tumor clearance in vivo and the Fc dependency of
the anti-HER2 mAb therapeutic response in this model system.
Enhanced tumor clearance in B-cell tumor models with Fc-

optimized mAbs. The effect of Fc engineering on tumor clearance
was investigated by using WT or human FcgR-transgenic mice.
Hu2B6 was used because this antibody does not induce
complement lysis or apoptosis, but inhibits tumor growth in mice
by mechanisms that are exquisitely FcgR dependent (20). Because
hu2B6 does not cross-react with murine FcgRII or other
endogenous murine proteins, there is no antibody target other
than the implanted CD32B-positive tumor cells in this model.
Furthermore, hu2B6 completely blocks human CD32B (20, 21), thus
eliminating binding of the hu2B6 Fc region to the target cells as a
confounding factor.
To evaluate the functional consequences of our Fc mutations in

an in vivo murine model, the binding profiles of the engineered Fcg
to the mouse FcgR were fully characterized. Of the mFcgR,

mFcgRII is structurally and functionally homologous to human
CD32B, whereas mFcgRIII and mFcgRIV are receptors functionally
related to human activating FcgR expressed on NK cells and
monocyte/macrophages, respectively (29, 30). Mutant 18 showed
increased binding primarily to mFcgRIV, with no increase in
binding to the inhibitory receptor (Table 2).
S.c. inoculation of Daudi cells in nude mice produced localized,

progressively expanding tumors whose growth was significantly
reduced by weekly i.p. injections of 1 Ag/g hu2B6-WT. A 10-fold
reduction in dose of hu2B6-WT, however, was completely
ineffective (Fig. 4B). Treatment with hu2B6-18 resulted in a
significant reduction in tumor growth at all doses tested,
consistent with its enhanced mFcgRIV binding.
For the in vivo study in the mFccRIIIA� hCD16A-158phe mice,

the murine cell line EL4 (31) was transduced with human CD32B
and used in place of Daudi cells, whose tumor growth was poor in
these transgenic mice (data not shown). Knockout transgenic mice,
mFccRIII�/�/CD16A-158phe+, injected i.p. with CD32B-EL4 cells,
died 8 weeks after inoculation. A regimen of hu2B6-WT did not
prevent tumor growth. In contrast, treatment with hu2B6-18
resulted in 100% survival for the duration of the experiment
(Fig. 4C). Therefore, the potency of hu2B6-18 in vivo is consistent
with the relative improvement in binding to FcgR expressed in the
mice (Table 2). Furthermore, variant 18 is able to improve survival
in both the EL4 and ovarian cancer models.

Table 1. Comparison of koff of Fc mutants to WT Fc (WT/mutant)

Fc mutant (MG no.) Amino acid changes CD16AV CD16AF CD32AH CD32B

Single amino acid

1 F243L 4.8 3.4 0.6 0.8

2 D270E 1.3 1.5 2.2 0.4

3 R292P 2.4 1.6 0.7 0.3

4 S298N nd nd nt 0.2

5 Y300L 1.0 1.2 2.9 1.2

6 V305I 0.9 0.6 1.3 1.2
7 A330V 0.6 1.2 0.4 0.3

8 P396L 1.3 1.7 1.6 2.6

Two amino acids

9 F243L P396L 2.2 2.0 1.5 1.6
10 F243L R292P 4.0 1.7 0.5 0.2

11 R292P V305I 1.3 1.3 0.8 0.4

Three amino acids

12 F243L R292P Y300L 7.4 4.6 1.0 0.6

13 F243L R292P V305I 2.6 1.4 0.2 0.1

14 F243L R292P P396L 6.3 3.4 1.4 0.4
15 R292P V305I P396L 1.9 1.9 1.5 0.9

Four amino acids
16 F243L R292P Y300L P396L 10.1 5.6 1.7 1.1

17 F243L R292P V305I P396L 4.0 2.3 0.8 0.4
Five amino acids

18 F243L R292P Y300L V305I P396L 10.1 8.3 3.2 1.4

NOTE: Human CD16A has intermediate affinity to human IgG1 because it shows measurable binding to monomeric IgG1 Fc. In contrast, the low-affinity

