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ARTICLE INFO ABSTRACT

Keywords: The high prevalence of depressive disorders in individuals with cancer and their contribution to
Chronic‘ stress tumour progression is a topic that is gradually gaining attention. Recent evidence has shown that
Bef’re“lo}n there are prominent connections between immune gene variants and mood disorders. The ho-
Moegset:t;s cancer meostasis of the tumour immune microenvironment (TIME) and the infiltration and activation of

Tumour immune microenvironment immune cells play a very important role in the antitumour effect. In this study, we established a

Single-cell RNA seq compound mouse model with chronic unpredictable mild stress (CUMS) and orthotopic colorectal
cancer to simulate colorectal cancer (CRC) patients with depression. Using 10X Genomics single-
cell transcriptome sequencing technology, we profiled nearly 30,000 cells from tumour samples
of 8 mice from the control and CUMS groups, revealed that immune cells in tumours under a
chronic stress state trend toward a more immunosuppressive and exhaustive status, and described
the crosstalk between the overall inflammatory environment and immunosuppressive landscape
to provide mechanistic information or efficacious strategies for immune-oncology treatments in
CRC with depressive disorders.

1. Introduction

Due to the younger age of cancer onset and the ageing of the world’s population, the number of cancer survivors has grown
dramatically. People who live with cancers need better quality of life while undergoing surgery, chemotherapy, radiotherapy,
immunotherapy and other treatments [1]. It is well known that many risk factors promote tumour progression, such as nutrition,
obesity, dietary habits, and lifestyle factors [2-4]. Among these factors, the mental health concerns of cancer patients are receiving
more attention [5,6]. A pioneering study arranged CRC survivors into clusters by four emotion regulation patterns and suggested that
health care professionals should be aware of the individual differences in the emotions of these CRC patients [7]. Our previous ran-
domized controlled clinical study in CRC showed that disease-free survival was negatively correlated with worse emotional function
[8l.

Depression is one of the most common negative emotions in cancer patients [9], and meta-analyses have reasonably suggested that
it might be an independent risk factor in pancancer that is associated with worse survival [10,11]. Moreover, cancer survivors may
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suffer serious side effects from chemotherapy and other treatments that contribute to the development of depressive symptoms [12].
Negative emotions or long-term psychological stress can have adverse consequences for the body, including hormone secretion dis-
orders, immune dysfunction, peripheral nervous system alterations and interactions [13-15], impair the ability of immune cells to
secrete cytokines to kill cancer cells, and promote tumour metastasis [16,17]. However, despite the negative impact of chronic stress
on people with cancer, the exact mechanisms remain unclear.

In recent years, the development of single-cell RNA sequencing technology has opened up new possibilities at the genetic level for
further research to address biological and medical questions, especially in the field of immunology [18]. In this work, we established
CUMS-induced depression CRC tumour-bearing mice to uncover a landscape of chronic stress-induced immunosuppression by
single-cell RNA sequencing technology to provide strategies for studying the mechanisms by which negative emotion promotes CRC
progression.

2. Results
2.1. CUMS-induced depression promotes CRC progression

As shown in Fig. 1A, we established the in situ model of CRC, accompanied by CUMS-induced depression. The open field test, tail
suspension test, and forced swimming test verified that the CUMS group mice were depressed before they were sacrificed (Fig. 1B-D).
According to the statistics of the survival period of each mouse, the CUMS group was obviously shorter than the control, showing a
worse prognosis (Fig. 1E). From the 14th day, the weight of the mice was recorded once every 2 days, and the weight of the CUMS mice
was significantly lower than that of the control (Fig. 1F). After two months, metastases were observed in the livers and lungs of the
CUMS group mice but were hardly found in the control group (Fig. 1G and H). These results suggest that depression is associated with
CRC metastasis and a worse prognosis.
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Fig. 1. CUMS-induced depression promotes CRC development. (A) Workflow of depression combined with CRC mouse model. (B) Evaluation by
the open field test. (C) Evaluation by tail suspension test (***p < 0.001). (D) Evaluation by the forced swim test (***p < 0.001). (E) Survival period
of the mice. (F) Body weights of the mice (***p < 0.001). (G) Histological analysis of livers. (H) Histological analysis of lungs.
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2.2. Single-cell RNA sequencing of the in situ CRC in depression mice

