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SUMMARY

Immune checkpoint blockade of the programmed cell death protein 1 (PD-1) pathway by monoclonal anti-
bodies (Abs) has shown promising clinical benefit in the treatment of multiple cancer types. We elucidated
the contribution of the fragment crystallizable (Fc) domains of anti-PD-1 and anti-PD-ligand 1 (L1) Abs for
their optimal anti-tumor activity. We revealed that distinct Fcy receptor (FcyRs) dependency and mecha-
nisms account for the in vivo activity of anti-PD-1 versus anti-PD-L1 Abs. Anti-PD-1 Abs were found to be
FcyR independent in vivo; the presence of FcyR-binding capacity compromises their anti-tumor activity.
In contrast, the anti-PD-L1 Abs show augmented anti-tumor activity when activating FcyR binding is intro-
duced into the molecules, altering myeloid subsets within the tumor microenvironment.

INTRODUCTION

The programmed cell death protein 1 (PD-1)/PD-ligand 1 (L1)
axis has a central role in the suppression of anti-tumor immunity
and has been actively studied as a potential therapeutic target
in cancer immunotherapy (Page et al., 2014). The immune
checkpoint receptor PD-1 is expressed mainly on activated lym-
phocytes (Nishimura et al., 1999) and is widely upregulated by
tumor-infiltrated T lymphocytes (TILs) (Ahmadzadeh et al.,
2009; Chapon et al., 2011). Many tumor types exploit the
PD-1 pathway to escape immune surveillance by upregulating
the expression of PD-L1 (Dong et al., 2002; Konishi et al.,
2004). Enhanced anti-tumor immunity is obtained by antibody
(Ab)-mediated blockade of the PD-1/PD-L1 axis. The therapeu-
tic potential of both anti-PD-1 and -PD-L1 Abs were demon-
strated in multiple mouse models of cancer (Blank et al,
2004; Dong et al., 2002; Iwai et al., 2002) and in human clinical
trials (Brahmer et al., 2012; Hamid et al., 2013; Topalian et al.,
2012, 2014; Wolchok et al., 2013). Recently, the anti-PD-1
Abs pembrolizumab and nivolumab were approved by the US
Food and Drug Administration (FDA) for the treatment of meta-
static melanoma and non-small cell lung carcinoma, whereas

other antibodies targeting this pathway are in advanced stages
of clinical development.

The interaction of the Fc portion of many therapeutic anti-
tumor immunoglobulin Gs (IgGs) with Fcy receptors has been
found to be crucial for their therapeutic activities, resulting
from the induction of tumor cytotoxicity (Clynes et al., 2000).
These activities are induced through Ab-dependent cellular
cytotoxicity (ADCC) by Ttpe | FcyR-expressing effector cells,
such as natural killer cells and macrophages (Musolino et al.,
2008; Nimmerjahn and Ravetch, 2012). There are two classes
of type | FcyRs that can be distinguished functionally: the acti-
vating receptors (FcyRI, FcyRIll, and FcyRIV in mice; FcyRIA,
FcyRIIA, and FcyRIIIA in humans) and the inhibitory receptor
(FcyRIIB in both mice and humans). Effector responses medi-
ated by different IgG subclasses are dependent on their dif-
ferential affinities for activating or inhibitory FcyRs. A ratio of
activating-to-inhibitory receptor binding (A/l) can therefore pre-
dict the in vivo cytotoxic activity of IgGs (Nimmerjahn and Rav-
etch, 2005). Optimizing the effector function induced by the Fc
portion of therapeutic IgGs by increasing their A/l ratio has, as
a consequence, resulted in enhanced therapeutic responses
(Goede et al., 2014; Mdssner et al., 2010).

Significance

these immunomodulatory Abs for optimal clinical efficacy.

Therapeutic Abs targeting the PD-1/PD-L1 immune checkpoint pathway are drugs recently approved as monotherapies for
advanced melanoma and are currently being evaluated for the treatment of various human malignancies. However, the
contribution of the Fc domain to the activity of these Abs has not been critically evaluated. Because Fc variants are being
used for anti-PD1/PD-L1 Abs under clinical development, a detailed understanding of Fc-mediated effector activities that
may contribute to their therapeutic efficacy is necessary. Here we report that antibodies to PD-1 and PD-L1 have different
requirements for FcyR engagement for optimal anti-tumor activity. This study provides a rationale for Fc engineering of
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Figure 1. Distinct In Vivo Anti-tumor Activ-
ities of Chimeric Anti-PD-1/PD-L1 Anti-
bodies

(A) Mice with established MC38 tumors were
treated with the indicated chimeric versions of anti-
PD-L1 clone 14D8 or mlgG1 isotype control. Data
are represented as mean + SEM (n = 10). One of
two independent experiments is shown.

(B) Mice were inoculated with B16 tumors and

Days after treatment onset

vaccinated 3 days later with GVAX alone or in
combination with the indicated chimeric versions
of anti-PD-L1 clone 14D8 or migG1 isotype con-
trol. Data are represented as mean + SEM (n = 6).
One of two independent experiments is shown.
(C and D) Mice with established MC38 tumors
were treated with the indicated chimeric versions
of anti-PD-1 clones 4H2 (C, n = 7), or RMP1-14
(D, n = 10), and mIgG1 isotype control. Data are
represented as mean + SEM. One of at least two
independent experiments is shown.

See also Figure S1.
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In contrast to the cytotoxic class of anti-tumor Abs described
above, immunomodulatory Abs targeting molecules expressed
by immune cells have emerged as a promising approach to
induce therapeutic anti-tumor response. Immunomodulatory
Abs can act as either agonists to stimulate anti-tumor immune
responses or antagonists to dampen regulatory mechanisms
(generally referred to as immune checkpoint blocking Abs; Par-
doll, 2012). Initially, these classes of immunomodulatory Abs
were designed with the target antigen in mind, with emphasis
placed on identifying ideal fragment antigen-binding (Fab) re-
gions of Abs to engage the target appropriately. However,
recent findings highlight the importance of Fc-FcyR interactions
for the in vivo activities mediated by immunomodulatory Abs.
Antagonistic anti-CTLA-4 Abs have been shown to mediate their
in vivo effects, in part, by interacting with activating FcyRs to
deplete regulatory T cells (Treg) in the tumor microenvironment
(TME) (Bulliard et al., 2013; Selby et al., 2013; Simpson et al.,
2013). Preferential depletion of regulatory (Treg) over effector
T (Teff) cells in the TME is mainly achieved as a result of the
high surface expression of CTLA-4 on Tregs and the presence
of effector myeloid-expressing, activating FcyRs in the TME.
This FcyR-dependent mechanism was also reported for Abs
targeting immune receptors overexpressed by intratumoral
Tregs, such as GITR and OX40 (Bulliard et al., 2013, 2014). In
addition to the ADCC activity mediated by immunomodulatory
Abs, we and others have described additional pathways by
which FcyRs augment the therapeutic activities of anti-tumor
Abs. We identified a general requirement for the engagement
of the inhibitory FcyR, FcyRIIB, for the in vivo activity of
agonistic anti-TNFR Abs, such as anti-CD40, anti-DR5, and
anti-CD30 (Li and Ravetch, 2011, 2012a, 2012b, 2013). FcyRIIB
functions in trans and in the absence of FcyRIIB signaling com-
ponents, acting as a scaffold to enhance the clustering of TNFR
molecules on the membrane thereby mimicking the effect of
their endogenous multimeric ligands engaging these multimeric
receptors.
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In this study, we investigate the role of Fc-FcyR interactions
for the immunomodulatory Abs targeting the PD-1/PD-L1
pathway for their therapeutic anti-tumor activities.

RESULTS

FcyR Engagement by Anti-PD-1 or -PD-L1 Abs Results in
Distinct Anti-tumor Responses In Vivo

To determine the contribution of Fc-FcyR interactions to the
in vivo anti-tumor activities mediated by rat anti-mouse anti-
PD-1 and anti-PD-L1 Abs, we modified existing rat Ab clones
to create chimeric antibodies containing rat Fab and mouse Fc
domains. The mouse Fc domains were selected to vary their se-
lective engagement of mouse FcyRs, with IgG2a binding prefer-
entially to the activating Fc receptors (activating-to-inhibitory
FcyR binding [A/l] = 69), mouse IgG1 binding preferentially to
the inhibitory FcyRIIB (A/I = 0.1) and a null variant the 1gG1-
D265A Fc that lacks detectable FcyR binding (Nimmerjahn and
Ravetch, 2005). We verified that the different Fc domains intro-
duced into the chimeric PD-1/PD-L1 targeting Abs did not alter
either the binding specificity or the affinity of their variable
domains to PD-L1 (clone 14D8) and PD-1 (clones 4H2 and
RMP1-14) (Figure S1A), nor their pharmacokinetic (PK) proper-
ties (Figure S1B). While there are no changes in the PK and
antigen-binding properties between the different subclasses of
each Ab clone, their differential capacity to engage mouse
FcyRs provides a means to explore the contributions of FcyR
engagement to their in vivo activity.