receptors hCD32A and hCD32B do not show measurable binding to monomeric human IgG1. These FcgR were expressed in their dimeric forms

because, due to avidity effect, they show measurable binding to captured hIgG1. Dissociation rate constants for binding to the different FcgR were
determined by BIAcore analysis and directly compared with WT Fc (x = WT koff/mutant koff). Values with z80% difference (z0.8-fold) from WT in

either direction are in bold. Shading denotes Fc mutants identified directly by yeast display; all other mutants were constructed by site-directed

mutagenesis.
Abbreviations: nd, no detectable binding; nt, not tested.
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Discussion

We have identified several key positions in the human IgG1 Fc
region whose permutations generate Fc domains customized to a
predefined FcgR-binding profile, including conferring the ability to

engage the low-binding CD16A-158phe allele with enhanced ADCC

in vitro and increased tumor elimination in vivo . Together with

data that show the portability of the Fc-optimized mutant portfolio

to mAbs of different specificities, this evidence contributes to

Figure 2. Fc optimization of ch4D5 enhances ADCC activity. A, ADCC assays were done using HT29 target cells incubated with PBMC from CD16A 158phe carrier
donors in the presence of ch4D5 WT or ch4D5 containing Fc variants. Individual assays were done in triplicate at an effector-to-target ratio of 50:1. Data are plotted
using nonlinear regression analysis. B, compilation of ADCC data for ch4D5 comparing WT to variants 12, 18, and N297Q at three different concentrations.
Assays were done as described above. For each variant, three or more independent assays are plotted. Black line, mean percentage specific lysis. C, comparison of
ADCC data using HT29 target cells incubated with PBMC from either CD16A-158val/val or CD16A-158phe/phe homozygous donors. D, analysis of ch4D5-WT and
ch4D5-18–mediated ADCC against target cells. A, C , and D, representative plots of at least three independent assays.

Table 2. Binding of Fc variants to murine and human FcgRs

Affinity measurements (KD, nmol/L)

Human Fc receptors Murine Fc receptors

CD16A-158val CD16A-158phe CD32B mFcRII mFcRIII mFcRIV

WT 411 (403–419) 1,066 (981–1150) 33 (25–41) 84 (80–87) 157 (144–169) 79 (67–90)

18 40 (32–48) 99 (77–121) 17 (16–17) 106 (91–121) 113 (106–120) 19 (18–19)

NOTE: The low-affinity receptor hCD32B and the mouse FcgRs do not show measurable binding to monomeric human IgG1. These FcgRs were
expressed in their dimeric forms because, due to avidity effect, they show measurable binding to captured hIgG1. In the case of dimeric forms of the

receptors, equilibrium dissociation constant (KD) represents a relative avidity value that was used for assessment of the relative effect of mutations on

the receptor binding to Fc. The average KD was based on at least two independent measurements; ranges are shown in parenthesis.
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establishing Fc engineering as a robust means of optimizing mAbs
for therapeutic enhancement.
A functional genetic screen of a random mutant library covering

both CH2 and CH3 domains allowed us to identify several amino
acid substitutions that had not been predicted to affect FcgR
binding from crystallographic analyses or in previous mutagenesis
studies. Previously, Fc variants with increased binding to CD16A
were identified by alanine scanning mutagenesis or a protein
structure design algorithm (S298A, E333A, K334A and S239D, I332E,
A330L), respectively (12, 13). These approaches limited the search
to soluble residues or amino acid positions that were direct Fc-
FcgR contact sites or residues in its immediate proximity (15).
Interestingly, alanine scanning identified a number of soluble
residues within both the CH2 and CH3 domain that were not
predicted to affect Fc-FcgR binding (12). The Fc mutations selected
by yeast surface display contain several amino acid substitutions
that could only be ascertained to alter FcgR binding through a
functional genetic screen (Fig. 1B). In particular, P396 in the CH3
domain is not a soluble residue nor does it directly interact with
the FcgR, suggesting that these residues affected ligand binding via
distant conformational changes. Position F243 directly contacts the
carbohydrate moiety and affects sialylation of the oligosaccharide
chains potentially affecting the Fc domain quaternary structure
(32, 33). Two soluble residues were previously analyzed by alanine
substitutions: V305 showed no change in binding to any of the low-

