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ABSTRACT
Background: Previous research has identified several potential 
biomarkers associated with pathological tumor (pT) staging in 
prostate cancer (PCa) patients. Among these biomarkers, CX3CR1 
is notable for its connection to the immune microenvironment.
Objective: To further investigate the significance of CX3CR1 as a 
key biomarker for predicting pT staging and PCa progression.
Methods: Prostate cancer tissue samples were analyzed using 
quantitative reverse transcription polymerase chain reaction 
(qRT-PCR) and immunohistochemical staining. The diagnostic 
performance of CX3CR1 was evaluated using receiver operating 
characteristic (ROC) curves, while Kaplan–Meier survival analysis 
was conducted to determine overall survival (OS) rates.
Results: A significant decrease in CX3CR1 expression was 
observed in PCa tissues compared to adjacent normal tissues, with 
the lowest levels detected in pT3 tumors. CX3CR1 expression 
showed a negative correlation with preoperative prostate-specific 
antigen (PSA) levels, lymph node staging (N stage), Gleason score, 
and overall survival (OS). Additionally, CX3CR1 levels were 
associated with the polarization of infiltrating CD4+ T cells in PCa 
patients.
Conclusion: CX3CR1, as a biomarker associated with pT staging, 
plays a role in predicting PCa prognosis, potentially by modulating 
the immune microenvironment.
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INTRODUCTION

Pathological tumor (pT) staging categorizes 
cancer into early-stage (≤pT2) and advanced-
stage (≥pT3) classifications based on tumor 
size, invasion depth, and spread (1). In 
prostate cancer (PCa), pT staging plays a 
crucial role in assessing disease severity, 
guiding therapeutic strategies, and estimating 
patient outcomes (2). However, this staging 
system has certain limitations, as it heavily 
relies on imaging and biopsy findings, which 
may not always provide a precise reflection 
of tumor aggressiveness. Consequently, 
staging discrepancies can occur, leading to 
either underestimation or overestimation of 
disease severity. To enhance the accuracy of 
pT staging and improve PCa diagnosis and 
management, identifying reliable biomarkers 
is of great importance. Additionally, since pT 
staging is closely linked to PCa progression 
and prognosis, previous studies have sought 
to identify tumor markers associated with pT 
staging (3).

Through an analysis of publicly available 
RNA sequencing (RNA-Seq) data (accession 
number GSE69223), researchers identified 14 
potential markers associated with pT staging 
in PCa. This dataset included samples from 
10 patients with pT2 PCa and five with 
pT3 PCa (4). Among the identified genes, 
CENPI, SLC38A11, ANO6, and KANK2 
demonstrated prognostic relevance for PCa, 
validating the approach used in this study. 
However, CX3CR1 emerged as a particularly 
compelling candidate due to its strong 
association with tumor immunity.

CX3CR1 is a chemokine receptor 
expressed on various immune cells (5). 
Its ligand, CX3CL1 (fractalkine), exists in 
both membrane-bound and soluble forms 
(5). CX3CR1 is involved in immune cell 
adhesion, migration, and survival (6) and 
participates in multiple physiological and 
pathological processes, such as inflammation 
(7) and tumor progression (8).

In PCa, CX3CR1 has been implicated in 
metastasis and resistance to chemotherapy. 

Hypoxic conditions regulate its expression 
via hypoxia-inducible factor-1 and nuclear 
factor-kappa B, highlighting the potential of 
CX3CR1 signaling as a therapeutic target to 
mitigate metastasis initiation and progression 
(9, 10). Given these critical roles, this study 
aims to evaluate the potential of CX3CR1 as 
a key biomarker for predicting pT staging and 
PCa progression.

MATERIALS AND METHODS

Clinical Participants
The study was approved by the ethics 

committees of both institutions (approval 
number: XAHLL2024027). All participants 
provided written informed consent. A previous 
study included 87 patients with PCa and 51 
with benign prostatic hyperplasia (BPH) 
as negative controls (4). This study is an 
extension of the previous research and utilized 
the same cohort. Formalin-fixed, paraffin-
embedded (FFPE) specimens were used for 
clinical immunohistochemistry (IHC). 

IHC
IHC staining procedures were conducted 

following previously established protocols 
(11, 12). FFPE prostate cancer tissue samples 
were sliced into uniform 4-μm sectionss. Two 
sets of slides were prepared for each sample: 
one set underwent standard hematoxylin and 
eosin (H&E) staining, while the other set was 
used for IHC staining of selected biomarkers. 
IHC expression levels were assessed using 
integrated optical density (IOD) measurements 
(11, 12). Initially, positive staining areas were 
identified under low magnification (×100). 
From these, four randomly selected, non-
overlapping microscopic fields (magnification 
×400) were analyzed to calculate IOD values.

The primary antibodies used in this 
study were CX3CR1 (#702321), CD20 
(#53-0202-82), CD8 (#MA5-13473), CD4 
(#MA5-32166), and CD163 (#MA5-11458), 
all obtained from Invitrogen (Thermo 
Fisher Scientific, Waltham, MA, USA).  
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Additionally, the antibody for tumor necrosis 
factor-alpha (TNF-α; 60291-1-Ig) was sourced 
from Proteintech (Wuhan, China).

