An oncogenic alteration creates a tumor microenvironment that promotes tumor progression
by conferring a metabolic advantage to regulatory T cells
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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 characterization revealed that these

tumors bore mutations in RHOA that are known to drive tumorigenesis.

RHOA mutations in cancer

cells increased production of free fatty acids, which are more effectively consumed by Treg cells than
by effector T cells, and reduced effector T cell-recruiting chemokines by activating PI3K-AKT
signaling pathways. Consequently, RHOA-mutated cancers developed a robust immunosuppressive
tumor microenvironment (TME) characterized by high Treg cell accumulation despite the noninflamed
status.

The combination of PI3K-specific blockade and PD-1 blockade improved the

immunosuppressive TME and augmented the antitumor effect, overcoming the resistance of RHOAmutated tumors to PD-1 blockade in mouse models.

We propose that the metabolic advantage

conferred by RHOA enables Treg cell accumulation within the tumor, generating an
immunosuppressive TME that underlies resistance to ICB.
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Introduction
Immune checkpoint blockade (ICB) therapies improve survival of patients with multiple types
of cancer, including malignant 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 immunological facets including PD-ligand 1 (PD-L1) expression in tumor 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; Robert 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 produced
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 migration is also dominantly triggered by chemokine
networks in the TME, Treg cells are often detected with effector T cells in the inflamed TME
(Nagarsheth et al., 2017; Spranger et al., 2013; Togashi et al., 2019). However, some tumors with the
noninflamed TME contain abundant Treg cells, suggesting multiple mechanisms of Treg cell
expansion in the TME, other than chemokine networks.
As cancer cells mainly consume glucose to fuel aerobic glycolysis for their survival (the
Warburg effect), low-glucose and hypoxic conditions that are unfavorable for T cell survival and
3

functions develop in the TME (Gatenby and Gillies, 2004; Ho and Kaech, 2017; Warburg, 1956). The
low-glucose conditions in the TME reportedly contribute to resistance to cancer immunotherapy, via
inhibiting the resurgence of effector T cells (Chang et al., 2015). However, it remains unclear why Treg
cells are abundant and strongly immunosuppressive in the TME, given the unfavorable conditions for
T cells. One plausible explanation is that effector T cells and Treg cells harbor different metabolic
profiles for their survival and function (Wang et al., 2017). It has recently been shown that Treg cells
require mitochondrial metabolism to maintain immunosuppressive function (Weinberg et al., 2019).
However, various issues, such as why some tumors with the noninflamed TME harbor high infiltration
of Treg cells without effector T cells, have not fully been addressed.
Considering that the inferior response rate of PD-1 blockade in GC compared to malignant
melanoma and lung cancer, GC may establish the rigorous immunosuppressive TME (Borghaei et al.,
2015; Kang et al., 2017; Reck et al., 2016; Robert et al., 2015; Schachter et al., 2017; Shitara et al.,
2018; Weber et al., 2015).

In this study, we therefore aimed at elucidating the immunological

landscape in the TME of GC, such as the different frequencies of Treg cells and effector T cells and
the immunosuppressive function of Treg cells. Some GC tissue samples exhibited an
immunosuppressive TME that was characterized by abundant Treg cells in spite of the noninflamed
TME. These tumors harbored RHOA gene Y42 mutations, 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) by GC cells through RHOA Y42 mutation signals
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contributed to Treg cell accumulation despite the noninflamed TME with low-glucose levels. The
combination of PD-1 blockade and an inhibitor of RHOA mutation-derived signals overcame
resistance of RHOA-mutated tumors to PD-1 blockade in mouse models, proposing a potential
combination cancer immunotherapy.
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Results
Patients with RHOA Y42 mutations have an immunosuppressive TME characterized by Treg
cell accumulation regardless of the noninflamed status of the TME.
We first analyzed the immunological status (inflamed or noninflamed) 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 tumor samples had an inflamed TME (Figure 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 (inflamed 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
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immunosuppressive function (Figure S1A and S1B). From the FCM and RNA-seq data, four patients
bore an immunosuppressive TME that was characterized 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. Accordingly, 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 (Figure S1C and S1D).
The frequency of tumor-infiltrating eTreg cells, the ratio of tumor-infiltrating 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 wildtype (WT) GCs (Figure S1A, S1B, S1E and S1F). To validate the immunosuppressive TME of GCs
with the RHOA mutations, eighty-five advanced GC patients’ samples from another cohort were
analyzed (Table S2). RHOA Y42C or Y42S mutation was detected in seven (five or two, respectively)
GC samples with digital polymerase 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 significantly
higher in RHOA Y42 mutated-GCs than in RHOA WT-GCs (Figure 1B-1E). Significantly lower
expression of CD8A and higher expression of FOXP3 in RHOA mutated-GCs than RHOA WT-GCs
were detected with real-time quantitative reverse transcription PCR (qRT-PCR) (Figure 1F). Higher
eTreg cell infiltration was also observed with immunohistochemistry (IHC) (Figure 1G and S1G).
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The analysis of the Cancer Genome Atlas (TCGA) data confirmed the significantly 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) (Figure S1H). These findings
suggest that activated eTreg cells accumulate in the TME in spite of the noninflamed phenotype in
RHOA mutated-GCs.