affinity receptors and R292 only partially reduced binding to
CD32A (12). Variant 18, containing substitutions at all four of these
residues plus Y300L, has a dramatic increase in binding to both
alleles of CD16A. The individual mutations found in variant 18,
however, have different effects on FcgR binding, ranging from an
increase in CD16A interaction with no change in CD32B binding to
modest change in CD16A binding with a decrease in CD32B
binding (Table 1). The potential to screen large Fc mutant libraries
by yeast surface display allows for the identification of a suite of Fc
domains with desired aggregate FcgR binding specificities.
The ability of a mutant to bind CD16A correlated in general with

its capacity to mediate in vitro cytotoxic activity. Single amino acid
Fc variants showed limited improvement in CD16A off-rates,
but resulted in no improved ADCC, consistent with previously
published data (12). Fc variant 18 showed the greatest increase in
binding to CD16A and mediated a f100-fold improvement in
ADCC in the context of three different mAb backbones. Further-
more, the ability of variant 18 to enhance ADCC in a CD16A allele-
independent fashion suggests potential applications of this
optimized Fc domain in patients who carry the low-binding allele
of this receptor. The correlation between in vitro ADCC and tumor
depletion in vivo , however, can only be partial, because the primary
mediators of cytotoxicity in PBMC-based ADCC are NK cells,
leukocytes that express CD16A as their sole FcgR, whereas
mononuclear phagocytes expressing the whole array of activating

Figure 3. Fc-optimized anti-CD20 and
anti-CD32B antibodies have improved ADCC
against B-cell targets. A, compilation of
ADCC data for Fc-engineered versions of
rituximab comparing WT to variants 12 and
18 at different antibody concentrations.
Three independent assays were done using
Daudi cells as targets and PBMC from
CD16A-158phe carriers as donors at an
effector-to-target ratio of 75:1. B, compilation
of ADCC data comparing hu2B6-WT to
hu2B6-18. Target cells, Daudi and Raji,
were opsonized with a range of antibody
concentrations and incubated with PBMC
from healthy donors carrying the
CD16A-158phe allele at an effector-to-target
ratio of 75:1. Six independent assays are
plotted. Black line, mean percentage specific
lysis. C, in vitro ADCC using splenocytes
harvested from mFccRIII�/� human CD16A+

BALB/c, mFccRIII�/� BALB/c, and BALB/c
mice strains. E:T ratio, effector-to-target
ratio.
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and inhibitory FcgRs (34–36) have been shown to play an
important role in cell depletion in vivo (5). Therefore, the complex
balance of activating and inhibitory functions on the activity of
Fc-optimized mAbs can only be appreciated in in vivo models.
A recent study showed increased B-cell depletion in cynomolo-

