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cells with mesenchymal features are

responsible for the immunosuppressive

microenvironment in malignant ascites.

MMT-induced mesothelial cells produce

chemokines involved in IMC recruitment

and enhance attachment to the

peritoneum through TNC production as a

scaffold for GC cells, leading to enhanced

peritoneal dissemination.
ll

mailto:jajani@mdanderson.org
mailto:takatsugu.ishimoto@jfcr.or.jp
https://doi.org/10.1016/j.celrep.2023.113613
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2023.113613&domain=pdf


OPEN ACCESS

ll
Article

Mesothelial cells with mesenchymal features
enhance peritoneal dissemination by forming
a protumorigenic microenvironment
Atsuko Yonemura,1,2,3 Takashi Semba,2,3 Jun Zhang,1,2,3 Yibo Fan,4 Noriko Yasuda-Yoshihara,1,2 Huaitao Wang,1,2,3

Tomoyuki Uchihara,1,2 Tadahito Yasuda,1,2 Akiho Nishimura,2,3 Lingfeng Fu,1,2,3 Xichen Hu,1,2,3 Feng Wei,1,2

Fumimasa Kitamura,1,2 Takahiko Akiyama,1,2 Kohei Yamashita,1 Kojiro Eto,1 Shiro Iwagami,1 Masaaki Iwatsuki,1

Yuji Miyamoto,1 Keisuke Matsusaki,5 Juntaro Yamasaki,6,7 Osamu Nagano,6,7 Hideyuki Saya,6,7 Shumei Song,4

Patrick Tan,8 Hideo Baba,1,9 Jaffer A. Ajani,4,* and Takatsugu Ishimoto1,2,3,10,*
1Department of Gastroenterological Surgery, Graduate School of Medical Sciences, Kumamoto University, Kumamoto 860-8556, Japan
2Gastrointestinal Cancer Biology, International Research Center of Medical Sciences (IRCMS), Kumamoto University, Kumamoto 860-0811,

Japan
3Division of Carcinogenesis, The Cancer Institute, Japanese Foundation for Cancer Research, Tokyo 135-8550, Japan
4Department of Gastrointestinal Medical Oncology, The University of Texas MD Anderson Cancer Center, Houston, TX 77030, USA
5Ascites Treatment Center, Kanamecho Hospital, Tokyo 171-0043, Japan
6Division of Gene Regulation, Institute for Advanced Medical Research, School of Medicine, Keio University, Tokyo 160-8582, Japan
7Division of Gene Regulation, Cancer Center, Fujita Health University, Toyoake 470-1192, Japan
8Program in Cancer and Stem Cell Biology, Duke-NUS Medical School, Singapore 169857, Singapore
9Center for Metabolic Regulation of Healthy Aging, Faculty of Life Sciences, Kumamoto University, Kumamoto 860-8556, Japan
10Lead contact
*Correspondence: jajani@mdanderson.org (J.A.A.), takatsugu.ishimoto@jfcr.or.jp (T.I.)

https://doi.org/10.1016/j.celrep.2023.113613
SUMMARY
Malignant ascites accompanied by peritoneal dissemination contain various factors and cell populations as
well as cancer cells; however, how the tumormicroenvironment is shaped in ascites remains unclear. Single-
cell proteomic profiling and a comprehensive proteomic analysis are conducted to comprehensively char-
acterize malignant ascites. Here, we find defects in immune effectors along with immunosuppressive cell
accumulation in ascites of patients with gastric cancer (GC) and identify five distinct subpopulations of
CD45(�)/EpCAM(�) cells. Mesothelial cells with mesenchymal features in CD45(�)/EpCAM(�) cells are
the predominant source of chemokines involved in immunosuppressive myeloid cell (IMC) recruitment.
Moreover, mesothelial-mesenchymal transition (MMT)-induced mesothelial cells strongly express extracel-
lular matrix (ECM)-related genes, including tenascin-C (TNC), enhancing metastatic colonization. These
findings highlight the definite roles of the mesenchymal cell population in the development of a protumori-
genic microenvironment to promote peritoneal dissemination.
INTRODUCTION

Gastric cancer (GC) is the fifth most common cancer in terms of

incidence and the third leading cause of cancer-related death

worldwide.1 GCs are divided into two subtypes according to

Lauren’s classification: intestinal-type GCs (IGCs) and diffuse-

type GCs (DGCs).2 DGCs are characterized by rapid progression

and abundant stroma and are likely to show peritoneal dissemi-

nation. The accumulation of malignant ascites is frequently de-

tected in patients with DGC with peritoneal dissemination.

Although novel treatment options, including immune checkpoint

inhibitors, have been developed and approved for advancedGC,

the response rate of patients with GC with peritoneal dissemina-

tion is still limited.

For the development of peritoneal dissemination from primary

GC in the stomach, GC cells need to survive in the peritoneal cav-
C
This is an open access article under the CC BY-N
ity after penetrating the gastric wall, attach to the peritoneum, and

form tumors. Recent studies using whole-genome sequencing

and transcriptome analyses of purified tumor cells frommalignant

ascites detected unique driver gene alterations and an epithelial-

mesenchymal transition (EMT) phenotype in tumor cells purified

from ascites.1,3 High-resolution imaging analysis of clinical tumor

samples across various histologies revealed that the phenotypic

plasticity conferred to cancer cells by EMT allows adaptation to

cytotoxic or molecular targeted therapy and could create a form

of acquired transient drug resistance.4 Additionally, integrated

molecular profiling in a phase 2 trial of patients with metastatic

GC treated with pembrolizumab (anti-PD-1 antibody) monother-

apy showed that patients with GC with an EMT signature ex-

hibited a poor response to this drug.2

Although unique characteristics such as EMT in ascitic GC

cells have an impact on the survival advantage and the treatment
ell Reports 43, 113613, January 23, 2024 ª 2023 The Author(s). 1
C-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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response, accumulating evidence has shown that the tumor

microenvironment and soluble signals could affect the molecular

features of cancer cells.5,6 Therefore, peritoneal dissemination

could be enhanced by nonmalignant cells, in addition to the inva-

sive characteristics of the cancer cells themselves. Various types

of cells coexist and interact with each other through cell-cell

communication and secreted factors in malignant ascites. How-

ever, the cellular composition in malignant ascites and the role of

nonmalignant cells in peritoneal dissemination have not been

determined.

In the current study, we performed single-cell proteomic anal-

ysis by mass cytometry and liquid chromatography coupled with

tandem mass spectrometry (LC-MS/MS) in addition to single-

cell RNA sequencing to reveal the heterogeneous cell popula-

tions and extracellular components in malignant ascites. More-

over, we established mesothelial cells derived from malignant

ascites and investigated their role in the development of perito-

neal dissemination. We divided CD45(�)/EpCAM(�) cells into

distinct clusters and identified mesothelial cells with mesen-

chymal features involved in forming the immunosuppressive

microenvironment in malignant ascites. In addition, tenascin-C

(TNC) derived from mesothelial cells with mesenchymal features

was found to play an essential role in the attachment and coloni-

zation of GC cells during peritoneal dissemination processes.

Overall, these findings demonstrate the underlying molecular

mechanism involved in the shaping of a tumor-promoting micro-

environment by nonmalignant cells in ascites.

RESULTS

Proteomic profiling identified defects in immune
effectors and the frequent presence of CD45(�)/
EpCAM(�) cells in malignant ascites
To evaluate the characteristics of malignant ascites, we per-

formed single-cell mass cytometry powered by CyTOF technol-

ogy to cluster cell populations using ascites from30 patients with

GC presenting peritoneal dissemination and the ascites of 10 pa-

tients with liver cirrhosis (LC) as a control (Figure 1A; Figures S1A

and S1B). Although these patients with LC, who need to drain

their ascites, often show uncontrollable liver damage and abun-
Figure 1. Attenuated immune surveillance against tumors and the freq

(A) Experimental workflow for mass cytometric analysis of ascites from patients

(B) t-Distributed stochastic neighbor embedding (t-SNE) visualization of the mass

LC or GC.

(C) Boxplots for the percentage of CD4+ T cells, CD8+ T cells, CD11b+/CD163� c

population in ascites from patients with GC or LC. Scatterplots demonstrating Sp

cells in malignant ascites are shown on the right side of the boxplots.

(D) Half violin plots showing the expression of PD-1 in CD4+ T cells or CD8+ T ce

(E) Percentage of CD45(�)/EpCAM(�) cells in nonmalignant cells in ascites from

(F) Scatterplot demonstrating Spearman’s correlation coefficient r of the percent

(G) t-SNE and histogram visualization of CD90 and PDGFRa expression in the c

(H) Violin plots showing the comparison of EpCAM, cytokeratin, calretinin, ICAM

cells in ascites from patients with GC.

(I) Workflow for single-cell RNA sequencing (scRNA-seq) of ascites from patients

(J) scRNA-seq analysis of an unfractionated live-cell mixture from ascites cells. T

UMAP plot.

(K) Expression profiles of EPCAM, KRT8, KRT19, UPK3B,WT1, CALB2, ICAM1, P

of the indicated genes.

The results are displayed as the mean ± standard deviation (SD). *p < 0.05; ***p
dant ascites that is not reduced by diuretics and other drugs, we

utilized them as those with ascites not associated with cancer

(nonmalignant ascites) in the current analyses. As we expected,

EpCAM+ cancer cells were the predominant population in malig-

nant ascites; however, various nonmalignant cells were also de-

tected in malignant ascites (Figure 1B). Although the frequency

of CD4+ or CD8+ T cells was not different between nonmalignant

and malignant ascites, we notably found that CD163+ macro-

phages among the CD45+ hematopoietic cells were more

frequently detected in malignant ascites than in nonmalignant

ascites. Additionally, the abundance of cancer cells was posi-

tively correlated with the abundance of CD163+ macrophages

in malignant ascites (Figure 1C). According to a meta-analysis

of 55 studies, a high density of CD163+ tumor-associated mac-

rophages (TAMs) was associated with worse overall survival in

patients with various types of cancer, including GC.7 Moreover,

CD163-high TAMs contributed to functional and phenotypic im-

mune subversion of tumor-infiltrating T cells, suggesting an ex-

hausted T cell phenotype, in patients with clear cell renal cell car-

cinoma (ccRCC).8 Consistent with the finding in ccRCC tissues,

although PD-1 expression was not significant in CD4+ T cells,

PD-1 expression in CD8+ T cells was significantly higher in ma-

lignant ascites than in nonmalignant ascites (Figure 1D). These

findings suggest that the immune surveillance system is attenu-

ated in the malignant ascites of patients with GC with peritoneal

dissemination.

Subsequently, we focused on the CD45(�)/EpCAM(�) cell

population in ascites. Although this fraction among nonmalig-

nant cells belonged to the mesenchymal cell population, its di-

versity and significance have not been defined. Intriguingly, the

proportion of the CD45(�)/EpCAM(�) cell population was signif-

icantly higher in malignant ascites than in nonmalignant ascites

(Figure 1E). Additionally, the proportions of cancer cells and

CD45(�)/EpCAM(�) cells were positively correlated in malignant

ascites (Figure 1F). Although the CD45(�)/EpCAM(�) cell popu-

lation contained CD90� and platelet-derived growth factor re-

ceptor a (PDGFRa)-rich mesenchymal cells (Figure 1G), we

examined the expression of epithelial (EpCAM and cytokeratin),

mesothelial (calretinin and ICAM-1), and mesenchymal (CD90

and PDGFRa) markers to further determine the cell lineage.
uent presence of CD45(�)/EpCAM(�) cells in malignant ascites

with gastric cancer (GC) or liver cirrhosis (LC).

cytometry analysis results for the cell populations in ascites from patients with

ells, CD11b+/CD163+ cells, and other CD45+ cells in the CD45+/EpCAM� cell

earman’s correlation coefficient r with the percentage of each cell type; cancer

lls in ascites from patients with GC or LC.

patients with GC or LC.

age of CD45(�)/EpCAM(�) and cancer cells in ascites from patients with GC.

lusters of CD45(�)/EpCAM(�) cells in ascites from patients with GC.

