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ABSTrACT Identifying strategies to improve the ef�cacy of immune checkpoint blockade 
(ICB) remains a major clinical need. Here, we show that therapeutically targeting 

the COX2/PGE2/EP2-4 pathway with widely used nonsteroidal and steroidal anti-in�ammatory drugs 
synergized with ICB in mouse cancer models. We exploited a bilateral surgery model to distinguish 
responders from nonresponders shortly after treatment and identi�ed acute IFN�-driven transcrip-
tional remodeling in responder mice, which was also associated with patient bene�t to ICB. Monother-
apy with COX2 inhibitors or EP2-4 PGE2 receptor antagonists rapidly induced this response program 
and, in combination with ICB, increased the intratumoral accumulation of effector T cells. Treatment 
of patient-derived tumor fragments from multiple cancer types revealed a similar shift in the tumor 
in�ammatory environment to favor T-cell activation. Our �ndings establish the COX2/PGE2/EP2-4 axis 
as an independent immune checkpoint and a readily translatable strategy to rapidly switch the tumor 
in�ammatory pro�le from cold to hot.

SiGNiFicaNce: Through performing in-depth pro�ling of mice and human tumors, this study identi�es 
mechanisms by which anti-in�ammatory drugs rapidly alter the tumor immune landscape to enhance 
tumor immunogenicity and responses to immune checkpoint inhibitors.

See related commentary by Melero et al., p. 2372.
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INTrODUCTION
Therapeutically targeting immune inhibitory checkpoints 

through the blockade of PD-1/PD-L1 and CTLA4 has led 
to unprecedented and durable responses in multiple cancer 
types (1). Despite this, many patients still fail to respond to 
immune checkpoint blockade (ICB) owing to poorly under-
stood mechanisms of intrinsic and acquired resistance (2). 
Moreover, life-threatening immune-related adverse events 
(irAE) often develop in a signi�cant proportion of patients 
and remain a major obstacle for the use of ICB, especially 
in adjuvant and neoadjuvant settings (3). There is therefore 
an urgent clinical need to better understand, and thera-
peutically exploit, mechanisms of resistance through the 

design of modi�ed treatment regimens including combina-
tion therapies (4).

Tumors are in�ltrated by a diverse group of immune and 
nonimmune cells whose functions can have both pro- and 
antitumorigenic effects. The balance of these opposing in�am-
matory mediators plays a pivotal role in determining tumor 
progression and ICB treatment outcome (5, 6). Manipulating 
the �avor of tumor in�ammation thus represents an attrac-
tive strategy by which ICB ef�cacy could be improved, either 
through combinations with cancer therapies known to have 
immunostimulatory effects or through direct inhibition of pro-
tumorigenic in�ammation (4). Cyclooxygenase 2 (COX2) and 
one of its downstream enzymatic products, prostaglandin E2 
(PGE2), are commonly upregulated in cancer and implicated in 
multiple aspects of malignant tumor growth such as prolifera-
tion, angiogenesis, invasion, and metastasis (7). PGE2 has also 
been shown to have pleiotropic effects on immune cell func-
tion, and it is increasingly thought that its tumor-promoting 
functions occur by shaping the tumor immune environment. 
Accordingly, cancer cell expression of COX2 and production of 
PGE2 play a dominant role in tumor immune evasion by directly 
inhibiting cytotoxic cell function and subsequent adaptive 
immune responses, in favor of tumor-promoting in�ammation 
(5, 8�10). In addition, COX2 expression anticorrelates with the 
expression of multiple in�ammatory mediators characteristic  
of so-called �hot� tumors (5) and associated with responses to 
ICB, such as CXCL9, CXCL10, granzyme B, and IFN� (11, 12).

The COX2/PGE2 pathway is therefore a promising target 
for enhancing the ef�cacy of ICB and can be therapeutically 
targeted by a plethora of widely used nonsteroidal anti-in�am-
matory drugs (NSAID), such as aspirin and selective COX2 
inhibitors. Corticosteroids are also thought to exert part 
of their anti-in�ammatory effects through inhibiting COX2 
(13). Furthermore, corticosteroids are commonly adminis-
tered for pain management and treatment-related side effects 
in cancer patients, including ICB-induced irAEs (3). Past trials 
have tested NSAIDs, as monotherapy or in combination with 
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cytotoxic therapies, but failed to show a signi�cant improve-
ment in overall survival (7). Instead, more recent retrospective 
studies have suggested that NSAIDs may enhance the overall 
survival of patients receiving ICB (14, 15). Rather intriguingly, 
retrospective analysis has also shown that the overall response 
rate of patients who discontinued ICB and received cortico
steroids is similar to, and in some cases even higher than, that 
of patients maintained on ICB (16�19).

