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SUMMARY

Only a small percentage of patients afflicted with gastric cancer (GC) respond to immune checkpoint
blockade (ICB). To study the mechanisms underlying this resistance, we examined the immune landscape
of GC. A subset of these tumors was characterized by high frequencies of regulatory T (Treg) cells and low
numbers of effector T cells. Genomic analyses revealed that these tumors bore mutations in RHOA that
are known to drive tumor progression. RHOA mutations in cancer cells activated the PI3K-AKT-mTOR
signaling pathway, increasing production of free fatty acids that are more effectively consumed by Treg cells
than effector T cells. RHOAmutant tumors were resistant to PD-1 blockade but responded to combination of
PD-1 blockade with inhibitors of the PI3K pathway or therapies targeting Treg cells. We propose that the
metabolic advantage conferred byRHOAmutations enables Treg cell accumulation within GC tumors, gener-
ating an immunosuppressive TME that underlies resistance to ICB.

INTRODUCTION

Immune checkpoint blockade (ICB) therapies improve the sur-

vival of patients with multiple types of cancer, including malig-

nant melanoma, lung cancer, and gastric cancer (GC) (Borghaei

et al., 2015; Kang et al., 2017; Reck et al., 2016; Robert et al.,

2015; Schachter et al., 2017; Weber et al., 2015). Various immu-

nological facets, including PD-ligand 1 (PD-L1) expression in tu-

mor tissues and mutation burden in tumor cells, are reportedly

associated with clinical responses of ICB (Borghaei et al.,

2015; Kang et al., 2017; Reck et al., 2016; Rizvi et al., 2015; Rob-

ert et al., 2015; Schachter et al., 2017; Weber et al., 2015). The

ratio of CD8+ T cells to regulatory T (Treg) cells in the tumor

microenvironment (TME) is also an important factor for prognosis

and clinical efficacies (Ayers et al., 2017; Curiel et al., 2004; Sato

et al., 2005). In cancer settings, various chemokines that are pro-

duced by tumor-infiltrating immune cells have been reported to

contribute the migration of immune cells including both effector

T cells and suppressive cells into the TME (Fridman et al., 2012;

Nagarsheth et al., 2017; Togashi et al., 2019). As Treg cell migra-

tion is also dominantly triggered by chemokine networks in the

TME, Treg cells are often detected with effector T cells in the in-

flamed TME (Nagarsheth et al., 2017; Spranger et al., 2013; To-

gashi et al., 2019). However, some tumors with the noninflamed

TME contain abundant Treg cells, suggesting multiple mecha-

nisms of Treg cell expansion in the TME, other than chemokine

networks.

As cancer cells mainly consume glucose to fuel aerobic glycol-

ysis for their survival (the Warburg effect), low-glucose and

hypoxic conditions that are unfavorable for T cell survival and

functions develop in the TME (Gatenby and Gillies, 2004; Ho

and Kaech, 2017; Warburg, 1956). The low-glucose conditions

Immunity 53, 1–17, July 14, 2020 ª 2020 Elsevier Inc. 1

ll

Please cite this article in press as: Kumagai et al., An Oncogenic Alteration Creates a Microenvironment that Promotes Tumor Progression by Confer-
ring a Metabolic Advantage to Regulatory T Cells, Immunity (2020), https://doi.org/10.1016/j.immuni.2020.06.016



Figure 1. RHOA Y42-Mutated GCs Harbor High eTreg Cell Infiltration Regardless of the Noninflamed Status of the TME

(A) RNA from twenty-three GC samples was subjected to RNA-seq and clustered by immune-related gene sets (CD4+ Treg cells, CD8+ T cell, co-stimulation APC

and T cell, co-inhibition APC and T cell, and cytolytic activity). WES was performed with the same tumors. Representative driver gene alterations (filled sections)

and the number of missense variants (bars) are shown. Red arrows indicate samples where the tumor-infiltrating eTreg cell proportion in the CD4+ T cell pop-

ulation is >20%. Red, RHOA Y42C; black, other representative driver gene alterations; and gray, EBV.

(B and C) Representative contour plots of eTreg cells in 85 advanced GC samples classified according to RHOA gene status (B) and summaries (C) are shown.

TILs from tumor tissue samples were subjected to FCM. I, fraction I (naive Treg cells); II, fraction II (eTreg cells); III, fraction III (non-Treg cells).

(D and E) Representative histogram plots of CTLA-4 expression by eTreg cells in advanced GC samples classified according to RHOA gene status (D) and

summary (E) are shown. TILs from tumor tissue samples were subjected to FCM.

(legend continued on next page)
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in the TME reportedly contribute to resistance to cancer immu-

notherapy, via inhibiting the resurgence of effector T cells (Chang

et al., 2015). However, how Treg cells remain abundant and

strongly immunosuppressive in the TME, given the unfavorable

conditions for T cell proliferation and maintenance, is not clear.

One plausible explanation is that effector T cells and Treg cells

harbor different metabolic profiles for their survival and function

(Wang et al., 2017). Indeed, Treg cells require mitochondrial

metabolism to maintain immunosuppressive function (Weinberg

et al., 2019).

The response rate to PD-1 blockade is much lower in patients

afflictedwithGC than patients afflictedwithmalignantmelanoma

or lungcancer (Borghaei et al., 2015;Kanget al., 2017;Recket al.,

2016; Robert et al., 2015; Schachter et al., 2017; Shitara et al.,

2018; Weber et al., 2015). We therefore considered that GC

may establish an immunosuppressive TME. Thus, we aimed at

elucidating the immunological landscape in the TME of GC. We

found that some GC tissue samples exhibited an immunosup-

pressive TME that was characterized by abundant Treg cells in

spite of the noninflamed TME. These tumors harbored Y42muta-

tions in RHOA, well-known driver mutations in GC (Cancer

Genome Atlas Research Network., 2014; Kakiuchi et al., 2014;

Wang et al., 2014). We found that the increased production of

free fatty acids (FFAs) byRHOAY42-mutatedGCcells, mediated

via the PI3K pathway, supported Treg cell accumulation in the

low-glucose TME. The combination of PD-1 blockade and PI3K

blockade overcame resistance of RHOA Y42-mutated tumors

to PD-1 blockade in mouse models. Our findings provide insight

into themechanismswhereby tumors promote the accumulation

of immune-suppressive cells and suggest a combination therapy

approach that may benefit GC patients.

