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ABSTRACT

Background and aim: Most patients with hepatocellular carcinoma (HCC) in China have been diagnosed with
spleen deficiency syndrome (SDS), which accelerates the progression of HCC by disrupting the tumor micro-
environment homeostasis. This study aimed to investigate the intercellular crosstalk in HCC with SDS.
Experimental procedure: An HCC-SDS mouse model was established using orthotopic HCC transplantation based
on reserpine-induced SDS. Single-cell data analysis and cancer cell prediction were conducted using Seurat and
CopyKAT package, respectively. Intercellular interactions were explored using CellPhoneDB and CellChat and
subsequently validated using co-culture assays, ELISA and histological staining. We performed pathway activity
analysis using gene set variation analysis and the Seurat package. The extracellular matrix (ECM) remodeling
was assessed using a gel contraction assay, atomic force microscopy, and Sirius red staining. The deconvolution
of the spatial transcriptomics data using the “CARD” package based on single-cell data.

Results and conclusion: We successfully established the HCC-SDS mouse model. Twenty-nine clusters were
identified. The interactions between cancer cells and cancer-associated fibroblasts (CAFs) were significantly
enhanced via platelet-derived growth factor (PDGF) signaling in HCC-SDS. CAFs recruited in HCC-SDS lead to
ECM remodeling and the activation of TGF-f signaling pathway. Deconvolution of the spatial transcriptome data
revealed that CAFs physically surround cancer cells in HCC-SDS. This study reveals that the crosstalk of CAFs-
cancer cells is crucial for the tumor-promoting effect of SDS. CAFs recruited by HCC via PDGFA may lead to
ECM remodeling through activation of the TGF-p pathway, thereby forming a physical barrier to block immune
cell infiltration under SDS.

1. Introduction

HCC in China receive a clinical diagnosis of spleen deficiency syndrome
(SDS), characterized by loss of appetite, weakness, pallor, weight loss,
and loose stools.” According to TCM, SDS is considered the core path-

Hepatocellular carcinoma (HCC) is one of the most common malig-
nancies with poor prognosis and has developed into a significant public
health issue.! Traditional Chinese Medicine (TCM) has had remarkable
success in treating HCC, based on its distinctive therapeutic approaches
and a wide range of herbs.>® Interestingly, the majority of patients with

ogenic factor in the HCC tumor microenvironment (TME) and is closely
associated with the progression of HCC. For instance, the degree of
malignancy was more severe, and the survival time was shorter in HCC
rats with SDS, and SDS may accelerate HCC development by interfering
with the TME homeostasis and by decreasing the infiltration of cytotoxic
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List of abbreviations

BSA Bovine serum albumin

CAF Cancer-associated fibroblast

DAPI 4’ ,6-Diamidino-2-phenylindole
DMEM  Dulbecco’s Modified Eagle Medium
ECM Extracellular matrix

ELISA  Enzyme linked immunosorbent assay
FBS Fetal bovine serum

GO Gene Ontology

GSVA  Gene set variation analysis

HCC Hepatocellular carcinoma

iCAFs Inflammatory CAFs

IF Immunofluorescence

IHC Immunohistochemistry

AFM Atomic force microscopy

IL-1 Interleukin-1

KEGG  Kyoto Encyclopedia of Genes and Genomes
myCAFs Myofibroblastic CAFs

PBS Phosphate-buffered saline

PC Principal component

PDGF Platelet-derived growth factor

PDGFA  PDGF subunit A

PDGFB  PDGF subunit B

PDGFR PDGF receptor

PDGFRA PDGF receptor A

PDGFRB Platelet Derived Growth Factor Receptor Beta
PVDF Polyvinylidene fluoride

p-SMAD2 Phospho-SMAD2

RIPA Radioimmunoprecipitation assay

scRNA-seq Single-cell RNA sequencing

SDS Spleen deficiency syndrome

SDS-PAGE Sodium Dodecyl Sulphate-PolyAcrylamide Gel
Electrophoresis

SPF Specific pathogen-free

ST Spatial transcriptome

TBST Tris-buffered saline with Tween® 20

TCM Traditional Chinese Medicine

TGF-p  Transforming growth factor-f

TME Tumor microenvironment

UMAP  Uniform Manifold Approximation and Projection
a-SMA  a-Smooth muscle actin

cells.>® Meanwhile, data from both laboratory and clinical studies tend
to support the notion that Chinese herbal medicine can ameliorate the
SDS and limit HCC progression by improving the pre-tumorigenic
microenvironment.”® However, the underlying mechanism by which
SDS regulates HCC progression remains to be explored.

