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A B S T R A C T   

Prostate cancer (PCa) is one of the two solid malignancies in which a higher T cell infiltration in 
the tumor microenvironment (TME) corresponds with a worse prognosis for the tumor. The 
inability of T cells to eliminate tumor cells despite an increase in their number reinforces the 
possibility of impaired antigen presentation. In this study, we investigated the TME at single-cell 
resolution to understand the molecular function and communication of dendritic cells (DCs) (as 
professional antigen-presenting cells). According to our data, tumor cells stimulate the migration 
of immature DCs to the tumor site by inducing inflammatory chemokines. Many signaling 
pathways such as TNF-α/NF-κB, IL2/STAT5, and E2F up-regulated after DCs enter the tumor 
location. In addition, some molecules such as GPR34 and SLCO2B1 decreased on the surface of 
DCs. The analysis of molecular and signaling alterations in DCs revealed some suppression 
mechanisms of tumors, such as removing mature DCs, reducing the DC’s survival, inducing 
anergy or exhaustion in the effector T cells, and enhancing the differentiation of T cells to Th2 and 
Tregs. In addition, we investigated the cellular and molecular communication between DCs and 
macrophages in the tumor site and found three molecular pairs including CCR5/CCL5, CD52/ 
SIGLEC10, and HLA-DPB1/TNFSF13B. These molecular pairs are involved in the migration of 
immature DCs to the TME and disrupt the antigen-presenting function of DCs. Furthermore, we 
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presented new therapeutic targets by the construction of a gene co-expression network. These 
data increase our knowledge of the heterogeneity and the role of DCs in PCa TME.   

1. Introduction 

Prostate cancer (PCa) is the second most common malignant neoplasm in men globally [1] and also the fifth leading cause of 
cancer-related death [2]. The prognosis for patients with metastasis is poor; their 5-year relative survival rate is only 30.2% [1,3]. Age, 
genetics, environmental toxins, chemical agents, and radiation are a few risk factors that can contribute to the development of PCa 
pathogenesis [4]. Surgical and non-surgical treatments such as androgen deprivation therapy (ADT), radiation therapy (RT), ablative 
therapies, and chemotherapy are among the conventional therapeutic approaches [5]. Depending on the clinical situation, these 
methods can be applied singly or in combination [5]. Compared to individuals who choose radiation therapy, those who undergo 
radical prostatectomy are more likely to have urine incontinence and get erection maintenance [6]. Most patients experience erectile 
dysfunction, low libido, obesity, and loss of bone mass even after curative resection [7–9]. 

In light of the negative side effects of conventional treatments, current cancer research has focused on novel treatments such as 
immunotherapies, new delivery technologies, and precise targeting of the tumor microenvironment (TME) for PCa treatment [10]. 
One of the most significant difficulties in cancer research is the tumor-suppressive microenvironment. This complex microenviron
ment, which can be different among various tumors, plays crucial roles in tumor initiation, progression, and metastasis [11]. In this 
microenvironment, immune cells are suppressed, and numerous cell-based immunotherapies fail to work. 

A deeper understanding of the TME and immune system suppression mechanisms facilitated the development of new immuno
therapies, some of which have had remarkable success. For example, after identifying the role of some immune checkpoints (ICs) such 
as programmed cell death 1 (PD1) and cytotoxic-T-lymphocyte-associated protein 4 (CTLA4) in suppressing immune system cells, the 
inhibitors of these molecules were used as a therapeutic strategy in the treatment of many cancers, including melanoma, renal cell 
carcinoma (RCC), non-small cell lung cancer (NSCLC), bladder cancers, head and neck squamous cell carcinoma (HNSCC), gastric 
cancer, ovarian cancer, Hodgkin’s lymphoma, and tumors with mismatch repair (MMR) deficiency [12,13]. Although these immune 
checkpoint blockades (ICB) are also utilized in PCa patients [14–16], the outcomes are inconsistent, which may be related to the 
heterogeneity of tumor cells or variations in the PCa microenvironment [17–20]. Additionally, tumor cells attempt to evade being 
detected by CD8+T cells by downregulating the expression of MHC-I and co-receptors. CART cells are a developing cell-based tech
nology designed to overcome the evasion of tumor cells from presenting antigens to the immune system [21]. These modified cells can 
recognize tumor-related antigens in a way that is not HLA complex-restricted [21]. Several promising studies are now being conducted 
employing CART cells to target antigens expressed in PCa (NCT02744287), (NCT01140373), (NCT03013712), and (NCT03159585) 
[22]. Therefore, a better understanding of the suppressive mechanisms employed by cancer cells as well as a focus on the modifications 
that immune cells experience when exposed to the TME can help in the creation of novel, efficient treatments. 