RHOA Y42C reduces effector T cell-recruiting chemokine production by increasing the activity
of the PI3K-AKT signaling pathways.
To explore how the noninflamed TME was developed by RHOA Y42 mutations, comprehensive gene
expression was examined with microarray analyses using RHOA WT or Y42C-overexpressing human
GC cell lines (MKN1WT, MKN1Y42C, MKN45WT, and MKN45Y42C) and murine gastrointestinal cell
lines (MC-38WT, MC-38Y42C, CT26-NY-ESO-1WT, and CT26-NY-ESO-1Y42C) (Figure 2A). When we
focused on cytokine or chemokine gene expression, the expression of CXCL10 and CXCL11, which
recruit 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 analyses 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
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confirmed the simultaneous reduction in IRF1 expression and CXCL10 and CXCL11 expression in
the RHOA Y42C-overexpressing GC cell lines (Figure 2C-2G). Furthermore, similar trends were
observed in gene expression of clinical GC samples (Figure 2H and Figure 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 markedly reduced the amount of the GTP-associated
form detected by Rhotekin-Rho binding domain pulldown assays, which was recovered by
overexpression of RHOA WT (Figure 2A). This reduction decreased phosphorylation of PTEN and
increased phosphorylation of AKT, suggesting a defect in the RHOA/ROCK/PTEN signaling
pathways (Figure 2F). Phosphorylated GSK3β, 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 GSK3β level induced by RHOA
Y42C led to the suppression of STAT1, resulting in IRF1 expression reduction (Figure 2F and 2G).
Therefore, RHOA Y42C reduces the expression of CXCL10 and CXCL11 by upregulating the PI3KAKT signaling pathways (Figure S2A).

RHOA Y42C-GCs with high eTreg cell infiltration in the TME efficiently produce FFAs via
9

PI3K-AKT/mTOR signaling pathways.
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 with
RHOA WT-GCs was observed (Figure 2H and Figure S1I), suggesting that other mechanism(s) may
be mainly involved in eTreg cell accumulation and immunosuppression in the TME of RHOA Y42
mutated-GCs.
To elucidate the mechanism(s) of eTreg cell accumulation and immunosuppression by RHOA
Y42 mutations, we employed Gene Set Enrichment Analysis (GSEA) of the RNA-seq, which revealed
that the gene set related to fatty acid metabolism was significantly 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 significantly higher in RHOA Y42 mutated-GCs than in RHOA
WT-GCs (Figure 3B and Figure S1I). eTreg cells possess a different metabolic profile compared with
effector T cells which 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 synthesis from glucose (the Warburg effect) (Currie et al., 2013; Rohrig and Schulze,
2016), resulting in lower glucose concentration in the TME than in the periphery (Figure S3A). Tumorinfiltrating Treg cells take up more FFAs than other T cell subsets (Muroski et al., 2017). Therefore,
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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 significantly higher in RHOA Y42C-overexpressing cell lines than in RHOA
WT-overexpressing cell lines (Figure 3C-3E). The activation of PI3K-AKT/mTOR/S6K signaling
pathways reportedly elevates FAS expression via transcription factor SREBP-1 (Duvel 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 concentration of FFAs in the
culture was significantly higher in the RHOA Y42C-overexpressing cell line culture than in the RHOA
WT-overexpressing 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 (Figure 3F). Furthermore, we assessed the differences in the total
content of FFAs of tumors between RHOA WT-overexpressing tumors and RHOA Y42Coverexpressing tumors. MC-38Y42C and CT26-NY-ESO-1Y42C tumors also harbored larger amounts of
FFAs compared with the corresponding wild-type cells in vivo (Figure3G). 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).
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Higher FFA concentration in a low-glucose condition increases Treg cells.
The higher FFA production by RHOA Y42C cancer cells prompted us to explore whether the abundant
FFAs in the TME contributed to the prolonged survival of Treg cells. To this end, we employed a lowglucose medium supplemented with increasing concentrations of palmitate to culture peripheral blood
mononuclear 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 compared 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 concentrations of FFAs (palmitate or
oleate) (Figure 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 (Figure S3B-S3H). In addition,
eTreg cells exhibited a stronger suppressive activity in an FFA concentration-dependent manner in a
low-glucose condition (Figure 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 significantly higher in Foxp3+CD4+ cells (Treg cells) than in Foxp3-CD4+ T
cells or CD8+ T cells in the TME (Figure 4A and 4B). Additionally, the expression of molecules
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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), PPARα, and PPARγ in
Treg cells was significantly higher than that in Foxp3-CD4+ T cells or CD8+ T cells (Figure 4C-4E).
In accordance with the animal model data, TILs from GC patients (see Table S3 for patient
characteristics) showed higher lipid uptake and content in eTreg cells than in Foxp3-CD4+ T cells or
CD8+ T cells (Figure 4F and 4G). The differences in glucose uptake among T cell subsets 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 (Figure 4H and 4I). Overall,
Treg cells effectively utilize FFAs for their survival 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-overexpressing MC-38 murine cell line (MC38Fasn) that produced FFAs (Figure 4J and 4K). The frequency and the number (counts/tumor weight)
of Treg cells, and the ratio of Treg cells/CD8+ T cells in the TME were significantly higher in MC38Fasn tumors than in MC-38mock tumors (Figure 4L-4N). CTLA-4 expression by Treg cells in the
TME was significantly higher in the MC-38Fasn tumors than in the MC-38mock tumors (Figure 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 significantly dampened in MC-38Fasn tumors (Figure 4Q). Taken together, higher
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amounts of FFAs in the TME not only contribute to the better survival and immunosuppressive
function of Treg cells, but also weaken the antitumor efficacy of anti-PD-1 mAb.

