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PGE,>-EP2/EP4 signaling elicits immunosuppression
by driving the mregDC-Treg axis in inflammatory
tumor microenvironment
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SUMMARY

Active inflammation generally promotes immune activation. However, in the tumor microenvironment
(TME), active inflammation occurs in parallel with immunosuppression, and both contribute to tumor
growth. Why inflammation does not lead to immune activation in TME remains unclear. In this study, using
the immune checkpoint inhibitor-insensitive mouse cancer model and single-cell RNA sequencing, we
show that PGE,-EP2/EP4 signaling simultaneously promotes active inflammation by inducing expression
of the NF-kB genes in myeloid cells and elicits immunosuppression by driving the mregDC (mature DC
enriched in immunoregulatory molecules)-Treg (regulatory T cell) axis for Treg recruitment and activation
in the tumor. Importantly, the EP2/EP4 expression level is strongly correlated with the gene signatures
of both active inflammation and the mregDC-Treg axis and has significant prognosis value in various
human cancers. Thus, PGE,-EP2/EP4 signaling functions as the key regulatory node linking active inflam-
mation and immunosuppression in TME, which can be targeted by EP2 and EP4 antagonists for cancer

therapeutics.

INTRODUCTION

In the tumor microenvironment (TME), active inflammation often
occurs in parallel with immunosuppression (Wang and DuBois,
2015; Palucka and Coussens, 2016; Chen and Mellman, 2017;
Greten and Grivennikov, 2019). The former is believed to pro-
mote tumor growth and the latter to facilitate the evasion of tu-
mor cells from immune surveillance by acquired immunity (Sha-
lapour and Karin, 2019). However, given that active inflammation
in general induces acquired immunity through the activation of
dendritic cells (DCs) (Wculek et al., 2020), how immunosuppres-
sion is elicited in actively inflamed TME remains an enigma. Inter-
estingly, DCs are often subverted to the immunosuppressive
phenotype in TME (Giovanelli et al., 2019).

The immune cells infiltrating the tumor, stromal cells acti-
vated in TME, and tumor cells themselves produce and secrete
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various mediators of diverse functions, which are supposed to
trigger inflammation and elicit immunosuppression. One of
these factors is prostaglandins (PGs) (Wang and Dubois,
2010; Johnson et al., 2020). It has long been known that the
use of non-steroidal anti-inflammatory drugs (NSAIDs),
including aspirin, that suppress PG biosynthesis by inhibiting
cyclooxygenase (COX) confers prophylactic and therapeutic
benefits in cancer patients (Greten and Grivennikov, 2019).
Among the PGs, PGE; is the most abundant PG produced at
tumor sites (Rigas et al., 1993) and exerts its functions through
4 cognate receptors, EP1-EP4 (Sugimoto and Narumiya, 2007).
Among many studies on the possible roles of PGE, in cancer,
some indicate how PGE, may suppress cytotoxic T cell (CTL)
responses in TME. These include the suppression of antigen
presentation by DCs through EP2 (Yang et al., 2003) and the
modulation of natural killer (NK)-mediated recruitment of
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Figure 1. Suppression of LLC1 tumor growth by the inhibition of EP2 and EP4 through the modulation of host immune cells

(A) LLC1 tumor growth in mice treated with vehicle, a Cox1 inhibitor (SC-560, dosed at 30 mg/kg/day, per os [p.0.]), a Cox2 inhibitor (celecoxib, dosed at
30 mg/kg/day, p.o.), or both Cox1 inhibitor and Cox2 inhibitor in combination (n = 8 per each group).
(B) LLC1 tumor growth in mice treated with vehicle, an EP2 antagonist (AS3385282-00, EP2i, dosed at 100 mg/kg/day, p.o.), an EP4 antagonist (ASP7657, EP4i,
dosed at 10 mg/kg/day, p.o.), or both EP2 and EP4 antagonists (EP2/4i, dosed at 100 mg/kg/day and 10 mg/kg/day, p.o.) (n = 10 per each group).
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conventional type 1 DC (cDC1) cells through EP2 and EP4 (Ze-
lenay et al., 2015; Bottcher et al., 2018). A more recent report
suggests that PGE,-EP2/4 signaling suppresses interferon-y
(IFN-+) production of NK cells and subsequent T cell inflamma-
tion in immune checkpoint inhibitor (ICl)-sensitive mouse can-
cer models (Bonavita et al., 2020). In addition, some studies
also suggest that PGE, reprograms the differentiation of
myeloid cells such as tumor-associated macrophages (TAMs)
into anti-inflammatory M2 phenotypes rather than activates
them for inflammation (Sinha et al., 2007; Albu et al., 2017;
Lu et al., 2021). While these studies have provided insights
into the potential actions of PGE, in TME, they have neither re-
vealed the landscape that PGE, shapes in TME nor addressed
the question of why cancer-promoting active inflammation
does not lead to immune activation, a process in which PGE,
may play a key role.

To address the above questions, we have investigated the
role that PGE; plays in TME of the mouse LLC1 (Lewis lung car-
cinoma 1) syngeneic tumor model, which exhibits active inflam-
mation but is insensitive to ICls. We have used single-cell RNA
sequencing (scRNA-seq) technology combined with pharmaco-
logical intervention using EP2- and EP4-specific antagonists,
which allows us to identify the immune landscape, phenotypic
changes, and cell-cell communications dependent on these
EP receptors in TME in an unbiased way. We have then trans-
lated our findings in animal models to humans by re-analyzing
publicly available human lung cancer scRNA-seq data (Maier
et al., 2020) and The Cancer Genome Atlas (TCGA) database
of clinical cancers. Our findings demonstrate that PGE,-EP2/4
signaling promotes inflammation by upregulating the expression
of NF-kB components and their targets, proinflammatory and
angiogenesis genes, in a wide range of myeloid cells, and simul-
taneously induces immunosuppression by stimulating the
recently identified mregDCs (mature DCs enriched in immuno-
regulatory molecules) (Maier et al., 2020) and enhancing the
production of Ccl22 and Ccl17 to facilitate regulatory T cell
(Treg) infiltration and driving TME-specific Treg activation.
Furthermore, we show that these PGE,-mobilized elements
are conserved in various human cancers and have significant
prognosis value. Our findings thus demonstrate that PGE,-
EP2/EP4 signaling functions as the node linking active inflam-
mation and immunosuppression in TME and may have a signif-
icant impact on ongoing clinical trials targeting EP2 and EP4 for
cancer patients.
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RESULTS

Inhibition of EP2/EP4 suppresses LLC1 tumor growth
through modulation of host immune cells

In this study, we used the LLC1 syngeneic tumor model, which we
found insensitive to anti-programmed cell death protein 1 (PD-1)-
antibody eveninthe late adaptive phase seen in various mouse tu-
mors (Zelenay et al., 2015) and thus immunosuppressive in the
entire course of tumor growth (Figure S1A). We chose the ICI-
insensitive tumor to explore PGE, mechanisms in TME beyond
the previously identified mechanisms in ICI-sensitive models (Ze-
lenay et al., 2015; Bottcher et al., 2018; Bonavita et al., 2020; Lu et
al., 2021). The growth of this tumor in mice was suppressed
approximately 60% by the administration of either a Cox1 inhibi-
tor, SC-560, or a Cox2 inhibitor, celecoxib, and more strongly
by the combination (Figure 1A). These results suggest that both
Cox2 and Cox1 are involved in PG production in this tumor and
they may act on different pathways to elicit synergy for tumor
growth. To validate this finding and explore which PG and PG re-
ceptors areinvolved, we examined the expression of genes of PG-
synthesizing enzymes and receptors in this tumor by quantitative
RT-PCR analysis (QRT-PCR). LLC1 tumor was resected on day 18
after transplantation and dissociated cells were fluorescence-
activated cell sorting (FACS) sorted into CD45~ and CD45" cells.
The expression of Ptgs1 encoding Cox1 and Ptgs2 encoding
Cox2 was detected in not only CD45™ cells, including tumor cells,
but also CD45* immune cells infiltrating the tumor (Figure S1B). In
addition, both CD45" and CD45~ cell populations expressed
PGE-synthesizing enzymes (Ptges1) encoding mPGES-1 and
Ptges2 encoding mPGES-2. These findings suggest that PGE,
is produced by both tumor cells and non-tumor cells in this tumor
(Figure S1B), which is consistent with a report that LLC1 cells pro-
duce high levels of PGE, in vitro (Liu et al., 2012a, 2012b). How-
ever, among four EP subtypes, Ptger2 encoding EP2 and Ptger4
encoding EP4 were highly and dominantly expressed in CD45*
immune cells (Figure S1B). Ptger3 encoding EP3 was expressed
in both CD45" and CD45™ cell populations at intermediate levels
and Ptger1 encoding EP1 only at low levels in both CD45" and
CD45™ cell populations (Figure S1B).

Based on these findings, we examined the effects of an EP2
antagonist, AS3385282-00 (EP2i); an EP4 antagonist, ASP7657
(EP4i) (Mizukami et al., 2018); and the two antagonists in combi-
nation (EP2/4i) on the LLC1 tumor growth. AS3385282-00 is a
small-molecule compound (Figure S1C), with half-maximal

(C) LLC1 tumor growth in control wild-type (WT) mice (n = 10), EP2 KO mice (n = 7), EP4 cKO mice (n = 4), or EP2/EP4 cDKO mice (n = 4). Conditional knockout of
EP4 in UBC-CreERT2 x EP4 floxed mice and conditional double knockout of EP2 and EP4 in UBC-CreERT2 x EP2/EP4 double floxed mice were induced by daily
intraperitoneal (i.p.) injection of tamoxifen for 5 days. After the last injection, mice were left resting for 1 week. LLC1 tumor cells were then transplanted to the right
flank of the mice.

(D) LLC1 tumor growth in WT mice treated with vehicle and isotype control immunoglobulin G (IgG) (dosed at 100-200 pg/mouse, i.p.) or vehicle and anti-CD8
antibody (dosed at 100-200 pg/mouse, i.p.), and EP2 KO mice treated with EP4i (dosed at 10 mg/kg/day, p.o.) and isotype control IgG dosed as above or EP4i
dosed as above and anti-CD8 antibody dosed as above (n = 9 per each group).

(E) Composition of LLC1 tumor-infiltrating CD45* immune cells analyzed by FACS on day 18 after tumor cell transplantation in mice treated with vehicle (control),
EP2i (dosed at 100 mg/kg/day, p.o.), EP4i (dosed at 1 mg/kg/day, p.o.), and EP2i dosed as above and EP4i dosed as above in combination. Data are shown as
means + SDs (n = 6 per each group) and the statistical analyses were conducted using 1-way ANOVA with Dunnett’s test compared to the control. “p < 0.05;
**p < 0.01; **p < 0.001.

(F) Frequencies of each immune cell per CD45* cells in (E) are shown. n = 6 per each group.

In (A)~(D), data are shown as means + SEMs, and statistical analyses were conducted using 2-way ANOVA with Tukey’s correction for multiple testing. Statistical
significances at the endpoint are shown. *p < 0.05; **p < 0.01; ***p < 0.001.
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inhibitory concentration (ICsg) values on cyclic AMP (CAMP) re-
sponses to human EP2, EP4, and rat EP2 of 0.79 nM, 9.1 uM,
and 1.3 nM, respectively (Figure S1D), and showing full antago-
nism to EP2 agonist-induced blood pressure reduction in mice at
100 mg/kg (Figure S1E). While treatment with EP2i or EP4i or
EP2/4i did not affect the LLC1 cell viability in vitro (Figure S1F),
in vivo treatment with EP2i or EP4i suppressed tumor growth,
and treatment with EP2/4i further suppressed the growth
(Figures 1B and S1G). Notably, compared to the tumor dissected
from the control mice, tumors dissected from mice treated with
EP2/4i were not only smaller but also paler (Figure S1H). The
EP2 and EP4 antagonists exerted this antitumor effect by acting
on the host cells and not the transplanted LLC1 tumor cells,
because EP2 knockout (EP2 KO), EP4 conditional knockout
and EP2/EP4 conditional double knockout mice mimicked the
tumor-suppressive effects of each antagonist (Figures 1C and
S1l). These findings suggest that PGE, promotes tumor growth
by acting on the EP2 and EP4 expressed in the tumor-infiltrating
CD45* immune cells, and that the EP2 and EP4 antagonists exert
their antitumor effects by blocking these actions. Interestingly,
the CD8* T cell depletion did not significantly affect the tumor
suppression by the blockade of EP2/4 (in this case, EP4i admin-
istered to EP2 KO mice) (Figures 1D and S1J), suggesting that
the host immune cells other than CD8* T cells make major con-
tributions to the EP2/4 inhibition-induced suppression of LLC1
tumor growth under the current treatment conditions.