Antigen-presenting cells (APCs) are one of the main targets of tumor immunotherapy. APCs play a critical role in the activation of 
anti-tumor responses by capturing, processing, and presenting tumor antigens to T cells. Similar to other cells, these cells experience 
alterations in the tumor suppressor microenvironment that impair antigen presentation. The TME recruits immature and functionally 
deficient dendritic cells (DCs), which causes defects in tumor antigen presentation [23]. Among other abnormalities observed in 
tumor-infiltrating dendritic cells (TIDCs) is a decrease in the expression of co-stimulatory molecules, a reduction in IL12 production, 
and an inhibition of the antigen processing processes. These cells are not able to activate CD4+ and CD8+ T lymphocytes [23]. Blockage 
of DC functioning caused by a tumor is a distinct method of tumor evasion. Furthermore, new research has shown the role of TIDCs in 
cancer treatments such as radiation therapy, chemotherapy, adoptive cell therapy, and ICs blockage [24]. 

Single-cell RNA sequencing (scRNA-seq) techniques that have recently undergone rapid development have made it possible to 
identify rare and novel cell types, characterize numerous different cell states simultaneously [25], and study cell-cell communication 
via ligand-receptor signaling in the TME [26]. Recently, limited studies based on this method have been conducted on the PCa 
microenvironment. Although these reports have revealed important aspects of this complexity, there is still a long way to go in 
delineating the immunological landscape of the TME. 

Considering the importance of DCs in inducing anti-tumor immune responses and the loss of this function in a tumor suppressor 
microenvironment, we investigated the TME at single-cell resolution to better understand the molecular and cellular communication of 
these cells. We also hope that our findings help in the improvement of existing treatment strategies and the development of novel 
therapeutic approaches. 

Table 1 
The overall design of GSE153892. This dataset includes a total of six samples; two conditions (normal and tumor) and three patients.  

Donor Number of Cells (Total) Number of Cells (Tumor) Number of Cells (Normal) 

Donor 1 6416 3818 2598 
Donor 2 5387 4165 1222 
Donor 3 6194 3634 2560 
Total 17997 11617 6380  
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2. Materials and methods 

2.1. Data acquisition 

The experiment by Carriero R et al., with accession number GSE153892, is where the raw data came from (https://www.ncbi.nlm. 
nih.gov/geo/) [27]. They employed scRNA-seq with a total of six samples from two conditions (normal and tumor) and three donors of 
PCa tissue (Table 1). The GEO expression matrix was identified with gene symbols using information from the GPL18573 Illumina 
NextSeq 500. The data analysis process followed a standard Scanpy pipeline workflow (Fig. 1) [28]. 

2.2. Quality control, dimensionality reduction, clustering, and visualization 

Quality control was used to exclude cells with poor quality, and we only included cells that complied with the following standards: 
more than 450 genes, fewer than 32000 counts, and less than 20% of readings matched mitochondrial genes. Normalized expression 
was performed to reduce bias in cell counts and improve intracellular replication of cell expression levels by using the Scanpy 
normalized-total function or by analyzing size factors for each cell. The combat algorithm corrected the batch effects from the six loaded 
samples [29]. To enable unsupervised grouping, the top 4000 highly variable genes (HVGs) had their variable count reduced using 
principal component analysis (PCA). The next step involved inserting a k-nearest-neighbor graph with a resolution of 1.0 for the Leiden 
community finding. The clusters were identified by the expression levels of specific marker genes [30]. The TIDCs were annotated with 
specific markers such as MRC1, CD1E, CD207, and CLEC10A. After that, we constructed UMAP embeddings with a minimum distance 
of 0.5 and a spread of 1.0 to display the most closely similar neighbor graph [31]. 

2.3. Differently expressed genes and cell cycle analysis of TIDCs 

To determine the disparities between TIDCs in healthy and cancerous tissues, a comparative analysis of differently expressed genes 
(DEGs) was conducted. This analysis involved the utilization of the sc.tl.rank_genes_groups function, which is a feature selection and 
clustering tool used in the field of scRNA-seq analysis. It allows for the identification and grouping of genes that show significant 
differences in expression levels between different groups of cells. The sc.tl.rank_genes_groups function utilizes a t-test method for 
efficient evaluation of genes. The genes were selected based on certain criteria, such as an adjusted p-value of less than <0.05 and log 
fold change greater than |2|. The p-value was also corrected through the Benjamini-Hochberg method to ensure the validity and 
reliability of the results. These chosen genes were then set for further examination and interpretation. 

After identifying DEGs in TIDC subpopulations, gene ontology analysis was used to determine the molecular function and KEGG 
Pathway (2021) of the identified DEGs. Gene Set Enrichment Analysis (GSEA; http://software.broadinstitute.org/gsea) is a computer 
program that allows researchers to determine whether a set of genes has statistically significant levels of expression in a specific cell 
type, biological process, cellular component, molecular function, or biological pathway. The GSEA uses MSigDB, the Molecular 
Signature Database, to provide gene sets for the gene set enrichment analysis. In this study, the WEB-based GEne SeT AnaLysis Toolkit 

Fig. 1. The flowchart of the study. Preprocessing of PCa scRNA-seq data analysis, identification of TIDCs, molecular function and intercellular 
communication analysis of TIDCs, and construction of a gene co-expression network for potential therapeutic target identification were the main 
steps in this study. 
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(webgestalt; http://www.webgestalt.org/option.php) was used to annotate the DEGs’ probable signaling pathways. Also, Enrichr 
(https://maayanlab.cloud/Enrichr/) was applied for Gene Ontology (GO) analysis. 