RHOA Y42C develops 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 (Figure S2C-S2G). eTreg cells were significantly more
proliferative and less apoptotic than other T cell subsets, thereby the number of eTreg cells was
significantly higher in the cultures with supernatants from MKN1Y42C than in those from MKN1WT
(Figure S2C-S2G).
To assess the immunological effect of RHOA Y42C on the TME of GCs in addition to MC-38,
we established RHOA WT- or RHOA Y42C-overexpressing YTN16;

a murine gastric

adenocarcinoma cell line. The frequency and the number of Treg cells and the ratio of Treg cells/CD8+
T cells were significantly higher in RHOA Y42C-overexpressing tumors than in RHOA WToverexpressing tumors, whereas the numbers of CD8+ T cells and conv CD4+ T cells were significantly
lower (Figure 5A-5C). The abundant Treg cells in the TME of RHOA Y42C-overexpressing tumors
were due to a less apoptotic and more proliferative nature compared with RHOA WT-overexpressing
tumors (Figure S2H-S2M). In addition, Treg cells took in a larger amount of FFAs, and the expression
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of molecules related to FFA uptake and metabolism by tumor-infiltrating Treg cells was higher in
RHOA Y42C-overexpressing tumors than in RHOA WT-overexpressing tumors (Figure 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 significantly higher in the MC-38Y42C tumors than in
the MC-38WT tumors in accordance with human GC with RHOA Y42 mutated-GCs (Figure 1D, 1E,
5H and 5I and Figure 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 (Figure
5J and 5K). Overall, abundant FFAs in the TME of tumors with RHOA Y42C contribute to compelling
not only the survival but also the immunosuppressive function of Treg cells.

Tumors with RHOA Y42C are resistant to PD-1 blockade treatment, which can be overcome by
combination with a PI3Kβ inhibitor.
Tumor growth was comparable between RHOA WT- and RHOA Y42C-overexpressing tumors in
immunocompetent and immunocompromised mice, while differences in immunological phenotypes
of TILs were detected according to the alteration of the RHOA gene (Figure 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-overexpressing tumors compared with that of RHOA WT-overexpressing tumors
(Figure 6A and Figure S4D, S5A, and S5B). The frequencies of MuLV-15E tetramer+, CD62L-CD44+,
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TNF-α+IFN-γ+, CD69+ and Granzyme B+ tumor-infiltrating CD8+ T cells were increased by anti-PD1 mAb in MC-38WT tumors, but not in MC-38Y42C tumors (Figure 6B and 6C and Figure S4E-S4L).
To elucidate the importance of abundant FFAs in the TME derived from the RHOA Y42C in the
resistance to PD-1 blockade, we addressed whether Fasn knock-down or CD36 blockade recovered
the antitumor efficacy of anti-PD-1 mAb in RHOA Y42C-overexpressing tumors. Treg cells, in
addition to their CTLA-4 expression, were significantly decreased in Fasn knocked-down MC-38Y42C
tumors in number, while Foxp3-CD4+ T cells and CD8+ T cells were significantly increased (Figure
6D-6J). Accordingly, the tumor growth of Fasn knocked-down MC-38Y42C was significantly inhibited
by anti-PD-1 mAb (Figure 6K and Figure S4M). We next performed CD36 blockade to inhibit FFA
transport. Anti-CD36 mAb significantly 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
(Figure 6L-6P). The antitumor efficacy of anti-PD-1 mAb was also significantly improved by the
combination with CD36 blockade (Figure 6Q and Figure S5C and S5D). Together with the data of
Fasn-overexpressing 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 pathways in RHOA Y42Coverexpressing tumors could overcome the resistance to anti-PD-1 mAb treatment because PI3K-AKT
signaling pathways play important roles in this immunosuppressive TME developed by RHOA Y42C.
While the inhibition of PI3K-AKT signaling pathways may influence the viabilities of immune cells
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(Fruman et al., 2017), the PI3Kβ 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 PI3Kβ small-molecule inhibitor,
GSK2636771, to address whether modulating PI3K-AKT signaling pathways could overcome the
immunosuppressive phenotype. GSK2636771 inhibited AKT phosphorylation in a concentrationdependent manner, mainly in RHOA Y42C-overexpressing cancer cells, resulting in increased IRF1,
CXCL10 and CXCL11 expression and decreased FAS expression in vitro (Figure S6A-S6D).
Additionally, GSK2636771 significantly reduced total FFA production from RHOA Y42Coverexpressing cancer cells (Figure S6E and S6F). Moreover, GSK2636771 decreased Treg cells and
increased CD8+ T cells in the TME of MC-38Y42C tumors (Figure 7A-7C). The expression of activation
markers on Treg cells was decreased (Figure 7D and 7E). The maturation of tumor-infiltrating APCs
was significantly improved by GSK2636771 (Figure 7F and 7G).
Next, the antitumor efficacy of anti-PD-1 mAb combined with GSK2636771 was examined.
Each monotherapy hardly inhibited tumor growth, but combined treatment with GSK2636771 and
anti-PD-1 mAb significantly delayed MC-38Y42C tumor growth and activated tumor-infiltrating CD8+
T cells (Figure 7H-7J and Figure S5E and S5F). In contrast to the MC-38Y42C tumors, MC-38WT
tumors showed no significant immunological changes in the TME by GSK2636771, resulting in no
combination efficacy (Figure S7I-S7O). Given the importance of controlling Treg cells in the TME,
we assessed whether anti-CTLA-4 mAb, that is well known to control Treg cells (Selby et al., 2013;
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Simpson et al., 2013; Wing et al., 2008), augmented the efficacy of anti-PD-1 mAb in MC-38Y42C
tumors. The combination treatment significantly slowed the tumor growth compared with single mAb
treatment (Figure 7K and Figure S5G and S5H). We propose that tumors with RHOA Y42C are
resistant to PD-1 blockade as a monotherapy due to the immunosuppressive TME, which can be
overcome by the combination with a PI3Kβ inhibitor or Treg cell-targeted treatment such as antiCTLA-4 mAb.