We have previously shown that genetically targeting the 
COX2/PGE2 axis in cancer cells leads to spontaneous immune-
dependent tumor control (5, 8, 10) and shifts the tumor micro-
environment toward one permissive to ICB responses. Other 
recent studies also suggest a bene�t of therapeutically target-
ing COX2/PGE2 to improve the ef�cacy of immunotherapy 
including ICB (8, 20�23), although this remains to be tested 
using clinically applicable regimens. More importantly, the  
mechanisms underlying the putative synergy between COX2 
inhibition and ICB are ill-de�ned. Here, we set out to test the 
hypothesis that widely used anti-in�ammatory drugs can be 
repurposed to modulate the intratumoral immune pro�le  
and heighten the ef�cacy of ICB. We show that selectively 
inhibiting the COX2/PGE2/EP2-4 axis can lead to rapid 
remodeling of the environment of both murine and human 
tumors toward one favorable to ICB ef�cacy.

RESULTS
Cancer Cell�Intrinsic COX2 Expression Confers 
Resistance to Immune Checkpoint Blockade

Genetic ablation of cancer cell�intrinsic COX2 results in 
immune-dependent tumor growth control across a diverse 
set of murine cancer models (5, 8, 10). In the CT26 colo-
rectal and poorly immunogenic 4T1 breast cancer models, 
T cells delay the growth of COX-de�cient cancer cells, but 
eventually most mice succumb to progressive tumor growth 
(8). We took advantage of these two experimental models 
to test the hypothesis that cancer cell�intrinsic ablation of 
COX2 sensitizes tumors to ICB and treated mice with 4T1 or 
CT26 parental (COX2WT) or COX2-de�cient (COX2KO) tumors 
(Supplementary Fig. S1A and B) with anti�PD-1 (�PD-1).  
Mice with COX2WT 4T1 or CT26 tumors were poorly respon-
sive to PD-1 blockade, whereas several mice bearing COX2KO 
tumors experienced complete regressions within 2 weeks after 
treatment and enhanced survival (Fig. 1A; Supplementary 
Fig. S1C). Restoring COX2 expression in COX2KO 4T1 cells 
(COX2REST) by retroviral transduction reestablished PGE2 pro-
duction (Supplementary Fig. S1A and B) and resistance to 
�PD-1 therapy (Fig. 1A), demonstrating that tumor-intrinsic 
COX2 activity may be a powerful resistance mechanism to ICB.

Anti-In�ammatory Drugs Targeting the COX2 
Pathway Synergize with ICB to Promote 
Tumor Control

We next determined whether therapeutic inhibition of 
COX2 could similarly improve PD-1 blockade ef�cacy. To test 
this in a clinically relevant setting, we used celecoxib (CXB), 
a selective COX2 inhibitor widely prescribed for managing 
certain in�ammatory disorders (https://www.medicines.org.
uk/emc/product/5533/smpc). To control both the dose and 
timing of CXB administration, we developed a vehicle for-

mulation that led to its complete solubilization, as opposed 
to previous studies providing anti-in�ammatory drugs ad 
libitum in the drinking water, food, or subcutaneously (8, 
22, 23). We treated mice with established CT26 tumors with 
systemic �PD-1 in combination with a daily oral gavage of 
CXB (Fig. 1B) at a dose of 30 mg/kg, equivalent to what is 
considered safe and well tolerated in patients with in�amma-
tory conditions (24). The combination of �PD-1 plus CXB 
led to greater tumor growth control, with up to 65% of mice 
exhibiting complete tumor regressions and marked survival 
bene�t compared with either �PD-1 or CXB monotherapy 
alone (Fig. 1C and D).