-1, CD90, and PDGFRa expression between CD45(�)/EpCAM(�) and cancer

with GC with peritoneal metastasis.

he expression profiles of EPCAM and PTPRC(�)/EpCAM(�) are shown in the

DGFRA, and THY1 are shown in a violin plot with normalized expression levels

< 0.001; NS, not significant.

Cell Reports 43, 113613, January 23, 2024 3



row min row max

Panel
Panel2
Panel3

Patient
GC
LC

Cytokeratin

Control

IL-1β

TGF-β1

IL-1β
+TGF-β1

αSMA

***

0
50

00
0

10
00

00

15
00

00

Integrated intensity

***

0e
+0

0
2e

+0
5

4e
+0

5
6e

+0
5

Integrated intensity

Phase Cytokeratin αSMA
Cytokeratin/ 

αSMA

Control IL-1β+TGF-β1

A

C

F G

J

D

H

I

CyTOF

CyTOF

Ascites

Control

IL-1β

TGF-β1

IL-1β
+TGF-β1

Ctrl-Meso
MMT-Meso

Endothelial cell

B

EpCAM

CD45

GC n=13 First
clustering

CD45-/EpCAM-

Second
clustering

Control IL-1β+TGF-β1

-30 -20 -10 0 10 20 -30 -20 -10 0 10 20

-20

-10

0

10

20

-20

-10

0

10

20

tSNE_1

tS
N

E_
2

*** *** NS.

0.0%

0.2%

0.4%

0.6%

0.8%

0%

30%

60%

90%

Ctrl-Meso MMT-Meso Endothelial cell

Control IL-1β+TGF-β1Control
0%

30%

60%

90%

Pe
rc

en
ta

ge

IL-1β+TGF-β1 Control IL-1β+TGF-β1

0%

10%

20%

Pe
rc

en
ta

ge
 in

As
ci

te
s

0%

25%

50%

75%

100%

Pe
rc

en
ta

ge

-40

-20

0

20

40

-25 0 25 50
tSNE_1

tS
N

E_
2

Mesothelial cell
MSC
Endothelial cell -1
Endothelial cell -2
Endothelial cell -3
Others

E

End
oth

eli
al 

ce
ll

Ctrl-
Mes

o

MMT-M
es

o

-1

-0.5

0

0.5

1ICAM-1
CD90
Calretinin
CD73
Collagen-1
Mesothelin
αSMA
CD29
VEGF
Ki-67
Cytokeratin
IL-1β
Tenascin-C
CXCL5
PD-L1

CXCL1/2/3
Vimentin

TGF-β1
CXCL8

FAPα

CD105

TNFα
PDGFRα
CCL2

N-cad
CD31
CD44
IL-6

CD34

Mes
oth

eli
al 

ce
ll

End
oth

eli
al 

ce
ll -

2

End
oth

eli
al 

ce
ll -

1
MSC

End
oth

eli
al 

ce
ll -

3
Othe

rs

-2

-1

0

1

2

ICAM-1

CD90

Calretinin
CD73

Collagen-1

Mesothelin

αSMA

CD29

VEGF

Ki-67

Cytokeratin

IL-1β
Tenascin-C

CXCL5

PD-L1

CXCL1/2/3

Vimentin
TGF-β1

CXCL8

FAPα

CD105

TNFα

PDGFRα

CCL2

N-cad

CD31
CD44

IL-6

CD34

Ctrl-Meso
MMT-Meso
Mesothelial cell -1
Mesothelial cell -2

-1 -0.5 0 0.5 1
Coll

ag
en

-1
IL-

1β

Te
na

sc
in-

C
PD-L1

CXCL1
/2/

3

CXCL8
TNFα

CCL2 IL-
6

Ctrl-Meso

MMT-Meso

Mesothelial cell -1

Mesothelial cell -2

-4

-2

0

2

4

-10 -5 0 5 10
UMAP1

U
M

AP
2

(legend on next page)

4 Cell Reports 43, 113613, January 23, 2024

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
Consequently, these cells had abundant mesenchymal and

mesothelial markers and maintained cytokeratin expression

compared to EpCAM+ cancer cells in malignant ascites of pa-

tients with GC (Figure 1H), suggesting that the cell lineage orig-

inated from mesothelial cells.

To further characterize the lineage of the CD45(�)/EpCAM(�)

cell population, we analyzed single-cell RNA sequencing data of

peritoneal metastasis samples from 20 patients with GC as a

validation cohort (Figure 1I). We identified CD45(�)/EpCAM(�)

cells in the malignant ascites of patients with GC with peritoneal

dissemination (Figure 1J). Moreover, CD45(�)/EpCAM(�) cells

had abundant mesenchymal (ICAM1, PDGFRA, and THY1) and

mesothelial (UPK3B,WT1, and CALB2) markers and maintained

cytokeratin (KRT8 and KRT19) expression, as well as mass cy-

tometry results, compared to EpCAM+ cancer cells (Figure 1K).

These results strongly support that CD45(�)/EpCAM(�) cells

are predominantly derived from mesothelial cells.

Mesothelial cells withmesenchymal features among the
CD45(�)/EpCAM(�) cell population exhibit a secretory
phenotype in malignant ascites
Mesothelial-mesenchymal transition (MMT)-inducedmesothelial

cells interact with cancer cells and are considered a subset of

cancer-associated fibroblasts in peritoneal metastasis.9,10 Given

that CD45(�)/EpCAM(�) cells express mesenchymal cell

markers at high levels, we expected these fractions in malignant

ascites to predominantly contain MMT-induced mesothelial

cells. Adherent primary mesothelial cells were isolated from the

malignant ascites of patients with GC with peritoneal dissemina-

tion (Figure S2A). We first examined the markers of mesothelial

cells and confirmed the expression of multilineage (epithelial,

mesenchymal, and mesothelial) markers (Figure S2B), which

are characteristic of mesothelial cells. However, the enriched

mesothelial cells showed a cobblestone-like morphology (Fig-

ure S2A), suggesting that the MMT phenotype was not main-

tained during isolation by in vitro culture. Therefore, these cells

were treated with interleukin-1b (IL-1b), transforming growth fac-

tor-b1 (TGF-b1), or IL-1b+TGF-b1, which are known as MMT in-
Figure 2. Secretion phenotype of MMT-induced mesothelial cells in G

(A) Representative phase-contrast microscopy images or immunofluorescence

control (control), recombinant human IL-1b (IL-1b), recombinant human TGF-b1

50 mm.

(B) Fluorescence intensity for cytokeratin and aSMA in each condition in (A).

(C) Experimental workflow: GC ascites-derived mesothelial cells stimulated with v

cytometry analysis.

(D) t-SNE plots of control or IL-1b+TGF-b1 cells and the percentages of each cell p

bar plots.

(E) Heatmap showing marker expression of the cells assigned to the Ctrl-Meso,

(F) Schematic showing the experimental workflow: ascites from patients with GC

population were further clustered.

(G) The percentage of CD45(�)/EpCAM(�) cells in the total cells in each ascites s

EpCAM(�) cells are displayed in stacked bars. The cell populations in CD45(�)/E

(H) Heatmap showing unsupervised hierarchical clustering of CD45(�)/EpCAM(�
levels in mass cytometry analysis.

(I) UMAP visualization for the integrated dataset of mesothelial cells in (C) and (F

further clustered into mesothelial cell 1 and mesothelial cell 2 by their protein ex

(J) Relative expression levels of selectedmarkers and secreted proteins in the Ctr

cell 2 clusters from (I).

The color in (E), (H), and (J) indicates the Z score of protein expression. The resu
ducers, to promote the MMT phenotype in mesothelial cells. As

we expected, mesothelial cells treated with MMT inducers

showed a fibroblastic morphology, a decrease in cytokeratin

expression, and an increase in a-smooth muscle actin (aSMA)

expression in the immunofluorescence (IF) analysis (Figure 2A).

There was a significant difference in cytokeratin and aSMA

expression when these cells were treated with IL-1b+TGF-b1

(Figure 2B).

We next performed mass cytometry using mesothelial cells

and MMT-induced mesothelial cells to determine the character-

istics of these cells and found that the isolated cells contained

two different clusters of mesothelial cells and very few CD31+

endothelial cells. Although more than 98% mesothelial cells

treated with MMT inducers were translocated into another clus-

ter (MMT-Meso) from the nonstimulated cluster (Ctrl-Meso),

endothelial cells were not affected (Figures 2C and 2D). The

comparison between Ctrl-Meso and MMT-Meso showed that

MMT inducers increased the expression of mesenchymal

markers (PDGFRa and vimentin) and decreased the expression

of epithelial (cytokeratin) and mesothelial (calretinin and

ICAM-1) markers. Moreover, we found that the expression of

chemokines (CCL2, CXCL1/2/3 CXCL5, and CXCL8) was signif-

icantly higher in the MMT-Meso cluster than in the Ctrl-Meso

cluster (Figures 2E; Figure S2C).

Next, to distinguish the mesenchymal cells, we clustered

CD45(�)/EpCAM(�) cells in malignant ascites from 13 patients

with GC (Figures 2F; Figures S3A–S3C). Although mesothelial

cells were the predominant population, we notably determined

that endothelial cells expressing CD31 were divided into three

clusters and a mesenchymal stem cell (MSC) cluster with

CD29, CD44, and CD105 but not CD31 (Figures 2G and 2H).

Given the characteristic change in cultured mesothelial cells by

MMT induction, we further divided them into two clusters (meso-

thelial cell 1 and mesothelial cell 2) and compared their similarity

with cultured mesothelial cell clusters (Ctrl-Meso and MMT-

Meso). Consequently, uniform manifold approximation and pro-

jection (UMAP) clustering analysis revealed that mesothelial cell

cluster-1 showed similarity to Ctrl-Meso and that mesothelial cell
C ascites

staining of cytokeratin and aSMA in mesothelial cells stimulated with vehicle

(TGF-b1), or a combination of IL-1b and TGF-b1 (IL-1b+TGF-b1). Scale bar:

ehicle control or the combination of IL-1b and TGF-b1 were analyzed by mass

opulation in the Ctrl-Meso,MMT-Meso, or endothelial cell clusters are shown in

MMT-Meso, or endothelial cell clusters in mass cytometry analysis.

(n = 13) were analyzed by mass cytometry, and cells in the CD45(�)/EpCAM(�)

ample is shown on the top left. The proportions of each cell cluster in CD45(�)/

pCAM(�) cells are depicted by t-SNE visualization.

) cells assigned to each cluster in (G) based on the relative protein expression

). Cells in (C) were annotated based on the clusters in (D), and cells in (F) were

pression pattern.

l-Meso andMMT-Meso clusters from (C) andmesothelial cell 1 and mesothelial

lts are displayed as the mean ± SD. ***p < 0.001.
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cluster-2 completely overlapped with MMT-Meso (Figure 2I). In

practice, mesothelial cell cluster-2 in malignant ascites had a

similar molecular expression pattern to that of MMT-Meso in

in vitro culture (Figure 2J). These results imply that mesothelial

cell cluster-2 consists of MMT-induced mesothelial cells with

mesenchymal features in malignant ascites.

