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Single-cell landscape of malignant ascites from patients
with metastatic colorectal cancer

The presence of malignant ascites in colorectal cancer
(CRC) patients is associated with a poor prognosis, a high
risk of recurrence, and resistance to chemotherapy and
immune therapy [1-3]. Understanding the complex inter-
actions among different kinds of cells and the ecosystem of
peritoneal metastasized colorectal cancer (pmCRC) ascites
may provide insights into effective treatment strategies.

We profiled the single-cell transcriptomes of 96,065
cells from ascites samples of 12 treatment-naive patients
with pmCRC using the 10X single-cell RNA-sequencing
(scRNA-seq) (Supplementary Figure S1A, Supplementary
Table S1). Eleven major cell types were identified by char-
acteristic canonical cell markers, including epithelial cells,
endothelial cells, fibroblasts, T cells, B cells, monocytes,
macrophages, plasma cells, natural killer (NK) cells, den-
dritic cells (DCs), and mast cells (Figure 1A-B). The main
cellular components of pmCRC ascites are T cells (40,095;
41.7%), macrophages (28,487; 29.7%), and fibroblasts (5,932;
6.2%). Compared with primary CRC, which showed 14.8%
epithelial cells [4], only 0.3% (291) epithelial cells were
found in the ascites. The low percentage of epithelial
cells in pmCRC ascites was consistent with the ScRNA-seq
studies of another tumor ascites [5-7].

We classified the 12 patients into 2 groups according
to their treatment response as follows: 8 patients (P02,
P03, P04, P07, P08, P09, P11, and P12) had stable disease
(SD), while 4 (P01, P05, P06, and P10) had progressive
disease (PD). Single-cell transcriptomic analyses have
revealed high heterogeneity of cell composition in 12
patients. The SD group exhibited a higher proportion of
fibroblasts and epithelial cells (Figure 1B). Remarkably,
fibroblasts had significantly different expression charac-
teristics between the 2 groups (Figure 1C), and the top
five upregulated/downregulated genes were visualized
in 11 cell types (Figure 1D). We also found a significant
increase in the frequency of macrophages in pmCRC
ascites compared with the primary tumors [4] (Figure 1E).
It hinted that significant inter-patient variability in the

composition and functional programs of pmCRC ascites
cells under different disease states.

To comprehensively study the cellular interactions
within the pmCRC ascites ecosystem, we predicted cell-
cell communication networks using CellChat. Overall,
we identified 44 significant ligand-receptor pair inter-
actions. Although T cells were the most abundant cell
population (41.7%) in pmCRC ascites, fibroblasts and
macrophages were the core of the cellular interaction
network (Figure 1F), suggesting their important roles
in recruiting and cross-talking with diverse cells in the
pmCRC ascites ecosystem.

The result of cellular communications suggested that
there was a complex interplay between various signal-
ing molecule. Macrophage migration inhibitory factor
(MIF), annexin, complement, and C-C chemokine ligand
(CCL) were the most active outgoing/incoming signaling
molecules in CRC ascites (Supplementary Figure S1B).
Fibroblasts directly contacted with different types of cells
via ligand-receptor interactions of the MIF-(CD74 + C-X-C
chemokine receptor type 4 [CXCR4]) and MIF-(CD74 +
CD44) axes and C3-(integrin alpha X [ITGAX] + integrin
subunit beta 2 [ITGB2]) (Figure 1G). Notably, macrophage
populations were more likely to interact with other cells
through the adhesive ligand-receptor pairs galectin-9
(LGALS9)-CD44 and LGALS9-CD45, which were not
observed in other cell populations (Figure 1G). CD74,
LGALS9 were significantly associated with metastasis in
The Cancer Genome Atlas (TCGA) CRC cohorts. We also
found CD44 and ITGAX were survival (Figure 1H; CD44
and ITGAX showed no significant differential expression
between metastatic and non-metastatic patients, so data
are not shown). These results indicated that the entire
cellular interaction network of pmCRC ascites contributed
to establishing an immunosuppressive and metastatic
microenvironment.