More than 50% of patients receiving treatment with com-
binations of ICB (typically antibodies targeting the PD-1/
PD-L1 and CTLA4 pathways) suffer severe irAEs. Most of 
these patients are withdrawn from ICB treatment and receive 
systemic corticosteroids to resolve their irAEs (16, 17). One 
way by which corticosteroids exert their anti-in�ammatory 
effects is through inhibition of the COX2/PGE2 pathway 
(13). Indeed, we found that corticosteroids profoundly sup-
press PGE2 production by cancer cells to a similar extent as 
CXB (Supplementary Fig. S1D). Thus, we hypothesized that 
corticosteroids might also improve the ef�cacy of ICB. Using 
the same experimental approach as for CXB, we administered 
�PD-1 to mice with established CT26 tumors in combina-
tion with daily treatment with systemic methylprednisolone 
for 5 days, followed by daily oral prednisolone, for a total of 
3 weeks (MP�P; Fig. 1B), mimicking a regimen commonly 
used to treat patients suffering from irAEs (25). Notably, the 
combination of MP�P and PD-1 blockade led to increased 
tumor eradications and prolonged survival compared with 
�PD-1 or MP�P monotherapies (Fig. 1E; Supplementary 
Fig. S1E). To con�rm that corticosteroids were exerting their 
expected pharmacologic activity with this dosing regimen, we 
monitored the expression of genes directly regulated down-
stream of the glucocorticoid receptor (26, 27). After 5 days of 
treatment with methylprednisolone, the levels of Tat, Igfbp1, 
and the gene encoding for the glucocorticoid receptor itself, 
Nr3c1, were all altered (Supplementary Fig. S1F). Consistent 
with its anti-in�ammatory properties, methylprednisolone 
also dampened the expression of Il1b and Il6 in the liver (Sup-
plementary Fig. S1F) and intratumorally (Supplementary Fig. 
S1G; ref. 13). Given that corticosteroid management of irAEs 
is more frequently prescribed to cancer patients treated with 
dual PD-1 and CTLA4 blockade, we next tested the effect of 
combined therapy with �PD-1/�CTLA4 and MP�P. In agree-
ment with previous human and mouse studies (28, 29), the 
dual ICB combination (Supplementary Fig. S1H) was more 
potent than single treatment with �PD-1 (Fig. 1A). Still, the 
addition of MP�P led to a trend in further tumor control, 
enhanced survival, and promoted complete tumor regres-
sions in 85% of animals (Supplementary Fig. S1H).

As methylprednisolone was recently shown to inhibit the 
ef�cacy of ICB in a dose-dependent manner (30), we tested PD-1 
blockade in combination with a higher dose of corticosteroids. 
The addition of high-dose MP�P to �PD-1 promoted greater 
tumor control when assessed 3 weeks after treatment com-
pared with �PD-1 monotherapy, although the combination 
did not increase the fraction of complete tumor eradications or 
mouse survival (Supplementary Fig. S1I). Notably, the ef�cacy 
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Figure 1. �Inhibition of the COX2 pathway via genetic ablation or anti-in�ammatory drug treatment synergizes with ICB to overcome immunotherapy 
resistance. Mice inoculated with parental (COX2WT), COX2-de�cient (COX2KO), or COX2-restored (COX2REST) cancer cell lines were treated twice weekly 
with �PD-1 from day 7 after cancer cell inoculation when tumors were 4.0 � 1.3 mm in mean diameter. A, Left, waterfall plot showing percent change in 
tumor size 3 weeks after treatment (n � 4�21 per group) and percentage of tumor rejections at experimental endpoint in mice bearing COX2WT, COX2KO, 
or COX2REST 4T1 breast tumors treated with or without �PD-1. Data pooled from 4 independent experiments. Right, Kaplan�Meier survival plots of 
mice bearing COX2WT (n � 16), COX2KO (n � 20), or COX2REST (n � 4) 4T1 breast cancer cell lines and treated with �PD-1. B, Mice inoculated with parental 
(COX2WT) CT26 colorectal cells were treated with �PD-1 and/or daily anti-in�ammatory drugs (CXB or MP�P) from day 7 after cancer cell inoculation 
when tumor mean diameter was 3.3 � 1.2 mm. C, Individual growth pro�les of CT26 colorectal tumors treated with vehicle (n � 5), �PD-1 (n � 9), CXB (n � 
5), or �PD-1 � CXB (n � 10). Time of treatment initiation indicated by a black arrow on each growth pro�le. D and E, Left, waterfall plot showing percent 
change in tumor size 2 or 3 weeks after treatment and percentage of tumor rejections at experimental endpoint of mice bearing CT26 colorectal tumors. 
Right, Kaplan�Meier survival plots of mice bearing CT26 colorectal tumors treated with vehicle, �PD-1, and/or CXB or MP�P (n � 11�43 per group). 
Data pooled from �4 independent experiments. F, Frequency of tumor-in�ltrating immune cells as a percentage of total leukocytes in CT26 colorectal 
tumors on day 7 after treatment (n � 5 per treatment group). G and H, Representative image of multiplex immuno�uorescence staining of CD8�, CD4�, 
and FOXP3� cells in whole tumor sections (G) and quantitation of CD8� T cells in 20 distinct tumor areas pooled from 3�4 mice bearing CT26 colorectal 
tumors and treated with vehicle, �PD-1 and/or CXB or MP�P for 7 days (H). Red line, mean of all tumor areas, blue line, mean of whole tumor area. P value 
by one-way ANOVA (A, D, E) representing comparisons of major experimental groups and their respective controls only. Log-rank (Mantel�Cox) test of 
monotherapies versus vehicle or combination versus either of the monotherapies (A, D, E). *, P � 0.05; **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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of �PD-1 and high-dose MP�P was fully lost in immune-de�-
cient NSG mice, excluding the possibility that tumor control 
was independent of the immune system (Supplementary Fig. 
S1I). Concomitant administration of a different corticosteroid, 
dexamethasone, similarly improved �PD-1 treatment (Supple-
mentary Fig. S1I). Finally, mice that had eradicated tumors 
after �PD-1 treatment with either CXB or MP�P spontaneously 
rejected tumor rechallenges without further treatment, indi-
cating that the development of long-term immunity was not 
compromised by the use of CXB or MP�P (Supplementary Fig. 
S2A). In conclusion, these data demonstrated that NSAIDs, as 
well as corticosteroids widely used for their immunosuppressive 
effects, can paradoxically enhance the ef�cacy of ICB in preclini-
cal cancer models.