gous macaques treated with an anti-CD20 mAb engineered for
improved human CD16A binding (13) and presumably macaque
FcgR, albeit no direct measurement was provided. Because in
primates both NK cells and monocytes express CD16A, the precise
mechanism contributing to the enhanced depletion could not be
ascertained. The presence in mice of a unique FcgR differentially
expressed between NK cells and mononuclear phagocytes allows,
albeit indirectly, to dissect the roles of these populations in the
enhanced activity of Fc-optimized mAbs. Although mFcgRIII is
expressed on mononuclear phagocytes, neutrophils, and NK cells,
mFcgRIV, a receptor with no corresponding human homologue, is
expressed by mononuclear phagocytes and a subset of neutrophils,
but not NK cells (30). Mouse mononuclear phagocytes also express
the inhibitory receptor, mFcgRII, the homologue of human CD32B.
The hu2B6-18 mAb is more effective than hu2B6-WT in preventing
tumor growth in WTmice (Fig. 4B). The properties of Fc variant 18,
an Fcg domain with increased affinity to mFcgRIV but mFcgRIII-
binding properties similar to those of WT Fc, is consistent with the
notion that mononuclear phagocytes are critical for improved
tumor elimination in vivo (36). This notion is further supported by
data demonstrating that NK cells enriched from mouse splenocytes
show no ADCC in vitro with any form of hu2B6 mAb unless they
express the hCD16A transgene (Fig. 3C), in which case the activity
was enhanced by Fc optimization. In the huFcgR transgenic mouse
(26), replacement of mFcgRIII with huCD16A-158phe on both NK
cells and monocytes resulted in mice expressing two activating
receptors for which Fc variant 18 has increased affinity. The greater
increase in mouse survival in both the B-cell tumor and ovarian
tumor correlated with increased affinity of variant 18 for both
huCD16A-158phe expressed on both NK cells and monocyte/
macrophages and mFcgRIV, expressed exclusively by mononuclear
phagocytes (29). Furthermore, the enhanced in vivo antitumor

activity of Fc variant 18 correlated with an increased affinity to
mFcgRIV with no change in binding to mFcgRII (Table 2).
Improvement in the activating-to-inhibitory binding ratio of the
Fc region has been proposed as a critical variable in optimizing
therapeutic antibodies that mediate tumor cell killing via
monocyte/macrophage effector cells (29). These data suggest that
strategies aimed at improving human tumor immunotherapy via
enhanced FcgR engagement should focus on the mononuclear
phagocyte compartment and its array of FcgRs.
Increasing the activity of antibodies for cell-depleting applica-

tions can potentially reduce the immunotherapeutic dose and
confer activity to an antibody with limited in vivo effectiveness. In
addition, Fc optimization can be tailored to certain FcgRs and
used for immunotherapies ranging from autoimmunity to allergy
or the treatment of infectious disease. For instance, selectively
increasing CD32A binding may enhance phagocytosis and have
broad applications in antibacterial therapeutics, given the
predominant role of this receptor in infectious diseases (37, 38).
Future studies will focus on exploiting the properties of antibodies
with these optimized Fcg domains. Alterations in the Fc could also
affect the half-life of these molecules by altering their binding to
the neonatal FcR (FcRn); however, BIAcore and pharmacokinetic
analyses in rats indicated that the five mutations incorporated into
Fc variant 18 did not affect binding to FcRn or half-life, respectively
(data not shown). As with other means of protein modification, the
potential effect of specific mutations on the immunogenicity of the
resulting molecule in humans will need to be established and this
risk evaluated in the context of the benefit of increasing the
antibody therapeutic window and of expanding treatment
opportunities to patients that would otherwise poorly respond to
immunotherapy.
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Figure 4. Fc optimization improves survival
and enhances tumor-cell depletion in mouse
xenograft tumor models for ovarian cancer
and B-cell malignancy. A, ovarian cancer
model: mFccRIII�/� human CD16A+ FoxN1
mice injected i.p. with SKOV3 cells (20 mice
per group) and treated with ch4D5-WT,
ch4D5-18, ch4D5-agly, or PBS. For all
antibodies, treatment (4 Ag/g) was weekly
for 7 wks starting on day 0. Data were
analyzed for significance using log-rank
analysis. B, BALB/c FoxN1 (nu/nu) mice
(six to eight mice per group) were injected
s.c. with Daudi cells. Starting on day 0, mice
were treated weekly for 7 wks with either
hu2B6-WT or hu2B6-18 at two different
concentrations of antibody (0.1 or 1 Ag/g).
Tumor growth was monitored over time
(X axis ) and the calculated tumor size was
recorded (Y axis ). C, Kaplan-Meier survival
plots of mFccRIII�/� human CD16A+ FoxN1
mice injected i.p. with CD32B-EL4 cells
(10 mice per group) and treated with either
hu2B6-WT or Fc-engineered hu2B6-MG18
(4 Ag/g) on days 0, 1, 2, and 3. Data were
analyzed for significance using log-rank
analysis.
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