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Background: The tumor microenvironment (TME) plays a very important role in the development of sarcoma (SARC), but it is still
unknown how to effectively regulate the TME.

Aim: Our study aims to identify core molecules that can concurrently regulate immune and stromal cells in TME as potential
therapeutic targets.

Methods and Results: We used the ESTIMATE algorithm to score the immune and stromal components of 265 SARC samples and
determined that increased immune and stromal components in TME were both associated with poor prognosis in SARC. Next, we
identified differential genes that regulate both immune and stromal cells, and identified the core prognostic gene CCR2 through the
protein—protein interaction (PPI) network, COX analysis, survival analysis, and GSEA enrichment analysis. Next, we calculated the
content of infiltrating immune cells and stromal cells in tumors using the CIBERSORT and xcell algorithms, respectively. Using
differential analysis and Spearman correlation analysis, we identified 12 immune cells and 7 stromal cells, including CD4 T cells,
CD8'T cells, monocytes, macrophages, dendritic cells, NK cells, mesenchymal stem cells (MSC), Fibroblasts and Endothelial cells, all
of which were regulated by CCR2.

Conclusion: Increased immune and stromal cell components were associated with poor prognosis in SARC, and CCR2 had
a prognostic role in TME, regulating multiple immune and stromal cells, and was an important target for TME remodeling as well
as immunotherapy in SARC.
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Introduction

Sarcomas (SARC) are heterogeneous tumors originating from mesenchymal tissue and are malignant tumors commonly
found in children and adolescents.' The five year survival rate of SARC patients is 50%, but it decreases sharply in
patients with advanced disease; in addition, distant recurrence occurs in nearly half of SARC.** To date, the most
common treatment for local SARC is surgery combined with radiotherapy and chemotherapy, but the recurrence rate
after treatment is still as high as 50%:%’ therefore, new therapies and targets are needed to treat SARC.

The tumor microenvironment (TME) refers to the cellular environment in which tumor or tumor stem cells exist.® It
has been widely recognized that the tumor microenvironment plays an important role in dynamically regulating tumor
progression and influencing therapeutic outcomes.” TME not only maintains tumor cell survival and proliferation by
resisting apoptosis and evading growth inhibition, but also modulates the response to therapy.'® Therefore, TME plays an
essential role within the therapeutic outcome and clinical prognosis of cancer patients.

In addition to tumor cells, the tumor microenvironment also includes stromal cells and immune cells. Immune cell
infiltration is related to poor prognosis in SARC,'' especially macrophages, and has an important impact on local
recurrence, distant metastasis and overall survival of SARC patients.'? Mesenchymal stem cells (MSC) can significantly
increase the number of cancer stem cells (CSC) promoting the production of SARC precursors and causing a CSC-like
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state by inducing epithelial-mesenchymal transition.'* Therefore, finding a target that can modulate immune and stromal
cells to enable alteration of SARC TME, leading to an improved prognosis of SARC is critical.

In this article we used the ESTIMATE to estimate the level of stromal and immune cell infiltration in malignant tumor
tissue, and our study shows that increased infiltration of stromal cells and immune cells correlated significantly with poor
survival status in SARC patients. We then performed a string of analyses to identify a core prognostic marker, CCR2,
related to both stromal and immune cells. Calculation of the relative content of tumor-infiltrating immune cells by the
CIBERSORT algorithmic program in order to subsequently analyze the immune cells associated with CCR2. We
calculated the relative content of tumor-infiltrating stromal cells by the xcell algorithm to find the stromal cells associated
with CCR2. Our study shows that reduced CCR?2 is closely associated with poor prognosis in SARC and the ability to
drive multiple immune and stromal cells, and is an important regulator of remodeling SARC TME to improve tumor
prognosis, providing an important target for SARC therapy.

Materials and Methods

Raw Data
This study used 256 SARC RNA-seq cases and the corresponding clinical data downloaded from the TCGA database. 256
SARC RNA-seq cases include 2 normal samples and 263 tumor samples and the database is https:/portal.gdc.cancer.gov/.