The interactions among the cellular components in TME collectively
drive tumor progression and response to immunotherapy.’ As the most
prevalent cell type in the tumor stroma in TME, cancer-associated fi-
broblasts (CAFs) have recently been widely shown to be linked to poor
prognosis and survival in a range of cancers.'® In the TME, several fac-
tors, such as interleukin-1 (IL-1), platelet-derived growth factor (PDGF),
and transforming growth factor-p (TGF-B), contribute to the recruitment
and activation of CAFs.'! Functionally, CAFs play a crucial role in
accelerating tumor progression. CAFs produce components of the
extracellular matrix (ECM) that can form a physical barrier that hinders
drug delivery and restricts infiltration of cytotoxic T cells into the tumor;
both events contribute to the establishment of an immunosuppressive
environment.'>'® In addition, CAFs promote immune escape by directly
suppressing the activity of immune effector cells and recruiting immu-
nosuppressive cells.'* With the help of cytokines, chemokines, growth
factors, and mechanical cues, CAFs are also crucial for promoting tumor
growth.'® However, further research is needed to completely understand
the specific mechanisms of crosstalk between cancer cells and CAFs in
HCC, particularly with SDS.

Exploring the characteristics of the TME and spatial intratumor ar-
chitecture in HCC is a crucial step in improving patient prognosis.
Traditional research strategies, mainly at the bulk-tumor level, have
inherent limitations in providing precise information about individual
cells in a highly mixed TME.'® Single-cell RNA sequencing (scRNA-seq)
is a technological innovation that solves the problem of scarce infor-
mation collection regarding cellular heterogeneity by enabling the
analysis of single-cell transcriptomes.'” Based on scRNA-seq technology,
the cell types and characteristics of the TME in HCC have been refined.'®
The spatial transcriptome (ST) platform can quantify the
whole-transcriptome mRNA expression of thousands of genes super-
imposed on histological information from the same tissue slice.'® Gene
expression profiles are mapped back to their original locations, enabling
a direct link between histology and gene expression.”’ The integration of
scRNA-seq with ST improves sequencing capabilities and enables the
in-situ visualization of signatures to be combined with the mapping of
more cell types than ST alone.”!
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In this study, we aimed to dissect the crosstalk between cancer cells
and CAFs in HCC with SDS by integrating scRNA-seq and ST, potentially
assisting in preventing SDS-related immunosuppression, and further
guiding immunotherapy for targeted CAFs combined with spleen-
strengthening herbal therapy.

2. Materials and methods
2.1. Animals and experimental groups

Forty C57BL/6 mice (male; 4-6 weeks old; weighing 14-19 g) and
four nude mice (4 weeks old, weighing approximately 20 g) were pur-
chased from the Animal Center of the First Affiliated Hospital of Sun Yat-
sen University (production license: SCXK [Guangdong] 2020-0056).
The animals were kept in a specific pathogen-free (SPF) environment at
the Animal Center of the First Hospital of Sun Yat-sen University (animal
use permit: SYXK [Guangdong] 2020-0108). The use of mice in this
experiment was approved by the Clinical Experimentation and Animal
Ethics Committee of the First Hospital of Sun Yat-sen University
(approval number 2020:402). The C57BL/6 mice were randomly
divided into two groups (20 mice/group): HCC and HCC with SDS (HCC-
SDS).

2.2. Establishment of the HCC-SDS model

SDS of the mice in the HCC-SDS group was induced by subcutaneous
injection of reserpine (0.1 mg/kg/day) (purity >98.0 %, Macklin
Biomedical Co., LTD, Shanghai, China) once a day for 14 days.*° The
mice in the HCC group were injected subcutaneously with saline,
following the same dosing scheme. The body weights of all mice and the
amount of food consumed in each cage were recorded daily. The odor,
mental state, body temperature, respiratory status, fur smoothness, food
intake, and stools of the mice were also monitored. At day 14
post-reserpine injection, the severity of SDS in the HCC-SDS group was
evaluated using the SDS rating scale (Table 1). Three days after injection
of reserpine, HCC was established in mice by orthotopic tumor im-
plantation.® Approximately 1 x 10% Hepal-6 cells in the logarithmic
growth period were injected subcutaneously into the axilla of nude
mice. After the tumors grew subcutaneously, they were collected and
divided into fragments of approximately 1 mm x 1 mm and transplanted
into the liver of C57BL/6 mice after sodium pentobarbital anesthesia.
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Table 1
Spleen deficiency syndrome rating scale.

Index/Score Grading standards

1 2 3 4
Body odor Odor- Mild odor Medium odor Severe odor

free
Mental state  Stable Irritable Fatigue Somnolence
Chill & Normal Cowered Chill Arched back

fever &trembling
Respiration Normal Panting Tachypnea Faint
Fur Gloss Matted Fluffy & erect Brown & erect
Defecate Normal Wet Wet rotten Mucous stool
Appetite Normal Reduced to Reduced to 25  Not at all
50 % %

After transplantation, the mice were closely observed daily, and their
body weight and feed consumption were recorded. Twenty-two days
later, blood was collected from the eye using sterile forceps, and tumor
tissue samples were collected and preserved for subsequent
experiments.

The calculated sum of the scores of each item (total score <3, no SD;
4 < total scores< 7, mild SD; 8< total scores <14, typical SD; 15< total
scores <21, severe SD).

