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Abstract

Checkpoint inhibition using Fc-containing monoclonal antibodies has emerged as a powerful
therapeutic approach to augment anti-tumor immunity. We recently showed that FcyRIIB, the only
inhibitory 1gG-Fc receptor, is expressed on a population of highly differentiated effector CD8*

T cells in the tumors of mice and humans, raising the possibility that CD8* T cell responses

may be directly modulated by checkpoint inhibitor binding to T cell-expressed FcyRIIB. Here,

we show that despite exhibiting strong proliferative and cytokine responses at baseline, human
FcyRIIBPS CD8* T cells exhibited reduced responsiveness to both PD-1 and CTLA-4 checkpoint
inhibition as compared to FcyRIIB™Y CD8* T cells in vitro. Moreover, frequencies of FcyRI1BPoS
CD8* T cells were reduced following treatment of patients with melanoma with nivolumab in
vivo. This reduced responsiveness was FcyRIIB-dependent, because conditional genetic deletion
of FcyRIIB on tumor-specific CD8* T cells improved response to checkpoint blockade in B16
and LLC mouse models of cancer. The limited responsiveness of FcyRIIBP®S CD8* T cells was
also dependent on an intact Fc region of the checkpoint inhibitor, in that treatment with Fc-devoid
anti-PD-1 F(ap) fragments resulted in increased proliferation of FcyRIIBP?S CD8™ T cells, without
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altering the response of FcyRI11B"®9 CD8* T cells. Finally, the addition of FcyRIIB blockade
improved efficacy of PD-1 checkpoint inhibition in mouse models of melanoma, lung, and colon
cancer. These results illuminate an FcyRI1B-mediated, cell-autonomous mechanism of CD8*
T-cell suppression which limits the efficacy of checkpoint inhibitors during anti-tumor immune
responses in vivo.

One-sentence summary:

Due to the potential binding of Fc-containing checkpoint inhibitors, FcyRIIBP? CD8* T cells
exhibit reduced responsiveness to checkpoint inhibition.

Introduction

In the past decade, the advent of immunotherapy has altered the treatment paradigm

for many cancers, including metastatic melanoma and advanced stage lung cancer (1-7).
Specifically, the use of checkpoint therapies targeting programmed cell death protein 1
(PD-1) and cytotoxic T-lymphocyte associated protein 4 (CTLA-4) has led to higher
response rates (8) and improved overall and progression-free survival in several cancer
types, most notably advanced melanoma (9-11). Further, a single dose of PD-1 inhibitor
can mediate complete pathological responses and high rates of recurrence-free survival in
some patients (12). However, up to 40% of patients fail to respond to currently available
checkpoint inhibitors (8). This heterogeneity in responsiveness gives rise to questions
regarding mechanisms which may limit the efficacy of checkpoint inhibition in vivo.

Fcy receptors (FcyRs) are a class of Type 1 Fc receptors for 19G, comprised of activating
receptors, FcyRI, FcyRIII, and FcyRIV and the inhibitory receptor FcyRIIB (13). The

ratio between activating and inhibitory FcyRs controls innate immune and B cell activation,
plasma cell survival, and dendritic cell (DC) maturation and function, ultimately determining
the balance between pro- and anti-inflammatory processes (13). As the only inhibitory
FcyR, FcyRIIB is expressed on both innate and adaptive immune cells, including B cells
(14). In the setting of cancer, the role of FcyRIIB on B cells has been studied (15).
Interaction between FcyRIIB on B cells and the Fc regions of direct targeting antibodies,
including anti-CD20 antibodies, has been shown to promote antibody internalization and
reduced drug efficacy (16-18). Further, FcyRIIB expression on tumor cells, including
melanoma, has been shown to inhibit antibody-dependent cellular cytotoxicity (ADCC) in
an immunoreceptor tyrosine-based inhibition motif (ITIM)-independent manner (19). This
mechanism is likely secondary to FcyRIIB binding the Fc regions of anti-tumor antibodies,
thus acting as a decoy receptor. Finally, Ravetch et al. have demonstrated an improved
anti-tumor response to anti-PD-1 antibody in Fcgr2”/~ mice compared to WT mice, owing to
the alteration of myeloid subsets within the tumor microenvironment (20).

In contrast, prevailing dogma for the last several decades is that T cells do not express

any Fc receptors, including FcyRIIB (14, 21, 22). However, we and others have recently
shown that a population of activated CD8" T cells express FcyRIIB (23-27). FcyRIIB-
expressing CD8* T cells are detectable at about day 10 post tumor inoculation in the B16
murine melanoma and this expression increases with time following immune challenge, and
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FcyRIIB-expressing CD8* T cells are present at later timepoints during the establishment
of immunologic memory (28, 29). Consistent with this, the gene encoding FcyRIIB protein,
Fcgr2b, was shown to be a differentially expressed gene in memory CD8* T cells compared
to naive CD8* in the seminal work by Wherry et al. (30). In our own work, we demonstrated
that FcyRIIB is expressed in activated antigen-specific CD8* T cells after ~5-6 rounds of
division (23).

In the setting of cancer, inoculation of Fcgr26~'~ mice with B16-OVA melanoma cells
significantly (P<0.05) reduced tumor volumes by increasing frequencies of tumor-infiltrating
lymphocytes compared to wildtype (WT) mice (25). Further, adoptive transfer of Fcgr2b™

~ tumor antigen-specific CD8* T cells into B16-challenged mice resulted in a greater
reduction in tumor volume compared to infusion of WT antigen-specific CD8* T cells (25).

These findings raised important questions about the potential interaction of CD8* T cell-
expressing FcyRIIB and the Fc portion of immunoglobulin G (1gG) checkpoint inhibitors.
Thus, here we sought to interrogate the impact of Fc-containing immunotherapeutics on

the responsiveness of FcyRIIBPS versus FcyRIIB"9 CD8* T cells to both Fc-intact and
Fc-devoid checkpoint inhibitors in tumor-bearing mice as well as in patients with melanoma.
The results illuminate a previously unappreciated role for an FcryRIIB-mediated, cell-
autonomous mechanism of CD8* T-cell suppression responsible for limiting responsiveness
to anti-PD-1 therapy. These findings suggest a strategy to overcome the unintended
inhibitory effects of checkpoint blockade therapy on FcyRIIB-expressing anti-tumor CD8*
T cells.

FcyRIIB is expressed on CD8* T cells from human PBMCs and is a marker of activated,
cytokine-producing cells

Previous work from our laboratory has shown that FcyRIIB is highly expressed on a
population of activated CD8" T cells in murine models of melanoma (25). Here, we
investigated the presence of FcyRIIB* CD8* T cells in human healthy controls and patients
with melanoma (tables S1 and S2). A stringent gating strategy was used to exclude dead
cells as well as contaminating CD14* monocytes and CD19* B cells expressing FcyRI1B
(Fig. 1A). FcyRIIB expression was detected using the anti-FcyRII clone FLI8.26 (fig. S1A),
which has been reported to potentially cross-react with human FcyRIIA and FcylIC (31).
To verify that FLI18.26 was detecting only FcyRIIB on CD8* T cells, we performed gPCR
analysis on the FCGRZ2 genes of the population of CD8* T cells that stained positively

with FL18.26 collected after FACS-sorting. These data show undetectable concentrations of
FCGRZ2Cn these cells (fig. S1B), making it highly unlikely that FL18.26 could be staining
FcyRIIC on CD8* T cells. In contrast, we observed low but detectable FCGRZA mRNA in
the population of FLI18.26% CD8" T cells, but using an FcyRII1A-specific antibody, we were
unable to detect any protein expression of FcyRIIA on FLI8.267 CD8* T cells (fig.S1C).
These data strongly suggest that FL18.26 is staining only FcyRIIB, and not FcyRIIA or
FcyRIIC, on CD8* T cells. These findings demonstrate that in contrast to long-held dogma,
but consistent with our recently published murine and human data (23, 25), FcyRIIB is
expressed on a population of CD19~ CD14~ CD3* CD8* T cells, and to a lesser extent on
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a population of CD19~ CD14~ CD3* CD4* T cells in both healthy subjects (Fig. 1B) and
patients with melanoma (Fig. 1C). The frequencies of FcyRIIBP®S cells among both CD4*
and CD8* T cells was consistent between healthy subjects and patients with melanoma (Fig.
1D-1E).

We next aimed to determine the functionality of the FcyRIIBP?S CD8* T cell population.
Intracellular Ki-67 staining of stimulated peripheral blood mononuclear cells (PBMCs)
revealed a significantly (P<0.01) higher frequency of proliferating cells among FcyRI1BP%S
CD8* T cells as compared to FcyRIIB™9 CD8" T cells (Fig. 1F). In addition to superior
proliferative potential, FcyRIIBP®S CD8* T cells also possessed significantly (P<0.01)
higher frequencies of IFNy* (Fig. 1G), TNFa™ (TNF*) (Fig. 1H), and TNF* IFNy™* cells
compared to the FcyRIIB™9 CD8* T cell population (Fig. 11). The cytolytic capacity

of FcyRIIBPOS CD8* T cells was also superior to that of FcyRI1B"9 CD8* T cells as
demonstrated by significantly (£<0.05) increased frequencies of CD107a* and Granzyme B*
among FcyRIIBP versus FcyRIIB™9 CD8* T cells (Fig. 1J-1K). Similar to our previous
work showing that FcyRIIB is expressed on activated and memory CD8* T cells in mice,
FcyRIIB was induced on human CD8" T cells upon CD3/28 stimulation of healthy PBMCs
ex vivo (fig. S1D).