Mesothelial cells with mesenchymal features exhibit a
significant correlation with IMCs in malignant ascites
We next performed RNA sequencing using mesothelial cells and

MMT-induced mesothelial cells to address the effect of MMT in-

duction on comprehensive gene expression changes. Regarding

chemokine expression, IL-1b treatment promoted the expres-

sion of chemokines, and the induction was enhanced by addi-

tional treatment with TGF-b1 (Figure 3A). We next compared

the concentrations of these MMT inducers by ELISA in ascites

from patients with GC and LC. The concentrations of both

MMT inducers were significantly higher in ascites from patients

with GC than in those from patients with LC (Figure 3B). In addi-

tion, the protein expression of both MMT inducers was signifi-

cantly higher in cancer cells than in CD45+ hematopoietic cells

in ascites from patients with GC (Figure S3D), suggesting that

the predominant source of MMT inducers is cancer cells.

Subsequently, a chemokine bead array revealed that the con-

centrations of CXCL1,CXCL5,CXCL8,CCL2, CCL5, and vascular

endothelial growth factor (VEGF) were significantly higher in asci-

tes from patients with GC than in those frompatients with LC (Fig-

ure 3C). CXCL1, CXCL5, and CXCL8 are CXCR2 ligands and are

closely involved in CXCR2+ polymorphonuclear myeloid-derived

suppressor cell (PMN-MDSC) migration into cancer tissues.11

The CCL2-CCR2 and CCL5-CCR5 axes are known to facilitate

the local accumulation of immunosuppressive myeloid cells

(IMCs) such as PMN-MDSCs and TAMs.12,13 Additionally, VEGF

family members cause the development of an immunosuppres-

sive tumormicroenvironment by inhibiting progenitor cell differen-

tiation to CD4+ and CD8+ lymphocytes while enhancing the ef-

fects of immunosuppressive cells such as regulatory T cells

(Tregs) and MDSCs.14,15 Given these previous findings and the

current results, there is a possibility that MMT-induced mesothe-

lial cells with mesenchymal features are a source of chemokines

involved in the recruitment of immunosuppressive cells, subse-

quently forming the immunosuppressivemicroenvironment inma-

lignant ascites.
Figure 3. There was a strong positive correlation between mesothelia
(A) Heatmap of the relative gene expression levels of soluble factors in the RNA-

(B) Quantification of the concentrations of IL-1b and TGF-b1 in ascites from pati

(C) Quantification of the concentrations of CXCL1, CXCL5, CXCL8, CCL2, CCL5,

(D) Mass cytometry analysis of ascites from patients with LC or GC using an imm

clusters in LC or GC ascites are visualized as t-SNE plots, with stacked bar plots s

further clustered based on CD66b and CD14 expression and visualized as t-SNE

CD11b+ population.

(E) Expression levels of selected markers and secreted proteins in clusters in the C

cells in each cluster, and the color indicates the mean protein expression level.

(F) Quantification of the proportion of each cell cluster in the CD11b+ population

(G) Correlation coefficient matrix summarizing associations between the propo

absolute values of the corresponding correlation coefficients.

(H) Scatterplots demonstrating Spearman’s correlation coefficient r of the percen

The results are displayed as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001; N
To investigate the immune cell distribution in malignant ascites,

we performed mass cytometry using ascites from 9 patients with

LC and 15 patients with GC (Figures 3D; Figures S3A–S3C).

CD45+ hematopoietic cells were roughly divided into lymphocytes

(CD4+ T cells, CD8+ T cells, natural killer [NK] cells, and B cells)

and CD11b+ myeloid cells (Figure S3E). Notably, we found that

the frequency of myeloid cells was higher in malignant ascites

than in nonmalignant ascites. Therefore, the myeloid cell popula-

tionwas further reclustered into two granulocyte clusters (CD66b+

cluster 1 and 2) and three monocyte clusters (CD14+ cluster 1, 2

and 3), and we found that CD66b+ cluster 2 and CD14+ cluster

1 were predominantly detected in malignant ascites (Figure 3D).

Further comparison among each cluster revealed that CD66b+

cluster 2 exhibited higher expression of arginase-1 and TGF-b1

than CD66b+ cluster 1, indicating that CD66b+ cluster 2 has

the characteristics ofMDSCs. Among theCD14+monocyte clus-

ters, CD14+ cluster 1 showed higher expression of iNOS, TGF-

b1, CD163, and CD206 than the other two clusters, indicating

that TAMs are enriched in CD14+ cluster 1 (Figure 3E). Moreover,

the percentages of CD66b+ cluster 2 and CD14+ cluster 1 were

significantly higher in malignant ascites from patients with GC

than in those from patients with LC (Figure 3F). To investigate

whether mesothelial cells with mesenchymal features are

involved in immune cell distribution in malignant ascites, correla-

tion plot analysis was performed using mass cytometry data

from ascites of 13 patients with GC (Figures 3G; Figure S3C).

In particular, we focused on the relationship betweenmesothelial

cell cluster 2, which consists of mesothelial cells with mesen-

chymal features, and myeloid cell clusters. Notably, we found

that the abundance of mesothelial cell cluster 2 was significantly

correlated with that of CD66b+ cluster 2, indicating that it con-

sisted of MDSCs (Figures 3G and 3H). These findings suggest

that mesothelial cells with mesenchymal features are a source

of chemokines and growth factors involved in the accumulation

of IMCs in malignant ascites.

TNC derived from MMT-induced mesothelial cells
closely interacts with SDC1 on cancer cells
We next carried out a gene set enrichment analysis (GSEA) using

RNA sequencing data of mesothelial cells and MMT-induced

mesothelial cells, and extracellularmatrix (ECM)-related pathways

wereenriched inMMT-inducedmesothelial cells by IL-1b+TGF-b1

treatment (Figure 4A). Specifically, MMT induction promoted the
l cells with mesenchymal features and IMCs in malignant ascites
seq data for mesothelial cells stimulated with each condition.

ents with LC or GC by ELISA.

and VEGF in ascites from patients with LC or GC by a chemokine bead array.

une cell marker panel. T cell CD4+, T cell CD8+, NK cell, B cell, and CD11b+

howing the percentage of each cluster. The cells in the CD11b+ population were

plots, with stacked bar plots displaying the percentage of each cluster in the

D11b+ population. The sizes of circles indicate the percentages of expressing

in ascites from patients with LC or GC.

rtions of each cell cluster in GC ascites. The sizes of the circles indicate the

tage of the mesothelial cell 2 cluster and CD66+ or CD14+ cluster in GC ascites.

S, not significant.
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Figure 4. Close interaction between TNC from MMT-induced mesothelial cells and SDC1 on cancer cells

(A) Enriched Gene Ontology (GO) terms in GSEA for the RNA-seq data of mesothelial cells stimulated with IL-1b and TGF-b1. The sizes of the circles indicate the

enrichment of genes in each GO term, and the color indicates the false discovery rate (FDR) q values.

(B) Heatmap of the relative expression levels of extracellular-matrix-related genes in the RNA-seq data for mesothelial cells stimulated with each condition.

(C) Proteomic analysis of ascites from patients with LC (n = 3) and GC (n = 7) by mass spectrometry; the results are summarized as a heatmap with unsupervised

hierarchical clustering.

(D) CellChat analysis of the RNA-seq data for mesothelial cells stimulated with each condition together with previously reported RNA-seq data of cancer cells in

GC ascites. Heatmap showing the predicted contribution of the top 10 signals in cell-cell communication among the cell groups.

(E) Relative contribution of each cell as a sender, receiver, mediator, or influencer in the TENASCIN signaling pathway among the interactions of mesothelial cells

and cancer cells in GC ascites.

(F) Quantification of the concentrations of TNC in ascites from patients with LC or GC by ELISA. The results are displayed as the mean ± SD. ***p < 0.001.

(G) Bubble plot showing a significant ligand-receptor interaction pairs of the TENASCIN signaling pathway betweenmesothelial cells stimulated with IL-1b + TGF-

b1 and other cells. The sizes of the circles indicate p values, and the color indicates communication probability.
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gene expression of ECM proteins, such as collagens, fibronectin,

and TNC, among differentially expressed genes (DEGs) in meso-

thelial cells (Figure 4B). Given the RNA sequencing data, we con-

ducted a comprehensive proteomic analysis using ascites from

3 patients with LC and 7 patients with GC. Although immunoglob-

ulins were predominantly detected in the ascites of patients with

LC, ECM glycoproteins and regulators such as fibronectin, TNC,

and serpin familymemberswere enriched as extracellular compo-

nents in the malignant ascites of patients with GC (Figure 4C).

To address the intercellular signaling crosstalk betweenMMT-

induced mesothelial cells and cancer cells, we performed

CellChat analysis using RNA sequencing data of MMT-induced

mesothelial cells and an RNA sequencing dataset of EpCAM+

GC cells from ascites.3 CellChat analysis enables the identifica-

tion of specific signaling roles in intercellular communications in

individual cell populations.16 Most ECM signals were recognized

as outgoing signals by MMT-induced mesothelial cells, whereas

we identified TENASCIN as an incoming signal in cancer cells,

indicating a specific signal receiver (Figures 4D and 4E). In prac-

tice, we confirmed that TNC levels were significantly higher in the

ascites of 30 patients with GC presenting peritoneal dissemina-

tion than in those of the 10 patients with LC (Figure 4F), suggest-

ing that cancer cells are likely to receive stimulation by TNC in

malignant ascites.

To further investigate the TNC isoform, we performed long-

read direct RNA sequencing in mesothelial cells treated with

IL-1b+TGF-b1. Consequently, we found that TNC isoform 3

was predominantly expressed in mesothelial cells treated with

IL-1b+TGF-b1 (Figure S4). Given that alternatively spliced do-

mains contain binding sites for receptor proteins,17 we examined

the ligand-receptor interaction pair of the TENASCIN signaling

pathway. Consequently, among all known ligand-receptor pairs,

the interaction between TNC in MMT-induced mesothelial cells

and syndecan-1 (SDC1) in cancer cells showed a prominent

contribution (Figure 4G). These findings suggest that the interac-

tion between TNC derived from MMT-induced mesothelial cells

with mesenchymal features and SDC1 on cancer cells plays an

important role in peritoneal dissemination.

TNC derived from MMT-induced mesothelial cells
enhances the attachment and growth of floating cancer
cells
To investigate the importance of TNC fromMMT-induced meso-

thelial cells in peritoneal dissemination, we first conducted

sphere formation assays using normal medium, ascites from pa-

tients with GC, conditioned medium (CM) from mesothelial cells

(control-CM) or CM from MMT-induced mesothelial cells (MMT-

CM) under nonattachment conditions. However, the GC

spheroid sizes were not different among the groups (Figure 5A;

Figure S5A). These results suggest that mesothelial-cell-derived

factors do not influence the sphere-formation ability of GC cells.

Therefore, we next performed a spheroid attachment assay.