Generation of the ImmuneScore, StromalScore, and ESTIMATEScore

The ESTIMATE algorithm'* was performed using the estimate package loaded with R language version 4.0.3 to evaluate the
proportion of immune and stromal components in each sample, presented in three forms of scores, ImmuneScore,
StromalScore, and ESTIMATEScore. ImmuneScore, StromalScore, and ESTIMATEScore have positive correlation with the
amount of immune cells, stromal cells, and the sum of the two in the tumor, respectively. A high score means a high content.

Survival Analysis

Survival analysis was performed by the survival and survminer packages loaded in R language. Survival time and status
were recorded in the clinical data for survival analysis in 263 tumor samples, grouped using the optimal cutoff value, and
survival curves were plotted by using the Kaplan-Meier method, and log rank was used as a significance analysis, with
p<0.05 being considered significant.

Difference Analysis of Clinical Characteristics
Clinical data such as age and sex of TCGA-SARC samples were analyzed using Wilcoxon rank sum test in R language.

Generation of DGEs and Heatmap

The samples were divided into two groups based on the median values of ImmuneScore and StromalScore, respectively,
and differential gene expression analysis was performed by using the limma package, and differential genes with |
log(FC)| >1 and false discovery rate (FDR) <0.05 between the high group and the low group were considered as DGE:s.
The pheatmap package was used for heatmap of DEGs.

Enrichment Analysis of GO and KEGG

Enrichment analyses of GO and KEGG were carried out on 545 DGEs by the clusterProfiler, enrichplot and ggplot2
packages loaded in R language. Compliance with p-value and g-value simultaneously <0.05 was regarded as significantly
enriched.

PPl Network Construction

PPI networks were constructed by STRING database, and nodes with interaction relationship confidence higher than 0.95
were used as reconstructed PPI networks by Cytoscape version 3.8.2. The top 20 DGEs according to the number of
adjacent nodes were considered as the core genes for the next step of analysis.
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Regression Analysis of Univariate COX
Regression analysis of univariate COX was performed by the survival package loaded in R language. The top 20 genes
are displayed in univariate COX regression analysis plots in order of smallest to largest P-value.

Survival Analysis of CCR2 as a Prognostic Marker for SARC

First, samples were separated into two groups in accordance with the median value of CCR2 expression levels.
Subsequently, the Kaplan-Meier method was implemented to analyze the relationship between CCR2 expression level
and Overall Survival, and this was used to plot survival curves.

Gene Enrichment Analysis
Hallmark downloaded from MSigDB as the target gene set. Enrichment was carried out by using 4.1.0 GSEA software.
Gene sets that met both p and g-value < 0.05 were regarded as remarkably enriched.

Immune Cell and Stromal Cell Infiltration

The CIBERSORT algorithm was applied to assess the content of immune cells in the tumor samples. Samples with
P<0.05 in mass filtering were used for subsequent analysis. The relative content of stromal cells in tumor samples was
calculated using the xcell software package.

Analysis of Differences and Correlation

The median value of CCR2 gene expression was used as a grouping criterion to compare immune and stromal cell
differences using the Wilcox test, and the correlations of CCR2 with immune and stromal cells was analyzed using the
spearman test. p<0.05 was deemed significant.

Results

The Analysis Process of This Research

The flow of our research is illustrated in Figure 1: First, we downloaded the transcriptome RNA-seq data of 263 SARC
cases from the TCGA database, then analyzed the TME composition of SARC, and calculated the immune and stromal
cell components of SARC samples using the ESTIMATE algorithm. And we tried to determine whether the immune
component and stromal component have any effect on the survival time of SARC patients. Next, we found DGEs that
differed in both immune score and stromal score, and used PPI network and COX regression analysis to find core genes
with prognostic effects to obtain CCR2.We then focused on several important analyses of CCR2, including survival
analysis to determine its value as a prognostic marker for SARC and GSEA enrichment to analyzed its function. Finally
we explored which immune and stromal cells this prognostic gene could regulate in SARC by two methods.