The Scanpy function (scanpy.tl.score_genes_cell_cycle) was used to score S and G2M-specific genes to forecast the cell cycle stage. 
Each individual cell is given an S- and G2M-score, which are determined by the class with the greatest score. The cells are designated as 
being in the G1 phase if neither the S-score nor the G2M-score surpasses 0.5. The article by Kowalczyk et al. contains the cell cycle 
phase reference genes used for scoring [32]. 

2.4. Pseudotime analysis 

The pseudotime analysis was performed with scFates v0.8.1 (https://pypi.org/project/scFates/), which is fully compatible with 
Scanpy and has GPU-accelerated features for faster and more scalable inference [33]. Early and late branch-specific features were 
identified using differential expression analysis and pseudotime values. For each bifurcation point of interest, a set of cells associated 
with the clusters involved in the bifurcation were selected. 

2.5. ICs expression pattern in TIDCs 

To find the expression behavior of ICs in TIDCs, we conducted differential expression analysis between tumor and healthy samples 
for the 13 most common inhibitory ICs, including TIGIT, LY9, PDCD1, LAG3, CTLA4, CD276, NT5E, PDCD1LG2, CD274, IDO1, VSIR, 
HAVCR2, and ENTPD. Following that, IC expression was visualized using pseudo-time, and the cluster specificity of their expression 
was determined using UMAP. After that, we checked to see whether the relevant ICs’ expression patterns matched those of their 
counterparts in the TCGA PCa dataset by utilizing the GEPIA database. 

2.6. Cell-cell interaction analysis 

SquidPy [34], which gives analytic methods for depositing, manipulating, and interactively clarifying single-cell RNA sequencing 
data, was used to study cell-cell interaction. It makes use of an efficient re-implementation of the CellPhoneDB method [35], which can 
handle a large number of interacting pairs (100k+) and cluster combinations (100+). In this study, using the technique with 1000 
permutations, only interactions whose ligand and receptor genes were expressed in at least 10% of the cells were taken into 
consideration. 

2.7. Identification of transcription factors, miRNAs and regulatory drugs 

We overlapped the biologically relevant genes to DrugBank and DGIdb to find potential therapeutic candidates for our important 
ligands and receptors (data released on December 25, 2022). DGIdb (www.dgidb.org) is a database that provides a vast collection of 
druggable targets from scientific papers, databases, and other online sources in addition to bioinformatics and chemoinformatics 
information on pharmaceuticals [36,37]. The candidates for the targeted genes were evaluated using a number of criteria, such as 
pharmacologically active medications, human efficacy, authorized annotations, or clinical studies. The position of the selected 
medications within the current treatment strategies was also looked into using the Clinical Trials website (accessed on December 25, 
2022; https://clinicaltrials.gov/). 

Then, CyTargetLinker (https://cytargetlinker.github.io/) was used to identify the transcription factors (TFs) engaged in the 
expression of these six genes. The miRTarbase database (http://mirtarbase.mbc.nctu.edu.tw/php/index.php) was utilized to find 
upstream miRNAs for significant genes. The data was then imported into Cytoscape (version: 3.8.2) (https://cytoscape.org/) for 
display after the screening process. 

3. Results 

3.1. PCa TME cell fractions 

We included 13638 cells from 6 tissue samples of PCa donors for our scRNA-seq analysis after eliminating low-quality cells. Cells 

Table 2 
Quality control process.  

QC 
level 

Number of Cells/Genes before 
QC 

Criteria Number of Filtered out Cells/ 
Genes 

Number of Cells/Genes after 
QC 

Cells 17997 With less than 1000 counts 4266 13638 
With more than 32000 counts 5 
With Mitochondrial genes fraction more than 
20% 

4 

With less than 450 expressed genes 57 
With Ribosomal genes fraction more than 5% 27 

Genes 33538 Detected in less than 20 cells 18769 14769  
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were classified based on their origin (tumor (n = 7744; 56.7%) or healthy (n = 5894; 43.3%)) (Table 2) (Fig. 2A–B). In the next step, 
cells were divided into 14 groups based on the expression of canonical gene markers in the TME of PCa, using UMAP and unsupervised 
graph-based clustering (Fig. 2C). 

Cluster 2 was classified as DC according to marker gene expression profiles like MRC1, CD1E, CD207, and CLEC10A (Fig. 2D–E) [38, 
39]. Cluster 2 includes a total of 6655 cells, out of which 3623 are derived from the tumor. Tumor-derived DCs were distributed 
differently from their healthy counterparts (Fig. 2F). After that, we compared the TIDC fractions in each status and donor and observed 
that the abundance of TIDCs varies across states and donors, suggesting considerable tumor heterogeneity (Fig. 2G–H). 

