1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

WEALTY 4
of %,

SERVIC

A
u
Yeyvaaa

/ HHS Public Access

Author manuscript
Immunity. Author manuscript; available in PMC 2020 June 18.

Published in final edited form as:
Immunity. 2019 June 18; 50(6): 1498-1512.e5. doi:10.1016/j.immuni.2019.04.010.

Intratumoral activity of the CXCR3 chemokine system is required
for the efficacy of anti- PD-1 therapy

Melvyn T. Chow!, Aleksandra J. Ozgal, Rachel L. Servisl, Dennie T. Frederick?, Jennifer A.
Lo3, David E. Fisher3, Gordon J. Freeman?, Genevieve M. Boland?, and Andrew D.
Lusterl>”

1Center for Immunology & Inflammatory Diseases, Division of Rheumatology, Allergy &
Immunology, Massachusetts General Hospital, Harvard Medical School, Boston, MA, 02114, USA

2Department of Surgery, Massachusetts General Hospital, Harvard Medical School, Boston, MA,
02114, USA

SCutaneous Biology Research Center, Department of Dermatology and MGH Cancer Center,
Massachusetts General Hospital, Harvard Medical School, Boston, MA 02114, USA.

4Department of Medical Oncology, Dana-Farber Cancer Institute, Harvard Medical School,
Boston, MA 02115, USA

5Lead contact

Summary

Despite compelling rates of durable clinical responses to PD-1 blockade, advances are needed to
extend these benefits to resistant tumors. We found that tumor-bearing mice deficient in the
chemokine receptor CXCR3 responded poorly to anti-PD-1 treatment. CXCR3 and its ligand
CXCL9 were critical for a productive CD8* T cell response in tumor-bearing mice treated with
anti-PD-1, but were not required for the infiltration of CD8* T cells into tumors. The anti-PD-1-
induced anti-tumor response was facilitated by CXCL9 production from intratumoral CD103*
dendritic cells, suggesting that CXCRS3 facilitates dendritic cell-T cell interactions within the
tumor microenvironment. CXCR3 ligands within murine tumors and in plasma of melanoma
patients were an indicator of clinical response to anti-PD-1, and their induction in non- responsive
murine tumors promoted responsiveness to anti-PD-1. Our data suggest that the CXCR3
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chemokine system is a biomarker for sensitivity to PD-1 blockade and that augmenting the
intratumoral function of this chemokine system could improve clinical outcomes.
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Chow et al. find the CXCR3 chemokine system is not required for CD8* T cell migration into the
tumor, but rather for the enhancement of the intratumoral CD8* T cell response in the context of
PD-1 blockade. The CXCR3 chemokine system may serve as a biomarker for sensitivity to PD- 1
blockade and a target for improving clinical outcomes.

Introduction

CDS8™* T cells play a vital role in tumor eradication through the production of cytotoxic
molecules, such as perforin and granzyme, and cytokines, such as interferon (IFN)-y and
tumor necrosis factor (TNF)-a (Martinez-Lostao et al., 2015). Indeed, the presence of high
densities of CD8* T cells within tumor tissue is a favorable prognostic indicator in many
cancers (Fridman et al., 2012). However, it is well established that the microenvironment of
tumors is frequently immunosuppressive, rendering CD8* T cells dysfunctional and
promoting tumor progression (Speiser et al., 2016). In particular, immune checkpoints, such
as the programmed cell death (PD)1/PD-L1 pathway, have been exploited by tumors as a
critical immunosuppressive mechanism to evade T cell immunity (Hashimoto et al., 2018).
In the tumor microenvironment, PD-L1 is upregulated on antigen-presenting cells and/or
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tumors cells, and its binding to PD-1 on CD8* T cells dampens their cytokine production,
proliferation and migration (Sharpe and Pauken, 2018). PD-1/PD-L1 pathway inhibition can
result in robust and durable anti-tumor responses in cancer patients and in preclinical tumor
models (Hashimoto et al., 2018). However, only a proportion of patients respond to PD-1
immune checkpoint blockade, emphasizing the need for a better understanding of the
underlying mechanisms of PD-1 inhibitor-mediated enhancement of the anti-tumor CD8* T
cell response.

The infiltration of CD8* T cells and their localization within tumors are critical for PD-1
blockade therapy (Ribas and Wolchok, 2018). Correlative human studies have highlighted
the potential importance of chemokines for T cell infiltration into tumors and for patient
survival (Bindea et al., 2013; Messina et al., 2012). CXCR3, a chemokine receptor for the
interferon- inducible chemokines CXCL9, CXCL10, and CXCL11, is highly expressed on
activated T cells and plays essential roles in the spatial distribution, migratory behavior, and
function of T cells (Groom and Luster, 2011a; Groom and Luster, 2011b). CXCR3 and its
ligands guide the recruitment of effector T cells into the inflamed peripheral tissue in type 1
inflammatory responses (Dufour et al., 2002; Hancock et al., 2001; Hancock et al., 2000;
Harris et al., 2012; Khan et al., 2000; Rashighi et al., 2014). The CXCR3 chemokine system
also plays important roles in the positioning of T cells within secondary lymphoid organs
and peripheral tissue, facilitating the interactions of T cells with antigen-loaded activated
dendritic cells (DCs), promoting T cell activation and differentiation, as well as assisting the
process of locating and killing virally infected cells (Groom et al., 2012; Hickman et al.,
2015; Kastenmuller et al., 2013; Rashighi et al., 2014; Sung et al., 2012). Engineering tumor
cells to express CXCL10, a CXCR3 ligand, can induce an anti-tumor immune response
(Luster and Leder, 1993), and CXCR3 expression on CD8* T cells is critical for their entry
into tumors in an adoptive cell transfer model (Mikucki et al., 2015). The CXCR3
chemokine system is also relevant in the therapeutic efficacy of chemotherapy (Sistigu et al.,
2014). We therefore set out to determine whether the CXCR3 chemokine system participates
in anti-tumor immunity induced by PD-1 blockade.

We found that the CXCR3 chemokine system was required for the efficacy of anti-PD-1
therapy in mouse tumor models. CXCR3 was not required for CD8* T cell migration into
the tumor, but rather was required for the enhancement of the intratumoral CD8" T cell
response in the context of PD-1 blockade. Furthermore, experiments with melanoma patient
samples suggest that CXCR3 ligands may serve as early biomarkers of response to
checkpoint blockade therapy.

CXCR3is necessary for an effective response to PD-1 blockade therapy

To understand the role of the CXCR3 chemokine system in the efficacy of anti-PD-1
immunotherapy, we used an anti-PD-1-responsive transplantable tumor model - the MC38
tumor cell line (Woo et al., 2012). We inoculated wild-type (WT) and Cxcr3’~ mice
subcutaneously with MC38 cells and eight days later, after the tumor was established,
treated them with either anti-PD-1 antibody or an isotype-matched control antibody (Figure
1A). As shown in Figure 1B & 1C, tumor growth and mouse survival were comparable
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between WT and Cxcr3™~ mice treated with the isotype-matched control antibody. By
contrast, treatment with the anti-PD-1 antibody markedly reduced tumor growth and led to
improved survival in WT mice. Although Cxcr3~ mice also displayed reduced tumor
growth and improved survival in response to anti-PD-1 antibody treatment, these responses
were significantly diminished compared with those in WT mice. A similar result was
observed in a second tumor model, the D4AM.3A.3 UV3 melanoma model (Figure S1A).
This result demonstrates a role for CXCR3 in mediating the efficacy of anti-PD-1 antibody
treatment.