FcyRIIB is expressed on cytokine-producing patient CD8* tumor-infiltrating lymphocytes
(TIL) that also express T cell checkpoint molecules

Given the finding that FcyRIIB is expressed on a population of activated human effector-like
memory CD8* T cells, we asked if FcyRIIB is expressed on CD8* T cells at the tumor

of patients with melanoma (Fig. 2A) (table S4), and found that a subset of freshly isolated
patient CD8" TIL express FcyRIIB protein (Fig. 2B). In addition, two independent publicly
available single cell RNA sequencing datasets of tumors from patients with melanoma were
interrogated using the single cell analysis software, BBrowser 2 (32). Results indicated

that Fcgr2b was expressed in tumor-infiltrating CD8* T cells (33) (fig. S1E-1G), and that
tumor-infiltrating cytotoxic CD8* T cells expressed significantly (A<0.01) more Fcgr2b
than naive CD8" T cells (34) (fig. S1H-1J). Corroborating our data obtained in mouse
models (25, 35) and the flow cytometric data shown above, both datasets provided external
validation of Fcgr2b expression on human CD8" T cells within tumors, and of the increased
expression of Fcgr2b on effector versus naive CD8* T cells.

We next sought to characterize the immune phenotype of FcyRIIB* versus FcyRIIB~

CD8™ T cells at the tumor of patients with melanoma. Flow cytometric analysis revealed
that FcyRIIBP°S CD8" TIL contained increased frequencies of Granzyme B*, IFNy™,
TNF*, IL-2*, and Ki67* cells as compared to FcyRI1B"9 CD8* TIL (Fig. 2C-2E).

Further, FcyRIIBPOSCD8* TIL exhibited significantly (P<0.05) higher frequencies of PD-1-,
CTLA-4-, CD69-, TIGIT-, and LAG-3- expressing cells as compared to the FcyRII1B"®d
CD8* TIL (Fig. 2F-2G). The phenotype and function of FcyRIIBP% CD8" T cells was
similar in both healthy control PBMCs (fig. S2A-2C) and PBMCs from patients with
melanoma (fig. S2D-2F). These data show that, despite the fact that they express putative
exhaustion markes such as PD-1, TIGIT, and LAG-3, FcyRIIBPS CD8* T cells are not
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functionally exhausted but instead possess increased proliferative and cytokine effector
functions relative to FcyRIIB"® CD8* T cells.

FcyRIIBPOS CD8* T cells are resistant to immune checkpoint blockade in an Fc-dependent

manner

Because FcyRIIBP® CD8* T cells expressed elevated amounts of T cell checkpoint
molecules and these molecules are also targets of immune checkpoint blockade, we
hypothesized that the 1gG domains of checkpoint inhibitors could function as an FcyRIIB
ligand. In this case, the binding of the Fc region of checkpoint inhibitors to FcyRIIB on the
surface of CD8* T cells could transduce an inhibitory signal to limit the ability of cells to
proliferate or that induces apoptosis. To test if FcyRIIBPOS cells were negatively impacted by
immune checkpoint blockade antibodies, an in vitro stimulation assay was used to determine
if the presence of FcyRIIB on the surface of CD8* T cells affected their responsiveness

to checkpoint inhibition, specifically anti-PD-1 and anti-CTLA-4 antibody blockade (Fig.
3A-3B). Results indicated that relative to untreated controls, FcyRIIB"®9 CD8* T cells
exhibited an increase in the frequency of Ki-67* proliferating T cells in the presence of
PD-1 blockade. When comparing the increase in Ki-67" cells from the untreated controls to
the anti-PD-1 treated group, the FcyRIIBP?S CD8* T cells exhibited significantly (£<0.05)
fewer Ki-67* proliferating cells relative to FcyRI11B™9 CD8* T cells in response to PD-1
blockade (Fig. 3C). The differential proliferative response to checkpoint inhibition evident
in FcyRIIB™9 CD8* T cells after PD-1 blockade was also observed in cultures treated

with anti-CTLA-4 (Fig. 3D). In contrast, no differences in the frequencies of caspase 3/7*
7AAD™ apoptotic cells, IFNy* or TNF™ cells were observed when comparing FcyRI1BP%S
to FcyRIIB"® CD8* T cells treated with PD-1 blockade (fig. S3A-3D). Because cells

were stained with detection antibody (anti-FcyRIIB) after an incubation with therapeutic
antibodies (anti-PD-1 or anti-CTLA4), we hypothesized that the therapeutic antibody could
be masking detection of FcryRIIB. However, this was not the case because a similar

amount of FcyRIIB was detected with or without the addition of checkpoint inhibitor (fig.
S3E-3F). These data show that the therapeutic antibody did not compete with the detection
antibody and support the hypothesis that the decrease in frequency of FcyRIIB* CD8*

T cells in anti-PD-1 treated patients is due to a true reduction and not an artifact of the
therapeutic antibody masking FcyRIIB detection. Taken together, these results demonstrate
that FcyRIIBPOS CD8™ T cells fail to accumulate following checkpoint inhibition due to
reduced proliferation, and not increased cell death, relative to FcyRI1B"®9 CD8* T cells. We
reasoned that the reduced responsiveness of FcyRIIBP? CD8* T cells to immune checkpoint
blockade could be due to the impact of FcyRIIB-mediated inhibitory signaling following
ligation by these Fc-containing monoclonal antibodies.

To determine if the interaction between Fc regions of checkpoint inhibitors and FcyRIIB
was critical to the differential response of FcyRI11B™9 CD8* T cells following checkpoint
blockade, F(ab) fragments from the commercially available anti-PD-1 mAb nivolumab (fig.
S4) were generated, and their ability to augment proliferation of both FcyRIIBP®S and
FcyRIIB™9 CD8* T cells following in vitro stimulation was assessed relative to that of
intact anti-PD-1 mAb (Fig. 3E-3F). Results indicated that the FcyRI1B"Y CD8" T cell
population showed a similar increase in Ki-67 staining in response to both the intact
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anti-PD-1 mAb and the anti-PD-1 F(ab) (Fig. 3G). In contrast, the FcyRIIBP°S CD8* T

cell population was more responsive to the anti-PD-1 F(ab), in that the frequency of Ki-67*
cells was significantly (P<0.05) elevated in the anti-PD-1 F(ab)-treated cultures as compared
to the anti-PD-1 mAb-treated cultures (Fig. 3H). Additionally, FcyRIIB* CD8* T cells

did not fit the gene expression profile of anti-PD-1 resistant CXCR5~ TIM-3* cells as
defined by Im et al. (36) (fig. S31-3J). These data suggest that FcyRIIB* CD8" T cells

were not resistant to PD-1 therapy because of their differentiation state, but because of
FcyRIIB-mediated inhibitory signals generated following ligation with the Fc portion of the
checkpoint inhibitor.

PD-1 checkpoint blockade results in a loss of FcyRIIBP°S CD8* T cells in patients with
melanoma and in B16 and LLC mouse models

We next sought to determine the responsiveness of FcyRIIBPS versus FcyRIIB"® CD8* T
cells to PD-1 checkpoint blockade in patients with melanoma in vivo. PBMCs from patients
with advanced stage melanoma (table S3) were obtained both at baseline and following
administration of anti-PD-1 (nivolumab) or a combination of anti-PD-1 and anti-CTLA-4
(nivolumab + ipilumimab) (Fig. 4A). The frequency of FcyRIIBP%S among CD8* T cells
significantly (P<0.05) decreased following administration of checkpoint inhibitors (Figures
4B-4C), suggesting a reduced response of FcyRIIBPS as compared to FcyRIIB™9 CD8* T
cells to checkpoint inhibition in vivo.

Because these data in human patients with melanoma suggested an association between
immune checkpoint therapy and a decrease in FcyRIIBP®S CD8* T cells, a mouse model of
melanoma was employed to interrogate the causal relationship between T cell expression of
FcyRIIB and responsiveness to checkpoint inhibition. To begin to address this, we sought
to corroborate the association between T cell expression of FcyRIIB and responsiveness

to checkpoint inhibition in the B16-melanoma mouse model. Naive B6 recipients of
B16-hgp100 melanoma cells were treated with anti-PD-1 on days 7 and 14 post-tumor
inoculation (Fig. 4D) and blood was obtained on days 7 and 14 for the pre- and post-

PD-1 timepoints. Results indicated that FcyRIIB"® CD8* T cells in the blood of mice
treated with anti-PD-1 exhibited significantly (£<0.05) more proliferation as measured by
the fold change in Ki-67* proliferating cells as compared to FcyRIIBP® CD8* T cells
(Fig. 4E-4F). A similarly significant (P<0.05) increase in the fold change of Ki-67*
proliferating cells among FcyRIIB™9 as compared to FcyRIIBPOS CD8* T cells following
anti-PD-1 administration was also observed in a B16-OVA mouse model (Fig. 4G—4H).
Thus, consistent with data from patients with melanoma, these results from two mouse
models of melanoma demonstrate that FcyRIIBPOS cells exhibit reduced responsiveness to
anti-PD-1 therapy.