3.2. DEG and cell cycle analysis of the PCa TME derived TIDCs 

After comparing gene expression of TIDCs in normal and tumor PCa samples, pseudogenes, mitochondrial encoded, and ribosomal 
genes were excluded. 1862 DEGs, including 1089 up-regulated genes and 773 down-regulated genes, were found (Fig. 3A) (p.adj 0.05). 
DEG analysis showed a significant increase in the expression of CDC45, CDCA8, VSIG10L, CD200, IGLC7, and GMEB2 genes in tumor 

Fig. 2. Characterization of the PCa tumor microenvironment. A) Status-based UMAP visualization of cells; B) Sample-based UMAP visualization of 
cells; C) Leiden-based UMAP visualization of cells; D) UMAP visualization of TIDC marker genes; E) Violin displays the expression pattern of TIDC 
gene markers as well as other clusters; and F) Status-based UMAP visualization of TIDCs. The healthy cells are presented as red and turquoise cells, 
which demonstrate the tumor cells. G) TIDC cell fraction in healthy and tumor samples; H) TIDC cell fraction in different donors. 
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samples compared to healthy samples (Fig. 3A). Wan et al. confirmed that CDCA8 plays a role in promoting malignant tumor pro
gression. However, the exact function of CDCA8 in the development and progression of PCa remains unclear. CDCA8 was significantly 
overexpressed in PCa cells compared with normal prostate cells. High CDCA8 expression predicts poor prognosis in PCa patients, and 
CDCA8 expression was higher in high-grade PCa [40]. On the other hand, the expression of SEMG1, TIGD4, SEMG2, GOLGA8Q, and 
RMRP genes in the tumor sample has decreased compared to the healthy sample (Fig. 3A). The results revealed that DEGs were mainly 
involved in the cytokine-mediated signaling pathways, cellular response to cytokine stimulus, neutrophil activation involved in im
mune response, and positive regulation of cytokine production in the BP category. According to MSigDB, DEGs are mostly involved in 

Fig. 3. DEG and cell cycle analysis of TIDCs in PCa TME. A) TIDCs DEGs volcano plot. Genes with an adjusted p-value <0.05 were considered 
significant and were highlighted in red; B) TIDCs DEGs biological process; C) TIDC cell cycle in healthy samples; C) TIDC cell cycle in tumor samples; 
E) The area plot shows the cell cycle phase of TIDCs in healthy and tumor samples. Although TIDCs that were in the G1 phase decreased from 
healthy to tumor samples, TIDCs that were in the G2M phase increased from healthy to tumor samples. The S-phase cell didn’t show a significant 
alteration; F) GSEA analysis of TIDCs DEGs based on MSigDB. 
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TNF-α signaling via NF-κB, inflammatory response, allograft rejection, apoptosis, IL2/STAT5 signaling, hypoxia, complement, 
mTORC1 signaling, and interferon alpha response (Fig. 3B). Also, previous study has found that there is a robust expression of TNF-α in 
localized PCa [41]. 

3.3. Pseudo-time trajectory revealed TIDCs dynamic changes in PCa TME 

We did a pseudo-temporal reconstruction using the program scFates, which infers global lineage structures and pseudo-time 

Fig. 4. The pseudo-time analysis of PCa TME. A) The top ten upregulated genes in the TIDCs node. B) Comparison between the top ten upregulated 
genes in the TIDCs with the DEG list, and it indicates that eight genes are common between the two lists. C) Exhibition of the pseudo-time analysis of 
the eight genes, and all eight genes are specific to the TIDCs cluster. 
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variables for each cell along a lineage. Eight distinct nodes were identified that corresponded to unique transcriptional changes in our 
clusters (Fig. 4A), of which node 4 was considered as TIDCs. Gene expression was plotted as a function of pseudo-time to track changes 
across different trajectories. As shown in Fig. 4A, MS4A6A, MS4A7, C1QA, C1QB, C1QC, FCGR2A, CSF1R, A2M, SLCO2B1, and GPR34 
were the top 10 upregulated genes in the TIDCs node. These genes were compared with the DEG list and similarly selected genes for 
evaluation of expression behavior alongside pseudo-time trajectory (Fig. 4B). The pseudo-time expression pattern showed that the 
eight similar genes between the two lists, including MS4A6A, CSF1R, C1QA, C1QB, C1QC, A2M, SLCO2B1, and GPR34, were expressed 
uniquely in the TIDCs cluster (Fig. 4C). To verify these findings, the expression of each gene was also visualized through UMAP 
presentation. Additionally, as shown in Figure A1A, the pattern of pseudo-temporal gene expression was confirmed. Future studies 
could use this pattern as a disease-and cluster-specific biomarker. According to MSigDB, these genes are mostly involved in com
plement pathways, IL6/JAK/STAT3 signaling, and coagulation (Figure A1B). The enrichment results also demonstrated that similar 