We then conducted FACS analysis of immune cells infiltrating
the tumors grown in mice treated with vehicle, EP2i, EP4i, or
EP2/4i, and examined relative proportions of CD4* and CD8"
T cells, NK cells, tumor-infiltrating monocytic cells (Mono;
CD45*CD11b*F4/80 Ly6CMLy6G ™), tumor-associated neutro-
phils (TAN; CD45*CD11b*F4/80 Ly6C'°Ly6G*), tumor-associ-
ated macrophages (TAM; CD45*CD11b*F4/80*Ly6C Ly6G"),
cDC1 (CD45%lin"I-A/I-E*CD11c*CD11b~Ccr77), cDC2 (CD45*
lin~1-A/I-E*CD11¢*CD11b*Ccr77), Ccr7* cDC (CD45*lin"I-A/I-
E*CD11c*Ccr7*), and other CD45" immune cells. This analysis
showed (1) no significant difference in the percentage of tumor-
infiltrating CD45" immune cells to live cells among the 4 groups
of mice (Figure S1K) and (2) no large change in the proportions
of various CD45* cell populations in the EP2/4i-treated mice
from the control mice, except a significant decrease in TAN in
EP2/4i-treated mice (Figures 1E and 1F). The other changes that
we observed compared to control mice include a significant in-
crease in Mono in EP2i-treated mice and a significant increase in
¢cDC1 and Ccr7* cDC in EP4i-treated mice (Figures 1E and 1F).
Therefore, the blockade of EP2/4 in combination slightly reduced
the number of TAN, but did not drastically change the composition
of other immune cells infiltrating the LLC1 tumor.

scRNA-seq analysis unravels immune landscape in

LLC1 tumor and identifies cell populations expressing
Ptger2 and Ptger4

We next examined the therapeutic effect of EP2 and EP4 antag-
onists on the LLC1 tumor of ~17-34 mm? size, and found that
EP2/4i also significantly suppressed tumor growth in this exper-
imental setting (Figure 2A). We then used scRNA-seq on the
tumors to dissect the actions of PGE,-EP2/4 signaling on hetero-
geneous tumor-infiltrating immune cell populations upon the
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treatment with the antagonists (Figure 2B). We prepared sin-
gle-cell suspensions of LLC1 tumors treated with vehicle
(n = 2), EP2i (n = 1), EP4i (n = 1), and EP2/4i (n = 2) for 6 days
(Figures S2A-S2C). CD45* tumor-infiltrating immune cells were
then sort purified and subsequently loaded onto the 10x Chro-
mium system, and 10,000 cells per mouse were randomly
captured. Single-cell library preparation and sequencing were
performed according to the manufacturer’s recommendations
(see Method details). After pre-processing and quality control,
there were a total of 9,673, 6,143, 4,397, and 11,758 cells from
the tumors treated with vehicle, EP2i, EP4i, and EP2/4i, respec-
tively, for further downstream analysis (Figure 2C). Applying un-
supervised clustering to the integrated scRNA-seq data (31,971
cells), we were able to identify 15 clusters with unique expression
patterns (Figures 2D and S2D). We determined the cell-type
identities of these clusters by their gene expression signatures
based on publicly available database ImmGen (https://www.
immgen.org) and a recent publication (Maier et al., 2020). The
genes representative of each cell type/subtype/state are shown
in Figures 2E and S2D. Specifically, the LLC1 tumor-infiltrating
DCs consist of 4 subtypes/states: “cDC1s” expressing Xcr1,
Cd103, and Blta; “cDC2s” expressing Cd171c and major histo-
compatibility complex (MHC) class Il molecules; “cDCs of
mregDC state (mregDCs)” expressing Ccr7, /1128, and Ccl22;
and “pDCs” expressing Siglec-h, Ccr9, and Cd300c. For the
lymphocytes, “NK cells” expressing Nkg7, Gzma, and Gzmb;
“T cells” expressing Cd3d and /12r8; and “B cells” expressing
Ighd and Cd79b were identified. For the myeloid cells, TANs
consist of two subtypes: “TAN s1” expressing Retnlg, Arg2,
and Cxcr2 and “TAN s2” expressing Cxcl3, Vcan, and Cxcl1.
The tumor-infiltrating Monos consist of 4 subtypes: “Mono s1”
expressing Irf7, Ifi203, and Mx1; “Mono s2” expressing Spp1
and Tgf1; “Mono s3” expressing Axl and MHC class Il mole-
cules; and “Mono s4” expressing Ccl9, Arg1, and Vegfa. TAMs
consist of two subtypes: “TAM” expressing Adgre? (encoding
F4/80), C1ga, and Ccl7, and “proliferating TAM (prolif TAM)” ex-
pressing Mki67 and Hist1h3c. To identify the potential targets of
EP2 and EP4 antagonists, we examined the abundance of
Ptger2 and Ptger4 transcripts (Figure 2F). Both Ptger2 and
Ptger4 transcripts were detected in a fraction of T cell, TAN s1
and s2, Mono s1-s4, TAM, and proliferating TAM. Notably,
EP4 was expressed at a high level in most Ccr7 expressing
mregDCs and at an intermediate level in a fraction of cDC1s,
cDC2s, and pDCs.

PGE,>-EP2/4 signaling in myeloid cells amplifies active
inflammation in LLC1 TME through NF-kB signaling
Given the expression of both EP2 and EP4 in the TAN, Mono, and
TAM populations, we performed differential expression gene
(DEG) analysis in these myeloid cell populations between the
control and EP2/4i-treated samples. We found numerous DEGs
in each population (Figure S2E; Table S1), suggesting that EP2/
4 inhibition induced drastic changes in gene expression in these
myeloid cells. Notably, proinflammatory genes such as Ptgs2 and
II1b and inflammation-associated angiogenesis genes such as
Vegfa and Hifla were significantly downregulated upon the
EP2/4i treatment (Figures S2F-S2L). Since Ptgs2, Il1b, and
Hif1a are NF-kB target genes (Pahl, 1999), we further generated
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Figure 2. scRNA-seq analysis of tumor-infiltrating CD45* immune cells in the LLC1 tumor and their Ptger2 and Ptger4 expression

(A) Growth suppression of LLC1 tumor by therapeutic application of the EP2 and EP4 antagonists. Mice were treated with the EP2i and EP4i (dosed at 100 mg/kg/
day and 1 mg/kg/day, respectively, both p.o.) from day 11 after LLC1 transplantation and growth was monitored to day 37. n = 6 for each group. Data are shown
as means + SEMs, and the statistical analysis was conducted at the endpoint using an unpaired 2-tailed t test. **p < 0.01.

B) Schematic overview of the single-cell RNA sequencing experiment.

C) Distribution of the cell number from each sample after filtering (top) and each condition after integration of samples from the same treatment (bottom).

E) Dot plot showing the expression of discriminatory marker genes for each cell population in (D).
F) Violin plots showing the gene expression distribution of Ptger2 and Ptger4 in each identified cell population.

(
(
(D) UMAP plot of tumor-infiltrating CD45" immune cell clusters.
(
(

a dot plot for the expression of genes targeted by NF-«B (Yang
et al., 2016) and/or genes involved in inflammation-associated
angiogenesis (Vasse et al.,, 1999). Intriguingly, treatment with
EP2/4ilargely suppressed their expression in all myeloid popula-
tions, with the strongest suppression in the TAN population (Fig-
ure 3A). We then validated DEG results by gRT-PCR analysis of
sort-purified tumor-infiltrating TAN and confirmed that the
expression of Hifla, Vegfa, II1b, and Ptgs2 was significantly
downregulated upon the blockade of EP2 and EP4 (Figure 3B).
In addition, the expression of these genes in tumor-infiltrating
monocytic cells and TAM was also downregulated upon the
blockade of EP2 and EP4 (Figures S2M and S2N). Furthermore,
the expression of genes encoding several components of the
NF-kB complex, including Rela, Nfkb1, and Nfkbiz was also
downregulated in all tumor-infiltrating myeloid cells (Figure 3C).
We then conducted gene set enrichment analysis (GSEA) for
Gene Ontology (GO) terms (Subramanian et al., 2005) on the inte-
grated myeloid cells (TAN s1 and s2, Mono s1-s4, and TAM).
While EP2/4i treatment significantly downregulated a number of

gene sets in the myeloid cells (Figure S20; Table S2), top-ranked
gene sets included those related to angiogenesis (Figure 3D).
This result suggests that inflammatory myeloid cells mediate
angiogenesis in an EP2/4-dependent manner in LLC1 tumors.
We therefore performed CD31 immunohistochemistry in LLC1
tumors to evaluate the impact of the EP2/4i treatment on tumor
blood vessel formation (Figure 3E). Quantitative results showed
that the vascular density as measured by the percentage of the
CD31-stained area was significantly reduced upon EP2/4i treat-
ment (Figure 3F). These results together suggest that PGE,-EP2/
EP4 signaling enhances NF-kB-mediated active inflammation/
angiogenesis responses in tumor-infiltrating myeloid cells, and
EP2/EP4 antagonists can suppress this process.

PGE5>-EP2/4 signaling mediates immunosuppression in
inflammatory LLC1 TME through the production of Ccl22
and Ccl17 by mregDCs that promote Treg infiltration
Given the high expression of Ptger4 in the Ccr7-expressing
mregDCs (Figure 2F), we conducted DEG analysis of this state
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of DCs and found a number of genes suppressed by EP2/4i as
compared to the controls (Figure S3A; Table S3). Notably, the
chemokine Ccl22 was strongly and significantly downregulated
in mregDCs of EP2/4i-treated mice (Figures 4A and S3A). Given
that Ccl22 and another chemokine, Ccl17, attract Treg cells
(Yoshie and Matsushima, 2015), we sort purified Ccr7* cDCs
together with cDC2, TAM, and CD45™ cells from the tumors
from control and EP2/4i-treated mice, cultured them, and then
measured the amounts of Ccl22 and Ccl17 in their culture super-
natants. Among the cell populations tested, Ccr7* cDCs pro-
duced by far the highest levels of Ccl22 and Ccl17, followed by
cDC2, and the production of both Ccl22 and Ccl17 in the
Ccr7* cDCs was significantly reduced by the EP2/4i treatment
(Figure 4B). We then depleted Ccl22 and Ccl17 in LLC1-bearing
mice by administering neutralizing antibodies to Ccl22 and Ccl17
and determined the tumor size and the number of tumor-infil-
trating Tregs with a group of EP2/4i-treated mice for compari-
son. Neutralization of Ccl22 and Ccl17 significantly reduced
tumor growth (Figure 4C) concomitant with a significant reduc-
tion in the number of tumor-infiltrating Tregs (Figure 4D). Notably,
the EP2/4i treatment also reduced the number of tumor-infil-
trating Tregs with reduced tumor size (Figures 4C and 4D). These
results suggest that the PGE,-EP2/4 signaling increases Ccl22
and Ccl17 production by Ccr7* cDCs, thereby recruiting Tregs
to LLC1 tumors for tumor growth.

PGE5-EP2/4 signaling promotes tumor Treg stability and
enhances its suppression activity

Based on the scRNA-seq data, we next subclustered the tumor-
infiltrating T cells to non-Treg CD4, CD8, Treg, and proliferating T
subsets (Figures S3B and S3C) and examined the DEGs of tu-
mor-infiltrating Tregs between control and EP2/4i-treated tu-
mors (Figure S3D). Intriguingly, several Treg signature genes,
including Foxp3, Statsb, ll2ra, and Ctla4 (Sakaguchi et al.,
2020) were downregulated upon EP2/4i treatment (Figure 4E).
Moreover, genes reported to be specifically upregulated in tu-
mor-infiltrating Tregs (Freeman et al., 2020), such as Tnfrsf4 (en-
coding Ox40), Tnfrsf9 (encoding 4-1bb), and Tnfrsf18 (encoding
Gitr) were also strongly downregulated by the EP2/4i treatment
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(Figure 4E). Consistently, FACS analysis revealed that EP2/4i
treatment of LLC1 tumor-bearing mice significantly reduced
the percentage of 4-1bb* Treg in TME (Figure 4F). These results
therefore suggest that the PGE>-EP2/4 signaling not only in-
creases the number of Treg but also activates tumor-infiltrating
Treg in the LLC1 tumor model.