This assay model demonstrates that tumor spheroid attachment

and spreading on a mesothelial monolayer promote clearance

of mesothelial cells from the area underneath the spheroid.18

Notably, we found that the GC spheroid spreading area was

significantly larger in the MMT-induced mesothelial cell group

than in themesothelial cell group (Figure 5B; Video S1). IF analysis
revealed that TNC accumulated around the spread GC cells (Fig-

ure 5C). We then conducted a loss-of-function study using two in-

dependent small interfering RNAs (siRNAs) for TNC to show the

importance of TNC in the attachment and growth of GC spher-

oids. Strikingly, TNC depletion in MMT-induced mesothelial cells

diminished GC spheroid attachment and spreading on a meso-

thelial monolayer (Figure 5D). This finding suggests that TNCplays

an essential role in the attachment and colonization of GC cells.

Given these findings, we examined the existence and source

of TNC in peritoneal disseminated tumors from patients with

GC. We first found cytokeratin/aSMA/calretinin triple-positive

mesothelial cells around cytokeratin/EpCAM/SDC1 triple-posi-

tive GC cells in peritoneal tumors. TNC was specifically ex-

pressed in mesothelial cells, supporting the observation that

TNC expression was induced by MMT induction in cultured

mesothelial cells (Figures 5E; Figure S5B). These findings from

in vitro assays and human peritoneal dissemination suggest

that TNC derived from MMT-induced mesothelial cells with

mesenchymal features enhances the attachment and growth of

GC cells to create a form of peritoneal dissemination.

TNC plays an essential role in peritoneal dissemination
To further investigate the role of TNC in peritoneal dissemination

in vivo, we conducted peritoneal dissemination model experi-

ments using a mouse GC cell line (GAN-KP cells) established

from K19-Wnt1/C2mE transgenic (GAN) mice.19–21 Given the

previous findings that loss of function of the Cdh1 gene, encod-

ing E-cadherin, is associated with hereditary diffuse GC (HDGC)

in humans and tumors with a diffuse morphology similar to sig-

net-ring cell carcinoma in mice,22,23 we established Cdh1

knockout GAN-KP cells (GAN-KPC cells). We first confirmed

that E-cadherin protein expression at the membrane was lost,

along with maintenance of SDC1 expression in GAN-KPC cells

(Figure 6A; Figure S6A). Morphological examination revealed

that attachment to culture dishes and cell-cell contact were

weakened in GAN-KPC cells (Figure 6A). Then, we injected

GAN-KP or GAN-KPC cells into the peritoneal cavity of wild-

typemice and investigated the peritoneal tumor-formation ability

(Figure 6B). Body weight loss was apparent 18 days after inocu-

lation with GAN-KPC cells (Figure S6B). Moreover, the peritoneal

tumors formed by GAN-KPC cells 21 days after inoculation were

significantly larger than the tumors formed by GAN-KP cells

(Figure 6C). Along with peritoneal tumor formation, GAN-KPC-

inoculated mice had a much larger amount of ascites than

GAN-KP-inoculatedmice (Figure 6C). Given that we successfully

developed a peritoneal dissemination model using GAN-KPC

cells, we next utilized Tnc knockout (Tnc-KO) mice to investigate

the importance of TNC in peritoneal dissemination (Figure 6D).

Consequently, the peritoneal tumors formed by GAN-KPC cells

in Tnc-KO mice were significantly smaller than the tumors

formed by these cells in wild-type mice (Figure 6E). Body weight

loss and ascites accumulation were suppressed in GAN-KPC-

inoculated Tnc-KO mice (Figures 6E and 6F). These results,

together with the findings of the spheroid attachment assay,

suggest that TNC plays an important role in the attachment

and growth of GC cells during peritoneal tumor formation.

To further address the significance of the interaction between

TNC and SDC1 in peritoneal tumor formation, we established
Cell Reports 43, 113613, January 23, 2024 9



A B

D

C

0.7

0.8

0.9

1

1.1

1.2

1.3

0 1 2 3 4 5

G
FP

 a
re

a 
(F

ol
d 

ch
an

ge
d 

by
 D

ay
0)

Day

N.S.

Normal medium
Control-CM
MMT-CM

Control

Control

IL-1β+TGF-β

Ph
as

e
Ep

C
AM

/ D
AP

I
TN

C
/ D

AP
I

Ep
C

AM
/ T

N
C

***
Control
IL-1β+TGF-β

IL-1β+TGF-β

GFP labeled
GC cell

spheroids

Mesothelial
cell

5ya
D

0ya
D

Normal
medium Contorl-CM MMT-CM

GFP labeled
GC cell

GFP labeled
GC cell

48h

CM from
MMT-meso

CM from
Ctrl-meso

Normal
medium

0

5

10

15

20

25

30

0 6 12 18 24 30 36 42 48

M
es

ot
he

lia
l c

le
ar

an
ce

 a
re

a
(F

ol
d 

ch
an

ge
d 

by
 D

ay
0)

Time (h)

***

siCtrl

siTNC

IL-1β+TGF-β

GFP labeled
GC cell

spheroids

Mesothelial cell

GFP labeled
GC cell

MMT siCtrl
MMT siTNC #1
MMT siTNC #2 ***

TNC/
DAPI

GFP/
TNC

M
M

T 
si

C
trl

M
M

T 
si

TN
C

 #
1

M
M

T 
si

TN
C

 #
2

E

0

5

10

15

20

25

0 6 12 18 24 30 36 42 48

M
es

ot
he

lia
l c

le
ar

an
ce

 a
re

a
(F

ol
d 

ch
an

ge
d 

by
 D

ay
0)

Time (h)

C
on

tro
l

IL
-1

β
+T

G
F-

β

0h 24h 48h

Cytokeratin/ EpCAM/ SDC1/
αSMA/ Calretinin/ TNC/ DNA

Cytokeratin/ EpCAM/
SDC1/ DNASDC1/ DNAEpCAM/ DNACytokeratin/ DNA

Calretinin/ DNAαSMA/ DNA TNC/ Calretinin/
αSMA/ DNA

TNC/ DNA

H&E

Figure 5. Enhanced colonization and growth of cancer cells by TNC from MMT-induced mesothelial cells

(A) Schematic showing the experimental workflow of the sphere-formation assay and representative fluorescence microscopy images of colonies in each

condition on days 0 and 5. The growth of colonies in each condition was quantified as the GFP area of colonies normalized to day 0 and is shown on the bottom.

Scale bar: 100 mm.

(B) Schematic showing the experimental workflow of the spheroid attachment assay and representative images of fluorescence microscopy of colonies in the

control or IL-1b+TGF-b1 group at 0, 24, and 48 h. The mesothelial cell cleared area in each group was detected by IncuCyte S3 and is quantified on the bottom.

Scale bar: 400 mm.

(C) Immunofluorescence staining of EpCAM and TNC for colonies in the control or IL-1b+TGF-b1 group. Scale bar: 100 mm.

(D) GC spheroid attachment assay with TNC-depleted mesothelial cells (siTNC #1 and #2). Representative immunofluorescence staining images for the colonies

in each condition are shown on the right. The mesothelial cell cleared area in each condition was quantified and is displayed on the bottom.

(E) Representative images of hematoxylin-eosin (H&E) staining and fluorescent immunohistochemical staining of cytokeratin, EpCAM, SDC1, aSMA, calretinin,

and TNC in peritoneal disseminated tissue from a patient with GC. Scale bars: 100 mm and 50 mm (magnified images).

The results are displayed as the mean ± SD. ***p < 0.001; NS, not significant.
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Sdc1-KOGAN-KPCcells,namedGAN-KPCScells,andcompared

peritoneal tumor formation using GAN-KPC and GAN-KPCS cells

(Figures 6G; Figure S6A). Consequently, Sdc1 KO significantly

reduced tumor weight and ascites accumulation and recovered

body weight loss. Moreover, the tumors were almost diminished,

and body weight loss was not detected when GAN-KPCS cells

were inoculated into the peritoneal cavity of Tnc-KO mice

(Figures 6H and 6I). We finally confirmed that peritoneal tumors

formed inTnc-KOmice did not contain TNCand that peritoneal tu-

mors formedbyGAN-KPCScellsdidnotexpressSDC1 (Figure6J).

These results suggest that the interaction betweenTNCandSDC1

plays a critical role in peritoneal tumor formation.

DISCUSSION

Peritoneal dissemination occurs in patientswith advanced gastro-

intestinal cancers andovarian cancers and is frequently accompa-

nied by the accumulation of ascites. The peritoneal cavity is

covered by a monolayer of mesothelial cells, and MMT induction

in mesothelial cells enhances peritoneal fibrogenesis in patients

receiving peritoneal dialysis24 and dissemination in patients with

ovarian cancer.9,10 In theperitoneal fluid of patientswith advanced

cancer, CD90+/CD45� cells have been identified as a minor but

distinct population.25 These cells, called mesothelial-like cells,

share the characteristics of MSCs and significantly enhanced

metastasis in the peritoneum of a xenograft model.26 In our previ-

ous study, we demonstrated that CD90+/PDGFRa+mesenchymal

cells exhibit senescent and secretory phenotypes.27 However, the

diversity of mesenchymal cells in malignant ascites has not been

determined. In the current study, single-cell proteomic profiling

of malignant ascites revealed that the CD45(�)/EpCAM(�) cell

population was divided into distinct populations based on the

cell of origin: endothelial cells, mesothelial cells, and MSCs. We

also demonstrated that MMT-induced mesothelial cells with

mesenchymal features are a predominant source of chemokines

that recruit IMCs and ECM proteins, especially TNC, involved in

cancer cell colonization in the peritoneum.

TNC is an ECM glycoprotein, and its physiological expression

is limited in connective tissues and stem cell niches of several
Figure 6. Essential role of TNC from mesothelial cells with mesenchym

(A) Representative images of phase-contrast and fluorescence microscopy of GA

E-cadherin. Scale bar: 50 mm.

(B) Schematic of the experimental design: GAN-KP or GAN-KPC cells were intra

(C) The gross appearance of the abdominal wall and cavity ofmice injectedwithGA

of ascites from each group on day 21 is shown on the right. Scale bar: 10 mm.

(D) Schematic of the experimental design: GAN-KPC cells were intraperitoneally

(E) The gross appearance of the abdominal wall and cavity as well as the mese

Quantification of the weight of tumors and the volume of ascites from each grou

(F) Body weight curves of wild-type or Tnc-KO mice injected with GAN-KPC cell

(G) Schematic of the experimental design: GAN-KPC cells were intraperitoneally

neally injected into wild-type or Tnc-KO C57BL/6 mice (n = 10, respectively).

(H) The gross appearance of the abdominal wall and cavity as well as the mesen

weight of tumors and the volume of ascites from each group on day 21 is shown

(I) Body weight curves of the mice from each group.

(J) Representative images of fluorescent immunohistochemical staining of GFP, S

groups. Scale bar: 50 mm.

(K) Schematic of the proposed mechanism for the development of an immunos

mesothelial cells with mesenchymal features.

The results are displayed as the mean ± SD. *p < 0.05; **p < 0.01; ***p < 0.001.
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adult tissues, suggesting a role in stem cell regulation.28 Howev-

er, TNC production is strongly induced under pathological con-

ditions such as inflammation and in the cancer stroma. TNC

expression at invasive fronts of cancer tissues promotes cancer

cell invasion and is linked to poor clinical outcome.29,30 The TNC

protein consists of several structural domains that play distinct

roles in its function, and various integrins can bind to the tripep-

tide sequence Arg-Gly-Asp in the fibronectin type III-like domain

of TNC and enhance EMT-like changes in cancer cells.17

Although SDC4 can also interact with TNC and enhance cancer

cell growth,31 the significance and corresponding receptor of

TNC in peritoneal dissemination have not been determined.

