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SUMMARY
Themicroenvironmental changes in peritoneal dialysis effluent (PDE) after long-term vintage (LV) of PD in pa-
tients with ultrafiltration failure (LV_UF) are unclear. Single-cell sequencing revealed that peritoneal neutro-
phils were elevated in LV_UF patients, while MRC1-macrophage subcluster decreased compared with PD
patients with short vintage (SV) and LV without ultrafiltration failure (LV_NOT_UF). Compared with the
LV_NOT_UF group, the upregulated differentially expressed genes (DEGs) of monocytes/macrophages in
the LV_UF group were involved in inflammatory response and EMT progress. LV_UF patients had a higher
proportion of epithelial-like mesothelial cells (E-MCs), which were characterized by autophagy activation,
inflammation, and upregulation of neutrophil- and autophagy-related DEGs compared to the LV_NOT_UF
group. Additionally, mesenchymal-like MCs and AQP1 expression were reduced in the LV_UF group
compared with the other groups. Both neutrophils and monocytes/macrophages interacted with MCs. Our
study provides insights into the roles of peritoneal mesothelial cells and inflammatory cells in PD patients
with UF.
INTRODUCTION

Peritoneal dialysis (PD), one of the renal replacement treatments,

uses the peritoneal membrane as a dialyzing membrane to ex-

change water and solutes in a hyperosmotic environment.1 The

three-pore model (TPM) of peritoneal transport derived from

capillary physiology has been recognized as a valuable method

for describing transperitoneal exchange of solutes and water.2,3

According to the classical TPM, the peritoneal membrane in-

cludes ultrasmall, small, and large pores.4 On the other hand,

the distributed model of peritoneal transport extends the perito-

neal barrier to include peritoneal parenchymal cells, mesen-

chymal cells, and stromal molecules, all of which influence peri-

toneal fluid and solute transport.5,6 Years of PD treatment results

in the functional and constructional changes of the peritoneal

membrane, which affects the clinical outcome of patients.7

Decreased fluid clearance is the most common problem of the

peritoneal membrane and is considered an important screening

tool for membrane dysfunction.7 Recent guidelines classify

membrane dysfunction into three categories,7 but the specific

mechanisms leading to the pathophysiological changes in the

peritoneum remain unclear.
iScience 27, 111383, Decem
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The peritoneal effluent is readily available compared to the

peritoneal tissue, which is invasive to patients. Peritoneal dial-

ysis effluent (PDE) is the fluid that flows out after completing

substance exchange within the patient’s body during PD using

dialysate. Specifically, the PDE contains various peritoneal

cells, which provide an alternative to defining the complete

cellular and molecular composition of peritoneal cells. Single-

cell RNA sequencing (scRNA-seq) is a powerful approach for

transcriptome-wide analysis of differential gene expression

and definition of cellular composition in a single cell.8,9 Cells

obtained from PDE were evaluated using single-cell transcrip-

tome and found that hyperglycolysis was responsible for the

alteration of mesothelial cells (MCs) and peritoneal fibrogene-

sis,10 and macrophages had the property of promoting

fibrosis.11 In addition, the population of fibroblasts obtained

from the patients receiving PD showed a proinflammatory role

and a crosstalk with immune cells.12 However, these studies

focused on patients with long- and short-term PD, lacking

further heterogeneous analysis between patients with ultrafil-

tration failure (UF) or not. We hypothesize that the alterations

of molecules, peritoneal tissue, and cells contribute to the

transformation of peritoneal function in patients undergoing
ber 20, 2024 ª 2024 The Author(s). Published by Elsevier Inc. 1
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long-term PD. Here, scRNA-seq was performed to analyze the

cell composition and transcriptome characteristics of perito-

neal effluent obtained from PD patients across short vintage

(SV), long vintage without ultrafiltration failure (LV_NOT_UF),

and long vintage with ultrafiltration failure (LV_UF) to demon-

strate the changes of peritoneal microenvironment.

RESULTS

Single-cell transcriptomic analysis reveals changes in
cell composition of PDE
The median PD vintage of the SV, LV_NOT_UF, and LV_UF

groups were 5 months (range:1.0–6.0 months), 137 months

(range: 92–189 months), and 132 months (range: 120–

161 months) respectively, with no significant differences in

age (38.3 ± 21.5 years, 45.7 ± 10.6 years, and 41.0 ± 16.7 years,

p > 0.05) and gender (male%: 33.3%, 50.0%, and 25.0%,

p > 0.05). To better understand the heterogeneity among pa-

tients received PD, we applied scRNA-seq to characterize the

cell composition and transcriptomic status of peritoneal fluid

from individuals in SV, LV_NOT_UF, and LV_ UF phases (Fig-

ure 1A). We applied the Seurat package for cell normalization

and cell filtering considering themitochondria percentage, min-

imum, and maximum gene numbers (Figures S1A and S1B). Af-

ter filtering, 103,638 cells were analyzed, including 47,943 in

the SV group, 39,309 in the LV_NOT UF group, and 16,386 in

the LV_UF group (Table S2). The central cells were further

analyzed, and the top 2,000 genes with the highest variable

were subjected to subsequent analysis (Figure S1C). Notably,

the cells were divided into 21 clusters (Figure 1B) and then an-

notated into 8 major cell types based on highly expressed

genes using unsupervised UMAP clustering (Figures 1C and

S1D), including epithelial-like mesothelial cells (E-MCs),

mesenchymal-like mesothelial cells (M-MCs), fibroblasts,

plasma B cells, conventional dendritic cells (cDC), plasmacy-

toid dendritic cells (pDC), natural killer T (T_NK) cells, and

myeloid cells. To better demonstrate the cell function of these

cell types, cells were classified as non-immune and immune

profiles. The non-immune profiles included E-MCs, M-MCs,

and fibroblast (Figure 1D), and the other cells were classified

as immune profiles. Expectedly, cell types’ composition was

accumulated differently in the three PD states. For example,

E-MCs strongly accumulated in the LV_UF group, fibroblast

remarkably enriched in the LV_NOT_UF group, and M-MCs

concentrated in the SV group (Figure 1E). The proportion of

M-MCs gradually reduced from SV to LV_UF (Figure 1E). On

the contrary, E-MC cells showed an increase. The immune pro-
Figure 1. Identification of 8 cell types with diverse annotations based

(A) Schematic of scRNA-seq sample preparation.