RESULTS

Patients with RHOA Y42 Mutations Have an
Immunosuppressive TME Characterized by Treg Cell
Accumulation
We first analyzed the immunological status (inflamed or nonin-

flamed) and cell types in tumor samples from 23 GC patients

who had undergone surgical resection (Table S1). According to

immune-related gene expression evaluated by RNA sequencing

(RNA-seq), eight tumor samples had a noninflamed TME, and

the remaining eight tumor samples had an inflamed TME (Fig-

ure 1A). In addition to RNA-seq, whole-exome sequencing

(WES) was performed with the same samples and showed no

correlation between the immunological status of the tumors (in-

flamed or noninflamed) and tumor mutational burden (TMB),

which is reportedly important for antitumor immunity (Rizvi

et al., 2015; Rooney et al., 2015) (Figure 1A).

To precisely evaluate Treg cells in the TME, given the transient

upregulation of FOXP3 expression upon T cell receptor (TCR)

stimulation in naive T cells (Tran et al., 2007), tumor-infiltrating

lymphocytes (TILs) were subjected to flow cytometry

(FCM) and assessed with our classification dividing human

FOXP3+CD4+ cells into three subpopulations based on the

expression levels of the naive cell marker CD45RA and FOXP3

(Miyara et al., 2009; Saito et al., 2016; Togashi et al., 2019): naive

Treg cells [Fraction (Fr.) I: nTreg cells, CD45RA+FOXP3lowCD4+]

with weak immunosuppressive function, effector Treg cells

(Fr. II: eTreg cells, CD45RA–FOXP3highCD4+) with strong

immunosuppressive function, and non-Treg cells (Fr. III:

CD45RA–FOXP3lowCD4+) without immunosuppressive function

(Figures S1A and S1B). From the FCM and RNA-seq data, four

patients bore an immunosuppressive TME that was character-

ized by Treg cell accumulation regardless of the noninflamed

status of the TME (Figure 1A), although Treg cells are generally

accompanied by effector T cell infiltration in the inflamed TME

(Spranger et al., 2013). The WES analysis revealed that two of

these patients possessed the RHOA Y42C mutation. Accord-

ingly, GC patients with RHOA Y42C (RHOA Y42C-GCs)

harboring a low TMB exhibited lower expression of immune-

related genes, including CD8A, IFNG, and CD274, than GC

patients lacking the mutation (Figures S1C and S1D). The fre-

quency of tumor-infiltrating eTreg cells, the ratio of tumor-infil-

trating eTreg cells/CD8+ T cells, and the expression of CTLA-4,

a key molecule in Treg cell-mediated immunosuppression

(Wing et al., 2008), by tumor-infiltrating eTreg cells tended to

be higher in RHOA Y42C-GCs than in RHOA wild-type (WT)

GCs (Figures S1A, S1B, S1E and S1F). To validate the immuno-

suppressive TME of GCs with the RHOA Y42 mutations, 85

advanced GC patients’ samples from another cohort were

analyzed (Table S2). RHOA Y42C or Y42S mutation was de-

tected in 7 (5 or 2, respectively) GC samples with digital polymer-

ase chain reaction (PCR). The frequency of eTreg cells, the ratio

of eTreg cells/CD8+ T cells, and the expression of CTLA-4 by

eTreg cells in the TME were higher in RHOA Y42-mutated GCs

than in RHOA WT GCs (Figures 1B–1E). Lower expression of

CD8A and higher expression of FOXP3 in RHOA Y42-mutated

GCs than RHOA WT GCs were detected with real-time qRT-

PCR (Figure 1F). Higher eTreg cell infiltration was also observed

with immunohistochemistry (IHC) (Figures 1G and S1G). The

analysis of the Cancer Genome Atlas (TCGA) data confirmed

higher expression of FOXP3 and higher ratio of FOXP3/CD8A

expression in RHOA Y42-mutated GCs compared with RHOA

WT-GCs (Cancer Genome Atlas Research Network., 2014) (Fig-

ure S1H). These findings suggest that activated eTreg cells

accumulate in the TME in spite of the noninflamed phenotype

in RHOA Y42-mutated GCs.

RHOA Y42 Mutations Increase the Activity of the PI3K-
AKT Signaling Pathway and Reduces Production of
Chemokines Associated with Effector T Cell
Recruitment
To explore how the noninflamed TME was developed by RHOA

Y42 mutations, comprehensive gene expression was examined

with microarray analyses usingRHOAWTor Y42C-overexpress-

ing human GC cell lines (MKN1WT, MKN1Y42C, MKN45WT, and

MKN45Y42C) and murine gastrointestinal cell lines (MC-38WT,

(F)CD8A and FOXP3 expression (left andmiddle) and the ratio of FOXP3 toCD8A expression (right) in advancedGC samples according toRHOA gene status was

examined by real-time qRT-PCR.

(G) Representative pictures of multiplexed IHC for CD4 (pink), CD8 (green), FOXP3 (red), and DAPI (blue). *p < 0.05; **p < 0.01; MT, mutation; WT, wild-

type; and NC, negative control.
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Figure 2. RHOA Y42 Mutations Reduce CXCL10, CXCL11, and IRF1 Expression via the Activation of PI3K-AKT Signaling Pathways

(A) RHOAWT or RHOA Y42C was retrovirally transduced into two human GC cell lines (MKN1 and MKN45) and two murine gastrointestinal cell lines (MC-38 and

CT26-NY-ESO-1) (top). RHOA WT was retrovirally transduced into MKN1Y42C (bottom). Representative blots of Rhotekin pull-down assays from three inde-

pendent experiments are shown.

(B) MKN1WT andMKN1Y42C cells were subjected to microarray analysis. The expression of cytokines and chemokines (left) or transcriptional factors (right) based

on gene ontology (GO) terms was compared.

(legend continued on next page)
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MC-38Y42C, CT26-NY-ESO-1WT, and CT26-NY-ESO-1Y42C) (Fig-

ure 2A). When we focused on cytokine or chemokine gene

expression, the expression of CXCL10 and CXCL11, which re-

cruit effector CD8+ T cells (Gorbachev et al., 2007; Griffith

et al., 2014; Hensbergen et al., 2005; Van Raemdonck et al.,

2015; Zumwalt et al., 2015), was lower in MKN1Y42C cells

than in MKN1WT cells (Figure 2B). In addition, differential ana-

lyses of transcription factor expression between MKN1WT and

MKN1Y42C cells uncovered the concurrent reduction in the

expression of IRF1, which reportedly regulates CXCL10 and

CXCL11 (Harikumar et al., 2014; Yang et al., 2007) (Figure 2B).