We identified a close interaction between TNC from MMT-

induced mesothelial cells and SDC1 on GC cells by CellChat

analysis in this study. Based on the marked reduction in perito-

neal tumor formation caused by KPC and KPCS cells in Tnc-

KO mice, the TNC/SDC1 interaction may play an essential role

in peritoneal dissemination. Although SDC1 has been reported

to be a receptor for ECM components, such as collagen and

fibronectin, and acts as a mediator of cancer cell growth and in-

vasion by regulating integrin activity,32,33 we demonstrated for

the first time the importance of the TNC/SDC1 interaction in peri-

toneal dissemination. Given that treatment strategies targeting

SDC1 are being clinically investigated in the context of various

types of cancer,34 the current findings regarding the TNC/

SDC1 interaction may provide a rational therapeutic target for

patients with cancer with peritoneal dissemination.

Evidence that mesenchymal cells orchestrate the functions of

immune cells and cause immunosuppression in cancer tissues

has been collected.5,35 CXCL12 from fibroblast activation pro-

tein (FAP)+ cancer-associated fibroblasts (CAFs) suppresses

T cell recruitment into the tumor microenvironment and causes

the formation of a local immunosuppressive environment.36 Acti-

vated stellate cells block the infiltration of CD8+ T cells in the

compartments adjacent to tumor cells in human and mouse

pancreatic ductal adenocarcinomas.37 Although these phenom-

ena have been investigated in primary tumors, the immune

microenvironment in the peritoneal cavity during the develop-

ment of peritoneal dissemination is completely unknown. In the
al features in CG cell peritoneal dissemination

N-KP or GAN-KPC cells with a histogram of the mean fluorescence intensity of

peritoneally injected into wild-type C57BL/6 mice (n = 11).

N-KP or GAN-KPC cells. Quantification of theweight of tumors and the volume

injected into wild-type or Tnc knockout (Tnc-KO) C57BL/6 mice (n = 11).

nterium of wild-type or Tnc-KO mice is shown on the left. Scale bar: 10 mm.

p on day 21 is shown on the right. Scale bar: 10 mm.

s.

injected into wild-type C57BL/6 mice, and GAN-KPCS cells were intraperito-

terium of the mouse from each group. Scale bar: 10 mm. Quantification of the

on the right. Scale bar: 10 mm.

DC1, calretinin, and TNC in peritoneal disseminating tumors from the indicated

uppressive and protumorigenic microenvironment in the peritoneal cavity by
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current study, cell population analysis by mass cytometry re-

vealed that IMCs, such as CD163+ TAMs and PMN-MDSCs,

were enriched in malignant ascites. In addition, the abundance

of IMCs was significantly correlated with that of mesothelial

cell cluster 2, exhibiting abundant chemokines involved in

MDSC recruitment, according to the correlation plot analysis.

Together with our observation that mesothelial cell cluster 2 in

malignant ascites had a similar gene expression pattern to

MMT-Meso in in vitro culture, the results suggest that MMT-

induced mesothelial cells with mesenchymal features are

responsible for the immunosuppressive microenvironment in

themalignant ascites of patients with GCwith peritoneal dissem-

ination. A comprehensive understanding of the crosstalk among

cancer cells, mesenchymal cells, and immune cells in the perito-

neal cavity may confer a novel ability to control peritoneal

dissemination.

In summary, IL-1b and TGF-b1, as MMT inducers, are concen-

trated in the malignant ascites of patients with GC and promote

theMMTphenotypeofmesothelial cells.CD45(�)/EpCAM(�) cells

in malignant ascites include mesothelial cells with mesenchymal

features, endothelial cells, and MSCs. Mesothelial cells with

mesenchymal features facilitate IMC recruitment through specific

chemokines and attachment to the peritoneum through TNC pro-

duction as a scaffold for GC cells, leading to enhanced peritoneal

dissemination (Figure 6K). The findings in the current study reveal

the existence of a tumor-promoting microenvironment by single-

cell proteomic profiling and the distinct roles of the mesenchymal

cell population in malignant ascites. Therefore, a combined treat-

ment strategy targeting the protumorigenic microenvironment

with cancer cells should be developed to completely cure patients

with cancer with peritoneal dissemination.
Limitations of the study
The current study contains several limitations. First, we utilized the

ascites of patients with LC as a control (nonmalignant ascites) in

the current analyses. However, patients with LC show abundant

ascites along with uncontrollable liver damage, and the ascites

frompatientswith LCare not an actually healthy controls. Second,

we demonstrated that CD45(�)/EpCAM(�) cells in malignant as-

cites include mesothelial cells with mesenchymal features, endo-

thelial cells and MSCs. However, CD45(�)/EpCAM(�) cells still

contain unclustered cells. This result was due to the technical lim-

itations of mass cytometry. Third, although we revealed the exis-

tence of an immunosuppressive microenvironment in malignant

ascites, the significance of immunosuppression in peritoneal

dissemination should be further investigated in mouse models.
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Antibodies

Alexa Fluor 647 Rat IgG1, kappa

isotype Ctrl

BioLegend Cat# 400418; RRID:AB_389341

Alexa Fluor(R) 647 anti-mouse CD138

(Syndecan-1)

BioLegend Cat# 142526; RRID:AB_2566239

Alexa Fluor(R) 647 anti-mouse/human

CD324 (E-Cadherin)

BioLegend Cat# 147308; RRID:AB_2563955

Alexa Fluor� 647 Rat IgG2a, k Isotype

Ctrl Antibody

BioLegend Cat# 400526; RRID:AB_2864284

Alpha-Smooth Muscle Actin Monoclonal

Antibody (1A4)

Thermo Fisher Scientific Cat# 14-9760-82; RRID:AB_2572996

Anti-alpha smooth muscle Actin antibody Abcam Cat# ab5694; RRID:AB_2223021

Anti-Calretinin antibody [1F5H1] Abcam Cat# ab204990

Anti-Collagen I antibody [EPR22894-89] Abcam Cat# ab264074

Anti-GFP antibody Abcam Cat# ab13970; RRID:AB_300798

Anti-Human CD11b/Mac-1 (ICRF44)-167Er Fluidigm Cat# 3167011B; RRID:AB_2810974

Anti-Human CD14 (RMO52)-148ND Fluidigm Cat# 3148010B; RRID:AB_2858228

Anti-Human CD16 (3G8)-209BiAnti-Human

CD16 (3G8)-209Bi

Fluidigm Cat# 3209002B; RRID:AB_2756431

Anti-Human CD163 (GHI/61) Antibody Fluidigm Cat# 3154007B; RRID:AB_2661797

Anti-Human CD181/CXCR1 (8F1/CXCR1) Fluidigm Cat# 3142009B

Anti-Human CD182/CXCR2 (5E8/CXCR2)-147Sm Fluidigm Cat# 3147010B

Anti-Human CD19 (HIB19)-165Ho Fluidigm Cat# 3165025B

Anti-Human CD192/CCR2 (K036C2)-153Eu Fluidigm Cat# 3153023B

Anti-Human CD274/PD-L1 (29E.2A3)-156Gd Antibody Fluidigm Cat# 3156026B; RRID:AB_2687855

Anti-Human CD279/PD-1 (EH12.2H7)-174Yb Fluidigm Cat# 3174020B; RRID:AB_2868402

Anti-Human CD31/PECAM-1 Fluidigm Cat# 3145004B; RRID:AB_273726

Anti-Human CD326/EpCAM (9C4) Antibody Fluidigm Cat# 3141006B; RRID:AB_2687653

Anti-Human CD34 (581)-166Er Fluidigm Cat# 3166012B; RRID:AB_2756424

Anti-Human CD4 (RPA-T4)-176Yb Fluidigm Cat# 3176010B; RRID:AB_2810247

Anti-Human CD45 (HI30)-89Y Fluidigm Cat# 3089003B; RRID:AB_2938863

Anti-Human CD56/NCAM (NCAM16.2)-149Sm Fluidigm Cat# 3149021B; RRID:AB_2938638

Anti-Human CD66b (80H3)-152Sm Fluidigm Cat# 3152011B; RRID:AB_2661795

Anti-Human CD68 (Y1/82A) Fluidigm Cat# 3171011B; RRID:AB_2687637

Anti-Human CD8 (RPA-T8)-146ND Fluidigm Cat# 3146001B; RRID:AB_2687641

Anti-Human CD90 (5E10)-159Tb Fluidigm Cat# 3159007B; RRID:AB_2893063

Anti-Human HLA-DR (L243)-143ND Fluidigm Cat# 3143013B; RRID:AB_2661810

Anti-Human IL-6 (MQ2-13A5)-147Sm Fluidigm Cat# 3147002B

Anti-Human PDGFRa (D13C6)-160Gd Fluidigm Cat# 3160007A; RRID:AB_2938642

Anti-Human TGFbeta (TW4-6H10)-163Dy Fluidigm Cat# 3163010B

Anti-Human TNFa (Mab11)-152Sm Fluidigm Cat# 3152002B; RRID:AB_2895145

Anti-Tenascin C antibody [SPM319] Abcam Cat# ab212463

APC/Fire(TM) 750 anti-human CD90 (Thy1) BioLegend Cat# 328138; RRID:AB_2734314

APC/FireTM 750 Mouse IgG1, k Isotype

Ctrl (MOPC-21)

BioLegend Cat# 400195; RRID:AB_2942001

Calretinin antibody Proteintech Cat# 12278-1-AP; RRID:AB_2228338
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Cytokeratin, pan Antibody (AE-1/AE-3) [PE] Novus Cat# NBP2-33200PE

EpCAM (VU1D9) Mouse Cell Signaling Technology Cat# 2929S

FAP Monoclonal Antibody (F11-24) Thermo Fisher Scientific Cat# BMS168; RRID:AB_10597443

FITC Mouse IgG1, k Isotype Ctrl (FC)

Antibody

BioLegend Cat# 400109; RRID:AB_2861401

G-CSF Antibody (7E4F7) Novus Cat# NBP2-52447

Goat anti-Chicken IgY (H + L) Secondary

Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat# A-11039; RRID:AB_2534096

Goat anti-Mouse IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 568

Thermo Fisher Scientific Cat# A-11004; RRID:AB_2534072

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 594

Thermo Fisher Scientific Cat# A-11012; RRID:AB_2534079

Goat anti-Rabbit IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 647

Thermo Fisher Scientific Cat# A-21244; RRID:AB_2535812

Goat anti-Rat IgG (H + L) Cross-Adsorbed

Secondary Antibody, Alexa FluorTM 488

Thermo Fisher Scientific Cat# A-11006; RRID:AB_2534074

Human alpha-Smooth Muscle Actin

Allophycocyanin MAb (Cl 1A4)

R and D Systems Cat# IC1420A; RRID:AB_10890600

Human CXCL1/2/3/GRO Pan Specific MAb

(Clone 29702)

R and D Systems Cat# MAB2761; RRID:AB_2087565

Human CXCL5/ENA-78 MAb (Clone 33170) R and D Systems Cat# MAB654; RRID:AB_2245472

Human IL-1 beta/IL-1F2 MAb (Clone 8516) R and D Systems Cat# MAB201; RRID:AB_358006

Human M-CSF MAb (Clone 26786) R and D Systems Cat# MAB2161; RRID:AB_2085063

Human Syndecan-1 MAb (Clone 359103) R and D Systems Cat# MAB2780; RRID:AB_2182840

Human VEGF Antibody R and D Systems Cat# MAB2932-100

Human/Mouse Tenascin C MAb (Clone 578) R and D Systems Cat# MAB2138; RRID:AB_2203818