To verify the above findings experimentally, we examined the
effects of PGE, on the stability of in vitro-induced (i) Tregs using a
published protocol (Mikami et al., 2020) (Figure 4G). PGE, pro-
moted iTreg stability in vitro as measured as the retention of
Foxp3 expression and EP2/4i treatment blocked this PGEs,-
mediated stabilization (Figure 4H). In contrast, PGE, suppressed
iTreg differentiation from naive CD4" T cells in an EP2/4-depen-
dent manner (Figures S3E and S3F). Therefore, PGE, exerted the
opposite effects on iTregs, depending on their stages. Moreover,
PGE: significantly increased the surface expression of 4-1bb in
iTregs in an EP2/4-dependent manner in vitro (Figure 4l). These
findings suggest that in addition to its action on mregDCs,
PGE,-EP2/4 signaling possibly stabilizes and activates Tregs
directly in tumors, and inhibition of EP2/EP4 suppresses these
processes and impairs Treg functions.

EP2/4i treatment shares in part activation of CD4* and
CD8* T cells and IFN responses with Treg depletion in
LLC1 tumors

The above findings then led us to investigate how much Tregs
contribute to the LLC1 tumor growth and to what extent EP2/4
signaling plays a role in this process. To this end, we trans-
planted LLC1 tumors in Foxp3-DTR/EGFP mice (Kim et al.,
2007) and depleted Tregs using diphtheria toxin (DT) (Fig-
ure S3G). DT-mediated Treg depletion strongly suppressed
LLC1 tumor growth to a level comparable to that of EP2/4i (Fig-
ure S3H). Moreover, EP2/4i treatment induced an additional sup-
pression of tumor growth to Treg depletion (Figure S3H). FACS
analysis revealed that the numbers of CD4* and CD8" T cells
in tumors increased in association with Treg depletion for
14 days (Figure S3l, left), and these cells exhibited higher
Gzmb expression than those in vehicle-treated mice (Figure S3l,
right). The numbers of CD4* and CD8* T cells and their Gzmb

Figure 3. Inhibition of EP2 and EP4 suppresses gene expression of NF-kB targets and components in a wide range of myeloid cells and
dampens active inflammation in LLC1 tumor

(A) Dot plot based on scRNA-seq analysis showing scale average expression level of representative NF-«kB target genes by myeloid cell populations (TAN, Mono,
and TAM) in LLC1 tumor of control WT mice treated with vehicle or treated with EP2i (dosed at 100 mg/kg/day) and EP4i (dosed at 1 mg/kg/day) in combination
(EP2i + EP4i) (n = 2 per group) for 6 days.

(B) gRT-PCR analysis for Hif1a, ll1b, Ptgs2, and Vegfa expression in TANs (CD45*CD11b*F4/80~Ly6C'°Ly6G™*) from LLC1 tumor of WT mice treated with vehicle,
EP2i (dosed at 100 mg/kg/day), EP4i (dosed at 1 mg/kg/day), or EP2i and EP4i dosed as above in combination for 17 days (n = 4 per group). Normalized fold
changes to Gapdh are shown. Data are shown as means + SDs, and statistical analyses were conducted using 1-way ANOVA with Dunnett’s test compared to the
control. ns, not significant; *p < 0.05; **p < 0.01; **p < 0.001.

(C) Heatmap based on scRNA-seq analysis of NF-kB component genes expressed by myeloid cell populations in LLC1 tumors of control WT mice treated with
vehicle or EP2i and EP4i in combination administered as in (A) (n = 2 per group). Average expression represented scale expression using Z score within each cell
type.

(D) GSEA of the DEGs between myeloid cells from mice treated with EP2/4i and control mice based on scRNA-seq analysis. Shown is a representative of the
negatively regulated “hallmark” signatures that are involved in the angiogenesis process.

(E) Representative images of immunohistochemistry staining of CD31 (brown) in LLC1 tumor tissue of WT mice treated with vehicle or EP2i (dosed at 100 mg/kg/
day, p.o.) and EP4i (dosed at 10 mg/kg/day, p.o.) in combination (n = 8 mice per group). Scale bars, 2.5 mm (low magnification) and 250 um (high magnification).
LNs (lymph nodes) adjacent to the tumor are encircled by green dashed line.

(F) Quantitative analysis of vascular density measured as percentage of CD31* area/total area as in (E) (n = 8 mice per group). Data are shown as means + SEMs,
and statistical analysis was conducted using unpaired 2-tailed t test. *p < 0.05.
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Figure 4. Inhibition of EP2 and EP4 impairs Treg infiltration and activation in LLC1 tumor

(A) Violin plot based on scRNA-seq analysis showing the gene expression distribution of Cc/22 in mregDC from the vehicle group and the EP2/4i-treated group

(n = 2, each group).

(B) Production of Ccl22 (left) or Ccl17(right) by sort-purified Ccr7* ¢cDC, cDC2, and CD45™ cells and TAM from LLC1 tumor on day 15 of WT mice treated with
vehicle or EP2i (dosed at 100 mg/kg/day, p.o.) and EP4i (dosed at 1 mg/kg/day, p.o.) in combination. Sorted cells were cultured in the presence of LPS (1 ug/mL)
for 36 h, and the amounts of the chemokines in the supernatants were measured by LEGENDplex (n = 3 per each group). Data are shown as means + SDs, and
statistical analyses were conducted using two-way ANOVA with Bonferroni’s test. ***p < 0.001.
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expression also tended to increase in the tumor of EP2/4i-
treated mice, although they did not reach statistical significance
(Figure S3J). These results are consistent with the role of EP2/4
signaling in Treg recruitment and activation, but suggest that the
EP2/4i treatment under the present experimental conditions was
not sufficient to fully attenuate the Treg activity in this tumor
model.

To obtain the overall landscape induced by Treg depletion in
LLC1 tumors, we conducted scRNA-seq analysis of tumors after
Treg depletion (Figure S3K, top). We obtained a total of 8,376
cells from the control group (n = 2), and 9,397 cells from the
Treg-depleted group (n = 2) for downstream analysis (Figure S3K,
bottom). Unsupervised clustering of integrated scRNA-seq data
(17,773 cells) identified 15 clusters as shown in the uniform mani-
fold approximation and projection (UMAP) plot (Figure S3L). We
examined their gene expression signatures (Figure S3M), and
identified 4 DC populations, cDC1, cDC2, mregDC, and pDC;
a lymphocyte population containing T cells and NK cells; a
TAN population; 4 tumor-infiltrating monocyte populations
(Mono 1-4); 2 TAM populations (TAM and proliferating TAM);
an endothelial cell population; a fibroblast population; and an
epithelial cell population. The percentages of these cell popula-
tions in the control and Treg-depleted mice are shown in Fig-
ure S3N. Gene expression analysis revealed that, consistent
with our gRT-PCR analysis (Figure S1B), Ptgs1, Ptgs2, PtgesT,
and Ptges2 were expressed in both immune and non-immune
cells, but Ptger2 and Ptger4 expression was again almost exclu-
sively expressed in tumor-infiltrating immune cells (Figure S30).
Notably, DEG analysis detected the upregulation of a large num-
ber of interferon-stimulated genes (ISGs) stimulated by not only
type Il but also type | IFNs (Liu et al., 2012a, 2012b) in integrated
myeloid cells (TAN, Mono 1-4, and TAM) of Treg-depleted mice
(Figure S3P), suggesting that the production of IFNs is another
mechanism for tumor suppression by Treg depletion. Intrigu-
ingly, EP2/4i treatment also upregulated a series of type /Il
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ISGs in integrated myeloid cells (Figure S3Q) and in several tu-
mor-infiltrating cell populations, including mregDC, cDC1, NK
cells, and T cells (Figure S3R). Therefore, it is likely that the
EP2/4i treatment gains therapeutic benefits also from liberating
IFN responses, as does Treg depletion.

scRNA-seq analysis at day 1.5 after EP2/4i treatment
reveals the rapid change of tumor-infiltrating immune
cell transcriptional profiles

To investigate the transcriptional profiles of tumor-infiltrating im-
mune cell change upon EP2/4i treatment at early time points, we
additionally conducted scRNA-seq at day 1.5 after EP2/4i treat-
ment (Figure S4A). We obtained a total of 9,638 and 25,074 cells
from the control (n = 3) and EP2/4i-treated (n = 3) group, respec-
tively, for analysis (Figure S4B). Unsupervised clustering of inte-
grated scRNA-seq data (34,712 cells) identified 15 clusters as
shown in the UMAP plot (Figure S4C) similar to those in the anal-
ysis at day 6 in Figure 2D. Based on their gene signatures (Fig-
ure S4D), we identified 4 DC populations (cDC1, cDC2, mregDC,
and pDC), 1 T cell population, 1 NK cell population, 2 TAN pop-
ulations, 4 monocytic cell populations, 2 TAM populations, TAM,
and proliferating TAM (Figures S4C and S4D).

By analyzing the expression of inflammatory/angiogenesis
genes in myeloid populations, we found that they were consis-
tently suppressed at this early time point upon EP2/4i treatment
(Figure S4E), as we observed in the 6-day treatment (Figure 3A).
Furthermore, the expression of genes encoding components of
the NF-kB complex was also downregulated in all tumor-infil-
trating myeloid cells (Figure S4F), as in Figure 3C. These results
suggest that EP2/4i treatment suppressed active inflammation
and angiogenesis from the early time point of the treatment.

We next examined the effect of this 1.5-day EP2/4i treatment
on the mregDC-Treg axis. We analyzed the expression of Ccl22
in the mregDC population and found that it was strongly sup-
pressed (Figure S4G), similar to the 6-day treatment (Figure 4A).

(C) LLC1 tumor growth in WT mice treated with vehicle and isotype control IgG (dosed at 20 pg/mouse, i.p.), vehicle and anti-Ccl22 and anti-Ccl17 neutralization
antibody (dosed at 20 ng/mouse, i.p.), or EP2i (dosed at 100 mg/kg/day, p.o.) and EP4i (dosed at 1 mg/kg/day, p.o.) in combination and isotype control IgG (dosed
at 20 pg/mouse, i.p.). After transplanted LLC1 tumor reached ~13-25 mm?3, anti-Ccl22 and anti-Ccl17 antibodies were injected i.p. every 2 days, or EP2i and EP4i
were orally administered daily (n = 5 per each group). Data are shown as means + SEMs, and the statistical analysis was conducted using two-way ANOVA with
Tukey’s correction for multiple testing. Statistical significances at the endpoint are shown. *p < 0.05; **p < 0.01; ***p < 0.001.

(D) Percentage of tumor-infiltrating Tregs in CD45" cells from the tumor shown in (C) was determined by FACS analysis at day 17 (n = 5 per each group). Data are
shown as means + SEMs, and the statistical analysis was conducted using 1-way ANOVA with Tukey’s multiple comparisons test. *p < 0.05; ***p < 0.001.

(E) Dot plot based on scRNA-seq analysis showing absolute average expression level of Treg signature genes (Foxp3, Stat5b, ll2ra, and Ctla4) and genes highly
expressed in tumor-infiltrating Treg (Tnfrsf4, Tnfrsf9, and Tnfrsf18) of Treg subpopulation of vehicle-treated control group (n = 2) and EP2 and EP4 antagonist-
treated group (n = 2).

(F) Percentage of 4-1bb-expressing Tregs in LLC1 tumors of WT mice treated with vehicle, EP2i (dosed at 100 mg/kg/day, p.o.), EP4i (dosed at 1 mg/kg/day, p.o.),
or EP2i and EP4i dosed as above in combination for 17 days after tumor transplantation was determined by FACS analysis (n = 5 per each group). Data are shown
as means + SEMs, and the statistical analysis was conducted using 1-way ANOVA with Dunnett’s test compared to the control. **p < 0.01.