2.3. Cell culture

The human hepatoma cell line MHCC97H and the mouse hepatoma
cell line Hepal-6 were obtained from the State Key Laboratory of
Oncology in South China (Sun Yat-sen University Cancer Center, China).
The human liver fibroblast cell line LX-2 was purchased from the Insti-
tute of Cell Resource Center, Chinese Academy of Sciences (Shanghai,
China). All reagents used for cell culture were purchased from Gibco
(USA). The cells were incubated at 37 °C and 5 % CO, with Dulbecco’s
Modified Eagle Medium (DMED) supplemented with 10 % fetal bovine
serum (FBS) and 1 % penicillin/streptomycin. Subcultures were con-
ducted every 2-3 days.

2.4. Cell co-culture assay

The LX-2 and Hepal-6 cells were digested and resuspended for
counting. LX-2 cells (5 x 104) were seeded in the central chamber of a
cell co-culture slide (ibidi GmbH, Germany), and equal numbers of
Hepal-6 cells were seeded in the other eight chambers. After the cells
adhered, the medium was replaced with one containing 10 % of serum
from HCC and HCC-SDS mice; for the control group, the same amount of
phosphate-buffered saline (PBS) was used in place of the serum, and
cells were co-cultured at 37 °C with 5 % COx, for 4 h. The morphological
changes of LX-2 cells were observed under a brightfield microscope
(Olympus, Japan).

2.5. Transwell co-culture assay

Briefly, 1 x 10° LX-2 cells were seeded in the top chamber (Corning,
8 pm, USA) with 200 pL containing serum-free medium, and the lower
chamber (Corning) was filled with a 600 pL mixture of hepatoma cells
and medium with 10 % mice serum from HCC and HCC-SDS mice, and
HCC-SDS mice serum plus a PDGF receptor B (PDGFRB) inhibitor
(imatinib, 2 pM, MedChemExpress, USA) respectively; for the control
group, the same amount of PBS was used in place of the serum. After
incubation at 37 °C, 5 % CO- for 24 h, the cells were fixed in 4 %
paraformaldehyde and stained with 0.5 % crystal violet for 20 min. The
cells in the top chamber were gently scraped using a cotton swab, and
the migrated cells were imaged under a brightfield microscope.
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2.6. Wound-healing assay

LX-2 and hepatoma cells were seeded on both sides of the wound
healing culture insert (ibidi), and cell density was determined to be close
to 100 % after adhesion. After stimulation with a medium containing 10
% serum from HCC and HCC-SDS mice or equal amount of PBS for the
control group, the cells were photographed under a brightfield micro-
scope to observe the relative motility at 0 and 24 h.

2.7. Gel contraction assays

The contractility of CAFs was assessed using a gel contraction assay.
Co-culture was performed using the Transwell system. 500 pL of type I
collagen (Corning, USA) was added to the 24-well plate, yielding a final
collagen concentration of 2 mg/mL. Once the gel polymerized (1 h), 5 x
10* Hepal-6 cells were seeded in the upper chamber, and the same
number of LX-2 were seeded on the gel in the lower chamber. After the
cells adhered, the medium was replaced with one containing 10 % of
serum from HCC, HCC-SDS mice or HCC-SDS mice serum plus a TGF-f
inhibitor (SB431542, 10 pM, MedChemExpress), the control group was
replaced by PBS. Gel contraction was monitored at 0 and 48 h.

2.8. Evaluation of PDGF subunit A (PDGFA) levels in medium

LX-2 and Hepal-6 cells were transwell co-cultured for 24 h at 37 °C
as described above, and treated with 10 % serum from HCC and HCC-
SDS mice; for the control group, the same amount of PBS was used in
place of the serum. To measure the concentration of the PDGFA in
medium, culture media were collected and centrifuged at 1000 x g for 20
min. The levels of PDGFA in the supernatant was examined using a
PDGFA enzyme linked immunosorbent assay (ELISA) kit (ELK Biotech-
nology, China) according to the manufacturer’s instruction.

2.9. Western blotting

Western blotting analysis was performed to detect the protein levels
of a-smooth muscle actin (a-SMA), PDGFA, PDGFRB, SMAD2, phospho-
SMAD2 (p-SMAD?2), Collagen I and Collagen III. Total proteins from cell
and tissue samples were extracted using a radioimmunoprecipitation
assay (RIPA) lysis buffer (Bioss, USA) containing proteinase inhibitors
(Bioss) and a cocktail of phosphatase inhibitors (Bioss). The proteins
were separated via 10 % sodium dodecyl sulphate-polyacrylamide gel
electrophoresis (SDS-PAGE) and transferred onto a polyvinylidene
fluoride (PVDF) membrane. After blocking with 5 % skim milk for 1 h,
PVDF membranes were incubated with specific primary antibodies (Zen
BioScience, China) overnight at 4 °C. The next day, the membranes were
washed thrice and incubated with a second antibody (Bioss) for 2 h at
room temperature. Blots were imaged using a ChemiDoc XRS system
(Bio-Rad, USA).

