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Background: An increasing number of studies has indicated that the tumor microenvironment (TME), an
important component of tumor tissue, has clinicopathological significance in predicting disease outcome and
therapeutic efficacy. However, little evidence in prostate cancer (PCa) is available.

Methods: The cohort of TCGA-PRAD (n=477) was used in this study. Based on the proportion of 22 types
of immune cells calculated by CIBERSORT, the TME was classified by K-means clustering and differentially
expressed genes (DEGs) were determined. The TMEscore was calculated based on cluster signature genes,
which were obtained from DEGs by the random forest method, and the samples were classified into two
subtypes. Analyses of somatic mutation and copy number variation (CNVs) were further conducted to
identify the genetic characteristics of the two subtypes. Correlation analysis was performed to explore the
correlation between TMEscore and the tumor response to immune checkpoint inhibitors (ICIs) as well as
the prognosis of PCa.

Results: Based on the distribution of infiltrating immune cells in the TME, we constructed the TMEscore
model and classified PCa samples into high and low TMEscore groups. Survival analysis indicated that the high
TMEscore group had significantly better survival outcome than the low TMEscore group. Correlation analysis
showed a significantly positive correlation between TMEscore and the known prognostic factors of PCa.
Conclusions: Our study indicates that the TMEscore could be a potential prognostic biomarker in PCa.
A comprehensive description of the characteristics of TME may help predict the response to therapies and

provide new treatment strategies for PCa patients.
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Introduction tumor-node-metastasis system (TNM), and serum PSA

level (3,4). Despite these well-established clinical predictive

Prostate cancer (PCa) is the most common non-cutaneous
malignancy among men and the second leading cause of
cancer-related death worldwide (1,2). The prognosis and
treatment decisions of PCa are based on the malignant

grade using the Gleason score, the clinical stage of the
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and prognostic factors, drastically variable outcomes are
observed among PCa patients with similar stages and
malignant grades (5). Therefore, these observations have
highlighted the importance of identifying novel biomarkers
for the prognostic assessment of PCa.
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The tumor microenvironment (TME) is the cellular
environment that surrounds cancer cells. The TME
is composed primarily of immune cells, mesenchymal
cells, endothelial cells, inflammatory mediators, and
extracellular matrix (ECM) molecules (6). Immune and
stromal cells are the two major types of non-tumor cellular
components in the TME (7). Previous studies reported
that the proinflaimmation immune cells in the TME can
promote tumor growth and progression including prostate
cancer (8,9). Histological studies have found that 80-90%
of prostate cancer specimens have signs of immune
infiltration. The composition of immune infiltrates varies
greatly depending on the stage of the disease and the age
of the patient, but cells of the innate and adaptive immune
systems have been found in the prostate stroma. Most
immunoinfiltrating cells consist of CD3" T cells, CD20"
B cells, and macrophages (10), but many other immune
cell types have also been found. The immune response
in the tumor immune microenvironment composed of
these immune cells, including secretion and cytokines,
can greatly affect the balance between tumor progression,
tumor clearance and treatment response (11). In addition,
increasing research has suggested that cells in the TME
have clinicopathological significance in predicting patient
prognosis and the therapeutic efficacy of drugs (4,5).
In various malignancies, including gastric cancer and
glioma, gene signatures from the TME were significantly
associated with the outcomes of patients (6,12). Although
the landscape of TME has been widely investigated across
a range of tumor types, little evidence was revealed in
PCa. Researchers found the TME in PCa is complex and
various (8) and it plays a significant role in the initiation
and progression of PCa (13,14). Importantly, a series of
distinct cell changes in in the TME were involved in the
initiating events of PCa. Previous studies uncovered a
link between cells in the TME and malignant tumor cells,
demonstrating that early changes in the normal tissue
microenvironment can promote tumorigenesis and that
tumor cells, in turn, promote further pro-tumor changes
in the microenvironment (2). The abundance of immune
cells and other cells in the TME can be estimated using
computational methods (15,16). Several studies have
explored the clinical utility of TME infiltrates using these
methodologies (12,17), and several mechanisms underlying
the role of TME in immunotherapy response and resistance
have been experimentally identified for certain tumor types.