(B) The distribution of all 21 identified cell clusters is visualized by Uniform manif

(C) Cells from PDE are annotated into 8 cell types according to the expressions

(D) Non-immune cell types are visualized by UMAP, including epithelial-like mes

(E) Percentage of 3 non-immune cell types (E-MCs, M-MCs, and fibroblast) in the

the vertical axis is group.

(F) UMAP distribution map of immune cell types identified in PDE.

(G) The percentage of immune cell types identified in PDE in the SV, LV_NOT_U

vertical axis is group.
files were further categorized into 31 heterogeneous subtypes:

MRC1-Macrophage, 2 subtypes for monocyte, 3 subtypes for

DCs, 4 subtypes for neutrophil, 2 subtypes for B cells, 6 sub-

types for CD4 T cells, 5 subtypes for CD8 T cells, 4 subtypes

for gDT cells, and 4 subtypes for NK cells. (Figure 1F). Hetero-

geneity in the abundance of different immune cell subpopula-

tions in the three PD states was prominent (Figure 1G). In short,

the cell composition of PDE was altered after UF, suggesting

that cellular heterogeneity may be associated with pathological

changes in different states of PD.

Heterogeneity analysis of E-MC subclusters in PDE
Previous studies have evaluated single-cell transcriptomes of

MCs in normal peritoneal biopsy and effluent from patients ac-

cepting PD, which reported that long-term PD increased the

expression of epithelial-mesenchymal transition (EMT)-associ-

ated marker genes.10,12 However, the characteristics of MC

cell-type heterogeneity in PD drainage fluid are absent. In our

study, MCs were annotated into E-MCs and M-MCs to further

investigate the heterogeneous changes of MCs in different

PD status. Among these, a previous study reported that

E-MCs possess epithelial cell features such as becoming polar-

ized upon cell-cell contact and resting upon a basement mem-

brane.13 Notably, E-MCs primarily appeared in the LV_UF

group, with a tiny cell population in the SV and LV_NOT_UF

groups (Figure 2A). We then extracted relevant data of

E-MCs, which yielded five subclusters by UMAP that we

termed E-MCs-SPRR2E, E-MCs-SPINK7, E-MCs-GDF15, E-

MCs-KLF2, and E-MCs-TAGLN (Figure 2B and Table S3). The

E-MCs-SPRR2E and E-MCs-SPINK7 strongly expressed kera-

tin genes, including KRT6A, KRT6B, KRT16, and KRT17 (Fig-

ure 2C), which are abundantly expressed in epithelial cells

that support cell polarization and cellular adherent junctions.14

Furthermore, GO analysis showed that E-MCs-SPRR2E and

E-MCs-SPINK7 participated in cornification, keratinocyte dif-

ferentiation, and epidermis development (Figures 2D and 2E).

The top 20 pathway enrichment analyses also suggested

that E-MCs-SPRR2E and E-MCs-SPINK7 were enriched in

autophagy and mitophagy pathways (Figures S2A and S2B).

Interestingly, several subclusters, including E-MCs-SPRR2E,

E-MCs-SPINK7, E-MCs-GDF15, and E-MCs-TAGLN, were

remarkably enriched in the neutrophil degranulation pathway

(Figures 2D and 2E; Figures S2C and S2D). On the other

hand, QUSAGE analysis revealed that E-MCs-TAGLN was

mainly enriched in p53 pathway, PI3K/AKT/mTOR signaling

pathway, wnt beta-catenin signaling, and EMT pathways (Fig-

ure 2F). Taken together, these results suggested heterogeneity
on single-cell RNA sequencing (scRNA seq) data

old approximation and projection (UMAP).

of marker genes.

othelial cells (E-MCs), mesenchymal-like MCs (M-MCs), and fibroblast.

SV, LV_NOT_UF, and LV_UF groups. The horizontal axis is cell proportion, and

F, and LV_UF groups is shown. The horizontal axis is cell proportion, and the
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among subclusters of E-MCs, and the elevation of E-MCs in

PDE of LV_UF patients may reflect the increasing denudation

of MCs possessing epithelial phenotypes from peritoneal

membrane.

E-MCs exhibit enrichment in autophagy-related
pathways
Given our findings that E-MCs-SPRR2E and E-MCs-SPINK7 are

associated with autophagy (Figures S2A and S2B), we therefore

further explore the association between autophagy and E-MCs

subtypes. The expression of autophagy-associated genes in

E-MCs was visualized by bubble plot (Figure 3A). MAP1LC3B,

RAB7A, and BECN1, which primarily participated in the forma-

tion of autophagosome,15,16 showed an enrichment in E-MCs.

As evidenced in the heatmap, E-MCs were strongly enriched in

autophagy (other and animal), mitophagy, and apoptosis path-

ways (Figure 3B). Similarly, GO and KEGG analyses also ex-

hibited the involvement of E-MCs in various autophagy-related

pathways, including mitophagy, macroautophagy, and autopha-

gosome assembly (Figures 3C and 3D). To sum up, these results

demonstrated an enrichment of autophagy-related pathways

within E-MCs.

E-MCs show inflammatory characteristics
E-MCs exhibited pro-inflammatory features. As shown in Fig-

ure S3A, the pro-inflammatory-associated marker genes were

greatly stimulated in E-MCs, such as LCN2 (an innate immune

protein that regulates immune responses),17 S100A8/9 (bound

to TLR4 and inducing pro-inflammatory cytokines and chemo-

kines),18,19 TICAM1 (participates in TLR3 mediated proinflam-

matory cytokine),20 and CXCL16 (encourages monocyte and

T cell attachment to endothelial cells).21 Interestingly, E-MCs

also displayed an increase in anti-inflammatory gene expression,

including IL1RN (an antagonist of proinflammatory cytokines)22

and LGALS9 (the family of lectins that have anti-inflammatory ac-

tivity)23 (Figure S3A). Different subtypes of E-MCs exhibit

different inflammatory properties, with the E-MCs-KLF2 subtype

being predominantly pro-inflammatory and highly expressed

IFNG, GZMA, IL1A, and CCL20, while the E-MCs-TAGLN sub-

type has a two-sided effect of inflammation (Figure S3B). In

short, our results elucidate the pro-inflammatory and anti-inflam-

matory characteristics in E-MCs.