(G) Schematic representation of the iTreg stability experiment in vitro. Magnetic-activated cell sorting (MACS)-purified splenic naive CD4" T cells were stimulated
with anti-CD3 antibodies (10 pg/mL) and anti-CD28 antibodies (1 pg/mL) with or without transforming growth factor-p1 (TGF-p1) (5 ng/mL) for 2 days to induce
iTregs. After the induction of iTregs as Foxp3* cells were confirmed by FACS analysis, the whole cells were washed once and further incubated with PGE; (3, 10,
or 30 nM) or 10 nM PGE; in the presence of EP2i (300 nM) or EP4i (300 nM) or both for an additional 3 days, and subjected to the analysis for Foxp3* CD4 T cells
(iTreg) and Foxp3*4-1bb*™ CD4 T cells (4-1bb* iTreg) (n = 3 per group).

(H) Percentage of Foxp3 * iTreg cells in CD4* T cells. Data are shown as means + SEMs (n = 3 per group), and statistical analyses at day 2 were conducted using
unpaired 2-tailed t test and at day 5 were conducted using 1-way ANOVA with Tukey’s correction for multiple testing. Only the statistical differences for the com-
parison with the non-treated control group or the comparison with the 10 nM PGE,-treated group are shown. *p < 0.05; **p < 0.01; **p < 0.001.

(I) Percentage of 4-1bb-expressing iTregs as determined by FACS analysis. Data are shown as means + SEMs (n = 3 per group), and the statistical analysis was
conducted using 1-way ANOVA with Tukey’s correction for multiple testing. Only the statistical differences for the comparison with the non-treated control group
or the comparison with the 10 nM PGE,-treated group are shown. **p < 0.01; **p < 0.001.
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We then analyzed gene expression in Tregs subclustered from
the tumor-infiltrating T cell population (Figures S4H and S4l).
The expression of Treg signature genes Foxp3, Statbb, I/2ra,
and Ctla4, tended to be suppressed at the 1.5-day EP2/4i treat-
ment (Figure S4J), and when compared on the fold change basis,
the expression of these genes and genes highly expressed in tu-
mor-infiltrating Tregs such as Tnfrsf4, Tnfrsf9, and Tnfrsf18,
decreased further from 1.5 to 6 days upon EP2/4i treatment in
a time-dependent manner (Figure S4K). These results together
suggest that the suppression of Treg may occur slowly during
EP2/4i treatment.

Finally, we conducted DEG analysis in integrated myeloid cells
(TAN s1 and s2, Mono s1-s4, and TAM) of EP2/4i-treated (1.5-
day) versus control mice and found an upregulation of a large
number of ISGs (Figure S4L). This upregulation of ISGs was
apparently stronger than what we observed at 6-day treatment
(Figure S3Q), suggesting that IFN responses were rapidly
induced by the EP2/4i treatment and reduced over time.

PTGER2/PTGER4 expression correlates with gene
expression signatures of the inflammatory myeloid cells
and the immunosuppressive mregDC-Treg axis and has
significant prognosis value in various human cancers

We next investigated whether and to what extent our findings
from the LLC1 tumor model can be extrapolated to human
tumors and have clinicalimplications. Since LLC1 is of lung squa-
mous cell cancer (LUSC) origin, we analyzed the publicly avail-
able scRNA-seq dataset of human LUSC (Maier et al., 2020). Us-
ing the same pre-processing and quality control as the mouse
scRNA-seq, we obtained a total of 89,000 cells from 12 tumor
samples from 5 LUSC patients. Unsupervised clustering of the in-
tegrated scRNA-seq data gave rise to 13 clusters (Figure 5A). We
identified the cell types according to the gene signatures, which
comprise 4 subpopulations of DCs (cDC1s, cDC2s, mregDCs,
and pDCs), populations for NK cells, T cells, myeloid cells, B cells,
fibroblasts, epithelial cells, pneumocytes, endothelial cells, and
mast cells (Figure 5B). When compared with the LLC1 tumors,
the tumor-infiltrating T cells were relatively abundant and there
were fewer myeloid cells in the human LUSC dataset, whereas
the proportions of DC subpopulations in CD45" cells were similar
to those found in the mouse LLC1 tumor (Figure S5A). Violin plots
showed the expression of both PTGER2 and PTGER4 in afraction
of myeloid cells, T cells, and NK cells and relatively high expres-
sion of PTGER4 in mregDC, cDC1, and cDC2 in LUSC (Figure 5C),
as seeninthe LLC1 mouse tumor (Figure 2F). Moreover, similar to
the LLC1 tumor, active inflammation-related genes, including
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PTGS2, IL1B, VEGFA, and HIF1A, were dominantly expressed
by myeloid cells (Figure S5B), and those genes involved in the
recruitment and activation of tumor-infiltrating Tregs, including
CCL17 and CCL22, were highly expressed in mregDCs
(Figure 5B).

We next used the TCGA datasets and conducted expression
correlation analyses between genes in the COX-EP2/EP4
pathway and the genes involved in the two mechanisms (i.e.,
active inflammation and Treg recruitment and activation in hu-
man cancers). We chose 549 LUSC patients whose RNA-seq
data were available out of the total of 765 cases, and extracted
the genes that showed significant correlation with the expression
of PTGS1 or PTGS2 (Tables S4 and S5). Interestingly, the
expression of several proinflammatory/angiogenesis-related
genes such as CXCL8, VEGFD, NR4A1, FOS, CXCL2, and IL6
were highly correlated with that of PTGS2, whereas the expres-
sion of several genes involved in Treg recruitment and activation
such as CCL22, CCL17, TNFRSF9, FOXP3, TNFRSF4, and
TNFSF4 were highly correlated with that of PTGS1 (Figures 5D,
S5C, and S5D). Notably, PTGER2 and PTGER4 expression is
highly correlated with both PTGS71 and PTGS2 modules (Fig-
ure 5D). We next calculated the average expression of PTGER2
and PTGER4 (referred here as “PTGER score”) and found that
the genes of both PTGS1 and PTGS2 modules described above
were highly correlated with high PTGER score in not only LUSC
but also breast invasive carcinoma (BRCA), ovarian serous cys-
tadenocarcinoma (OV), and liver hepatocellular carcinoma
(LIHC) (Figure 5E). Moreover, a high PTGER score was signifi-
cantly associated with the lower overall survival of BRCA, OV,
and LIHC patients and a similar trend was observed in LUSC
(Figure 5F). These results together suggest that PTGER2 and
PTGER4 expression levels are correlated with the expression
levels of genes related to active inflammation in myeloid cells
and immunosuppression in mregDC-Treg, and have a prognosis
value in various human cancers.

DISCUSSION

The discovery of immune checkpoint mechanisms and ICls has
revolutionized cancer therapeutics and provided a proof-of-prin-
ciple of the strategy to harness the immune system to combat
cancer (Sharma and Allison, 2020; Chamoto et al., 2020). How-
ever, while ICl is an effective cancer therapeutic, only a fraction
of cancer patients, typically less than 40% in several types of
cancer, showed a response, which led to the proposal of ICI
resistance in unresponsive patients (Pitt et al., 2016). One

Figure 5. Association of PTGER2 and PTGER4 expression with the “inflammatory-angiogenic” and “mregDC-Treg” signatures and patient

outcomes

(A) UMAP pilot of cells obtained from 12 samples of 5 LUSC patients (89,000 cells) (from scRNA-seq analysis of LUSC patient cohort, Maier et al., 2020).

(
(
(
(

B) Dot plot showing the expression of discriminatory markers for each cell population in (A).

C) Violin plots based on scRNA-seq analysis showing the gene expression distribution of PTGER2 and PTGER4 in each identified cell type.

D) Correlation plot of selected genes that show significant correlation with PTGS1 and/or PTGS2 expression in a TCGA human LUSC cohort (n = 542).

E) Heatmap showed the expression level of representative genes involved in Treg recruitment and activation and in inflammation/angiogenesis in LUSC (n = 542),

BRCA (n = 1,194), OV (n = 378), and LIHC (n = 418) patients. Patients were stratified into 3 groups (PTGER™", PTGER™, PTGER'"°") based on PTGER score (mean

expression of PTGER2 and PTGER4).

(F) The Kaplan-Meier overall survival curve of LUSC (n = 542), BRCA (n = 1,194), OV (n = 378), and LIHC (n = 418) patients in TCGA datasets grouped by PTGER
score. Hazard ratio (HR) for overall survival and its 95% confidence interval are shown. p value was calculated by multivariate Cox regression.
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proposed mechanism underlying such ICI resistance and sensi-
tivity is the “non-inflamed” versus “flamed” TME, and targeting
to innate sensing, for example, is suggested to convert “non-in-
flamed” to “inflamed” TME to overcome the ICI resistance (Liu
et al., 2020). However, “inflamed” TME does not always over-
come IClI resistance because active inflammation often occurs
in parallel with immunosuppression in TME. This raises a ques-
tion as to why inflammation does not lead to immune activation
in TME (Greten and Grivennikov, 2019; Shalapour and Karin,
2019). In this study, we tackled this question by examining the
actions of PGE, in the ICl-insensitive LLC1 mouse tumor. To
obtain the cellular and molecular landscape shaped by the
PGE,-EP2/4 signaling in TME, we combined pharmacological
intervention and scRNA-seq analysis, so that molecular changes
associated with EP2/EP4 inhibition can be detected at the sin-
gle-cell resolution at different time points. Using this approach,
we discovered two major actions that PGE,-EP2/4 signaling
elicits there. One is the promotion of active inflammation through
the upregulation of NF-«B signaling in myeloid cells and the other
is the immunosuppression through the mregDC-Treg axis. Thus,
PGE,-EP2/EP4 signaling functions as a regulatory node in TME
to control both inflammation and immunosuppression.

In LLC1 TME, we found the expression of a variety of NF-xB-
target proinflammatory-angiogenesis genes such as Ptgs2,
II1b, Cxcl2, Vegfa, and Hifla genes in a wide range of myeloid
cell populations from TAN and Mono to TAM, and that this
expression was rapidly and markedly inhibited with the blockade
of EP2/EP4. Moreover, we found that EP2/EP4 inhibition reduced
the expression of genes of NF-kB complex components such as
Rela, Nfkb1, and Nfkbiz in the above wide range of myeloid cells
(Figure 3C). Our finding therefore indicates that in the context of
LLC1 tumors, PGE,-EP2/EP4 signaling shapes active inflamma-
tory TME by upregulating NF-kB signaling and has thus provided
an answer to one of the important questions in cancer biology:
How is NF-kB activation regulated in TME? (Taniguchi and Karin,
2018). Notably, of the myeloid cells, the strongest suppression of
inflammatory and angiogenesis genes by EP2/4i was observed in
the TAN population. Given that TAN is the only tumor-infiltrating
immune cell population that was significantly decreased upon
EP2/4i treatment, it is likely that TAN is particularly sensitive to
EP2/4i blocking. The mechanism underlying this sensitivity re-
mains to be clarified by further investigation.

More important, we have discovered here that the PGE,-EP2/
EP4 signaling drives the mregDC-Treg axis and elicits immuno-
suppression in TME. mregDC is a recently identified novel DC
state that has the potential to generate both immunostimulatory
and immunoregulatory molecules (Maier et al., 2020). Given that
other DCs are generally immune-activating cells, the potential to
produce immunoregulatory molecules is unique to mregDCs.
Using scRNA-seq, we found mregDC to be the Ccr7-expressing
DC cell population that expresses the highest level of EP4 and
produces the highest amount of Ccl17 and Ccl22 among the tu-
mor-infiltrating immune cells. Intriguingly, the inhibition of EP2
and EP4 rapidly and strongly reduced the production of these
chemokines. Moreover, the neutralization of Ccl22 and Ccl17 re-
sulted in the reduction of tumor-infiltrating Tregs. Consistently,
EP2/4 inhibition also decreased the number of tumor-infiltrating
Tregs. These results together suggest that PGE,-EP2/EP4
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signaling exerts its function on mregDCs to produce Ccl22 and
Ccl17, which recruit Tregs to tumor sites. Interestingly, PGE2-
EP2/EP4 signaling is involved not only in the recruitment of
Treg to the tumor but also their activation. We found that Tregs
in LLC1 TME express genes involved in their own activation,
including the master regulator Foxp3, critical signaling molecules
such as /l2ra and Stat5b, and coactivators Tnfrsf4, Tnfrsf9, and
Tnfrsf18, and that the EP2/EP4 inhibition gradually downregu-
lated the expression of all of these genes. It should be noted
that the expression of these co-activator molecules has been re-
ported as a hallmark of tumor-infiltrating Tregs (Freeman et al.,
2020). These co-activator molecules induced in Tregs may be
involved in further Treg activation by binding to their ligands pre-
sented by other tumor-infiltrating immune cells.