Anti-In�ammatory Drugs in Combination with ICB 
Alter the Molecular but Not the Cellular Tumor 
In�ammatory Landscape

Together, these results suggested that anti-in�ammatory 
drugs can actually foster the type of in�ammation that favors 
immune-mediated cancer control. To test this hypothesis, we 
characterized the tumor immune cell in�ltrate by multipa-
rameter �ow cytometry. To identify the causal basis for the 
enhanced tumor control observed after combination ther-
apy, and to avoid potential confounding effects of analyzing 
tumors of different sizes, we examined size-matched tumors 
collected 1 week after treatment with �PD-1 with or without 
the addition of CXB or MP�P (Supplementary Fig. S2B). We 
found no overt changes in the overall tumor in�ltrate compo-
sition in either myeloid or lymphoid compartments across the 
different treatment arms (Fig. 1F). Analysis of tumor sections 
by immuno�uorescence also failed to reveal clear differences 
in the abundance and spatial distribution of CD8�, CD4� T 
cells or FOXP3� regulatory T cells (Fig. 1G and H; Supple-
mentary Fig. S2C). In spite of the lack of alterations in over-
all leukocyte composition, the transcript levels of mediators 
associated with COX2-driven cancer-promoting in�amma-
tion such as IL6 and IL1� (5, 8) were reduced in tumors from 
animals receiving the combination of �PD-1 with CXB or 
MP�P, although the difference for IL6 did not reach statisti-
cal signi�cance in the latter group (Supplementary Fig. S2D).

Transcriptomic Pro�ling Using a Bilateral Tumor 
System Uncovers an Early IFN-Driven In�ammatory 
Program Associated with ICB Responses

We hypothesized that a possible explanation for the lack of 
noticeable changes in leukocyte composition in mice receiving 
�PD-1 plus CXB could be the inherent dichotomy in responses 
across treatment groups. Indeed, despite the remarkable syn-
ergy between ICB and anti-in�ammatory drugs, we consist-
ently found that a fraction of animals remained unresponsive 
to treatment across all our experimental systems, similar 
to what is seen in patients (28). We reasoned that the iden-
ti�cation of primary mechanisms underpinning treatment 
synergy would be greatly confounded by this heterogeneity in 
responses. To overcome this limitation, we developed a bilat-
eral tumor surgery model that would allow us to distinguish 
responders from nonresponders early after treatment. In this 
model, 1 of the 2 tumors in mice receiving �PD-1 or �PD-1 
plus CXB was surgically removed 1 week after treatment for 