Heliyon 10 (2024) e23552

To investigate the metergasis of the TIME in tumour progression under chronic stress, we used single-cell RNA-seq to map the
tumour-immune transcriptional landscape of four tumours in each group (Fig. 2A). To define major cell populations, we performed
unsupervised clustering analysis after gene quantitative quality control on integrated single-cell datasets from control and CUMS
tumours. Preliminarily, 19 unique cell clusters, including malignant cells (Clusters 3, 6-8, 10, 12, and 13), macrophages (Clusters 1, 4,
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Fig. 2. Single-cell expression map in CRC. (A) Workflow of single-cell RNA-seq. (B) U-MAP visualization of cell clusters. (C) U-MAP visualization
of the control and CUMS groups. (D) The proportion of clusters in all cells of each sample. (E) The proportion of each sample in different clusters.
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Fig. 3. Analysis of neutrophils. (A) U-MAP visualization of myeloid cells. (B) The cluster proportions of myeloid cells in the control and CUMS
groups. (C) U-MAP visualization of neutrophils in the two groups. (D) Marker genes for neutrophil subsets. (E) Marker genes for MMP8-neutrophils.
(F) Differential genes of the two groups in neutrophil subset Cluster 3 (**p < 0.01; ***p < 0.001).
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Fig. 4. Analysis of macrophages. (A) GSVA enrichment analysis of macrophages between the control and CUMS groups. (B) U-MAP visualization
of macrophages in the two groups. (C) The cluster proportions of macrophages in each sample. (D) GSVA_KEGG enrichment analysis of each cluster
in macrophages. (E) Marker genes of C2_TAMs. (F) M1 and M2 scores for each macrophage subset. (G) Histological staining of F4/80 (marker of
r‘nacrophages). (H) Histological staining of M1 macrophages (CD86, green) and M2 macrophages (CD206, red).

5,9, and 14-16), T/NK cells (Clusters 11 and 19), neutrophils (Cluster 2), dendritic cells (Cluster 17), and fibroblasts (Cluster 18), were
defined by genetic markers (Fig. S1). Furthermore, we categorized these cell clusters into 20 subpopulations (Fig. 2B), and UMAP
(nonlinear dimensionality reduction) showed different distributions between the two groups (Fig. 2C). Immune cells from the control
group and CUMS group revealed different proportions, in which T-cell and TAM clusters showed significant heterogeneity (Fig. 2D and
E).

2.3. Heterogeneity of myeloid cells between CUMS and control CRC

Leukocytes are divided into lymphocytes and myeloid cells according to their origin [19]. In myeloid cells, three cell classes,
including six populations, were identified (Fig. 3A), and the proportions of neutrophils and macrophages were significantly different
between the two groups (Fig. 3B). Studies have demonstrated that neutrophil infiltration is associated with a better prognosis in the
early stages of CRC and could enhance the antitumour immunity of CD8" T cells [20,21]. The decreased proportion of neutrophils in
the CUMS group compared with the control group also suggested immunosuppression. In recent years, many scientists have pointed
out that tumour-associated neutrophils (TANs) have phenotypic and functional plasticity in the TIME [22]. We used single-cell
sequencing technology to perform dimensionality reduction clustering of cells and identified marker genes of each subset by the
FindAllMarkers function (test. use = bimod) in Seurat [23] (Fig. 3C and D). Cluster 4, with the genic markers MMP8, MMP9, CAMP,
NGP, LCN2, and CXCL8, was named MMP8+ TAN and recognized as the ‘antitumour subpopulation’ [24], which was significantly
decreased in the CUMS group (Fig. 3E). Of note, the proportion of Cluster 3 characterized by Ly6g, 1fitm6, ngp, and R3hdm4, which
was also reduced in the CUMS group, expressed lower CXCL1, CXCL10, FAS, ICAM-1, MMP8 and higher CXCL2 levels than the control
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Histological staining of CD8 and CD4. (H) Differential genes in each T-cell subset.
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(Fig. 3F).