2.10. Immunofluorescence (IF) staining

IF analysis was performed using frozen sections of tumor tissue from
HCC and HCC-SDS mice and cell slides after co-culture. The slides were
first sealed with 5 % bovine serum albumin (BSA) for 30 min, and then
incubated overnight with primary antibodies against a-SMA (Zen
BioScience) or p-SMAD?2 (Cell Signaling Technology, USA) at 4 °C. After
washing thrice with tris-buffered saline with Tween® 20 (TBST), the
slides were incubated with a second antibody (1:500; Bioss) combined
with appropriate Alexa Fluor 594, protected from light, and then sealed
with neutral gum containing 4',6-diamidino-2-phenylindole (DAPI).
Fields were randomly selected in each section to observe the staining
condition under an inverted fluorescence microscope (Olympus, Japan).
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2.11. Immunohistochemistry (IHC)

The HCC tissues were fixed in 4 % paraformaldehyde, embedded in
paraffin, and sectioned. After deparaffinization and rehydration, antigen
retrieval was performed using a citrate buffer (pH 6.0). The sections
were then blocked with a goat serum solution for 45 min and incubated
with primary antibodies at 4 °C overnight. The tissue sections were then
incubated with secondary antibodies for 30 min at room temperature,
followed by incubation with DAB for 5 min. Finally, the sections were
stained with hematoxylin and mounted. Three fields were randomly
selected for each section to observe the expression of target proteins
under appropriate magnifications.

2.12. Sirius red staining

Sirius red staining was performed to evaluate the tumor tissue
fibrosis. Briefly, paraffin-embedded tumor sections were dewaxed and
incubated with Sirius red solution (Solarbio, China) for 1 h at 26 °C.
After washing with running water for 10 min, the sections were dehy-
drated with ethanol and sealed with neutral gum. Fields were randomly
selected in each section to observe the staining condition under an
inverted microscope (Olympus).

2.13. Atomic force microscopy (AFM) measurements

AFM was used to measure the stiffness of tumor tissue. Briefly, frozen
sections of tumor tissues from HCC and HCC-SDS mice were incubated in
PBS containing protease inhibitors (1:100, Bioss) and 20 mg/mL pro-
pidium iodide (Sigma Aldrich, Germany) before the examination. A BIO-
AFM (MFP-3D BIO, Asylum Research, USA) mounted on a fluorescence
microscope (Olympus) was used to conduct AFM indentation. With a 10
pm diameter borosilicate glass spherical tip covering, the silicon nitride
cantilevers were adjusted with a spring constant of 0.03 N/m. Before
each measurement, the cantilever underwent a thermal oscillation
calibration. Young’s elastic modulus was calculated using a Hertz model
with a Poisson’s ratio of 0.5 based on the force-distance curves acquired
by cantilever tapping the tumor matrix.

2.14. Single-cell RNA-sequencing and data analysis

2.14.1. Transcriptome sequencing and library preparation

Transcriptional sequencing and library preparation of one normal
murine liver tissue sample and two HCC and three HCC-SDS murine
tumor tissues was performed by Hangzhou Lianchuan Biotechnology
Co., Ltd.

2.14.2. Quality control, cell-type clustering, and major cell-type annotation

Quality control and cell-type clustering were performed using the
Seurat package”” of the R 3.6.2 software, and major cell-type annotation
was performed manually. Standard quality control steps were used to
filter unreliable cells. For each cell, two quality measurements were
calculated: cells that had higher than 25 % expression of mitochondrial
genes or expressed less than 500 genes were removed. In addition, genes
were filtered to retain those expressed in at least one more cell. The
normalized data were subjected to dimensionality analysis using prin-
cipal component (PC) analysis. The top 45 PCs were selected for clus-
tering, and the clustering parameter resolution was set to 0.7. After the
clustering was completed, the cells were manually annotated based on
the CellMarker?®> and PanglaoDB?* databases and combined with the
differential genes of each cluster.

2.14.3. Cancer cell prediction

We used the CopyKAT package” to predict cancer cells. Using
endothelial cells from the healthy group as a reference, fibroblasts, he-
patocytes, and endothelial cells were extracted for prediction. Cells that
undergo considerable aneuploidy mutations are considered cancer cells.
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The cancer cells we predicted were deemed to be annotated for down-
stream analysis as a new cell type.

2.14.4. Intercellular interaction analyses

We conducted intercellular interaction analysis using CellPhoneDB°
and GellChat.”” CellPhoneDB was used to calculate the number of in-
teractions between cell-cell and receptor-ligand pairs, and CellChat was
used to calculate the communication status between cells in terms of
signaling pathways.

2.14.5. Functional and pathway activity analyses

To further clarify the major functions of active CAFs, we performed
Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes
(KEGG) pathway analyses. After that, the gene set variation analysis
(GSVA) algorithm28 and the AddModuleScore function in Seurat were
used to calculate pathway activity. Based on the GSVA algorithm, the
Hallmark pathway dataset in the msigdbr package for mouse species was
employed, with the data matrix as input, and the results were visualized
using the pheatmap package.”” Based on the AddModuleScore function,
Seurat objects and gene sets were selected and run, and finally, the re-
sults were mapped using Uniform Manifold Approximation and Pro-
jection (UMAP) plots.