Grouping of the CX3CR1-high and CX3CR1-
low expression groups

The CX3CR1 expression data of all 87 
patients with PCa were sorted from low to 
high, and the median (i.e., the 50th percentile) 
was used as the cutoff point. Patients with 
expression levels above the median were 
classified into the CX3CR1-high group, 
while patients with expression levels below 
the median were classified into the CX3CR1-
low group.

RNA-Seq Analysis
Following the results of IHC, three PCa 

FFPE tissue samples with high levels of 
CX3CR1 and three PCa FFPE tissue samples 
with low levels of CX3CR1were chosen 
for RNA-Seq analysis. RNA extraction 
was carried out using the RNeasy FFPE 
Kit (Qiagen, Hilden, Germany). Library 
preparation and RNA-Seq were conducted 
by BioGenius (Shanghai, China, https://
www.biogenius.cn/). Gene Ontology analysis 
using Metascape was utilized to identify 
differentially expressed transcripts (13). 

Quantitative Reverse-transcription 
Polymerase Chain Reaction (qRT-PCR)

Deparaffinization of FFPE tissue and RNA 
extraction were performed as previously 
described (14). Subsequently, qRT-PCR was 
conducted using the GAPDH mRNA levels as 
an internal control to normalize the data. The 
primers utilized in this study are listed below:
BCL-6: 
Forward: 
GGAGTCGAGACATCTTGACTGA
Reverse: ATGAGGACCGTTTTATGGGCT
IL17A:
Forward: TCCCACGAAATCCAGGATGC
Reverse: 
GGATGTTCAGGTTGACCATCAC
CXCR3:
Forward: CCACCTAGCTGTAGCAGACAC

Reverse: AGGGCTCCTGCGTAGAAGTT
FOXP3:
Forward: GTGGCCCGGATGTGAGAAG
Reverse: GGAGCCCTTGTCGGATGATG
GAPDH:
Forward: 
GGAGCGAGATCCCTCCAAAAT
Reverse: 
GGCTGTTGTCATACTTCTCATGG

Statistical Analysis
All statistical analyses were conducted 

using SPSS software (IBM Corp., Armonk, 
NY, USA). Data were presented as mean ± 
standard deviation based on at least three 
independent experiments. Prior to analysis, 
variance homogeneity was evaluated for 
continuous variables. If variances were found 
to be homogeneous, comparisons between 
groups were made using two-tailed Student’s 
t-tests. Otherwise, the Mann–Whitney U 
test was utilized. Statistical significance was 
established at P < 0.05. Categorical variables 
were examined using the Chi-square test to 
identify associations. Receiver operating 
characteristic (ROC) curve analysis was 
utilized to assess diagnostic accuracy, while 
overall survival (OS) was evaluated using 
Kaplan–Meier survival curves.

RESULTS

Levels of CX3CR1 in PCa Are Significantly 
Reduced and Have a Negative Correlation 
with pT Staging

The clinical characteristics of 87 patients 
with PCa and 51 BPHs were previously 
reported (4). CX3CR1 expression levels 
were evaluated using IHC in a cohort of 87 
PCa patients as well as 51 BPH samples. 
The findings revealed a significant decrease 
in CX3CR1 expression in PCa tissues (Fig. 
1A–B). Furthermore, CX3CR1 levels showed 
a negative correlation with pathological 
tumor (pT) staging (Fig. 1C). ROC analysis 
indicated that CX3CR1 expression could 
effectively distinguish between PCa patients 
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and negative controls (Fig. 1D). Additionally, 
it was able to differentiate between patients 
with PCa at stages >pT2a–c and those at 
≤pT2a–c, as shown by the area under the curve 
(AUC) and corresponding 95% confidence 
interval highlighting its diagnostic potential 
(Fig. 1E).

The Expression Levels of CX3CR1 Are 
Negatively Correlated with the Clinical 
Characteristics and Prognosis of Patients 
with PCa

Patients with PCa were divided into high (40 
cases) and low (47 cases) CX3CR1 expression 
groups. Patients with the CX3CR1-low 
phenotype had higher preoperative prostate-
specific antigen levels, more advanced N 
staging, and higher Gleason scores than those 
with the CX3CR1-high phenotype (Table 1). 
Kaplan–Meier analysis indicated that low 

CX3CR1 expression levels were associated 
with worse OS (Fig. 2).

Fig. 1. Validation of CX3CR1 as a promising pT staging-associated biomarker. (A) Representative 
immunohistochemical staining visual field for CX3CR1 in prostate cancer (PCa) and matched adjacent 
tissues. Scale bar: 50 μm. (B) Comparison of CX3CR1 expression levels between PCa and matched 
adjacent tissues in patients with PCa. (C) Linear correlation between CX3CR1 expression levels and 
pathological tumor (pT) staging. (D) Receiver operating characteristic (ROC) curve of CX3CR1 expression 
levels to distinguish PCa tissues from adjacent tissues. (E) ROC curve of CX3CR1 expression levels to 
distinguish pT3 PCa tissues from pT2 PCa tissues.