Neutrophil degranulation and autophagy within E-MCs
may be activated in the LV_UF group
To further characterize the transcriptional differences of E-MCs

in PDE from patients of the LV_NOT_UF and LV_UF groups,

we performed a DEG analysis. Based on 5210 genes within

E-MCs, 3481 DEGs were identified, including 769 upregulated

and 2712 downregulated DEGs in the LV_UF group compared
Figure 2. Heterogeneity analysis of E-MC subclusters in PDE

(A) Proportion of E-MCs in the SV, LV_NOT_UF, and LV_UF groups. The Wilco

represented as mean ± SD.

(B) E-MCs were re-clustered into five sub-cell types and displayed by the UMAP

(C) Heatmap revealing the expression of marker genes in five subpopulations of

(D and E) GO enrichment analysis was performed based on the expressed mark

(F) Hallmark pathway enrichment of five E-MC subclusters analyzed by QuSAGE
to the LV_NOT_UF group (Figure 4A). Interestingly, the upregu-

lated DEGs in the LV_UF group compared to the LV_NOT_UF

group were found to be involved in pathways of neutrophil

degranulation and autophagy (Figure 4B). The downregulated

DEGs in the LV_UF group were associated with collagen fibril

and ECM organization (Figure 4C). Collectively, these findings

indicate that neutrophil degranulation and autophagy within

E-MCs may be activated in the LV_UF group.

AQP1 downregulation in PDEmay be a biomarker for UF
The water channel Aquaporin 1 (AQP1) is validated to be respon-

sible for approximately 50% of ultrafiltration in 2-h hypertonic

dwell24 and plays an important role in UF in PD according to

the TPM.25 Therefore, we wondered whether scRNA-seq data

of PDE could laterally verify the function of AQP1. As illustrated

in Figure S3C, AQP1 was predominantly expressed in non-im-

mune cells (E-MCs,M-MCs, and fibroblast), with little expression

in immune cells. Moreover, AQP1 expression was significantly

reduced in E-MCcompared toM-MCs and fibroblast (Figure 4D).

Notably,AQP1was found a lower expression in the LV_UF group

compared to the LV_NOT_UF and SV groups (Figure 4E), sug-

gesting that the downregulation of AQP1 in PDE may be a spe-

cific molecular event in UF.

M-MCs respond to UF through participating in EMT,
fibrosis, and inflammation
In contrast to the increase in E-MCs abundance, our scRNA-seq

data revealed that PDE-derived M-MCs showed a reduction in

the LV_UF group compared with SV group (Figure 5A). We per-

formed sub-cluster analysis for M-MCs alone that were anno-

tated into the 9 clusters, including M-MCs-IL6, M-MCs-

SLC7A4, M-MCs-SERPINB2, M-MCs-RGCC, M-MCs-MAFB,

M-MCs-proliferation, M-MCs-HLA-DRB1, M-MCs-MMP7, and

M-MCs-POSTN based on the known marker genes (Figure 5B

and Table S4). Pseudotime trajectory was performed for

M-MCs, and the results showed that M-MCs deveploment fol-

lowed 3 differentiation directions (Figure 5C). MCs with mesen-

chymal features are characterized by higher motility and the ca-

pacity to produce ECM, thus contributing to fibrosis.26 The

M-MCs-POSTN andM-MCs-RGCC were primarily accumulated

in states 1 and 4 and showed an enrichment in ECM organiza-

tion, cell adhesion, cell migration, oxidative phosphorylation,

collagen fibril organization, actin cytoskeleton organization,

and neutrophil degranulation, suggesting that EMT and fibrosis

occurred in the peritoneal membrane (Figures S4A and S4B).

The distributions of M-MCs from all three PD periods (SV,

LV_NOT_UF, and LV_UF) in the pseudotime trajectory are also

shown in Figure 5C.Meanwhile,COL1A1,COL3A1, and vimentin

(VIM), well-known mesenchymal signatures, were abundantly

enriched inM-MCs and fibroblasts (Figure 5D), further confirmed
xon Rank-Sum test was used to calculate the statistical difference. Data are

plot.

E-MCs.

er genes in E-MCs-SPRR2E (D) and E-MCs-SPINK7 (E) cell types.

are shown by heatmap.
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Figure 3. E-MCs exhibit autophagy activation

(A) Bubble map shows the expression of autophagy-associated marker genes in E-MCs, M-MCs, and fibroblasts. The bubble size represents the percentage of

gene expression in the relevant cell types, and the color indicates average gene expression.

(B) QuSAGE analysis reveals the pathway enrichment of gene sets in E-MCs, M-MCs, and fibroblasts.

(C) GO enrichment analysis of E-MCs shows the association between E-MCs and autophagy.

(D) KEGG enrichment of E-MCs was performed based on the expressed marker genes in E-MCs.
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that the mesenchymal-like signatures of MCs contributed to

develop fibrosis. M-MCs-proliferation population showed an

enrichment in cell division and cell cycle and participated in the

modulation of the mitotic cell cycle (Figure S4C). Moreover,
6 iScience 27, 111383, December 20, 2024
M-MCs-IL6 and M-MCs-MAFB were found to be associated

with the TNF signaling pathway, Th17 cell differentiation, and

MAPK signaling pathway, as evidenced in the KEGG analysis

(Figures S4D and S4E), indicating the occurrence of



Figure 4. Pathways of neutrophil degranulation and autophagy within E-MCs may be activated in the LV_UF group

(A) Volcano map of DEGs in E-MCs between the LV_ UF and LV_NOT_UF groups.

(B and C) The bubble map shows the top 20 GO enrichment of upregulated DEGs (B) and downregulated DEGs (C) in E-MCs between the LV_ UF vs. LV_NOT_UF

groups.

(D) Violin map shows that in the three non-immune cells (M-MCs, E-MCs, and fibroblast), AQP1 expression was significantly decreased in E-MCs compared to

M-MCs and fibroblast. The Wilcoxon Rank-Sum test was used to calculate the statistical difference. ***p < 0.001.