However, a comprehensive profile of the TME
infiltrating cells and TME characterization in PCa has not
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yet been elucidated. In the present study, we developed
a method to quantify the TME infiltration patterns
(TMEscore) in PCa based on cluster signature genes from
477 patients with PCa. The correlation of TMEscore-
related phenotypes with genomic and clinical features of
PCa was systematically analyzed. As a result, we identified
a set of TME-related signatures from the high and low
TMEscore subtypes that can predict survival outcomes in
PCa. Our study demonstrates that the TMEscore may be
a reliable prognostic biomarker and predictive factor for
developing new diagnosis strategies in PCa. We present
the following article in accordance with the REMARK
reporting checklist (available at https://dx.doi.org/10.21037/
tau-21-819).

Methods
PCa data collection

The transcriptional sequencing data of PCa patients
(TCGA-PRAD), as well as the clinical information
including gender, age, and survival time were separately
downloaded from TCGA database (https://xenabrowser.
net/datapages) and the Gene Expression Omnibus (GEO)
database (https://www.ncbi.nlm.nih.gov/geo/). The study
was conducted in accordance with the Declaration of
Helsinki (as revised in 2013). After removing the PCa
samples without survival data or clinical data, 477 qualified
transcriptome samples from TCGA were selected as test
sets and 111 samples from GEO were used as the validation
cohort (7able I). The single nucleotide polymorphism (SNP)
data of the 477 samples were obtained from TCGA. Among
the 477 samples, 471 samples had SNP6 copy number
segments available from https://firebrowse.org/.

TME analysis

The proportion of immune cells in the TME was calculated
using the CIBERSORT algorithm with the leukocyte
gene signature matrix (LM22) as the reference and with
1,000 permutations (15). Based on the proportion analysis
of immune cells, TME clusters were further determined
using the ConsensusClusterPlus R package (18), and the
optimum number of clusters K was estimated by algorithms
elbow and gap statistics. The limma R package was used
to identify the differentially expressed genes (DEGs)
between the TME clusters, with thresholds of P<0.05
and 1logFCI>0.58. Cluster signature genes identified
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Table 1 Basic information of datasets of PCa patients

Lu et al. Prognostic signatures from the TME of PCa

Series accession numbers  Platform No. of patients AJCC_Stage Age, mean [min, max] Region Survival outcome
TCGA-PRAD lllumina RNAseq 477 NA 61.6 [42, 79] NA DFS
GSE70770 lllumina HumanHT-12 V4.0 expression 111 NA 60.5 [41, 73] UK RFS

beadchip

PCa, prostate cancer; DFS, disease-free survival; RFS, relapse-free survival; NA, not available.

by random forest method were further analyzed using
ClusterProfiler R package for functional enrichment and
classified into two categories according to a positive or
negative coefficient of the Cox regression model (19). The
TMEscore was calculated as follows:

TME score=)_log,(X +1)— log,(¥ +1) (1]

where X represents the expression value of cluster
signature genes with a positive Cox coefficient, while Y
represents the expression value of cluster signature genes
with a negative Cox coefficient.

The maxstar R package was used to determine the
optimal cut-off TMEscore for categorizing the 477
PCa samples into low and high TMEscore groups. This
TMEscore model was further validated in the GSE70770
cohort from GEO.

Moutation spectrum analysis

We analyzed the mutational spectrum and signatures
of 477 samples from TCGA-PRAD by maftools and
SomaticSignatures R packages. Copy number variable
regions (CNVRs), including chromosomal CNVRs and
minimal common regions (MCRs), were detected by
GISTIC. Based on the results of CNVs, tumor purity and
ploidy were estimated by ABSOLUTE R package.

Survival analysis and corrvelation analysis

Survival curves were plotted using surimer R software
package. Limma R package was used to detect miRNAs
and mRNA differentially expressed between high and low
TMEscore subtypes. miRNAs and mRNA were enriched
and analyzed by miRPathDB and clusterProfiler R package,
respectively. The correlation between TMEscore subtype
and clinical outcome was analyzed using the survival R
package. Kaplan-Meier method was used to evaluate
the relationship between the survival of PCa patients
and genetic signatures, such as miRNA and mRNA
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expression, as well as methylation sites. We also explored
the correlation between TMEscore and tumor response to
immune checkpoint inhibitors (ICIs) in PCa. The tumor
response to ICIs was evaluated by the Tumor Immune
Dysfunction and Exclusion (TIDE) scoring system, with a
higher TIDE score indicating a poorer response to ICIs and
a WOrse prognosis.