RNA-sequencing (RNA-seq) analysis, while the contralateral 
tumor continued to be monitored to determine treatment 
outcome (Fig. 2A). In agreement with recent studies exploit-
ing a similar experimental setup (31, 32), we established that 
responses to �PD-1 or �PD-1 plus CXB were concordant 
between contralateral tumors. Indeed, in 90% of mice, both 
tumors in a single mouse either grew progressively or were 
completely rejected, irrespective of treatment (Supplemen-
tary Fig. S3A; Supplementary Table S1). We were therefore 
able to infer with high con�dence the response outcome of 
the surgically resected tumors based on the progressive [non-
responder (NR)] or regressive [responder (R)] growth of the 
contralateral tumor. Consistent with our previous data, the 
addition of CXB improved the ef�cacy of �PD-1 in a large 
proportion of mice; however, a substantial fraction remained 
unresponsive to either regimen (Fig. 2B).

Unsupervised k-means clustering on the transcriptome of all 
surgically resected tumors from mice treated with either �PD-1 
or �PD-1 plus CXB revealed 2 major transcriptional programs 
that were signi�cantly enriched in samples originating from 
either R or NR mice (P � 0.038, 2-tailed Fisher exact test, Fig. 
2C; Supplementary Fig. S3B). Among the top differentially 
upregulated genes in the R cluster, many were characteristic 
of cytotoxic T-cell activity, including Cd8a, Cd8b1, Gzmd, and 
Ifng (Fig. 2C; Supplementary Fig. S3C). To further charac-
terize the biological processes underlying the transcriptional 
changes de�ning R and NR clusters, we performed gene set 
enrichment analysis (GSEA) using the MSigDB hallmark gene 
set collection. This analysis showed profound enrichment of 
�IFN� response� as well as many other immune-related and 
in�ammatory pathways in the R cluster (Fig. 2D; Supple-
mentary Table S2). Conversely, the NR cluster was enriched 
in gene sets associated with protumorigenic processes such as 
�epithelial mesenchymal transition,� �G2M checkpoint,� and 
�Myc targets,� whose expression was recently associated with 
lack of responses in patients with melanoma receiving single 
or combination ICB (12). Likewise, Ingenuity Pathway Analysis 
(IPA) revealed enrichment of many genes within the IFN� path-
way, and both IFNG and STAT1 were predicted as the main 
upstream regulators of the R cluster (Supplementary Fig. S3D 
and E; Supplementary Table S3).

Next, we inferred the cellular in�ltrate composition of 
tumors from R and NR clusters using the microenvironment 
cell populations (MCP) counter (33) and Consensus (34) 
methods. In agreement with the tumor fate, this analysis 
revealed a highly signi�cant enrichment in CD8, cytotoxic, 
T, and natural killer (NK) cell populations as well as in 
the total Immunoscore, which represents the total level of 
immune in�ltration in each tumor sample (34) within the 
R cluster (Fig. 2E; Supplementary Fig. S3F). Conversely, the 
NR cluster was enriched in signatures of endothelial cells, 
�broblasts, and angiogenesis. Thus, an unbiased approach to 
examine the transcriptome of on-treatment responders early 
after treatment uncovered the induction of an intratumoral 
molecular program characterized by the upregulation of mul-
tiple IFN-driven genes and in�ltration by immune popula-
tions typically associated with responses to ICB in patients.