(E) Violin map shows thatAQP1 expression in the three non-immune cells (M-MCs, E-MCs, and fibroblast) of peritoneal mesenchymewas significantly reduced in

the LV_UF group compared to the other groups. The Wilcoxon Rank-Sum test was used to calculate the statistical difference. ***p < 0.001.
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inflammatory response in M-MCs. A heatmap of inflammatory

gene expression in different M-MCs subtypes is shown in Fig-

ure S3D. Different specific subtypes of M-MCs exhibited hetero-

geneity, meaning that the expression patterns of inflammatory

genes are different. Interestingly, we found that M-MCs-

SLC7A4 showed the character of E-MCs, such as cornification

and epidermis development (Figure S4F).

We next performed DEG analysis for M-MCs and sought

to explore the differential response of M-MCs to PD across SV,

LV_NOT_UF, and LV_UF. The GO analysis showed that the

DEGs were mainly enriched in ECM organization, positive regu-

lation of cell migration, neutrophil degranulation, and collagen
fibril organization, indicating progressing EMT and fibrosis in

LV_NOT_UF (Figure S4G). In addition, the GO term of DEGs re-

vealed M-MCs in LV_UF involved in cornification, epidermis

development, NF-kB signaling, and IFN signaling pathway (Fig-

ure S4H). These results demonstrated that MCs acquired

mesenchymal phenotypes and contributed to EMT, fibrosis,

and inflammation.

Immunomodulatory characteristics of neutrophils and
their crosstalk with MCs
In previous reports, scRNA-seq data revealed the accumulation

of leukocytes such as monocyte and NK cells12 but lacking
iScience 27, 111383, December 20, 2024 7
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neutrophils. However, neutrophil was detected in peritoneal

effluent cells and showed an exceptional enrichment in our

study. Although the neutrophil abundance increased in LV_UF,

no significant differences were found compared to the SV or

LV_NOT_UF groups (Figure 6A). The neutrophil was subclus-

tered into 4 subtypes by UMAP, including neutrophil-S100A12,

S100low neutrophil, neutrophil-NFKBIA, and neutrophil-IFIT2

(Figure 6B). Neutrophil-NFKBIA strongly enriched inflamma-

tion-associated pathways, such as the Toll-like receptor

signaling pathway, NF-kB signaling pathway, IL-17 signaling

pathway, and TNF signaling pathway (Figure 6C). Neutrophil-

related DEGs of E-MCs were upregulated in the LV_UF group

(Figure 4A), and the GO enrichment analysis supported the asso-

ciation between neutrophils and E-MCs. For example, neutro-

phil-IFIT2 enriched in ‘‘negative regulation of mesenchymal to

epithelial transition involved in metanephros morphogenesis’’

and ‘‘metanephric mesenchymal cell proliferation involved in

metanephros morphogenesis’’ (Figure 6D). Marker genes,

including S100A8, S100A9, and S100A11, were highly ex-

pressed in neutrophil-S100A12 (Figure 6E) that correspond

with the upregulated DEGs in E-MCs (Figure 4A). As ligand cells,

neutrophil-S100A12 also interacted with E-MCs in the LV_UF

group (Figure 7A). Furthermore, neutrophil-NFKBIA as ligand

cells expressed CXCL8 to pair with CXCR2 receptor, which

was expressed in M-MCs such as M-MCs-SERPINB2, M-

MCs-RGCC, M-MCs-SLC7A4, and M-MCs-IL6 in the LV_UF

group (Figure 7B). CXCR2 is a G-protein-coupled receptor for

the human CXC chemokines CXCL1, CXCL2, CXCL3, CXCL5,

CXCL6, CXCL7, and CXCL8, the primary immune function of

which is the regulation of neutrophil migration, as it controls

the egress of these cells from the bonemarrow, and their recruit-

ment to sites of inflammation.27 Collectively, our results revealed

the immunomodulatory characteristics of neutrophils, as well as

their crosstalk with MCs.

Monocytes/macrophages interact with MCs and
neutrophils
The inflammatory response induced by PD within the peritoneal

cavity contributes to the progressive damage of the perito-

neum.28 In response to injury, macrophages are stimulated to

generate reactive oxygen species and recruit and activate addi-

tional MCs and fibroblasts to repair the peritoneum.29 To ask

whether macrophages affect the UF process, we next annotate

monocytes/macrophages to investigate their differences be-

tween different PD statuses. The monocytes/macrophages

were clustered into three subtypes, termed MRC1-macro-

phages, patrolling monocytes, and inflammatory monocytes

(Figure 8A). Although the abundance of MRC1-macrophages

and inflammatory monocytes were mainly accumulated in SV

and gradually reduced from SV to LV_NOT_UF to LV_UF,
Figure 5. M-MCs respond to UF through participating in EMT and fibro

(A) Proportion of cell number of M-MCs in the SV, LV_NOT_UF, and LV_UF group

Wilcoxon Rank-Sum test was used to calculate the statistical difference. Data a

(B) The distribution of nine M-MC subclusters is displayed by the tSNE plot.

(C) Distribution of nine M-MC subclusters in cell pseudotime trajectory. Left: nine

subclusters in five developmental states; Right: Distribution of M-MCs in develo

(D) The expression distribution of cell markers (COL1A1, COL3A1, and VIM) of E
notable change was observed only in MRC1-macrophages in

the LV_UF group compared to the SV group (Figure 8B). Then,

we performed a DEG analysis between LV_NOT_UF and

LV_UF. The upregulated DEGs of monocytes/macrophages in

the LV_UF group compared with the LV_NOT_UF group not

only involved in pro-inflammatory response including neutrophil

degranulation, inflammatory response, leukocyte migration, and

cytokine-mediated signaling pathway but also associated with

EMT progress, including positive regulation of cell migration,

positive regulation of angiogenesis, and positive regulation of

vascular endothelial growth factor (VEGF) production, as indi-

cated by GO analysis based on DEGs (Figures 8C–8E). Consid-

ering the relationship between macrophages and fibrosis, we

constructed a cellular interaction network map. The bubble

plot showed the interrelationship among monocytes/macro-

phages and other cells in PDE (Figure S5), which demonstrated

that MRC1-macrophages (Figure S5A) and inflammatory mono-

cytes (Figure S5B) were positively correlated with fibroblasts and

MCs. Meanwhile, we observed a strong interaction between

monocytes/macrophages and neutrophils (Figure S5). In sum-

mary, these results revealed that monocytes/macrophages

were involved in EMT and interacted with MCs and neutrophils.