We compared the anti-tumor activity of the different sub-
classes of chimeric anti-PD-L1 Ab (clone 14D8) administered
as a monotherapy to mice bearing MC38 colon adenocarci-
nomas. Anti-PD-L1 Ab exhibited significant reduction in tumor
volume only when administered as 1gG2a isotype (Figure 1A).
The respective isotype controls were found to have no effect
on tumor growth, eliminating the possibility of Fc-mediated ef-
fect not related to its cognate Fab domain (Figure S1C). A similar

286 Cancer Cell 28, 285-295, September 14, 2015 ©2015 Elsevier Inc.



trend was observed when these constructs were tested in the
B16 melanoma model in a combinatory treatment with granulo-
cyte-macrophage colony-stimulating factor (GM-CSF) gene-
transfected B16 tumor cell vaccine (GVAX) (Figure 1B). Because
similar results were obtained in both tumor models, for consis-
tency in the following experiments we used anti-PD-1/-L1 as
monotherapies in the MC38 tumor model unless otherwise
noted. The enhanced activity of IgG2a compared to the IgG1
and IgG1-D265A subclasses of this Ab indicated that engage-
ment of activating FcyRs by this anti-PD-L1 Ab is required for
its optimal anti-tumor activity.

In contrast, a different trend was observed when we evalu-
ated the anti-tumor activity of chimeric anti-PD-1 Abs with
the different mouse Fc domains described above. The I1gG1-
D265A Fc variant of the two different chimeric anti-PD-1 Ab
exhibited superior efficacy for the treatment of MC38 tumors
(Figures 1C and 1D). The optimal activity of anti-PD-1 chimeric
antibodies with an IgG1-D265A Fc indicated that FcyR engage-
ment was not required for the optimal activity of anti-PD-1 Abs.
Furthermore, when FcyR-binding capabilities were introduced
into these chimeric anti-PD-1 Abs we observed reduced anti-
tumor activity. Although both of the anti-PD-1 mAbs that we
tested had greater activity in the absence of FcyRs engage-
ment, these chimeric mAbs were distinguished by the specific
FcyR pathways that interfered with their optimal activity. The
IgG2a Fc subclass of chimeric anti-PD-1 clone 4H2 did not
result in significant anti-tumor responses, as compared to the
activity seen for this antibody when delivered as a chimera
with either mouse IgG1 or IgG1-D265A, indicating that the
reduced potency of this Ab clone resulted from the engage-
ment of activating FcyRs (Figure 1C). However, another rat
anti-PD-1 Ab clone, RMP1-14, which recognizes an epitope
distinct from 4H2 (Figure S1D), exhibited diminished activity
when administered as a chimeric antibody with either an
IgG2a or IgG1 Fc (Figure 1D). Thus, distinct FcyR-dependent
mechanisms (e.g., engagement of activating- versus inhibitory
FcyRs) may account for reduced anti-tumor activity of anti-
PD-1 Abs. Collectively, our data indicate that although
anti-PD-1 and -PD-L1 Abs were rationally designed to block
the PD-1/PD-L1 axis, distinct FcyR requirements contribute
to their activity, and therefore differentiate their in vivo mecha-
nisms of action.

Engagement of Activating FcyRs Enhances the Anti-
tumor Activity of an Anti-PD-L1 Antibody and Correlates
with Modulation of Myeloid Cell Subsets

To characterize the mechanistic basis for the activating FcyR
requirement for the anti-tumor activity of anti-PD-L1 Ab, we
compared the activity of an anti-PD-L1 antibody Ab (clone
10F.9G2) in wild-type and mice that lack all activating FcyRs
but retain the expression of inhibitory FcyRIllb (Fcer1g’/’)
(Clynes et al., 1998; Takai et al., 1994). 10F.9G2 is a rat IgG2b
isotype that interacts with all mouse FcyRs and has a relatively
high A/I ratio of 40 (Figure 2A). Treatment of MC38 tumors with
the 10F.9G2 anti-PD-L1 rat IgG2b clone as a monotherapy
significantly reduced the tumor volume in wild-type mice. How-
ever, this therapeutic effect was attenuated in Fcer’g™~ mice
(Figure 2B). Similarly, a dependency on activating FcyR engage-
ment for anti-tumor activity of this anti-PD-L1 clone was also

observed in the B16 melanoma models (Figure S2A). Thus,
blocking of the PD-1/PD-L1 interaction by anti-PD-L1 clone
10F.9G2 was not sufficient to induce its anti-tumor therapeutic
activity. Instead, an activating FcyR-dependent mechanism
was required for optimal in vivo activity, confirming the observa-
tions in Figure 1A.

To determine if the levels of PD-L1 expression in different
splenic and tumor-infiltrating myeloid populations from mice
bearing MC38 tumors could account for this activating FcyR
requirement, we characterized myeloid cells in the TME for
PD-L1 expression. CD11b*F4/80*, CD11b*Gr-1*, and CD11b"*
CD11c* exhibited elevated PD-L1 expression levels in the
TME, as compared to the spleen (Figure 2C). PD-L1 expression
was slightly increased on the MC38 tumor cells, but at signifi-
cantly lower levels when compared to the infiltrating immune
cells. These differences in PD-L1 density could result in selective
depletion of TME myeloid cells. We evaluated the effect of anti-
PD-L1 clone 10F.9G2 on the percentages of these myeloid pop-
ulations in MC38-treated mice (Figure 2D). Anti-PD-L1 treatment
of wild-type mice resulted in the overall reduction in the percent-
ages of tumor-infiltrating CD11b™ cells, with significant reduction
observed for CD11b*F4/80*, CD11b*Gr-1*, and CD11b*
CD11c" cells. The decrease of CD11b*Gr-1" cells is attributed
to myeloid derived suppressor cells (MDSC) and not neutrophils
(CD11b*LyBG*Ly6C™MHC II"F4/80~), whose presence was not
affected by the treatment (Figure S2B). In contrast, CD8" TILs
percentages were increased (Figure S2B). This decrease in the
myeloid cell populations was lost in FcyRa™" mice only for
CD11b*F4/80*, but not for the other populations tested, indi-
cating that both FcyR-dependent and independent mechanisms
are responsible for reduction of TME myeloid populations. In
contrast, there was no change observed in the different myeloid
cell populations in the spleen from these anti-PD-L1 treated
tumor-bearing mice. To determine whether activating FcyR
engagement by the anti-PD-L1 antibody is responsible for the
attenuation of CD11b*F4/80*, we compared the percentages
of these cells within the overall infiltrated immune cells after
treatment of MC38 tumor-bearing mice with anti-PD-L1
10F.9G2 in wild-type and Fcerlg™~ mice (Figure 2E). The
reduced percentages of CD11b*F4/80* observed in wild-type
mice was abrogated in Fcer!g™~, indicating a role for activating
FcyRs in mediating the depletion of these immunosuppressive
cells and thereby contributing to the enhanced anti-tumor activ-
ity observed for this anti-PD-L1 antibody when it engages acti-
vating FcyRs. Of clinical importance, the increase in CD3* TILs
observed after anti-PD-L1 treatment is not affected by engage-
ment of activating FcyRs (Figure S2C).

We compared the effect of IgG2a and IgG1-D265A subclasses
for another anti-PD-L1 Ab clone, 14D8, on the overall percent-
ages and absolute numbers of myeloid and lymphocyte subpop-
ulations in the TME. Treatment with the IgG2a subclass of 14D8
Ab decreases the percentages (Figure 2F) and absolute number
(Figure S2D) of monocytes, but increases the presence of imma-
ture myeloid cells. These changes were not observed in the TME
of mice treated with the Fc null (D265A mutant) subclass. Other
myeloid cells including macrophages, dendritic cells, and neu-
trophils were not altered by either subclass (Figures 2F and
S2D). An increase of CD8 TlLs is observed at similar levels after
treatment with both subclasses (Figure S2E), indicating that the
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Figure 2. Activating FcyR Engagement Enhances Anti-PD-L1 Activity through Alternation of Myeloid Subset Percentages

(A) Relative mouse FcyR-binding profile for rat IgG2b. Binding affinities based on SPR analysis. A/l were calculated as the ratios of Kp values of FcyRIV and
FcyRIIB.