The GSVA enrichment analysis of macrophages between the two groups showed that the enrichment of the IL-17 pathway and NF-
kB pathway, which are related to the inflammatory response, was significantly reduced (Fig. 4A). Furthermore, the macrophage
population was categorized into seven clusters, including myeloid-derived suppressor cells (MDSCs), two clusters of monocyte-derived
macrophages and TAMs (Fig. 4B), and among them, TAM populations exhibited a significant difference in proportion between the two
groups (Fig. 4C). Then, we used the addmodulescore function in Seurat to calculate the expression of each program at the single-cell
level. All analysed features were binned based on mean expression, and control features were randomly selected from each bin. Gene
sets associated with the above are listed in Table S1. The results suggested that the C2_TAMs with high expression of Folr2, Nxpe5,
Smagp, Rab3ill, Paox, Scamp5, Rac3, Ada, Npl, and Ctsf genes tend to exhibit the M2 subtype (Fig. 4E and F), and gene enrichment
analysis also verified that the cluster was positively related to CRC as well the signalling activity of the PI3K/Akt/mTOR pathway,
which plays a propulsive role in the progression of CRC. Moreover, the C2_TAMs with an increased proportion in the CUMS group
induced high PD-L1 expression and upregulated the PD-1 checkpoint pathway in cancer (Fig. 4D). These findings were also confirmed
by immunohistochemistry and immunofluorescence. In the CUMS group, the expression of macrophage marker proteins was higher
than that in the control group (Fig. 4G), and there was a higher frequency of M2 macrophage (CD206) infiltration in CUMS group
tumours (Fig. 4H).

2.4. The heterogeneity of lymphocytes between CUMS and control CRC

In lymphocytes, nine populations, including Activated CD8+T cells, Effector CD8+T cells, Naive CD8+T cells, Terminal exhausted
CD8+T cells, ILC, Treg, gdT (y8T), Tmix, and NK cells (Fig. 5A), whose markers are shown in Fig. 5B were identified, and Fig. 8B shows
the correlation between them. Fig. 5C shows a significantly increased proportion of activated CD8™, effector CD8" and terminal
exhausted CD8™ T cells and a significantly decreased proportion of gdT cells. It is worth noting that while the proportion of activated
CD8™ T cells increased in CUMS group tumours, their antitumour ability weakened and was associated with a high inflammatory niche.
GO enrichment analysis showed that downregulated genes were involved in neutrophil aggregation, leukocyte and neutrophil
chemotaxis, T-cell proliferation involved in the immune response, T-cell-mediated cytotoxicity and glutamate metabolism, which is
correlated with immune function and depression [25] (Fig. 5D). Upregulated genes were involved in the regulation of behavioural fear
response, innate immune response, negative regulation of T-cell differentiation, MHC class II (active CD4+T cells) protein binding and
some proinflammatory cytokine pathways (IL-18, IL-6, IL-10, IL-4, IL-2, IL-1), and positive regulation of NF-kB transcription factor
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Fig. 6. Analysis of gdT cells. (A) Differences in gene expression between the control and CUMS groups. (B-C) GO enrichment analysis of gdT cells.
(D) GO enrichment analysis of activated gdT cells.
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Fig. 7. Cellular interactions in tumours. (A) Number and strength of cellular interactions in control and CUMS tumours. (B) The different in-
formation flows of signalling pathways in the two groups between cell types, including malignant cells, macrophages, CD8" T cells, gdT cells, NK
cells, neutrophils, and DCs. (C) Interactions of terminal exhausted CD8" T cells in the two groups. (D) The different information flows of signalling
pathways in the two groups between T-cell subsets. (E-F) Differential pathways and differential genes related to terminal exhausted CD8" T cells
l:etween the two groups. (G) Expression of immune checkpoint proteins.