A functional CD8* T cell response following PD-1 blockade is dependent on CXCR3

Given the reported role of CXCR3 in T cell recruitment into tumors and the importance of
pre- existing intratumoral CD8" T cells for effective PD-1 blockade therapy (Tumeh et al.,
2014), we hypothesized that the reduced therapeutic effect of anti-PD-1 in Cxcr3’~ mice
might relate to a decrease in the early infiltration of CD8* T cells into the tumor. However,
an analysis of tumors before beginning anti-PD-1 treatment revealed that the percentage and
absolute number of CD8* T cells within tumors were comparable between WT and Cxcr3/~
mice (Figure 1D & Figure S1B). Intratumoral CD8* T cells from untreated WT and
Cxer3!~ mice displayed a similar capacity to produce cytokines (Figure 1E) with similar
expression of PD-1, LAG-3, CD137, TCF-1, CD28, T-bet. CD39, TIGIT, Tim-3, CD44 and
ICOS (Figure S2). We further investigated whether the T cell response against Adpgk, a
well-described neoantigen expressed in MC38 tumors (Yadav et al., 2014), was affected in
Cxcr3™'~ mice. There were no differences in percentage and phenotype of intratumoral
tumor antigen-specific CD8* T cells in WT and Cxcr3”~ mice (Figure S3A & S3B). These
data suggest that CXCR3 is not required for the early recruitment and functioning of CD8*
T cells in tumors, at least in this experimental model.

Consistent with these results, the absolute number of intratumoral CD8* T cells was similar
between tumors of WT and Cxcr3™~ mice treated with isotype-matched control antibody
(Figure 1F). However, anti-PD-1 treatment significantly increased the number of CD8* T
cells in the tumors of WT mice, whereas the number of intratumoral CD8* T cells did not
change in anti-PD-1-treated Cxcr3/~ mice (Figure 1F). Furthermore, ex vivo activation and
intracellular cytokine staining showed an increase in CD8* T cells expressing IFN-y and
TNF-a in WT mice, but not in Cxcr3/~ mice (Figure 1G). Next, we further evaluated the
CD8™ T cell response by examining the expression of the proliferation marker Ki-67 and the
cytotoxic protein granzyme B, which have been described as markers of a functional anti-
tumor CD8* T cell response following PD-1 blockade (Twyman-Saint Victor et al., 2015).
Anti-PD-1 treatment markedly enhanced the percentage of Ki-67* granzyme B* CD8* T
cells in WT mice (Figure 1H). By contrast, there was no significant change in the proportion
of Ki-67* granzyme B* CD8" T cells in anti-PD-1-treated Cxcr3~/~ mice compared with the
isotype control group (Figure 1H).

Anti-PD-1 therapy promotes an intratumoral response

Although the CXCR3 chemokine system did not play a role in the early infiltration of CD8*
T cells into tumors in our model, the increased number and enhanced function of CD8* T
cells in the tumors of WT but not CXCR3~/~ mice (Figure 1F—H) upon anti-PD-1 treatment
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suggested that CXCR3 may instead be involved in T cell recruitment during the course of
anti-PD-1 treatment. To address this, first we determined whether anti-PD-1 enhanced the
recruitment of CD8* T cells into tumors from lymphoid organs. To this end, we used
FTY720 (a functional antagonist of the S1P1 receptor) to block the egress of T cells from
the lymphoid organs (Matloubian et al., 2004), one day before the initiation of anti-PD-1
therapy (Figure 2A). Although FTY720 treatment dramatically reduced T cell numbers in
peripheral blood as expected (Figure 2B), anti-PD-1 treatment still resulted in increased
numbers of CD8* T cells within tumors (Figure 2C), indicating an expansion of the CD8* T
cell population that had infiltrated during early tumor development before the initiation of
anti-PD-1 treatment. Accordingly, FTY720 administration had no impact on tumor growth
suppression in WT mice treated with the anti-PD-1 antibody (Figure 2D), whereas
administration of FTY720 before tumor inoculation inhibited anti-PD-1-mediated tumor
reduction (Figure 2E). These results indicate that anti-PD-1-induced tumor control was
predominantly mediated by T cells that were present within the tumor before initiation of
anti-PD-1 treatment. To determine if T cell accumulation within tumors was the result of
increased local T cell proliferation, we measured 5-ethynyl-2”-deoxyuridine (EdU)
incorporation in CD8* T cells recovered for the tumor and draining lymph node of MC38
tumor- bearing mice before and after anti-PD-1 treatment. Anti-PD-1 treatment induced the
proliferative response of T cells at the tumor site as the percentage of EdU* CD8* T cell
population was increased within MC38 tumors in WT mice (Figure 2F). By contrast, there
was no increased T cell proliferation induced by PD-1 blockade in draining lymph node
(Figure S4). In addition, we found that this proliferative response within tumors was
abrogated in Cxcr3™'~ mice, suggesting that the CXCR3 chemokine system is critical in the
expansion of CD8" T cells following PD-1 blockade in the tumor microenvironment.

CXCR3 on CD8" T cells is essential for anti-PD-1-mediated CD8* T cell activation

CXCR3 is expressed not only on T cells but also on other hematopoietic cells, such as innate
lymphocytes and plasmacytoid DCs (Griffith et al., 2014). Therefore, we sought to
determine the contribution of CXCR3 expressed on CD8* T cells for anti-PD-1-mediated
activation of CD8" T cells. To this end, irradiated C57BL/6 mice (CD45.1%) were
reconstituted with a 1:1 mixture of bone marrow from WT (CD45.1%) and Cxcr3 /=
(CD45.2%) mice, followed by tumor induction, FTY 720 administration and anti-PD-1
treatment (Figure 3A). The frequency of intratumoral Cxcr3/~ CD8* T cells was slightly
reduced in comparison to WT CD8* T cells in isotype control- treated animals, suggesting a
minimal impairment in the ability of Cxcr3”/~ CD8* T cells to infiltrate tumors in the
competitive setting. However, in mice that received anti-PD1 treatment, the frequency of
intratumoral Cxcr3/~ CD8* T cells was reduced to much lower levels compared to WT
CD8™ T cells, suggesting preferential expansion of WT CD8* T cells within the tumor
(Figure 3B). We further analyzed the response against the tumor neoantigen Adpgk
expressed in MC38 tumors. In isotype control-treated mice, the percent of neoantigen-
specific WT and Cxcr3/~ CD8* T cells were comparable, suggesting similar numbers of
WT and Cxcr3~ neoantigen-specific CD8* T cells were present in tumors in mice prior to
anti-PD-1 treatment. In contrast, the frequency of tumor neoantigen-specific Cxcr3 '/~ CD8*
T cells was strikingly reduced compared to neoantigen-specific WT CD8* T cells in the
tumor after anti-PD-1 treatment, demonstrating the preferential expansion of WT over
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Cxcr3!'~ neoantigen-specific CD8* T following anti-PD-1 treatment. (Figure 3C). In
addition, anti-PD-1 treatment increased the effector function of WT CD8* T cells as
measured by IFN-y and TNF-a production but not that of Cxcr3”/~ CD8* T cells within the
same tumor (Figure 3D). Taken together, these data demonstrate that CD8* T cells require
intrinsic CXCR3 signaling within the tumor microenvironment for anti-tumor responses
during anti-PD-1 treatment.