(B) Wild-type and Fcerg ™'~ mice with established MC38 tumors were treated with rat IgG2a anti-PD-L1 clone 10F.9G2 or isotype control. Data are represented
as mean + SEM (n = 6). One of two experiments is shown.

(C) PD-L1 expression pattern of the indicated cell populations from spleens and tumors from MC38-bearing mice. Representative data from two experiments
conducted with five mice.

(D) Wild-type and FcyRa™" mice with established MC38 tumors were treated with anti-PD-L1 clone 10F.9G2 or isotype control. Data are represented as mean +
SEM of two experiments that were pooled (n > 10).

(E) Tumors from mice with genotypes and treatments as described in (B) were harvested and analyzed for the percentages of CD11b*F4/80" cells. Dots are
individual mice. Bars represent mean + SEM.

(F) Mice with established MC38 tumors were treated with the indicated chimeric versions of anti-PD-L1 clone 14D8 or migG1 isotype control. Tumors were
harvested and analyzed for the percentages of monocytes (CD11b*MHCII*~Ly6C*F4/80-CD11c™), macrophages (CD11b*MHC II*F4/80*CD11c*~
Ly6C Ly6G "), and immature myeloid cells (CD11b*MHC II"F4/80*Ly6C Ly6G ") cells. Dots are individual mice. Bars represent mean + SEM.

See also Figure S2.

therapeutic increase in CD8 TILs is mediated by the Fab domain
and is not affected by the Fc domain of 14D8 Ab. However, when
activating FcyRs are engaged by this Ab, distinct mechanisms
lead to modulation of the myeloid cell composition in the TME.
The combination of both FcyR engagement and PD-1/PD-L1
blocking by PD-L1 Abs thus results in optimized treatment
efficacy.

Activating FcyR Engagement Results in Diminished
Anti-tumor Response for Anti-PD-1 Abs

In contrast to the results shown above for an anti-PD-L1 Ab, anti-
PD-1 Abs demonstrated reduced anti-tumor activity when their
Fc domain was able to engage FcyRs. To characterize the
involvement of FcyRs in the diminished activity of the chimeric
anti-PD-1 1gG2a Fc (clone 4H2), we compared the activity of

288 Cancer Cell 28, 285-295, September 14, 2015 ©2015 Elsevier Inc.
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Figure 3. Activating FcyRs Reduce the Efficacy of an Anti-PD-1 Antibody by Eliminating CD8 TILs
(A) Wild-type, Fcgr2b™~, and Fcer1g™~ mice with established MC38 tumors were treated with IgG2a isotype of anti-PD-1 clone 4H2 or isotype control. Data are

represented as mean + SEM (n = 10).

(B) Wild-type, Fcgr1~'—, and Fcer1g ™~ mice with established MC38 tumors were treated with IgG2a isotype of anti-PD-1 clone 4H2 or isotype control. Data are

represented as mean + SEM (n = 5). One of two experiments is shown.

(C) PD-1 expression of CD8" T cell, CD4*Foxp3~ (Teff), and CD4*Foxp3* (Treg) from spleens and tumors harvested from MC38-bearing mice. Representative

data from at least two experiments conducted with five mice.

(D) Tumors and spleens of mice with the genotypes and treatments as described in (B) were harvested for single cell suspensions and analyzed for the per-
centages of the indicated cell populations. Dots are individual mice. Bars represent mean + SEM. One of two experiments is shown.

See also Figure S3.

this chimeric antibody in wild-type mice, mice that lack all acti-
vating FcyRs (Fcerig™"), and mice deficient in the inhibitory
FcyRllb (Fcgr2b™") (Figure 3A). No significant difference in
anti-tumor activity was observed in wild-type or Fegreb™'~.
Both strains displayed only a moderate reduction i n the mean tu-
mor volume when compared to mice treated with isotype control
Ab. However, significantly higher reduction in tumor volume was
observed in Fcer1g™~ mice, indicating the dominant role of acti-
vating FcyRs for the diminished activity of 4H2 anti-PD-1 IgG2a.
This is consistent with the preferential binding of this mouse Fc
subclass to activating FcyRs and its reduced anti-tumor activity
compared to Fc subclass with reduced or absence FcyR binding
described above. This role of FcyRs was further supported by
evaluating the activity of chimeric 4H2 anti-PD-1 IgG2a subclass

null

in FcyRa™" mice lacking mouse FcyR a chain-encoding genes
(Fcgri, Fcgr2b, Fcgr3, and Fcgrd) (Smith et al., 2012); significant
anti-tumor response of this chimeric antibody was observed in
these mice, similar to that seen Fcerlg~’~ mice (Figure S3A).
The mouse 1gG2a subclass binds to the activating Fc receptors
FcyRl, lll,and IV. We sought to determine the contribution of these
different activating FcyRs to the diminished anti-tumor response.
Similar to Fcer?g™~ mice, improved activity of the chimeric anti-
PD-1 IgG2a Fc antibody was observed in chr1*/* mice (Fig-
ure 3B). This effect was unique to Fcgr?~/~ mice and was not
observed in mice with deficiency in other activating FcyRs-,
Fegr3™'—, or Fcgr4™'~ (Figure S3B), indicating that FcyRI is
necessary and sufficient for the reduced efficacy of anti-PD-1
treatment of this chimeric anti-PD-1 Ab/Fc configuration.

Cancer Cell 28, 285-295, September 14, 2015 ©2015 Elsevier Inc. 289
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Engagement of Activating FcyRs by Anti-PD-1

Eliminates Activated Intratumoral CD8 T Cells

The involvement of the activating FcyRI in the decreased effi-
cacy of the chimeric 4H2 anti-PD-1 IgG2a Fc Ab suggested
that ADCC-mediated depletion of PD-1-expressing cell popula-
tions by this Ab correlated with its diminished anti-tumor activity.
To identify potential targets for ADCC we determined PD-1
expression levels on T cell subsets in the TME and the periphery
(Figure 3C). PD-1 expression levels on both effector CD8" and
CD4*Foxp3~ T cells and regulatory CD4*Foxp3* T cells were
relatively low in the spleen but upregulated within the TME.
CD8* and CD4" effector TILs were found to have greater PD-1
expression than intratumoral regulatory T cells. Within the
effector subsets in the TME, CD8* cells tended to have higher
levels of surface PD-1 as compared to effector CD4* and have
a higher percentage of PD-1* cells. Similar PD-1 expression pat-
terns were observed in the B16 melanoma microenvironment
(data not shown).

Because PD-1 is highly expressed on CD8 TILs and anti-PD-1
treatment is correlated with increased T-cell-mediated anti-
tumor responses, we sought to determine whether CD8 TILs
are targeted through an ADCC mechanism by anti-PD-1 Ab,
thereby contributing to its reduced efficacy. First, we tested
how the presence of CD8" TILs was affected by treatment with
the different anti-PD-1 mouse IgG subclasses (Figure S3C).
The relative percentages of CD8" TILs were found to be corre-
lated with the binding affinities to activating FcyRs by the anti-
PD-1 mouse IgG subclass used for treatment. 4H2 anti-PD-1
IgG1 and IgG1-D265A treatments resulted in a therapeutic in-
crease of CD8" TILs, whereas the IgG2a treated group exhibited
a significant reduction of these cells. Alternation in CD8 T cell
percentages was specific to the tumor site and did not occur
in splenic T cells, consistent with their lower PD-1 expression.
Moreover, when we tested the effect of the anti-PD-1 mouse
Fc subclasses on the relative proportion of the PD-1 expressing
CD8* TILs we observed direct correlation between the A/l ratio of
the IgG subclass and the percentages of PD-1-positive target
CD8 TILs (Figure S3D). Because PD-1 is upregulated by acti-
vated T lymphocytes, we observed similar correlation between
the IgG A/l ratio and the percentages of activated CD8 TILs (Fig-
ure S3E). Thus, FcyR mediates the elimination of intratumoral
activated CD8*PD-1* by anti-PD-1 IgGs. Such increased elimi-
nation of target cells by IgG2a was consistent with previous ob-
servations in a variety of in vivo experimental systems (Bulliard
et al., 2013; Clynes et al., 1998; Selby et al., 2013; Simpson
et al., 2013).