DISCUSSION

We conducted a comprehensive analysis of PDE-derived cells

based on scRNA-seq data. First, the cell populations in PDE

were recognized as 8 main cell types based on the representa-

tive marker genes, including E-MCs, M-MCs, fibroblast, plasma

B cells, cDC, pDC, T_NK cells, and myeloid. E-MCs from PDE

were significantly increased in the LV_UF group compared with

the SV and the LV_NOT_UF groups, possessed epithelial-like

features, and displayed activated autophagy, pro-inflammation,

and anti-inflammation. In contrast, the M-MCs and the AQP1

expression in the peritoneal mesenchyme were reduced in the

LV_UF group. The neutrophils and monocytes/macrophages re-

sponded to inflammation, connected with MC, and participated

in EMT and fibrosis. Our study revealed PDE-derived cell com-

positions and transcription features in patients undergoing

long-term PD with UF, demonstrating the dynamic changes of

peritoneal cells and molecular mechanisms. This study provides

scientific evidence for understanding UF and improving perito-

neal membrane dysfunction at the cellular level, which may

pave the way for the development of interventions aimed at miti-

gating peritoneal membrane dysfunction, thus improving the

long-term viability and efficacy of PD as a renal replacement

therapy.

The mesothelium surface layer formed by MCs is associated

with preventing the formation of fibrous adhesions in the perito-

neum. In 2003, Yáñez-Mó et al. demonstrated for the first time
sis

s. M-MCs are decreased in the LV_UF group compared with the SV group. The

re represented as mean ± SD.

M-MC subclusters divided into five states; Middle: Distribution of nine M-MC

pmental trajectories in 16 samples.

MT in M-MCs, E-MCs, and fibroblast are represented in the UMAP plot.
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the presence of MCs undergoing mesenchymal transformation

in effluent and peritoneal tissues of PD patients.30 Subsequently,

the researchers proposed to rename the mesenchymal transfor-

mation that occurs in different organs (e.g., lung, liver, or perito-

neum) to a more appropriate term: mesothelial-to-mesenchymal

transition (MMT).31–33 During MMT, E-MCs gradually lose their

epithelial-like features and apical-basolateral polarity and are

transformed into M-MCs with a mesenchymal phenotype.34

Peritonitis can exacerbate peritoneal injury, and in parallel with

these peritoneal changes, mesothelial cells undergo MMT,

which is associated with peritoneal deterioration in response

to PD. Interestingly, MMT is a reversible process, meaning

M-MCs can be converted to E-MCs. For example, Vargha

et al. demonstrated that EMT conversion during PD can be

reversed into the opposite direction by exogenously adminis-

tered BMP-7.35 Therefore, strategies targeting the MMT process

may help to halt the progression of peritoneal fibrosis.

We found that E-MCs in PDE significantly increased in the

LV_UF group, consistent with the reported studies that long-

term PD and peritonitis induced the denudation of the mesothe-

lium with features of epithelial cells.36–38 After peritoneal injury,

the mesothelial regeneration mechanism is initiated so that the

MCs occur apoptosis and autophagy, and inflammatory cells

release the cytokine to stimulate cells at the edge of the lesion

to proliferate and accumulate on the wound surface within

48 h.39–41 Inflammatory cells, particularly macrophages, could

induce DNA synthesis and replication of mesothelial cells, while

serosal healing is delayed after depletion of circulating mono-

cytes.40 Conversely, the mesenchymal-to-epithelial transition

(MET) considers that the MCs gradually regained their simple

squamous epithelial morphology and cellular organization.42

The inflammation-stimulated MCs lost their contact with the

basal lamina and each other andwere first transformed into spin-

dle-shaped cells in the EMT process.43 Then, M-MCs gradually

recovered the epithelial phenotypes after the peak inflammation

time, accompanied by decreased organelles and increased au-

tophagic structures in the cytoplasm.44

Moreover, we found that E-MCs exhibit pro-inflammatory and

anti-inflammatory characteristics in the LV_UF group, which

may imply that MC is undergoing the MMT transformation pro-

cess. E-MCs are on a thin basement membrane covering the

entire abdominal cavity, known as the ‘‘mesothelium’’. They are

considered the first-line barrier to the abdominal cavity, providing

a protective and non-adherent surface over the abdominal cavity

and organswith anti-inflammatory properties to control peritoneal

homeostasis.45 However, during MMT, the loosening of tight

adhesion between E-MCs creates conditions for invading reactive

oxygen species and inflammatory factors, generating a pro-in-

flammatory and pro-fibrotic microenvironment in the peritoneal

cavity.46 MCs and surrounding macrophages can also produce
Figure 6. Functional characteristics of neutrophil subclusters

(A) Proportion of neutrophils in the SV, LV_NOT_UF, and LV_UF groups. Neutrop

statistical difference was not significant. The t-test was used to calculate the sta

(B) UMAP visualizes the distribution of four neutrophil subclusters.

(C) QuSAGE analysis of enrichment pathways of four neutrophil subclusters is sh

(D) The bubble map shows the top 20 GO enrichment terms of neutrophil-IFIT2 c

(E) Expression of marker genes of neutrophil-S100A12 is represented by the UM
large amounts of inflammatory factors (IL-1b, TNF-a, and IL-6)

and pro-inflammatory mediators (chemokines, endogenous

TLR ligands) in response to neutrophil stimulation.47 Therefore,

E-MCs are also considered to have pro-inflammatory properties.

These suggest that intervention in the inflammatory phenotypic

transformation in E-MCs could be a target for early intervention

to maintain peritoneal integrity.