Real-time qRT-PCR, enzyme-linked immunosorbent assay

(ELISA), and western blotting analyses confirmed the simulta-

neous reduction in IRF1 expression and CXCL10 and CXCL11

expression in the RHOA Y42C GC cell lines (Figures 2C–2G).

Furthermore, similar trends were observed in gene expression

of clinical GC samples (Figures 2H and S1I). Overall, the RHOA

Y42 mutations decrease the levels of effector T cell-recruiting

chemokines such as CXCL10 and CXCL11 via the reduction of

IRF1 expression.

Gene alterations in the effector domain of RHOA, including

Y42C, impair binding to effector proteins, thereby decaying the

signaling pathways of RHOA (Bae et al., 1998; Sahai et al.,

1998; Wang et al., 2014). Accordingly, RHOA Y42C cells mark-

edly reduced the amount of the GTP-associated form detected

by Rhotekin-Rho binding domain pull-down assays, which was

recovered by expression ofRHOAWT (Figure 2A). This reduction

decreased phosphorylation of PTEN and increased phosphory-

lation of AKT, suggesting a defect in the RHOA/ROCK/PTEN

signaling pathways (Figure 2F). Phosphorylated GSK3b, which

is induced by the PI3K-AKT signaling pathways, reportedly

suppresses STAT1 (Tsai et al., 2009), a well-known transcription

factor of IRF1 (Ramana et al., 2000). In line with this, the

increased phosphorylated GSK3b level induced by RHOA

Y42C led to the suppression of STAT1, resulting in IRF1 expres-

sion reduction (Figures 2F and 2G). Therefore, RHOA Y42C re-

duces the expression of CXCL10 and CXCL11 by upregulating

the PI3K-AKT signaling pathways (Figure S2A).

RHOA Y42-MutatedGCs with High eTreg Cell Infiltration
in the TME Efficiently Produce FFAs via PI3K-AKT-
mTOR Pathway
The protein expression of CCL1, CCL17, and CCL22, which

reportedly recruit eTreg cells (Curiel et al., 2004; Hoelzinger

et al., 2010; Mantovani et al., 2017; Togashi et al., 2019), by

MKN1Y42C and MKN1WT cells showed a comparable expression

regardless of RHOA gene status (Figure 2I). Rather, a trend in

lower expression of CCL1, CCL17, and CCL22 in RHOA Y42-

mutated GCs compared withRHOAWTGCswas observed (Fig-

ure 2H and S1I), suggesting that other mechanism(s) may be

mainly involved in eTreg cell accumulation and immunosuppres-

sion in the TME of RHOA Y42-mutated GCs.

To elucidate the mechanism(s) of eTreg cell accumulation

and immunosuppression by RHOA Y42 mutations, we em-

ployed Gene Set Enrichment Analysis (GSEA) of the RNA-

seq, which revealed that the gene set related to fatty acid

metabolism was enriched in RHOA Y42C GCs (Figure 3A).

Consistently, the expression of FASN (encoding FAS), which

plays an important role in fatty acid synthesis (Wakil, 1989),

was higher in RHOA Y42-mutated GCs than in RHOA WT

GCs (Figure 3B and S1I). eTreg cells possess a different meta-

bolic profile compared with effector T cells that preferentially

utilize glucose: Treg cells depend on lipid oxidation for their

survival (Michalek et al., 2011). Cancer cells deprive glucose

from the TME and produce fatty acids through de novo synthe-

sis from glucose (the Warburg effect) (Currie et al., 2013; Röhrig

and Schulze, 2016), resulting in lower glucose concentration in

the TME than in the periphery (Figure S3A). Tumor-infiltrating

Treg cells take up more FFAs than other T cell subsets (Muroski

et al., 2017). Therefore, we hypothesized that RHOA Y42-

mutated GCs produced larger amounts of FFAs via increased

FAS expression, which contributed to the prolonged survival

of eTreg cell subset in the TME compared with that of other

effector T cell subsets. In line with this hypothesis, both

FASN mRNA and FAS protein expression was higher in

RHOA Y42C cell lines than in RHOA WT cell lines (Figures

3C–3E). The activation of PI3K-AKT/mTOR/S6K signaling path-

ways elevates FAS expression via transcription factor SREBP-1

(D€uvel et al., 2010; Peterson et al., 2011; Porstmann et al.,

2008). We then examined these signaling pathways using the

cell lines, and the elevations in these signaling pathways in

the RHOA Y42C-overexpressing cell lines were observed by

western blotting (Figure 3D). Accordingly, the total concentra-

tion of FFAs in the culture was higher in the RHOA Y42C cell

line culture than in the RHOA WT cell line culture (Figure 3F).

In addition, liquid chromatography-mass spectrometry (LC-

MS) confirmed the higher concentration of FFA species in the

culture of MKN1Y42C cells than in that of MKN1WT cells

(C)CXCL10 and CXCL11 expression inRHOAWT- or Y42C-expressing cell lines were examined with real-time qRT-PCR. Fold changes relative to the RHOAWT

cell lines are shown.

(D) The concentrations of CXCL10 andCXCL11 in the culture ofRHOAWTor Y42C cell lines were analyzed by ELISA.RHOAWTand Y42C cell lines were cultured

with RPMI medium containing 10% FBS. 48 h later, the concentrations of CXCL10 and CXCL11 were examined.

(E) IRF1 expression in RHOA WT or Y42C cell lines was evaluated with real-time qRT-PCR. Fold changes relative to the RHOA WT cell lines are shown.

(F and G) The protein expression of PI3K-AKT signaling pathways in RHOA WT or Y42C cell lines was examined by western blotting (F, top). MC-38WT or MC-

38Y42C cells (1.0 3 106) were injected subcutaneously into C57BL/6 mice on day 0 (N = 3). Protein was extracted from the tumors on day 12. The protein

expression of total and phosphorylated AKT in MC-38WT or MC-38Y42C tumors was examined by western blotting. Representative blots of western blotting are

shown (F, bottom). Summary of quantified IRF1 (IRF1/b-actin) expression in RHOA Y42C cell lines relative to that in RHOAWT cell lines from three independent

experiments is shown (G). Means from three independent experiments are presented.

(H) Gene expression in advanced GC samples according to RHOA gene status was examined by real-time qRT-PCR.