GC patients with RHOA Y42 mutations fail to respond to PD-1 blockade therapy.
Finally, we evaluated the efficacy of anti-PD-1 mAb in three advanced GC patients with RHOA Y42
mutations (Table S4) and revealed that no patient responded to anti-PD-1 mAb. In particular, one
patient experienced progressive disease after one course of anti-PD-1 mAb therapy (Figure S4N).
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Discussion
In this study, we revealed that a subset of GC exhibited an immunosuppressive 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, which is one of the famous driver
mutations in GCs and account for 10% to 25% of diffuse-type GCs (Cancer Genome Atlas Research
Network., 2014; Kakiuchi et al., 2014; Wang et al., 2014). RHOA mutated-GCs harbored a low TMB
and inhibited effector T cell infiltration into the TME by decreasing IRF1 expression through PI3KAKT 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-recruiting chemokines; rather, the RHOA 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 immunosuppressive function, while effector T cells rely on a different metabolic 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-β-catenin that all showed poor responses to immune checkpoint blockade
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(ICB) therapy (Jiang et al., 2016; Peng et al., 2016; Spranger et al., 2015). Particularly, activating
PI3K-AKT signaling pathways are involved in EGFR mutations (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 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 RHOA mutations 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 trials involving patients with a wide
range of cancers (Janku et al., 2018). Among these inhibitors, PI3Kδ inhibitors have been approved
for clinical application by the U.S. Food and Drug Administration (FDA) (Janku et al., 2018), but the
inactivation of p110δ 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 PI3Kβ inhibitor provides little
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impact on immune cells (Peng et al., 2016). We employed a PI3Kβ inhibitor to inhibit PI3K-AKT
signaling pathways activated by RHOA Y42C in combination with ICB, leading to a far stronger
antitumor effect than that produced by ICB alone. Thus, the PI3Kβ inhibitor could become a promising
combination therapy with ICB in RHOA 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 survival 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 lowglucose 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 influences on eTreg cells. Yet, it has not been determined whether fatty acid production
by cancer cells is sufficient for Treg cell survival and immunosuppressive function, while increased
fatty acid production in cancer cells may increase lipid availability in the TME (Rohrig and Schulze,
2016). We showed that eTreg cells could take in larger amount of FFAs provided by the RHOA-mutated
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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 immunosuppressive 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 tissue, 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 show that RHOA mutations establish an immunosuppressive TME
characterized by eTreg cell infiltration regardless of the non-inflammatory TME in humans. The
immunosuppressive microenvironment of RHOA Y42 mutated-GCs is induced by reduced levels of
effector T cell-recruiting chemokines and increased production of FFAs via the activation of PI3KAKT 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 proliferation and survival of cancer cells but also in the
development of an immune escape-enabling TME, warranting further evaluation of cancer
immunotherapies combined with molecular-targeted therapies against driver gene alterations.
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Figure
Figure 1. RHOA Y42 mutated-GCs harbor high eTreg cell infiltration regardless of the
noninflamed status of the TME.
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(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 population is >20%. Red,
RHOA Y42C; black, other representative driver gene alterations; and gray, EBV. (B and C)
Representative contour plots of eTreg cells in eighty-five 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. (F) CD8A and FOXP3 expression (left and middle) and
the ratio of FOXP3 to CD8A expression (right) in advanced GC samples according to RHOA 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). MT, mutation; WT, wild-type; NC, negative
control.
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Figure 2. RHOA Y42C reduces CXCL10, CXCL11, and IRF1 expression via the activation of
PI3K-AKT signaling pathways.

(A) RHOA WT or RHOA Y42C was retrovirally transduced into two human GC cell lines (MKN1 and
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MKN45) and two murine gastrointestinal cell lines (MC-38 and CT26-NY-ESO-1) (upper). RHOA
Y42C was retrovirally transduced into MKN1Y42C (lower). Representative blots of Rhotekin pulldown
assays from three independent experiments are shown. (B) MKN1WT and MKN1Y42C 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. (C) CXCL10 and CXCL11
expression in RHOA WT- or Y42C-overexpressing cell lines was examined with real-time qRT-PCR.
Fold changes relative to the RHOA WT-overexpressing cell lines are shown. (D) The concentrations
of CXCL10 and CXCL11 in the culture of RHOA WT- or Y42C-overexpressing cell lines were
analyzed by ELISA. RHOA WT- and Y42C-overexpressing cell lines were cultured with RPMI
medium containing 10% FBS. Forty-eight hours later, the concentrations of CXCL10 and CXCL11
were examined. (E) IRF1 expression in RHOA WT- or Y42C-overexpressing cell lines was evaluated
with real-time qRT-PCR. Fold changes relative to the RHOA WT-overexpressing cell lines are shown.
(F and G) The protein expression of PI3K-AKT signaling pathways in RHOA WT- or Y42Coverexpressing cell lines was examined by western blotting (F, upper). MC-38WT or MC-38Y42C cells
(1.0 × 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, lower). Summary of quantified IRF1 (IRF1/β-actin) expression in Y42C-overexpressing
cell lines relative to that in RHOA WT-overexpressing 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 culture medium of MKN1WT or MKN1Y42C were
analyzed by ELISA. MKN1WT or MKN1Y42C were cultured with RPMI medium containing 10% FBS.
Forty-eight hours later, the concentrations of CCL1, CCL17, and CCL22 were examined. β-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; and MT, mutation; WT, wild-type.
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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
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expression in advanced GC samples according to RHOA gene status was examined by real-time qRTPCR. (C) FASN expression in RHOA WT- or Y42C-overexpressing cell lines was analyzed with realtime qRT-PCR. Fold changes relative to the RHOA WT-overexpressing cell lines are shown. (D and
E) The protein expression of mTORC1 signaling pathway components in RHOA-overexpressing cell
lines was examined by western blotting (D). Summary of quantified FAS (FAS/β-actin) expression in
Y42C-overexpressing cell lines relative to that in RHOA WT-overexpressing 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). RHOA-overexpressing cell lines were
cultured with RPMI medium containing 10% lipids-without FBS. Forty-eight hours later, the
concentrations of FFAs were examined. (G) MC-38WT, MC-38Y42C, CT26-NY-ESO-1WT or CT26-NYESO-1Y42C cells (1.0 × 106) were injected subcutaneously into C57BL/6 mice on day 0 (N = 3 per
group). Tumor interstitial fluids were extracted from the RHOA-overexpressing MC-38 and CT26-NYESO-1 tumors on day 12. Total FFAs in the interstitial fluids of the RHOA WT- or RHOA Y42Coverexpressing 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 concentration of
palmitate-BSA. Seventy-two hours later, the PBMCs were subjected to FCM. Means from three
independent experiments are shown. β-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.
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MC-38 cells (1.0 × 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)
and MFI 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. (D and E) The expression
of FFA metabolism-related molecules (CD36, CPT1A, PPARα, and PPARγ) 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 (1.0 × 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 or MC-38Fasn cells (1.0 × 106)
were injected subcutaneously into C57BL/6 mice 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 day12 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 (1.0 × 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. NC, negative control;
bars, mean; error bars, SEM; and **, P < 0.01.
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Figure 5. RHOA Y42C promotes 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
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YTN16Y42C (1.0 × 106) 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 (1.0 × 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. (F-K) MC-38WT, MC-38Y42C (F-K), YTN16WT or YTN16Y42C cells (F and
G) (1.0 × 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, PPARα,
and PPARγ) 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) and MFI 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 Y42C tumors induce the resistance to anti-PD-1 mAb
treatment.