Given this association between FcyRIIB expression on CD8" T cells and reduced
responsiveness to PD-1 blockade, we next questioned whether genetic deletion of the Fcgr2b
gene from tumor-specific CD8* T cells would augment their response to PD-1 blockade.
Naive B6 mice were inoculated with B16-OVA cells and the tumor was allowed to establish
for seven days. After seven days, WT or Fcgr2b™~ OT-I transgenic CD8* T cells were
adoptively transferred into tumor-challenged mice. Mice were then treated with anti-PD-1
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antibody on days 9, 11, 13, and 15 until day 17 post tumor inoculation (Fig. 41). We
observed that the absolute number of proliferating WT OT-Is in the tumors of mice treated
with anti-PD-1 was not significantly different from proliferation of OT-Is in untreated mice
as measured by Ki67+ of CD44N OT-Is (Fig. 4J). In contrast, Fcgr2™'~ OT-1 from tumors
of mice treated with anti-PD1 exhibited increased (p=0.057) proliferation compared to
untreated mice (Fig. 4K). To verify our results in another murine cancer model, we repeated
the WT versus Fcgr27'~ OT-1 experiments in the Lewis lung carcinoma (LLC-OVA) model.
Naive B6 animals were inoculated with LLC tumor cells that express the OVA cognate
antigen and then WTor Fcgr27'~ OT-1 T cells were adoptively transferred into the mice on
day 7. Animals were treated with anti-PD-1 on days 9, 11, 13, and 15 following inoculation
and sacrificed on day 17 for analysis of tumor-specific cells in the tumor. Results indicated
that, as was observed in mice inoculated with B16-OVA, anti-PD-1 failed to elicit an
increase in the frequency of proliferating Ki67* WT Thy1.1* CD8" OT-I T cells (Fig.

4L). In contrast, anti-PD-1 did elicit a significant (P<0.01) increase in the frequency of
Ki67* Fegr2o™~ Thyl.1* CD8* OT-I T cells (Fig. 4M). This increase in proliferation of the
Fecgr2b™'= CD8* OT-1 T cells in both models shows that the lack of proliferative response
by OT-Is to anti-PD-1 is indeed due to the expression of FcyRIIB on the antigen-specific
CD8* T cell itself and not due to FcyRIIB expressed on other immune cell types. These data
further support the conclusion that Fcgr2bon CD8* T cells negatively impacts proliferation
in response to anti-PD-1 therapy in mice and humans.

T cell-expressed FcyRIIB restrains CD8" T cell responsiveness to PD-1 blockade B16
melanoma in vivo

Using the B16-OVA model aforementioned (Fig. 5A), we further investigated the response
of antigen-specific cells to anti-PD-1 in the absence of Fcgr2b. Frequencies and absolute
numbers of WT OT-I T cells from tumors of anti-PD-1-treated mice were not increased
relative to WT OT-1 T cells isolated from tumors of untreated mice (Fig. 5B-5D). In
contrast, frequencies and absolute numbers of Fcgr2b™~ OT-1 T cells isolated from tumors
of anti-PD-1-treated mice were significantly (P<0.01) increased relative to Fcgr2b™= OT-1 T
cells from tumors of untreated mice (Fig. 5B, 5E and 5F).

In addition to tumor infiltration, IFN-y production by OT-Is at the tumor was measured. No
significant differences in frequencies or cell numbers of activated CD44" IFN-y-producing
WT OT-I cells isolated from tumors of untreated versus anti-PD-1 treated mice were
observed (Fig. 5G-5I). In contrast, significantly increased (P<0.001) frequencies and cell
numbers (P<0.01) of activated CD44" IFNy-producing Fcgr2b™~ OT-1 were isolated from
tumors of anti-PD-1 treated mice (Fig. 5G, 5J and 5K) compared to Fcgr2b™~ OT-1 T cells
isolated from tumors of untreated mice. Corroborating our previous data in murine and
human TIL , FcyRIIB was expressed on 20-50% of OT-1 CD8* T cells during B16-OVA
and LLC-OVA challenge (Fig. 5L-5M). Although genetic deletion of Fcgr2b from CD8*
T cells did increase OT-1 frequency and cell number as well as the frequency and cell
number of IFNy* OT-Is at the tumor of anti-PD-1 treated mice, this was not sufficient

to decrease tumor weight in mice inoculated with B16-OVA (fig. S5B). In the LLC-OVA
model, treatment with anti-PD-1 alone was insufficient to significantly reduce tumor weight
when mice contained WT tumor-specific OT-1 T cells. However, when mice were given
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Fegr2b™!~ tumor-specific OT-1 CD8* T cells, a significant (P<0.01) reduction in tumor
weight was observed following PD-1 blockade (Fig. 5N). Anti-PD1 therapy did not delay
tumor growth in the B16-OVA model (fig. S5C), but was able to do so in the LLC-OVA
model (fig. S5D). These data show that FcyRIIB expression on CD8" T cells is a factor
governing anti-PD-1 response to some murine models of cancer.

In the spleens of anti-PD-1 treated mice, there were no significant differences in the
frequencies or cell number of WT versus Fcgr26™'~ OT-1 cells (fig. S5E-5H). Additionally,
the frequencies and cell numbers of activated CD44" IFN-y-producing WT vs. Fegr2b™~
OT-I T cells in the spleen were not different (fig. S51-5L. These data suggest that the impact
of T cell-expressed FcyRIIB functions at the tumor.

Dual blockade of anti-FcyRIIB and anti-PD-1 promotes infiltration of CD8* T cells into the
tumor to delay tumor progression in a B16 melanoma mouse model

Because FcyRIIBP®S CD8* T cells are more proliferative and produce more cytokines than
their FcyRIIB™9 CD8* T cell counterparts but were not effectively augmented by PD-1
blockade, we asked if FcyRIIB blockade in the context of PD-1 blockade would enhance
therapeutic efficacy. Here, we utilized a B16-hgp100 mouse model and gp100-specific CD8*
pmel-1 T cells (Fig. 6A). In mice with B16-hgp100 tumors established for seven days (~5-6
mm) and adoptively transferred Thy1.1* WT pmel-1 CD8" TCR transgenic T cells, dual
blockade of anti-FcyRIIB (clone 2.4G2) and anti-PD-1 (RMP1-14) significantly decreased
tumor weight (P<0.05) and delayed tumor progression (~<0.05) relative to mice treated

with anti-PD-1 blockade alone (Fig. 6B—6C). The dual blockade also significantly increased
tumor infiltration by host CD8* T cells as evidenced by elevated frequencies (P<0.01) and
cell number (P<0.05) of CD8* T cells in dual blockade mice compared to PD-1 treated

mice (Fig. 6D and 6E). The frequencies and cell number of activated donor CD44M Thy1.1*
tumor-specific pmel-1 CD8* T cells were also significantly (P<0.05) increased in the tumors
in animals treated with dual blockade (Fig. 6F-6G) compared to anti-PD-1 blockade alone.

Blocking FcyRIIB alongside PD-1 also increased the quality of these cells at the tumor (Fig.
6H), significantly increasing the number of bulk IFNy* (P<0.05) (Fig. 61), TNF* (P<0.05)
(Fig. 6J), Ki-67* (P<0.01) (Fig. 6K).The number of tumor-specific CD8* T cells (CD44N
Thy1.1*) producing IFNy (P<0.001) (Fig. 6L), TNF (P<0.01) (Fig. 6M), and expressing
Ki-67 (P<0.05) (Fig. 6N) was also significantly increased in dual blockade treated mice
compared to mice given anti-PD-1 blockade alone. Overall, these data show that blocking
FcyRIIB augments activation and cytokine production of activated tumor-specific pmel-1
CD8™* T cells during PD-1 blockade, likely allowing these high-quality cells to elicit
enhanced anti-tumor functions to delay B16 tumor progression in vivo.

We posited that because of the co-expression of PD-1 and FcyRIIB on activated CD8* T
cells (25), when anti-PD-1 antibody binds its target it could be co-engaging FcyRIIB and
eliciting a negative regulatory signal to activated FcyRIIB* CD8* T cells. If this were the
case, one would predict that FcyRIIB blockade would impact only PD-1* FcyRIIB* CD8*
T cells and not PD-1" FcyRIIB* CD8* T cells. Thus, we compared the effect of blocking
FcyRIIB on PD-1* FcyRIIB* versus PD-1" FcyRIIB* CD8* T cells. Results indicated
that the addition of FcyRIIB blockade significantly increased frequencies (P<0.05) and cell
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number (P<0.01) of PD-1* FcyRIIB* cells as compared to anti-PD-1 alone (Fig. 60 and
6P). In contrast, it did not impact the PD-1~ FcyRIIB* CD8* T cell population (Fig. 6Q and
6R). Focusing on activated CD8" T cells, the addition of FcyRIIB blockade resulted in a
significant (P<0.01) increase in cell number of PD-1* CD44M FcyRIIB* CD8* T cells at the
tumor as compared to anti-PD-1 alone (Fig. 6S). In contrast, it did not impact the number

of PD-1- CD44M FcyRIIB* CD8* T cells (Fig. 6T). These data demonstrate that PD-1*
FcyRIIB* CD8* T cells, and not all FcyRIIB* CD8* T cells, are preferentially “rescued” by
the addition of FcyRIIB blockade.