Intriguingly, our scRNA-seq analysis showed a marked
enhancement of ISGs expression associated with Treg deple-
tion, indicating that antitumor activity upon Treg depletion/atten-
uation in LLC1 tumors is not only mediated by CD4" and CD8*
T cells but also type | IFN. Interestingly, EP2/4i treatment also
induced ISGs expression in various cell types in LLC1 tumors
(Figure S3Q), and this action was particularly strong at the early
time point (Figure S4L). Given a previous report that PGE, could
suppress type | IFN production by myeloid cells via EP2 and EP4
in an influenza A infection mouse model (Coulombe et al., 2014),
these results together suggest a possibility that EP2/EP4
signaling suppresses IFN release both directly and indirectly
through Tregs. Given the antitumor activity of type | IFN (Borden,
2019), these results suggest that EP2/EP4 blockade may also
provide some benefits by type | IFN release. Thus, PGE,-EP2/
EP4 signaling elicits its function in TME by the promotion of
active inflammation mediated by myeloid cells and immunosup-
pression mediated by mregDC-Treg axis together with inhibition
of type | IFN production. This integration by PGE, is critical in
TME because inflammation alone can favor immune activation
and cancer-inhibitory effects (Mantovani et al., 2008; Vesely
et al., 2011; Coussens et al., 2013).

Finally, and most importantly, our analysis of the published
scRNA-seq datasets of human LUSC patients and the TCGA da-
tasets showed that the expression of genes in the PGE,-EP2/
EP4 signaling, PTGS1, PTGS2, PTGER2, and PTGER4, are
strongly correlated with the expression of genes of the two sig-
natures we found in LLC1 tumors (i.e., proinflammatory/angio-
genesis myeloid cells and immunosuppressive mregDC-Tregs)
in various human tumors, and demonstrated that the expression
of PTGER2 and PTGER4 together correlates negatively with pa-
tient prognosis in LUSC, BRCA, LIHC, and OV, suggesting that
the action mechanisms of PGE,-EP2/EP4 signaling that we
found here are conserved and critically function in human can-
cers. Ever since the epidemiological finding that aspirin use
lowers the risk of cancer death, the use of NSAIDs as chemopre-
ventive and therapeutic agents for cancer has been tested
repeatedly. However, the gastrointestinal toxicity associated
with general NSAIDs and the cardiovascular toxicity of COX2 in-
hibitors have hampered their extensive use, which has led to the
suggestion of manipulation of downstream PG signaling as an
alternative measure. Currently, several EP4 antagonists and an
EP2/EP4 dual antagonist are under investigation in clinical
trials for different solid cancers (NCT04344795, NCT02540291,
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NCT03152370, NCT04432857, NCT03155061, NCT03661632,
NCTO03658772, and NCT02538432) (Hong et al., 2020; Thumkeo
and Narumiya, 2021). Given the advances in our understanding
of the PGE,-EP2/EP4 signaling actions in TME as exemplified
by the present study, it is now the time to exploit such findings
and explore the clinical utility of EP2/EP4 antagonists based on
the TME landscape that the PGE,-EP2/EP4 signaling shapes in
each clinical cancer.

Limitations of the study

One limitation of this study is the use of a single syngeneic tumor
model, LLC1, in C57BL/6 mice. This study therefore cannot
exclude the operation of the EP2/EP4-dependent mechanisms
reported in other models such as the inhibition of the NK cells-
cDC1 axis (Zelenay et al., 2015; Bottcher et al., 2018; Bonavita
et al., 2020), as well as other EP2/EP4-dependent mechanisms
in T cell-enriched TME. In addition, we used only fixed doses
of the EP2 and EP4 antagonists and examined their responses
in this study. It is therefore unclear that some findings such as
insufficient activation of CD4" and CD8" T cells with EP2/4i
were due to inefficient EP2/EP4 inhibition or the presence of
redundant mechanisms. Also, since we focused the actions of
EP2/EP4 signaling in CD45* immune cells, we have addressed
neither the role of this signaling in stromal cells nor the roles of
EP1 or EP3 receptors expressed at low and intermediate levels,
respectively, in both CD45* and CD45™ cells in LLC1 tumors.
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Software and algorithms
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ImagedJ
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Cell Ranger (v3.1)

R Software

Seurat
Celda
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RESOURCE AVAILABILITY

Lead contact

Requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shuh Narumiya (snaru@mfour.

med.kyoto-u.ac.jp).

Materials availability

All unique reagents/mice generated in this study are available from the Lead contact with a completed Material Transfer Agreement.
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Data and code availability
® scRNA-seq data have been deposited at GEO and are publicly available as of the date of publication. Accession number is
listed in the Key resources table. Raw quantification data and original gross and microscopy images have been deposited
at Mendeley and are publicly available as of the date of publication. The DOI is listed in the Key resources table.
® Allcomputer codes used for the analyses have been deposited at GitHub and are publicly available as of the date of publication.
The GitHub link is listed in the Key resources table.
® Any additional information required to reanalyze the data reported in this paper is available from the Lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Tumor cell line
Lewis lung carcinoma cell line LLC1 (ATCC, CRL1642) was maintained at 37°C in 5% CO, in DMEM (Invitrogen), 10% FCS (Sigma),
Pen/Strep (Nacalai) and Glutamine (Gibco).

Animal model
C57BL/6N mice (male or female, 6 weeks old) were purchased from SLC (Shizuoka, Japan) and kept under specific pathogen-free
conditions. Genetic engineered mice used in this study were as listed in the “Experimental model: mice” sections of the Key re-
sources table and kept similarly under specific pathogen-free conditions. All mice used in this study were bred to a C57BL/6N genetic
background. Animal experiments were conducted in accordance with the US National Institutes of Health Guide for the Care and Use
of Laboratory Animals and approved by the Institutional Animal Care and Use Committee of Kyoto University Graduate School of
Medicine.

No human experiments were conducted within this study. However, clinical data that were previously reported and deposited at
public available domain were used.

METHOD DETAILS

Synthesis of AS3385282-00

4 M HCl in dioxane (636 mL) was added to a solution of 1-tert-Butyl 4-ethyl 4-(iodomethyl)piperidine-1,4-dicarboxylate (compound 1)
(Becker et al., 2005) (101 g, 254 mmol) in ethanol (450 mL). After stirring at 30°C for 2 h, the reaction mixture was concentrated under
reduced pressure to give Ethyl 4-(iodomethyl)piperidine-4-carboxylate hydrochloride (compound 2) (75.0 g, 88%) as a gray solid.

Triethylamine (77.9 mL, 562 mmol) and 4-fluorobenzoyl chloride (37.4 g, 236 mmol) were then added to a suspension of compound
2 (75.0 g, 225 mmol) in THF (500 mL) at 0°C. The reaction mixture was stirred at 20°C for 3 h. Ethyl acetate (800 mL) and 1 M HCI
(600 mL) were then added into the reaction mixture. The organic layer was separated and washed with brine, dried over Na,SOy,,
and concentrated under reduced pressure. The residue was purified by column chromatography on silica gel (petroleum ether/ethyl
acetate = 10:1 to 2:1) to give Ethyl 1-(4-fluorobenzoyl)-4-(iodomethyl)piperidine-4-carboxylate (compound 3) (74.0 g, 78% yield) as a
yellow oil.

4-(5-Chloropyrimidin-2-yl)phenol (Yuan et al., 2020) (36.5 g, 177 mmol) and K>CO3 (48.8 g, 353 mmol) were added at 20°C to a
solution of compound 3 (74.0 g, 177 mmol) in dimethylacetoamide (400 mL). The reaction mixture was stirred at 130°C for 5 h. Ethyl
acetate (1000 mL) and water (500 mL) were then added to the reaction mixture and the resulting mixture was filtered. The filtrate was
separated and the organic layer was successively washed with water (500 mL x 5) and brine (1000 mL). The organic layer was dried
over Na,SOy, and concentrated under reduced pressure to give a light yellow solid. The solid was triturated with petroleum ether/
ethyl acetate (600 mL/80 mL) to give Ethyl 4-{[4-(5-chloropyrimidin-2-yl)phenoxy]methyl}-1-(4-fluorobenzoyl)piperidine-4-
carboxylate (compound 4) (48.0 g, 55%) as a white solid.

Finally, 2 M NaOH aqueous solution (59.7 mL, 119 mmol) was added to a suspension of compound 4 (29.7 g, 59.7 mmol) in ethanol
(300 mL) at 20°C. The reaction mixture was stirred at 75°C for 2 h. Water (1000 mL) and 1 M HCI (200 mL) were added into the reaction
mixture, and the precipitate was filtered to give 4-{[4-(5-chloropyrimidin-2-yl)phenoxy]methyl}-1-(4-fluorobenzoyl)piperidine-4-
carboxylic acid (AS3385282-00) (26.8 g, 96%) as a white solid.

Measurement of NMR and mass spectra of AS3385282-00
"H NMR spectra was measured using Bruker Avance Ill 500HD spectrometer. Chemical shifts are expressed in é units (ppm) using
tetramethylsilane as an internal standard. Abbreviations of TH NMR signal patterns are as follows: s, singlet; d, doublet; t, triplet; m,
multiplet; br, broad. Mass spectra (MS) were recorded on Waters SQD. Electrospray ionization positive high-resolution mass spec-
trum (HRMS) was performed using Thermo Fisher Scientific Exactive Plus.

For AS3385282-00; 'H NMR (DMSO-dg) 5 12.81 (br, 1H), 8.94 (s, 2H), 8.30 (d, J = 9.0 Hz, 2H), 7.51 = 7.45 (m, 2H), 7.27 (t, J = 9.0 Hz,
2H), 7.08 (d, J = 9.0 Hz, 2H), 4.16 (s, 2H), 3.64 - 3.05 (m, 4H), 2.24 - 1.95 (m, 2H), 1.76 — 1.51 (m, 2H) ppm; MS (ESI-) m/z 468.1 [M-H];
HRMS (ESI-) m/z Calcd for Co4H20CIFN3O4 ((M-H]'): 468.1121, Found: 468.1130.
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cAMP assay

HEK293 cells overexpressing human EP2 or EP4 were seeded at 1 x10* cells/ well in 96 well plates and incubated overnight. CHO-K1
cells overexpressing rat EP2 were seeded at 2x 10* cells/well in 96 well plates and incubated overnight. Culture media was replaced
first with Assay buffer (DMEM containing 2 uM indomethacin) for 1 hour. Cells were then incubated with IBMX buffer (Assay buffer
containing 0.1 mM IBMX) for 5 min. AS3385282-00 was dissolved in dimethyl sulfoxide (DMSQ) and diluted to a working concentra-
tion with IBMX buffer. After 10 min pretreatment with vehicle (0.1% DMSO) or AS3385282-00, HEK293 cells overexpressing human
EP2 were stimulated by adding 30 nM PGE,, HEK293 cells overexpressing human EP4 were stimulated by adding 10 nM PGE, and
CHO-K1 cells overexpressing rat EP2 were stimulated by adding 300 nM PGE, for 30 min and lysed with lysis buffer (0.2% Triton
X-100in PBS). cAMP concentration in cell lysates was examined in duplicate using a cAMP-Gs Femto2 kit (Cisbio Bioassays, France)
according to the manufacturer’s instructions. Fluorescent signal was measured using a homogeneous time-resolved fluorescent
plate reader Artemis (Furuno, Japan). The value of positive control (vehicle with PGE,) was set as 0% inhibition, and the value of nega-
tive control (vehicle without PGE,) was set as 100 % inhibition. ICs, values were estimated by nonlinear regression analysis using
GraphPad Prism software.