(A-C) MC-38WT or MC-38Y42C cells (1.0 × 106) were injected subcutaneously into C57BL/6 mice on
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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. β-galactosidase/H-2Kb
tetramer staining served as a control. (D-K) shNC or shFasn was lentivirally transduced into MC38Y42C cells. Representative blots of FAS from three independent experiments are shown (D). (E-J)
MC-38Y42C-shNC or MC-38Y42C-shFasn cells (1.0 × 106) were injected subcutaneously into C57BL/6
mice on day 0. Tumor interstitial fluids or TILs were extracted from the MC-38Y42C-shNC or MC38Y42C-shFasn tumors on day 12. (E) Total FFAs in the interstitial fluids of the MC-38Y42C-shNC or
MC-38Y42C-shFasn tumors were evaluated by the Free Fatty Acid Quantification Kit (N = 4 per group).
(F-J) TILs on day 12 were subjected to FCM. (F-J) 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 = 11 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 histograms (I) and summaries (G, H, and J) are shown. (K) MC-38Y42C-shNC or MC38Y42C-shFasn cells (1.0 × 106) were injected subcutaneously into C57BL/6 mice on day 0, and antiPD-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 (1.0 × 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. (LN) 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 TME was 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 (1.0 × 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 PI3Kβ inhibitor or anti-CTLA-4 mAb overcomes the resistance
of RHOA Y42C tumors to anti-PD-1 mAb.

(A-G) MC-38Y42C cells (1.0 × 106) were injected subcutaneously into C57BL/6 mice on day 0, and
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GSK2636771 was orally administered for five 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.
(H-J) MC-38Y42C cells (1.0 × 106) were injected subcutaneously into C57BL/6 mice on day 0. The
mice were treated with anti-PD-1 mAb (intravenously, on days 6, 11, and 16) and/or GSK2636771
(orally, for five days) (N = 12 per group). The tumor growth curves of the indicated groups are shown
in (H). TILs were prepared from tumor tissue samples on day 12, and tumor antigen-specific CD8+ T
cells were detected by MuLV p15E/H-2Kb tetramers (N = 12 per group). Representative contour plots
(I) and summary (J) are shown. β-galactosidase/H-2Kb tetramer staining served as a control. (K) MC38Y42C cells (1.0 × 106) were injected subcutaneously into C57BL/6 mice on day 0. These mice were
treated with anti-PD-1 mAb (intravenously, on days 6, 11, and 16) and/or anti-CTLA-4 mAb
(intravenously, 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; PI3Kβi, PI3Kβ inhibitor; *,
P<0.05; **, P < 0.01; and ns, not significant.
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STAR Methods
CONTACT FOR REAGENT AND RESOURCE SHARING
Further information and requests for resources and reagents should be directed to and will be fulfilled
by the Lead Contact, Hiroyoshi Nishikawa (hnisihika@ncc.go.jp).

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Patients and samples
Twenty-three patients with GC who underwent surgical resection at National Cancer Center Hospital
East between 2015 and 2016 and ninety-five patients (eighty-five patients for immunological analysis,
seven patients for BODIPY analysis and three patients with RHOA mutations who received anti-PD-1
mAb) with advanced GC who underwent endoscopic biopsy were enrolled in this study (summarized
in Tables S1-S4). PBMCs were isolated by density gradient centrifugation with Ficoll-Paque (GE
Healthcare, Chicago, IL). To collect TILs, tumor tissue samples were minced and treated with
gentleMACS Dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) as described previously
(Saito et al., 2016; Tada et al., 2018). All patients provided written informed consent before sampling,
according to the Declaration of Helsinki. This study was performed in a blinded manner and was
approved by the National Cancer Center Ethics Committee.