Dual blockade of FcyRIIB and PD-1 elicits enhanced CD8* T cell antitumor efficacy to
regress tumors in an LLC lung carcinoma mouse model

We next investigated whether the ability of FcyRIIB blockade to augment anti-tumor
immunity in the context of PD-1 blockade was generalizable to other cancers. Interrogation
of an existing single cell RNA-sequencing dataset of 9,055 T cells from 14 patients with
non-small cell lung cancer (NSCLC) deposited by Guo et al. (37) revealed that Fcgr2bis
expressed on tumor-infiltrating CD8* T cells (Fig. 7A). The Guo et al. dataset also stratified
CD8™ T cells into functional states based on canonical cell markers. Thus, we queried the
expression of Fcgr2b on cytotoxic versus naive CD8™ T cells and found that cytotoxic CD8*
T cells expressed significantly (P<0.0001) more Fcgr2b than naive CD8* T cells at the
tumor of patients with NSCLC (Fig. 7B). To further investigate the presence and phenotype
of FcyRIIB* CD8* T cells in the tumor of lung cancer, we used a Lewis lung cancer (LLC)
mouse model wherein LLC cells were engineered to express the OVA epitope (LLC-OVA)
(Fig. 7C). Upon phenotyping FcyRIIB* CD8* T cells in the LLC model, we found that
FcyRIIB is most expressed on activated cells at the tumor, then in the spleen, with the

least expression in the draining lymph node (Fig. 7D), similar to our published findings in
a melanoma model (25). Similar to our previous studies, FcyRIIB* CD8* cells exhibited
superior effector function compared to FcryRIIB™ cells as demonstrated by an increased
production of IFNy as well as increased proliferation as measured by Ki67 (Fig. 7D).

To assess the effect of the addition of FcyRIIB blockade to PD-1 checkpoint inhibition on
the endogenous CD8* T cell response to tumors, mice with LLC-OVA tumors (established
for seven days ~5 mm) were treated three times a week with dual blockade or with
anti-PD-1 + isotype control. Strikingly, the addition of FcyRIIB blockade resulted in
significantly (P<0.001) decreased tumor size compared to mice treated with anti-PD-1 alone
(Fig. 7E). Moreover, anti-PD-1 and anti-FcyRIIB significantly (P<0.05) increased survival
wherein 60% of mice in the dual blockade-treated group were alive at day 50 compared

to only 20% of mice in the PD-1 blockade treated group (Fig. 7F). Mice treated with dual
blockade exhibited significantly increased (P<0.05) frequencies and (P<0.05) numbers of
tumor-infiltrating OVA-specific tetramer* CD8* T cells as compared to anti-PD-1 treated
mice (Fig. 7G and 7H). The addition of FcryRIIB blockade resulted in increased frequency
and number of FcyRIIB* cells among bulk CD8* T cells (Fig. 71) and among tetramer* cells
(Fig. 7J) compared to treatment with anti-PD-1 alone. When stimulated with cognate antigen
ex vivo, tumor-infiltrating CD8* T cells isolated from dual blockade-treated mice were

more activated and functional (Fig. 7K) as measured by significantly increased frequencies
of CD69* (P<0.001) (Fig. 7L), IFNy* (P<0.01) (Fig. 7M), TNF* (P<0.001) (Fig. 7N),
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Ki67* (P<0.05) (Fig. 70), and double-producer IFNy*TNF* CD8* T cells (P<0.01) (Fig.
7P) compared to mice treated with anti-PD-1 alone. We next assessed whether FcyRIIB
blockade preferentially impacts PD-1* FcyRIIB* cells, as compared to PD-1" FcyRIIB*
cells, and found that the addition of Fc-yRIIB blockade resulted in a significant (£<0.05)
increase in frequency (Fig. 7Q) and number (p=0.0592) (Fig. 7R) of PD-1* FcyRIIB* CD8*
cells as compared to PD-1 blockade alone. In contrast, the addition of FcyRIIB blockade
did not increase the frequency (Fig. 7S) and number (Fig. 7T) of PD-1~ FcyRIIB* cells as
compared to PD-1 blockade alone. These findings were also true for PD-1* FcyRIIB* cells
among the tetramer* population (Fig. 7U-7X).

Blocking FcyRIIB with clone 2.4G2 or non-cross-reactive FcyRIIB-specific antibody AT-128
increases response to anti-PD-1 therapy in an MC38 mouse colon cancer model

Anti-FcyRIIB clone 2.4G2 cross reacts with FcyRII1. Although we did not observe
expression of FcyRI1 on CD8* T cells, to definitively evaluate the impact of blocking
FcyRIIB on CD8* T cells and rule out any potential effect of anti-FcyRIII binding, we
utilized a distinct antibody which is FcyRIIB-specific and non-cross-reactive. Animals were
inoculated with MC38 tumors and treated with anti-PD-1 along with either isotype control
or the FcyRI1IB-specific clone AT-128 starting 7 days after inoculation. Tumor-specific
CD8* T cells were identified using p15e/KP tetramer, a retroviral epitope expressed by
MC38 cells (Fig. 8A). In mice with MC38 tumors established for seven days (~5-6 mm),
dual blockade of anti-FcyRIIB (clone AT-128) and anti-PD-1 (RMP1-14) significantly
(P<0.05) decreased final tumor size at day 17 post tumor inoculation relative to mice
treated with anti-PD-1 blockade alone (Fig. 8B). These data using a non cross-reactive,
FcyRIIB-specific antibody definitively demonstrate that blocking FcyRIIB improves the
efficacy of anti-PD-1. Moreover, no differences were observed in the tumor sizes of mice
treated with clone 2.4G2 and anti-PD-1 versus clone AT-128 and anti-PD-1, suggesting that
the clones are similar in antitumor efficacy (Fig. 8C). In the MC38 mouse model, we showed
that blocking FcyRIIB alongside PD-1 significantly (£<0.01) delayed tumor progression
(Fig. 8D) and resulted in significantly (P<0.05) more curative responses (Fig. 8E, 54.5%

vs. 13.3%) than anti-PD-1 treatment alone. Analysis of the TIL within these animals
revealed, as in the two other cancer models, more tetramer* (Fig. 8F) and FcyRIIB* CD8*
T cells (Fig. 8G) in dual blockade treated animals compared to animals treated with anti-
PD-1 alone. In addition, double positive PD-1*FcyRIB* CD8" T cells were significantly
(P<0.0001) increased following dual blockade (Fig. 8H) whereas PD-1"FcyRIB* CD8+ T
cells (Fig. 81) were not. In tumors of the dual blockade-treated mice, there were significantly
higher frequencies of CD44" CD8* T cells (P<0.01) (Fig. 8J) as well as higher frequencies
of IFNy* (P<0.05) (Fig. 8K), TNF* (P<0.01) (Fig. 8L) and Ki67+ CD44" CD8* T cells
(P<0.01) (Fig. 8M) compared to mice treated with anti-PD-1 alone. To assess the durability
of the anti-tumor response elicited in recipients treated with PD-1 blockade in the presence
or absence of concomitant FcyRIIB blockade, we rechallenged mice that had experienced
tumor cure by anti-PD-1 + anti-FcyRIIB dual blockade with a new inoculation of MC38
cancer cells 14 weeks after initial inoculation and 10-12 weeks after tumor clearance.
Results indicated that all mice that had been cured by the combination of anti-PD-1 +
anti-FcyRI1B (/=6) remained tumor-free (Fig. 8N) whereas large tumors formed in naive
mouse controls (/7=10) (Fig. 8N). The low (13%) cure rate in the anti-PD-1 group precluded
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the ability to generate enough animals in this group for statistical comparison. These data
highlight that blocking FcyRIIB in another mouse model of cancer augments activation
and cytokine production of activated tumor-specific CD8* T cells during PD-1 blockade,
resulting in delayed tumor progression, and curative responses in some mice. The use

of AT-128, a non-cross-reactive FcyRIIB-specific antibody, supports the claim that the
antitumor efficacy observed in these models is likely due to blocking FcyRIIB and not
blocking FcyRIII.

Discussion

Here we report the presence of the inhibitory Fc receptor FcyRIIB on a population of
activated memory CD8* T cells isolated from both healthy humans and patients with
melanoma. Although FcyRIIBP? CD8* T cells exhibit high functionality, they possess
limited responsiveness to checkpoint inhibition in vitro as well as in in vivo mouse
melanoma models and in human patients with melanoma. This reduced responsiveness of
FcyRIIBPOS relative to FcyRIIB"® CD8* cell population was Fc-dependent since removal
of the Fc region from anti-PD-1 antibody improved the response of FcyRIIBP®S CD8* T
cells without affecting FcyRIIB™9 CD8* T cells. Moreover, when Fcgr2b was genetically
deleted from tumor-specific OT-1 CD8" T cells in B16-OVA and LLC-OVA mouse models,
the anti-tumor efficacy of these cells was improved during PD-1 blockade. Taken together,
these data suggest a model wherein the use of Fc-containing checkpoint inhibitors provides
the ligand for FcyRIIB by binding in the reverse orientation to FcyRIIB expressed by
multi-potent effector tumor-specific CD8* T cells, resulting in the transmission of a negative
signal that functions to counteract the stimulatory effect of checkpoint inhibition.