We wondered whether this acute IFN response program 
that preceded tumor eradication, referred to hereafter as 
acute IFN response (AIR), would similarly associate with 
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Figure 2. �Bilateral surgery model uncovers a distinct immune molecular landscape associated with response to ICB. A, Mice were inoculated bilaterally 
with CT26 colorectal cells and treated with �PD-1 alone or in combination with CXB from day 7 after cancer cell inoculation when tumors were 4.0 � 1.0 mm  
in mean diameter. Right �ank tumors were surgically excised on day 7 after treatment, and left �ank tumor growth was monitored until experiment end 
to determine response outcome. B, Left, waterfall plot showing percent change in tumor size 2 weeks after treatment and percentage of tumor rejection 
at experimental endpoint in remaining contralateral tumors (n � 16�17 per group). P value by Mann�Whitney U test. Right, Kaplan�Meier survival plots of 
the bilaterally CT26 implanted mice treated with �PD-1 alone (n � 17) or combined with CXB (n � 16). P value by log-rank (Mantel�Cox) test. C, Hierarchical 
clustering and heat-map representation of top differentially expressed genes between responder (red) and nonresponder (black) clusters obtained by non-
negative matrix factorization k-means consensus clustering. D, Dot plot representation of top 10 signi�cantly differentially enriched pathways in samples 
belonging to the responder and nonresponder clusters identi�ed by GSEA of Hallmark gene sets. count, number of genes contributing to the enrichment 
score; q value, false discovery rate; NR, nonresponder; R, responder. E, Heat-map representation of the abundance (score) of 10 cell populations, angiogen-
esis, and immune score in samples from R and NR clusters, calculated using the MCP-counter and Consensus methods. P value by Mann�Whitney U test.  
F, Bar plot representation of signi�cant enrichment of the AIR program in R (complete and partial responders) in comparison with NR (stable disease and 
progressive disease) patients either on or pretreatment with ICB. Gene ratio denotes the percentage of genes within the AIR program contributing to the 
enrichment score. Mel, melanoma. G, Enrichment plot of the AIR program genes showing signi�cant enrichment in �PD-1 and CXB versus �PD-1 treatment in 
CT26 tumors on day 7 after treatment. H, Volcano plot of predicted upstream regulators by IPA based on the differentially expressed genes between �PD-1 
and CXB and �PD-1 treatment in CT26 tumors on day 7 after treatment. Signi�cantly activated and inhibited upstream molecules are highlighted in red and 
blue, respectively. ES, enrichment score; FDR, false discovery rate; NES, normalized enrichment scores. **, P � 0.01; ***, P � 0.001; ****, P � 0.0001.
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responses in patients treated with ICB. To test this, we 
interrogated two separate cohorts of �PD-1�treated patients 
with melanoma with available transcriptional pro�les from 
on-treatment tumor biopsies (Supplementary Table S4). In 
agreement with the murine �ndings, the AIR program was 
enriched in on-treatment samples from responders compared 
with nonresponders (Fig. 2F). This association also extended 
to pretreatment samples in melanoma and other cancer 
types including non�small cell lung (NSCLC) and renal cell 
cancer (RCC; Fig. 2F; Supplementary Table S4), in line with 
IFN� signaling being a feature of �hot� tumors and a major 
contributor to ICB ef�cacy (11, 12). In conclusion, a bilat-
eral surgery model was able to capture the heterogeneity in 
treatment outcomes and identi�ed the early activation of an 
intratumoral molecular program linked to immunotherapy 
responses in both mouse and patient tumors.

PGE2 Receptor Antagonists Phenocopy COX2 
Inhibition and Synergize with ICB Treatment

Having identi�ed a transcriptional response preceding ICB-
driven tumor control, we next tested whether the addition of 
CXB to ICB would induce the AIR program irrespective of 
treatment outcome. The AIR program was indeed signi�cantly 
enriched in tumors from mice treated with �PD-1 plus CXB 
compared with �PD-1 alone (Fig. 2G), in accordance with 
their increased responses to treatment. Furthermore, IPA on 
differentially expressed genes (DEG) between tumors from 
�PD-1 and CXB versus �PD-1�treated mice also identi�ed 
IFN� as the top upstream regulator (Fig. 2H; Supplementary 
Table S3). Conversely, PGE2 and its receptor EP4 (encoded by 
PTGER4) were among the most inhibited upstream regula-
tors. These data suggested that the heightened IFN� response 
after addition of CXB to PD-1 blockade might have occurred 
as a result of dampening PGE2 synthesis and downstream 
signaling through its speci�c receptors. This hypothesis is 
in line with our recent �nding that PGE2 promotes cancer 
immune escape by signaling through its speci�c receptors EP2 
and EP4 on the surface of cytotoxic cells (5).