Cell lines and reagents
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MKN1 and MKN45 human GC cell lines were obtained from the Japanese Collection of Research
Bioresources (JCRB; Osaka, Japan; JCRB Cat#JCRB0252, RRID: CVCL_1415) and American Type
Culture Collection (ATCC; Manassas, VA; ATCC Cat#CRL-1739, RRID: CVCL_0434), respectively.
MC-38 and CT26 mouse colon cancer cell lines were obtained from Kerafast (Boston, MA;
Cat#ENH204, RRID: B288) and ATCC (Cat#CRL-2638, RRID: CVCL_7254), respectively. YTN16
mouse gastric adenocarcinoma cell line was developed as describe previously (Yamamoto et al., 2018).
CT26-NY-ESO-1 cell line is a cell line derived from CT26 cells stably transfected with NY-ESO-1
(Muraoka et al., 2010). All cell lines were maintained in RPMI medium (Fujifilm Wako Pure Chemical
Corporation, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS; Biosera, Orange, CA).
The human RHOA (wild-type or Y42C mutation)-overexpressing cell lines were established via
retroviral transduction using a pBabe-puro vector (Addgene, Cat#1764, Cambridge, MA) or a
pMMLV-neo vector (VectorBuilder, Chicago, IL). The murine Fasn-overexpression cell line was
established with retroviral transduction using a pMMLV-neo vector (VectorBuilder). The murine Fasn
knocked-down cell lines were established by lentiviral transduction using SMARTvector lentiviral
shRNA (Horizon Discovery, Cambridge, UK) and growth from a single clone. GSK2636771 was
obtained from Selleck (Houston, TX). Anti-PD-1 mAb (4H2) was kindly provided by Ono
Pharmaceutical (Osaka, Japan), and anti-CTLA-4 mAb (9H10) was obtained from BioLegend (San
Diego, CA). The control rat IgG mAb (RTK2758) used in the in vivo study was obtained from
BioLegend. The anti-CD36 mAb (JC63.1) and the control mouse IgA (S107) were obtained from
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Abcam (Cambridge, UK).

In vivo animal models
Female C57BL/6, BALB/c, and BALB/c-nu/nu mice (6- to 10-week-old females; CLEA Japan, Tokyo,
Japan) and Foxp3Thy1.1 C57BL/6 mice (6 to 10 weeks old; The Jackson Laboratory, Bar Harbor, MA:
kindly provided by Dr. Alexander Rudensky in Memorial Sloan Kettering Cancer Center, NY, NY)
were used for the in vivo studies. Animal care and experiments were conducted according to the
guidelines of the animal committee of the National Cancer Center after approval by the Ethics Review
Committee for Animal Experimentation of the National Cancer Center. A suspension of 1 × 106 cells
(in 100 μL of PBS) was subcutaneously inoculated. In some groups, anti-PD-1 mAb (200 μg/body)
was administered intravenously three times at five-day intervals with or without GSK2636771 (30
mg/kg) administered orally for five days. In other experiments, anti-CD36 mAb (10 μg/body) was
administered intravenously daily combined with or without anti-PD-1 mAb, and anti-CTLA-4 mAb
(100 μg/body) was administered intravenously three times at five-day intervals combined with or
without anti-PD-1 mAb. Tumor volume was calculated as the length × width2 × 0.5. Mice were
monitored twice a week and sacrificed when tumor volume was >1800 mm3. For TIL analyses, tumors
were collected twelve days after tumor cell injection. Cell counts were calculated with FCM and cell
counts per weight were evaluated. To examine antigen-specific CD8+ T cells, T-Select H-2Kb MuLV
p15E Tetramer-KSPWFTTL-APC (MBL, Nagoya, Japan) was used according to the manufacturer’s
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instructions. For intracellular cytokine assays, cells were stimulated for 5 hours with phorbol 12myristate 13-acetate (PMA; 100 ng/mL)/ionomycin (2 μg/mL) (Sigma-Aldrich, St. Louis, MO).
GolgiPlug reagent (1.3 μl/mL) (BD Biosciences, Franklin Lakes, NJ) was added for the last 4 hours of
culturing, and then stained cells were subjected to FCM. All in vivo experiments were performed at
least twice.

RNA-seq
Total RNA was extracted with an RNeasy Mini Kit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions. RNA integrity was evaluated with TapeStation (Agilent Technologies,
Santa Clara, CA). Complementary DNA (cDNA) was prepared from the isolated RNA using the
NEBNext Ultra Directional RNA Library Prep Kit (New England BioLabs, Ipswich, MA), in which
cDNA was prepared from polyA-selected RNA. The prepared RNA-seq libraries underwent nextgeneration sequencing of 120 bp from both ends (paired-end reads) with a HiSeq2500 platform
(Illumina, San Diego, CA). For expression profiling with the RNA-seq data, paired-end reads were
aligned

to

the

hg38

human

genome

assembly

using

TopHat2

(https://ccb.jhu.edu/software/tophat/index.shtml) (Kim et al., 2013). The expression level of each
RefSeq

gene

was

calculated

from

the

(http://cufflinks.cbcb.umd.edu) (Trapnell et al., 2012).
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mapped

read

counts

using

Cufflinks

WES and mutational analysis
DNA was extracted with the QIAmp DNA Mini Kit (QIAGEN) according to the manufacturer’s
instructions. Sequencing libraries were prepared for WES with the NEBNext Ultra DNA Library Prep
Kit (New England BioLabs) according to the manufacturer’s instructions. Adaptor-ligated samples
were amplified with six PCR cycles. The amplified DNA fragments underwent enrichment of the
exonic fragments using the SureSelect Human All Exon Kit v5 (Agilent Technologies). Massively
parallel sequencing of the isolated fragments was performed with a HiSeq2500 platform (Illumina).
Paired-end WES reads were independently aligned to the human reference genome (hg38) using BWA
(Li and Durbin, 2009), Bowtie2 (http://bowtie-bio.sourceforge.net/bowtie2/index.shtml), and
NovoAlign (http://www.novocraft.com/products/novoalign/). Somatic mutations were called using
MuTect

(http://www.broadinstitute.org/cancer/cga/mutect),

SomaticIndelDetector

(http://www.broadinstitute.org/cancer/cga/node/87), and VarScan (http://varscan.sourceforge.net).
Mutations were discarded if (I) the read depth was < 20 or the variant allele frequency (VAF) was <
0.1, (II) they were supported by only one strand of the genome, or (III) they were present in the normal
human genomes in either the 1000 Genomes Project dataset (http://www.internationalgenome.org/) or
our in-house database. Gene mutations were annotated by SnpEff (http://snpeff.sourceforge.net).