Statistical analysis

R (https://www.r-project.org/) or SPSS software (version
25.0) was used for all statistical analyses. Statistical
significance was defined as two-tailed P value <0.05.

Results

TME cell infiltrating patterns and DEGs associated with
the TME in PCa

We calculated the proportion of immune cells in the TME
of 477 PCa samples, based on previous findings that immune
cells, especially tumor infiltrating lymphocytes, are more
related to prognosis and immunotherapy efficacy compared
with stromal cells (6,20). We obtained a comprehensive
profile of the immune cell interactions, lineages and their
effects on the overall survival (OS) of PCa patients and
identified four distinct patterns of TME cell infiltration
(Figure 1A4). Cell cluster A was characterized by the
infiltration of MO macrophages, naive B cells, resting mast
cells and other cells. Cell cluster B was characterized by the
infiltration of activated mast cells, neutrophils, activated
NK cells and other cells. Cell clusters C and cluster D were
characterized by the infiltration of resting memory CD4"
T cells and M2 macrophages, respectively. Based on the
proportion of immune cells, the PCa samples can be divided
into three TME clusters through consensus clustering
analysis (Figure SIA-S1C). Interestingly, in mapping the
TME clusters to the proportion of immune cells, we found
significant differences in the distribution of immune cells
between different TMEcluster samples, with TMEcluster
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Figure 1 The TME cell infiltrating patterns and characteristics of the TME cluster. (A) The cellular interaction of TME-infiltrating cell types.
Cell cluster A, blue; cell cluster B, red; cell cluster C, brown; cell cluster D, yellow. The size of each cell represents the survival impact of each
TME cell type. The risk for overall survival is indicated in black, and the favor for overall survival is indicated in green. The lines connecting
TME infiltrating cells represent cellular interactions. The thickness of the line represents the strength of correlation. Positive correlation is
indicated in red and negative correlation in blue. (B) The proportion of the TME infiltrating cells and the unsupervised clustering of cells
for 477 PCa patients. TMEcluster 1, light blue; TMEcluster 2, green; TMEcluster 3, dark blue. (C) Kaplan-Meier curves for survival of PCa
patients according to the TMEcluster. The numbers of patients in TMEcluster 1, 2 and 3 phenotypes are 171, 130, and 176, respectively.
Log-rank test showed P=0.18. (D) The consensus matrix of 477 samples for k=2, displaying the clustering stability using 1,000 iterations
of hierarchical clustering. (E) GO enrichment analysis of the TMEscore-related DEGs. The x-axis indicates the number of genes within each

GO term. TME, tumor microenvironment; PCa, prostate cancer; GO, Gene Ontology; DEGs, differentially expressed genes.

1 and 2 showing marked differences from TMEcluster 3
(Figure 1B). However, survival analysis showed that the OS
was not significantly different among the three TME clusters
(Figure 1C), which is likely because of redundant information
caused by the LM?22 gene. To eliminate the interference of
redundant information, an unsupervised clustering method
was used to re-cluster the 477 PCa samples based on the
expression profile of TME-infiltrating phenotype related
differential genes, yielding a total of 3,637 DEGs. After
dimensionality reduction by random forest algorithm, the
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most relevant signature genes (n=104) were used to classify
the 477 samples into two clusters (Figure 1D). These genes
are mainly enriched in the pathways of immune activation,
such as neutrophil chemotaxis, alpha-beta T cell activation,
alpha-beta T cell differentiation, neutrophil migration and
other pathways (Figure 1E).

Construction of the TMEscore model for PCa samples

Using the re-clustering model, we evaluated the correlation
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between DEGs and prognosis. The Cox regression model
was used to evaluate the relationship between the DEGs
and OS in PCa samples. According to the coefficient value
of genes, the 477 samples were classified into two groups:
the high (n=308) and low (n=169) TMEscore phenotypes
(x=—0.31).