We wished to elucidate the contribution of activating FcyRs for
the attenuation in intratumoral T cell populations. Because of the
improved activity of 4H2 anti-PD-1 IgG2a in Fcerlg™~ and
Fegr1™~ mice we evaluated the effect of anti-PD-1 treatment
on different T cell subsets in these mice (Figure 3D). While the
chimeric 4H2 anti-PD-1 19G2a Fc antibody resulted in 48%
reduction in the percentages of CD8" TILs in wild-type mice,
their relative presence within the overall immune cells in the
TME after treatment was increased by 4.5- and 2.6-fold in
Fcerlg™~ and Fcgr1™'~ mice, respectively. This confirmed a
role for activating FcyRs in anti-PD-1-mediated CD8* elimination
from the tumor site, and therefore in the abrogation of their acti-
vation and proliferation needed for effective immunotherapy. The

effect of activating FcyRs was specific to intratumoral CD8* cells
since the percentages of effector and regulatory CD4 T cells
were not altered by this chimeric anti-PD-1 antibody. Although
a slight reduction in the percentages of effector CD4 T cells
was observed in tumors from Fcerig™~ and Fcgr?~'~ mice
compared to untreated mice, this trend was not statistically sig-
nificant when compared to anti-PD-1 treated wild-type mice or
when total numbers of CD4 T cells per tumor mass were evalu-
ated (Figure S3F). No changes in the splenic T cells subset pop-
ulations were observed after anti-PD-1 treatment. Thus, the
elevated PD-1 expression levels on CD8* TILs were consistent
with the CD8*-specific elimination observed by 4H2 anti-PD-1-
IgG2a in the TME. Collectively, our data support the conclusion
that in the absence of FcyR engagement, anti-PD-1 treatment
leads to increased CD8+ T cell percentages within the TME,
presumably by blocking their PD-1 inhibitory signal. FcyR
engagement by anti-PD-1 targets CD8 TILs by ADCC and there-
fore reduces their percentages. This decrease of CD8" TlLs
correlates with the poor anti-tumor activity induced by 4H2
anti-PD-1 IgG2a.

Decreased Efficacy of Anti-PD-1 Treatment by
Engagement of FcyRIlb

In contrast to the chimeric anti-PD-1 antibody derived from clone
4H2 with a mouse IgG1 Fc, the chimeric anti-PD-1 clone RMP1-
14 with a mouse IgG1 Fc had significantly diminished anti-tumor
activity (Figure 1), implying that engagement of the FcyRIIB
pathway may limit the optimal activity of this Ab clone. The
anti-PD-1 Ab produced by the hybridoma clone RMP1-14 is a
rat 1lgG2a subclass (Yamazaki et al., 2005), and had shown
anti-tumor activity in the treatment of variety murine tumor
models (Curran et al., 2010; Lu et al., 2014; Peng et al., 2012).
ELISA- (Figure S4A) and surface plasmon resonance (SPR)- (Fig-
ure 4A) based analysis of the rat IgG2a binding profile to mouse
FcyRs revealed that this subclass bound only the low-affinity
mouse FcyRIlb and FeyRIIl with Kp of 6.1 x 107® and 2.3 x
102, respectively. (In contrast, the mouse IgG2a subclass binds
mouse high-affinity FcyRI and IV preferentially). We therefore
assessed the anti-tumor activity of this rat antibody in wild-
type, Fegr2b™~, and Fcgr3™'~ mice. Although treatment of
wild-type mice with rat anti-PD-1 RMP1-14 clone (rat IgG2a)
resulted in reduction in MC38 tumor volume, significant improve-
ment in the anti-tumor response was achieved in Fcgr2b™'~
mice (Figure 4B). In contrast, FcyRIIl deficiency did not affect
the therapeutic efficacy of this rat anti-PD-1 clone (Figure S4B),
implying FcyRIlIb-mediated diminished efficacy of RMP1-14
anti-PD-1. This is consistent with the diminished activity
observed for chimeric RMP1-14 anti-PD-1 mouse IgG1 Fc,
which preferentially engages FcyRIIB, compared to the Fc null
IgG1-D265A subclass. Next, we analyzed the effect of FcyRlIIb
engagement on the expansion of intratumoral CD8 T cells
during RMP1-14 anti-PD-1 treatment (Figure 4C). The enhanced
effect of RMP1-14 anti-PD-1 (rat IgG2a) treatment in Fcgr2b '~
resulted in complete tumor rejection in 60% of the treated
mice (compared to 0% in wild-type mice) at day 7 after treat-
ment onset. We therefore analyzed tumors from mice at earlier
time points than in the previous experiments and prior to
the completion of our Ab treatment protocol. Similar percent-
ages of CD8 TILs were observed in tumors from control and
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Figure 4. FcyRIlb Engagement Reduces the Efficacy of Anti-PD-1 Treatment
(A) Relative FcyR-binding profile for various rat and human IgG Fc variants. Binding affinities based on SPR analysis. A/l were calculated as the ratios of Ky values

of FcyRIll (mouse) or FcyRIIIAT'®8 (human) and FeyRIIB.

(B) Wild-type and chr2b”’ mice with established MC38 tumors were treated with anti-PD-1 clone RMP1-14 or isotype control. Data are represented as mean +

SEM (n > 8).

(C) Wild-type and chr2b” ~ with established MC38 were injected two or three times with RMP1-14 and tumors were harvested at days 4 or 7 post-treatment

onset, respectively. Dots are individual mice. Bars represent mean + SEM.

(D) Humanized FcyRs mice with established MC38 tumors were treated with human IgG1-N297A or IgG4 subclasses of anti PD-1 clone RMP1-14. Data are

represented as mean + SEM. One of three experiments is shown (n = 11).
See also Figure S4.

RMP1-14 anti-PD-1 (rat IgG2a)-treated wild-type mice at day 4
(after two Ab injections), while in Fcgr2b™'~ mice CD8* TiLs
were increased by 2-fold compared to wild-type mice. FcyRIlb
tended to delay, but not to prevent, the expansion of CD8 TILs
because after completion of the Ab treatment (day 7), there
was a significant increase in their percentages in treated wild-
type mice as well.

Several humanized anti-PD-1 Abs, including nivolumab and
pembrolizumab, both recently approved by the FDA, are of the
human 1gG4 subclass, a subclass that has relatively low binding
affinities to human FcyRs. Rationally designed as blocking re-
agents, these Abs were developed as human IgG4 to avoid Fc-
mediated cytotoxic effects on T cells. Compared to human
IgG1 and 1gG3, 1gG4 had significantly reduced binding affinity
to human activating FcyRs, but retain binding to the human
inhibitory FcyRIlb receptor, resulting in a relative low A/l ratio
of 1 (Bruhns et al., 2009) (Figure 4A). We therefore sought to
test whether administration of a chimeric rat anti-PD-1 RMP1-
14 clone with a human IgG4 Fc would alter its activity compared
to the chimeric antibody with the FcyR null binding human IgG1-

N297A Fc. We generated two human IgG Fc variants of the rat
anti-mouse PD-1 clone RMP1-14: either with a human IgG4 Fc
immunoglobulin with a stabilizing S228P mutation (Lewis et al.,
2009) or with the human IgG1-N297A FcyR null binding variant
(Figure 4A). Because murine systems are not suitable to study
human IgG Fc effector functions in vivo, we used a mouse model
we developed recently in which the mouse FcyRs had been
deleted and all the human FcyRs were expressed as transgenes,
faithfully recapitulating the human-specific FcyR expression
pattern and diversity (Smith et al., 2012). We compared the
anti-tumor response of these two chimeric versions of anti-
PD-1 clone RMP1-14 with human Fc in humanized FcyRs mice
bearing MC38 tumors (Figure 4D). Treatments with both chi-
meras of anti-PD-1 RMP1-14 clone, containing human IgG1-
N297A or IgG4 Fcs, resulted in a similar significant tumor growth
inhibition and in a total of 70% (16 of 23) and 63% (15 of 24)
tumor-free mice, respectively. Thus, in contrast to our observa-
tion for the mouse IgG1 Fc subclass, adding FcyR-binding capa-
bilities in the form of human IgG4 Fc does not alter the anti-tumor
activity of this anti-PD-1 clone.
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DISCUSSION