2.15. Spatial transcriptomics validation

To further investigate the spatial co-localization of single cell clusters
in HCC with SDS, we used the “CARD” package®’ to deconvolute the ST
database of single-cell data. Tumor tissues from HCC and HCC-SDS mice
were cryosectioned at 10 pm thickness. The sections were mounted on
Visium Spatial Gene Expression Slides. General morphological analysis
and sequencing data were spatially aligned, stained with hematoxylin
and eosin, and processed according to the Visium Spatial Gene Expres-
sion User Guide. Tissue sections were treated for permeability for 12
min, and libraries were prepared according to Visium user guidelines for
spatial gene expression. Finally, the samples were sequenced on a
NovaSeq 6000 (illumine, USA). We used the “CARD” package and
created the “CARD” object using the “CreateCARDODbject” function. The
result was calculated using the “CARD_deconvolution” function with
default parameters.

2.16. Statistical analysis

All data were analyzed using the GraphPad Prism 8.3.0 software and
expressed as the mean + SD. Differences between the two groups were
analyzed using a two-tailed Student’s t-test, and one-way ANOVA was
used for multiple-group comparisons. Statistical significance was set at
p < 0.05.

3. Results
3.1. Successful establishment of the HCC-SDS model

First, the experimental scheme for SDS induction in mice with
transplanted HCC is presented in Fig. 1A. The average body weight and
food intake of the HCC-SDS group mice decreased significantly (p <
0.0001) during reserpine treatment (Fig. 1B and C). On the other hand,
the HCC group showed a moderate and stable increase in mean body
weight, and food intake was similar to the initial level. As expected, SDS
assessment revealed that the mice in the HCC-SDS group had signifi-
cantly (p < 0.0001) higher scores than those in the HCC group (Fig. 1D).
Consistently, the body weight and food intake of mice in the SDS-HCC
group were significantly (p < 0.0001) lower than those in the HCC
group after orthotopic HCC transplantation (Fig. 1E and F), and the
postoperative HCC-SDS group maintained the SDS state until the mice
were killed (Fig. 1G). The mice were dissected 22 days after trans-
plantation. Tumors grew well in the livers of both groups of mice, and
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Fig. 2. Identification of cell clusters and annotation. (A) UMAP plot of 29 cell clusters based on 58,835 single-cell transcriptomes. UMAP plot visualizations of (B) the
three groups and (C) six tissue samples. (D) Dot plot depicting the cell-type-specific markers. (E) Proportion bar graph representing cluster frequency in the three
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the tumors in the HCC-SDS group were noticeably larger than those in
the HCC group (Fig. 1H), which suggests that, to some degree, HCC was
more malignant in the HCC-SDS group. These results indicated that the
HCC-SDS model was successfully established.

3.2. Single-cell transcriptomes define heterogeneity in HCC with SDS

To assemble a cell atlas of the TME in HCC-SDS, six samples (three
HCC-SDS tissues, two HCC tissues, and one normal liver tissue) were
sequenced using scRNA-seq technology. Fig. 2A shows the results after
quality control, standardization, dimensionality reduction, clustering,
and annotation of the sequencing data. A total of 58835 cells—27405
cells from HCC-SDS, 24366 cells from HCC, and 7064 cells from normal
liver tissue, comprising immune cells, hepatocytes, and stromal
cells—made up our single-cell atlas. Fig. 2B and C shows the distribution
of the three groups and six tissue samples in UMAP. The cells formed 29
clusters, which we annotated based on known marker genes; the anno-
tation methodology is shown in Fig. 2D. Next, we calculated the pro-
portion of each cell type to characterize the changes in each cell type in
the three groups. Interestingly, we observed some differences in the
proportion of cell composition between the different clusters in the three
groups (Fig. 2E), suggesting that the TME between HCC-SDS and HCC
tissues is somewhat heterogeneous.

3.3. The proportion of cancer cells increases in HCC with SDS

Known marker genes alone cannot determine the malignancy of
cells; therefore, we used the CopyKAT package to infer copy number
variants from single-cell transcriptome data to identify cancer cells.
Here, we used the endothelial cells of the healthy group as a reference
and identified potential cancer cells (Fig. 3A). We predicted cancer cells
in hepatocytes and fibroblasts, and 13,663 cells were predicted to be
malignant; these were mostly composed of hepatocytes-C1, proliferating
hepatocytes-C1, hepatocytes-C2, and proliferating hepatocytes-C3
(Fig. 3B and C). The distribution of cancer cells in the two groups is
illustrated in Fig. 3D. Of the 13,663 cells, 9631 belonged to the HCC-SDS
group (35 % of the total number of cells in the HCC-SDS group) and 4032
to the HCC group (16 % of the total number of cells in the HCC group)
(Fig. 3E).