Digital PCR and detection of mutations
DNA from eighty-five advanced GC samples were analyzed with digital PCR, using Taqman (Thermo
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Fisher Scientific, Waltham, MA) Rare Mutation Assays for RHOA Y42C or Y42S on QuantStudio®
3D Digital PCR System (Thermo Fisher Scientific). Data was assessed with QuantStudio® 3D Analysis
Suite™ Cloud Software. The automatic call assignments for each data cluster where manually adjusted
when needed. The analysis of digital PCR data was performed blinded to the clinical information by
two independent investigators (S.K. and Y.T.). The result of the assay was reported as mutant allele
frequency (MAF) which was defined as the ratio of mutant DNA molecules per the sum of wild-type
DNA molecules and mutant DNA molecules. Samples were considered as positive when MAF was
greater than 1.0%.

Gene expression data analysis
Hierarchical cluster analysis of our RNA-seq dataset was performed according to previously reported
gene sets using the statistical software R version 3.1.1 (R Foundation for statistical computing, Vienna,
Austria); CD4+ Treg cells, CD8+ T cell, co-stimulation APC and T cell, co-inhibition APC and T cell,
and cytolytic activity (Rooney et al., 2015). Enriched pathways were determined using the GSEA tool
available from the Broad Institute website. Hallmark gene sets were downloaded from the MSigDB
database (Subramanian et al., 2005).

FCM analysis
FCM staining and analysis were performed as described (Tada et al., 2018; Takeuchi et al., 2018). The
45

antibodies used in the FCM analyses are summarized in Key Resource Table. Cells were washed with
a washing solution and subjected to staining with surface antibodies and a fixable viability dye
(Thermo Fisher Scientific). Then, intracellular staining was performed with intracellular antibodies
and the Foxp3/Transcription Factor Staining Buffer Set (Thermo Fisher Scientific) according to the
manufacturer’s instructions. After washing, the cells were analyzed with an LSR Fortessa or
Symphony instrument (BD Biosciences) and FlowJo software (BD Biosciences).

BODIPY or 2-NBDG analysis
For assessment of fatty acid uptake, fatty acid content, and glucose uptake, cells isolated from blood
and tumor tissue were immediately incubated with 0.5 μM BODIPY FL C16, 0.5 μM BODIPY 493,
or 100 μM 2-NBDG, respectively, (Thermo Fisher Scientific) for 30 min at 37°C. The cells were
washed twice with cold PBS and subsequently subjected to FCM.

Apoptosis analysis
Apoptosis was assessed by FCM with FITC-annexin V, 7-AAD (Thermo Fisher Scientific), and active
caspase-3 staining. The dilution of the staining reagents was performed according to the
manufacturer’s instructions.

Proliferation analysis
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Proliferation was evaluated by dilution of Carboxyfluorescein succinimidyl ester (CFSE, Thermo
Fisher Scientific)-labelled cells with FCM. The dilution of the staining reagents was performed
according to the manufacturer’s instructions.

IHC
Multiplexed fluorescent IHC was performed with the Tyramide Signal Amplification method using the
Opal IHC kit (PerkinElmer, Waltham, MA) according to the instructions provided by the manufacturer.
Anti-human CD8 (clone C8/144b, DAKO, Glostrup, Denmark), anti-human CD4 (clone 4B12,
DAKO), anti-human CD3 (clone SP7, Abcam), and anti-human FOXP3 (clone 236A/E7, Abcam)
mAbs were used for primary staining. A horseradish peroxidase-labelled secondary detection system
(EnVision plus, DAKO) was employed as a catalyst for fluorophore-conjugated tyramide. Multiplexed
fluorescence-labelled images of randomly selected fields (669 x 500 μm each) were captured with an
automated imaging system (Vectra ver. 3.0, PerkinElmer). Image analysis software (InForm,
PerkinElmer) was used to segment cells and define specific phenotypes. Cells positive for CD8, CD4,
and FOXP3 were counted in five high-powered microscopic fields (400x; 0.0625 mm2), and their
averages were calculated. Two researchers (S.K. and E.S.) independently evaluated the stained slides.

Real-time qRT-PCR and microarray
RNA was extracted using the RNeasy Mini Kit (QIAGEN), cDNA was generated using SuperScript
47

VILO (Thermo Fisher Scientific), and real-time qRT-PCR was performed with Taqman Gene
Expression reagents (Thermo Fisher Scientific) (for clinical samples) or SYBR Green reagents
(Thermo Fisher Scientific) (for non-clinical samples) using the QuantStudio 7 Flex Real-Time PCR
System (Thermo Fisher Scientific). Gene expression changes relative to the expression of 18S
ribosomal RNA, which was used as a housekeeping gene, were calculated using the DDCT method.
Microarray analyses were performed with the Clariom S array according to the manufacturer's
instructions (Thermo Fisher Scientific). The primers used in this study are listed in Key Resources
Table.

ELISA
The concentrations of human CXCL10, CXCL11, CCL1, CCL17, and CCL22 and of murine CXCL10
and CXCL11 were examined with specific sandwich ELISAs according to the manufacturer’s
instructions (R&D Systems, Minneapolis, MI).