IL-8 (1–77) (CXCL8) Monoclonal Antibody (NAP II) Thermo Fisher Scientific Cat# BMS136; RRID:AB_10609347

iNOS Monoclonal Antibody (4E5) Thermo Fisher Scientific Cat# MA5-17139; RRID:AB_2538610

Mouse IgG1, kappa L Chain Isotype

Control

Novus Cat# NBP1-43778; RRID:AB_10646942

pan Cytokeratin antibody [AE1/AE3] Abcam Cat# ab80826; RRID:AB_1640401

pan Cytokeratin antibody [C-11] Abcam Cat# ab7753; RRID:AB_306047

PerCP/Cy5.5 Mouse IgG1, k Isotype

Ctrl Antibody

BioLegend Cat# 400149; RRID:AB_893680

PerCP/Cyanine5.5 anti-human CD31 BioLegend Cat# 303131; RRID:AB_2566174

Purified anti-human Arginase I BioLegend Cat# 369702; RRID:AB_2571898

Purified anti-human CD105 BioLegend Cat# 323202; RRID:AB_755954

Purified anti-human CD15 (SSEA-1) BioLegend Cat# 323002; RRID:AB_756008

Purified anti-human CD206 (MMR)

(Maxpar(R) Ready)

BioLegend Cat# 321127; RRID:AB_2563729

Purified anti-human CD29 BioLegend Cat# 303002; RRID:AB_314318

Purified anti-human CD3

(Maxpar(R) Ready)

BioLegend Cat# 300443; RRID:AB_2562808

Purified anti-human CD325 (N-Cadherin) BioLegend Cat# 350802; RRID:AB_10662387

Purified anti-human CD33

(Maxpar(R) Ready)

BioLegend Cat# 303419; RRID:AB_2562818

Purified anti-human CD54 BioLegend Cat# 353102; RRID:AB_11204426

Purified anti-human CD73

(Ecto-50-nucleotidase)
BioLegend Cat# 344002; RRID:AB_2154067

Purified anti-human GM-CSF

(Maxpar(R) Ready)

BioLegend Cat# 502315; RRID:AB_2563770

(Continued on next page)
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Purified anti-human Ki-67

(Maxpar(R) Ready)

BioLegend Cat# 350523; RRID:AB_2562838

Purified anti-human MCP-1 BioLegend Cat# 502602; RRID:AB_315241

Purified anti-mouse CD138 (Syndecan-1) BioLegend Cat# 142502; RRID:AB_10965646

Purified anti-mouse/human CD44

(Maxpar(R) Ready)

BioLegend Cat# 103051; RRID:AB_2562799

Rabbit Anti-Human EpCAM Polyclonal

Antibody, Unconjugated

Abcam Cat# ab71916; RRID:AB_1603782

Rat Anti-Human Mesothelin Monoclonal

antibody, Unconjugated, Clone 420411

R and D Systems Cat# MAB32652; RRID:AB_2147798

Recombinant Anti-CDKN2A/p16INK4a

antibody [EPR1473]

Abcam Cat# ab186932; RRID:AB_2895712

Tenascin-C (EGF Like Domain) (4F10TT)

Anti-Human Mouse IgG MoAb

IBL Cat# 10337; RRID:AB_494663

Vimentin Monoclonal Antibody (VI-RE/1) Thermo Fisher Scientific Cat# MA1-19319; RRID:AB_1088255

Biological samples

Ascites fluid from patients This paper N/A

Peritoneal dissemination tissue from patients This paper N/A

Chemicals, peptides, and recombinant proteins

Recombinant human TGF-b1 PeproTech Cat# 100-21C

Recombinant human IL-1b Miltenyi Biotech Cat# 130-093-895

VersaLyse Lysing Solution Beckman Coulter Cat# A09777

Cell-ID Cisplatin Fluidigm Cat# 201198

Human TruStain FcXTM BioLegend Cat# 422301

Maxpar� Fix I Buffer Fluidigm Cat# 201065

Maxpar� Perm-S Buffer Fluidigm Cat# 201066

Cell-ID Intercalator-Ir Fluidigm Cat# 201192A

EQ Calibration Beads Fluidigm Cat# 201078

PKH26 Sigma‒Aldrich Cat# MINI26-1KT

Lipofectamine� RNAiMAX Transfection

Reagent

Thermo Fisher Scientific Cat# 13778-150

Bovine serum albumin Wako Cat# 01015094

Histofine antigen retrieval solution (pH 9.0) Nichirei bioscience Cat# 415211

Hoechst 33342 Dojindo Cat# 346-07951

4% paraformaldehyde Wako Cat# 163-20145

fetal bovine serum Capricorn Scientific Cat# FBS-LE-12A

Opti-MEM Thermo Fisher Scientific Cat# 31985-070

RPMI-1640 Wako Cat# 189-02145

Critical commercial assays

RNeasy Mini Kit QIAGEN Cat# 74106

RNase-Free DNase Set QIAGEN Cat# 79254

Human TGF-beta 1 Quantikine ELISA Kit R and D Systems Cat# DB100B

Human IL-1 beta/IL-1F2 Quantikine HS

ELISA Kit

R and D Systems Cat# HSLB00D

Human Tenascin C ELISA Kit Abcam Cat# ab277081

LEGENDplex Human Proinflammatory

Chemokine Panel (13-plex)

BioLegend Cat# 740985

BDTM Cytometric Bead Array (CBA)

Human VEGF Flex Set

BD BioSciences Cat# 558336

Direct RNA Sequencing Kit Oxford Nanopore Technologies Cat# SQK-RNA002

(Continued on next page)
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Deposited data

RNA sequencing data This paper DRA014736

Single-cell RNA-seq data Wang et al.1 EGAS00001004443

Proteomics mass spectrometry data This paper PXD037200

RNA-seq data of gastric cancer cells

in ascites

Tanaka et al.3 GSE162214

Experimental models: Cell lines

Human: NUGC3 Japanese Collection of

Research Bioresources Cell Bank

Cat# JCRB0822; RRID:CVCL_1612

Human: Mesothelial cells This paper N/A

Mouse: GAN-KP Yamasaki et al.21 N/A

Mouse: GAN-KPC This paper N/A

Mouse: GAN-KPCS This paper N/A

Experimental models: Organisms/strains

C57BL/6 N CLEA Japan N/A

Tnc-KO mice (B6. Cg-Tnc<tm1Sia>/Rbrc) RIKEN Bioresource Research Center RBRC00169

Oligonucleotides

SilencerTM Select Negative Control

No. 1 siRNA

Thermo Fisher Scientific Cat# 4390843

SilencerTM Select siRNA TNC s7068 Thermo Fisher Scientific Cat# 4390824, Assay ID# s7068

SilencerTM Select siRNA TNC s7069 Thermo Fisher Scientific Cat# 4390824, Assay ID# s7069

Alt-R� CRISPR‒Cas9 crRNA:

Mm.Cas9.CDH1.1.AA/AltR1/rGrG

rArGrC rUrGrA rCrArA rArCrC rCrCrC

rCrGrU rGrUrU rUrUrA rGrArG rCrUrA

rUrGrC rU/AltR2/

Integrated DNA Technologies Cat# Mm.Cas9.CDH1.1.AA

Alt-R� CRISPR‒Cas9 crRNA:

Mm.Cas9.CDH1.1.AB/AltR1/rCrG rUrCrU

rGrUrC rGrCrC rArCrU rUrUrG rArArU

rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/

Integrated DNA Technologies Cat# Mm.Cas9.CDH1.1.AB

Alt-R� CRISPR‒Cas9 crRNA:

Mm.Cas9.CDH1.1.AC/AltR1/rUrC rUrGrA

rGrArC rCrUrG rGrGrU rArCrA rCrGrC

rGrUrU rUrUrA rGrArG rCrUrA rUrGrC rU/AltR2/

Integrated DNA Technologies Cat# Mm.Cas9.CDH1.1.AC

Alt-R� CRISPR‒Cas9 tracrRNA, ATTO 550 Integrated DNA Technologies N/A

Invitrogen TrueGuide sgRNA Modified,

custom: Sdc1_C1

ACUGCCAAUCAGCUUCCCGC

Thermo Fisher Scientific Cat# GREPUFC

Invitrogen TrueGuide sgRNA Modified,

custom: Sdc1_C1

GUGCCGCCACCCUCCACACG

Thermo Fisher Scientific Cat# GRFVMY9

Recombinant DNA

pLVSIN-AcGFP1-N1 Takara Cat# 6187

Software and algorithms

Trim Galore (v0.6.7) Krueger et al. https://github.com/FelixKrueger/

TrimGalore

STAR (v2.7.9a) Dobin et al.38 https://github.com/alexdobin/STAR

RSEM (v1.3.3) Li et al. https://github.com/deweylab/RSEM

Subio Platform (ver. 1.23.5853) Subio https://www.subioplatform.com/

GSEA software (v. 4.1.0) Subramanian, Tamayo et al.39

Mootha, Lindgren et al.40
https://www.gsea-msigdb.org/gsea/

index.jsp

Cytobank software (9.4) Beckman Coulter https://premium.cytobank.org/

(Continued on next page)

Cell Reports 43, 113613, January 23, 2024 19

Article
ll

OPEN ACCESS

https://github.com/FelixKrueger/TrimGalore
https://github.com/FelixKrueger/TrimGalore
https://github.com/alexdobin/STAR
https://github.com/deweylab/RSEM
https://www.subioplatform.com/
https://www.gsea-msigdb.org/gsea/index.jsp
https://www.gsea-msigdb.org/gsea/index.jsp
https://premium.cytobank.org/


Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

CytoTree (ver 1.2.0) Dai et al.41 https://github.com/JhuangLab/

CytoTree

cyCombine (v0.2.5) Pedersen et al.42 https://github.com/biosurf/cyCombine

ggcorrplot2 (0.1.2) Jun Cai https://github.com/caijun/ggcorrplot2

LEGENDplexTM Data Analysis

Software Suite (Cloud-based Program)

BioLegend https://legendplex.qognit.com/user/

login?next=workflow.workflow

IncuCyte S3 (2019B Rev) Sartorius N/A

BZ-H3A software Keyence N/A

FlowJo (v10.8.0) BD BioSciences https://www.flowjo.com/solutions/

flowjo/downloads

CellChat (v.1.4.0) Jin et al.16 https://github.com/sqjin/CellChat

Guppy (4.0.14) Oxford Nanopore Technologies https://nanoporetech.com/

wf-isoforms pipeline Oxford Nanopore Technologies https://github.com/epi2me-labs/

wf-isoforms

ggsashimi (v1.1.5) Garrido-Martin et al.43 https://github.com/guigolab/ggsashimi

R (4.1.2) R Core Team https://www.r-project.org/

MinKNOW (3.6.5) Oxford Nanopore Technologies https://nanoporetech.com/
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Takat-

sugu Ishimoto (takatsugu.ishimoto@jfcr.or.jp)

Materials availability
Materials generated in this study will be made available upon reasonable request.

Data and code availability
All data are providedwith the article. RNA-seq data were deposited in DRA: DRA014736. Single-cell RNA-seq data have been depos-

ited in the European Genome-Phenome Archive: EGAS00001004443. Proteomics mass spectrometry data were deposited in the

ProteomeXchange Consortium via the jPOST repository: PXD037200.