Fig. 5. Inhibitory IC characterization in PCa TIDCs. A) A comparison of the 13 common inhibitory ICs found in TIDCs with the DEG list; B) dot plot 
analysis of the 13 common inhibitory ICs found in PCa TIDCs. As shown, only VSIR, HAVCR2, and ENTPD1 had significant changes from healthy to 
tumor samples; C) log2 fold change and adjusted p value of inhibitory ICs in TIDCs; D) and E) The pseudo-time and UMAP analysis of 3 significant 
Inhibitory ICs. As shown, all three genes are specific for the TIDCs cluster. 
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Fig. 6. Quantification of cell-cell interactions occurring in the PCa tumor microenvironment. A) Cell-cell communication scores of TIDCs and other 
clusters. As shown, TIDCs interacted the most with cluster 7, which was annotated as TAMs; B) Cell-cell communication in the PCa TME between 
TIDCs as receivers and TAMs as sources; C) Cell-cell communication in the PCa TME between TIDCs as sources and TAMs as receivers; D) and E) 
MSigDB and biological processes of significant ligands and receptors of TIDCs and TAMs in the PCa TME; F) pair-wise gene correlation analysis of 
CCR5-CLL5, SIGLEC10-CD52, and TNFSF13B-HLA-DPB1 genes in the TCGA dataset; G) UMAP visualization of significant correlated ligands and 
receptors of TIDCs and TAMs in the PCa TME. 
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genes were involved in cell junction disassembly, synapse pruning, complement activation through the classical pathway, humoral 
immune response mediated by circulating immunoglobulin, and regulation of complement activation in the BP term list (Figure A1C). 

3.4. Inhibitory ICs expression pattern in the TIDCs of the PCa TME 

The possibility of variations in the expression of 13 common inhibitory ICs in TIDCs of tumor and healthy samples were then 
examined. Our results indicated considerable heterogeneity in the expression of ICs in the TIDCs of PCa samples (Fig. 5). According to 
our analysis, only three genes matched with the DEGs list based on a p.adj 0.05 cutoffs (Fig. 5A). The expression level of VSIR, 
HAVCR2, and ENTPD1 genes significantly decreased in the TIDCs of tumor samples compared to healthy samples (Fig. 5B–C). The 
expression changes of other ICs, including TIGIT, LY9, PDCD1, LAG3, CTLA4, CD276, NT5E, PDCD1LG2, CD274, and IDO1, were not 
significant between TIDCs of two statuses. The three targeted genes were then tested for their cluster-specificity using pseudo-time and 
UMAP, and their expression in the TIDC cluster was verified (Fig. 5D–E). Additionally, to validate the ICs expression results, we used 
TCGA PCa patient specimens. The TCGA cohort’s results showed the expression of the VSIR gene has been considerably down regulated 
in PCa tumor samples. No significant changes have been observed in the HAVCR2 and ENTPD1 gene expression. 

3.5. The cell-cell interaction of the TIDCs in the TME of PCa 

Then, Squidpy was used to examine the cross-talk between TIDCs and other cells in the PCa TME. Overall, among TME cell 
populations, the degree of interaction between cluster 7 and TIDCs was the highest based on Squidpy score which was determined by 
calculating the total ligand and receptor scores between various clusters (Fig. 6A). Due to the expression of MARCO, SAT1, TYROBP, 
CD163, and FTL in cluster 7, this cluster was determined to be tumor-associated macrophages (TAMs) (Figure A2). As a result, we 
focused on molecular and cellular interactions in these two cells. Themost critically involved communications pairs between TIDCs (as 
source) and TAMs (as target) were the BMP8B/PLAUR, ANXA1/FPR1, LGALS9/CD44, HLA-E/KLRK1, HLA-E/KLRC2, and HLA-E/ 
KLRC2 pairs (Fig. 6B). When we considered TAMs as the source and TIDCs as the target, the communications that were most seriously 

Fig. 7. Co-expression network construction and finding related drugs, miRNAs, and TFs.  
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involved were MIF/CD74, COPA/CD74, CXCL8/CXCR1, CXCL8/CXCR2, CCL3/CCR1, CCL3/CCR5 and NRG1/HLA-DBP1 pairs 
(Fig. 6C). 

These ligands and receptors were all found to be involved in TNF-α signaling, allograft rejection, inflammatory response, epithelial- 
mesenchymal transition, apoptosis, hypoxia, KRAS signaling up, interferon-gamma response, and IL6/JAK/STAT3 signaling, ac
cording to MSigDB study (Fig. 6D). Additionally, the GO biological process revealed that these genes control the inflammatory 
response to injury, chemokine signaling pathway, positive regulation of CD4+, positive regulation of prostaglandin biosynthesis, DC 
migration, and the release of sequestered calcium ion into the cytosol by the sarcoplasmic reticulum, and granulocytes chemotaxis 
(Fig. 6E). 

