
 
PGE2はがん免疫の代謝バリアーを誘導する 

―PGE2はヒトがんに浸潤した免疫細胞のエネルギー代謝を抑制し不活化する― 
 

概要 
 プロスタグランジン(PG)は、それを阻害するアスピリンが癌の発症進展を抑制することから、癌の促進に
働くと考えられ、これまでに様々な作⽤が提唱されています。しかし、実際のヒトの癌で PG、特に主要な
PG である PGE2、がどう働くかは不明です。京都⼤学⼤学院医学研究科の成宮周特任教授、Siwakorn 
Punyawatthananukool 研究員らのグループは、京⼤病院の乳癌、卵巣癌、⼤腸癌の患者様各 5 ⼈の⼿術標本
より癌浸潤免疫細胞を単離し、合計 86,613 個の細胞の単⼀細胞 RNA シークエンス解析を実施しました。そ
の結果、PGE2は、癌に浸潤してきた抗癌活性を発揮する T 細胞や M1 様マクロファージの EP4 受容体に働
き、これら細胞のエネルギー代謝を障害し、増殖・移動・抗癌活性を阻害して免疫抑制に働くことが分かり
ました。即ち、癌微⼩環境では PD-1 などが働く免疫学的バリアーに加えて PGE2が働く代謝バリアーが存在
し、これらが相俟って免疫細胞を抑制し、癌の進展に働くと考えられます(下図)。現在、EP4 阻害薬の固形
癌に対する治験が進⾏中であり、今回の結果はこれら治験の戦略にも影響を及ぼすと思われます。 
 本研究成果は、2024 年 11 ⽉１⽇に、英国の国際学術誌「Nature Communications」にオンライン出版さ
れました。 
 

癌微⼩環境で免疫抑制に働く２つのバリアー 
  

PGE2-EP4 経路 代謝バリアー EP4 阻害薬

PD-L1-PD1 経路 免疫学的バリアー 抗PD-1抗体

抗癌T細胞

抗腫瘍活性

M1様マクロファージ

M1様マクロファージ

癌微⼩環境

炎症



 
 

１．背景 
 アスピリンなどの抗炎症薬が癌の発症を減少させるとともに発症した癌の進⾏を遅らせることはよく知ら
れています。これは、これらの薬物が産⽣を阻害するプロスタグランジン(PG)、なかでも癌の中で主要な PG
である PGE2、が癌の促進に働くためと考えられ、これまでに様々な PGE2 の作⽤メカニズムが動物実験を元
に提唱されています。しかし、実際のヒトの癌で PGE2 がどのように働いているかは不明です。本研究では、
実際のヒトの癌の患者さんの⼿術標本をもとにその点の解明を⽬指しました。 
 
２．研究⼿法・成果 
① 京⼤病院の乳がん、卵巣がん、⼤腸がんの患者さん各 5 ⼈の⼿術標本よりがん浸潤免疫細胞を単離し、合
計 86,613 個の細胞の単⼀細胞 RNA シークエンス解析を実施しました(下左図；各点が⼀個の細胞を表す。細
胞の種類毎に分けた結果を⽰す)。その結果、まず、これらの細胞では PGE2の４種の受容体のうち EP4 が強
く発現していることが明らかになりました。ついで、EP4 発現が⾼い細胞と低い細胞での RNA 発現を⽐較し
て、EP4 発現がミトコンドリア遺伝⼦、解糖系遺伝⼦、リボゾーム遺伝⼦の発現と逆相関していることを⾒出
しました。この傾向は、抗癌活性を担う CD8+ T 細胞とともに M１様マクロファージでも⾒られました（下
右図；CD8+ T 細胞の結果を⽰す）。 

 
② 上記の結果は、PGE2-EP4経路が、癌浸潤免疫細胞でミトコンドリアや解糖系を抑制しエネルギー代謝を
障害することを⽰唆しています。マウスの癌モデルでも似た傾向が⾒られたため、マウスに EP4 阻害薬と EP4
と類似のシグナル伝達を起こす EP2 阻害薬を合わせて投与し、これがどうなるかを検討しました。その結果、
EP4/EP2 阻害薬投与で、エネルギー代謝の活性化がおこり、免疫細胞が活性化され、癌の進展が抑制される
ことが分かりました。 
 
③ そこで、これらの結果を受けて、CD8+T 細胞の培養系で PGE2を添加して、その効果を調べるとともに、
これらの効果発現に⾄るシグナル伝達経路を解析しました。その結果、これら T 細胞が活性化されると
EP2/EP4 受容体が誘導され、そこに PGE2 が働くとこれら細胞でのインターロイキン２経路のシグナル伝達
が障害され、その下流にある Mycと PGC1 という 2つの転写因⼦の存在量が低下、ミトコンドリア遺伝⼦、