(I) The concentrations of CCL1, CCL17, and CCL22 in the culturemedium ofMKN1WT orMKN1Y42C were analyzed by ELISA.MKN1WT orMKN1Y42Cwere cultured

with RPMI medium containing 10% FBS. 48 h later, the concentrations of CCL1, CCL17, and CCL22 were examined. b-actin and 18S ribosomal RNA were used

as internal controls for protein and mRNA expression analyses, respectively. Bars, mean; error bars, SEM; **p < 0.01; MT, mutation; WT, wild-type; and ns, not

significant.
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Figure 3. RHOA Y42 Mutations Promote Treg Cell Survival through Increased FFA Production

(A) Fatty acid metabolism-related genes based on GSEA in RHOA Y42-mutated GCs were compared with those in RHOA WT GCs using RNA-seq data from

surgically resected GC samples.

(B) FASN expression in advanced GC samples according to RHOA gene status was examined by real-time qRT-PCR.

(C) FASN expression in RHOA WT or Y42C cell lines was analyzed with real-time qRT-PCR. Fold changes relative to the RHOA WT cell lines are shown.

(legend continued on next page)
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(Figure 3F). Furthermore, we assessed the differences in the to-

tal content of FFAs of tumors between RHOA WT tumors and

RHOA Y42C tumors. MC-38Y42C and CT26-NY-ESO-1Y42C tu-

mors also harbored larger amounts of FFAs compared with

the corresponding WT cells in vivo (Figure 3G). These results

indicate that RHOA Y42C further increases FFA production

via the activation of PI3K-AKT-mTOR-S6K signaling pathways

compared with RHOA WT (Figure S2B).

Higher FFA Concentration in a Low-Glucose Condition
Promotes Treg Cell Accumulation
The higher FFA production by RHOA Y42C cancer cells promp-

ted us to explore whether the abundant FFAs in the TME contrib-

uted to the prolonged survival of Treg cells. To this end, we

employed a low-glucose medium supplemented with increasing

concentrations of palmitate to culture peripheral blood mononu-

clear cells (PBMCs) from healthy individuals. In a concentration-

dependent manner, the frequency of eTreg cells increased,

resulting in a higher ratio of eTreg cells:CD8+ T cells (Figure 3H).

To further confirm the dominant Treg cell expansion com-

pared with other T cell subsets, we sorted CD8+ T cells,

CD45RA�CD25�CD4+ T cells (conventional CD4+ T cells; conv

CD4+ T cells) and CD45RA�CD25highCD4+ T cells (eTreg cells)

from PBMCs and each T cell subset was separately cultured to

evaluate the proliferation and apoptosis in the titrated concentra-

tions of FFAs (palmitate or oleate) (Figures S3B–S3H). eTreg cells

were more proliferative and less apoptotic compared with other

T cell subsets in response to increasing concentration of FFAs

under a low-glucose condition, while every T cell subset

consumed FFAs under a low-glucose condition (Figures S3B–

S3H). In addition, eTreg cells exhibited a stronger suppressive

activity in an FFA concentration-dependent manner in a low-

glucose condition (Figures S3I and S3J).

We next addressed the differences in fatty acid metabolism

among T cell subsets in vivo using the murine MC-38 cell line.

Lipid uptake and content, which were assessed with BODIPY

FL C16 and 493, respectively, were higher in Foxp3+CD4+ cells

(Treg cells) than in Foxp3�CD4+ T cells or CD8+ T cells in the

TME (Figures 4A and 4B). Additionally, the expression of mole-

cules related to FFA uptake and metabolism, including CD36 (a

scavenger receptor mediating the uptake of FFAs), CPT1A (the

rate-limiting enzyme in long-chain fatty acid oxidation), PPARa,

and PPARg in Treg cells was higher than that in Foxp3�CD4+

T cells or CD8+ T cells (Figures 4C–4E). In accordance with the

animal model data, TILs from GC patients (see Table S3 for pa-

tient characteristics) showed higher lipid uptake and content in

eTreg cells than in Foxp3�CD4+ T cells or CD8+ T cells (Figures

4F and 4G). The differences in glucose uptake among T cell sub-

sets in the TME were also examined. Compared with Treg cells,

CD8+ T cells exhibited increased glucose uptake (assessed with

2-NBDG) accompanied by higher expression of GLUT1 (Figures

4H and 4I). Overall, Treg cells effectively utilize FFAs for their sur-

vival compared with the other T cell subsets in the TME, whereas

conventional CD4+ T cells and CD8+ T cells are likely to depend

on glucose consumption.

To validate the importance of this metabolic change for Treg

cells, we investigated the effects of FFAs on tumor-infiltrating

lymphocytes using Fasn-expressing MC-38 murine cell line

(MC-38Fasn) that produced FFAs (Figures 4J and 4K). The fre-

quency and the number (counts/tumor weight) of Treg cells,

and the ratio of Treg cells/CD8+ T cells in the TME were

higher in MC-38Fasn tumors than in MC-38mock tumors (Fig-

ures 4L–4N). CTLA-4 expression by Treg cells in the TME

was higher in the MC-38Fasn tumors than in the MC-38mock

tumors (Figures 4O and 4P), suggesting the importance of

FFAs for the survival and immunosuppressive function of

Treg cells. Additionally, antitumor effects with anti-PD-1

monoclonal antibody (mAb) observed in MC-38mock tumors

were dampened in MC-38Fasn tumors (Figure 4Q). Taken

together, higher amounts of FFAs in the TME not only

contribute to the better survival and immunosuppressive func-

tion of Treg cells, but also weaken the antitumor efficacy of

anti-PD-1 mAb.

RHOA Y42 Mutations Develop an Immunosuppressive
TME In Vitro and In Vivo

We further explored the critical role of FFAs for the better survival

and immunosuppressive function of Treg cells in RHOA Y42-

mutated tumors. Sorted eTreg cells, conv CD4+ T cells, or

CD8+ T cells were cultured with the supernatants from MKN1WT

or MKN1Y42C cells to examine the proliferation and apoptosis of

each T cell subset (Figures S2C–S2G). eTreg cells were more

proliferative and less apoptotic than other T cell subsets, thereby

the number of eTreg cells was higher in the cultures with super-

natants from MKN1Y42C than in those from MKN1WT (Figures

S2C–S2G).