Then the correlation between the mRNA level of ligands and receptors was investigated using the GEPIA web tool. Our findings 
showed that in TCGA PCa patient specimens, CCL5, CD52, and TNFSF13B ligands were positively correlated with the expression levels 
of CCR5, SIGLEC10, and HLA-DPB1 receptors (Pearson’s product-moment correlation coefficient r 0.6, p0.01) (Fig. 6F). Fig. 6G showed 
the expression levels of these correlated ligand and receptor pairs. TNFSF13B was mostly expressed in the TAMs cluster, while 
SIGLEC10 and HLA-DPB1 showed a TIDCs cluster-specific expression pattern. UMAP visualization, on the other hand, showed that 
CD52, CCR5, and CCL5 were expressed in various clusters. 

3.6. Construction of correlated ligand-receptor genes co-expression network 

To further explore the six prescreened correlated ligands and receptors, a gene co-expression network was constructed using the 
GeneMANIA online database without the addition of related genes and attributes. The six correlated genes were then subjected to 
analyses by CyTargetLinker to predict associated TFs. To determine the pathways and biological processes that the TFs were 
responsible for inducing, we also entered the TFs into the MSigDB and GO databases (Figure A3). The miRTarbase database was also 
employed to predict the upstream miRNAs of crucial genes. In addition, by using the DGIdb and Drugbank databases, related drugs that 
are in different stages of clinical trials were identified. Finally, in a single illustration, the entire set of detected interactions was 
illustrated (Fig. 7). 

4. Discussion 

DCs as the most professional antigen-presenting cells, play a crucial role in inducing T cell activation in various diseases, including 
cancer. However, these cells become functionally defective after being placed in the TME and even participate in promoting the tumor 
suppressor microenvironment [42]. Therefore, we examined the cellular and functional analysis of TIDCs in the PCa microenviron
ment using scRNA-seq. 

Our findings indicated that the number of TIDCs was higher in tumor tissue than in healthy tissue (Fig. 2G and H). Tumor cell- 
associated inflammation may be the reason for the higher frequency of DCs in tumor tissue compared to healthy tissue. Based on 
the studies, chronic inflammation is necessary for the survival and growth of the majority of solid malignancies [43]. Tumor 
cell-associated inflammation increases the inflammatory chemokines and mediators in the site and promotes the migration of innate 
and adaptive immune cells to the tumor site [43]. Finally, cancer cells employ these immune cells to further their objectives. 

Examining the biological function of DCs in both healthy and tumor tissues showed that some signaling pathways have increased in 
the TIDCs (Fig. 3B and C). The TNF-α/NF-κB signaling pathway was one of these, which significantly increased in TIDCs compared to 
DCs in healthy samples. Activation of this pathway can lead to the release of inflammatory mediators. Wang et al. showed that TIDCs 
are more capable of producing chemokines like CCL2, CCL3, CCL4, CCL5, CCL8, CXCL8, cytokines such as IL6, IL16, IL23A, TNF-α, and 
growth factors such as VEGFA, PDGFA, FGF11, and NRG1 than DCs in healthy tissue [44]. Consistent with Wang’s results, we also 
confirmed increased inflammatory responses in TIDCs. Contrary to earlier beliefs, it is now well established that some inflammatory 
cytokines, like TNF-α and IL6, play a crucial role in the maintenance, growth, and even metastasis of cancer cells [45,46]. Some 
chemokines, including CCL2 and CCL4, have also been implicated in the spread of cancer cells or the migration of suppressor cells to 
the tumor site [47]. Since the activity of the TNF-α/NF-κB signaling pathway is enhanced in TIDCs, the expression of P50 will probably 
also increase. It is important to note that an environment rich with IL10 and TGF-β, like a TME, causes the nuclear accumulation of P50 
[48]. In this study has shown that the accumulation of P50 in the nucleus of DCs causes an increase in the expression of IDO and a 
decrease in the production of IL1, IL18, and IFN-β by DCs [48]. Additionally, it has been demonstrated that the expression of P50 by 
DCs enhances their capacity to induce Th2 and Treg cells [49]. 

Our investigations also indicated increased induction of angiogenesis by TIDCs, which can be related to the high ability of these 
cells to secrete growth factors such as VEGF and CCL5 [44,50]. 

According to Balachander et al., DCs temporarily produce IL2 after being stimulated by PAMPs [51]. Autocrine IL2 signaling in DCs 
activates the JAK/STAT5 pathway and induces apoptosis in PAMP-matured DCs to maintain immunological tolerance after inflam
mation [51]. Our results confirmed that this signaling pathway is significantly activated in TIDCs, which can indicate the tumor’s 
attempt to eliminate the mature DCs and prevent the development of anti-tumor responses. One of the most significant pathways 
examined in this study was the E2F pathway, which was elevated in TIDCs compared to DCs in healthy tissue. E2F has been identified 
as a critical regulator of DC maturation, and multiple examinations have demonstrated that E2F overexpression prevents LPS-induced 
DC maturation [52]. 