Association of Tumor Microenvironment Scores with Patient Survival and Clinical

Traits

To identify the relationship between the content of immune and stromal components of TME and survival in SARC
patients, survival analyses were carried out separately for ImmuneScore, StromalScore and ESTIMATEScore by
using Kaplan-Meier. ImmuneScore, StromalScore represent the relative content of immune or stromal cell compo-
nents in TME, respectively. ESTIMATEScore is the sum o ImmuneScore, StromalScore. As shown in Figure 2A-C,
ImmuneScore, StromalScore and ESTIMATEScore were strongly associated with patient survival, suggesting that the
immune and stromal components of TME in SARC patients play an important role in patient prognosis.In addition to
the StromalScore, the ESTIMATEScore and ImmuneScore were also higher in the older patients (Figure 2D, F and
H). Interestingly, all scores were higher in female patients than in male patients significantly, demonstrating a greater
difference in the components of TME between female SARC patients and male SARC patients (Figure 2E, G and I).
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Figure 2 Relationship between SARC patient scores and survival, age and sex. SARC patients were grouped separately using the best cutoff value for high and low groups
for survival analysis, and ESTIMATEScore group with p=0.0065 by Log rank test (A), ImmuneScore group with p=0.016 by Log rank test (B), StromalScore group with
p=0.00075 by Log rank test (C). The P value of ESTIMATEScore(D), ImmuneScore(F) and StromalScore(H) subgroup in age is 0.046, 0.031 and 0.11 respectively. By
Wilcoxon rank sum test, the P value of ImmuneScore(G) and StromalScore(l) subgroup in gender is 0.00018, 0.0018 and 4.3e —05, respectively.

DEGs are Mainly Related to Immune Function

To explore the altered gene profile in TME related to immune and stromal components, we compared the high and low
subgroups (Figure 3A and B).In the comparison of samples with high scores and low scores by ImmuneScore, we
obtained 881 upregulated DEGs, and 288 downregulated DEGs.Similarly, 1562 up-regulated genes and 2859 down-
regulated genes were obtained by the StromalScore.Performing intersection analysis showed that there were 484
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Figure 3 The generation and function of DEGs. Heatmaps of DEGs were obtained by comparing the difference genes between the high and low subgroups of ImmuneScore
(A) and StromalScore(B) using the Wilcoxon test. |log(FC)| >1 and false discovery rate (FDR) <0.05. (C and D) Intersection plot showing the intersection of immune and
stromal group co-upregulated and co-downregulated genes. (E-H) Column and circle plots represent the results of the enrichment analysis of 545 DEGs, which were
considered significantly enriched when the p-value and q-value were both <0.05.

upregulated genes in both ImmuneScore and StromalScore high subgroups at the same time, meaning that these DGEs
are up-regulated with higher stromal and immune cell contents in TME, and in both low scores subgroups there were 61
genes downregulated, for a total of 555 DEGs (Figure 3C and D).
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These DEGs may be the determinants of the dynamic changes in TME. Gene Ontology (GO) enrichment analysis
results revealed that almost all of these DEGs are associated with immune-related biological processes, such as the T cell
activation and regulation, the regulation of immune effector processes, and the lymphocyte proliferation and differentia-
tion (Figure 3E and G).Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analysis also showed enrich-
ment in chemokine signaling pathways, cytokine-cytokine receptor interactions, and cell adhesion molecule pathways
(Figure 3F and H).Thus, the whole function of DEGs seems to map onto immune-related activities. It also implies
immune factors are a major characteristic of TME in SARD patients.

Identification of Core Prognostic Genes Affecting the Tumor Microenvironment

To identify core genes that play a critical role in the tumor microenvironment, we build a PPI network supported by
STRING database using Cytoscape software [National Institute of General Medical Sciences (NIGMS) USA]. Figure 4A
shows the top 30 genes sorted by the amount of significant nodes. Univariate COX regression analysis was then
performed to identify the top 20 genes with prognostic significance according to p-value (Figure 4B).Finally, we
performed intersection analysis to identify core genes with prognostic value, As shown in Figure 4C, the core gene
with prognostic role that can influence the composition of tumor microenvironment in SARC is CCR2.

CCR2 is a receptor for monocyte chemoattractant protein-1, a chemokine that is specifically known to mediate
monocyte chemotaxis. Survival analysis revealed SARC patients with higher CCR2 expression survived longer than
those with low CCR2 expression (Figure 4D), indicating that it is a beneficial factor for patient survival. Next, we
explored its function in tumors, and we used the MSigDB-defined tumor signature gene set for enrichment, which
showed the enrichment of multiple immune-functional gene sets in the CCR2 highly expressed group, such as the
inflammatory response, the interleukin 2-STATS pathway, the interleukin 6-JAK-STAT3 pathway, and the interferon o
and interferon y responses (Figure 4E).However, in the low CCR2 expression group, gene sets such as the G2M
checkpoint, the WNT pB-catenin pathway, and the E2F transcription factor pathway associated with cell cycle and
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senescence were enriched (Figure 4F).These results suggest that CCR2 may be an important target capable of influencing
the prognosis of SARC patients by regulating TME composition.