3.4. Cancer cells—CAFs interaction was associated with PDGF signaling in
HCC with SDS

To explore the differences in intercellular interactions between the
TME of the HCC-SDS and HCC groups, we performed cell-cell interac-
tion analyses. The results from CellPhoneDB showed that cancer cells
and CAF-C1 interacted predominately in the HCC group (Fig. 4A), while
the predominant interactions in the HCC-SDS group were CAF-CI,
CAF-C2, CAF-C3, and CAF-C4 (Fig. 4B). Furthermore, we observed that
the interactions between cancer cells and CAFs were significantly
enhanced in the HCC-SDS group (Fig. 4C), while those between cancer
cells and T cells were significantly reduced (Fig. 4D). Based on the
CellChat package, compared to the HCC group, cancer cells in the HCC-
SDS group exhibited a higher frequency of incoming and outgoing
signaling (Fig. 4E). To further investigate and quantify the
ligand-receptor interaction between cancer cells and CAFs, we investi-
gated the signaling pathways involved in the interactions between
cancer cells and CAFs. We found that in the HCC-SDS group, the PDGF
pathway and related ligand-receptor interactions, including
PDGFA-PDGFRB, PDGFA-PDGF receptor A (PDGFRA), PDGFB subunit
B (PDGFB)-PDGFRB, and PDGFB-PDGFRA, affected cancer cells—CAFs
interaction, with PDGFA-PDGFRB presenting the highest communica-
tion contribution (Fig. 4F and G). The above results suggest that cancer
cells-CAFs interactions were associated with PDGF signaling in the HCC
with SDS.
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3.5. Cancer cells recruit CAFs by secreting PDGFA in HCC with SDS

To investigate whether SDS promoted the interaction between can-
cer cells and CAFs and the potential role of SDS in this event, we used
three co-culture systems to verify the recruitment of CAFs by hepatoma
cells in vitro (Fig. 5A). CAFs appeared bipolar or multipolar with elon-
gated shapes after co-culture with Hepal-6 cells stimulated with HCC-
SDS serum for 4 h (Fig. 5B), exhibiting typically activated fibroblast
morphology.®! The wound-healing assay showed that the capacity of
hepatoma cells incubated in the HCC-SDS serum to recruit CAFs was
enhanced compared to that of cells in the HCC serum and PBS (Fig. 5C).
Similarly, as illustrated in Fig. 5D, the stronger capacity of hepatoma
cells to recruit CAFs was observed in the Transwell assay in both cell
lines in the HCC-SDS serum. Furthermore, The IF and IHC staining
showed that the protein level of a-SMA in tumor tissues increased in the
HCC-SDS group compared with that in the HCC group (Fig. 5E and F).
CAFs were identified as activated fibroblasts using western blotting
analysis, and the a-SMA expression of CAFs in the HCC-SDS group
significantly (p < 0.5) increased after co-culturing (Fig. 5G and H).
Additionally, compared with the other groups, the expression of PDGFA
in HCC cells treated with the HCC-SDS serum was up-regulated, which
corresponded to an increased expression of PDGFRB in CAFs (Fig. 5G, H,
I, J). Meanwhile, ELISA ‘s results showed that more PDGFA was detected
in the supernatant of the co-culture medium treated with serum from
mice in the SDS-HCC group (Fig. 5K). The recruitment of CAFs in the
serum of SDS-HCC mice was attenuated by PDGFRB inhibitors (imati-
nib)*** to inhibit PDGFA-PDGFRB receptor-ligand pair communication
(Fig. 5L and M). These results are in line with research on cell-cell in-
teractions, suggesting that cancer cells may recruit more CAFs via
PDGFA in HCC-SDS.