We observed that the abundance of fibroblasts in
pmCRC ascites samples was significantly greater in SD
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Single-cell transcriptomic landscape of malignant ascites of metastatic CRC. (A) The UMAP plot shows 11 major cell types in

pmCRC ascites, color-coded by cell types. (B) The fraction of each major cell type across 12 patients between PD and SD patients shows
heterogeneous (left panel). The fraction of each patient across 11 cell type populations shows heterogeneous (right panel). (C) Differential
gene expression of fibroblasts between PD and SD patients. (D) Differential gene expression reveals significantly up-regulated and
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patients than in PD patients (Figure 1B). The fibroblasts
were partitioned into 7 distinct clusters (C0-C6) based
on unsupervised clustering (Figure 1I). All sub-clusters
of cancer-associated fibroblasts (CAfs) showed a high
expression of extracellular matrix cancer-associated
fibroblasts (eCAFs) signature (Figure 1J), while inflam-
matory CAF (iCAF), myofibroblast CAF (myCAF), matrix
CAF (mCAF), and vascular CAF (vCAF) only presented in
a small fraction of fibroblasts (Supplementary Figure S1C),
supporting the role of eCAFs in enhancing the metastatic
potential of pmCRC. A higher abundance of antigen-
presenting cancer-associated fibroblasts (apCAFs) was
observed in the PD cohort (n = 310) than in the SD cohort
(n = 93) (Wilcoxon test, P = 0.049). These results indi-
cated that the CAFs in pmCRC ascites have bidirectional
associations with immune regulation function, serving as
a favorable candidate for CRC treatment. Differentially
expressed genes and gene ontology (GO) analyses showed
that the “cell-cell adhesion”, “inflammatory response”,
and “cytokine production” were differentially enriched
between primary tumors and ascites (Supplementary
Figure S1D), which implied that the liquid state of ascites
changed the functions of the fibroblast populations.
Macrophages were significantly enriched in pmCRC
ascites and categorized into 8 sub-clusters (C0-C7)
(Figure 1K). Using the previously defined “M1” and
“M2” signatures, C2 showed an “M1-like” pattern, and
C5 showed “M2-like” patterns. We also identified a
small sub-cluster of C5 co-expressed both “M1” and
“M2” gene signatures (Figure 1L), which have been
reported in previous studies on solid tumors [8]. We next

examined the expression of a series of the previously
reported immunosuppressive genes (leukocyte-associated
immunoglobulin-like receptor 1 [LAIR1], hepatitis A
virus cellular receptor 2 [HAVCR?2; also known as T cell
immunoglobulin and mucin domain-containing protein
3], LGALS9, and V-set immunoregulatory receptor [VSIR])
in macrophage sub-clusters. Because the expression pat-
tern of the “M2” marker gene CD163 perfectly coincided
with that of LAIRI in all sub-clusters (Figure 1M), we
postulated that the immunosuppressive function of
tumor-associated macrophages (TAMs) might be exerted
via LAIRI. Two other immunosuppressive genes, T cell
immune receptor with Ig and ITIM domains (TIGIT) and
programmed cell death 1 (PDCD1), were also identified
highly expressed in C5. C4 highly expressed the key
immunosuppressive phenotypic marker triggering recep-
tor expressed on myeloid cells 2 (TREM2) (Figure 1N). In
summary, the majority of macrophages in pmCRC ascites
exhibited high immunosuppressive features.

We identified 11 sub-clusters of T cells according to the
expression of their respective markers, including CD4*
T cells (C1, C4, C5, and C6) and CD8* T cells (CO, C2,
C3, C7, C8, C9, and C10) (Figure 10). Most CD8" effector
memory cells re-expressing CD45RA T (Temra/Teff) cells
(C8) were from patient 5 (P05), and CD8™" effector memory
T (Tem) cells (C7) were mostly from patient 8 (P08);
the remaining 10 patients exhibited high heterogeneity
in 11 T-cell sub-clusters (Supplementary Figure S1E-F).
Importantly, CD8" tissue-resident memory (Trm) cells
(C7), which were reported to be associated with forming a
tertiary lymphoid structure (TLS) [9], were less abundant