To assess the immunological effect of RHOA Y42 mutations

on the TME of GCs in addition to MC-38, we established

RHOA WT or RHOA Y42C YTN16 (YTN16WT or YTN16Y42C)—a

murine gastric adenocarcinoma cell line. The frequency and

the number of Treg cells and the ratio of Treg cells:CD8+

T cells were higher in RHOA Y42C tumors than in RHOA WT

(D and E) The protein expression of mTORC1 signaling pathway components in RHOAWT or Y42C cell lines was examined by western blotting (D). Summary of

quantified FAS (FAS/b-actin) expression in RHOA Y42C cell lines relative to that in RHOA WT cell lines from three independent experiments is also shown (E).

(F) FFA concentrations in the culture were evaluated using the Free Fatty Acid Quantification Kit (left) and LC-MS (right).RHOAWTor Y42C cell lines were cultured

with RPMI medium containing 10% lipids without FBS. 48 h later, the concentrations of FFAs were examined.

(G) MC-38WT, MC-38Y42C, CT26-NY-ESO-1WT, or CT26-NY-ESO-1Y42C cells (1.0 3 106) were injected subcutaneously into C57BL/6 mice on day 0 (N = 3 per

group). Tumor interstitial fluidswere extracted from theRHOAWTor Y42CMC-38 andCT26-NY-ESO-1 tumors on day 12. Total FFAs in the interstitial fluids of the

RHOA WT or Y42C MC-38 and CT26-NY-ESO-1 tumors were evaluated by the Free Fatty Acid Quantification Kit. All in vivo experiments were performed at

least twice.

(H) The frequency of eTreg cells in low-glucose culture medium with the indicated palmitate concentration was assessed. PBMCs stimulated with anti-CD3 mAb

and anti-CD28 mAb were cultured in glucose-free RPMI medium supplemented with 10% lipids without FBS, low-glucose (1 mM), and the indicated concen-

tration of palmitate-BSA. 72 h later, the PBMCs were subjected to FCM. Means from three independent experiments are shown. b-actin and 18S ribosomal RNA

were used as internal controls for protein and mRNA expression analyses, respectively. Bars, mean; error bars, SEM; *p < 0.05; **p < 0.01; MT, mutation; WT,

wild-type; and ns, not significant.
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Figure 4. Treg Cells in the TME Take Up and Utilize More FFAs than Other T cell Subsets, and FFA-Producing Tumors Enhance Highly

Suppressive Treg Cells and Dampen Anti-Tumor Efficacy of Anti-PD-1 mAb

MC-38 cells (1.0 3 106) were injected subcutaneously into Foxp3Thy1.1 C57BL/6 mice on day 0 (N = 6). TILs on day 12 were subjected to FCM.

(A and B) The uptake and content of FFAs in TILs were assessed with BODIPY FL C16 and BODIPY 493, respectively. Representative histogram plots (A) andMFI

summary (B) are shown.

(C) The expression of fatty acid metabolism-related genes (CD36, CPT1A, PPARA, and PPARG) in TILs was examined by real-time qRT-PCR.

(legend continued on next page)
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tumors, whereas the numbers of CD8+ T cells and conv CD4+

T cells were lower (Figures 5A–5C). The abundant Treg cells in

the TME ofRHOAY42C tumorswere because of a less apoptotic

and more proliferative nature compared with RHOA WT tumors

(Figures S2H–S2M). In addition, Treg cells took in a larger

amount of FFAs, and the expression of molecules related to

FFA uptake and metabolism by tumor-infiltrating Treg cells

was higher in RHOA Y42C tumors than inRHOAWT tumors (Fig-

ures 5D–5G).

We next examined the immunological phenotypes of Treg

cells in the TME. The expression of activation markers by Treg

cells in the TME was higher in the MC-38Y42C tumors than in

the MC-38WT tumors in accordance with the data of human

GC (Figures 1D, 1E, 5H, 5I, S1E, and S1F). Antigen-presenting

cells (APCs) are an important target of Treg cells, as previously

reported (Maeda et al., 2014; Qureshi et al., 2011; Wing et al.,

2008). The expression of CD80 and CD86 by APCs in the TME

was decreased in the MC-38Y42C tumors (Figures 5J and 5K).

Overall, abundant FFAs in the TME of tumors with RHOA Y42C

contribute to compelling not only the survival, but also the immu-

nosuppressive function of Treg cells.

Tumors with RHOA Y42 Mutaitons Respond to Therapy
Combining PD-1 Blockade and a PI3Kb Inhibitor
Tumor growth was comparable between RHOA WT and RHOA

Y42C tumors in immunocompetent and immunocompromised

mice, while differences in immunological phenotypes of TILs

were detected according to the alteration of theRHOA gene (Fig-

ures S4A–S4C). We then addressed the antitumor efficacy of

anti-PD-1 mAb in vivo. Anti-PD-1 mAb failed to inhibit the growth

of RHOA Y42C tumors compared with that of RHOAWT tumors

(Figures 6A, S4D, S5A, and S5B). The frequencies of MuLV-15E

tetramer+, CD62L�CD44+, tumor necrosis factor (TNF)-a+ inter-

feron (IFN)-g+, CD69+, and Granzyme B+ tumor-infiltrating CD8+

T cells were increased by anti-PD-1 mAb in MC-38WT tumors,

but not in MC-38Y42C tumors (Figures 6B, 6C, and S4E–S4L).

We also evaluated the efficacy of anti-PD-1mAb in three patients

with advance GC that bore RHOA Y42 mutations (Table S4).

None of these responded to anti-PD-1 mAb, and one patient

experienced progressive disease after one course of anti-PD-1

mAb therapy (Figure S4N).

To elucidate the importance of abundant FFAs in the TME

derived from theRHOAY42C in the resistance to PD-1 blockade,

we addressed whether decreased expression of Fasn (FasnRNAi)

or CD36 blockade recovered the antitumor efficacy of anti-PD-1

mAb in RHOA Y42C tumors. Treg cells, in addition to CTLA-4

expression, were decreased in FasnRNAi MC-38Y42C tumors in

number, while Foxp3�CD4+ T cells and CD8+ T cells were

increased (Figures 6D–6J). Accordingly, the tumor growth of

FasnRNAi MC-38Y42C was inhibited by anti-PD-1 mAb (Figure 6K

and S4M). We next performed CD36 blockade to inhibit FFA

transport. Anti-CD36 mAb decreased the number of Treg cells,

as well as their CTLA-4 expression in MC-38Y42C tumors, leading

to the increase in Foxp3�CD4+ T cells and CD8+ T cells (Figures

6L–6P). The antitumor efficacy of anti-PD-1 mAb was also

improved by the combination with CD36 blockade (Figure 6Q,

S5C, and S5D). Together with the data of Fasn-expressing

MC-38 cell line (Figure 4Q), abundant FFAs in the TME derived

from RHOA Y42C inhibit the antitumor efficacy of anti-PD-

1 mAb.