According to our data analysis, TIDCs expressed eight DC-specific genes lower than DCs from healthy tissue (MS4A6A, C1QA, 
C1QB, C1QC, CSF1R, A2M, SLCO2B1 and GPR34). These genes are involved in a number of processes, such as synapse pruning, IL6/ 
JAK/STAT3 signaling, complement pathways, cell junction disintegration, and coagulation (Fig. 4 and Figure A1). Among these eight 
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genes, the decrease in expression of SLCO2B1 and GPR34 has been considerable compared to other genes. Jäger and colleagues believe 
that the activation of NF-κB and MAPK signaling pathways down regulate the GPR34 mRNA expression in DCs [53]. As a result of 
decreased GPR34 expression, DCs have less of this receptor on their surface and increased caspase 3 and 7 activity, which lowers cell 
survival and increases the induction of apoptosis [53]. This process can be one of the induction strategies of the TME for reducing the 
survival of TIDCs and presenting antigens. The influx transporters of the SLCO family are involved in the uptake of medicines, hor
mones, leukotrienes, prostaglandins, and metabolites of arachidonic acid. DCs only expressed SLCO2B1, SLCO3A1, and SLCO4A1 
genes [54]. It has been established that SLCO2B1 is crucial for the absorption of many drugs; however, the function of SLCO2B1 in DCs 
is still unclear. It is possible that the decrease of SLCO2B1 in TIDCs represents a mechanism for the development of drug resistance. 

The limited treatment options for PCa patients and the favorable results of treatment with ICIs in some cancers have caused the use 
of ICIs for the treatment of PCa patients to receive more attention [55]. As a result, we investigated the state and existence of ICs on the 
surface of DCs. ICs panel examination showed that only three immunological checkpoints (VSIR, HAVCR2, and ENTPD1) changed in 
TIDCs compared to DCs (Fig. 5C–D). Although the expression of these genes has decreased in TIDCs at single-cell resolution but the 
analysis of gene expression in bulk level only confirms the decrease in expression in VSIR (Fig. 5F). It can be concluded that the 
development of PCa is not related to the increased expression of any of the ICs. This also seems to explain the poor efficacy of 
anti-immunization checkpoint monotherapies for PCa treatment. In addition, the lack of a correlation between the expression of VISTA 
and that of PDCD1LG2, TIGIT, TIM3, and LAG3 in PCa showed that several IC proteins cooperate to inhibit anti-tumor immunity and 
that co-targeting these molecules may have synergistic effects. 

Macrophages (MQ) make up a significant portion of the immune cells in the TME. MQs are typically divided into two subsets (M1 
and M2). M1 is induced by inflammatory mediators like interferon-gamma (IFN-γ) and lipopolysaccharide (LPS), while M2 is induced 
by anti-inflammatory mediators like interleukin IL4 and IL13. It is evident that the tumor suppressor microenvironment induces M2s, 
and because of their capacity to suppress immune responses, they are called tumor-associated macrophages (TAMs). These cells 
support angiogenesis and provide a tumor-suppressive microenvironment by secreting cytokines and other mediators. The rise in the 
number of TAMs in the TME, their significant contribution to the advancement of tumor goals, and the high score these cells received 
following the Squidpy analysis in connection with DCs drew our attention to the relationship between TIDCs and TAMs. The cell-cell 
interaction analysis of TIDCs and TAMs identified the most important ligand-receptor pairs (Fig. 6B–C). These ligand-receptor in
teractions were related to different biological processes and pathways (Fig. 6D–E). We selected CCR5/CCL5, CD52/SIGLEC10, and 
HLA-DPB1/TNFSF13B as hub pairs by confirming their co-expression correlation in the TCGA PCa dataset (Fig. 6F). 

The analysis of the data revealed that CCR5 and CCL5 expression have increased in both TIDCs and TAMs. Monocytes are one of the 
CCR5-expressing cells that are attracted to the CCL5-rich TME. Monocytes develop into M2 (TAMs) after entering the TME, which 
promotes the generation of a tumor-suppressive environment [56,57]. TAMs with high expression of PDL-1 and CD206 and increased 
secretion of IL10 and TGF-β play an important role in the induction of Tregs [58]. CCR5 is a crucial molecular player in directing DCs to 
the site of inflammation. Immature DCs migrate to the site of inflammation because they have high expression of CCR5, whereas 
mature DCs down regulate CCR5 and up regulate CCR7 [59]. Immature DCs migrate to the tumor site as a result of CCL5, which is 
secreted by tumor cells or cells in the TME, including TAMs. The uptake of tumor antigens causes anergy when co-stimulatory molecule 
expressions and DC maturation are absent (because of overexpression of E2F). Additionally, immature DCs play a role in the migration 
of other cells into the tumor site by producing CCL5 [59]. TIDCs and TAMs are both sources of CCL5 production in the tumor envi
ronment. The CCL5/CCR5 axis is involved in tumor growth, the proliferation of cancer stem cells, metastasis, angiogenesis, and drug 
resistance [50]. 