The emergence of immunomodulatory antibodies for the treat-
ment of neoplastic diseases is a milestone in therapeutic ap-
proaches to cancer. It has become apparent, however, that the
in vivo activity of these antibodies result from both Fab- and
Fc-mediated pathways (Bulliard et al., 2014; Li and Ravetch,
2011; White et al., 2011). We now report on the evaluation of
the role of Fc-FcyR interactions in the activity of the Abs target-
ing the PD-1 immune checkpoint pathway. Optimal anti-tumor
activity of Abs targeting PD-1 was achieved by blocking of the
inhibitory PD-1 signal in the absence of Fc-FcyR engagement;
FcyR engagement by anti-PD-1 Abs resulted in diminished
in vivo activity. Although this negative effect of FcyYR engage-
ment was observed for two distinct antibodies recognizing
distinct epitopes on PD-1, the mechanism by which FcyR
engagement resulted in reduced efficacy differed. The 4H2
anti-PD-1 antibody engagement of activating FcyR resulted in
the elimination of effector CD8" in the TME by ADCC. However,
for another anti-PD-1 Ab recognizing a different epitope on PD-1
(clone RMP1-14), engagement of the inhibitory FcyR resulted in
diminished in vivo anti-tumor activity, implicating that epitope-
specific mechanisms governed the impact of FcyR engagement
by this class of immune checkpoint Abs. In contrast to anti-PD-1
Abs, blocking of this axis by disrupting anti-PD-L1 binding by
anti-PD-L1 was enhanced by engagement of activating FcyRs.
This effect was correlated to elimination of monocytes and mod-
ulation of myeloid cells within the TME by anti-PD-L1.

We identified FcyRl as the Fc receptor that was responsible for
triggering the elimination of CD8 TILs by the anti-PD-1/IgG2a.
This dependence on FcyRI was unexpected considering previ-
ous observations in multiple experimental settings, indicating
that although FcyRl is capable of binding IgG2a with high affinity,
it does not contribute to the in vivo activity of this subclass of
IgGs, presumably as a consequence of the saturation of the re-
ceptor by circulating 1gG. FcyRIV, an intermediate affinity acti-
vating FcyR, is the primary activating FcyR that mediates
ADCC by the IgG2a subclass (DiLillo and Ravetch, 2015; Hama-
guchi et al., 2006; Nimmerjahn et al., 2010). For example, in the
B16 melanoma model, direct killing of tumor cells by the anti-
gp75 Ab TA99 and elimination of intratumoral Tregs by anti-
CTLA4 were mediated through FcyRIV (Nimmerjahn et al.,
2010; Simpson et al., 2013). Similar observations had been
made in a variety of solid and liquid tumor models, supporting
the conclusion that FcyRlI, by virtue of its nanomolar affinity for
IgG2a, insures its saturation by normal serum concentrations
of IgG2a and is unavailable to be recruited by therapeutic Abs.
The finding that in the MC38 tumor model mouse FcyRI was
responsible for depletion of CD8 effector cells by an IgG2a sub-
class Fc suggests that the TME may modulate FcyRs differen-
tially than observed on circulating or tissue macrophages.

Two distinct FcyR-mediated mechanisms were recently
described for enhancing the potency of immunomodulatory
Abs: the engagement of activating FcyR for ADCC-mediated
depletion of intratumoral regulatory lymphocytes that overex-
press the target antigen (e.g., CTLA-4, OX-40, and GITR), or
the engagement of the inhibitory FcyRIlb to provide a scaffold
for Ab cross-linking, and therefore enhance the agonistic activity
of Abs targeting TNFR family members such as anti-CD40 and

DR5. We observed that anti-PD-1 Abs may engage either of
these two distinct FcyR-dependent mechanisms to reduce the
potency of this class of antibodies, depending on both their Fc
and Fab domains. When engaged, both pathways diminished
the therapeutic potential of these immunomodulatory Abs.
Thus, for the anti-PD-1 clone, RMP1-14, engagement of both
activating (when administered as IgG2a) and inhibitory FcyRs
(when administered as 1gG1) resulted in reduced activity when
compared to an FcyR null variant. The reduced activity upon
engagement of activating FcyR was shared by the other anti-
PD-1 clone tested. However, the FcyRIlb pathway was unique
to this clone. We speculate that FcyRllb engagement by clone
RMP1-14 may contribute partial agonistic activity to this clone
and therefore deliver augmented inhibitory PD-1 signals that
may interfere with its therapeutic PD-1 blocking activity. Alterna-
tively, engagement of FcyRllb may directly influence FcyRIlb-
expressing cells in the tumor microenvironment by altering their
activation state and phenotype, thus suppressing T cells in a
PD-1 independent manner. Studies elucidating the mechanistic
basis for the FcyRIlb-mediated reduced efficacy by anti-PD-1
are undergoing.

CTLA-4 and PD-1 are the only targets for immune checkpoint
blocking Abs approved to date by the FDA for the treatment of
cancer. The observation that anti-CTLA-4 Abs mediate their
anti-tumor activity, in part, through depletion of intratumoral
Tregs (Bulliard et al., 2013; Romano et al., 2014; Selby et al.,
2013; Simpson et al., 2013) highlights the potential role of FcyRs
in the activity of immune checkpoint blocking Abs. However, we
observed that not only are anti-PD-1 Abs FcyR independent but
also that FcyRs engagement reduced their therapeutic potency.
Whereas Abs targeting both CTLA-4 and PD-1 aim to mediate
therapeutic increases in the intratumoral Teff/Treg ratio, the
distinct expression pattern of these immune receptors distin-
guishes the FcyR requirement and in vivo mechanism of
these blocking Abs. CTLA-4 expression density is higher on
the regulatory TIL compartment, whereas PD-1 is relatively over-
expressed on effector TILs. Therefore, preferential depletion of
regulatory versus effector T cells by anti-CTLA-4 or PD-1,
respectively, results in correspondingly enhanced or diminished
Teff/Treg ratios. With the understanding that many of the immu-
nomodulatory Abs now being tested as therapies will mediate
their in vivo effects through different mechanisms depending
on their target molecule, target cell, and TME, each class of
immunomodulatory Abs will need to be individually analyzed to
determine their in vivo FcyR requirements based on their mech-
anisms of action.

In contrast to the FcyR-independent mechanisms of anti-PD-1
Abs, an anti-PD-L1 Ab displayed significantly enhanced anti-tu-
mor activity only when activating FcyR engagement was opti-
mized. This enhanced activity was correlated with diminished
F4/80-positive cells in the MC38 tumor model. The therapeutic
potential of targeting TAMs has been demonstrated for a variety
of tumors (Fritz et al., 2014; Noy and Pollard, 2014). In many tu-
mor types, TAMs are polarized to a tumor-promoting phenotype,
and stimulate tumor initiation and progression, including angio-
genesis, tumor invasion, motility, and metastasis (Qian and
Pollard, 2010). In addition, these TAMs are immunoregulatory
and suppress the T cell-mediated anti-tumor immune response
in the TME (Coussens et al., 2013). Direct targeting of PD-L1
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expressing myeloid cells may account for the enhanced activity
of anti-PD-L1 Abs upon engagement of activating FcyRs. This
pathway seems to synergize with the FcyR-independent block-
ing activity of ant-PD-L1 thereby augmenting the anti-tumor
activity of effector T cells.

Whereas the proportion of different myeloid cell populations
are reduced in a similar degree after anti-PD-L1 10F.9G2 clone
treatment, we observed that only F4/80-positive cells reduction
is FcyR-dependent, whereas MDSC reduction is not. MDSC
reduction after anti-PD-L1 treatment has been reported previ-
ously in different tumor models (Curran et al., 2010). This atten-
uation in MDSC localization in the TME is also associated with
reduction in their suppressive phenotype (Duraiswamy et al.,
2013), and is mediated through TNF, which is secreted by
CD8" TILs upon their stimulation by anti-PD-L1 (Deng et al.,
2014). We observed similar PD-L1 expression levels on both
F4/80-positive cells and MDSC. The basis for this differential
dependence on FcyR engagement remains to be elucidated.

Although our studies provide evidence for a role for PD-L1
expression on myeloid cells for the enhanced therapeutic effect
of anti-PD-L1 upon engagement of activating FcyRs, they do not
address the relative contribution of PD-L1 expressed by tumor
cells. The importance of PD-L1 expression by tumor cells and in-
filtrated immune cells has been recently demonstrated in clinical
settings (Tumeh et al., 2014). Indeed, PD-L1 expression by
infiltrating leukocytes correlates with patients’ response to
anti-PD-L1 treatment (Herbst et al., 2014). Further clinical
studies elucidating the contribution of PD-L1 on tumor cells,
tumor stroma, and the different infiltrating leukocytes are war-
ranted to highlight potential predictive markers for anti-PD-1/
PD-L1 treatments.