We then hypothesized that inhibiting PI3K-AKT signaling path-

ways in RHOA Y42-mutated tumors could overcome the resis-

tance to anti-PD-1 mAb treatment because PI3K-AKT signaling

pathways play important roles in this immunosuppressive TME

developed by RHOA Y42 mutations. While the inhibition of

PI3K-AKT signaling pathways may influence the viabilities of im-

mune cells (Fruman et al., 2017), the PI3Kb isoform can regulate

PI3K-AKT signaling pathways in tumors with PTEN deficiency

without directly affecting Treg cell development, maintenance,

or proliferation (Jia et al., 2008; Sauer et al., 2008). We then

employed a selective PI3Kb small-molecule inhibitor,

GSK2636771, to address whether modulating PI3K-AKT

signaling pathways could overcome the immunosuppressive

phenotype. GSK2636771 inhibited AKT phosphorylation in a

concentration-dependent manner, mainly inRHOA Y42C cancer

cells, resulting in increased IRF1, CXCL10, and CXCL11 expres-

sion and decreased FAS expression in vitro (Figures S6A–S6D).

Additionally, GSK2636771 reduced total FFA production from

RHOA Y42C cancer cells (Figures S6E and S6F). Moreover,

GSK2636771 decreased Treg cells and increased CD8+ T cells

in the TME of MC-38Y42C tumors (Figures 7A–7C). The expres-

sion of activation markers on Treg cells was decreased (Figures

7D and 7E). The maturation of tumor-infiltrating APCs was

improved by GSK2636771 (Figures 7F and 7G).

Next, the antitumor efficacy of anti-PD-1 mAb combined with

GSK2636771was examined. Eachmonotherapy hardly inhibited

(D and E) The expression of FFA metabolism-related molecules (CD36, CPT1A, PPARa, and PPARg) in TILs was analyzed with FCM. Representative histogram

plots (D) and MFI summary (E) are shown (N = 6).

(F and G) The uptake and content of FFAs in TILs from human GC clinical samples were analyzed with BODIPY FL C16 and BODIPY 493, respectively (N = 5).

Representative histogram plots (F) and MFI summary (G) are shown.

(H and I) MC-38 cells (1.03 106) were injected subcutaneously into Foxp3Thy1.1 C57BL/6 mice on day 0 (N = 6). TILs on day 12 were subjected to FCM. Glucose

uptake (2-NBDG) and GLUT1 expression in TILs were assessed. Representative histogram plots (H) and MFI summaries (I) are shown.

(J) Mock or Fasn was retrovirally transduced into MC-38 cells. Representative blots of FAS from three independent experiments are shown.

(K–P) MC-38mock orMC-38Fasn cells (1.03 106) were injected subcutaneously into C57BL/6mice on day 0. Tumor interstitial fluids or TILs were extracted from the

MC-38mock or MC-38Fasn tumors on day 12. (K) Total FFAs in the interstitial fluids of the MC-38mock or MC-38Fasn tumors were evaluated by the Free Fatty Acid

Quantification Kit (N = 4 per group). (L–P) TILs on day 12 were subjected to FCM. (L–N) The frequencies of Foxp3+CD4+ T cells, the ratio of Foxp3+CD4+ to CD8+

T cells in the TME, and the number of each T cell subset (counts per tumor weight) were examined with FCM (N = 12 per group). Representative contour plots (L)

and summary (M and N) are shown. (O and P) CTLA-4 expression by Foxp3+CD4+ T cells in the TME was examined with FCM (N = 6 per group). Representative

histograms (O) and MFI summary (P) are shown.

(Q) MC-38mock or MC-38Fasn cells (1.03 106) were injected subcutaneously into C57BL/6 mice on day 0, and anti-PD-1mAb or control mAb was administered on

days 6, 11, and 16 (N = 12 per group). The tumor growth curves of the indicated groups are shown. NC, negative control; bars, mean; error bars, SEM; *p < 0.05;

and **p < 0.01.
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Figure 5. RHOA Y42 Mutations Promote the Development of an Immunosuppressive TME

RHOA WT or RHOA Y42C was retrovirally transduced into a murine gastric cancer cell line (YTN16WT and YTN16Y42C, respectively).

(A–C) MC-38WT, MC-38Y42C cells, YTN16WT, or YTN16Y42C (1.0 3 106) cells were injected subcutaneously into C57BL/6 mice on day 0. TILs on day 12 were

subjected to FCM. The frequencies of Foxp3+CD4+ T cells, the ratio of Foxp3+CD4+ to CD8+ T cells in the TME, and the number of each T cell subset (counts per

tumor weight) were examined with FCM (N = 12 per group). Representative contour plots (A) and summaries (B and C) are shown.

(D and E) MC-38WT, MC-38Y42C, YTN16WT, or YTN16Y42C cells (1.03 106) were injected subcutaneously into Foxp3Thy1.1 C57BL/6 mice on day 0 (MC-38WT and

MC-38Y42C; N = 3, YTN16WT and YTN16Y42C; N = 5). TILs on day 12 were subjected to FCM. The uptake and content of FFAs in TILs were assessed with BODIPY

FL C16 and BODIPY 493, respectively. Representative histogram plots (D) and MFI summaries (E) are shown.

(legend continued on next page)
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tumor growth, but combined treatment with GSK2636771 and

anti-PD-1 mAb delayed MC-38Y42C tumor growth and activated

tumor-infiltrating CD8+ T cells (Figures 7H–7J, S5E, S5F, and

S7A–S7H). In contrast to the MC-38Y42C tumors, MC-38WT tu-

mors showed no notable immunological changes in the TME

by GSK2636771, resulting in no combination efficacy (Figures

S7I–S7O). Given the importance of controlling Treg cells in the

TME, we assessed whether anti-CTLA-4 mAb, which depletes

Treg cells (Selby et al., 2013; Simpson et al., 2013; Wing et al.,

2008), augmented the efficacy of anti-PD-1 mAb in MC-38Y42C

tumors. The combination treatment slowed the tumor growth

compared with single mAb treatment (Figure 7K, S5G, and

S5H). We propose that tumors with RHOA Y42 mutations are

resistant to PD-1 blockade as a monotherapy because of the

immunosuppressive TME, which can be overcome by the com-

bination with a PI3Kb inhibitor or Treg cell-targeted treatment

such as anti-CTLA-4 mAb.