Correlation of CCR2 with the Proportion of Tumor-Infiltrating Immune Cells

For the further confirmation the association between the expression of CCR2 and the immune microenvironment, we
conducted an analysis of the proportion of tumor-infiltrating immune subpopulations via the CIBERSORT algorithm. The
results of correlation and difference analysis revealed that a total of 12 immune cells were related to the expression of
CCR2. (Figure 5A and B). Among them, nine immune cells had positive correlation with CCR2 expression, including
T cells CD8, activated T cells CD4 memory, T cells follicular helper, T cells regulatory (Tregs), naive B cells, Plasma
cells, Dendritic cells resting, Macrophages M1, Monocytes. Three types of immune cells were negatively correlated with
CCR2 expression, including Macrophages M0, Macrophages M2, NK cells resting (Figure SC-N). These findings further
support that the CCR2 expression level affects the TME immune activities.

Correlation of CCR2 with the Proportion of Tumor-Infiltrating Stromal Cells

Next, we analyzed the content of seven tumor-infiltrating stromal cells for subsequent analysis using the xcell algorithm,
and the outcomes of correlation and difference analysis revealed that all seven stromal cells were correlated with CCR2
expression (Figure 6A and B). Among them, three stromal cells were positively correlated with CCR2 expression,
including Endothelial cells, mv Endothelial cells, and ly Endothelial cells; Four stromal cells were negatively correlated
with CCR2 expression, including MSC, Fibroblasts, Pericytes, and Smooth muscle (Figure 6C-I). These results demon-
strated the level of CCR2 also had an effect on the stromal cells of TME.

Discussion

In our research, we attempted to find out the key genes that are closely associated with TME formation and patient
prognosis in SARC by screening the TCGA database. Through a series of bioinformatic analyses, the close association
that CCR2 had with TME formation and poor prognosis in SARC has been confirmed. Further, we found that CCR2 was
associated with 12 immune cells such as T cells CDS8, T cells CD4 memory activated, T cells regulatory (Tregs),
Macrophages, and 7 stromal cells such as Endothelial cells, MSC, Fibroblasts.

TME plays an essential role in tumorigenesis and progression. It would be useful to explore potential therapeutic
targets that could contribute to the TME remodeling and facilitate the shift from tumor-promoting to tumor-suppressing
TME. The important role the tumor microenvironment TME plays in dynamically regulating cancer progression and
influencing therapeutic outcomes is now well known.’ Immunotherapy has made tremendous progress in recent years,
with immune checkpoint inhibitors such as the PD1-PDI1 ligand 1 (PDL1) axis and/or cytotoxic T lymphocyte-associated
antigen 4 (CTLA4) having been approved as first-line agents in a variety of solid tumors.'>"* However, the efficiency of
immune checkpoint inhibitor therapy in SARC treatment is limited.?>>' Therefore, targeting the sarcoma microenviron-
ment is an attractive therapeutic approach, but its implementation may need to be combined with other therapeutic
targets. Our analysis of SARC transcriptome data from the TCGA database revealed that increased immune and stromal
components in TME are associated with poor prognosis in SARC patients, and these results highlight the importance of
exploring targets that regulate immune as well as stromal cell infiltration. Subsequently, our findings show that CCR2 is
associated with tumor prognosis and is involved in the chemotaxis of multiple immune and stromal cells in TME of
SARC, and therefore, CCR2 may be a therapeutic target and potential prognostic marker for TME of SARC patients.