PTGER4 was expressed abundantly by TIM_C1QA, followed by TIM_V-
CAN, while PTGER2 expression was detected in TIM_VCAN (Fig. 3b).
Again, PTGER4wasexpressed in only fractions of cells in these clusters,
suggesting that it was expressed in a cell-context-dependent manner
also in myeloid cells. We therefore divided cells in each cluster into
PTGER4hi, PTGER4int, PTGER4lo and PTGER4un populations (Fig. 3c), and
carried out DEG analysis between PTGER4hi and PTGER4lo groups of
TIM clusters, first total TIMs and then TIM_C1QA cluster that highly
expresses PTGER4 (Fig. 3d). GSEA of the DEG data obtained in total
TIMs indicates that EP4 expression is associated with upregulation of
TNFA Signaling via NFkB and Inflammatory Response and with
downregulation of MYC_Targets and Oxidative _Phosphorylation
(Fig. 3e). Consistently, EP4 expression is associated positively with
expression of AP-1 genes and expression of several components of

NFκB signaling (Fig. 3f, left). Given TNF-α as both inducer and product
of theM1-like state ofmyeloid cells29,30, these results suggest that EP4 is
expressed in the activated M1-like state of myeloid cells. Intriguingly,
however, similar to our findings in CD8+ T cells, EP4 expression is
inversely associated with the expression of various OXPHOS genes
encoding Complex I, III, IV and V components in the electron transport
chain and genes encoding RP of the large and small subunits (Fig. 3f,
left and Supplementary Fig. 5b, c). DEG analysis of TIM_C1QA cluster
showed similar EP4-associated gene expression signatures
(Fig. 3f, right).

The above findings thus demonstrate inverse correlation of
OXPHOS, RP and Myc target gene expression with EP4 expression not
only in T cells but in myeloid cells infiltrating human tumors. We
wondered if this relation is limited to EP4or sharedby EP2 because EP2
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Fig. 1 | Immune landscapeofPGE2 signaling inTMEofhumancancers. aUniform
manifold approximation and projection (UMAP) visualization of single-cell RNA
sequencing (scRNAseq) data of tumor immune infiltrates (n = 15 patients, total of
86,613 cells). Clusters are colored corresponding to the annotated immune cell
types. b Heatmap showing the expression of canonical marker genes used to
annotate the immune cell clusters. c UMAP plots displaying gene expression of
COX-1 (PTGS1) andCOX-2 (PTGS2) and four cognatePGE receptors,PTGER1-4.dDot
plot indicating the fraction of cells expressing PTGS1, PTGS2, and PTGER1-4 in the
immune cell clusters. e H&E staining and immunostaining for CD45, COX1, and
COX2 in human breast cancer (BRCA), colorectal cancer (CRC), and ovarian cancer

(OVCA). The scale bar is 50 µm. The curved dotted lines in the hematoxylin and
eosin (H&E) images outline the boundary between the tumor nests (N) and the
stroma (S). Blue arrowheadspoint tomyeloid cellswithin the tumor nests (N),while
red arrows indicate myeloid cells within the inflamed peritumoral stroma in breast
(upper) and colon cancers (middle). In ovarian cancer (lower), blue arrowheads
point tomyeloid cells within the tumor nests (N), while red arrowspoint tomyeloid
cells within the inflamed intertumoral stroma (S), specifically within the papillary
proliferations of serous carcinomas. A total of 24, 32, and 17 sections were stained
for H&E, COX1, and COX2, respectively. Similar findings were observed across all 15
patients. See Supplementary Table 2. Source data are provided as a SourceDatafile.
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and EP4 bind PGE2 and are similarly coupled to Gs signaling8 but are
suggested with distinct kinetics and intensity of signal transduction31.
Since EP2 is expressed in the smaller fractions of cells in both lym-
phocyte andmyeloid cell clusters,wedivided them into EP2hi, EP2lo and
EP2un groups.We then performedDEG analysis between EP2hi and EP2lo

cells across all the patients. We found that EP2 expression is also
associated with the downregulation of OXPHOS and RP genes in not
only CD8+ and CD4+ T cells but also TIMs and DCs, albeit to less extent
compared to EP4, likely due to very small cell numbers and compar-
ison between the upper and lower halves (Supplementary Fig. 6). EP2
expression is also associated with expression of some cell activation
marker genes. These results suggest that activation of EP2 and EP4
induces a similar phenotype, but EP4 appears to play a dominant role
in TME of human tumors.