DISCUSSION

In this study, we revealed that a subset of GC exhibited an immu-

nosuppressive TME that was characterized the accumulation of

Treg cells in the absence of other inflammatory features. Some of

these tumors harbored mutations in RHOA, including RHOA

Y42C, a driver mutation in GC that accounts for 10%–25% of

diffuse-type GCs (Cancer Genome Atlas Research Network.,

2014; Kakiuchi et al., 2014; Wang et al., 2014). RHOA Y42-

mutated GCs harbored a low TMB and inhibited effector T cell

infiltration into the TME by decreasing IRF1 expression through

PI3K-AKT signaling pathways, resulting in decreased production

of the effector T cell-recruiting chemokines CXCL10 and

CXCL11. On the other hand, higher tumor infiltration of Treg cells

was not strongly correlated with the expression of Treg cell-re-

cruiting chemokines; rather, the RHOA Y42 mutation induced

abundant FFA production via the PI3K-AKT signaling pathways.

This metabolic profile resulted in enhanced eTreg cell survival

and immunosuppressive function in an FFA dose-dependent

manner since Treg cells rely on mitochondrial metabolism to

maintain immunoregulatory gene expression and immunosup-

pressive function, while effector T cells rely on a different meta-

bolic profile (Angelin et al., 2017; Wang et al., 2017).

We demonstrated an immunological influence of RHOA Y42C

on inhibiting CD8+ T cell infiltration by changing the chemokine

milieu in the TME via activating PI3K-AKT signaling pathways.

Similar immunological influence has been reported in tumors

harboring alterations in FAK, PTEN, EGFR, and WNT-b-catenin

that all showed poor responses to ICB therapy (Jiang et al.,

2016; Peng et al., 2016; Spranger et al., 2015). Particularly, acti-

vating PI3K-AKT signaling pathways are involved in EGFRmuta-

tions (Sugiyama et al., 2020) and PTEN loss (Peng et al., 2016). In

fact, we found that RHOA Y42-mutated GCs exhibited a limited

clinical response to PD-1 blockade therapies, while PD-1

blockade therapies demonstrate clinical efficacy in unresectable

advanced or recurrent GCs with response rates of 10%–25%

(Kang et al., 2017). In line with this, diffuse-type GCs, as which

RHOA Y42-mutated GCs are basically classified, are resistant

to PD-1 blockade therapies (Kang et al., 2017). Therefore, our

data can be applied for stratifying patients eligible for PD-1

blockade therapies via excluding a plausible non-responder

population, leading to the improvement in response rates of

ICB in GCs. In addition, Treg cell infiltration can be reportedly

related to hyperprogressive disease by PD-1 blockade therapies

(Kamada et al., 2019), further suggesting that RHOA-mutated

GCs are not good candidates for PD-1 blockade monotherapy.

Other types of malignancies with RHOAmutations that enhance

PI3K-AKT signaling pathways may also provide the similar

immunosuppressive effect (Yoo et al., 2014).

Various types of PI3K inhibitors have been tested in clinical tri-

als involving patients with a wide range of cancers (Janku et al.,

2018). Among these inhibitors, PI3Kd inhibitors have been

approved for clinical application by the U.S. Food and Drug

Administration (FDA) (Janku et al., 2018), but the inactivation of

p110d in T cells may impair the differentiation of effector CD4+

T cells (Okkenhaug et al., 2006; Soond et al., 2010) and CD8+

T cells (Macintyre et al., 2011) as well as the functions of Treg

cells (Ali et al., 2014; Patton et al., 2006). In contrast, treatment

with a PI3Kb inhibitor provides little impact on immune cells

(Peng et al., 2016). We employed a PI3Kb inhibitor to inhibit

PI3K-AKT signaling pathways activated by RHOA Y42C in com-

bination with ICB, leading to a far stronger antitumor effect than

that produced by ICB alone. Thus, the PI3Kb inhibitor could

become a promising combination therapy with ICB in RHOA

Y42-mutated malignancies and other types of gene alterations

activating PI3K-AKT signaling pathways.

Foxp3 expression is involved in various metabolic programs,

and Foxp3+ Treg cells maintain high levels of AMPK activation,

contributing to the high reliance on lipid oxidation (Angelin

et al., 2017; Gerriets et al., 2016; Michalek et al., 2011; Muroski

et al., 2017). Abundant FFA production by PI3K-AKT-mTOR

signaling pathways provided a metabolic advantage for the sur-

vival and immunosuppressive function of Treg cells. The higher

concentration of FFAs in the TME in RHOA Y42-mutated GCs

enhanced survival and immunosuppressive function of Treg cells

even in low-glucose environments. Additionally, a similar TME

with abundant FFAs is reported in Kras-mutated cancers

(Gouw et al., 2017), suggesting that the mechanism of metabolic

advantage by driver gene mutations observed in our study may

be a common system for developing an immunosuppressive

TME. The glucose deprivation in the TME, which is lethal to

CD8+ T cells and FOXP3�CD4+ T cells, may have minimal influ-

ences on eTreg cells. Yet, it has not been determined whether

fatty acid production by cancer cells is sufficient for Treg cell

(F–K) MC-38WT, MC-38Y42C (F–K), YTN16WT, or YTN16Y42C cells (F and G) (1.0 3 106) were injected subcutaneously into C57BL/6 mice on day 0 (MC-38WT and

MC-38Y42C; N = 3, YTN16WT and YTN16Y42C; N = 5). TILs prepared from tumor tissue samples on day 12 were subjected to FCM. The expression of fatty acid

metabolism-related molecules (CD36, CPT1A, PPARa, and PPARg) in TILs was analyzed with FCM. Representative histogram plots (F) and MFI summaries (G)

are shown. (H and I) The expression of CTLA-4, GITR, ICOS, LAG-3, and OX-40 by Foxp3+CD4+ T cells in the TME was examined with FCM (N = 6 per

group). Representative histograms (H) and MFI summaries (I) are shown. (J and K) The expression of CD80 and CD86 by tumor-infiltrating APCs (detected as

CD45+MHC-II+CD11b+CD11c+ cells) was analyzed (N = 6 per group). Representative histogram plots (J) andMFI summaries (K) are shown. NC, negative control;

bars, mean; error bars, SEM; *p < 0.05; **p < 0.01; and ns, not significant.
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Figure 6. Abundant FFAs in RHOA Y42-Mutated Tumors Induce the Resistance to Anti-PD-1 mAb Treatment

(A–C) MC-38WT or MC-38Y42C cells (1.03 106) were injected subcutaneously into C57BL/6 mice on day 0, and anti-PD-1 mAb or control mAb was administered

on days 6, 11, and 16 (N = 12 per group). The tumor growth curves of the indicated groups are shown in (A). TILs on day 12 were subjected to FCM. MC-38

antigen-specific CD8+ T cells were detected by MuLV p15E/H-2Kb tetramers (N = 12 per group). Representative contour plots (B) and summary (C) are shown.

b-galactosidase/H-2Kb tetramer staining served as a control.