Western blotting
Sub-confluent cells or tumors were washed with PBS and harvested with M-PER (Thermo Fisher
Scientific). Whole-cell lysates were separated by SDS-PAGE and blotted onto a polyvinylidene
fluoride membrane. After blocking, the membrane was probed with the primary antibody. After rinsing
twice with a TBS buffer, the membrane was incubated with a horseradish peroxidase-conjugated
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secondary antibody and washed, followed by visualization using an ECL detection system and a LAS4000 (GE Healthcare, Chicago, IL). The antibodies used for western blotting are summarized in Key
Resource Table. Each band intensity is given relative to the corresponding band intensity of β-actin
and was quantified by ImageJ (ver1.51).

Rhotekin binding assays
The amount of the GTP-bound form of the RHOA protein was evaluated with a RhoA Activation Assay
kit (Cytoskeleton) (Denver, CO) according to the manufacturer’s instructions. Briefly, a cell lysate was
incubated at 4°C for one hour with a GST fusion protein containing the RHO-binding domain of
rhotekin (GST-RBD) immobilized on glutathione-Sepharose beads. After washing, the bead-bound
proteins were fractionated with SDS-PAGE and immunoblotted with an anti-RHOA antibody. The total
cell lysate was also blotted with the anti-RHOA antibody to assess the fractional ratio of rhotekinbound RHOA protein.

Assay measuring the FFA concentration or the Glucose concentration
To quantify the FFA concentration in culture medium, all the cell lines were maintained in RPMI
medium supplemented with 10% lipids without FBS (Biowest, Nuaillé, France). Plasma was
subtracted from blood and interstitial fluids from tumors were collected by centrifugation as previously
described (Wiig et al., 2003). The concentrations of total FFAs or glucose were assessed with the Free
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Fatty Acid Quantification Kit (BioVision, Zurich, Switzerland) or the Glucose Assay Kit (BioVision).
The concentrations of FFA species were determined by LC-MS.

LC-MS assay for FFA species
LC-MS assay was employed to determine the FFA species concentrations in culture medium. LC was
performed with an LC-20ADXR ternary pump system equipped with a DGU-20A5R degassing unit,
an SIL-20AC autosampler, and a CTO-20AC column oven (Shimadzu Co., Ltd., Kyoto, Japan). The
LC system was coupled with an LTQ Orbitrap XL hybrid linear ion trap-Fourier transform mass
spectrometer (Thermo Fisher Scientific). FFAs were detected by obtaining the extracted ion
chromatograms of the deprotonated ions ([M-H]-) at a mass tolerance of 10 ppm. Instrument control,
data acquisition, and data processing were achieved using Xcalibur 2.1.0 software (Thermo Fisher
Scientific).

PBMC culture with palmitate
Palmitate (Nacalai Tesque, Kyoto, Japan) or oleate (Fujifilm Wako) was dissolved in 100% ethanol at
200 mM and conjugated to fatty acid-free BSA at a 5:1 molar ratio at a final concentration of 8 mM
palmitate- or oleate-BSA by vortexing at 37°C for 3-4 hours with sonication. CD45RA−CD25highCD4+
T cells (eTreg cells), CD45RA−CD25−CD4+ T cells (conv CD4+ T cells), and CD8+ T cells were sorted
from PBMCs of healthy individuals using FACSAria Fusion (BD Biosciences). A total of 1 × 10 5
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whole PBMCs or a total of 1 × 104 each sorted T cell subset in the presence of 1 × 105 irradiated APCs
were stimulated with anti-CD3 mAb (clone: OKT3) and anti-CD28 mAb (clone: CD28.2) and cultured
in glucose-free RPMI medium (Thermo Fisher Scientific) supplemented with 10% lipids without FBS
(Biowest, Nuaillé, France), 10 IU/ml IL-2, 20 ng/ml IL-7, 1 mM glucose, and the indicated
concentration of palmitate- or oleate-BSA.

PBMC co-culture with cancer cells
MKN1WT or MKN1Y42C cells were cultured for seven days in glucose-free RPMI medium (Thermo
Fisher Scientific) supplemented with 10% lipid-without FBS (Biowest) under low-glucose (3 mM)
condition. eTreg cells, conv CD4+ T cells, and CD8+ T cells were sorted from PBMCs of healthy
individuals using FACSAria Fusion (BD Biosciences). A total of 1 × 104 sorted T cell subsets were
stimulated with anti-CD3 mAb and anti-CD28 mAb and cultured with 1 × 105 irradiated APCs in the
same wells of MKN1WT or MKN1Y42C cells, supplemented with 10 IU/ml IL-2 and 20 ng/ml IL-7,
without contact with cancer cells.

Suppression assay
CD45RA−CD25highCD4+ T cells (eTreg cells) were sorted from PBMCs using FACSAria Fusion (BD
Biosciences). A total of 1 × 104 CFSE-labelled (1 μM) responder CD8+ T cells (Tresp cells) from
PBMCs or TILs were cocultured with/without unlabelled eTreg cells in the presence of 1 × 105
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irradiated APCs and 0.5 g/ml anti-CD3 mAb

(clone: OKT3) under the indicated condition of culture

medium. Proliferation was assessed four days later by dilution of CFSE-labelled cells with flow
cytometry.

QUANTIFICATION AND STATISTICAL ANALYSIS
GraphPad Prism7 (GraphPad Software, San Diego, California, USA) or R version 3.1.1 (R Foundation
for Statistical Computing, Vienna, Austria) was used for statistical analysis. The relations between
groups were compared using a t-test or the nonparametric Mann-Whitney U test. The relations between
tumor volume curves were compared using a two-way ANOVA test. Survival was analyzed by the
Kaplan-Meier method and was compared with log-rank test. P values < 0.05 were considered
statistically significant. For multiple testing, Bonferroni method was employed.
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