This work corroborates recent reports from our laboratory and others demonstrating
expression of FcyRIIB at the RNA and protein level in CD8* T cells in mouse models of
infection, transplant, and cancer (23-27, 29, 30, 38-40). Of particular relevance to this work,
Fcgr2bis a differentially expressed gene in several datasets in the settings of chronic viral
infection and cancer in memory and effector CD8* T cells versus naive CD8" T cells (27,
29, 30, 41). Our own analysis of patient TIL and reanalysis of three independent datasets

of single cell RNA sequencing of immune cells isolated from patient tumor confirm that
Fegr2b transcript is present in CD8* T cells, and that Fcgr2b expression is increased in
cytotoxic CD8* compared to naive T cells. Together these studies challenge the long-held
notion that T cells do not express Fc receptors (23). Consistent with our results reported
here, published studies in murine models of transplantation and melanoma also showed that
FcyRIIBPo CD8" T cells exhibit potent cytokine production and proliferation, along with
higher expression of activation markers, compared to FcyRIIB"® CD8* T cells (23, 25).
These functional characteristics suggest that FcyRIIBP® CD8* T cells are not exhausted, but
instead are highly functional effectors that can be regulated through ligation of FcyRIIB.
Our results demonstrating the impact of Fc-containing immunotherapeutics on T cells
expressing FcyRIIB are also consistent with previous reports demonstrating clinically-
relevant interactions of Fc-containing biologics with FcryRIIB on other cell types including
B cells and myeloid cells (15, 17-20, 42, 43). Further, the anti-tumor effect of anti-PD-1
mAb was greater in £cgr2”~vs. WT mice (20), and FcyRIIB inhibition improved PD-1
therapy by blocking FcyRIIB-mediated macrophage uptake of PD-1 antibody from T cells
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(44). Although these studies demonstrated that PD-1 antibodies interact with FcyRIIB, the
main mechanism of action in both studies was attributed to the expression of FcyRIIB on
antigen-presenting cells or B cells, but not on CD8* T cells. This study therefore highlights
a novel mechanism by which the Fc portion of checkpoint inhibitors can directly modulate
immune function of activated CD8" T cells in the setting of cancer immunotherapy.

Our work has identified a potential immunosuppressive effect of Fc-containing biologics

on a population of CD8* T cells in the context of anti-tumor immunity. Due to the ability

of FcyRIIB to bind the subclasses of 1gG with different affinity, it could therefore be
advantageous to generate immunotherapeutic agents using IgG isotypes with lower affinity
for FcyRIIB. Although FcyRIIB is a low-affinity receptor, 1gG4 binds FcyRIIB with similar
affinity as high-affinity activating receptors (45, 46). Of clinical import, FDA-approved
anti-PD-1 drugs nivolumab and pembrolizumab are both 1gG4 isotypes. Given this potential
interaction, expression of FcyRIIB on CD8* T cells in patients with cancer could be a
determinant of response to PD-1 blockade.

Our study has some limitations. First, analysis of human PBMC and TIL were conducted
on cells isolated from a small cohort of patients with a single tumor type (melonma), thus
analysis of additional tumor types and in a larger patient population is warranted. However,
the fact that FcyRIIB blockade synergized with anti-PD-1 in three different cancer types

in murine models, two with a self-antigen and one with a surrogate neoantigen, as well

as in settings of both endogenous and adoptively transferred CD8" T cells, expand the
generalizability of these findings. In addition, the enhanced antitumor efficacy of FcyRIIB
blockade in combination with anti-PD-1 in all three models of varying sensitivities to PD-1
blockade highlights the potential clinical utility of blocking FcyRIIB together with PD-1
in cancer models with varying sensitivities to PD-1 blockade, thus expanding the patient
population to which these findings could potentially apply. An additional limitation of our
study is the inability to generalize findings across racially diverse patient populations, as our
patient population with melanoma did not include any non-white patients.

In conclusion, the findings herein describe a previously unappreciated mechanism by which
immune checkpoint antibodies may impede anti-tumor CD8* T cell responses through
FcyRIIB, and suggest strategies to overcome this unintended effect. In an era of immune
checkpoint blockade, identifying nuances and unintended drug interactions is of paramount
importance to increase patient response, and ultimately, improve patient survival.

Materials and Methods

Study design

The primary objective of this study was to investigate the impact of CD8+ T-cell expressed
FcyRIIB on the efficacy of Fc-containing immune checkpoint antibodies. Using in vitro
stimulation in the presence or absence of anti-PD-1 and anti-CTLA-4 and flow cytometric
readouts, we compared the efficacy of Fc-containing checkpoint inhibitors to improve

the proliferation and effector function of FcyRIIB-expressing vs non-FcyRIIB-expressing
CD8+ T cells. We then sought to determine how the genetic deletion of FcyRIIB on
tumor-specific CD8+ T cells impacted their function and ability to clear the tumor in the
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setting of checkpoint blockade in murine cancer models. Animals were randomized to
groups; treatments were not blinded. Outliers were detected using the ROUT method. In
each experiment, at least 4-5 mice were used per group and the experiment was repeated 2—
3 times; mice of similar sex and age were used across groups. ARRIVE guidelines (Animal
Research: Reporting of In Vivo Experiments) were utilized in the presentation of data in the
figures and figure legends.

Patient population

Healthy controls were enrolled after informed consent (table S1, 7=8). Patients undergoing
treatment at Emory University Hospital for advanced stage I1-1VV melanoma between 2009
and 2019 were enrolled in a protocol approved by Emory University’s Institutional Review
Board (IRB #00046593). For PBMC immunophenotyping, melanoma patient demographic
data are shown in table S2 (7=6). For FcyRIIB* T cell analyses, patient blood samples
were drawn at baseline (pre-therapy) and after one dose of immunotherapy with anti-PD-1
alone or in combination with anti-CTLA4 (demographic data shown in table S3 (/7=5)). For
TIL studies, melanoma tumor tissues were collected (IRB #00095411), deidentified, and
distributed by the Cancer Tissue and Pathology shared resource of Winship Cancer Institute
of Emory University (demographic data shown in table S4 (r7=8)).

FL18.26 Antibody Specificity Verification

FcyRIIB staining was performed using PE-conjugated anti-CD32 clone FL18.26 (BD
Biosciences). FLI18.26 has been shown to be cross-reactive with human FcyRIIA, FcyRIIB,
and FcylIC (31). To verify that FLI8.26 was detecting only FcyRIIB on CD8" T cells,

we performed gqPCR analysis of the FCGRZ genes of the population of CD8* T cells that
stained positively with FLI18.26 (by FACS-sorting). These data show undetectable amounts
of FCGR2C on these cells (fig. S1B), making it unlikely that that FLI18.26 could be staining
FcyRIIC on CD8* T cells. In contrast, we observed low but detectable FCGR2A expression
on the population of FLI18.26% CD8" T cells, but using an FcyRII1A-specific antibody, we
were unable to detect any protein expression of FcyRIIA on FLI8.26" CD8* T cells (fig.
S1C).

PBMC isolation and processing

PBMCs from patients with melanoma pre- and post-PD-1 mAb therapy (Fig. 4) were
purified using BD Vacutainer CPT tubes (BD Biosciences) and were processed and stained
for extracellular surface markers directly.

Human flow cytometry staining

Staining for lineage and intracellular markers was performed using antibodies listed in Data
File S2. Prior to intracellular staining, cells were fixed and permeabilized using the Foxp3
Staining Kit (Thermofisher). Live/Dead Aqua Dead Cell Stain (Thermofisher) was used
according to manufacturer instructions. All flow cytometry samples were acquired on a
Fortessa flow cytometer (BD Biosciences) and data were analyzed using FlowJo (v9.9.6)
and Prism 9 (GraphPad Software). Absolute numbers were calculated using Countbright
bead analysis according to the manufacturer’s instructions (Thermofisher).

Sci Transl Med. Author manuscript; available in PMC 2024 August 23.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Bennion et al.

Page 14

Patient tumor preparation and in vitro stimulation

For TIL experiments, patient tumor tissue was collected and dissociated using the Human
Tumor Dissociation Kit (Miltenyi) and GentleMACS Octo Dissociator (Miltenyi). Cells
were activated in vitro using 15 pl/ml anti-CD3/28-coated Dynabeads (Thermofisher) in R10
for 48h. Four hours prior to harvest, Golgi Stop was added at 1 pl/ml and flow cytometry
staining was performed as described above.

Patient tumor-derived single cell data analyses

Three independent single-cell RNA-sequencing data of human melanoma and human lung
carcinoma TIL were reanalyzed using BBrowser2 (BioTuring) (32). The third dataset
deposited by Guo et al. (37) consists of 9,055 single T cells from 14 non-small cell

lung cancer (NSCLC) patients formed into sixteen clusters through the SMART-Seq2
protocol described by Picelli et al. (47). Utilizing Bioturing’s single cell analysis workflow
(version 2.10.30) described by Le et al. (32), we queried FCGRZ2B within cell types at the
tumor. Statistical analysis was performed with GraphPad Prism 9. Datasets are available
on the GEO database under accession numbers: GSE120575, GSE123139, and GSE99254
respectively.

In vitro stimulation of human PBMCs in presence of checkpoint inhibitor antibodies

PBMCs were cultured ex vivo at a concentration of 108 cells/ml containing 15 pl/ml
anti-CD3/CD28-coated Dynabeads (Thermofisher) for 5 days in R10 media with different
concentrations (5 mg/ml, 10 mg/ml, 15 mg/ml, 20 mg/ml) of anti-PD-1 (BioXcell, clone
J116) or anti-CTLA4 (BioXcell, clone BN13) monoclonal antibodies. Cells were then re-
stimulated with PMA (1 mg/ml) and lonomycin (0.7 mg/ml) (MilliporeSigma) and Golgi
Stop (1 pl/ml) for 4h. After staining for FcyRIIB and cell lineage markers, cells were
stained intracellularly for cytokines (TNF, IFN+y) and Ki-67. Apoptosis and cell death
were also assessed through caspase 3/7 and 7-AAD staining using the caspase 3/7 kit
(Thermofisher). Isotype controls were initially used and no differences between isotype-
treated wells and untreated wells were observed. Thus, untreated controls were used in
subsequent experiments. Samples without PMA/lonomycin were analyzed as unstimulated
controls, stimulated samples without anti-PD-1 or anti-CTLA4 were analyzed as untreated
controls. For samples treated with anti-PD-1 or anti-CTLA4, the best response dose was
tabulated as defined by Kamphorst et al. (48) and used for analysis.