activity (Fig. S2A). The different genes of the effector CD8" T-cell cluster in the CUMS group also exhibited immunosuppression and
higher inflammation; notably, the downregulated genes in the CUMS group were enriched in Toll-like receptor signalling, which acts
as the key molecule of innate immunity and a bridge connecting nonspecific immunity and specific immunity [26] (Fig. S2B). Tregs
play an essential role in immune suppression and tolerance to promote CRC metastasis [27]. Gene enrichment in the CUMS group
suggested decreased immune function of IL-17, TNF, and NOD-like receptor signalling (Fig. 5E), while the upregulated genes were
involved in some mental disorders, such as Alzheimer’s disease, Parkinson’s disease, Huntington’s disease and retrograde endo-
cannabinoid signalling (Fig. S2C), which revealed that chronic stress induces a large impact on Treg cells and plays an important role in
CRC progression. In addition to the functional changes in different subtypes of T cells, immunohistochemical staining showed that the
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infiltration of T cells and CD8" T cells was significantly reduced inside CUMS group tumours, and CD4" T cells were increased in both
the tumour margin and inside (Fig. 5F and G). Furthermore, we observed upregulated CCL8 in almost all adaptive immune T-cell
subtypes in the CUMS group, which may be a target in the TIME for tumour progression under emotional stress (Fig. SH).

Gamma delta T cells (gdT cells), the tumour infiltration of which has been shown to be associated with better prognoses in patients,
are mainly distributed in mucous membranes and subcutaneous tissues, such as the intestinal tract, respiratory tract and genitourinary
tract [28,29]. In the tumours of the CUMS group, the proportion of gdT cells was significantly reduced (Fig. 5C). The downregulated
genes (Fig. 6A) were primarily concerned with the decrease in immune function, such as leukocyte aggregation, regulation of cytokine
secretion involved in immune response, and activation-induced cell death of T cells, and were also associated with drug resistance,
including cellular response to drug and drug binding (Fig. 6B). Conversely, functional enrichment analysis showed that the upregu-
lated genes were primarily involved in inflammation, such as the positive regulation of my interleukins (IL-1, IL-18, IL-12, IL-2, and
IL-6) and the positive regulation of the recognized inflammatory pathway NF-«B signalling (Fig. 6C). KEGG enrichment analysis
further revealed a strong association with depression-related cancer progression because the upregulated genes were involved in
mental illness (Alzheimer’s disease, Parkinson’s disease, Huntington’s disease) and cancer pathways (Fig. 6D). The above results
suggest that both the proliferation and the antitumour function of gdT cells are inhibited in the tumours of the CUMS group.

2.5. Altered cellular interactions under CUMS-induced depression

To further elucidate the variations in the TIME under CUMS to reveal the mechanism by which depression promotes CRC pro-
gression, we inferred cellular interactions between different clusters by CellChat (Fig. S3D). Across all cell types identified, the number
and strength of cell-cell interactions in the CUMS group were both reduced compared to controls (Fig. 7A and Fig. S3A), and we
performed the differences in the information flow of signalling pathways between the two groups as well as differences in genes
(Fig. 7B and Fig. S4). The analysis of the expression of immune checkpoints showed that CD8" T cells in the CUMS group had higher
expression of inhibitory immune checkpoints, including Pdcd1, Ctla4, Ptpn6, Ptpnll and Lag3 (Fig. 7G). Among T-cell subsets, the
number and strength of interactions of terminally exhausted CD8" T cells in the CUMS group were significantly increased (Fig. 7C).
MHC-1 [30] and Lck [31] are key factors in the activation of T cells that are significantly upregulated in terminally exhausted CD8" T
cells under CUMS, as well as many other pathways, including the FASLG signalling pathway and PDL2 signalling pathway. Notably,
PD-L1 information flow was detected only in the CUMS group (Fig. 7D-F and Figs. S5A and S5B).

Furthermore, combined with the previous gene analysis of T-cell subsets and the correlation analysis between lymphocyte sub-
populations (Figs. 4B and 8B), we predicted that due to interference from the tumour microenvironment, effector T cells transformed
into exhausted cells. Through pseudo-chronological analysis, we found that such cells do tend to transform into exhausted cells under
chronic stress (Fig. 8A and Fig. S5C), which may be responsible for the poor prognosis in CRC.