This paper does not report the original code. Any additional information required to reanalyze the data reported in this paper is

available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Patients and tissue samples
Ascites fluid was collected by physicians from patients with gastric cancer (GC) or liver cirrhosis (LC) at Kumamoto University and

Kanamecho Hospital as described previously27 after obtaining informed consent from each patient (Table S1). The peritoneal

dissemination sample was surgically resected at Kumamoto University. This study was approved by the Medical Ethics Committee

of Kumamoto University (Approval Number: 1277).

Cell lines and cell culture
We obtained the human GC cell line NUGC-3 from the Japanese Collection of Research Bioresources Cell Bank. The mouse GC cell

line GAN-KP was provided by Dr. Osamu Nagano at Keio University. GC cell lines were cultured in Roswell Park Memorial Institute

(RPMI) 1640medium (Wako, Osaka, Japan) supplemented with 10% fetal bovine serum (FBS) (Capricorn Scientific, Ebsdorfergrund,

Germany) (hereafter referred to as normal medium) at 37�C with 5% CO2. Mesothelial cells were obtained by culturing cells from as-

cites of GC patients. Briefly, the ascites samples were passed through a 70 mm filter (Falcon, Corning, NY) and centrifuged at

1,500 rpm for 15 min. The supernatants were collected and stored at �80�C for proteomics or ELISA experiments. Cell pellets

were resuspended in 1xACK buffer (Thermo Fisher Scientific, Waltham, MA) and incubated at room temperature for 5 min to lyse

red blood cells. After washing with PBS and counting the cells, the cells were cultured in normal medium.Mesothelial cells were natu-

rally selected as they were passaged more than 2 times and stored at �80�C until further use. The purity of the mesothelial cell pop-

ulation was confirmed by flow cytometry.
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Animals
Femalewild-typeC57BL/6Nmicewere purchased fromCLEA Japan (Tokyo, Japan). Female Tnc-KOmice (B6. Cg-Tnctm1Sia/Rbrc)44–46

were obtained from the RIKEN Bioresource Research Center. All mice were housed in a specific-pathogen free (SFP) room under

stable temperature and humidity conditions on a 12-h light/dark cycle. Both water and food were supplied ad libitum. Mice aged

7–9 weeks were used for experiments. All animal procedures and studies were conducted in accordance with the protocol approved

by the Institutional Animal Care and Use Committee at Kumamoto University (Approval Number: A2022-026).

METHOD DETAILS

MMT induction in mesothelial cells
Mesothelial cells were stimulated with normal medium supplemented with 0.5 ng/mL recombinant human TGF-b1 (PeproTech,

Rocky Hill, NJ), 2.5 ng/mL recombinant human IL-1b (Miltenyi Biotech, North Rhine-Westphalia, Germany), or a combination of

TGF-b1 and IL-1b. Cells cultured in normal medium were used as controls. After 48 h of stimulation, the cells were harvested and

subjected to further analysis.

Conditioned medium
The mesothelial cell culture medium was replaced with fresh FBS-free RPMI 1640 medium supplemented with TGF-b1, IL-1b, or a

combination as described above. After 48 h, CMwas collected from each group and passed through a 0.22 mmfilter (Millipore Sigma,

Burlington, MA). The CM was stored at �80�C until further use.

Mass cytometry
CyTOF analysiswas performed as described previously.27 Briefly, cells fromascites sampleswere collected by centrifugation, and red

blood cells were lysed by VersaLyse Lysing Solution (Beckman Coulter, Brea, CA). After washing with PBS and counting, 3 x 106 cells

per antibody panel were labeled with Cell-ID Cisplatin (Fluidigm, South San Francisco, CA) and blocked with Human TruStain FcX

(BioLegend). A cocktail of cell surface antigen-targeting antibodies was added, and the samples were incubated for 30 min. Cells

were fixed and permeabilized with Maxpar Fix I Buffer and Maxpar Perm-S Buffer (Fluidigm) and stained with a cocktail of antibodies

against cytoplasmic antigens for 1 h. Aftermethanol treatment, a nuclear antigen targeting antibodymix was applied and incubated for

1 h. Cells were then barcoded with Cell-ID Intercalator-Ir (Fluidigm) at RT for 1 h, washed with Maxpar Water (Fluidigm), and resus-

pended with 10% EQ Calibration Beads (Fluidigm). Data were acquired on a Helios CyTOF system (Fluidigm). The antibody panels

used for CyTOF analyses in this study are listed in Table S2.

Mass cytometry data analysis
Mass cytometry data were analyzed using Cytobank software. First, the collected data were manually gated to remove calibration

beads, debris and dead cells (Figure S1A). For LC and GC ascites analysis using antibody panel 1 (Figure 1), cells were clustered

using the FlowSOM algorithm and annotated by cell marker expression using Cytobank. The t-distributed stochastic neighbor

embedding (t-SNE) analysis was performed to visualize the cell population and marker expression. For MMT-induced mesothelial

cell analysis (Figures 2C–2E) and mesothelial cell analysis in GC ascites (Figures 2F–2J) using antibody panel 2, CD45(�)/EpCAM(�)

cells were clustered by the FlowSOM algorithm using CytoTree41 (ver 1.2.0) and visualized using t-SNE plots. The MMT-induced

mesothelial cell (Ctrl-Meso and MMT-meso) and GC ascites mesothelial cell data were combined with batch correction followed

by dimensionality reduction and visualization by uniform manifold approximation and projection (UMAP) by using the cyCombine42

R package (https://github.com/biosurf/cyCombine). For immune cell analysis in LC and GC ascites using antibody panel 3

(Figures 3D–3F), CD45+ cells were clustered by the FlowSOM algorithm and annotated based on cell marker expression, and the

t-SNE method was used to visualize the data using CytoTree. For analyses of the correlation between the proportions of each cell

cluster in GC ascites (Figure 3G), the proportion of each cluster in the total cell population was calculated as (the percentage of parent

clusters {i.e., CD45+, EpCAM+, and CD45(�)/EpCAM(�)} in total cells) x (the percentage of progeny clusters in parent clusters).

Spearman’s correlation coefficients were summarized as a correlation matrix by ggcorrplot2.

Single-cell RNA-Sequencing (scRNA-seq) analysis
Previously deposited datasets were downloaded from the European Genome-phenome Archive repository: EGAS00001004443. The

peritoneal metastasis of theGC cohort contained 23559 cells from 20 patients. Seurat, cowplot and dplyr were installed in R Studio to

explore QC metrics, normalize data and identify cluster signature genes. ‘‘Vlnplot’’ functions were used to reveal profiles of genes of

interest.

Bulk RNA-seq for MMT-induced mesothelial cells
Mesothelial cells from the ascites of patients (n = 3) were stimulated with a vehicle control, TGF-b1, IL-1b, or a combination of

TGF-b1 and IL-1b for 48 h as described above. After 48 h of culture, total RNA of cells from each group was extracted and

purified using an RNeasy Mini Kit (QIAGEN, Hilden, Germany) and RNase-Free DNase Set (QIAGEN) according to the manufac-

turer’s instructions. The quality of the RNA was assessed by a 2100 Bioanalyzer (Agilent, Santa Clara, CA), and only samples
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with an RNA integrity number >8.0 were used for library preparation. Single-indexed libraries were prepared using the TruSeq

Stranded mRNA Library Prep Kit LT (Illumina, San Diego, CA), and paired-end sequencing was performed by NextSeq500 (Il-

lumina) with a high-output flow cell. Adapter trimming and quality control of the FASTQ data were performed with Trim Galore

(v0.6.7). The filtered reads were mapped to the Ensembl human GRCh38.p13 reference genome using STAR (v2.7.9a), and

RSEM (v1.3.3) was used to estimate gene expression levels. DEGs were identified using the Subio Platform (ver. 1.23.5853).

Genes with less than 20 counts were excluded, and genes with q value <0.05 and log2 fold change >3.0 were considered

DEGs. Transcript per million (TPM) values were used for GSEA to identify enriched REACTOME pathways by GSEA software

(v. 4.1.0) with default settings.

ELISA
The concentrations of TGF-b1, IL-1b, and TNC in ascites from patients were measured using a Human TGF-beta 1 Quantikine ELISA

Kit (R&D Systems, Minneapolis, MN), Human IL-1 beta/IL-1F2 Quantikine HS ELISA Kit (R&D Systems), and Human Tenascin C

ELISA Kit (Abcam) according to the manufacturer’s protocols. Data were acquired by a Synergy H1 (BioTeK, Winooski, VT).

Chemokine bead array
To quantify the chemokines and VEGF in the ascites samples from patients with GC (n = 20) or LC (n = 10), bead-based immunoas-

says were performed using the LEGENDplex Human Proinflammatory Chemokine Panel (13-plex) (BioLegend, San Diego, CA) and

Human VEGF Flex Set (BD BioSciences, Franklin Lakes, NJ) according to the manufacturer’s instructions. The samples were

analyzed by a BD FACSVerse (BD Biosciences). Data from the Human VEGF Flex Set were analyzed by Microsoft Excel. Data ob-

tained by using the Human Proinflammatory Chemokine Panel were analyzed by cloud-based LEGENDplex Data Analysis Software.

Proteomic analysis
Proteomic analysis by mass spectrometry was performed to characterize proteins in ascites samples from patients with GC (n = 7) or

LC (n = 3) at the Liaison Laboratory Research Promotion Center at Kumamoto University as described previously.47 Peptides were

analyzed on an Advance UHPLC system (Michrom Bioscience, Auburn, CA) and a Q Exactive mass spectrometer (Thermo Fisher

Scientific), and the raw mass spectrum data were processed using Xcalibur (Thermo Fisher Scientific). Each protein score in ascites

from LC andGC patients was compared byWelch’s t test. Proteins enriched in either LC or GC ascites with p < 0.05 were considered

differentially expressed proteins and are summarized in a heatmap in Figure 4C.

Bioinformatic cell‒cell communication analysis
We analyzed our RNA-seq data for MMT-inducedmesothelial cells together with previously reported RNA-seq data of gastric cancer

cells in ascites.3 In the dataset of Tanaka et al., cancer cells in ascites were purified by either negative selection using CD45microbe-

ads or positive selection using EpCAM microbeads for analyses, and we downloaded only FASTQ files from RNA-seq for EpCAM+

cancer cells from the Gene Expression Omnibus (GSE162214). These FASTQ files were processed with our FASTQ files from RNA-

seq for mesothelial cells. STAR (v2.7.9a) and RSEM (v1.3.3) were used to obtain a normalized gene expression matrix for the inte-

grated dataset. The CellChat16 R package (v.1.4.0) was used to infer and visualize the intercellular communication amongmesothelial

cells and cancer cells in peritoneal ascites.

Spheroid assay
The human GC cell line NUGC-3 was labeled with Aequorea coerulescens green fluorescent protein (AcGFP1) by lentiviral transduc-

tion of pLVSIN-AcGFP1-N1 (Takara Bio, Siga, Japan).

For the spheroid formation assay, NUCG-3-AcGFP1 cells were seeded in a low-attachment 96-well plate (IWAKI, Shizuoka, Japan)

at a density of 5 x 103 cells per well and cultured for 48 h to form spheroids. The spheroids were then stimulated with fresh normal

medium, GC patient ascites, or normal medium containing CM from the control or combination group described above at a 1:1 ratio.

After 24 h of stimulation, the GFP-positive area wasmeasured every hour by the hybrid cell count function in a BZ-X700 fluorescence

microscope (Keyence, Osaka, Japan).