AQP1 is the only identified protein so far that is directly

involved in PD fluid transport.25AQP1 is constitutively expressed

on the endothelial cells lining peritoneal capillaries and venules

and has been confirmed to be the corresponding molecule for

the ultra-small pore in the TPM model. In 2021, Morelle et al.

found that AQP1 promoter variant rs2075574 was associated

with aquaporin-1 expression, ultrafiltration, and the prognosis

of PD patients.48 Zhang et al. confirmed the crucial role of endo-

thelial Aqp1 in ultrafiltration during PD using a Aqp1�/� mice.49

However, few studies have focused on the expression of AQP1

outside peritoneal vascular endothelial cells. In our study,

vascular endothelial cells were not detected, but AQP1 expres-

sion was detected in other non-immune cells, such as fibroblasts

and mesothelial cells. Interestingly, further comparison of AQP1

expression in non-immune cells among the three groups showed

that the LV_UF group had the lowest AQP1 expression and the

LV_NOT_UF group had the highest AQP1 expression. We spec-

ulate that, like the role of AQP1 in vascular endothelial cells,

AQP1 expressed in peritoneal interstitial cells also mediates wa-

ter filtration. High expression of AQP1 in peritoneal interstitial

cells may facilitate the passage of water through the interstitium

to the peritoneal cavity.

Progressive membrane fibrosis can lead to UF. MMT is one of

the essential mechanisms of peritoneal membrane fibrosis and

can appear early after the initiation of PD.33 Studies have shown

that the degree of interstitial fibrosis increases with the prolonga-

tion of PD.50We found that the proportion of M-MCs in the LV_UF

groupdecreasedcomparedwith theSVgroup, but it did notmean

that the degree of interstitial fibrosis in the LV_UF groupwas lower

than that in the SV group. Possible reasons for this finding are that

the PD duration of our SV group (median: 5 months, range: 1 to

6 months) was much longer than the corresponding group of

the previous studies, which enrolled patients who started PD

within 1 week.10,12 Long-time PD may allow more MMT to

happen. In addition, asmentioned above, long-term inflammatory

stimulation can cause M-MCs to undergo MMT,44 leading to a

decrease in M-MCs and an increase in E-MCs.

Peritoneal fibrosis has 2 cooperative parts: the fibrosis pro-

cess and the inflammation. So, UF was accompanied by

changes in the abundance of MCs and connected with inflam-

matory cells. We detected neutrophils in the effluent of patients

accepting PD, which were associated with MCs and were

elevated in the LV_UF group compared with the other groups.
hils are elevated in the LV_UF group compared with the other groups, but the

tistical difference. Data are represented as mean ± SD.

own by heatmap.

ell type based on marker genes.

AP plot.
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Figure 7. The crosstalk between neutrophil

subclusters and other PDE-derived cells

(A and B) The bubble plot depicts ligand-receptor

connections of neutrophil-S100A12 (A) and

neutrophil-NFKBIA (B) with other PDE-derived

cells. Bubble size indicates the statistical signifi-

cance, and bubble color indicates the interaction

level.
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Figure 8. Monocytes/macrophages contribute to UF
(A) Monocytes/macrophages were re-clustered into three sub-cell types and displayed by a UMAP plot.

(B) Proportion of three monocyte/macrophage subclusters in the SV, LV_NOT_UF, and LV_UF groups. The Wilcoxon Rank-Sum test was used to calculate the

statistical difference. Data are represented as mean ± SD.

(C–E) GO enrichment analysis shows function enrichment of DEGs between the LV_UF and the LV_NOT_UF groups of the inflammatory monocytes (C), MRC1-

macrophages (D), and patrolling monocytes (E).
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Inflammatory changes of early fibrotic events include the prolif-

eration of ECM-secreting cells and the influx of mononuclear in-

flammatory infiltrates in the wound.51 Neutrophils also release

the toxic content of their granules, such as reactive oxygen
and elastase, that injures the peritoneal membrane.52 Studies

on peritonitis have proven that once neutrophils enter the perito-

neum, they undergo NETosis, which consists of releasing

necrotic cell DNA, forming a net of aggregated neutrophils able
iScience 27, 111383, December 20, 2024 13
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to trap and sequester microorganisms.53 The influx and clear-

ance of neutrophil is regulated by various cytokines produced

by the peritoneum, such as IL-6, IL-17, and IFN-g.54 IL-17 pro-

motes the production of CXCL1 by MCs by activating the

expression of the transcription factor SP1, while IFN-g inhibits

SP1 activation, and disruption of this balanced cross-regulation

may lead to excessive or ineffective recruitment of neutrophils,

subsequently leading to damage to the peritoneal membrane.54

Peritonitis remains a significant obstacle to themaintenance of

long-term PD, and an unbalanced host peritoneal immune

response may impair local anti-infective defenses, leading to

treatment failure. We found that with the progression of SV to

LV_NOT_UF to LV_UF, the proportion of three macrophage

cell types (anti-inflammatory M2-like macrophages) gradually

decreased, suggesting that as peritoneal dialysis progresses,

the status and function of the local macrophage system in the

peritoneum undergo dynamic changes. Numerous studies sup-

port our conclusions. For example, M2 macrophage reperfusion

reduces histological damage, ECM deposition, and peritoneal

ultrafiltration functional decline in mice compared to the M1

macrophage.55 Liao et al. found that the distribution of macro-

phage subsets in different patients with peritonitis was signifi-

cantly different, and heterogeneous macrophage subsets were

associated with different PD outcomes.56 In addition, the cross-

talk between macrophage-mediated inflammation and fibro-

blasts leading to peritoneal fibrosis may be another significant

factor of macrophage dynamic changes. CCL17 is considered

an essential mediator for switching inflammatory macrophages

into pro-fibrotic phenotype macrophages and activating perito-

neal fibroblasts, and supplementing with CCL17 antibody can

reduce macrophages, myofibroblasts, and fibrosis and improve

peritoneal function.57 Collectively, the heterogeneity of macro-

phage subpopulations revealed by our study may provide in-

sights into the mechanism of UF in PD patients.

In conclusion, our analysis based on scRNA-seq data revealed

dynamic changes in the cellular composition and function of in-

dividual peritoneal cell populations during PD.We demonstrated

that most PDE-derived E-MCswere present in patients undergo-

ing long-term PD with UF, and these E-MCs displayed enrich-

ment in pathways of autophagy and inflammation. By contrast,

the M-MC abundance and AQP1 expression in PDE were

reduced in the LV_UF group. Neutrophils and monocytes/mac-

rophages were involved in inflammation response and interacted

with MCs. These results highlight the potential value of identi-

fying and developing therapeutic strategies for targeting MCs

and inflammatory cells to prevent UF.