We next sought to characterize the CXCR3-expressing CD8* T cell populations within
MC38 tumors using CXCR3-GFP reporter (CIBER) mice. Based on the expression of
CXCR3 and levels of PD-1 expression, we defined the following four subsets of
intratumoral CD8* T cells: CXCR3* PD-11%; CXCR3* PD-1i"; CXCR3* PD-1M; and
CXCR3~ PD-1N (Figure 3E). CXCR3~ PD-1N CD8* T cells expressed higher levels of
inhibitory molecules, including Tim-3, LAG-3 and TIGIT, than the other subsets (Figure
3F), indicating a higher level of dysfunction and T cell exhaustion. In addition, CXCR3*
PD-1int and CXCR3* PD-1Ni CD8* T cells expressed higher levels of co-stimulatory
molecules CD44, CD28 and CD137, than the other subsets. These results are consistent with
our observation that CXCR3* PD-1i" and CXCR3* PD-1" CD8* T cells from tumors
produced IFN-y and TNF-a at higher levels than CXCR3~ PD-1" CD8* T cells (Figure
3G), indicating an important role for CXCR3 in regulating CD8* T cell function. Previous
studies demonstrated that terminally exhausted CD8* T cells upregulate their expression of
granzyme B (Im et al., 2016; Utzschneider et al., 2016). Consistent with this notion,
CXCR3™ PD-1M CD8* T cells expressed the highest level of granzyme B (Figure 3H),
suggesting that they could be terminally exhausted. We also found that the percentage of
CXCR3-expressing CD8* T cells declined over time, with lower percentages seen at later
stages of tumor growth (>Day 25) (Figure 3I). These results suggest that CXCR3 expression
on CD8* T cells is inversely correlated with tumor growth.

CD103* DC-derived CXCL9 is required for the efficacy of PD-1 blockade therapy

To further characterize how the CXCR3 chemokine system mediates intratumoral responses
to PD-1 blockade, we examined the expression of the CXCR3 chemokine ligands CXCL9
and CXCL10 (CXCL11 is a null mutant in C57BL/6 mice (Sierro et al., 2007) and was
therefore not studied). RNA and protein levels of CXCL9 and CXCL10 were markedly
increased in tumors after anti-PD-1 treatment (Figure 4A-B). Furthermore, administration of
neutralizing monoclonal antibodies against CXCL9 and CXCL10 significantly negated the
effectiveness of anti-PD-1 treatment (Figure 4C). Consistent with our earlier findings
(Figure 2D), the extent of tumor reduction was the same in the presence or absence of
FTY720, substantiating the contribution of the CXCR3 chemokine system to anti-PD-1-
mediated activation of pre-existing tumor- associated T cells.

To determine the respective roles of host-derived CXCL9 and CXCL10 in anti-PD-1 induced
tumor rejection, mice deficient in Cxc/9or Cxcl10were inoculated with MC38 cells and
then treated with anti-PD-1 or control antibody. WT, Cxc/97/~ and Cxc/107/~ mice treated
with isotype control antibody displayed comparable tumor growth (Figure 4D).
Administration of anti-PD-1 antibody suppressed tumor growth in WT and Cxc/107~ mice
and enhanced their survival (Figure 4D). However, the therapeutic benefits of PD-1 blockade
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was partially lost in Cxc/97~ mice, indicating a critical role for host-derived CXCL9 in anti-
PD-1 immunotherapy (Figure 4D). Moreover, the percentages of IFN-y* TNF-a* CD8* T
cells and Ki-67* granzyme B* CD8* T cells within tumors were increased upon anti-PD-1
treatment in WT, but not in Cxc/97~ mice (Figure 4E), indicating that the CD8 T cell anti-
tumor response induced by PD-1 blockade was CXCL9-dependent.

DCs play a critical role in orchestrating T cell responses and can generally be divided into
two functionally specific subsets: CD103* DCs are efficient at cross-presentation, which is
important in the generation of CD8* T cell responses, while CD11b* DCs are superior in
promoting CD4* T helper (Th) cell responses (Durai and Murphy, 2016). Furthermore,
CD103* DCs have been shown to be important in anti-PD-1 treatment, as tumors in mice
lacking CD103* DCs respond poorly to anti-PD-1 treatment (Salmon et al., 2016; Sanchez-
Paulete et al., 2016). Therefore, we investigated whether secretion of CXCL9 by CD103™*
DCs plays an important role in mediating tumor responses to anti-PD-1 treatment. First, we
analyzed the expression profile of the CXCR3 ligands in CD103* DCs and CD11b* DCs
using our CXCL9- CXCL10 dual reporter mice (REX3) mice. We discovered that myeloid
cells were the major intratumoral immune cells that produce CXCL9 and CXCL10 (Figure
S5A & S5B). Notably, CD103* DCs exhibited a distinct chemokine expression profile from
CD11b* DCs as CD103* DCs produced almost exclusively CXCL9 while CD11b* DCs
were characterized by the production of high level of CXCL10 (Figure 5A). Given that host-
derived CXCL9 is important in the efficacy of PD-1 blockade, we next examined the
expression of CXCL9 in the CD103* DC and CD11b* DC after anti-PD-1 treatment. To this
end, REX3 mice were implanted with the MC38 tumor cell line followed by anti-PD-1
administration. We found that CXCL9 production was increased after anti-PD-1 treatment in
CD103* DCs but not CD11b* DCs (Figure 5B & 5C).

To determine the functional importance of CD103* DC-derived CXCL9, we generated
mixed bone marrow chimeric mice by reconstituting irradiated WT C57BL/6 mice
(CD45.1%) with a mixture of bone marrow from Zbtb46-diphtheria toxin receptor (DTR)
(CD45.1*CD45.2%), and either WT control (CD45.2%), Cxc/9™~ (CD45.2*) or Cxcl107'-
(CD45.2*%) mice. Following reconstitution, MC38 tumors were inoculated into these mixed
BM chimeric mice and then 8 days later treated with FTY 720, diphtheria toxin (DT) and
anti-PD-1 (Figure 5D). Importantly, CD103* DCs were preferentially depleted in the tumor
upon DT administration (Figure S6). Anti-PD-1 treatment significantly suppressed tumor
growth and enhanced survival in mixed BM chimeric mice that had WT DCs or CD103*
Cxcl107'= DCs in the tumor (Figure 5E). In contrast, mixed BM chimeric mice that had
CD103* Cxcl/97'~ DCs exhibited poorer response to anti-PD-1 treatment. Taken together,
these data reveal the functional importance of CD103* DC-derived CXCL9 for response to
PD-1 blockade therapy.

Combination of epigenetic modulators and anti-PD-1 convert non-responders to

responders

Given the important role of the CXCR3 chemokine system in PD-1 immune checkpoint
blockade therapy, we next evaluated whether CXCL9 and CXCL10 could serve as
biomarkers for response to anti-PD-1 immunotherapy. We used REX3 transgenic mice to
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examine the levels of CXCL9 and CXCL10 expression in DCs within multiple distinct solid
tumors showing different responsiveness to anti-PD-1. The anti-PD-1-responsive tumors,
including the MC38 colon adenocarcinoma, the MCA1956 fibrosarcoma, the DAM.3A.3
UV2 melanoma and the D4M.3A.3 UV3 melanoma, exhibited markedly higher expression
of CXCL9 and CXCL10 in CD11c* MHCII* DCs compared with the anti-PD-1 resistant
tumors, including the B16F10 melanoma, the D4M.3A.3 BRAF-mutant melanoma and the
AT-3 breast cancer (Figure 6A). These results suggest that the baseline expression of
CXCR3 ligands in tumors may predict responsiveness to anti-PD-1 therapy.