This study has significant implications for the selection of the
optimal Fc for anti-PD-1/PD-L1 Abs. Both anti-PD-1 mAbs
approved for the treatment of advanced melanoma, nivolumab
(Topalian et al., 2012) and pembrolizumab (Hamid et al., 2013),
are human IgG4 isotypes. This isotype was selected due to the
low affinity binding of IgG4 to human FcyRs to avoid ADCC-
mediated depletion of PD-1 expressing cells. We have shown
that, depending on the epitope recognized, inhibitory FcyRIIB
engagement may diminish the activity of anti-PD-1 Abs. By using
mice humanized for FcyRs, we have demonstrated that IgG4
isotype of an anti-PD-1 Ab may not alter the anti-tumor activity
compared to FcyR null mutant. However, the reduced activity
of mouse IgG1 through interaction with FcyRIIB suggest that in-
teractions with FcyRIIB should also take into consideration when
selecting human IgG Fc scaffolds for anti-PD-1 Abs. Pidilizumab
is a humanized IgG1 anti-PD-1 mAb in clinical development.
Based on the relatively high-affinity interaction of IgG1 with acti-
vating FcyRs and our preclinical studies that demonstrate FcyR-
mediated depletion of intratumoral Teff, this Ab may result with
unwanted depletion of effector TILs and therefore display
reduced anti-tumor activity. Therefore an FcyR null IgG variant
of anti-PD-1 is predicted to be the optimal candidate for thera-
peutic blocking of PD-1 by avoiding the unwanted engagement
of FcyR pathways.

Four different Abs targeting PD-L1 are currently being investi-
gated in clinical trials: BMS-936559 (IgG4), MPDL3280A and
MEDI4736 (IgG1s engineered to eliminate Fc-FcyR interactions),
and MSB0010718C (IgG1). The variety of IgG isotypes with dif-

ferential FcyR-binding properties developed by the different
companies can provide valuable insight into the contribution of
FcyRs for anti-PD-L1 treatment of human malignancies. Further
evaluation of the effector cells expressing FcyRs in different hu-
man tumor types, PD-L1 expression levels by different myeloid
cells, and the efficacy of the different anti-PD-L1 isotypes should
provide valuable information regarding the involvement of FcyR
pathways in the activity of anti-PD-L1 Ab treatment in cancer
patients, and may provide rational for the design of IgG construct
for optimal clinical anti-tumor activity.

EXPERIMENTAL PROCEDURES

A detailed description of the experimental procedures is provided in the Sup-
plemental Experimental Procedures.

Mice
Mice 7-10 weeks of age were used in all experiments.

All mice were maintained in The Rockefeller University Comparative Biosci-
ence Center. All experiments were performed in compliance with federal laws
and institutional guidelines and had been approved by The Rockefeller Univer-
sity IACUC.

Tumor Challenge and Treatment

MC38 cells (2 x 10°) were implanted subcutaneously (s.c), and tumor volumes
were measured every 2-3 days with an electronic caliper and reported as vol-
ume using the formula (L+% x L)/2, where L is the shortest diameter and L, is
the longest diameter. Five to seven days after tumor inoculation, mice were
randomized by tumor size (day 0) and received intraperitoneal (i.p) injection
of 200 ug anti-PD-1, anti-PD-L1, or control IgG. Mice received an additional
200 g of IgG treatment at days 3 and 6. For the B16 model, mice were chal-
lenged with 2 x 10° B16-F10 cells s.c, and after 3 days (day 0), were treated
with 108 irradiated B16-GM-CSF-secreting cells (GVAX) s.c and the first IgG
treatment i.p. Additional IgGs were injected at days 3 and 6.

Tissue Processing and Flow Cytometry

For functional experiments, mice were challenged and treated as described
above, and were killed at day 8, unless otherwise indicated. Spleens were
dissected through a 70 um nylon cell strainer, incubated with red blood cells
lysis buffer (Sigma), and washed. Tumors were mechanically dissected and,
in most cases, incubated with DNase and Liberase TL (Roche) before
dispersed through a 70 um nylon cell strainer. Different cell populations
were identified after excluding dead cells using live/dead fixable aqua dead
cell dye (Life Technologies). For intracellular staining, cells were fixed and per-
meabilized with Foxp3 Fix/Perm buffer kit (Bioleagend).

CountBright Absolute Counting Beads (Life Technologies) were added prior
to acquisition. Cell populations were defined by the following markers: mono-
cytes (CD11b*MHC II*/~Ly6C*F4/80 CD11c "), macrophages (CD11b*MHC
II"F4/80*CD11c*'"Ly6C Ly6G™), immature myeloid cells (CD11b*MHC
II"F4/80*Ly6C Ly6G ™), neutrophils (CD11b*Ly6G*Ly6C™MHC II"F4/807),
dendritic cells (CD11b*CD11c*MHC 1I*F4/807), CD8 T cells (CD3*CD8"),
CD4 effector T cells (CD3*CD4*Foxp3™), and CD4 regulatory T cells (CD3"
CD4*Foxp3*). Data were acquired on Fortessa flow cytometers (BD) and
analyzed using FlowJo software.

SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures

and four figures and can be found with this article online at http://dx.doi.org/
10.1016/j.ccell.2015.08.004.

AUTHOR CONTRIBUTIONS

R.D. designed and performed experiments, analyzed data, and wrote the
manuscript. E.S., J.E., and M.S. designed and performed experiments and

Cancer Cell 28, 285-295, September 14, 2015 ©2015 Elsevier Inc. 293

CellPress



http://dx.doi.org/10.1016/j.ccell.2015.08.004
http://dx.doi.org/10.1016/j.ccell.2015.08.004

analyzed data. A.J.K. designed and directed the study and edited the manu-
script. J.V.R. designed and directed the study and edited the manuscript.

ACKNOWLEDGMENTS

We wish to thank H. Yagita (Juntendo University) for providing the RMP1-14
hybridoma, and J.P Allison (MD Anderson Cancer Center) for providing the
GVAX cells. We thank Hannah Lee for excellent technical assistance. We
would like to acknowledge colleagues at BMS: Jie Hao, Xiang Shao, Karla
Henning, Haibin Chen, Minhua Han, Rangan Vangaipuram, Deepa Sharma,
Brian Lee, and Daniel Tengco, who isolated and characterized the isotype var-
iants of 4H2 and 14D8. The research described above was funded in part by
Bristol-Myers Squibb Company. Rony Dahan is a Cancer Research Institute
Irvington Fellow supported by the Cancer Research Institute. Support is also
provided in part by the Melanoma Research Alliance, and The Rockefeller
University.

E.S., J.E., and M.S. are employees of Bristol-Myers Squibb and have finan-
cial interest in the company. A.K. is an employee and shareholder of Bristol-
Myers Squibb.

Received: March 17, 2015
Revised: June 29, 2015
Accepted: August 12, 2015
Published: September 14, 2015

REFERENCES

Ahmadzadeh, M., Johnson, L.A., Heemskerk, B., Wunderlich, J.R., Dudley,
M.E., White, D.E., and Rosenberg, S.A. (2009). Tumor antigen-specific CD8
T cells infiltrating the tumor express high levels of PD-1 and are functionally
impaired. Blood 774, 1537-1544.

Blank, C., Brown, ., Peterson, A.C., Spiotto, M., lwai, Y., Honjo, T., and
Gajewski, T.F. (2004). PD-L1/B7H-1 inhibits the effector phase of tumor rejec-
tion by T cell receptor (TCR) transgenic CD8+ T cells. Cancer Res. 64, 1140-
1145.

Brahmer, J.R., Tykodi, S.S., Chow, L.Q.M., Hwu, W.-J., Topalian, S.L., Hwu,
P., Drake, C.G., Camacho, L.H., Kauh, J., Odunsi, K., et al. (2012). Safety
and activity of anti-PD-L1 antibody in patients with advanced cancer.
N. Engl. J. Med. 366, 2455-2465.

Bruhns, P., lannascoli, B., England, P., Mancardi, D.A., Fernandez, N., Jorieux,
S., and Daéron, M. (2009). Specificity and affinity of human Fcy receptors and
their polymorphic variants for human IgG subclasses. Blood 773, 3716-3725.
Bulliard, Y., Jolicoeur, R., Windman, M., Rue, S.M., Ettenberg, S., Knee, D.A.,
Wilson, N.S., Dranoff, G., and Brogdon, J.L. (2013). Activating Fc v receptors
contribute to the antitumor activities of immunoregulatory receptor-targeting
antibodies. J. Exp. Med. 270, 1685-1693.