(D–K) Mock or FasnRNAi was lentivirally transduced into MC-38Y42C cells. Representative blots of FAS from three independent experiments are shown (D). (E–J)

Mock MC-38Y42C or FasnRNAi MC-38Y42C cells (1.0 3 106) were injected subcutaneously into C57BL/6 mice on day 0. Tumor interstitial fluids or TILs were ex-

tracted from the Mock MC-38Y42C or FasnRNAi MC-38Y42C tumors on day 12. (E) Total FFAs in the interstitial fluids of the MockMC-38Y42C or FasnRNAi MC-38Y42C

tumors were evaluated by the Free Fatty Acid Quantification Kit (N = 4 per group). (F–J) TILs on day 12 were subjected to FCM. The frequencies of Foxp3+CD4+

T cells, the ratio of Foxp3+CD4+ to CD8+ T cells in the TME, and the number of each T cell subsets (cell counts per tumor weight) were examinedwith FCM (N = 11

(legend continued on next page)
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survival and immunosuppressive function, while increased fatty

acid production in cancer cells may increase lipid availability in

the TME (Röhrig and Schulze, 2016). We showed that eTreg cells

could take in larger amount of FFAs provided by the RHOA Y42-

mutated tumors and more effectively employ lipid metabolism

pathways for their survival and immunosuppressive functions

than could other T cell subsets in the TME. This means that

FFA doses in the TME can reflect the survival and immunosup-

pressive function of Treg cells. Nevertheless, some reports

show a crucial role for aerobic glycolysis in Treg cells, as

observed in effector T cells (Fan and Turka, 2018; Gerriets

et al., 2016; Kishore et al., 2017; Li et al., 2019; Procaccini

et al., 2016). These contradictory findings may be partially due

to anatomical location. Indeed, tissue-resident Treg cells that

localize in nonlymphoid tissues, such as the visceral adipose tis-

sue, are highly dependent on lipid metabolism (Cipolletta et al.,

2012). Treg cells therefore have a more redundant metabolic

profile than other T cell subsets and can survive and function

even in low-glucose and hypoxic conditions like TMEs.

In conclusion, we found that RHOA mutations establish an

immunosuppressive TME characterized by eTreg cell infiltration

regardless of the non-inflammatory TME in humans. The immu-

nosuppressive microenvironment of RHOA Y42-mutated GCs is

induced by reduced levels of effector T cell-recruiting chemo-

kines and increased production of FFAs via the activation of

PI3K-AKT signaling pathways: eTreg cells survive and function

with FFA metabolism, while glucose deprivation is lethal to

CD8+ T cells and conventional CD4+ T cells. We thus propose

that driver gene alterations are essential not only in the prolifer-

ation and survival of cancer cells, but also in the development

of an immune escape-enabling TME, warranting further evalua-

tion of cancer immunotherapies combined with molecular-tar-

geted therapies against driver gene alterations.
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per group). The expression of CTLA-4 by Foxp3+CD4+ T cells in the TME was examined with FCM (N = 6 per group). Representative contour plots (F) or his-

tograms (I) and summaries (G, H, and J) are shown. (K) MockMC-38Y42C or FasnRNAi MC-38Y42C cells (1.03 106) were injected subcutaneously into C57BL/6mice

on day 0, and anti-PD-1 mAb or control mAb was administered on days 6, 11, and 16 (N = 12 per group). The tumor growth curves of the indicated groups

are shown.

(L–P) MC-38Y42C cells (1.03 106) were injected subcutaneously into C57BL/6 mice on day 0. Anti-CD36 mAb or control mAb was administered daily (N = 12 per

group). TILs prepared from tumor tissue samples on day 12 were subjected to FCM. (L–N) The frequencies of Foxp3+CD4+ T cells, the ratio of Foxp3+CD4+ to

CD8+ T cells in the TME, and the number of each T cell subsets (cell counts per tumor weight) were examined with FCM (N = 12 per group). The expression of

CTLA-4 by Foxp3+CD4+ T cells in the TMEwas examined with FCM (N = 6 per group). Representative contour plots or histograms (L and O) and summaries (M, N,

and P) are shown.

(Q) MC-38Y42C cells (1.03 106) were injected subcutaneously into C57BL/6 mice on day 0, and anti-PD-1 mAb (intravenously, on days 6, 11, and 16) and/or anti-

CD36 mAb (intravenously, daily) was administered (N = 12 per group). The tumor growth curves of the indicated groups are shown. NC, negative control; bars,

mean; error bars, SEM; *p < 0.05; **p < 0.01; and ns, not significant.
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Figure 7. The Combination with a PI3Kb Inhibitor or Anti-CTLA-4mAbOvercomes the Resistance ofRHOA Y42-Mutated Tumors to Anti-PD-

1 mAb

(A–G)MC-38Y42C cells (1.03 106) were injected subcutaneously into C57BL/6mice on day 0, andGSK2636771was orally administered for 5 days. TILs on day 12

were subjected to FCM. Representative contour plots for CD4 and Foxp3 (A) and summaries (B and C) are shown (N = 12 per group). (D and E) The expression of

CTLA-4, GITR, ICOS, LAG-3, and OX-40 by Foxp3+CD4+ T cells in the TME was evaluated (N = 6 per group). Representative histogram plots (D) and MFI

summaries are shown (E). (F and G) The expression of CD80 and CD86 by APCs in the TME was examined (N = 6 per group). Representative histogram plots (F)

and MFI summaries (G) are shown.

(legend continued on next page)
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