Previous studies have shown that administration of epigenetic modulators to tumor- bearing
mice can modulate the expression of CXCR3 ligands in tumors (Peng et al., 2015). We
decided to investigate whether we could render AT-3 tumors, which are resistant to anti-
PD-1 treatment, responsive to anti-PD-1 treatment by upregulating CXCR3 ligand
expression using the epigenetic modulators DZNeP and 5-AZA-dC (Figure 6B). Treatment
with the epigenetic modulators alone had minimal effects on the production of CXCL9 and
CXCL10 by DCs (Figure 6C). However, treatment with the modulators in combination with
anti-PD-1 antibody dramatically increased CXCL9 and CXCL10 expression in CD11c*
MHCII* DCs. We also observed that treatment with epigenetic modulators only or with anti-
PD-1 only had minimal effects on tumor growth, but, importantly, the combination of both
agents delayed tumor growth and enhanced mouse survival (Figure 6D). To test whether the
therapeutic effect of the combination treatment relies on the DC-derived CXCL9, we
performed the treatment in the WT: Zbtb46°7R and Cxcl9™'~: Zbtb46°TR mixed bone marrow
chimeric mice. Tumors from Cxcl97'~ : Zbtb46PTR mixed bone marrow chimeric mice were
unresponsive to the combination therapy (Figure 6E), underscoring the importance of
CXCL9 production by DCs for the efficacy of the combination treatment. These data
suggest that PD-1 blockade plus epigenetic modulation of CXCR3 ligand expression could
promote responsiveness in tumors that are resistant to anti-PD- 1 therapy.

CXCL9 and CXCL10 expression correlates with clinical response to immunotherapy

The results from our mouse studies prompted us to investigate whether CXCL9 and
CXCL10 levels might also correlate with the response to immune checkpoint blockade in
human cancer patients. We analyzed chemokine expression in plasma samples from
melanoma patients treated with PD-1 blockade therapy alone or in combination with anti-
CTLA-4 therapies (Table S1). We observed that the levels of these CXCR3 ligands
significantly correlated with treatment outcome. Compared with non-responders, the
response group had elevated plasma levels of CXCL9 and CXCL10 within the first few
months after immune checkpoint blockade therapy (Figure 7A), suggesting that these
CXCR3 ligands could be early biomarkers for response to the immunotherapy. Additionally,
consistent with the findings from our mouse tumor model (Figure 3E & 3F), CXCR3~
PD-1M CD8* T cells isolated from human melanomas exhibited relatively high amounts of
Tim-3 and low amounts of CD28 (Figure 7B & S7).
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Discussion

Immunotherapy using PD-1 blockade has emerged as a promising approach for the treatment
of a broad range of cancers; however, only a limited proportion of patients treated with
immune checkpoint blockade therapy exhibit a durable anti-tumor response. The extent of
enhancement of the CD8" T cell response by PD-1 blockade is one of the critical
determinants of the efficacy of anti-PD-1 therapy (Huang et al., 2017). In this study, we
provide evidence for the functional relevance of the CXCR3 chemokine system for the anti-
tumor CD8* T cell response in response to PD-1 blockade. In particular, we found that the
CXCR3 chemokine system enhanced the proliferation and function of intratumoral CD8* T
cells during anti-PD-1 treatment, and that CD103* DCs-derived CXCL9 played a pivotal
role in this process.

The CXCR3 chemokine system plays an important role in CD8" T cell recruitment into
tumors in adoptive transfer models (Mikucki et al., 2015; Spranger et al., 2017). By contrast,
in our study, which involved the endogenous generation and trafficking of tumor-specific T
cells, we found that the CXCR3 chemokine system was dispensable for early T cell
trafficking into tumors, while it was essential for the anti-PD-1-mediated response of the
CD8™ T cell population residing within tumors. The different requirement for the CXCR3
chemokine system for T cell entry into tumors may reflect the differences in the models. In
adoptive T cell transfer models, fully differentiated and activated CD8* T cells are
transferred into mice that contain established tumors. In contrast, in our model,
endogenously generated tumor-specific CD8* T cells have the opportunity to traffic into
nascent tumors over time as the T cell response is developing and the tumors are forming.
Thus, the entry of adoptively transferred fully differentiated and activated CD8* T cells is
dependent on the CXCR3 chemokine system to enter established tumors while the early
infiltration of endogenously generated tumor-specific T cells into developing tumors is less
dependent on the CXCR3 chemokine system and likely depends on different chemokine
systems. In fact, other chemokine systems, such as CCR2, CCR5, CX3CR1, are associated
with T cell migration into tumors (Ahrends et al., 2017; Berghuis et al., 2011; Chew et al.,
2012; Fridman et al., 2012; Gonzalez-Martin et al., 2011; Harlin et al., 2009; Liu et al.,
2015; Mlecnik et al., 2010).

The importance of recruiting T cells from outside of the tumor for effective PD-1 blockade
treatment has been intensively debated. There is rapid proliferation of CD8* T cells within
tumors after PD-1 blockade (Spranger et al., 2014; Wei et al., 2017), suggesting that the pre-
existing tumor-infiltrating CD8" T cell population is sufficient for eliciting a therapeutic
response. However, there are some contrasting results regarding the effects of FTY720
administration during therapy on the response to immune checkpoint blockade. It has been
suggested that the efficacy of immune checkpoint blockade relies on T cells already present
in tumors, as FTY720 administration before treatment did not affect the efficacy of
immunotherapy (Garris et al., 2018; Siddiqui et al., 2019; Spranger et al., 2014; Wang et al.,
2016). In contrast, another study found that a systemic immune response is required for
effective checkpoint blockade therapy (Spitzer et al., 2017). These conflicting results may be
due to FTY720 being administered at different time points, and the varying tumor burdens
and different degrees of tumor-infiltrating T cells. Nevertheless, these studies show that a
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significant number of pre- existing T cells within tumors is a fundamental prerequisite for an
efficient response to immune checkpoint blockade. Notably, in our studies, we found that
induction of the anti-tumor CD8* T cell response by PD-1 blockade occurred specifically in
the tumor microenvironment and was largely dependent on the CXCR3 chemokine system.
FTY720 administration did not alter the response to PD-1 blockade, suggesting that
reactivation of CD8™ T cells in the reactive lymph node or their recruitment from the
draining lymph node is not critical for the response to immunotherapy in our model.