Bulliard, Y., Jolicoeur, R., Zhang, J., Dranoff, G., Wilson, N.S., and Brogdon,
J.L. (2014). OX40 engagement depletes intratumoral Tregs via activating
FcyRs, leading to antitumor efficacy. Immunol. Cell Biol. 92, 475-480.
Chapon, M., Randriamampita, C., Maubec, E., Badoual, C., Fouquet, S.,
Wang, S.F., Marinho, E., Farhi, D., Garcette, M., Jacobelli, S., et al. (2011).
Progressive upregulation of PD-1 in primary and metastatic melanomas asso-
ciated with blunted TCR signaling in infiltrating T lymphocytes. J. Invest.
Dermatol. 737, 1300-1307.

Clynes, R., Takechi, Y., Moroi, Y., Houghton, A., and Ravetch, J.V. (1998). Fc
receptors are required in passive and active immunity to melanoma. Proc.
Natl. Acad. Sci. USA 95, 652-656.

Clynes, R.A., Towers, T.L., Presta, L.G., and Ravetch, J.V. (2000). Inhibitory Fc
receptors modulate in vivo cytotoxicity against tumor targets. Nat. Med. 6,
443-446.

Coussens, L.M., Zitvogel, L., and Palucka, A.K. (2013). Neutralizing tumor-pro-
moting chronic inflammation: a magic bullet? Science 339, 286-291.

Curran, M.A., Montalvo, W., Yagita, H., and Allison, J.P. (2010). PD-1 and
CTLA-4 combination blockade expands infiltrating T cells and reduces regula-
tory T and myeloid cells within B16 melanoma tumors. Proc. Natl. Acad. Sci.
USA 107, 4275-4280.

Deng, L., Liang, H., Burnette, B., Beckett, M., Darga, T., Weichselbaum, R.R.,
and Fu, Y.-X. (2014). Irradiation and anti-PD-L1 treatment synergistically pro-
mote antitumor immunity in mice. J. Clin. Invest. 124, 687-695.

DilLillo, D.J., and Ravetch, J.V. (2015). Differential Fc-receptor engagement
drives an anti-tumor vaccinal effect. Cell 767, 1035-1045.

Dong, H., Strome, S.E., Salomao, D.R., Tamura, H., Hirano, F., Flies, D.B.,
Roche, P.C., Lu, J., Zhu, G., Tamada, K., et al. (2002). Tumor-associated
B7-H1 promotes T-cell apoptosis: a potential mechanism of immune evasion.
Nat. Med. 8, 793-800.

Duraiswamy, J., Freeman, G.J., and Coukos, G. (2013). Therapeutic PD-1
pathway blockade augments with other modalities of immunotherapy T-cell
function to prevent immune decline in ovarian cancer. Cancer Res. 73,
6900-6912.

Romano, E., Kusio-Kobialka, M., Foukas, P.G., Bichat, H., Baumgaertner, P.,
Meyer, C., Ballabeni, P., Michielin, O., Weide, B., Romero, P., et al. (2014).
FcgRIIIA (CD16)-expressing monocytes mediate the depletion of tumor-infil-
trating Tregs via Ipilimumab-dependent ADCC in melanoma patients.
J. Immunother. Cancer 2, 014,

Fritz, J.M., Tennis, M.A., Orlicky, D.J., Lin, H., Ju, C., Redente, E.F., Choo,
K.S., Staab, T.A., Bouchard, R.J., Merrick, D.T., et al. (2014). Depletion of
tumor-associated macrophages slows the growth of chemically induced
mouse lung adenocarcinomas. Front. Immunol. 5, 587.

Goede, V., Fischer, K., Busch, R., Engelke, A., Eichhorst, B., Wendtner, C.M.,
Chagorova, T., de la Serna, J., Dilhuydy, M.-S., llimer, T., et al. (2014).
Obinutuzumab plus chlorambucil in patients with CLL and coexisting condi-
tions. N. Engl. J. Med. 370, 1101-1110.

Hamaguchi, Y., Xiu, Y., Komura, K., Nimmerjahn, F., and Tedder, T.F. (2006).
Antibody isotype-specific engagement of Fcgamma receptors regulates B
lymphocyte depletion during CD20 immunotherapy. J. Exp. Med. 203,
743-753.

Hamid, O., Robert, C., Daud, A., Hodi, F.S., Hwu, W.-J., Kefford, R., Wolchok,
J.D., Hersey, P., Joseph, R.W., Weber, J.S., et al. (2013). Safety and tumor re-
sponses with lambrolizumab (anti-PD-1) in melanoma. N. Engl. J. Med. 369,
134-144.

Herbst, R.S., Soria, J.C., Kowanetz, M., Fine, G.D., Hamid, O., Gordon, M.S.,
Sosman, J.A., McDermott, D.F., Powderly, J.D., Gettinger, S.N., et al. (2014).
Predictive correlates of response to the anti-PD-L1 antibody MPDL3280A in
cancer patients. Nature 5715, 563-567.

Iwai, Y., Ishida, M., Tanaka, Y., Okazaki, T., Honjo, T., and Minato, N. (2002).
Involvement of PD-L1 on tumor cells in the escape from host immune system
and tumor immunotherapy by PD-L1 blockade. Proc. Natl. Acad. Sci. USA 99,
12293-12297.

Konishi, J., Yamazaki, K., Azuma, M., Kinoshita, I., Dosaka-Akita, H., and
Nishimura, M. (2004). B7-H1 expression on non-small cell lung cancer cells
and its relationship with tumor-infiltrating lymphocytes and their PD-1 expres-
sion. Clin. Cancer Res. 10, 5094-5100.

Lewis, K.B., Meengs, B., Bondensgaard, K., Chin, L., Hughes, S.D., Kjaer, B.,
Lund, S., and Wang, L. (2009). Comparison of the ability of wild type and
stabilized human IgG(4) to undergo Fab arm exchange with endogenous
1gG(4)in vitro and in vivo. Mol. Immunol. 46, 3488-3494.

Li, F., and Ravetch, J.V. (2011). Inhibitory Fcy receptor engagement drives
adjuvant and anti-tumor activities of agonistic CD40 antibodies. Science
333, 1030-1034.

Li, F., and Ravetch, J.V. (2012a). Apoptotic and antitumor activity of death re-
ceptor antibodies require inhibitory Fcy receptor engagement. Proc. Natl.
Acad. Sci. USA 109, 10966-10971.

Li, F., and Ravetch, J.V. (2012b). A general requirement for FcyRIIB co-
engagement of agonistic anti-TNFR antibodies. Cell Cycle 11, 3343-3344.
Li, F., and Ravetch, J.V. (2013). Antitumor activities of agonistic anti-TNFR an-
tibodies require differential FcyRIIB coengagement in vivo. Proc. Natl. Acad.
Sci. USA 7110, 19501-19506.

Lu, L., Xu, X, Zhang, B., Zhang, R., Ji, H., and Wang, X. (2014). Combined
PD-1 blockade and GITR triggering induce a potent antitumor immunity in

294 Cancer Cell 28, 285-295, September 14, 2015 ©2015 Elsevier Inc.


http://refhub.elsevier.com/S1535-6108(15)00295-0/sref1
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref1
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref1
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref1
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref2
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref2
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref2
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref2
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref3
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref3
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref3
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref3
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref4
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref4
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref4
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref5
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref5
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref5
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref5
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref6
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref6
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref6
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref7
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref7
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref7
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref7
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref7
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref8
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref8
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref8
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref9
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref9
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref9
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref10
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref10
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref11
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref11
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref11
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref11
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref12
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref12
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref12
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref13
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref13
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref14
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref14
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref14
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref14
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref15
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref15
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref15
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref15
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref16
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref16
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref16
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref16
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref16
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref17
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref17
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref17
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref17
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref18
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref18
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref18
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref18
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref19
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref19
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref19
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref19
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref20
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref20
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref20
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref20
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref21
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref21
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref21
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref21
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref22
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref22
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref22
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref22
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref23
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref23
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref23
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref23
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref24
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref24
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref24
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref24
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref25
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref25
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref25
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref26
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref26
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref26
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref27
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref27
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref28
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref28
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref28
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref29
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref29

murine cancer models and synergizes with chemotherapeutic drugs. J. Transl.
Med. 12, 36.