3. Discussion

As the number of young cancer patients has increased, the mental health problems of these people have attracted much attention
from researchers. A recent meta-analysis showed a significant association between CRC and depression. Particularly after diagnosis,
patients with CRC are at significantly higher risk of developing depression than people without cancer, which impairs survival and
quality of life [32]. Studies have shown that immunosuppressive acidic protein was positively correlated with depression scores in
patients with advanced CRC, and in depressed CRC patients, the proportions of CD3" and CD4" lymphocytes were significantly lower
than those in nondepressed patients [33]. The impact of psychological intervention on the side effects and immune function of
colorectal cancer patients during treatment has attracted the attention of scientists, and corresponding clinical research is being carried
out [34]. Mismatch repair-proficient (MMRp) tumours, including microsatellite stable (MSS) tumours or tumours with intact MMR
proteins, which account for approximately 95 % of metastatic CRC, are unresponsive to immunotherapy [35]. Therefore, it is urgent to
discover the immune evasion mechanism of CRC and develop new immunotherapy sites.

The immune system is divided into the innate immune system (nonspecific immunity) and the adaptive immune system (specific
immunity) [36]. As the first line of defence against pathogen invasion, innate immunity is closely related to the inflammatory response,
which can drive CRC progression [37]. The cells involved in the innate immune response mainly include phagocytic cells, macro-
phages, neutrophils, dendritic cells (DCs), and natural killer (NK) cells. One type of macrophage has an antitumour effect due to its
intrinsic phagocytosis and antibody-dependent cell-mediated cytotoxicity (ADCC) bias towards the M1 phenotype [38], while
tumour-associated macrophages (TAMs) tend to be the M2 phenotype and can promote angiogenesis and immune escape of tumour
cells by secreting some anti-inflammatory cytokines and chemokines [39]. In tumours of the CUMS group, the increased M2
macrophage infiltration and decreased M1 macrophage infiltration exhibited a pronounced tumour-promoting effect (Fig. 4H). Similar
to macrophages, many subtypes of neutrophils with different effects in the TIME have been identified. In the CUMS group, the
antitumour subpopulation decreased and exhibited attenuated antitumour immunity (Fig. 3C-F). Innate lymphoid cells (ILCs), which
are located on the surface of the intestinal mucosa, are able to respond quickly to fight pathogens in the first time when they invade,
enhance intestinal immunity, and maintain homeostasis of intestinal mucosal immunity, and their proportion was reduced in the TIME
of the CUMS group (Fig. 5C).

Innate immunity is a rapid immune mechanism of the body and can sculpt the TIME by regulating specific immunity [40]. Toll-like
receptor plays a key role in communicating innate and adaptive immunity, and its signalling was downregulated in Activated and
Effector CD8™ T cells of CUMS tumours, suggesting a weakened adaptive immune response (Fig. 5D and Fig. S2B). CD8™ T cells, also
known as cytotoxic T cells, are one of the most important cells in antitumour immunity. Although their proportion slightly increased in
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the tumours of the CUMS group, according to the correlation analysis and the pseudotime series analysis between the cell subsets
(Fig. 8), we speculated that CD8" T cells evolved into exhausted T cells, which may be the reason for the poor prognosis. In addition,
CRC is often accompanied by intestinal inflammation. A reliable study has proven that CD8" T cells are expanded in colitis patients,
which is dynamically related to tissue-resident memory cells (Trms) [41], which suggests the particularity of the TIME of CRC. A study
showed that CD8™ T effector memory cells with high expression of GZMK are associated with worse outcomes in CRC patients [42].
Interestingly, in our research, the identified T-cell subsets including Activated CD8+T cells, Effector CD8+T cells, Naive CD8+T cells,
Terminal exhausted CD8+T cells, all highly expressed GZMK, and among them, Activated CD8+T cells, Naive CD8+T cells, Terminal
exhausted CD8+T cells whose proportions increased in CUMS group tumours, also highly express CCR7(a marker of CD8+T central
memory cells) (Fig. 5B and C), maybe it is also a factor in how depression promotes CRC progression.

Gamma delta T cells (gdT cells) distributed in the intestinal mucosa, skin and other mucosal tissues are recognized as the most
potent immune cells in the human body [43,44]. gdT cells and NK cells have an effector-like program to sense and kill tumour cells
[45]. However, in addition to some activating receptors, including NKG2D, NCR, CD16, DNAM-1 and death ligands, which commonly
exist on NK cells, gdT cells can also use their unique (y38) TCR to distinguish normal cells from cancer cells and then selectively kill
cancer cells [46]. In the CUMS group, gdT cells exhibited a significantly reduced proportion and were closely related to mental diseases
and immunosuppression (Figs. 5C and 6B and D), which deserves more in-depth research in CRC.