As shown in Figure 2A4, the prognostic performance in
the high TMEscore group was significantly better than in
the low TMEscore group. A comprehensive comparison of
different TME clusters (Figure 2B) indicated that cluster
samples based on immune cell components and proportions
were significantly correlated with DEGs and TMEscore.
Consistent with these findings, the TMEscore of the 111
PCa samples from GEO also reflected the prognosis of
samples (Figure 2C,2D).

Correlation of the mutational signatures with the
TMEscore phenotypes in PCa

The common genomic mutations, such as SNPs, have been
reported as predictors for aggressive PCa. Exploration of
unique SNPs would enable more accurate risk stratification
for individualized management of PCa patients (21).
Therefore, we explored the relationship between SNPs
and the TMEscore. The results showed that the most
common mutation in PCa is the missense mutation, mainly
caused by SNPs, with C > T as the most common type
(Figure S2). The frequently mutated genes in the low and
high TMEscore groups are presented in Figure 34,38,
respectively, and the variant allele fractions (VAFs)
were different between the two groups (Figure 3C). The
contribution of 96 base substitution types is presented in
Figure S3A,S3B. Mutational signature analysis showed that
the high TMEscore group was mainly related to signaturel,
signature3 and signature5 (Figure 3D), and the TMEscore
low group was primarily related to signaturel, signature5
and signature6 (Figure 3E), with significant differences
between the two groups.

Microsatellite instability (MSI) is an emerging biomarker
used to predict the outcome of cancer treatment, and
patients with MSI-High usually have better prognosis
than those with MSI-Low and microsatellite stable (MSS).
Correlation analysis between TMEscore and MSI showed
that the high TMEscore was significantly associated with
MSI-H (Figure 3F).
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Correlation of CNV with the TMEscore phenotypes in PCa

As shown in Figure 4, our analysis showed that there
were significant differences in chromosome copy number
amplifications or deletions between the two TMEscore-
related phenotypes. CNV analysis by GISTIC showed that
amplifications of chromosomal arms 8p, 8q, 7p and 7q as
well as deletions of chromosomal arms 8p, 18p, 18q and
16q frequently occurred in the high TMEscore subtype
(Figure 44,4C), whereas amplifications of chromosomal
arms 8p, 8q, 7p and 7q as well as deletions of chromosomal
arms 8p and 18q were common in the low TMEscore
subtype (Figure 4B,4D). There were also significant
differences in major chromosomal rearrangements (MCRs)
between the high TMEscore group and low TMEscore
group. In the high TMEscore group, 14 amplifications and
30 deletions were detected, and the 3q26.2 amplification
and 8p21.3 deletion were mostly representative (Figure 4E).
In the low TMEscore group, 22 amplifications and
24 deletions were detected, with the 8q24.21 and 8q21.13
amplifications and 6q14.3 and 13q14.13 deletions being
the most common (Figure 4F). However, we found
no significant correlations between tumor purity and
tumor ploidy with the TMEscore-related phenotypes
(Figure S3C,S3D).

Comprebensive analysis of genomic signatures associated
with the TMEscore in PCa

Based on the TMEscore phenotypes, we conducted a
comprehensive analysis of the genomic signatures associated
with the prognosis of PCa. DEG analysis identified
5 miRNAs and 127 mRNAs that were differentially
expressed between the high and low TMEscore subtypes,
with a threshold of P<0.05 and 1logFCI>1 for miRNA and
[logFCI>1 and P<0.05 for mRNA. Among the DEGs, has-
mir-133b (Figure 5A) and FMOD (Figure 5B) were most
significantly correlated with PCa survival.

In addition, as DNA methylation status is closely
related to tumor progression and prognosis, we performed
differential methylation analysis between the high and low
TMEscore groups and identified 38 significant differential
methylation sites. Among the identified sites, cg03804126
was most significantly correlated with OS (Figure 5C).