3.6. Enhanced ECM remodeling and activation of the TGF-f pathways in
CAFs under SDS

We further analyzed the pathway enrichment and pathway activity
of CAF differential genes to verify the contribution of SDS to CAF
recruitment by HCC cells. As shown in Fig. 6A, KEGG enrichment
annotation suggested that the genes with upregulated expression were
significantly enriched in the pathway related to EMC-receptor interac-
tion and focal adhesion. GO enrichment analysis of the biological pro-
cess also suggested that the genes with upregulated expression were
enriched in cell-substrate adhesion signaling. In agreement with the
results of KEGG and GO enrichment analyses, GSVA indicated enhanced
activation of ECM remodeling-related pathways in the HCC-SDS group
samples (Fig. 6B). Fibroblasts promote matrix remodeling through
active contraction, leading to matrix stiffening and desmoplasia.>* We
observed that CAFs cultured in HCC-SDS serum contracted the gel to a
greater extent than those in HCC serum and PBS (Fig. 6C). By calculating
the elastic modulus of tumor tissues using AFM, we found that the tumor
of the HCC-SDS mouse had a significantly stiffer matrix; the majority of
the surface stiffness from the HCC-SDS group were gathered in 8-10 kPa,
while those in the HCC group were gathered in 0.5-1.5 kPa (Fig. 6D).
Moreover, Sirius red staining showed that the level of collagen was
significantly increased in HCC-SDS group compared with HCC group
(Fig. 6E). Therefore, we proposed that CAFs activated in HCC-SDS might
lead to ECM remodeling. To explore the underlying molecular regula-
tory mechanism, we investigated the potential signaling pathways
associated with ECM remodeling in CAFs using GSVA; we observed that
the activity of the TGF-p pathway was significantly enhanced in the
HCC-SDS group (Fig. 6F). The results of the Seurat AddModuleScore
algorithm also showed that, compared with the HCC group, the
expression of TGF-B1 was relatively upregulated in CAFs in the HCC-SDS
group (Fig. 6G). TGF signaling pathway has long been identified with its
strategic role in ECM assembly and remodeling during cancer progres-
sion, by promoting SMAD phosphorylation and translocation into the
nucleus, thus regulating the transcription of target genes.”> Western
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blotting analysis revealed greatly elevated phosphorylation of SMAD2
and the IF also exhibited an increase in nuclear localization p-SMAD2, in
the CAFs of the HCC-SDS group relative to that in the HCC group and
PBS group after co-culture (Fig. 6H and I). Of note, TGF-p is a key
contributor to shaping the ECM by stimulating the production and
remodeling of collagens in CAFs.>"*® To further investigate whether
TGF-f activation in CAFs regulates ECM-associated collagens, we have
detected the expression of Collagen I and Collagen III. We found that,
with the increase of SMAD2 phosphorylation, the expression of
ECM-remodeling related proteins Collagen I and Collagen III were
up-regulated under HCC-SDS (Fig. 6I). This differential expression
pattern of the TGF-p signaling pathway between the SD-HCC and HCC
groups was further confirmed at the protein level in the liver tumor
tissues by Western blotting (Fig. 6J). Meanwhile, the ECM-remodeling
effect of the CAFs under HCC-SDS was largely reversed by the specific
inhibitor of the TGF-f signaling pathway in vitro (Fig. 6K and L). Thus,
based on the abovementioned results, we speculated that CAFs recruited
by cancer cells under SDS enhance contractility, resulting in ECM
remodeling by activation of the TGF-p pathway.
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3.7. Spatial co-localization between cancer cells and CAFs

As our scRNA-seq analysis only investigated the function of CAFs, we
sought to validate the co-localization of cancer cells and CAFs using ST
analysis. Interestingly, as demonstrated in Fig. 7, the deconvolution
results of HCC spatial transcriptomic data showed that CAFs physically
surround cancer cells in the TME under SDS, while no such co-
localization was observed in the HCC group.

4. Discussion

In China, most patients with HCC are clinically diagnosed with SDS,
which is considered one of the major physiological factors contributing
to the formation of the pro-tumorigenic microenvironment in HCC.*° In
our study, consistent with previous reports,»® the HCC-SDS mice
showed symptoms typical of SDS, including loss of appetite, mental
depression, weight loss, laziness and pile-ups, withered sparse hair, and
loose stools (perianal uncleanliness), which were not observed in the
HCC mice, indicating that model of HCC-SDS was successfully estab-
lished. Moreover, the tumors in the HCC-SDS group were substantially
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larger than those in the HCC group, suggesting that SDS promoted the
malignant progression of HCC to some extent. However, it is still diffi-
cult to comprehensively assess the characteristics of the HCC-SDS model
based only on the changes in symptoms and indicators, and an in-depth
analysis of the changes in the TME may be beneficial for understanding
the influence of SDS on HCC progression.

The interactions among the cellular components of TME collectively
determine tumor progression and response to immunotherapy.’ Here,
we mapped a single-cell atlas of HCC with SDS to dissect its TME
characteristics and intercellular interactions. We first focused on the
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proportion of each cell type and found that the proportion of cells in the
HCC TME was altered by SDS. Previous studies have also found that SDS
interferes with TME homeostasis in HCC by decreasing the proportion
and activity of cytotoxic cells.>” Notably, the number of cancer cells
was significantly higher in SDS. The SDS-induced immunosuppressive
microenvironment avoids the killing of cytotoxic cells’’; thus, more
cancer cells can be observed under SDS, indicating that SDS promoted
HCC progression at the TME level. Prior studies have demonstrated that
the most abundant cells in TME are CAFs, which are mainly derived from
mesenchymal fibroblasts and regulate tumor biological behavior
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directly or indirectly by promoting angiogenesis, mesenchymal remod-
eling, drug resistance, immunosuppression, and invasive metastasis.' ¢
In our study, cellular interactions between cancer cells and CAFs were
significantly enhanced under SDS, revealing an underlying correlation
between CAFs and the tumor-promoting effects of SDS. Consistent with
the above results, cancer cells were found to recruit and activate more
CAFs in SDS serum in in vitro co-cultures. IHC and IF staining of HCC-SDS
tissues also revealed a similar trend. Much evidence suggests that the
function of CAFs is not always pro-tumorigenic.'' Several clinical
studies have found a positive correlation between some specific phe-
notypes of CAFs and patient survival in lung and pancreatic cancer.*>*"
Furthermore, the depletion of a-SMA + CAFs accelerated the develop-
ment of pancreatic ductal adenocarcinoma and helped polarize
tumor-infiltrating T cells.’”*! In liver metastasis and pancreatic cancer,
the depletion of myCAF results in the downregulation of its derivative
COL1A, promoting tumor growth in the absence of mechanical
constraints, >