Overall, CUMS-induced depression shapes the immunosuppressive microenvironment of CRC to promote tumour progression and is
involved in the dysregulation of immune cell infiltration, reduction of antitumour immune function, and weakening of cellular in-
teractions. Further investigation is necessary due to the complexity of the crosstalk between the inherent immune system of the in-
testinal mucosa, the inflammatory environment closely related to CRC, and even the neuroendocrine system disorder caused by
emotional disorders.

4. Materials and methods
4.1. Cell culture

The human CRC cell line CT26 purchased from the Chinese Academy of Sciences was cultured in RPMI 1640 medium (Corning,
USA), which contained 10 % foetal bovine serum (Gibco Life Technologies, USA) and 1 % penicillin and streptomycin (Thermo Fisher
Scientific, USA), and incubated in 5 % CO2 in a 37 °C humidified incubator.

4.2. Animal models

Forty BALB/c mice were randomly divided into a control group and a CUMS group. Mice were modelled with CUMS from four
weeks old and lasted for 2 months, including modified light/dark cycle, 24 h water/food deprivation, soiled bedding for 24 h, stro-
boscopic flashing lights of 2 times/s for 3 h, 1 min pinch at 1 cm from the tail end, 5 min swimming in 4 °C ice water, 3 h restraint, cage
tilting at 45° from the horizontal for 24 h, etc. [47]. The stressors are randomly distributed during the modelling period and ensure that
they are not repeated in the two days before and after. At the third week, 30 pL of CT26 cell suspension was injected at a concentration
of 1*108 cells/mL under the rectal mucosa of every mouse (Fig. 1 A). Before the mice were sacrificed, the open field test (OFT), tail
suspension test (TST) and forced swimming test (FST) were performed to detect depression-like behaviour.

4.3. Open field test (OFT)

A well-lit and quiet place was chosen, and the mouse was placed in an instrument with a black bottom plate, white walls (50 cm x
50 cm x 50 cm), and an open upper part. The camera was placed 1.5 m above the centre so that the bottom of the open field was fully
exposed to the screen. Each mouse was gently placed in the centre of the testing device, and the mouse activity was recorded for 5 min
using software (SuperMaze, XR-XZ301, Shanghai Xinruan). After each mouse test, the bottom of the device was cleaned with low-
concentration ethanol and dried with paper towels to avoid disturbing the next mouse test.

4.4. Tail suspension test (TST)

The rear 1/3 of the tail of the mouse was fixed with tape and hung on a stand with the head 20 cm away from the table. After
adapting for 1 min, two different experimenters recorded the immobility time of the mouse within 5 min.

4.5. Forced swimming test (FST)

The mouse was gently placed into a cylindrical container (25 cm high x 15 cm diameter) filled with sterilized grade pure water
(water temperature 23 + 1 °C). Mice were allowed to stay in the container for 6 min, and the last 5 min of immobility time was
recorded by two different experimenters.

4.6. Single-cell suspension preparation

Fresh intestinal tumour tissues were harvested from mice with surgical scissors. Under sterile conditions, the cells were washed
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twice with precooled RPMI 1640 medium. Then, the tissues were cut into small pieces of approximately 0.5 mm3, digested in an
incubator shaker with enzymatic solution (Collagenase Type II, powder, Gibco, USA; pancreatin, Generay, China) at 37 °C for 60 min,
and mixed by inverting every 5-10 min. After that, digested cell suspensions were filtered with 40 pm cell sieves, and then the cell
pellets obtained after centrifugation were resuspended in an equal volume of erythrocyte lysate (Miltenyi, USA) for 10 min at 4 °C,
centrifuged after red blood cells were lysed, and then washed once with 1 x PBS. Finally, the cell pellets were resuspended in the
appropriate volume of medium, and the concentration and viability were determined with a cell counter (Bio-Rad, USA).