Anti-PD-1 F(ab) generation

F(ab) fragments were generated from the anti-PD-1 monoclonal antibody Nivolumab
(McKesson) using the Pierce F(ab) Preparation Kit (Thermofisher). F(ab) fragments were
purified and concentrated to 1 mg/ml. F(ab) quantification was assessed using absorbance
at 280 nm by NanoDrop (Thermofisher) and validated through gel imaging and western
blotting using an anti-1gG4 rabbit Fc antibody conjugated to HRP (ab99823) (Abcam) at a
1:10,000 dilution. The anti-1gG4 rabbit Fc antibody was used to control for contamination
by Fc fragments. Intact PD-1 mAb (Nivolumab) and elution fractions with undigested mAb
and Fc fragments were used for comparison.
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Ex vivo culture with nivolumab mAb and F(ab) fragments

Mice

Following F(ab) digestion and purification, PBMCs were cultured in the presence of anti-
PD-1 mAb (Nivolumab) or anti-PD-1-F(ab) ex vivo as described above. After extracellular
staining, cells were stained for cytokines, Ki-67, or caspase 3/7 and 7AAD. 1gG4 isotype
controls were initially used and no differences between isotype-treated wells and untreated
wells were observed. Thus, untreated controls were used in subsequent experiments.
Samples without PMA/lonomycin were analyzed as unstimulated controls, while stimulated
samples untreated with anti-PD-1 mAb or anti-PD-1 F(ab) were analyzed as untreated
controls. For samples treated with anti-PD-1 mAb or anti-PD-1 F(ab), the best response dose
was tabulated according to Kamphorst et al. (48) and used for analysis.

8-12wk C57BL/6J male mice were acquired from The Jackson Laboratory. OT-1 TCR
transgenic mice were purchased from The Jackson Laboratory and crossed with Thy1.1
animals (from Jackson Laboratory). B6.Cg-Thyla/CyTg(TcraTcrb)8Rest/Jtransgenic mice
possessing TCRs specific for premelanosome (pmel-1, gp100) were acquired from The
Jackson Laboratory. The protocol (PROT0201700558) was approved by the Emory
University IACUC. All surgery was performed under general anesthesia with maximum
efforts made to minimize suffering. All animals were housed in specific pathogen-free
animal facilities at Emory University.

Murine cancer cell lines

B16 melanoma cell line engineered to express the OVA epitope was provided by Dr. Y. Fu,
University of Texas Southwest, Dallas, TX (49). B16-F10 melanoma cells engineered to
express the hgp100 protein were kindly provided by Dr. N. Restifo (NIH) (17). The MC38
cell line was a gift from Dr. H. Kissick (Emory University). The Lewis lung carcinoma
(LLC) cell line expressing OVA was provided by Dr. Gabrilovich, Wistar Institute (50).
B16-hgp100 and B16-OVA cells were cultured in RPMI11640; LLC-OVA, and MC38 were
cultured in DMEM for LLC and MC38 (Sigma). Guidelines for LLC-OVA and MC38
culture and cryopreservation outlined by the American Type Culture Collection were
followed. Guidelines for B16 culture and cryopreservation outlined by the Restifo laboratory
were followed (51).

Syngeneic mouse melanoma tumor challenge

Cancer cells were trypsinized, washed with cold PBS, and filtered prior to cancer cell
inoculation (51). 3x10° B16-hgp100, B16-OVA, 4x10° LLC-OVA, or 5x10° MC38 cells
were injected in PBS subcutaneously into the right flank. Tumor volume was monitored
using electronic calipers and tumor size was calculated using the formula: tumor volume
(mm3) = (L x W2)/2. After one week, tumor-bearing mice were randomized to experimental
groups. Animals were sacrificed when tumors reached IACUC endpoint (2 cm in either
dimension).
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Adoptive transfers

WT OT-1, Fegr2b™'= OT-1, or WT pmel-1 splenocytes were harvested from 8-12wk old
mice. Cells were counted using a Nexcelom Cellometer(Nexcelom Bioscience) and stained
with CD8- BV785, CD4-PacBlue, Thyl.1- PerCP, Va2- FITC, VB5- PE, and VB13-PE
(Biolegend). OT-1 frequency was determined by Va2/VB5 co-expression,pmel-1 frequency
was determined by Va2/VB13 co-expression. 108 OT-I T cells or pmel-1 T cells were
transferred intravenously into C57BL/6J mice seven days post tumor challenge.

PD-1 and FcyRIIB blockade

For single PD-1 blockade experiments, C57BL/6J mice were injected as indicated with

200 ug of anti-PD-1 ip (RMP1-14, BioXCell). For dual blockade experiments, mice given
B16-gp100 were treated on days 2, 4, 6, and 8 post pmel-1 cell adoptive transfer. Mice given
LLC-OVA were treated three times a week starting one week after tumor inoculation until
mice reached endpoint. Mice given MC38 were treated on days 7, 9, and 11 post tumor
challenge. PD-1 antibody or the 1gG2a isotype control (2A3, BioXCell) was administered
with 200 pg of the FcyRIIB blocking antibody (2.4G2, BioXCell) or the respective isotype,
1gG2b (LTF-2, BioXCell). Mouse FcyRIIB antibody specificity was previously verified

as described by Morris et al. wherein the anti-mouse clone 2.4G2 (which is known to

bind to FcyRIIB and FcyRIII) does not stain Fcgr2b™~ T cells, demonstrating that the
staining observed on WT CD8* T cells is indicative of the presence of FcyRIIB (35). 2.4G2
specificity was also verified through RNA-sequencing in that sorted 2.4G2* CD8* T cells
expressed more Fcgr2b transcripts than 2.4G2~ CD8* T cells. To confirm specificity of
FcyRIIB blockade (Fig. 8), the non-crossreactive FcyRIIB antibody clone, AT-128, was
used as well at the same dose and timing as clone 2.4G2. The antagonistic FcyRI1B-specific
antibody clone AT-128 was produced using hybridoma technology and identifying clones
that bound to FcyRIIB but not FcyRI or FcyRIII as described by Williams et al. (52),

this antibody or the respective isotype was used in the dual blockade experiments in the
MC38 model. The AT-128 antibody was a kind gift from Dr. M. Cragg (University of
Southhampton).

Murine flow cytometry staining

Spleen, draining lymph node (right inguinal proximal to tumor), and tumor cells from mice
were processed to cell suspensions, blood underwent red blood cell (RBC) lysis prior to
staining. The samples were then stained with extracellular and intracellular markers with
antibodies listed in Data File S2. For cytokine staining, splenocytes were ex vivo stimulated
at 37°C for 4h with 10 nM OVAys57_264 (SIINFEKL) peptide (B16-OVA),1 uM SIINFEKL
peptide (LLC-OVA), or 10 uM p15e KSPWFTTL (MC38) and 10 pg/mL GolgiPlug (BD
Biosciences). For pmel-1 experiments, cells were incubated at 37°C for 4h in the presence
of 30 ng/mL PMA, 400 ng/mL lonomycin, and 10 ug/mL GolgiPlug (BD Biosciences).
After 4h, cells were processed, fixed, and stained for flow cytometry analyses. Samples
without peptide were analyzed for unstimulated controls. Pre-incubation experiments with
the anti-PD-1 therapeutic antibody clone used in mice in vivo (RMP1-14) were performed
to ensure that the staining anti-PD1 and the therapeutic anti-PD-1 did not compete for the
same epitope (fig. S3G-3H).
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Statistics

Non-parametric, unpaired t-test (Mann-Whitney) was used to compare cell populations
between groups, Wilcoxon matched-pairs rank tests were performed to compare subsets
within the same donor. One-way ANOVA with multiple comparisons (Kruskal-Wallis) was
performed when comparing multiple groups. For normalization, the baseline value for each
mouse or patient sample served as the denominator and fold change was calculated relative
to baseline. Survival data was plotted on Kaplan-Meier curves and a log-rank (Mantel-Cox)
test was performed. For pie graphs, chi-square test was used. For tumor growth curves,
area under the curve was calculated and then an unpaired T test was used to calculate
accompanying p-value. Tumor size and weight were calculated using a Mann-Whitney t-test.
The ROUT outliers test was used to determine any outliers. All analyses were done using
Prism 9 (GraphPad Software). In all legends and figures, mean = SEM is shown, and
*P<0.05, **P<0.01, ***F<0.001, ****P<0.0001.
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Fig. 1. FcyRIIB isexpressed on CD8" T cellsfrom human PBMCsand isa marker of activated,
cytokine-producing cells.