Limitations of the study
There are limitations in this study. First, the number of patients

enrolled in each group was relatively small. This study recruited

16 patients, including 6 in the SV group, 6 in the LV_NOT_UF

group, and 4 in the LV_UF group. It is known that sample sizes

determine the number of cell populations. Larger cell numbers

are preferred to enhance the reliability and validity of the findings.

Despite the number of cells of each type being in hundreds or

thousands, the sub-clustering of these cells results in a very

small number of several cell subtypes. In addition, not every

sample can identify all cell subtypes. Small cell numbers limit
14 iScience 27, 111383, December 20, 2024
statistical power and reproducibility, increase variability, and

cause sampling bias. Second, we collected PDE from PD pa-

tients, and the cells analyzed were the main cells shed from

the peritoneum into the abdominal cavity, which may not accu-

rately reflect the proportion of cells in the membrane. Third,

sex, gender, or both may impact the results of the study, but

we did not include these factors during the data processing.

Finally, our findings need to be validated in larger cohorts and ex-

periments. This can potentially further confirm our findings.

RESOURCE AVAILABILITY

Lead contact

Further information and any requests should be directed to and will be fulfilled

by the lead contact,X.Y. (yxiao@mail.sysu.edu.cn).

Materials availability

The materials generated in this study are stored in our laboratory.

Data and code availability

d scRNA-seq data have been deposited at GEO and are publicly available

as of the date of publication. Accession numbers are listed in the key re-

sources table.

d This paper does not report the original code.

d All other data reported in this paper will be shared by the lead contact

upon request.

ACKNOWLEDGMENTS

This study was supported by Guangdong Provincial Key Laboratory of

Nephrology [2020B1212060028] and NHC Key Laboratory of Clinical

Nephrology (Sun Yat-Sen University).

We are grateful for the service and technical support provided by NovelBio

Co. Ltd. during the scRNA-seq process.

AUTHOR CONTRIBUTIONS

Y.X. and D.X.W. designed the research; Z.C.X., Y.H.J., and C.W. collected the

data; W.H.S. and Y.C.Y. provided new reagents/analytic tools; D.X.W., L.J.X.,

and M.H.P. analyzed the data; D.X.W., Z.C.X., and Y.H.J. drafted the article.

Y.X. and D.X.W. contributed significantly to editing the article. Y.X. was the

supervision.

DECLARATION OF INTERESTS

The authors declare no competing interests.

STAR+METHODS

Detailed methods are provided in the online version of this paper and include

the following:

d KEY RESOURCES TABLE

d EXPERIMENTAL MODEL AND SUBJECT DETAILS

d METHOD DETAILS

d QUANTIFICATION AND STATISTICAL ANALYSIS
B Single-cell RNA-seq data processing

B The cell types were clustered and visualized

B Pseudotime analysis

B Cell communication analysis

B SCENIC analysis

B QuSAGE analysis

B Differential gene expression analysis

B Gene enrichment analysis

d STATISTICAL ANALYSIS

mailto:yxiao@mail.sysu.edu.cn


iScience
Article

ll
OPEN ACCESS
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.isci.

2024.111383.

Received: November 6, 2023

Revised: July 2, 2024

Accepted: November 11, 2024

Published: November 13, 2024

REFERENCES

1. Aroeira, L.S., Aguilera, A., Sánchez-Tomero, J.A., Bajo, M.A., del Peso, G.,
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Biological samples

Patients-derived peritoneal dialysis effluent The First Affiliated Hospital of

Sun Yat-sen University

https://www.fahsysu.org.cn/home

Critical commercial assays

Chromium Single Cell 30V3.1 kit 103 Genomics PN-1000268

Qubit High Sensitivity DNA assay Thermo Fisher Scientific Q33231

Deposited data

Raw and processed scRNA-seq data GEO database (https://www.ncbi.nlm.

nih.gov/geo/query/acc.cgi?acc=GSE248762)

GSE248762

Software and algorithms

Ensemble https://www.ensembl.org/index.html?redirect=no version 9.1

Cell Ranger 10x Genomics version 3.1.0

Seurat package https://satijalab.org/seurat/ version 4.0.3

R software package Seurat satijalab version 3.1.1

Monocle2 http://cole-trapnell-lab.github.io/monocle-release version 0.9.5

CellPhoneDB https://www.cellphonedb.org/ version 4.1.0

pySCENIC https://scenic.aertslab.org/ version 0.12.1

QuSAGE Bioconductor version 2.16.1

NCBI http://www.ncbi.nlm.nih.gov/ N/A

UniProt http://www.uniprot.org/ N/A

Gene Ontology http://www.geneontology.org/ N/A

Other

Illumina NovaSeq Illumina Illumina NovaSeq 6000

Bioanalyzer Agilent Bioanalyzer 2100
EXPERIMENTAL MODEL AND SUBJECT DETAILS

PD patients were screened regularly and followed up at The First Affiliated Hospital of Sun Yat-sen University from June 1, 2021, to

June 1, 2022. Our study was supported by the Research Ethics Committee (IRB Number: IIT-2022-633) of The First Affiliated Hospital

of Sun Yat-sen University. Inclusion criteria of patients: (1) Regular follow-up at the PD center in the hospital; (2) Age greater than 18

years old; (3) Be willing to participate in this study and sign an informed consent form. Exclusion criteria of patients: (1) Patients after

kidney transplantation or long-term hemodialysis converts to PD; (2) History of peritonitis for 4 weeks before the collection of dial-

ysate samples; (3) Patients with a history of malignant tumors; (4) Patients with catheter-related UF dysfunction or dialysate leakage

occurred; (5) Patients with colitis ulcerosa or abdominal organ cancer.

Participants were categorized based on the timing of PD initiation and the volume of ultrafiltration associated with PD treatment.

The allocation criteria for the subjects are as follows: 1) SV group: patients received PD for less than 6 months; 2) LV_NOT_UF group:

patients received PD for more than 90 months, and the modified PET (Mod-PET) test showed that the ultrafiltration volume was

greater than 400 mL; 3) LV_UF group: patients received PD for more than 90 months, Mod-PET test showed that the ultrafiltration

volume was less than 400 mL.

For single-cell RNA-seq, we collected overnight effluent from 16 PD patients within 1 h of ex vivo, including 6 SV patients, 6 patients

in the LV_NOT_UF group, and 4 patients in the LV_UF group. The age, sex, and PD terms of the patients were collected. The detailed

basic clinical features and concentration of glucose dialysate of 16 PD patients are shown in Table S1.