down-regulated genes in 11 cell types between PD and SD patients. (E) Comparison of cell abundance between primary tumor and ascites.
Macrophages are significantly more abundant in ascites than in primary tumors. The data of primary tumor were cited from Khailq et al.
(2022) Genome Biology (https://doi.org/10.1186/s13059-022-02677-z) (F) Circle plots show the cellular interaction network of 11 cell types in
pmCRC ascites. Fibroblasts and macrophages were the core of the cellular interaction network (Edge width represents the numbers of

interactions and node size represents the abundance of cell populations. The round loops along with cell type represent the interactions

within the same cell type.). (G) Dot plots show communication probability of the interactions between cell populations in pmCRC ascites
(The dot size is proportional to the contribution score computed from pattern recognition analysis.). (H) The box plots show CD74, LGALS9
and both were highly expressed in metastatic patients of TCGA COAD & READ patients. The Kaplan-Meier overall survival curves of CD74,
LGALS9, CD44 and ITGAX using TCGA COAD & READ patients. High score, n = 151; low score, n = 452. (I) UMAP plot of fibroblasts are
grouped into 7 cell sub-clusters and indicated by color. (J) UMAPs show the expression levels of eCAFs scores and apCAFs scores in
fibroblasts. Violin plots show the expression levels of eCAFs scores and apCAFs scores in fibroblasts sub-clusters. (K) UMAP plot of
macrophages are grouped into 8 cell sub-clusters and indicated by color. (L) UMAPs and violin plots show the M1/M2 score in macrophages
sub-clusters. (M) Violin plots show the upregulations of multiple immunosuppressive markers, HAVCR2, LGALS9, LAIR1, VSIR and
cancer-promoting M2-like macrophage marker (CD163). (N) UMAPs show the enriched expression for PDCD1, TIGIT and TREM2. (O)
UMATP plot of T cells are grouped into 11 cell sub-clusters and indicated by color. (P) UMAPs and violin plots show the enrichment of the
proliferation score, CD8" T cells cytotoxicity score and CD8" T cells exhausted score in T cells sub-clusters. (Q) The single cell
transcriptomics landscape of pmCRC ascites. (R) Drug repurposing using the transcriptomes data of macrophages in pmCRC ascites, shows
10 best drug candidates. Abbreviations: apCAF, antigen-presenting cancer-associated fibroblast; CRC, colorectal cancer; eCAF, extracellular
matrix cancer-associated fibroblast; HAVCR?2, hepatitis A virus cellular receptor 2; ITGAX, integrin alpha X; LAIRI, leukocyte-associated
immunoglobulin-like receptor 1; LGALS9, recombinant human galectin-9; PD, progressive disease; PDCDI, programmed cell death 1; pmCRC,
peritoneal metastasized colorectal cancer; SD, stable disease; TIGIT, T cell immune receptor with Ig and ITIM domains; TREM2, triggering
receptor expressed on myeloid cells 2; UMAP, uniform manifold approximation and projection; VSIR, V-set immunoregulatory receptor.
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in SD patients (P03, P08, P09, P11, and P12). We also
observed that all sub-clusters expressed ferritin light chain
(FTL) (Supplementary Figure S1G), which was reported to
regulate chemoresistance and metastasis in CRC [10]. We
calculated the cytotoxicity, proliferation, and exhaustion
signatures for all CD8% T-cell sub-clusters (Figure 1P).
Only one sub-cluster of CD8* T cells was not show exhaus-
tion signature (C10). Clusters 9 and 10 exhibited slightly
higher proliferation, which could recruit cytotoxic T cells.
The abundance of C9 and C10 was low, suggesting that T
cells may play a minor role in the immune microenviron-
ment of ascites and may work synergistically with other
cell populations. Moreover, we predicted immunomodu-
latory drugs targeting macrophages, where gene sets were
extracted from the macrophages of the pmCRC ascites data
(Figure 1Q).

In conclusion, we found that T cells, fibroblasts, and
macrophages exhibited immunosuppressive features in
pmCRC ascites (Figure 1R). The cellular landscape of
pmCRC ascites has the significant indication of patients’
immune status, providing insights for prognosis and ther-
apy selection.
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