A comprehensive genomic landscape of PCa is presented in
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Figure 2 The prognostic characteristics of the TMEscore-related phenotypes in PCa. (A) Kaplan-Meier curves for high TMEscore and low
TMEscore patients from TCGA database. (Log-rank test, P<0.0001). (B) Alluvial diagram of TME gene clusters in groups with different
DEGs cluster, TMEscore, and survival outcomes. (C) Kaplan-Meier curves for high TMEscore and low TMEscore patients from Gene
Expression Omnibus (GEO) database. (Log-rank test, P<0.01). (D) The forest plot for survival analysis of different data sets. TME, tumor

microenvironment; PCa, prostate cancer; TCGA, The cancer genome atlas; DEGs, differentially expressed genes.
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Figure 3 he somatic genome characteristics of the TMEscore-related phenotypes in PCa. The distribution of frequently mutated genes in
the high TMEscore group (A) and low TMEscore group (B) in PCa. Different colors indicate different alterations. The top barplot indicates
TMB, TMEscore, and DFS per patient, and the left barplot shows the mutation frequency of each gene in separate TMEscore groups. The
patient annotations show the TMEscores, TCGA molecular subtypes, TMEscore, gender, and survival status. (C) The VAFs of frequently
mutated genes in the high TMEscore and low TMEscore groups. Within each group, the scattered dots represent the mean value of
signature genes. The thick line represents the median value. (D) Violin plot showing the TMEscores in groups with different microsatellite
instability (MSI) status. The Kruskal-Wallis test was used to compare the differences between the two groups. Mutational signatures are
associated with the high TMEscore group (E) and low TMEscore group (F). TME, tumor microenvironment; PCa, prostate cancer; TCGA,

The cancer genome atlas; TMB, tumor mutational burden; DEGs, differentially expressed genes; DFS, disease-free survival.

Figure 5D, with 12 identified survival-related genes, including
CD38, PROK1, SRDSA2, TMEM3S5, DPT, FAM107A,
SPOCK3, MT1G, SLC22A43, ANO7, MYLK and PTN.

Discussion

Prostate cancer is driven by a variety of genomic changes,
with different patterns and clinical significance. Alterations
occurring early in the timeline of the disease define core
subtypes of localized, treatment-naive PCa. Recent studies
have explored the biological characteristics of these
different gene expression characteristics, enabling them to
express their unique functional pathways. This facilitates
the development of specific treatment strategies for each
subclass. For example, fusion of ETS family genes with
androgen-regulated prostate-specific genes is the most
common recurrent rearrangement of PCa and is considered
to be a unique “ETS positive” subtype that is itself a marker
of poor prognosis (22,23). The most common recurrent
point mutations in PCa involve mutations in SPOP (Speckle-
Type POZ Protein, SPOP mutant subclass), FOXAI
(forkhead box Al), etc. Specifically, FOXA1 mutations are
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mostly mutually exclusive with ETS fusion positive and
SPOP mutations. In addition, for metastatic PCa, loss of
function of PTEN and TP53 is very common, and most
of the molecular alterations of PTEN belong to the ETS-
fusion-positive subclass (24,25). All subtypes of localized
diseases initially respond to androgen deprivation therapy
(ADT), but as castration-resistant PCa (CRPC) progresses,
the anti-ADT mechanism has changed the molecular
landscape. A broad spectrum of potentially actionable
molecular alterations contribute to tumor heterogeneity,
such as metastatic prostate cancer, which is a lethal, highly
heterogeneous malignancy. And somatic changes increase
gradually over time and with treatment exposure.

In recent years, gene signatures representing TME status
have been identified and evaluated for their potential clinical
relevance in a variety of cancers (12,21,26). In the present
study, we focused on the TME signatures that contribute to
survival of PCa samples from TCGA and GEO databases.
Based on the TME infiltration pattern analysis of 477 PCa
samples, our results suggested that infiltrating immune cells
such as M2 macrophages, resting memory CD4" T cells,
regulatory T cells, plasma cells and follicular T cells were
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Figure 4 The copy number variant characteristics of the TMEscore-related phenotypes in PCa. The amplification regions of the

chromosome arm in the high TMEscore group (A) and low TMEscore group (B). The deletion regions of the chromosome arm in the high
TMEscore group (C) and low TMEscore group (D). The transverse axis indicates the GISTIC Q value of the chromosome arm. The MCRs
of CNVs in the high TMEscore group (E) and low TMEscore group (F). TME, tumor microenvironment; PCa, prostate cancer; MCRs,

minimal common regions; CNVs, copy number variants.