Furthermore, since our cohort is dominated by female patients
(Supplementary Table 1), we wished to confirm our findings on the
EP4-associated gene expression signature in another cohort with a
balanced gender ratio. To this end, we analyzed a publicly available
scRNAseq dataset from a study on 62 CRC patients, which studied
microsatellite mismatch repair (MMR) proficient and deficient tumors
from 28 and 34 patients with a 17/11 and 13/21 male/female ratio,
respectively32. We chose cells with less than 10% mitochondrial genes
for our analysis and analyzed 175,451 cells containing immune cells as

well as tumor and stromal cells for cluster analysis. We then used
Microbeads-isolated CD45+ cells, performed DEG analysis between
EP4hi and EP4lo cells in each immune cell cluster and found that a
notable number of patients exhibited downregulation of expression of
OXPHOS and RP genes in EP4hi fraction of CD8+ T cell and TIM clusters
(Supplementary Fig. 7). There is no difference in expression between
male and female patients.

Reduced OXPHOS and RP gene expression of tumor-infiltrating
immune cells in LLC1 mouse tumor and its reversal by the
intervention of EP2 and EP4
The above results showed that expression of EP4 and EP2 is associated
inversely with expression of OXPHOS and RP genes, and that this
association is not limited to T cells but is a character common to
immune cells infiltrating human tumors. However, it remained
unknown whether this is a mere association or reflects a causative
relationship. It was also unclear whether such a change in gene
expression causes functional alterations. To address these issues, we
revisited our experiment on LLC1 mouse tumor, in which we treated
tumor-bearing mice daily with vehicle or EP2 and EP4 antagonists in
combination (EP2/EP4i) for 1.5 and 6 days and performed scRNAseq
analysis in tumor-infiltrating immune cells to compare gene expres-
sion between the two conditions20 (Fig. 4a). An EP2 antagonist and an
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Fig. 2 | Unique gene expression signature of PTGER4hi CD8+ T cells in human
cancer. a UMAP projection displaying CD8+ T cell subsets (n = 26,709 cells).
b Schematic of the PTGER4 group classification algorithm (top) and a violin plot
illustrating PTGER4 expression in each PTGER4-expressing group of total CD8+

T cells population (bottom). c The percentage of each CD8+ T cell subset in dif-
ferent PTGER4-expressing groups (left) and the percentage of each PTGER4-
expressing group in each CD8+ T cell subset (right). d Distribution of upregulated
and downregulated genes in PTGER4hi compared to PTGER4lo CD8+ T cells in a total
of 15 patient samples. e Gene set enrichment analysis (GSEA) of differentially
expressed genes (DEGs) between the PTGER4hi and PTGER4lo groups in total CD8+

T cells for the pathways of interest: HALLMARK_IL2_STAT5_SIGNALING, HALL-
MARK_OXIDATIVE_PHOSPHORYLATION, and HALLMARK_MYC_TARGETS_V1. P-
values were calculated using the adaptive multilevel splitting Monte Carlo
approach and adjusted using the Benjamini–Hochberg procedure. NES normalized
enrichment score. f Heatmap displaying log2 fold change in expression levels of
DEGs between the PTGER4hi and PTGER4lo total CD8+ T cells. The canonical genes in
T cell activation, NFκB components, TCR and IL-2 signaling, mitochondrial oxida-
tive phosphorylation (OXPHOS) and ribosomal proteins (RP) are shown. Source
data are provided as a Source Data file.
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解糖系遺伝⼦、リボゾーム関連遺伝⼦の転写が減少して、これら細胞の増殖・移動・抗腫瘍活性を阻害して免
疫抑制に働いていることが明らかになりました。下図は、そのメカニズムを図⽰したものです。 

 
④ 以上の結果から、腫瘍微⼩環境では PD-1 などが働く免疫学的バリアーに加えて PGE2が働く代謝バリア
ーが存在し、これらが相俟って免疫細胞の活性を抑え、抗腫瘍免疫を不活化するメカニズムがあることが明ら
かになりました。 
 
３．波及効果、今後の予定 
 最初に述べたアスピリンの抗癌効果発⾒以来、この作⽤を臨床応⽤しようという試みは繰り返し⾏われてい
ます。しかし、アスピリンを含む NSAIDsの胃腸障害作⽤や COX2 阻害薬の⼼⾎管系毒性などにより、これま
で実現に⾄っていません。それに代わるものとして、PGE2 の経路を遮断しようという試みがなされ、担癌動
物を⽤いた治療実験で EP4 阻害薬の有効性が⽰され、現在、EP4 阻害薬は、いくつかの固形がんに対して治
験が世界各国で⾏われています。今回の結果は、ヒト癌患者さんでこの薬物が働く仕組みの少なくとも⼀部を
明らかにしたものと⾔え、これら治験の戦略にも影響を及ぼすものと思われます。今後は、今回の発⾒をもと
に、このメカニズムに基づくバイオマーカーの発⾒に努め、EP4 阻害薬が有効な癌患者さんの層別化に役⽴て
たいと考えています。 
 