The immunoglobulin-like type I transmembrane protein is known as Siglecs, which binds sialic acid, and has immune receptor 
tyrosine inhibitory motifs (ITIM) in the cytoplasm. The structure containing sialic acid is recognized by siglecs. SIGLEC10, as an 
inhibitory receptor, is expressed on the surface of immune cells, including DCs, B cells, monocyte, and a small population of NK and T 
cells [60]. The primary ligand for this inhibitory receptor is soluble CD52; however, studies have reported that SIGLEC10 can also bind 
to CD24 and vascular adhesion protein 1 (VAP-1) [61]. The connection of CD52 to SIGLEC10 can cause inhibitory signal transmission 
and disruption of the maturation and function of DCs. 

According to the results of Chen et al., TAMs are one of the most important producers of TNFSF13B in the TME [62]. TNFSF13B has 
already been shown to be involved in immunosuppression and malignant cell invasion [62]. However, there is no data on the relation 
between HLA-DPB1and TNFSF13B. 

Drug repositioning, often known as old drugs for new purposes, is a highly efficient, low-cost, and risk-free approach to discovering 
new indications for existing pharmaceuticals. We, therefore, presented chemicals and immunotherapy medication candidates that 
influence the interactions of TIDCs and TAMs with each other and with other cells in this study with the use of the DGIdb, Drugbank, 
and clinical trial databases (Fig. 7). Belimumab which inhibits TNFSF13B protein could prevent cancer invasion and immune sup
pression in the PCa microenvironment. Belimumab was approved by the FDA on March 9, 2011, and is the first targeted biological drug 
specifically designed to treat Systemic lupus erythematosus (SLE) [63]. Alemtuzumab by covering soluble CD52 prevents its binding to 
SIGLEC10 and the transmission of the inhibitory signal to the DCs. This drug can stop antigen-presenting dysfunction and anergy 
induction by DCs. The first formulation (Mabcampath® 1033 mg administered over 12 weeks) was used to treat CD52+ T and B cell 
malignancies, particularly chronic lymphocytic leukemias, and other lymphocyte-mediated diseases [64]. Maraviroc, which is used in 
the treatment of HIV, by targeting CCR5 can block angiogenesis and even improve the results of treatment of PCa with DC vaccines [65, 
66]. In addition, a set of miRNAs that target the selected molecules is listed in Fig. 7. The transcription factors that play a role in the 
expression of these molecules have also been identified and characterized. Each of these molecules can be a therapeutic target that 
enables the restoration of the function of immature DCs in the TME. 

After analyzing the data, we can ultimately provide an overview of how the TME affects DCs. Tumor cells stimulate the migration of 
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immune cells, including immature DCs, to the tumor site by secreting inflammatory cytokines and chemokines, such as CCL5. Signaling 
pathways change as a result of DCs entering the tumor location. Tumor cells attempt to eliminate mature DCs and reduce the survival of 
immature DCs to decrease the possibility of tumor antigens presenting. In addition, tumor cells prevent the maturation of immature 
DCs in the TME, so that in the absence of co-stimulatory molecules, antigen-presenting to T cells induces anergy or exhaustion in the 
effector T cells. The increased TNF-α/NF-κB pathway in DCs makes them a source of the tumor-needed cytokines and chemokines and 
enhances their capacity to differentiate and induce Th2 and Tregs. Immature DCs can influence other cells and promote the micro
environment in favor of the tumor. 

Each of these signaling pathways or molecules that change after DCs are placed in the TME can be a target for immunotherapy. 
Targeting these pathways and molecules could restore the maturation and function of DCs. Considering the complexity of tumor 
mechanisms to escape from the immune system, it can be seen that monotherapy cannot be a suitable solution to overcome the 
complicated TME. Advanced technologies such as scRNA sequencing can provide an immunological overview of the interactions and 
cellular changes in the TME. This immunological landscape can improve existing treatment strategies and develop novel therapeutic 
approaches (Fig. 8). 

5. Conclusions 

In summary, our study investigated the molecular function and communication of TIDCs in the PCa TME. We found that DCs 
undergo molecular and signaling alterations in the TME, leading to the suppression of anti-tumor immunity. We also identified mo
lecular pairs involved in the migration of TIDCs to the TME and disruption of TIDC antigen-presenting function. Finally, our study 
provides potential therapeutic targets for PCa by constructing a gene co-expression network. Our findings contribute to a better un
derstanding of the heterogeneity and function of TIDCs in the PCa TME, which may lead to the development of novel therapeutic 
strategies. Last but not least, it should be highlighted that although the results of bioinformatics analysis are crucial, they need to be 
supported by cohort studies and experiments for greater validity. 
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