Mossner, E., Brinker, P., Moser, S., Plntener, U., Schmidt, C., Herter, S.,
Grau, R., Gerdes, C., Nopora, A., van Puijenbroek, E., et al. (2010).
Increasing the efficacy of CD20 antibody therapy through the engineering of
a new type Il anti-CD20 antibody with enhanced direct and immune effector
cell-mediated B-cell cytotoxicity. Blood 775, 4393-4402.

Musolino, A., Naldi, N., Bortesi, B., Pezzuolo, D., Capelletti, M., Missale, G.,
Laccabue, D., Zerbini, A., Camisa, R., Bisagni, G., et al. (2008).
Immunoglobulin G fragment C receptor polymorphisms and clinical efficacy
of trastuzumab-based therapy in patients with HER-2/neu-positive metastatic
breast cancer. J. Clin. Oncol. 26, 1789-1796.

Nimmerjahn, F., and Ravetch, J.V. (2005). Divergent immunoglobulin g sub-
class activity through selective Fc receptor binding. Science 370, 1510-1512.
Nimmerjahn, F., and Ravetch, J.V. (2012). Translating basic mechanisms of
IgG effector activity into next generation cancer therapies. Cancer Immun.
12,13.

Nimmerjahn, F., Lux, A., Albert, H., Woigk, M., Lehmann, C., Dudziak, D.,
Smith, P., and Ravetch, J.V. (2010). FcyRIV deletion reveals its central role
for IgG2a and IgG2b activity in vivo. Proc. Natl. Acad. Sci. USA 107, 19396-
19401.

Nishimura, H., Nose, M., Hiai, H., Minato, N., and Honjo, T. (1999).
Development of lupus-like autoimmune diseases by disruption of the PD-1
gene encoding an ITIM motif-carrying immunoreceptor. Immunity 77,
141-151.

Noy, R., and Pollard, J.W. (2014). Tumor-associated macrophages: from
mechanisms to therapy. Immunity 47, 49-61.

Page, D.B., Postow, M.A., Callahan, M.K., Allison, J.P., and Wolchok, J.D.
(2014). Immune modulation in cancer with antibodies. Annu. Rev. Med. 65,
185-202.

Pardoll, D.M. (2012). The blockade of immune checkpoints in cancer immuno-
therapy. Nat. Rev. Cancer 712, 252-264.

Peng, W., Liu, C., Xu, C., Lou, Y., Chen, J., Yang, Y., Yagita, H., Overwijk,
W.W., Lizée, G., Radvanyi, L., and Hwu, P. (2012). PD-1 blockade enhances
T-cell migration to tumors by elevating IFN-y inducible chemokines. Cancer
Res. 72, 5209-5218.

Qian, B.Z., and Pollard, J.W. (2010). Macrophage diversity enhances tumor
progression and metastasis. Cell 747, 39-51.

Selby, M.J., Engelhardt, J.J., Quigley, M., Henning, K.A., Chen, T., Srinivasan,
M., and Korman, A.J. (2013). Anti-CTLA-4 antibodies of IgG2a isotype
enhance antitumor activity through reduction of intratumoral regulatory
T cells. Cancer Immunol. Res. 1, 32-42.

Simpson, T.R., Li, F., Montalvo-Ortiz, W., Sepulveda, M.A., Bergerhoff, K.,
Arce, F., Roddie, C., Henry, J.Y., Yagita, H., Wolchok, J.D., et al. (2013). Fc-
dependent depletion of tumor-infiltrating regulatory T cells co-defines the effi-
cacy of anti-CTLA-4 therapy against melanoma. J. Exp. Med. 270, 1695-1710.

Smith, P., DiLillo, D.J., Bournazos, S., Li, F., and Ravetch, J.V. (2012). Mouse
model recapitulating human Fcy receptor structural and functional diversity.
Proc. Natl. Acad. Sci. USA 109, 6181-6186.

Takai, T., Li, M., Sylvestre, D., Clynes, R., and Ravetch, J.V. (1994). FcR y chain
deletion results in pleiotrophic effector cell defects. Cell 76, 519-529.

Topalian, S.L., Hodi, F.S., Brahmer, J.R., Gettinger, S.N., Smith, D.C.,
McDermott, D.F., Powderly, J.D., Carvajal, R.D., Sosman, J.A., Atkins, M.B.,
et al. (2012). Safety, activity, and immune correlates of anti-PD-1 antibody in
cancer. N. Engl. J. Med. 366, 2443-2454.

Topalian, S.L., Sznol, M., McDermott, D.F., Kluger, H.M., Carvajal, R.D.,
Sharfman, W.H., Brahmer, J.R., Lawrence, D.P., Atkins, M.B., Powderly,
J.D., et al. (2014). Survival, durable tumor remission, and long-term safety in
patients with advanced melanoma receiving nivolumab. J. Clin. Oncol. 32,
1020-1030.

Tumeh, P.C., Harview, C.L., Yearley, J.H., Shintaku, I.P., Taylor, E.J., Robert,
L., Chmielowski, B., Spasic, M., Henry, G., Ciobanu, V., et al. (2014). PD-1
blockade induces responses by inhibiting adaptive immune resistance.
Nature 5715, 568-571.

White, A.L., Chan, H.T., Roghanian, A., French, R.R., Mockridge, C.I., Tutt,
A.L., Dixon, S.V., Ajona, D., Verbeek, J.S., Al-Shamkhani, A., et al. (2011).
Interaction with FcyRIIB is critical for the agonistic activity of anti-CD40 mono-
clonal antibody. J. Immunol. 187, 1754-1763.

Wolchok, J.D., Kluger, H., Callahan, M.K., Postow, M.A., Rizvi, N.A., Lesokhin,
A.M., Segal, N.H., Ariyan, C.E., Gordon, R.-A., Reed, K., et al. (2013).
Nivolumab plus ipilimumab in advanced melanoma. N. Engl. J. Med. 369,
122-133.

Yamazaki, T., Akiba, H., Koyanagi, A., Azuma, M., Yagita, H., and Okumura, K.
(2005). Blockade of B7-H1 on macrophages suppresses CD4+ T cell prolifer-
ation by augmenting IFN-y-induced nitric oxide production. J. Immunol. 175,
1586-1592.

Cancer Cell 28, 285-295, September 14, 2015 ©2015 Elsevier Inc. 295


http://refhub.elsevier.com/S1535-6108(15)00295-0/sref29
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref29
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref30
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref30
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref30
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref30
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref30
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref31
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref31
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref31
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref31
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref31
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref32
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref32
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref33
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref33
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref33
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref34
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref34
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref34
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref34
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref35
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref35
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref35
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref35
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref36
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref36
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref37
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref37
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref37
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref38
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref38
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref39
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref39
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref39
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref39
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref40
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref40
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref41
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref41
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref41
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref41
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref42
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref42
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref42
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref42
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref43
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref43
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref43
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref44
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref44
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref45
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref45
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref45
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref45
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref46
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref46
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref46
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref46
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref46
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref47
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref47
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref47
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref47
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref48
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref48
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref48
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref48
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref49
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref49
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref49
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref49
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref50
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref50
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref50
http://refhub.elsevier.com/S1535-6108(15)00295-0/sref50

	FcγRs Modulate the Anti-tumor Activity of Antibodies Targeting the PD-1/PD-L1 Axis
	Introduction
	Results
	FcγR Engagement by Anti-PD-1 or -PD-L1 Abs Results in Distinct Anti-tumor Responses In Vivo
	Engagement of Activating FcγRs Enhances the Anti-tumor Activity of an Anti-PD-L1 Antibody and Correlates with Modulation of ...
	Activating FcγR Engagement Results in Diminished Anti-tumor Response for Anti-PD-1 Abs
	Engagement of Activating FcγRs by Anti-PD-1 Eliminates Activated Intratumoral CD8 T Cells
	Decreased Efficacy of Anti-PD-1 Treatment by Engagement of FcγRIIb

	Discussion
	Experimental Procedures
	Mice
	Tumor Challenge and Treatment
	Tissue Processing and Flow Cytometry

	Supplemental Information
	Author Contributions

	Acknowledgments
	References