We found that expression of CXCL9 was increased in CD103* DCs following PD-1
blockade. In addition, CD103* DC-derived CXCL9 was pivotal for the response to PD-1
blockade. CD103* DCs excel in the priming and cross-presentation of cell-associated
antigens to CD8* T cells and are critical for the efficacy of anti-PD-1 cancer therapy
(Salmon et al., 2016; Sanchez-Paulete et al., 2016). The CXCL9-CXCR3 axis is important
in guiding DC-T cell positioning and interactions within lymph nodes for optimal recall
response of memory CD8" T cell in viral infections (Kastenmuller et al., 2013; Sung et al.,
2012). Furthermore, CXCL9 expression is increased in CD103* DC in the context of anti-
Tim-3 cancer immunotherapy (de Mingo Pulido et al., 2018). Therefore, the increased
expression of CXCL9 in CD103* DCs induced by PD-1 blockade may enable CD103* DCs
to specifically capture CXCR3-expressing CD8* T cells, thereby leading to more effective T
cell response. In contrast to the importance of host-derived CXCL9 in PD-1 blockade, we
found that host-derived CXCL10, another CXCR3 ligand, was not essential for anti-PD-1
therapy-induced tumor control. In our tumor model, CXCL10 was preferentially produced
by CD11b* DCs, which are known to be more important in the CD4* Th cell response. In
fact, CD11b* DC-derived CXCL10 is essential for the optimal generation of CD4* Thl
response (Groom et al., 2012). In addition, tumor cells can increase expression of CXCL10
in response to chemotherapy, which is important for anti-tumor T cell responses (Sistigu et
al., 2014). Therefore, the role of tumor cell-derived CXCL10 in the efficacy of PD-1
blockade therapy needs to be further elucidated. Our results demonstrated that even though
the therapeutic effect of anti-PD-1 treatment was largely dependent on the CXCR3
chemokine system, there was a residual anti-tumor effect of anti-PD-1 in Cxcr37~ and
Cxcl9~ mice. PD-L1 on tumor cells can directly inhibit the cytotoxic function of CD8* T
cells, and blockade of the PD-1-PD-L1 interaction enhances the direct CD8" T cell killing of
tumor cells (Juneja et al., 2017). Although CD8" T cells are considered the primary target of
anti-PD-1, anti-PD-1 can directly affect macrophages as well (Gordon et al., 2017).
Blockade of the PD-1 pathway on macrophages increases their phagocytic activity, thereby
reducing tumor growth. Thus, our observation of a residual anti-tumor effect of anti-PD-1 in
Cxcr3™'= and Cxcl9'~ mice could be explained by the fact that anti-PD-1 therapy can
unleash the killing activity of CD8* T cells and increase macrophage phagocytosis in the
tumor microenvironment.

We extended our observation describing the essential role of the CXCR3 chemokine system
for the efficacy of PD-1 blockade in murine models to the clinic by demonstrating that an
increase in CXCL9 and CXCL10 plasma levels early after immune checkpoint blockade
treatment of human melanoma patients was a positive indicator of a therapeutic response. In
addition, we found that baseline levels of CXCL9 and CXCL10 within murine tumors also
predicted their response to PD-1 blockade. Based on the preclinical and clinical data
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reported here, repression of any of the components of the CXCR3 chemokine system may
compromise the therapeutic efficacy of PD-1 blockade. In fact, we demonstrated that de-
repressing the Cxc/9and Cxc/10genes with epigenetic modulators converted anti-PD-1 non-
responsive tumors to responsive tumors, and that this correlated with the induction of these
chemokines in intratumoral DCs. These preclinical data suggest that tumor-specific
induction of these potent chemokines in non-responsive tumors may be a viable therapeutic
strategy to extend the benefits of anti-PD-1 therapy. In fact, there are a number of ongoing
clinical trials that are testing the efficacy of combining epigenetic modulators with anti-
PD-1. These and other studies will be needed to determine the optimal modifier to de-
repress the CXCR3 chemokine system in the tumor and its ultimate clinical efficacy when
combined with checkpoint blockade. Nonetheless, taken together, our data support the
hypothesis that augmenting the intratumoral function of the CXCR3 chemokine system is a
viable approach to enhance the efficacy of PD-1 blockade.

STAR Methods

Human studies

IRB approval was obtained prior to study enrollment and written informed consent was
obtained from all donors. Patients with metastatic melanoma provided written informed
consent for the collection of tissue and blood samples for research and genomic profiling, as
approved by the Dana-Farber/Harvard Cancer Center Institutional Review Board (DF/HCC
Protocol 11-181). Matched blood samples were obtained from patients at baseline and after
treatment with either anti-PD-1 (Pembrolizumab or Nivolumab) or anti-PD-1 + anti-CTLA-4
(Ipilimumab) (see Table S1). Of the cohort, 27 of the 28 patients received anti-PD-1 or anti-
PD-1 + anti-CTLA-4 for metastatic stage 1V melanoma aside from 1 patient who was given
adjuvant anti-PD1 after definitive surgical resection. Blood was collected prior to initiation
of therapy (between 9 days prior to therapy and the day of therapy initiation) and post-
treatment blood collection occurred between 19 and 93 days (median = 42) after initiation of
therapy. Blood was processed at the time of collection and plasma was stored for subsequent
cytokine analysis. All patients classified as responders (R) showed clear radiographic
decrease in disease and maintained an ongoing response without progression through to last
follow-up. Patients classified as non- responders (NR) did not respond to treatment
radiographically and/or had clear and rapid progression. In the case of the one patient who
received adjuvant therapy, NR was defined as post-treatment recurrence. Progression free
survival is given in days from treatment start to radiographic scan when progression was first
noted. Human CXCL9 and CXCL10 ELISA kits (R&D Systems) were used to analyze
patient plasma samples according to the manufacturer’s instructions.

Fresh tumor specimens were obtained from patients who underwent surgical resection as
standard of care. Tumors were harvested in cold PBS, minced into small pieces and digested
for 1 hour at 37°C with Collagenase 1V (Img/ml) (Wo rthington) and DNase | (0.02mg/mL)
(Sigma-Aldrich). Single cell suspensions were obtained, and standard procedure for flow
cytometry analysis was performed (see below).
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C57BL/6 WT, CXCR3-GFP (CIBER) and Zbtb46°7R mice were obtained from Jackson
Laboratory. All mice, including REX3-Tg (Groom et al., 2012), Cxcr3~ (Hancock et al.,
2000), Cxcl9~ (Park et al., 2002), and Cxc/107/~ (Dufour et al., 2002) were in the C57BL/6
background and were housed under specific pathogen-free conditions. All procedures were
approved by the Massachusetts General Hospital Subcommittee on Research and Animal
Care.

B16F10 melanoma cell line were sourced from American Type Culture Collection. MC38
colon adenocarcinoma, MCA1956 fibrosarcoma, and AT-3 mammary adenocarcinoma cell
lines were kindly provided by Dr. Mark Smyth (QIMR Berghofer Medical Research
Institute, Herston, Australia). D4M.3A.3 melanoma, D4M.3A.3 UV2 melanoma, and D4M.
3A.3 UV3 melanoma cell lines were kindly provided by Dr. David Fisher (Massachusetts
General Hospital, Boston, USA). D4M.3A.3 was derived from single cell cloning of D4M.
3A, a BRAF(V600E)/Pten~'~ melanoma cell line kindly provided by Dr. David Mullins
(Dartmouth). To generate the D4M.3A.3 UV2 and UV3 cell lines, which harbor clonal UVB
signature mutations, D4M.3A.3 cells were sequentially irradiated in vitro with 25mJ/cm?
UVB 3 times before isolating and culturing single cell clones from the surviving population
(manuscript in submission). All cell lines were cultured in Dulbecco’s Modified Eagle
Medium supplemented with 10% heat-inactivated fetal calf serum (FCS), 2mmol/L
glutamax, 100U/mL penicillin, 100pg/mL streptomycin.