(A) Flow cytometry plots showing gating strategy for excluding dead cells as well as
contaminating CD14* and CD19* cells and gating on the FcyRIIBP°S population in human
CD8* and CD4* T cell compartments of PBMCs. (B-C) Quantification comparing the
frequency of FcyRIIBPS CD4* and CD8" T cells in (B) human healthy controls and

(C) stage IV patients with melanoma. (D) Quantification comparing the frequency of
FcyRIIBPO CD4™ T cells between healthy donors and stage 1V melanoma patient (/7=6).
(E) Quantification comparing the frequency of FcyRIIBP®S CD8" T cells between healthy
donors and stage 1V patients with melanoma (/=6 per group). (F-K) PBMCs from healthy
controls were stimulated in vitro for 5 days with anti-CD3/CD28 beads, re-stimulated with
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PMA/lonomycin for 4h and stained intracellularly (7=8). Representative flow plots and
quantification showing the frequency of (F) Ki-67%, of (G) IFNy*, of (H) TNF*, of (1)
TNF* IFNy*, of (J) CD107a*, and of (K) Granzyme B* FcyRIIBP and FcyRIIB"®Y CD8*
T cells. When comparing cell groups within the same donor, P-values were calculated using
the Wilcoxon matched-pairs rank test. Mann-Whitney non-parametric, unpaired tests were
used when comparing groups between donors. The error bar in summary figures denotes
mean + SEM. *£<0.05 **/<0.01, ns, not significant.
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Fig. 2. FcyRIIB isexpressed on activated, cytokine-producing patient CD8* tumor-infiltrating
lymphocytes (TIL) that also expressT cell checkpoint molecules.

(A) Flow cytometry plots showing gating strategy for excluding dead cells and
contaminating CD14*and CD19" cells and gating on the FcyRI1BPS population in human
CD8™* TIL. (B) Representative flow cytometry plots and quantification of isotype versus
FcyRIIB staining on human CD8* TIL (/7=8). (C) Schematic of experimental setup wherein
TIL isolated from patients with melanoma were stimulated in vitro for 48 h with anti-CD3/
CD28 beads, then Golgi Stop was added 4h prior to harvest and cells were stained for
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extracellular and intracellular markers (D) Representative flow plots and (E) quantification
showing frequencies of Granzyme B*, IFNy*, TNF™, IL-2*, and Ki67* of FcyRIIBPS as
compared to FcyRIIB™Y CD8* patient TIL (1=6). (F) Representative flow plots and (G)
quantification showing frequencies of PD-1*, CTLA-4*, CD69*, TIGIT*, and LAG-3* on
FcyRIIBP% and FcyRIIBM® CD8* patient TIL (/7=7-8). The error bar in summary figures
denotes mean £ SEM. *F<0.05, **/<0.01, Wilcoxon matched-pairs rank test.
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Fig. 3. FcyRIIBPOSCD8" T cellsare resistant to immune checkpoint blockade in an Fec-
dependent manner.

(A) Schematic of experimental setup where PBMCs from human healthy controls were
cultured with anti-PD-1-mAb or anti-CTLA4 mAb for 5 days and were re-stimulated

with PMA/lonomycin and stained intracellularly. Responses were measured by frequency
of Ki-67* of FcyRIIBP% and FcyRIIB™9 CD8* T cells (7=6). (B) Representative flow
cytometry plots showing the frequency of Ki-67* of FcyRIIBP% and FcyRIIB™9 CD8* T
cells in untreated human controls and after incubation with anti-PD-1 or anti-CTLA4 mAbs.
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Quantification showing the change in frequency of Ki-67* of FcyRI1B"® and FcyRIIBP%S
CD8™* T cells after incubation with anti-PD-1 mAb (C) and anti-CTLA-4 mAb (D) in

vitro compared to untreated controls. (E) Schematic of experimental setup wherein PBMCs
from healthy controls were cultured with anti-PD-1-mAb or anti-PD-1-F(ab) for 5 days
and were re-stimulated with PMA/lonomycin and stained intracellularly. Responses were
measured by frequency of Ki-67* of FcyRIIBP° and FcyRIIB"9 CD8* T cells (/7=6).(F)
Representative flow plots showing the frequency of Ki-67* of FcyRIIBP®S and FcyRI1B"9
CD8* T cells after incubation with anti-PD-1-mAb or anti-PD-1-F(ab). (G) Quantification
comparing the frequency of FcyRIIB™9 CD8* T cells after incubation with anti-PD-1
mADb or antl-PD-1 F(ab). (H) Quantification comparing the change in frequency of Ki-67*
of FcyRIIBP CD8* T cells after incubation with anti-PD-1-mAb or anti-PD-1-F(ab)
compared to untreated controls. */<0.05, ns, not significant. Wilcoxon matched-pairs rank
test.
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Fig. 4. PD-1 checkpoint blockade resultsin aloss of FcyRIIBP® CD8* T cdllsin patients with
melanoma and in B16 and L L C mouse models.

(A) Blood samples were drawn at baseline and following one dose of anti-PD-1 mADb.

Fresh PBMCs were processed directly after collection and stained for extracellular surface
markers (B) Representative flow cytometry plots of the frequency of FcyRIIBP°S CD8* T
cells at baseline (pre-anti-PD-1) and after one cycle of anti-PD-1 mAb (post-anti-PD-1). (C)
Quantification of the frequency of FcyRIIBPOS of CD8* T cells at baseline and one cycle of
anti-PD-1 mAb, frequency of FcyRIIBP of CD8* T cells were normalized to the frequency
of the patient’s FcyRIIBP°S CD8" T cells prior to initiation of anti- PD-1 therapy. (D)
Schematic of the mouse model and treatment used wherein C57BL/6J mice were challenged
with B16-gp100 or B16-OVA melanoma and blood was drawn from mice before (day 7) and
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after PD-1 blockade (day 14) to measure proliferation of FcyRIIBP® and FcyRIIB™9 CD8*
T cells during PD-1 blockade (/7=6). (E) Representative flow plots showing the frequency
of Ki-67* FcyRIIBP% and FcyRIIB™9 CD8* T cells before and after PD-1 blockade in

the B16-gp100 model. (F) Quantification of fold change values shown from the B16-gp100
model. The blood was lysed and underwent extracellular and intracellular staining for

flow cytometric analyses (/7=6). (G) Representative flow plots showing the frequency of
Ki-67* FcyRIIBP% and FcyRIIB™9 CD8* T cells before and after PD-1 blockade in the
B16-OVA mouse model. (H) Quantification of the frequency of Ki-67* CD8" T cells within
FcyRIIBP% and FcyRIIB"® CD8* T cells (7=6). Fold change compared to baseline is

the frequency of Ki-67* cells after PD-1 over the frequency of Ki-67* cells before PD-1
blockade. (I) Schematic shown wherein C57BL/6J mice were challenged with B16-OVA

or LLC-OVA. One week later, one million WT or Fcgr26'~ OT-I transgenic CD8* T cells
were harvested from donor spleen and adoptively transferred into challenged B6 mice. Mice
were then treated with 200 ug of PD-1 antibody or PBS on days 2, 4, 6, and 8 and then
sacrificed for flow analyses of tumor. Quantification of the number of Ki67* OT-Is isolated
from the tumors of anti-PD1 treated versus untreated mice that were given (J) WT OT-Is or
(K) Fegr2b™= OT-1s in the B16-OVA model (/=4 per group). Quantification of frequency
of Ki67* OT-Is isolated from the tumors of anti-PD1 treated versus untreated mice that
were given (L) WT OT-Is or (M) Fcgr2b™~ OT-Is in the LLC-OVA model (/=11 per group,
pooled data from two experiments). The error bar in summary figures denotes mean +
SEM.Quantification, *A<0.05, **/<0.01, ns, not significant. Wilcoxon matched-pairs rank
test.
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Fig. 5. T cell-expressed FcyRIIB restrains CD8* T cell responsiveness to PD-1 blockade B16 and
LLC mouse modelsin vivo.

(A) Schematic shown wherein C57BL/6J mice were inoculated with the B16-OVA cancer
cell line. One week later, one million WT or Fcgr26™'~ OT-I transgenic CD8* T cells

were harvested from donor spleen and adoptively transferred into B16-challenged B6 mice.
Animals were treated with 200 pg of PD-1 antibody or PBS on days 2, 4, 6, 8 post
adoptive transfer (days 9, 11, 13, and 15 post tumor inoculation). Spleen and tumor tissues
were harvested on day 10 post adoptive transfer (day 17 post tumor) for flow analyses.
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(B) Representative flow plot showing CD44M" Thy1.1* WT and Fcgr2b™'~ OT-1 T cells in
the tumor comparing the no treatment group and the anti-PD-1 treated group, /7=8-10 per
group, pooled data from two independent experiments. (C-F) Summary figures comparing
the frequencies (C) and absolute cell numbers of (D) CD44" WT versus the frequencies
(E) and absolute cell numbers (F) Fegr2b= OT-1 T cells in the tumor, (G) Representative
flow plot showing IFNy* CD44N Thy1.1* WT and Fegr26~'~ OT-1 T cells in the tumor
comparing the no treatment and anti-PD-1 treatment groups, /7=8-10 per group, pooled data
from two independent experiments. (H-K) Summary figures comparing the frequencies (H)
and absolute cell numbers (1) of IFNy* CD44" WT versus the frequencies (J) and absolute
cell numbers (K) of IFNy* Fegr2b™'= OT-1 T cells in the tumor. (L) Representative flow
cytometry plots showing FcyRIIB staining on Thy1.1* OT-Is compared to isotype control
and (M) quantification showing FcyRIIB staining on Thy1.1* OT-Is from the tumors of
mice challenged with B16-OVA or LLC-OVA. (N) Summary figurecomparing tumor weight
of mice challenged with LLC-OVA, timeline and experimental design as mentioned above,
using LLC-OVA instead of B16-OVA cell line, 7/=10-12 per group. Mann-Whitney test or
multiple comparisons in one-way ANOVA was used. The error bar in summary figures
denotes mean £ SEM. *F<0.05, **P< 0.01, ***P< 0.001, ns, not significant.
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Fig. 6. Dual blockade of anti-FcyRI1B and anti-PD-1 promotes infiltration of CD8* T cellsinto
thetumor to delay tumor progression in a B16 melanoma mouse model.