closely related to the survival outcome of PCa patients.
Notably, our bioinformatic findings were consistent with
several previous experimental studies. For example, most
(but not all) pathological studies in PCa found that a higher
number of tumor-associated macrophages was associated
with worse prognosis (27,28). Additionally, M2 macrophages
were reported to be associated with more advanced stage
and higher Gleason scores of tumors (29). Researchers
also found that regulatory T cells were elevated in the
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circulation of patients with PCa, and the increased number
was positively associated with poor outcome (30). The
immune response in the tumor immune microenvironment
composed of these immune cells, involving secretion and
cytokines, can greatly influence the balance between tumor
progression, tumor clearance, and therapeutic response (31).
Interference between cells, soluble and insoluble factors
with cancer cells leads to changes in theTME, which
modulates and contributes to more aggressive phenotypes,
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Figure 5 The prognostic genomic signatures associated with the TMEscore-related phenotypes in PCa. (A) The Kaplan-Meier survival
curve was generated for the selected differential miRNA from the comparison of TMEscore high and TMEscore low groups. (B) The
Kaplan-Meier survival curve was generated for the selected differential mRNA from the comparison of TMEscore high and TMEscore low

groups. (C) The Kaplan-Meier survival curve was generated for the selected differential methylation sites from the comparison of TMEscore

high and TMEscore low groups. (D) The heat map of the prognostic DEGs is based on expression data derived from the high and low

TMEscore groups. TME, tumor microenvironment; PCa, prostate cancer; DEGs, differentially expressed genes.

such as the emergence of androgen-independent states and
tumors leading to metastatic castration to resist prostate
cancer. Patients who progress to this advanced disease
have a poor survival prognosis. They are highly resistant to
treatment, leading to treatment failure, tumor recurrence
and patient death (32). Therefore, understanding the
functional relationship that coordinates the relevant
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immune signals in the TME may help to better predict the
progression of PCa and the response of advanced disease
treatment strategies, so as to provide personalized medicines
for reducing the mortality of PCa.

In this study, we developed the TMEscore model to
predict the prognosis of PCa. Consistent with previous
studies in other types of tumors (6,12), PCa patients with a
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high TMEscore high phenotype showed a better prognosis
than those with a low TMEscore. We also evaluated the
efficacy of the TMEscore on prognosis compared with
other common prognostic factors. A previous report showed
that SNP may act as a predictor of aggressive PCa and
would enable more accurate risk stratification in PCa (33).
Another study reported that MSI did not correlate with
clinical stage, but might play a role in the development of a
subset of PCa. The MSI-H/dMMR molecular phenotype
is uncommon in prostate cancer, but it has therapeutic
significance (34). Here, we found a strong positive
correlation between TMEscore and SNP or MSI-H in PCa,
suggesting that the TMEscore may be useful in developing
new diagnostic strategies for PCa.

To explore other potential prognostic signatures, we
integrated the genomic, clinical and pathological features
of PCa data. We identified a list of prognostic signatures,
including miRNAs, mRNA and methylation sites. miRNAs
are short, endogenous cellular RNAs that function in
translational repression and/or destabilizing target mRNAs
to regulate various biological processes (35). miRNAs
can act as oncogenic miRNAs or tumor suppressors in
a multitude of cancers (36). Numerous studies showed
that the miRNAs profile is associated with the initiation
and progression of PCa (37). Moreover, several miRNAs,
such as miR-133b and miR-1, have been identified as
novel biomarkers with prognostic and diagnostic value
for PCa recurrence (38). Consistent with these findings,
we discovered that miR-133b showed the most significant
prognostic value in the TMEscore model of PCa. Another
study reported FMOD mRNA as a potential biomarker
for PCa (39) and we also identified FMOD as showing the
most significant prognostic value from the mRNA profiles
between high and low TMEscore groups. These results
highlight the significance of the TMEscore in recognizing
prognostic signatures. Although the TMEscore phenotype
of PCa can provide an alternative set of biomarkers with
good prognostic ability, our results alone are insufficient for
clinical application. Hence, further validation and functional
research, especially genetic and experimental studies
involving more clinical samples, should be conducted in the
future.

Conclusions

Our study provides a comprehensive assessment of the
cellular, molecular and genetic factors associated with
TMEscore in PCa patients, providing several critical
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insights into how PCa respond to survival outcomes
and may help guide the development of new diagnostic
strategies.
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