Tumor model and in vivo treatments

1x10% MC38 cells were injected subcutaneously into the right flank of mice. Tumor size was
measured every 2-3 days with an electronic caliper and reported as tumor size using the
formula tumor length x tumor width. For PD-1 immune checkpoint blockade therapy, on day
8, 11 and 14 post tumor inoculation, tumor-bearing mice were treated intraperitoneally with
200 g of isotype control (2A3; BioXcell) or antagonistic anti-PD-1 antibodies (29F.1A12;
kindly provided by Dr. Gordon Freeman). For CXCL9 and CXCL10 neutralization, mice
were treated intraperitoneally with 200 g of anti-CXCL9 (2A6.9.9) (Christen et al., 2003)
and anti-CXCL10 (1F11) (Khan et al., 2000) neutralizing antibodies on day 7 and then
treated with 100ug of the antibodies on day 11, 15 and 19. To block T cell egress during the
course of anti-PD-1 treatment, 1mg/kg FTY720 (Cayman Chemicals) was given
intraperitoneally 1 day prior to the initiation of the anti-PD-1 therapy regimens and
continuously every second day until day 19 post tumor inoculation. For the experiment of
inhibiting early T cell migration into tumor, Img/kg FTY720 was given intraperitoneally
one day earlier before tumor inoculation and continuous every second day until day 5. To
deplete DC in chimeric mice that were reconstituted with Z5t646°7 bone marrow, 20ng/g
of DT (Sigma-Aldrich) was injected intraperitoneally into mice every third day beginning on
day 7.
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Cell preparations

After euthanizing mice, primary tumors were removed, minced finely and incubated in an
enzyme solution containing 1mg/mL collagenase type IV (Worthington) and 0.02mg/mL
DNase I (Sigma-Aldrich) for 45 minutes at 37°C. Digested tu mor was passed through a 70
mol/L cell strainer and washed with PBS. Single-cell suspensions were generated and used
for fluorescence-activated cell sorting (FACS) analysis.

Flow cytometry

Single-cell suspensions obtained from human patient tumors or mouse tumors were analyzed
using FACS Fortessa flow cytometer (BD Biosciences). Cells were first stained with anti-
CD16/32 (2.4G2) for 10 minutes at 4°C, then with specifically conjugated antibodies for 30
minutes at 4°C in the dark. The following anti-mouse or anti-human antibodies were used in
the analysis: mouse — CD45 (30F-11), CD3 (17A2), CD8 (53-6.7), IFN-y (XMG1.2), TNF-
a (MP6- XT22), granzyme B (GB11), Ki-67 (B56), PD-1 (RMP1-30), Tim-3 (RMT3-23),
CD44 (IM7), LAG-3 (C9B7W), TIGIT (1G9), CD103 (2E7), CD11c (N418), CD11b
(M1/70), CD19 (6D5); human — CD28 (CD28.2), CD3 (OKT3), CD45 (HI30), CD8 (SK1),
CXCR3 (CEW33D), PD-1 (eBi0J105), Tim-3 (F38-2E2). All antibodies were purchased
from BioLegend, Thermo Fisher Scientific or BD Biosciences. Non-viable cells were
excluded on the basis of staining with Fixable Viability Dye (Thermo Fisher Scientific or
Biolegend). For analysis of polyfunctional T cell responses, cells were incubated with
5pg/ml anti-CD3 antibody (145-2C11; BioLegend), 2ug/ml anti-CD28 antibody (E18;
BioLegend), 10pg/ml Brefeldin A (GolgiPlug; BD Biosciences) for 4 hours at 37°C. After
surface staining, cells were fixed and permeabilized with Fix & Perm kit (BD Biosciences)
and stained for intracellular cytokines. Cells were resuspended in FACS buffer and acquired
on a FACS Fortessa flow cytometer (BD Biosciences). Control for all positive staining was
based on isotype staining, except for the cytokine staining which was based on unstimulated
cells. Datasets were analyzed using FlowJo software (FlowJo, LLC).

Bone marrow chimeric mice

Bone marrow chimeric mice were generated by irradiating recipient mice with 1000 rads.
Bone marrow cells were prepared from the tibia and fibia bones of donor mice and 2x108
fresh bone marrow cells resuspended in PBS were then transferred into the irradiated mice
intravenously via the lateral tail vein. 8 weeks after engraftment, blood samples from mice
were obtained to assess reconstitution efficiency. Mixed bone marrow chimeric mice that
had a 1:1 ratio of donor bone marrow cells from the two different strains were selected for
experiments.

RNA Isolation and qPCR

Tumors were dissociated and lysed using gentle MACs dissociator (Miltenyi) with RLT
buffer and run through QlAshredder spin columns (Qiagen). RNA was isolated using the
RNeasy Mini Kit (Qiagen). Following DNAse | treatment (Thermo Fisher Scientific), cDNA
was prepared using Multiscribe RT (Thermo Fisher Scientific). g°PCR was performed with
FastStart Essential DNA Green Master (Roche) using Lightcycler 96 System (Roche).
Primer sequences for the detection of CXCL9 were 5’-AATGCACGATGCTCCTGCA-3’
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and 5’-AGGTCTTTGAGGGATTTGTAGTGG-3’, and for CXCL10 were 5’-
GCCGTCATTTTCTGCCTCA-3’ and 5’-CGTCCTTGCGAGAGGGATC-3’. All samples
were normalized using GAPDH detected using 5’-GGCAAATTCAACGGCACAGT-3’ and
5'-AGATGGTGATGGGCTTCCC-3’ primers.

Quantification of chemokine proteins

Tumors were harvested from tumor-bearing mice and homogenized in T-PER tissue protein
extraction reagent (Thermo Fisher Scientific). Levels of CXCL9 and CXCL10 in tumor
lysates were determined by ELISA kits (Thermo Fisher Scientific), according to the
manufacturer’s instructions.

Statistical analysis

Statistical analysis was conducted using GraphPad Prism software. The student’s t test and
one-way ANOVA with Tukey’s multiple comparison test were used for statistical
evaluations as indicated in each experiment. For tumor growth curves, significance was
determined via 2-way ANOVA. For mouse survival studies, Mantel-Cox log-rank test was
used to evaluate statistical differences in Kaplan-Meier analysis. For human studies,
Wilcoxon matched-pairs signed rank test was used for data analysis. Data are generally
shown as mean + SEM unless otherwise stated. Value of p<0.05 was considered significant.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

Anti-PD-1 efficacy depends on intratumoral activity of the CXCR3
chemokine system.

CD103* dendritic cell-derived CXCL9 and CXCR3 on CD8* T cells are
required.

CXCRa3 ligands are positive indicators of responsiveness to anti-PD-1 therapy.