For the spheroid attachment assay, NUCG-3-AcGFP1 cells were seeded in a low-attachment 96-well plate at a density of 1 x 103 cells

per well. In parallel, mesothelial cells were cultured with normal medium (Ctrl-Meso) or normal medium supplemented with 0.5 ng/mL

TGF-b1 and 2.5 ng/mL IL-1b (MMT-Meso). After 48 h, the spheroids of NUCG-3-AcGFP1cells were transferred to thewells of Ctrl-Meso

or MMT-Meso cells stained with PKH26 (Sigma‒Aldrich) and cocultured in normal medium. The mesothelial cell cleared area was

measured by IncuCyte S3 (Sartorius, Gottingen, Germany) every 3 h for up to 48 h. After 48 h of coculture, the protein expression of

EpCAM and TNC was evaluated by fluorescent immunocytochemistry.

Small interfering RNA transfection
TNC expression was suppressed by transfecting cells with predesigned Silencer Select siRNAs against TNC (s7068 and s7069, Cat#

4390824, Thermo Fisher Scientific), and a nontargeting siRNA (#4390843, Thermo Fisher Scientific) was used as the negative control.

Mesothelial cells were plated in a 12-well plate at 2.5 3 104 cells per well. Twenty-four hours after plating, the cells were transfected

with 5 nM TNC or control siRNA using Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific) according to the
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manufacturer’s instructions. After 12 h of transfection, the cells were changed to fresh RPMI 1640 medium supplemented with TGF-

b1 and IL-1b for MMT induction and subjected to a spheroid attachment assay.

Immunohistochemistry
Formalin-fixed, paraffin-embedded sections of peritoneal dissemination samples from a patient with GC or mice were sectioned to

3 mm and stained with hematoxylin-eosin (H&E) or subjected to fluorescent immunohistochemistry. Briefly, the sections were depar-

affinized, rehydrated and microwaved in Histofine antigen retrieval solution (pH 9.0) (Nichirei Bioscience, Tokyo, Japan) for antigen

retrieval. The sections were then blocked with 3% bovine serum albumin (BSA) (Wako) for 10 min at RT. Primary antibodies were

diluted in 1.5% BSA and incubated for 1 h at RT or overnight at 4�C. After washing with Tween-PBS, secondary antibodies diluted

in 1.5% BSA were applied for 30 min at RT, and nuclei were stained with Hoechst 33342 (Dojindo, Kumamoto, Japan). Images were

captured with a VS120 fluorescence microscope (Olympus, Tokyo, Japan). Once the images were obtained, the coverslips were

removed, and the antibody complex on the slides was stripped by microwave treatment. The sections were then blocked, incubated

with antibodies, and counterstained with Hoechst 33342 as described above. The wsireg python package (https://github.com/

NHPatterson/wsireg) was used to perform registration of the acquired images. The antibodies used are listed in Table S3.

Immunocytochemistry
Cells in the plates were fixed with 4% paraformaldehyde (Wako) for 10 min at RT. After washing with PBS, the cells were permea-

bilized with 0.1% Triton X-100/PBS (Wako) for 5 min at RT and washed with PBS again. The cells were then blocked with 5%

skim milk for 30 min at RT and incubated with primary antibodies diluted in 1% BSA overnight at 4�C. Secondary antibodies in

1% BSA were applied for 1 h at RT, and nuclei were stained with DAPI. Images of samples were taken by a BZ-X700 fluorescence

microscope and analyzed using the hybrid cell count function in BZ-H3A software to quantify integrated intensity. The antibodies

used are listed in Table S3.

Generation of Cdh1-knockout KP cells by CRISPR‒Cas9
Knockout of the Cdh1 and Sdc1 genes in GAN-KP cells was performed by using the Alt-R CRISPR‒Cas9 System (Integrated DNA

Technologies, Coralville, IA). To prepare RNA oligos, 1 mL of 100 mM crRNA targeting each gene designed by Integrated DNA Tech-

nologies and 1 mL of 100 mM tracrRNA-ATTO550 were incubated in 98 mL of nuclease-free duplex water at 95�C for 5 min. Ribonu-

cleoprotein (RNP) complexes were formed by combining 1.5 mL of 1 mM RNA oligo and 1.5 mL of 1 mM Alt-R S.p. Cas9 nuclease in

22 mL of Opti-MEM (Thermo Fisher Scientific) and incubating at room temperature (RT) for 5 min. To prepare transfection complexes,

25 mL of each RNP complex was incubated with 1.2 mL of Lipofectamine RNAiMAX Transfection Reagent (Thermo Fisher Scientific) in

23.8 mL of Opti-MEM at RT for 20 min. In parallel, GAN-KP cells were trypsinized and resuspended in normal medium to a concen-

tration of 4.0 x 105 cells/mL. After incubation, 50 mL of each transfection complex was added to a 96-well plate (Corning, Corning,

NY), and 100 mL of GAN-KP cell suspension was added to eachwell with the transfection complex. Cells were then incubated at 37�C
in a 5%CO2 incubator for 48 h. Cdh1 KO cells were purified by FACS based on their E-cadherin expression, and Sdc1 KO cells were

generated by single-cell cloning followed by validation of Sdc1 expression by flow cytometry.

Flow cytometry
Cell suspensions were stained with antibodies (listed in Table S3) for 30 min on ice and washed with PBS containing 2% FBS. The

cells were then resuspended in PBS and analyzed with a FACSVerse instrument. Flow cytometry data were analyzed by FlowJo

software.

In vivo experiments
To establish peritoneal dissemination models, 106 GAN-KP cells, GAN-KPC cells, or GAN-KPCS cells were suspended in 400 mL of

PBS and injected intraperitoneally into wild-type or Tnc-KO mice. Mice were weighed every 3 days and closely monitored. Three

weeks after transplantation, the mice were sacrificed, and tumors and ascites were collected for further analysis.

TNC isoform analysis
We used the MinIONMk1B system (Oxford Nanopore Technologies, Oxford, UK) to perform long-read direct RNA sequencing. Total

RNA from mesothelial cells stimulated with a combination of TGF-b1 and IL-1b, which was also used for bulk RNA sequencing, was

processed for library preparation using an SQK-RNA002 kit according to the manufacturer’s instructions. MinKNOW 3.6.5 was used

to sequence the sample, and base calling was performed by Guppy 4.0.14. We used the wf-isoforms pipeline (https://github.com/

epi2me-labs/wf-isoforms) to align the reads to the human GRCh38.p13 reference genome and generate a GTF transcript annotation

file. The FASTQ files frombulk short-read RNA-seq data of ascites GC tumor cells from the dataset of Tanaka et al. (GSE162214)3 and

mesothelial cells treated with vehicle control or a combination of TGF-b1 and IL-1b were then remapped to the obtained annotation

by STAR (v2.7.9a). TNC isoform expression in each cell type was visualized as a Sashimi plot using ggsashimi (v1.1.5).43
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All experiments were repeated at least twice. The sample sizes for each experiment were determined empirically. The data are pre-

sented as the mean ± standard deviation. Welch’s t test was used to evaluate differences between 2 groups. One-way ANOVA fol-

lowed by the Tukey‒Kramer multiple comparison test was used to comparemultiple groups. A two-way repeated measures analysis

of variance was performed to compare sphere growth. Spearman’s correlation coefficient was used to analyze the correlation be-

tween the population of each cell type in malignant ascites. Statistical analysis was performed using R. All p values were two sided,

and p < 0.05 was considered statistically significant.
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Supplementary Figure 1. Attenuated immune surveillance against tumors and the 

frequent presence of CD45(-)/EpCAM(-) cells in malignant ascites. (A) Gating 

strategy for mass cytometry analysis of cancer cells and nonmalignant cell subsets in 

ascites. Intact ascites cells from liver cirrhosis or gastric cancer patients were first gated 

by 191Ir vs. 140Ce to remove calibration beads. Single live cells were gated based on 

193Ir and event length parameters, followed by gating for 198Pt-negative cells. (B) 

Heatmap demonstrating the expression of a cancer cell marker (EpCAM), immune cell 

marker (CD45), T-cell markers (CD4 and CD8), and myeloid/macrophage markers 

(CD11b and CD163) in each cell population from the FlowSOM clustering result. 

 



 

Supplementary Figure 2. Isolation of mesothelial cells from GC ascites. (A) 

Scheme showing ascites cell culture to isolate mesothelial cells. Representative phase-

contrast microscopy images of ascites cells 7 days (Day 7) and 28 days (Day 28) after 

culture are shown. (B) The expression of epithelial cell markers (cytokeratin), 

mesothelial cell markers (calretinin), mesenchymal cell markers (CD90 and αSMA), and 

endothelial cell markers (CD31) by ascites cells before culture (day 0) and 19 days after 

culture (day 19) was assessed by flow cytometry, and the data are shown as 

histograms. The gross appearance of the cell pellet in ascites on Day 0 and 

representative images of phase-contrast microscopy of ascites cells on Day 19 are 

shown in the leftmost panel. Scale bar = 100 µm. (C) Violin plots showing the 

expression of CCL2, CXCL1/2/3, CXCL5, and CXCL8 in cells in the Ctrl-Meso and 

MMT-Meso clusters. 

 



 

  



 

Supplementary Figure 3. Mass cytometry data analysis and clustering of cell 

populations. (A) List of target antigens in panels 2 and 3 for mass cytometry analysis. 

(B) Heatmap demonstrating EpCAM and CD45 expression in FlowSOM clusters in each 

sample. Cells in the EpCAM(-)/CD45(-) population were further analyzed using panel 2, 

and those allocated to the CD45+ population were further analyzed using panel 3. (C) 

Analysis of each cell cluster proportion for correlation analysis in Figure 3G. To merge 

subclusters of EpCAM(-)/CD45(-) and CD45+ cell populations, the percentages of each 

subcluster in the total cells were calculated as (the percentage of parent clusters in total 

cells) x (the percentage of subclusters in parent clusters). (D) Half violin plots showing 

the expression of TGF-1 in cancer cells and CD45+ cells in ascites from GC patients. 

(E) Heatmap showing the expression of markers in panel 3 by each immune cell cluster. 

 

 

  



 

  



 

Supplementary Figure 4. TNC isoform analysis in GC tumor cells, mesothelial 

cells, and MMT-induced mesothelial cells. (Upper part) Sashimi plots for the 

alternative splicing site in fibronectin type III repeats in the TNC gene of gastric cancer 

cells, control mesothelial cells and MMT-induced mesothelial cells. (Lower part) 

Schematic of the alternative splicing pattern in each isoform of TNC. The domain 

structure of the TNC gene is depicted at the bottom. 

  



 

Supplementary Figure 5. Sphere formation assay using GC patient ascites and 

multiplexed immunohistochemistry analysis of the peritoneal tumor. (A) Schematic 

showing the experimental workflow of the sphere formation assay using normal medium 

or ascites from GC patients. The growth of colonies in each condition was quantified as 

the GFP area of colonies normalized to day 0 and is shown in the bottom panel. (B) 

Representative images of hematoxylin-eosin (H&E) staining and fluorescent 

immunohistochemical staining of cytokeratin, EpCAM, SDC1, αSMA, calretinin, and TNC 

in the peritoneal disseminating tissue from a GC patient. Scale bar = 50 µm. 

  



 
Supplementary Figure 6. Validation of SDC1 expression in GAN-KPCS cells and 

body weight changes in peritoneal dissemination mouse models. (A) Quantification 

of SDC1 expression in GAN-KP, CAN-KPC, and GAN-KPCS cells by flow cytometry. (B) 

Body weight curves of mice injected with GAN-KP and GAN-KPC cells. 
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