As well as PGE2 synthesis, COX2 is required for the syn-
thesis of multiple in�ammatory mediators including leuko
trienes, thromboxanes, and other prostaglandins with known 
pro- or antitumorigenic functions (7). Thus, therapeutically 
targeting EP2 and EP4 could represent a more selective 
approach to limit the immunosuppressive functions of PGE2 
while simultaneously sparing cancer-restraining prostaglan-
dins and avoiding potential adverse effects associated with 
COX2 inhibition (35). We therefore tested whether selective 
EP2 and EP4 antagonists would mimic COX2 inhibition 
and enhance the ef�cacy of PD-1 blockade. In a regimen 
analogous to the one used for dosing CXB by oral gavage, 
we treated mice with established CT26 colorectal or 5555 
BrafV600E�driven melanoma tumors, on a BALB/c or C57BL/6 
background, respectively, with �PD-1 in combination with 
twice-daily doses of a mix of both EP2 and EP4 antagonists 
(EPAT; Fig. 3A). Compared with monotherapy treatment with 
either �PD-1 or EPAT, which did not induce tumor control, 
their combination led to a signi�cant number of tumor eradi-
cations and increased overall survival in both cancer models 
(Fig. 3B; Supplementary Fig. S4A). Mice that had rejected 
tumors after either �PD-1 or �PD-1 plus EPAT were resistant 

to further rechallenge with parental cells (Supplementary Fig. 
S4B), indicating the development of long-term immunity, 
similar to regimens combining immunotherapy with CXB or 
MP�P. These data suggested that selective COX2 inhibitors 
potentiate ICB therapy primarily by inhibiting PGE2 synthe-
sis and EP2-4 downstream signaling.

To test whether the combination of PD-1 blockade and 
EP2-4 antagonism promoted a shift in the transcriptional 
landscape of tumors similar to that induced by �PD-1 plus 
CXB, we treated mice with �PD-1 and/or EPAT and har-
vested tumors for transcriptional pro�ling by RNA-seq. To 
investigate the temporal kinetics of the changes induced 
by the single treatments or their combination, we analyzed 
5555 melanoma tumors at 2 and 5 days on-treatment. As 
early as 2 days, the AIR program was signi�cantly enriched in 
�PD-1�treated mice compared with vehicle (Supplementary 
Fig. S4C), in line with a reported peak in IFN� production 2 
days after �PD-1 treatment (36). Notably, single treatment 
with EPAT led to the induction of the AIR program at day 2 
as well as day 5, an effect that was also observed in CT26 colo-
rectal tumors after CXB monotherapy (Fig. 3C; Supplemen-
tary Fig. S4D). These data suggested that inhibition of PGE2 
synthesis or downstream signaling via EP2-4 has rapid effects 
on the intratumoral transcriptional landscape comparable to 
those of PD-1 blockade. To further examine this possibility, 
we performed unsupervised hierarchical clustering on genes 
differentially expressed between tumors from mice treated 
with �PD-1, EPAT, or their combination compared with 
vehicle-treated control mice on day 2 after treatment. Tumors 
treated with either �PD-1 or EPAT clustered separately from 
the majority of vehicle-treated tumors and largely intermin-
gled (Fig. 3D), suggesting they had comparable changes in 
their transcriptional pro�le. Interestingly, these changes were 
more pronounced in mice that received the combination 
of �PD-1 plus EPAT, which clustered farthest from vehicle-
treated tumors (Fig. 3D), as demonstrated by their greater 
Euclidean distance from vehicle (Fig. 3E). These �ndings 
were further supported by IPA and GSEA. Indeed, the most 
highly enriched upstream regulators and hallmark gene sets, 
including IFNG and STAT1, were common between all three 
regimens (Fig. 3F and G; Supplementary Table S3); however, 
the combination of �PD-1 plus EPAT induced the most sig-
ni�cant shift (Fig. 3G). Collectively, these data indicated that 
simultaneous blockade of PD-1 and PGE2 receptor signaling 
can acutely remodel the tumor landscape toward a tran-
scriptional pro�le associated with ICB bene�t in mice and 
humans. Crucially, single targeting of PGE2 production or 
signaling induced similar changes, albeit to a lower degree, 
suggesting that inhibition of the COX2/PGE2/EP2-4 axis 
might present a readily available strategy to rapidly render 
tumors more permissive to anticancer effector T cells.

COX2/PGE2/EP2-4 Inhibition Leads to Abrupt but 
Transient IFN�-Driven In�ammatory Signaling in 
the Tumor Microenvironment

To further explore the potential of COX2/PGE2/EP2-4 tar-
geting as a means to turn the molecular pro�le of tumors 
from cold to hot, we treated tumor-bearing mice with either 
CXB or EPAT monotherapy twice daily for 2 days and deter-
mined the expression levels of immune mediators classically 
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