Inducing CXCR3 ligands in non-responsive tumors restores sensitivity to anti-
PD-1.
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Figure 1. CXCR3 is necessary for response to anti-PD-1 therapy.
(A) Schematic of the anti- PD-1 treatment schedule. Mice were inoculated subcutaneously

with 1x108 MC38 tumor cells, and on days 8, 11 and 14 after tumor inoculation, mice were
intraperitoneally treated with 200ug of either isotype control or anti-PD-1 antibodies. Tumor
growth and survival were monitored until the experimental endpoints. (B) Tumor growth in
WT and Cxcr3~ mice treated with isotype or anti-PD-1 antibodies (n=5-10 mice per
group). Data are presented as the mean + SEM; ***p<0.001, with statistical significance
determined by two-way ANOVA. (C) Survival curves of the percentage of mice whose
tumor sizes were <100mm? at each time point. Statistical differences in survival were
assessed by a Mantel-Cox log-rank test (**p<0.01). Representative data are shown from two
independent experiments. (D-E) Quantification of CD8* T cell frequencies (D) and
cytokine-producing CD8* T cells (E) within tumors of WT and Cxcr3/~ mice on day 8 after
MC38 tumor inoculation. (F-H) Tumors were excised from mice on day 15 of the schedule
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presented in Figure 1A, followed by quantification of CD8* T cell frequencies (F), IFN- y*
TNF-a* CD8* T cells (G) and Ki-67* granzyme B* CD8" T cells (H) within tumors of WT
and Cxcr3™~ mice treated with isotype or anti-PD-1 antibodies. (G-H) Contour plots and bar
graphs reflect the proportion of IFN-y* TNF-a* (G) or Ki-67* granzyme B* (H) cells out of
total CD8* T cells. In (D-H) bar graphs represent the mean value of the indicated data
points; error bars represent SEM; *p<0.05, **p<0.01, with statistical significance
determined by one-way ANOVA with Tukey’s multiple comparison test. Representative data
are shown from two independent experiments. See also Figure S1, S2 and S3.
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Figure 2. Pre-existing intratumoral CD8* T cell population is sufficient for anti-PD-1- induced
tumor control.

(A) Schematic of the anti-PD-1 and FTY720 treatment schedule. Groups of WT mice were
inoculated subcutaneously with 1x10% MC38 on day 0. Following tumor inoculation, tumor-
bearing mice were intraperitoneally treated with either isotype or anti-PD-1 antibodies
(200ug) on days 8, 11 and 14. Administration of DMSO or FTY720 (1mg/kg) was
performed at the indicated time points to block the egress of lymphocytes during the course
of anti-PD-1 therapy. (B) Representative FACS plots of leukocytes recovered in peripheral
blood from mice on day 8 of the schedule presented in Figure 2A (1 day after the 1t dose of
FTY720 but before antibody administration). Cells were stained for CD3 and CD45 and
analyzed on the gated lymphocyte population. (C) Absolute CD8* T cell number within
tumors of WT mice treated with DMSO control or FTY720 in addition to the anti-PD-1
therapy. Tumors were excised on day 15 of the schedule presented in Figure 2A and FACS
analysis of CD8* T cell number was performed. Data represent the mean + SEM; *p<0.05,
with statistical significance determined by one-way ANOVA with Tukey’s multiple
comparison test. Representative data are shown from two independent experiments. (D)
Tumor growth and survival of WT mice treated with isotype-matched control or anti-PD-1
antibodies in combination with DMSO or FTY720 as indicated in Figure 2A (n=5-8 mice
per group). (E) Groups of WT mice were treated with DMSO or FTY720 (1mg/kg) before
tumor inoculation as indicated (n=5 mice per group). 1x10% MC38 was given
subcutaneously on day 0, and tumor-bearing mice were intraperitoneally treated with either
isotype or anti-PD-1 antibodies (200ug) on days 8, 11 and 14. Tumor growth and survival
were monitored until the experimental endpoints. Data represent the mean £ SEM; *p<0.05,
***<0.001, with statistical significance determined by two- way ANOVA. Survival curves
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show the percentage of mice whose tumor sizes were <100mm? at each time point.
Statistical differences in survival were assessed by a Mantel-Cox log-rank test (*p<0.05,
**<0.01, ***p<0.001). Data are representative of two independent experiments. (F) Groups
of WT and Cxcr3~ were inoculated subcutaneously with 1x10% MC38 on day 0. Following
tumor inoculation, tumor-bearing mice were intraperitoneally treated with FTY720 (1mg/kg)
on days 7 and 9 as well as either isotype or anti-PD-1 antibodies (200ug) on day 8.
Administration of EdU (50mg/kg) was performed on day 10, followed by quantification of
EdU* CD8* T cells within tumors on day 11. Contour plots and bar graphs reflect the
proportion of EdU™ cells out of total CD8* T cells in MC38 tumors. Bar graph represents
the mean value of the indicated data points; error bars represent SEM; *p<0.05, ***p<0.001,
with statistical significance determined by one-way ANOVA with Tukey’s multiple
comparison test. Representative data are shown from two independent experiments. See also
Figure S4.
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Figure 3. CXCR3 expressed on CD8" T-cells is required for anti-PD-1-mediated CD8* T cell
activation.

(A-D) Bone marrow cells from CD45.1* WT mice and CD45.2* Cxcr3~ mice were mixed
in a 50:50 ratio and injected into lethally irradiated WT recipient mice. Eight weeks after
transplant, 1x108 MC38 cells were injected subcutaneously into chimeric mice. Following
tumor inoculation, administration of DMSO control or FTY720 (1mg/kg) started one day
before isotype or anti-PD-1 treatment (200ug; day 8, 11 and 14), and continued every second
day. Flow plot at the right panel reflects the proportion of CD45.1* WT and CD45.2*
Cxcr3™!'= donor cells in a recipient mouse after reconstitution. Tumors were excised on day
15 and FACS analyses performed to determine the percentages of total WT and Cxcr3/~
CD8* T cells (B), antigen- specific CD8* T cells (C) and cytokine-producing CD8* T cells
(D) within tumors of mixed bone marrow chimeric mice (n=5 mice per group). Data are
presented as the mean + SEM; *p<0.05, **p<0.01, ***p<0.001 with statistical significance
determined by Student’s #test. Data are representative of two independent experiments. (E-
1) 1x10% MC38 cells were injected subcutaneously into CXCR3-GFP reporter (CIBER)
mice and tumors were harvested on day 8 for analysis. (E) Identification of four subsets of
dysfunctional CD8* T cells based on CXCR3 and PD-1 expression. (F) Surface expression
of Tim-3, LAG-3, TIGIT, CD44, CD28 and CD137 on different subsets of CD8* T cells. (G-
H) Contour plots and bar graphs reflect the proportion of IFN-y* TNF-a™ (G) or granzyme
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B* (H) cells within different subsets of CD8* T cells. Bar graphs represent the mean value
of the indicated data points; error bars represent SEM; *p<0.05, ***p<0.001, with statistical
significance determined by one-way ANOVA with Tukey’s multiple comparison test.
Representative data are shown from two independent experiments. (I) Frequency of CD8* T
cell subsets within tumors at different times following inoculation.
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Figure 4. Host-derived CXCLZ9 is required for response to anti-PD-1.
(A) Quantitative RT- PCR analysis of Cxc/9and Cxc/10 mRNA expression in MC38 tumors