(A) Schematic shown wherein C57BL/6J mice were inoculated with B16-hgp100
melanoma. One week later (tumors ~5mm), WT pmel-1 CD8* T cells were isolated from
mesenteric lymph node and spleen of donor pmel-1 mice and adoptively transferred into
B16-hgp100-challenged mice. On days 2, 4, 6, and 8 post adoptive transfer (days 9, 11,

13, and 15 post tumor inoculation), mice were treated in four groups: 200 pg of 1gG2a and
1gG2b isotypes, 200 pg of anti-FcyRIIB + 1gG2a isotype, 200 pg anti-PD-1 + 200 g 1gG2b,
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or 200 pg anti-PD-1 + 200 pg anti-FcyRIIB. On day 10 post adoptive transfer, (day 17

post tumor), the mice were sacrificed and draining lymph node, spleens, and tumor were
harvested for flow cytometric analyses. (B) Tumor weight was measured after excision of
each mouse and (C) tumor volume was measured with calipers for each mouse every other
day after adoptive transfer to compose the tumor progression plot. Mice were sacrificed at
humane endpoint defined by >2cm in either dimension, necrotic, or affected animal health/
mobility as approved by the Emory University IACUC, n=13-18 per group, pooled data
from three independent experiments. (D) Quantification for the frequencies (data shown are
representative of three independent repeats, /=46 per group) and (E) absolute cell number
of bulk CD8" T cells in PD-1 single blockade or PD-1 + FcyRIIB blockade treated animals.
(F) Quantification for the frequencies (data shown are representative of three independent
repeats, /=46 per group) and (G) absolute cell number of CD44M Thy1.1* pmel-1 CD8*
T cells in PD-1 single blockade or dual blockade treated animals. (H) Representative flow
plots of CD44N Thy1.1* cells in both treatment groups, cell numbers + SEM are shown on
the flow plot as well. (1-K) Quantification for the absolute cell number of (1) CD44" IFNy*
and (J) CD44N TNF* CD8* T cells as well as (K) CD44N Ki67+ CD8* T cells, pooled

data from three independent experiments, 7/=11-14 per group. (L-N) Quantification for the
absolute cell number of (L) CD44M" IFNy* and (M) CD44" TNF* Thy1.1* pmel-1 CD8*

T cells as well as (N) CD44Ni Ki67* Thy1.1* pmel-1 CD8" T cells, pooled data from three
independent experiments, 7=11-14 per group. (O-R) Quantification for the (O) frequency
and (P) absolute cell number of PD-1*FcyRIIB* CD8" T cells at the tumor and the (Q)
frequency and (R) absolute cell number of PD-1"FcyRIIB* CD8* T cells as well as absolute
cell number of (S) CD44MPD-1*FcyRIIB* CD8* T cells and (T) CD44"PD-1"FcyRIIB*
CD8* T cells, pooled data from three independent experiments, 7/=14-15 per group. The
error bar in summary figures denotes mean £ SEM. */<0.05, **P< 0.01, ***/< 0.001, ns,
not significant, Mann-Whitney Test.
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Fig. 7. Dual blockade of FcyRI1B and PD-1 elicits enhanced CD8" T cell antitumor efficacy to
regresstumorsin an LL C lung carcinoma mouse model.

(A-B) Reanalysis of lung cancer TIL single cell datasets. (A) t-SNE plot from a publicly
available single cell dataset visualizing FCGRZB expression on 9,005 single T cells

isolated from NSCLC patient tumors (7=14) (left), followed by a t-SNE visualization of
FCGRZ2B expression CD8* T cells (middle), summary of FCGRZB expression within tumor-
infiltrating CD8™ T cells (right), data normalized in log, format and centered to each patient.
(B) t-SNE plot projecting FCGRZB expression in naive (left) versus dataset-defined effector
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(middle) CD8* T cells at the tumor from the same publicly available single cell dataset

of lung cancer samples with a summary plot of FCGRZB normalized in log, format and
centered to each patient (right). (C) Mice were inoculated with LLC-OVA cells. One week
later (tumors ~5mm), treatment of 200 ug anti-PD-1 + 200 pg 1gG2b or 200 g anti-PD-1 +
200 pg anti-FcyRIIB three times a week until IACUC endpoint was reached. The mice were
sacrificed and draining lymph nodes, spleens, and tumor were harvested for flow cytometric
analyses. (D) Quantification measuring the frequency of FcyRIIB* of CD44M CD8* T cells
at the draining lymph node, spleen, and tumor (left) and the frequency of CD44M IFNy*
CD8* T cells (middle) and of CD44N Ki67* CD8* T cells (right) in cells stimulated ex

vivo isolated from untreated LLC-challenged mice, 7=4 per group. (E) Tumor progression
of mice treated accordingly is displayed, tumor volume was measured with calipers for each
mouse every other day after start of treatment. (F) Survival data were plotted on Kaplan-
Meier curves, and a log-rank (Mantel-Cox) test was performed. (G-J) Quantification for the
(G) frequency and (H) absolute cell number of tetramer* CD8" as well as the (1) frequency
of FcyRIIB* CD8* and (J) absolute cell number of FcyRIIB* tetramer® CD8* T cells in
the tumor of treated mice. (K-P) Quantification for the frequency of (L) CD69* CD8*, (M)
IFNy* of CD44N CD8*, (N) TNF* of CD44N CD8*, () Ki67* of CD44" CD8* T cells,
and (P) IFNy* TNF* CD8* T cells stimulated ex vivo from the tumors of treated mice,
nm=8-9 per group. Representative flow plots from both treatment groups are shown with

the frequency shown on the flow plot as well. (Q-T) Quantification for the frequency (Q)
and absolute cell number (R) of PD-1*FcyRIIB* CD8* T cells vs. the frequency (S) and
absolute cell number (T) of PD-1"FcyRIIB* CD8*. (U-X) Quantification for the frequency
(U) and absolute cell number (V) of PD-1*FcyRIIB™* tetramer* cells versus the frequency
(W) and absolute cell number (X) of PD-1"FcyRIIB* tetramer* cellsat the tumor, 7=8-9 per
group. Mann-Whitney non-parametric, unpaired tests were used when comparing groups of
mice. Area under curve was calculated and then total area was compared using an unpaired
T test. The error bar in summary figures denotes mean + SEM. ****£<0.0001, ***F<0.001,
**p<0.01, *F<0.05, ns, not significant.
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Fig. 8. Blocking FcyRI1B with clone 2.4G2 or non-cross-reactive FcyRI | B-specific antibody
AT-128 increases response to anti-PD-1 therapy in an M C38 mouse colon cancer model.

(A) Schematic shown wherein C57BL/6J mice were inoculated with MC38 cells. One week
later (tumors ~5mm), mice were treated with 200 ug anti-PD-1 + 200 g 19gG2b or 200

ug anti-PD-1 + 200 pg anti-FcyRIIB (clone 2.4G2 or clone AT-128) on days 0, 2, and 4.
Mice were sacrificed and draining lymph nodes, spleens, and tumor were harvested for flow
cytometric analyses on day 10 or IACUC endpoint. (B) Tumor size of mice treated with
anti-PD1 and isotype or anti-PD1 and anti-FcyRIIB (clone AT-128) is displayed at sacrifice
on day 10 (/=14-15 per group), pooled data from two experiments. (C) Tumor size of

mice treated with anti-PD1 and anti-FcyRIIB (clone 2.4G2) or anti-PD1 and anti-FcyRIIB
(clone AT-128) is displayed at sacrifice (/=32 or 5 per group). (D) Tumor time course is
displayed with tumor volume as measured with calipers for each mouse every other day after
start of treatment until IACUC endpoint (=11 or 15 per group). (E) Pie graphs depicting
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proportion of MC38-challenged mice that were cured after anti-PD1 and isotype treatment
vs anti-PD1 and anti-FcyRIIB (clone 2.4G2) (7=11 or 15 per group). Quantification for
the (F) frequency of p15e tetramer* CD8* T cells, (G) frequency of FcyRIIB* CD8*

T cells, and frequency of (H) PD-1*FcyRIIB* CD8* T cells versus (1) PD-1"FcyRIIB*
CD8*. Quantification for the frequency of (J) CD44" CD8*, (K) CD44M" IFNy* CD8",
(L) CD44N TNF* of CD8*, (M) CD44N Ki67* of CD8" T cells stimulated with p15e
peptide ex vivo from the tumors of treated mice, 7=9-10 per group, pooled data from two
experiments. (N) Tumor size of mice rechallenged with MC38 tumors 10-12 weeks after
tumor cure with anti-PD-1 + anti-FcyRIIB (/=6) or naive mice controls challenged for first
time. Mann-Whitney non-parametric, unpaired tests were used when comparing groups of
mice. The error bar in summary figures denotes mean + SEM. ****/£<0.0001, ***F<0.001,
**p<0.01, *F<0.05, ns, not signf.
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