AMod-PET test was performed at the patient’s follow-up visit to assess whether they had ultrafiltration failure using 4.25%glucose

dialysate. Peritoneal dialysate (PD solution contains 2 L of 4.25% glucose) was used to stay in the abdomen for 4 h. Collecting dial-

ysate at 0 h, 1 h, and 4 h, and blood samples at l h after abdominal dialysis, which was determined the concentration of creatinine,

glucose, and sodium. Meanwhile, counting the ultrafiltration volume, 4h D/P Cr, sodium difference ([Na+]t = 0 - [Na+]t = 60 min), so-

dium sieving ratio (1 - [Na+]t = 60 min/[Na+]t = 0).
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METHOD DETAILS

After centrifugation of PDE at 500g for 10min, the cell pellet was incubated on ice with 2mL of cell lysate for 8min. Cells were washed

with phosphate-buffered saline (PBS) containing 0.4% BSA and centrifuged at 400g for 5 min. Then, cells were resuspended in

PBS containing 0.4% BSA, and the activity was measured. Countstar automated cell counter was used to calculate cell numbers,

which required more than 50,000 cells. Moreover, the quality of cells demanded that the concentration of cell suspension was

700–1200 cells/mL and the cell activity >80%.

QUANTIFICATION AND STATISTICAL ANALYSIS

Single-cell RNA-seq data processing
scRNA-seqwas conducted by Jiangxi NovelBio in China. The scRNA-seq library was generated by the ChromiumSingle Cell 30V3.1 kit
(103Genomics, Pleasanton, California, USA) and the 103Genomics ChromiumController instrument. Briefly, cells were concentrated

to approximately 1000 cells/uL and loaded into each channel to generate single-cell Gel Bead-In-Emulsions (GEMs). After the RT step,

GEMs were broken, and barcoded cDNA was purified and amplified. The amplified barcoded cDNA was fragmented, A-tailed, and

ligated with adaptors, and the index PCR was amplified. The final libraries were quantified using the Qubit High Sensitivity DNA assay

(Thermo Fisher Scientific), and the size distribution of the libraries was determined using a High Sensitivity DNA chip on a Bioanalyzer

2200 (Agilent). All libraries were sequenced by Illumina sequencer (Illumina, San Diego, CA) on a 150 bp paired-end run.

The fastp with default parameter was applied to filter the adaptor sequence and remove the low-quality reads to achieve clean

data. The clean data was matched with the Ensemble reference genome (GRCh38 Ensemble, v9.1) using Cell Ranger (v3.1.0) based

on the STAR Methods, including exons, introns, intergenic regions, and full-length transcript regions. As a quality control, cells with

expressed genes R200 and mitochondrial unique molecular identifier (UMI) rate %20% were selected. Seurat package (v4.0.3,

https://satijalab.org/seurat/) was used for cell normalization and regression based on the expression table according to the UMI

counts of each sample and percent of mitochondria rate to obtain the scaled data. Since samples were processed and sequenced

in batches, we used mutual nearest-neighbour (MNN) to remove the potential batch effect. The raw data of scRNA-seq has been

released to NCBI under the accession number GSE248762.

The cell types were clustered and visualized
Principal component analysis (PCA) was performed based on the top 2,000 genes with significant differences. Then, the top 10 prin-

cipal components were visualized by dimensionality reduction using the unified manifold approximation and projection (UMAP). We

used the R software package Seurat (v3.1.1) to analyze scRNA-seq data, and the marker gene was calculated using the

FindAllMarkers function after Wilcoxon Rank-Sum tested the algorithm and default parameters. Re-tSNE analysis was performed

to identify the cell type and select a cell population with the same cell type.

Pseudotime analysis
We applied the Single-Cell Trajectories analysis utilizing Monocle2 (http://cole-trapnell-lab.github.io/monocle-release) using DDR-

Tree and default parameter (the cut-off q value was 0.0001, the top gene number was 1000). Before the Monocle analysis, we

selected marker genes of the Seurat clustering result and raw expression counts of the cell passed filtering. Based on the

pseudo-time analysis, branch expression analysis modeling (BEAM Analysis) was applied for branch fate-determined gene analysis.

Cell communication analysis
To enable a systematic analysis of cell-cell communication molecules, we applied cell communication analysis based on the

CellPhoneDB, a public repository of ligands, receptors, and their interactions. Membrane, secreted, and peripheral proteins of the

cluster of different time points were annotated. Significant mean and Cell Communication significance (p value <0.05) were calcu-

lated based on the interaction and the normalized cell matrix achieved by Seurat Normalization.

SCENIC analysis
To assess transcription factor regulation strength, we applied the Single-cell regulatory network inference and clustering

(pySCENIC, v0.9.5) workflow, using the 20-thousand motifs database for RcisTarget and GRNboost., RANK_THRESHOLD:5000,

NES_THRESHOLD:3, AUC_THRESHOLD:0.05.

QuSAGE analysis
To characterize the relative activation of a given gene set, such as pathway activation, we performed QuSAGE (v2.16.1) analysis un-

der the following criteria: FDR <0.05.

Differential gene expression analysis
To identify differentially expressed genes among samples, the function FindMarkers with Wilcoxon Rank-Sum test algorithm was

used under the following criteria: 1. lnFC >0.25; 2. p value <0.05; 3. min.pct >0.1.
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Gene enrichment analysis
We downloaded Gene ontology (GO) annotations from NCBI (http://www.ncbi.nlm.nih.gov/), UniProt (http://www.uniprot.org/), and

theGeneOntology (http://www.geneontology.org/) to elucidate the gene function ofmarker genes and differentially expressed genes

(DEGs). Pathway analysis was performed to identify enriched pathways of marker genes and DEGs according to the Kyoto Encyclo-

pedia of Genes and Genomes (KEGG) database. Fisher’s exact test recognized the significant GO terms and pathways, and the false

discovery rate (FDR) was used to correct the p value.

STATISTICAL ANALYSIS

The Wilcoxon Rank-Sum test and unpaired t-test were used to calculate statistical differences between the two groups. A p value

<0.05 is considered as a statistical difference. ***p < 0.001.
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