Effect of AS3385282-00 on EP2 agonist-mediated blood pressure elevation in mouse

C57BL/6N mice (male, 7 weeks old) were used. Vehicle or AS3385282-00 (30, 100 or 300 mg/kg) were orally administered at 0 min.
EP2 agonist (compound #936 of patent WO2009113600) dissolved in 3% PEG#400 containing 1.2 mM NaOH were intravenously
administered at 0.3 mg/kg 10 min before blood pressure measurement. Six hours after vehicle or AS3385282-00 administration,
the blood pressure (systolic blood pressure (SBP), diastolic blood pressure (DBP) and mean blood pressure (MBP)) were monitored
using a tail cuff plethysmography (BP-98A-L, Softron, Japan) without any anesthesia and its value was calculated as a mean of three
measurements. Group composition was as the following; (1) vehicle (n = 4), (2) vehicle + EP2 agonist (0.3 mg/kg) (n = 4), (3)
AS3385282-00 (30 mg/kg) + EP2 agonist (0.3 mg/kg) (n = 4), (4) AS3385282-00 (100 mg/kg) + EP2 agonist (0.3 mg/kg) (n = 4), (5)
AS3385282-00 (300 mg/kg) + EP2 agonist (0.3 mg/kg) (n = 3).

Cell viability assay

Cell viability in vitro was measured by CellTiter-Glo® 2.0 Cell Viability Assay kit (Promega). For each assay, 100 puL cell suspensions
(2 x 10° cells/mL) were cultured in 96-cell plates for 24 h and then treated with AS3385282-00 or ASP7657 or AS3385282-00 in com-
bination with ASP7657 for 48 h. Luminescence was then measured by GLOMAX Multi + Detection System (Promega) after incubation
for 10 min with CellTiter-Glo 2.0 reagent according to manufacturer’s protocol. The vehicle-treated cells, incubated in culture medium
containing 0.5% dimethylsulfoxide (DMSO), were used as controls in every test. Results were presented as a percentage of the
vehicle-treated control cells.

Tumor cell injections and tumor growth experiments

For LLC1 tumor cell injection, floating cells were first collected from the supernatant and then the adherent tumor cells were collected
by rigorously pipetting and washed 2 times with DPBS. These cells were mixed together and resuspended in DPBS at the concen-
tration of 3 x 10° cells/100 pL. Mice anesthetized with isoflurane were shaved on their right flank and injected with 100 pL suspension
of the tumor cells. Tumors were measured using electronic calipers. Tumor volume was calculated through the formula V = (long
diameter) x (short diameter)? x 1/2 (mm>).

Mouse tumor tissue digestion

Tumor tissues were dissected and enzymatically digested with the mouse tumor dissociation kit (Miltenyi) and gentleMACS C tube
(Miltenyi), and the digests were subjected to agitation and rotation at 37°C for 30 min according the manufacturer’s protocol. Red
blood cells were lysed with red blood cell lysis solution (Miltenyi). Cell suspensions were then filtered through a 70 um filter (Miltenyi)
and washed with FACS buffer containing 1% BSA (Sigma).

Single-cell RNA sequencing (scRNA-seq)

For scRNA-seq experiment of EP2/4 antagonists-treated mice (both 6-days and 1.5-days treatment), live CD45" cells were sorted
from dissected LLC1 tumor cell suspension using BD Aria3 FACS sorter (BD Biosciences). For scRNA-seq experiment of Treg-
depleted mice, total cells from the dissected LLC1 tumor were used. Single-cell isolation and library preparation were performed us-
ing Chromium™ Next GEM single cell 3' GEM, library & gel bead kit v3.1, i7 multiplex kit and Next GEM Chip G single cell kit accord-
ing to the manufacturer’s protocol (10x Genomics). For human LUSC scRNA-seq, data were obtained from publicly available domain
(Maier et al., 2020).

Single-cell data processing

Single-cell RNA-seq libraries were sequenced on lllumina NovaSeq 6000 sequencer to a depth of ~60,000 reads/target cells. The
qualities of raw sequencing reads were then evaluated with FASTQC (http://www.bioinformatics.babraham.ac.uk/projects/fastqc/)
and aligned using the Cell Ranger Software v3.1 (10x Genomics, USA) against the mm10 mouse genome reference. Ambient
mRNA reads were predicted and removed by decontX command under the celda package (Yang et al., 2020).
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Quality control, cellular identification and clustering analysis

For each sample, the ambient mMRNA removed gene — barcode matrix was further processed by the R (v3.6) software package Seurat
(Stuart et al., 2019) (https://satijalab.org/seurat) (v3.2.2) for all downstream analyses. We then filtered on cells that expressed a min-
imum of 1500 UMI count and required that all genes expressed in a cell be expressed in at least 3 cells. We also removed cells that
contained >10% mitochondria gene reads, which is thought to be associated with unhealthy cells. SC transform normalization (Ha-
femeister and Satija, 2019) were used for batch correction and integration into a single dataset. Principal component (PC) analysis
was performed and then used for graph-based cluster identification and subsequent dimensional reduction using Uniform Manifold
Approximation and Projection (UMAP). Count data was then normalized using NormalizeData by Seurat package for expression
study and differential analysis. Functional enrichment analysis was performed using the clusterProfiler package (Yu et al., 2012), bio-
maRt (v.2.42.1) and org.Mm.eg.db (v3.10.0) mouse genome annotation. For each cell population, we performed DE analysis by
comparing two conditions, drug treatment versus control vehicle using command FindMarkers.

FACS analysis
Single cell suspension of tumor tissues was washed with PBS and stained with fixable viability dye (eBioscience) or violet fluorescent
reactive dye (Invitrogen) for 30 min at 4°C to distinguish live and dead cells. Cells were then washed with FACS buffer and non-spe-
cific-binding was blocked with anti-CD16/32 antibodies (Fc block, BD Biosciences). Cell surface proteins were then stained on ice for
30 min. Cells were washed again and re-suspended with FACS buffer. FACS analyses were conducted using BD Fortessa, BD Aria3
or BD Fusion flow cytometer (BD Biosciences). For intracellular staining (Foxp3 or Gzmb), cells were fixed and permeabilized with the
Foxp3/Transcription Factor Staining Buffer kit (eBioscience) after surface markers staining. Intracellular antibody staining was per-
formed in permeabilization buffer for 30 min at room temperature. FACS data analysis was performed using FlowJo software (BD
Biosciences).

The definition of each cell population from in vivo tumor is as follows;

CD45" cells: FVD~CD45%;

CD45" cells: FVD~CD457;

CDA4 T cells: FVD~CD45*CD11b~CD3*CD4%;

CD8 T cells: FVD~CD45"CD11b~CD3*CD8*;

Gzmb™* CD4 T cells: FVD~CD45*CD11b~CD3*CD4*Gzmb*;

Gzmb* CD8 T cells: FVD CD45*CD11b-CD3*CD8*Gzmb™;

Treg: FVD~CD45*CD3*CD4*CD25"Foxp3*

4-1BB*Treg: FVD~CD45*CD3*CD4*CD25"Foxp3+*4-1BB*

Mono: FVD~CD45*CD11b*F4/80°Ly6CMLy6G ;

TAN: FVD~CD45*CD11b*F4/80 Ly6C"°Ly6G™;

TAM: FVD~CD45*CD11b*F4/80*Ly6C Ly6G;

NK: FVD~CD45"CD3"NKp46*;

Ccr7* ¢DC: FVD~CD45*1in~(CD3~NK1.1°F4/80Ly6C~Ly6G)I-A/I-E* CD11c*CD11b*"Cer7*;

cDC1: FVD~CD45%lin"(CD3~NK1.1°F4/80"Ly6CLy6G)I-A/I-E* CD11¢c*CD11b~ Ccr7;

cDC2: FVD~CD45%lin"(CD3~NK1.1°F4/80'Ly6C Ly6G)I-A/I-E*CD11c*CD11b*Ccr7”

iTreg cells in in vitro experiments are defined as follows;

iTreg: CD4*CD25"Foxp3* in the iTreg stability assay or CD4*Foxp3™ in the 4-1bb induction assay.

4-1bb™ iTreg: CD4*Foxp3*4-1bb*

ELISA assay for Ccl22 and Ccl17 measurement in sort-purified Ccr7* cDC, cDC2, CD45(-) cell and TAM from LLC1
tumor

Live Ccr7* cDC, cDC2, CD45(—) cell and TAM were sorted from the dissected LLC1 tumor using BD Aria3 FACS sorter (BD Biosci-
ences). Sorted cells were subsequently washed with PBS and the cultured in complete RPMI (Pen/Strep, NEAA, NaPyr, 2-ME, 10%
FCS) in 96-well plates at 2 x 10° cells/200 uL/well. LPS (1 pg/mL, Nacalai) were added after plating to stimulate chemokine produc-
tion of the cells. Culture supernatants were collected 36 hours after stimulation and Ccl22 and Ccl17 production were measured by
the used of LEGENDplex (Biolegend) and BD Fortessa flow cytometer (BD Biosciences) according to the manufacturer’s instruction.
Data analysis were conducted by the use of LEGENDplex data analysis software suite.

Treg in vitro culture assays

For induction of iTreg, MACS (Miltenyi)-purified splenic naive CD4 T cells were stimulated with plate-bound anti-CD3 mAb (clone
2C11, eBioscience) (coating at 10 pg/mL for overnight at 4°C) and 1pg/mL soluble anti-CD28 mAb (clone 35.71, eBioscience) in
the presence of 5 ng/mL of human TGF-$1 (R&D), in 96-well U bottom plates (Thermo scientific, 163320). For iTreg stability assay,
iTreg prepared by culture in the presence of TGF-p1 for 2 days as above were collected, washed once, and further cultured at
1 x 10%/ml concentration with fresh RPMI culture medium containing 10% FBS (Gibco) and 50 U/mL of IL-2 (Prepotech). PGE,
(Cayman) were added in the second culture. An EP2 antagonist (PF 04418948, Tocris) and an EP4 antagonist (ASP7657, Astellas)
were added to the cells 30 min before the addition of PGE,. For analysis of the role of PGE, on the differentiation of iTregs from
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MACS purified splenic naive CD4 T cells, cells were cultured in fresh RPMI culture medium containing 10% bovine serum (Gibco) and
5 ng/mL of human TGF-B1 (R&D) in the presence of PGE,.

Quantitative RT-PCR analysis

Live TAN, Mono, TAM, CD45" cells and CD45" cells were sorted from the single cell suspension of LLC1 tumor using BD Aria3 or BD
Fusion FACS sorter (BD Biosciences). mMRNA was extracted from TAN, Mono and TAM using RNeasy Plus Micro kit (Qiagen) and
reverse-transcribed to cDNA using ReverTra Ace gPCR RT master mix with gDNA Remover (Toyobo). mRNA was extracted from
sort-purified CD45" and CD45" cells using TRIzol (Ambion) and conventional chloroform/isopropanol extraction protocol, washed
with ethanol (Nacalai) and, reverse-transcribed to cDNA using ReverTra Ace gPCR RT master mix with gDNA Remover (Toyobo).
cDNA, primers, and THUNDERBIRD SYBR gPCR Mix (Toyobo) were mixed in a 96-well PCR plate. Subsequently, quantitative
PCR (gPCR) was performed using a CFX96 Real-Time System (Bio-Rad). The sequences of primers are listed in Table S6.

Drug administration and anti-PD-1 antibody treatment

SC-560 (Cox1 inhibitor) was purchased from TClI, and dissolved with PEG#600 (Nacalai) every day before use. The solution was orally
administered after mice were transplanted with LLC1 tumor cells at the dose of 30 mg/kg/day for every day. Celecoxib (Cox2 inhib-
itor) was purchased from Cayman. Celecoxib was dissolved with PEG#400 (Nacalai) and then normal saline (Otsuka) at the volume
ratio of 3:1 before use every day. The solution was orally administered after mice were transplanted with LLC1 tumor cells at the dose
of 30 mg/kg/day for every day. For SC-560 and Celecoxib treatment in combination, the respective solution was orally administered
at the dose of 30 mg/kg/day daily.