CCR2 is a receptor for chemokine (CC motif) ligand 2 (CCL2), and CCR?2 is selectively expressed on the cell surface,
participating in multiple signaling pathways and regulating cell migration.”> When CCL2 binds to CCR2, it induces
chemotactic activity and increases calcium inward flow. It has various effects on wide variety of cells, including
monocytes, macrophages, osteoclasts, basophils and endothelial cells, and it is also involved in multiple diseases.*
Moreover, CCR2 has multiple effects in tumor progression, like increasing tumor cell proliferation and invasiveness, as
well as creating a tumor microenvironment by increasing angiogenesis and immunosuppressive cell recruitment.?*
However, our results suggest that elevated CCR2 expression in SARC patients is associated with a better patient
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Figure 5 Correlation of CCR2 with immune cells. (A), Violin plot demonstrating differences in 22 immune cells grouped by median CCR2 expression using Wilcoxon
analysis, p<0.05 proving statistical significance. (B). Vene plot indicating the intersection of immune cells that were significant with both difference analysis and correlation
analysis with CCR2 expression. p<0.05 was considered significant. (C-N), Scatter plot indicating immune cells with CCR2 expression correlated immune cells, using
spearman analysis, p<0.05 was considered statistically significant.

prognosis, which seems inconsistent with other cancers. Therefore, we speculate that CCR2 expression may exhibit
differential effects of anti-tumor versus tumor-promoting effects in different tumors.
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Figure 6 Correlation of CCR2 with stromal cells. (A), violin plot demonstrating differences in seven stromal cells grouped by median CCR2 expression using Wilcoxon
analysis, p<0.05 proving statistical significance. (B). Venn diagram indicating the intersection of stromal cells that were significant with both differential and correlation
analysis of CCR2 expression. p<0.05 was considered significant. (C-I), Scatter plot indicating correlation with CCR2 expression of stromal cells, using spearman analysis,
p<0.05 was considered statistically significant.

In the tumor microenvironment, CD4+ and CD8+ T cells act as central players in tumor growth.>>*® Increased CD8+
lymphocyte infiltration is associated with a better prognosis for synovial SARC and is related with longer survival in
angiosarcoma patients.”” Our study showed that CCR2 positively correlated with T cells CD8, T cells CD4 memory
activated, and T cells regulatory (Tregs) expression, while higher infiltration of CD8+ or FOXP3+ lymphocytes was related
to favorable overall survival in patients,”® so we hypothesized that increased CCR2 was associated with better prognosis in
patients by inducing increased infiltration of CD8+ or CD4+ lymphocytes. Besides, higher infiltrated CD163+ macrophages
were associated with poorer progression-free survival in SATC,?® while our study proved that high CCR2 expression was
negatively correlated with Macrophages M0, Macrophages M2, in agreement with previous studies. Meanwhile, SARC
immune checkpoint therapy requires CD4+ and CD8+ T cells,” and increased CCR2 could also increase the efficacy of
immune checkpoints. In addition to immune cells, stromal cells play an important role in tumor prognosis, such as MSCs,*
MSCs promotes osteosarcoma growth through PI3K/Akt and Ras/Erk intracellular cascade responses and promote metastasis
via CXCR4 signaling.®' In addition, MSCs-mediated STAT-3 pathway activation in osteosarcoma increases MMP2/9 and
decreases E-calmodulin expression, promoting tumor progression.>> Our results show that increased CCR2 is negatively
correlated with the expression of MSCs, again demonstrating the beneficial prognostic role of CCR2.

In conclusion, in this study, through bioinformatic analyzing SARC samples in the TCGA database, we clarified that
the immune and stromal components of the TME of SARC are closely associated with the prognosis of patients, and
identified the core gene CCR2 as a marker capable of influencing the prognosis of SARC patients through the tumor
microenvironment. Furthermore, we identified 12 immune cells and 7 stromal cells associated with CCR2 and found that
its high expression had negatively correlation with Macrophages M0, Macrophages M2, MSC, and other immune and
stromal cells that were related to poor SARC prognosis, and positively correlated with CD4+ and CD8+ T that made
SARC prognosis better. Therefore, we suggest that CCR2 may be involved in the regulation of TME in SARC and may
be an effective target to improve the efficacy of SARC immunotherapy.

Conclusion

Increased immune and stromal cell components are associated with poor prognosis in SARC, and decreased CCR2 in
TME helps drive multiple immune cells and stromal cells that contribute to poor prognosis in SARC, making CCR2 an
important target for TME remodeling as well as SARC immunotherapy.
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