4.7. Single-cell encapsulation and library generation

The cell suspension was prepared at a concentration of 1 x 10° cells/ml and encapsulated in a water-in-oil emulsion, and
sequencing performance and library generation were performed according to the operation manual of 10 x Genomics (Cat. No.
1000268, USA). The constructed library was subjected to high-throughput sequencing with the Nova 6000 platform (Illumina, USA).

4.8. Dimensionality reduction and cluster analysis

We screened for highly variable genes using the FindClusters function in Seurat to perform graph-based clustering of cells based on
their gene expression profiles. Finally, cells were visualized using a 2-dimensional uniform manifold approximation and projection
(UMAP) algorithm with the RunUMAP function in Seurat.

4.9. Gene set variation analysis (GSVA) analysis

Background gene set files were first downloaded and organized from the KEGG database (https://www.kegg.jp/) via the GSEABase
package (v1.44.0), and then pathway activity was performed on individual cells using the GSVA package [48] (v1.30.0). Finally, the
LIMMA software package (v3.38.3) was used to evaluate the different activities of signalling pathways between the two groups.

4.10. GO and KEGG enrichment analysis

The GO and KEGG enrichment analysis between the two groups was performed by GSEA [49] using the C5 GO gene set and the C2
KEGG gene set (v7.2) in the MSigDB data.

4.11. CellChat cell communication analysis

The CellChat (v 1.1.3) R package [50] was used to analyse ligand-receptor interactions between cells. First, import the stan-
dardized expression matrix, create a cellChat object with the createCellChat function, and then use the default parameters to perform
preprocessing operations with the identifyOverExpressedGenes identifyOverExpressedInteractions and projectData functions. Po-
tential ligand-receptor interactions were calculated by the computeCommunProb, filterCommunication (min.cells = 10) and com-
puteCommunProbPathway functions. Finally, the intercellular communication network is aggregated by the aggregateNet function.

4.12. Pseudotime analysis

We used the Monocle2 (v2.9.0) package [51] to infer cell differentiation trajectories. The specific steps are as follows: First, the
importCDS function of the Monocle2 package was used to convert the Seurat object into a CellDataSet object, and the differ-
entialGeneTest function was used to filter out the genes for cell sorting (ordering gene, qval <0.01). Then, the reduceDimension
function was used for dimensionality reduction clustering, and the differentiation trajectory was inferred by the orderCells function.

4.13. Haematoxylin-eosin staining

Tissues fixed in 4 % paraformaldehyde (Beyotime, China) were dehydrated and embedded to form tissue wax blocks, which were
cut into slices with a thickness of 4 pm with a paraffin microtome (Leica, Germany). Paraffin sections were dipped into xylene twice for
20 min each, anhydrous ethanol twice for 5 min each, and 75 % ethanol to deparaffinize and rinse with tap water. Then, the sections
were treated with haematoxylin differentiation solution (Servicebio, China) and rinsed with tap water. Following immersion in 85 %
ethanol for 5 min and 95 % ethanol for 5 min, the sections were placed in eosin dye (Servicebio, China) for 5 min and then dehydrated.
Finally, the slides were sealed with neutral gum (SCRC, China), observed and photographed under a microscope (Olympus, Japan).

4.14. Immunohistochemistry and immunofluorescence

The tissue sections were placed in a pressure cooker filled with citrate antigen retrieval buffer (Servicebio, China). After natural
cooling, the slides were washed 3 times with PBS for 3 min each time. After serum blocking, sections were incubated with the following
primary antibodies overnight at 4 °C: CD4 (GB13064-2, Servicebio) and CD8 (GB114196, Servicebio) to detect T cells; CD86 (19589S,
CST) and CD206 (245958, CST) to detect TAMs, washed 3 times with PBS, incubated with HRP-conjugated or fluorescently conjugated
secondary antibodies at room temperature for 50 min, and labelled with DAPI (Beyotime, China). Finally, the slides were mounted
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with neutral gum and observed, and pictures were taken under a fluorescence microscope (Leica, Germany).
4.15. Statistical analysis

Statistical analysis was conducted using GraphPad Prism 9.0 at the 95 % confidence level (GraphPad Software, USA). The statistical
significance of two groups, including TST, FST and weights, was determined with a T test. P < 0.05 was considered a statistically
significant difference.
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