Subsequently, we investigated the mode of communication between
cancer cells and CAFs and found that PDGF-related ligand-receptor in-
teractions were highly activated in the HCC-SDS group and that
PDGFA-PDGFRB was the primary contributor pair. Paracrine signaling
of cancer cell-derived PDGF has been identified as a major driver of CAF
recruitment in lung*® and breast carcinomas,** malignant melanoma,*®
and cholangiocarcinoma.® PDGF secreted by cancer cells induces
fibroblast migration by interacting with the PDGF receptor (PDGFR);
this process leads to CAF recruitment by activating Rho/ROCK, which in
turn exerts pro-tumor growth and pro-angiogenic effects. > Therefore,
we hypothesized that cancer cells may recruit more CAFs through
paracrine PDGFA signaling under HCC-SDS. This conjecture was
confirmed in the in vitro co-culture experiment. These results provide
important evidence that the cancer cells—CAFs interaction may be the
source of the tumor-promoting effects of SDS.

CAFs are emerging as central players in shaping the TME phenotype
toward immunosuppression.47 CAFs promote tumor immunosuppres-
sion through multiple mechanisms, including the secretion of multiple
cytokines and chemokines, as well as mediating the recruitment and
affecting the functional differentiation of innate and adaptive immune
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cells.*® Moreover, CAFs directly disrupt the function of cytotoxic lym-
phocytes and inhibit their activity.*® They also create a physical barrier
around the tumor through ECM remodeling, blocking the infiltration of
immune cells. Interestingly, we found that the expression pattern of
recruited CAFs was associated with the ECM remodeling-related path-
ways. Tumor stiffness and desmoplasia is governed by fibroblasts active
contraction, which contribute significantly to ECM remodeling.> We
also observed enhanced contractility of CAFs, increased desmoplasia
and greater tumor stromal stiffness under SDS, suggesting that CAFs
activated in HCC-SDS might lead to ECM remodeling. Meanwhile, the
TGF-f signaling pathway was significantly activated and regulated the
expression of Collagen I and Collagen III in CAFs in HCC-SDS. A hall-
mark of CAFs in the TME is the overproduction of collagen components,
which leads to ECM remodeling and affects tumor progression.”® Of
note, previous studies have proposed that CAF-derived TGF-f1 is one of
the most crucial regulators of ECM, regulating ECM rigidity and
fibrosis.® Increased ECM remodeling resulting from CAFs contributes to
the creation of a physical barrier to block immune cell infiltration,
thereby promoting the formation of an immunosuppressive microenvi-
ronment.”” Even with infiltration of cells with anti-tumor immune re-
sponses, CAFs hinder the communication between immune and cancer
cells, disrupting anti-tumor effects. In our study, ST analysis showed that
CAFs formed a physical barrier around cancer cells in the HCC-SDS
group, while cellular interaction analysis showed reduced interactions
between cancer cells and T cells. Therefore, we speculated that CAFs
recruited by HCC-SDS may participate in ECM remodeling by activating
the TGF-p pathway, thus forming a physical barrier to block immune cell
infiltration.

To our knowledge, this is the first study to focus on cell crosstalk in
HCC-SDS based on scRNA-seq and ST. Our study revealed the potential
implication of the crosstalk between CAFs and cancer cells in immuno-
suppression in HCC-SDS. Moreover, our study suggests that the activa-
tion and recruitment of CAFs likely constitutes a key part of the
underlying mechanism, which may serve as a potential novel immuno-
therapeutic target to modulate the HCC stroma by targeting PDGFA and
PDGFRB. However, our study had some noteworthy limitations. First,
based on the expression of a-SMA, cytokines, and chemokines, CAFs can
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be divided into myofibroblastic (myCAFs) and inflammatory CAFs
(iCAFs).”! Thus, it is necessary to explore the mechanism of different
CAF subsets in HCC-SDS. In addition, we did not validate the genetic
depletion of CAFs in vivo. So far, nearly all in vivo evidence on CAF
depletion is based on studies that used specific genetically engineered
mice to block the accumulation of CAFs. The accumulation of CAFs was
inhibited by crossing abnormal a-SMA expression transgenic mice with
spontaneous tumor mice. In our study, we used an in situ transplanted
HCC mice model, unlike the spontaneous tumor mouse model, where the
possibility exists to perform CAF-specific genetic manipulation.

5. Conclusions

The present study revealed the crucial role of the crosstalk between
CAFs and cancer cells in the pro-tumor effect of SDS by integrating
single-cell and ST. We speculated that CAFs recruited by HCC via PDGFA
may lead to ECM remodeling through activation of the TGF-p pathway,
thus forming a physical barrier to block immune cell infiltration in the
TME of SDS. These findings provide important insights into the link
between intercellular crosstalk and immunosuppression in SDS that
would contribute to our better understanding of the role of SDS in HCC
progression in TCM.
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