For treatment with anti-PD-1 monoclonal antibody (clone RMP1-14, BioXCell) was administered i.p. at the dose of 200 ng/mouse
from day 3 post-tumor cell transplantation every 3 to 4 days. Rat IgG2a (clone 2A3, BioXCell) was used as isotype control.

For EP2 antagonist (AS3385282-00, this study), the drug was dissolved in PG solvent (Tween 80:HCO-40:PG at 1:2:4 weight ratio)
at 80°C with sonication. 1M sodium hydrogen carbonate, 50% HP-BCD and HCI were then further added and rigorously mixed to
obtain a final solution of AS3385282-00 containing 60%PG solvent: 8.5% 1M sodium hydrogen carbonate: 7% HP-BCD: 2% 1M
HCl in distilled water (Otsuka). Drug was prepared once a week and kept in dark at room temperature. Mice were orally administered
once daily with AS3385285-00 at the dose of 100 mg/kg/day.

For EP4 antagonist, ASP7657 (Astellas), the drug was suspended every 3—-4 days in 0.5% methylcellulose (Wako chemical) solution
with sonication and kept in dark at 4°C. Mice were orally administered twice daily with ASP7657 at the dose of 1 or 10 mg/kg/day.

For tamoxifen-induced EP4 cKO and EP2/4 cDKO experiments, tamoxifen (Sigma) was intraperitoneally injected into EP2/4 floxed
mice (as control), EP4 floxed x UBC-creERT2 mice or EP2/4 double-floxed x UBC-creERT2 mice at a dose of 3.2 mg/day for 5
consecutive days. Subsequently, 5 days after last tamoxifen injection, peripheral blood (tail vein) were sampled. Peripheral blood
mononuclear cells were isolated according to standard protocol and then subjected to RNA extraction and gRT-PCR analysis for
Ptger2 and Ptger4. Mice with knockout efficiency more than 50% were selected for LLC1 tumor cell transplantation.

Treg depletion and depletion of CD8 T cells

For Treg depletion, mice were intraperitoneally injected with 1 pug of diphtheria toxin (DT, Sigma). Foxp3-DTR/EGFP mice were in-
jected on when tumor size reached 20~30 mm? (usually day 10-11) and thereafter every 3-4 days. For CD8 T cells depletion in
WT mice treated with vehicle or EP2 KO mice treated EP4 antagonists, IgG2b isotype (Clone: LTF-2, BioXCell) or anti-CD8a antibody
(Clone: 2.43, BioXCell) were injected intraperitoneally at days —1, 0, 3 at the dose of 100 ng, and thereafter at days 7 and 14 at the
dose of 200 ng.

Ccl17 and Ccl22 neutralization

For Ccl17 and Ccl22 neutralization in vivo, anti-Ccl17 antibody and anti-Ccl22 antibody (goat anti-mouse antibodies; R&D Systems)
were administered i.p. at 20 pg/mouse on alternate days starting from day 10 after tumor transplantation. Normal goat IgG (R&D) was
used as isotype control.

Histology and immunohistochemistry

Tumors were dissected and fixed in 10% formalin neutral buffer solution (FUJIFILM Wako Pure Chemical) at room temperature. Fixed
tumor tissues were then embedded in paraffin and cut into sections at 2 um thickness. Hematoxylin and eosin staining was performed
using a standard protocol. For immunohistochemistry, paraffin sections were incubated with target retrieval solution (Dako, S2367),
pH 9 at 110°C for 15 min for antigen retrieval and then treated with 3% H,O, for 5 min to quench endogenous peroxidase activity,
followed by blocking with 3% goat serum in PBS for 20 min. The sections were subsequently incubated with anti-CD31 antibody
diluted at 1:600 (Abcam), for overnight at 4°C, then Dako EnVision* System-HRP labelled polymer, anti-rabbit IgG (Dako). The
HRP activity was finally detected by liquid DAB™ substrate chromogen system (Dako). Bright field images were acquired with Nano-
zoomer-XR system (Hamamatsu Photonics) equipped with UPlanFI 20x/0.75 microscope objective lens and a CCD camera. Images
were processed using NDP view 2 (Hamamatsu Photonics) and analyzed with ImagedJ (NIH).
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Bioinformatics analysis of TCGA database

The TCGA gene expression and survival datasets were obtained from UCSC Xena datapages (https://xenabrowser.net/datapages/).
Heatmaps showing correlation between gene expression were produced using the ggplot2 package (v3.3.3) (Wickham, 2009). Ka-
plan-Meier plots for overall survival for 5 years were generated and the expression levels of PTGER2, PTGER4 or both PTGER2 and
PTGER4 were stratified with 2 different cut-offs: 25% and 75% to segregate the patients. The comparison that was statistically sig-
nificant are shown. All survival analysis was carried out and plotted using the R survival (v2.44.1.1) and survminer (v0.4.9) packages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Quantitative analysis of blood vessels density

The image of CD31 immunohistochemistry contains brown CD31" blood vessels endothelial cell signals and the blue Hematoxylin
counter-staining. To separate these two structures and analyze the area of blood vessels, the blue and purple saturation of nucleus
was reduced to enhance CD31* blood vessels clarity. The blood vessels were then enhanced to highlight the blood vessels structure
and the area was then measured using Imaged (NIH) and Vessel Analysis plugin (developed by Govindaraju and Elfarnawany). Sub-
sequently, another image of the Hematoxylin counter-staining was used for the measurement of total area of tumor. The blood vessel
occupancy was then computed as the ratio between the area of blood vessels and the total area of tumor.

Statistical analyses

Excel (Microsoft, USA) and Prism (GraphPad Software, USA) were used for statistical analyses. Data (means + standard error of the
mean (SEM)) or (means + standard deviation (SD)) were analyzed either by using Student t-test (two-tailed), one-way Analysis Of Vari-
ance (ANOVA) followed by Tukey’s correction for multiple testing or Dunnett’s test compared to the control or, two-way Analysis Of
Variance (ANOVA) followed by Tukey’s correction for multiple testing or Dunnett’s test compared to the control or Bonferroni’s test. R
software (R Core Team, 2014) was used for statistical analysis of sScRNA-seq datasets and TCGA datasets. Differential expression
gene analysis was done by command FindMarkers in Seurat Package and Wilcoxon Rank Sum test was calculated. Survival analysis
was done by command ggsurvplot in Survminer Package and LogRank test was calculated. Gene expression correlation analysis in
TCGA dataset was done by command cor.test in Stat package and, pairwise Pearson correlation coefficients and —logqo p values
were computed.
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Supplementary Figure 1. Functional characteristic of LLC1 tumor model, synthesis and characterization of an EP2 antagonist,
AS3385282-00 and the effect of EP2/4 blockage on LLC1 tumor growth and tumor-infiltrating cells, related to Figure 1. (A) Mice
were injected i.p. with isotype control IgG or anti-PD-1 antibody every 3-4 days after transplanted LLC1 tumor of the size ~17-34 mm°.
This experiment and the experiment in Figure 2A were conducted simultaneously and share the same control mice group. Data are
shown as means + SEM and statistics analysis was conducted using unpaired two-tailed T test at the end point. ns = not significant. (B)
qRT-PCR (n=4 per each group) analysis result of PGE -related genes in CD45" cells and CD45 cells of day 18 LLC1 tumor. Expression
relative to the Gapdh is shown. Data are shown as means + SD and statistics analysis was conducted using unpaired two-tailed T test.
**p<0.01, ***p<0.001. (C) Synthesis and chemical structure of AS3385282-00. (D) Concentration-inhibition curves of AS3385282-00
on PGE -induced cAMP production in human EP2-expressing HEK293 cells, human EP4-expressing HEK293 cells and rat
EP2-expressing CHO K1 cells. Average of technical replicates (n=2) for each point are shown. (E) Concentration-dependent effect of
AS3385282-00 on EP2 agonist-induced blood pressure reduction in mouse (n=3-4 per each group). Data are shown as means + SEM
and statistics analyses were conducted using Student’s t-test (vehicle - vehicle v.s. vehicle - EP2 agonist), or one-way ANOVA with
Dunnett’s multiple comparison test (vehicle - EP2 agonist v.s. each dose of AS compound - EP2 agonist). *p<0.05, **p<0.01,
**%p<0.001. (F) in vitro viability assay of AS3385282-00 on cultured LLC1 cells. The cell viability was measured by MTS and the
resultant absorbance relative to control DMSO-treated LLC1 cells are shown. Data are presented as mean + SD (n=4 per each
condition). Statistics analyses were conducted using one-way ANOVA with Tukey’s correction for multiple testing. There was no
significance between any comparisons. (G) Weights of LLC1 tumors shown in Figure 1B (n=10 per each group). Data are shown as
means £ SEM and statistics analysis was conducted using one-way ANOVA with Tukey’s correction for multiple testing. *p<0.05,
**p<0.01. (H) Representative images of the gross appearance of LLC1 tumors from control vehicle-treated mice and mice treated with
EP2 antagonist (dosed at 100 mg/kg/day), EP4 antagonist (dosed at 1 mg/kg/day) and EP2 and EP4 antagonists in combination for 17
days. Scale bar, 0.5 cm. (I) gRT-PCR analysis of Ptger2 and Ptger4 gene expression levels in peripheral blood mononuclear cells prior
LLC1 tumor inoculation in the experiment of Figure 1C. Normalized fold changes to Gapdh are shown. Data are shown as means +
SEM and statistics analyses were conducted using one-way ANOVA with Dunnett’s test compare to the control. *p<0.05, **p<0.01,
**%p<0.001. (J) Frequencies of tumor-infiltrating CD8 T cells per CD45" cells analyzed by FACS at day 16 after transplantation of
tumor cells in the experiment of Figure 1D. Tumors were pooled in each group and resulted in n = 3 for WT mice treated with vehicle
and isotype control IgG, n = 3 for WT mice treated with vehicle and anti-CD8 antibody, n= 2 for EP2 KO mice treated with EP4i and
isotype control IgG and n=1 for EP2 KO mice treated with EP4i and anti-CD8 antibody. Data are shown as means + SEM. (K) FACS
analysis for proportions of tumor-infiltrating CD45" immune cells in LLC1 tumors at day 18 after transplantation of tumor cells in the
experiment of Figure 1E. Data are shown as means + SEM (n=6 per each group) and statistics analyses were conducted using one-way
ANOVA with Dunnett’s test compare to the control. There was no significance difference between any comparisons.
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Figure S2. scRNA-seq experiment at 6 days after drug treatment and gene expression analysis of the LLC1 tumor-infiltrating
myeloids, related to Figure 2 and 3. (A) Schematic representation of sScRNA-seq analysis at 6 days after EP2i, EP4i or EP2/4i-treatment
in combination. (B) Baseline tumor sizes in the scRNA-seq experiment in Figure 2. The bars represent average value. (C) Waterfall plot
for tumor size change 6 days after treatment is shown for each mouse. Each column represents one mouse in comparison with the
baseline measurement shown in (B). (D) Heatmap based on scRNA-seq analysis displaying expression of top DE genes for each cluster
when compared with all other clusters as shown in Figure 2E (ranked by fold change). For each cluster, 120 cells with top UMI counts
were plotted (except pDC and B cell which had total cell number less than 120 cells). (E) Numbers of significant DEGs in each myeloid
cell population for control (n=2) versus treatment with EP2 and EP4 antagonists (n=2). Significant DEGs were defined as genes with
absolute average log2 fold change > 0.15 and p-value < 0.05. Up- and down-regulated DEGs are indicated in red and blue respectively.
(F-L) Volcano plots showing significant DEGs in each population of myeloid cells of WT mice treated with vehicle versus EP2/4i.
Representative NFkB-target genes are labeled. Red indicates upregulated NFkB-target genes and blue indicates downregulated
NFkB-target genes. (M-N) qRT-PCR analyses of Hifla, Il1b, Ptgs2 and Vegfa gene expression levels in tumor-infiltrating monocytic
cells (Mono) (CD45'CD11b*F4/80-Ly6C"Ly6G") and TAM (CD45°CD11b*F4/80'Ly6C-Ly6G’) in LLC1 tumors of control WT mice
treated with vehicle, WT mice treated with EP2 antagonist (dosed at 100 mg/kg/day, p.o.), WT mice treated with EP4 antagonist (dosed
at 1 mg/kg/day, p.o.) or WT mice treated with EP2 antagonist (dosed at 100 mg/kg/day, p.o.) and EP4 antagonist (dosed at 1 mg/kg/day,
p.o.) for 18 days (n=4 per group). Fold changes normalized to Gapdh expression are shown. Data are shown as means + SD and statistics
analyses were conducted using one-way ANOVA with Dunnett’s multiple comparison test compare to the control. ns = not significant,
*p<0.05, **p<0.01, ***p<0.001. (O) Enriched GO terms based on the scRNA-seq experiment in integrated myeloid cells (TAN s1-2,
Mono s1-4 and TAM) of WT mice treated with vehicle versus EP2 and EP4 antagonists for 6 days. GO terms with statistical significance
of interest are shown. Up- and down-regulated GO terms are indicated in red and blue respectively.