from WT mice 24 hours after treatment with the first dose of isotype or anti-PD-1
antibodies. Data are presented as cDNA copies of indicated gene per copy of GAPDH. Data
are mean + SEM; *p<0.05, with statistical significance determined by Student’s #test. Data
are representative of two independent experiments. (B) Quantitative protein analysis of
CXCL9 and CXCL10 in MC38 tumors from WT mice 48 hours after treatment with the first
dose of isotype or anti-PD-1 antibodies. Data are mean + SEM; *p<0.05, with statistical
significance determined by Student’s #test. Data are representative of two independent
experiments. (C) Tumor growth and survival of WT mice treated with isotype or anti-PD-1
antibodies in combination with FTY720 or DMSO control and/or antibodies against CXCL9
and CXCL10 as indicated (n=5-10 mice per group). Administration of DMSO control or
FTY720 (1mg/kg) started one day before isotype or anti-PD-1 treatment (200pg; days 8, 11
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and 14), and continued every second day until day 19. To neutralize CXCR3 ligands, anti-
CXCL9 and anti-CXCL10 antibodies were injected intraperitoneally into mice on days 7,
11, 15 and 19 (initial dose: 200ug of each antibody; maintenance dose: 100ug of each
antibody). Data represent the mean £ SEM; *p<0.05, with statistical significance determined
by two-way ANOVA. Survival curves show the percentage of mice whose tumor sizes were
<100mm? at each time point. Statistical differences in survival were assessed by a Mantel-
Cox log-rank test (*p<0.05). Data are representative of two independent experiments. (D)
Tumor growth in WT, Cxc/97~ and Cxc/107~ mice treated with isotype control or anti-PD-1
antibodies (n=5-10 mice per group) according to the schedule presented in Figure 1A. Data
represent the mean £ SEM; *p<0.05, **p<0.01, ***p<0.001, with statistical significance
determined by two-way ANOVA. Survival curves show the percentage of mice whose tumor
sizes were <100mm? at each time point. Statistical differences in survival were assessed by a
Mantel-Cox log-rank test (**p<0.01). Representative data are shown from two independent
experiments. (E) Tumors were excised from mice on day 15 of the schedule presented in
Figure 1A, followed by quantification of IFN-y* TNF-a* CD8* T cells (left panel) and
Ki-67* granzyme B* CD8" T cells (right panel) within tumors of WT and Cxc/9”~ mice
treated with isotype or anti-PD-1 antibodies. Percentages reflect the proportion of IFN-y*
TNF-a* or Ki-67* granzyme B* out of total CD8* T cells. Bar graphs represent the mean
values of the indicated data points, and the error bars represent SEM; *p<0.05, **p<0.01,
with statistical significance determined by one-way ANOVA with Tukey’s multiple
comparison test. Data are representative of two independent experiments. See also Figure
S5.
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Figure 5. CD103* DC-derived CXCL9 is important for the efficacy of PD-1 blockade.
(A) Representative flow cytometry gating strategy for determination of CXCL9 and

CXCL10 expression in tumor-infiltrating DC subpopulations (CD103* DC and CD11b* DC)
within MC38 tumors harvested from the CXCL9-CXCL10 dual reporter (REX3) transgenic
mice. (B-C) MC38 tumors were excised from REX3 transgenic mice on day 15 following
treatment with isotype or anti-PD-1 antibodies according to the schedule presented in Figure
1A and were analyzed for CXCL9-RFP expression in CD103* DC and CD11b* DC (gated
on CD45* CD3~ CD19~ CD11c* MHCII* as demonstrated in Figure 5A). Bar graph
represent the mean values of the indicated data points, and the error bars represent SEM;
***<0.001, with statistical significance determined by one-way ANOVA with Tukey’s
multiple comparison test. Representative data are shown from two independent experiments.
(D-E) Bone marrow cells from CD45.1* CD45.2* Zbtb46° TR mice were mixed in a 50:50
ratio with bone marrow cells from CD45.2* WT, Cxc/97~ or Cxc/107'~ mice and injected
into lethally irradiated CD45.1* WT recipient mice. Eight weeks after transplant, 1x10°
MC38 cells were injected subcutaneously into chimeric mice. Following tumor inoculation,
administration of FTY720 (1mg/kg) and DT (20ug/kg) started one day before isotype or
anti-PD-1 treatment (200ug; on day 8, 11 and 14), and continued until day 19 as indicated.
Tumor growth and survival were monitored until the experimental endpoints (n=5-10 mice
per group). Data are given as the mean = SEM; ***p<0.001, with statistical significance
determined by two-way ANOVA. Survival curves show the percentage of mice whose tumor
sizes were <100mm? at each time point. Statistical differences in survival were assessed by a
Mantel-Cox log-rank test (**p<0.01). Representative data are shown from two independent
experiments. See also Figure S5 and S6.
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Figure 6. The combination of epigenetic modulators and anti-PD-1 increases CXCR3 ligand
expression and converts non-responders to responders.

(A) Expression of CXCL9 and CXCL10 in gated CD11c* MHCII* cells within the indicated
solid tumors of REX3 transgenic mice. Bar graph represents the mean values of the
indicated data points, and the error bars represent SEM. (B) Schematic of experimental
design for the treatment schedule for the epigenetic modulators and anti-PD-1. Orthotopic
injection of AT-3 tumor cells (1x10) into the mammary fat pad of mice was performed on
day 0. Following tumor inoculation, tumor-bearing mice were treated with four different
treatment schemes on day 8, 11 and 14: (1) control; (2) DZNeP (5mg/kg) + 5-AZA-Dc
(0.2mg/kg); (3) anti-PD-1 (200ug); and (4) DZNeP (5mg/kg) + 5-AZA-Dc (0.2mg/kg) +
anti-PD-1 (200ug). (C) Tumors were excised from REX3 transgenic mice on day 15 of the
schedule presented in Figure 6B, followed by analysis of CXCL9 and CXCL10 expression
in CD11c* MHCII™ cells from AT-3 tumors of REX3 transgenic mice treated with control,
epigenetic modulators, anti-PD-1 or a combination of epigenetic modulators and anti-PD-1
antibody. Bar graph represent the mean values of the indicated data points, and the error bars
represent SEM; ***p<0.001, with statistical significance determined by Student’s ~test.
Representative data are shown from two independent experiments. (D) AT-3 tumor growth in
WT mice that were treated with control, epigenetic modulators, anti-PD-1 or a combination
of epigenetic modulators and anti-PD-1 (n=6 mice per group). Data represent the mean +
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SEM; ***p<0.001, with statistical significance determined by two-way ANOVA. Survival
curves show the percentage of mice whose tumor sizes were <100mm? at each time point.
Statistical differences in survival were assessed by a Mantel-Cox log-rank test (**p<0.01).
Data are representative of two independent experiments. (E) 1x10% AT3 tumor cells were
injected into the mammary fat pad of chimeric mice, which were generated using the
protocol presented in Figure 5D. Following tumor inoculation, administration of DT
(20pg/kg) started one day before control or a combination of epigenetic modulators and anti-
PD-1 treatment, and continued until day 19. Tumor growth was monitored until the
experimental endpoints (n=5-8 mice per group). Data are given as the mean + SEM;
***n<0.001, with statistical significance determined by two- way ANOVA.
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Figure 7. CXCL9 and CXCL10 expression correlates with response to PD-1 blockade therapy.
(A) Levels of CXCL9 and CXCL10 in plasma samples from non-responders (NR) (red)

(n=10) and responders (R) (blue) (n=18) before (Pre) and after treatment (Post) with anti-
PD-1 (closed symbols) or anti-PD-1 plus anti-CTLA-4 (open symbols). Statistical
differences were determined by Wilcoxon matched-pairs signed rank test. (B) Identification
of four subsets of dysfunctional CD8* T cells within tumors based on the cell surface
expression of CXCR3 and PD-1 in melanoma patients (top left panel). Surface expression of
Tim-3 and CD28 on different subsets of CD8* T cells (top right panel). Bar graph shows the
normalized MFI of Tim-3 and CD28 expression on CD8* T cell subsets (bottom panel). MFI
of Tim-3 and CD28 expression on each subset was normalized to the MFI of Tim-3 or
CD28, respectively, on the CXCR3* PD-1!°% CD8 T cell population in each individual
patient. See also Figure S7 and Table S1.
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