４．研究プロジェクトについて 
 本研究は、⽂部科学省科学研究費補助⾦（20H00498）、AMED Force 研究費（21gm40100009h0002）及び
京都⼤学と⼩野薬品⼯業株式会社との共同研究費で実施されました。また、スーパーコンピューターは、東京
⼤学ヒトゲノムセンターの SHIROKANE を使⽤させて頂きました。 
 
＜研究者のコメント＞ 
「本研究で⽰されたように、現在は臨床標本をバイアスなく解析して、実際のヒトの病気で何が起こっている
かを探究することが可能になっています。私⾃⾝、⻑年にわたり基礎医学研究をやってきたものですが、今回
この研究で基礎医学研究だけでは分からなかったことが明らかになったことにエキサイトしています。また、
今回の研究が、タイと⽇本の若い研究者が駆動⼒になってなされたことも⾮常に良かったと思います」（成宮） 
 
写真左から成宮、松浦、Siwakorn, Thamrong 

Fig. 9 | PGE2 impairs antitumor activity and infiltration capacity ofCD8+ T cells.
a–cTumor cell killing assay. NaiveOT-1 CD8+ T cells were stimulatedwith anti-CD3/
CD28 Dynabeads in the presence or absence of 100nM PGE2 for 48h and co-
cultured with MC38-OVA cells under the indicated condition with or without
100nM PGE2 (n = 3 per condition). After overnight incubation, flow cytometric
analysis was performed for %Dead MC38-OVA/Total MC38-OVA (a), expression of
IL-2Rα (b), and GZMB (c). Data are mean ± SD. Results are from one of eight (a),
seven (b), and two (c) independent experiments with similar results. a One-way
ANOVAwith Sidak’smultiple comparisons test.b, cOne-wayANOVAwithDunnett’s
multiple comparisons test. d Tumor cell killing assay of caSTAT5a-transfected OT-1
CD8+ T cells. Naive OT-1 CD8+ T cells were stimulated with anti-CD3/CD28 Dyna-
beads and retrovirally transfected with caSTAT5a-pMXs-IG. The caSTAT5a+ GFP+

and caSTAT5a− GFP− cells were FACS-sorted, expanded, and passaged every
3–4 days under 30 IU/ml rIL-2 for 12 days. A total of 4 × 104 IL-2-expanded CD8+

T cells/well and 4 × 104 MC38-OVA cells/well were used for the tumor cell-killing
assay as described above (n = 3 per condition). After overnight incubation, %Dead
MC38-OVA (left), IL-2Rα expression (middle), and TMRM signal (right) were ana-
lyzed. Data aremean ± SD. One-wayANOVAwith Sidak’smultiple comparisons test.
Results are from one of four independent experiments with similar results. e Effect

of metabolic inhibitors on tumor cell killing capacity. Naive OT-1 CD8+ T cells were
stimulated with anti-CD3/CD28 Dynabeads for 48h, washed, and then incubated in
medium containing the indicated metabolic inhibitor(s). MC38-OVA cells were
seeded after CD8+ T cells were incubated for 1 h (n = 3 per condition). After over-
night co-incubation, FACS analysis was performed for OT-1-dependent %Dead
MC38-OVA/Total MC38-OVA (left) and %Live CD8+ T cell/Total CD8+ T cell (right).
Data are mean ± SD. One-way ANOVA with Dunnett’s multiple comparisons test.
Results are from one of five independent experiments with similar results.
f,gAdoptive transfer experiment.MC38-OVAcellswere transplanted to BALB/cSlc-
nu/nu mice. Splenic CD8+ T cells from OT-1 mice or C57BL/6N mice were activated
in the presence or absence of 100 nM PGE2 for 48h and adoptively transferred to
MC38-OVA-bearing mice as indicated. n = 6, except control C57BL/6N CD8, n = 4.
Results are fromone of four independent experiments with similar results. f Tumor
growth. Data is mean± SEM. One-way ANOVA with Sidak’s multiple comparisons
test. g %OVA-tetramer+ CD8+ T cells/CD45+ cells infiltrating the tumor. Data is
mean ± SD. One-way ANOVA with Sidak’s multiple comparisons test. h Schematic
conceptual summary. a–g *P <0.05. **P <0.01, ***P <0.001, ****P <0.0001. Gating
strategies are provided in Supplementary Fig. 15. Source data and exact P-values are
provided as a Source Data file.
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