A B C Treg
mregDC T
10 ' ' [
: ) 1 1
1 1 1 1
s I non-TregCD4 1@ O @ @ © 0o 00000000 ¢ 0 3 i
HE ) sl
- . cDs{@@® - ® o [ ) ) () . = Stat5b g1 v
] N ~ 3 g
s 6 i g Treg @ 0 ° ° o e 0 S ]
1 H . ( v
& 5 = . prolif T [ X NN NN ) ) (X X X J = v
> 4 Ccl22 | | =) prolif T n ] .
2 P SS8ILESESESRR SRS Tl michumEdn
i 8 '8 O R R 8 N N O x = H 5 = % £ 8 S 14
2 SRR w S=Q %
d 2
""""" Average expression Percent expressed cell T
0 ; c0@25 @50 @ 75 @ 100
T 40 05 00 05 10 UMAP Teseest A5 40 05 -00 05 10 15
log2 fold change log2 fold change
E FACS G | CD4, CD8 Gzmb
") 7]
+a-CD3 (10 pg/ml) = 20 B vehice = 20 B vehicle
Do +0-CD28 (1 pg/ml) D2 LLct DT or PBS ] o or 3 .
(3 x 10° cells) S 5 3 = ® ®
(— TGFp+or - —) 2> 15 Fokk 2 15
PGE, ‘ﬁ' "’;,' sokok
(_ Yor- _) il
O+ or Inoculation ) DO p1o e e
) o 2 10
€—ep2tsi+or- s, 210 - 2
F o Foxp3-DTRIEGFP 2 E
Hokok Q Q
- O 5 O 5
e xex - 5 5
50 Fokok il Hkk
: H = =
il = o= = e o
— 40 - = o = 1500 . "
g §§§ N % v § v ® T cb4 cD8 Gzmb* CD4  Gzmb* CD8
£ ] s ¥ S w€ % £ J
g 3 i 3 v ® ° 2 1000 CD4, CD8 Gzmb
s @ 5 £ ¥ £ ok 212 2 08
& 2 @ v 3 Hokk ook § v B Vehicle E B Vehicle
ﬂ [ o 10 B EP2i+EP4i o EP2i + EP4i
- S > 06
4 g 0 £ 2
10 @ ]
o o
‘ 2 Ol ]*** o o
(2]
0 0 3
PGE,nM) - = = - - 101010 10 30 30 30 30 100100100100 300 300 300300 03 T 10 Da1;s 7o 24 o
EP2i = -+ -+ =+ -+ -4+ -4 -+ -4+ -+ -+ ‘s
EPAi - = -4 4 -~ d b - e b e e b -+ -@- Vehicle —& EP2i + EP4i =
TGFR -+ ++ + +++ 4+ ++++ ++++ ++++ -O- Vehicle + DT - EP2i+ EP4i +DT Gzmb*CD4  Gzmb* CD8
K L NK/T M
. mregDC
Lt Selected 20-30 mm°_ p7 or pES ] cbct |
(3 x10° cells) of tumor volume N é [l mregDC cDC2{e
p M cDC1
 E— — -»> jr‘ Mooc: nwr |-
U MpoC
s.c.) Do D9 D12 scRNA-seq B NKIT TAN{® o -
Foxp3-DTR/EGFP (Tumor) ~ W AN Mono 1]+ e .
& [l Mono 1 Mono 2|+ e 00
s W Mono 2 Mono 3|+ e .
5 ¢ 1 Mono 3 Mono4d |+ o - °
sample 1 sample 2 sample 3 sample 4 mregDC .mf,c,w TAM |« A
(3811cells) (4,565 cells) (4,724 cells) (4,673 cells) cDC2 .prothAM prolif TAM | - o .
" Epithelial |+ * .
Epithelial
Monols .Fﬁ,‘,.)ﬁ:st Fibroblast | « .
Vehicle DT Mono2 M Endothelial  Endothelial { + « .
(8,376 cells) (9,397 cells) T ) NEEEERETS
} : . ; Fibroblast ~ prolif TAM 38 g SR8TESaES
0 25 50 75 100 S s'ﬁa ¥88§
Proportion (%) UMAP1 5
X Average expression NN
101 2
N 50. 0 P + ISG-UP (38) * ISG-DOWN (2) Q 120 *ISG-UP (9)  *ISG-DOWN (4)
W Vehicle1 240 o . '
40 H Vehicle2 E E 100
H Pigsi/|o e 0o 0 0o o000 000@O0 0 .. ... 200 b 9bnz;®
|5 d cell _— —_
s Pigs210 ¢ @ ¢ c QO OO0 OO0 O oy S 160 b - EE
Ptgesi{e ©¢ ¢ ¢ ¢ ¢ 0o 0o 0006 000 ¢ 20 s 0 Wamph&\ i s
. . @ 2 L ltgmi—g® 1fid7 > 60
Ptges2 °° ° 2000 @ &120 L0 statt =
Ptger2| © ° ° o 0 9 O @~ 4 ffitm2-e || - g
2 - 40
Poers1® 9 0 e et s ]
O T N O Z - N ™ P ] - — + — expression Al
8588853229222 382 80088 %e50szzSEE: : »
ge8e=-s5555-L23¢ §e8°czF5E55FC 232 1
H === 5355538 £ === £5¥2273 ]
£ S gs s E o 258 o 2
o [ =W L £ -1.0 -0.5 0 0.5 1.0
u o w log2 fold change
R Control L |
EP2iEP4i ||
S Control ]
EP2IEP4i ]
Control
EP2IiEP4i H N
Control
EP2iEP4i
Control
EP2IiEP4i
Control
EP2iEP4i
Control
EP2iEP4i
Control || jun ]
EP2iEP4i | |
Control ] | |
EP2iEP4i | HE EEN
EP2iEP4i [ [ ] | u u HE E B 'EEEEEN
Control | | |
EPziEP4i [T || | HE 1
Control{ | | [ i) | B |
EP2iEP4i| [ M | [ | |
Control |
EP2iEP4i || u
N N N N =
R RN R R R R N N e R N IR E P PR LR R B TR
ER e S NPoRr SO N NN N NS NNV ERREE S S S I ESSSESSS 885 SPIRES EoSS QR aESSSSoSER Ity
SOEQS ORATNSESEEEESER QN EE SESSSS8s Dee SZO0QQETRNRBAN S ERGN
s O gL = 8 == = =
< G}
[



Supplementary Figure 3. Analysis of mregDC-Treg axis and interferon response, related to Figure 4. (A) Volcano plots showing
DEGs in LLC1 tumor-infiltrating mregDCs of EP2 and EP4 antagonists-treated vs vehicle-treated mice. Cc/22 is labeled in blue. (B-C)
Sub-clustering analysis of tumor-infiltrating T cells. (D) Volcano plots showing DEGs in LLC1 tumor-infiltrating Treg of EP2 and EP4
antagonists-treated vs vehicle-treated mice. Treg signature and co-activator genes are labeled in red and orange respectively. (E) iTreg
differentiation experimental design and (F) percentage of iTreg in CD4" T cells as determined by FACS analysis. Data are shown as
means £ SEM (n=6 per group) and statistics analyses were conducted using one-way ANOVA with Tukey’s correction for multiple
comparisons. *p<0.05, ***p<0.001. (G) Schematic representation of study of LLC1 tumor growth in Treg-depleted mice and (H) LLC1
tumor growth. DT (dosed at 1 ug) were intraperitoneally injected every 3-4 days starting from day 10 after tumor transplantation. EP2
and EP4 antagonists were orally administered every day after tumor cell transplantation. Data are shown as means + SEM and statistics
analysis was conducted using 2-way ANOVA with Tukey’s correction for multiple testing. Statistics significances at the end point are
shown. **p<0.01, ***p<0.001. (I) Percentage of tumor-infiltrating CD4 and CDS8 T cells in CD45" cells (left) and Gzmb-positive CD4
and CD8 T cells (right) from LLC1 tumor as determined by FACS analysis. After transplanted LLC1 tumor in Foxp3-DTR/EGFP mice
reached the size ~20-30 mm? at day 10, vehicle or DT (dosed at 1ug) were intraperitoneal injected every 3-4 day and the tumors were
dissected for FACS analysis 14 days after first DT injection (n=3 for each group). (J) Percentage of tumor-infiltrating CD4 and CD8 T
cells in CD45" cells (left) and Gzmb positive CD4 and CDS8 T cells (right) from LLC1 tumor as determined by FACS analysis. After
transplanted LLCI1 tumor in WT mice reached the size ~20-30 mm?, vehicle or EP2 and EP4 antagonists were orally administered every
day, and the tumors were dissected for FACS analysis 23 days after treatment with EP2 and EP4 antagonists. (n=7 for control group and
n=8 for EP/4i-treated group). Data of (I) and (J) were shown as means + SD and statistical analyses were conducted using unpaired
two-tailed T test. **p<0.01, ***p<0.001. (K) Schematic representation of the scRNA-seq experiment of Treg-depleted mice and distri-
bution of cell number from each sample after filtering. (L-N) Cluster analysis of tumor and tumor-infiltrating cells. (0) Dot plot showing
scale average expression levels of Ptgsl, Ptgs2, Ptgesl, Ptges2, Ptger2? and Ptger4. (P) A volcano plot showing significant DEGs
(p<0.05) in the myeloid cells of control Foxp3-DTR/EGFP mice treated with vehicle vs DT. (Q) A volcano plot based on scRNA-seq
analysis in Figure 2B-2D showing significant DEGs in the myeloid cells of WT mice treated with vehicle vs EP2 and EP4 antagonists
for 6 days. Up- and down-regulated interferon signature genes (ISGs) in (P) and (Q) are labeled red and blue respectively. (R) Heatmap
plot based on scRNA-seq analysis in Figure 2C-2D of representative ISGs Average expression represented scale expression using
z-score within each cell type.
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Supplementary Figure 4. scRNA-seq analysis of LLC1 tumor-infiltrating immune cells at 1.5 days after EP2 and EP4 antago-
nists treatment, related to Figure 2-4. (A-B) Schematic representation of scRNA-seq analysis and the cell number from each sample
after filtering. (C-D) UMAP plot of tumor-infiltrating CD45" immune cell clusters and respective dot plot showing the expression of
discriminatory marker genes. (E-F) Analyses of NFkB target genes and NFkB genes expressed by myeloid cells. (G) Violin plot of
Ccl22 expression in mregDCs. (H-I) Subclustering analysis of T cell population. (J) Dot plot showing absolute average expression level
of Treg signature and co-activator genes. (K) Heatmap plot of fold changes in Treg signature and co-activator genes at day 1.5 and 6 in
EP2/4i-treated vs control Treg. (L) A volcano plot showing significant DEGs in the integrated myeloid cells. Up- and down-regulated
ISGs are labeled in red and blue accordingly.
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Supplementary Figure 5. Proportion and expression of inflammatory genes in cell clusters identified by scRNA-seq analysis of
LUSC and the TCGA study for association between expression of PTGS1/2 and genes of the “inflammatory-angiogenesis” and
“mregDC-Treg” signatures, related to Figure 5. (A) Percentage of cell clusters identified in Figure 5A. (B) Dot plot showing
expression of PTGSI, PTGS2 and representative inflammation and angiogenesis genes in tumor-infiltrating immune cell clusters in
LUSC. (C) Correlation plot between PTGS! and representative Treg recruitment and activation genes. (D) Correlation plot between
PTGS?2 and representative inflammation and angiogenesis genes.
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