Fig. 2. Kaplan–Meier curves for the time to 
overall survival of patients with prostate cancer 
based on their CX3CR1 expression levels
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CX3CR1 Expression Levels Are Associated 
with Primary Immune Cell Infiltration in 
Patients with PCa 

Next, the levels of immune cell markers 
in PCa tissue samples were determined using 
IHC, and their correlation with CX3CR1 
levels was plotted. A significant positive 
correlation was observed between CX3CR1 
and CD163 (macrophage M2 marker, Fig. 3A),  
TNF-α (macrophage M1 marker, Fig. 3B), 
and CD4 levels (CD4+ T cell marker, Fig. 
3C). However, no significant correlations 
were observed between CX3CR1 levels and 
CD20 (B cell marker, Fig. 3D) and CD8 levels 
(CD8+ T cell marker, Fig. 3E). Since CX3CR1 
regulates M1/M2 macrophage polarization 
(5), the association between CX3CR1 levels 
and CD4+T cell polarization was investigated.

Correlation between CX3CR1 Levels and 
Infiltrated CD4+ T-cell Polarization in 
Patients with PCa 

Three CX3CR1-high PCa tissue samples 
and three CX3CR1-low PCa tissue samples 
(from a total of 87 PCa samples) were 
randomly selected for subsequent RNA-Seq 
analysis. Several differentially expressed 
transcripts closely related to tumor immune 
infiltration were identified (Fig. 4A–B). qRT-

PCR results demonstrated that BCL-6, a 
marker for follicular T-helper [TFH] cells, 
Fig. 4C), IL17A, a marker forT helper type 
17 [Th17], Fig. 4D), and CXCR3 (highly 
expressed in T helper type 1 [Th1] cells; Fig. 
4E) were enhanced. In contrast, FOXP3, a 
marker for regulatory T cell [Treg] cells; Fig. 
4F) was decreased in the CX3CR1-high group, 
indicating an association between CX3CR1 
and infiltrated CD4 T-cell polarization in 
patients with PCa.

DISCUSSION

pT staging allows for more precise 
personalization of treatment and provides 
important prognostic information, aiding in 
informed decision-making and improving 
patient outcome in the management of PCa 
(15, 16). While pT staging is a useful tool for 
evaluating PCa, it has limitations because it 
relies on anatomical criteria. This classification 
system frequently does not fully capture the 
biological complexity of tumors, as it does 
not consider molecular and genetic factors 
that impact tumor behavior. By primarily 
focusing on tumor size and anatomical spread, 
pT staging may overlook critical prognostic 

Table 1. Correlation of CX3CR1 levels in PCa patients with the clinical characteristics.

CX3CR1 phenotype
High (n=40) Low (n=47) P*

Age
≤65 years 21 17 0.1259
>65 years 19 30

BMI
≤25 kg/m2 18 22 0.866
>25 kg/m2 22 25

PSA
≤10 ng/ml 16 9 0.0322
>10 ng/ml 24 38

N stage 
N0 33 28 0.0199
N1 7 19

Gleason score
<7 20 10 0.00497
≥7 20 37

*Chi-square test
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Fig. 3. Association between CX3CR1 expression levels and infiltrating immune cells. The infiltrating 
immune cell markers were identified through immunohistochemistry of PCa tissues. The correlations 
between (A) CX3CR1 and CD163; (B) CX3CR1 and tumor necrosis factor-alpha (TNF-α); (C) CX3CR1 
and CD4; (D) CX3CR1 and CD20; and (E) CX3CR1 and CD8 were determined.
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indicators. Additionally, it does not consider 
variations in tumor responses to specific 
treatments (17). These limitations emphasize 
the need for supplementary methods, such 
as molecular profiling, to provide a more 
comprehensive understanding of PCa biology. 
Incorporating such approaches could improve 
risk stratification and aid in the development 
of more tailored treatment strategies.

The GSE40275 dataset contains gene 
expression profiles from PCa tissues across 
different pT stages. In this study, biomarker 
identification was initiated by comparing 

differentially expressed genes between pT2 
and normal tissues, as well as between pT3 
and pT2 tissues, with a focus on overlapping 
genes to enhance the reliability of pT stage-
associated marker selection. Bioinformatics 
analysis, combined with experimental 
validation, revealed a negative correlation 
between CX3CR1 expression and pT stage. 
Reduced CX3CR1 levels were also linked 
to more advanced clinical characteristics 
and poorer prognosis in PCa patients, 
underscoring its potential as a prognostic 
biomarker.

Fig. 4. Association between CX3CR1 levels and infiltrated CD4+ T-cell polarization. (A–B) Three CX3CR1-
high PCa tissue samples and three CX3CR1-low PCa tissue samples were randomly selected (from the 
87 PCa tissue samples), and RNA sequencing was performed. (A) The top-level Gene Ontology (GO) 
biological processes of the differentially expressed transcripts between the CX3CR1-high and CX3CR1-
low groups. The plot was determined and drawn using Metascape Gene List Analysis. (B) A heatmap is 
presented, showing the differentially expressed transcripts involved in CD4+ T-cell polarization. (C–F) 
CD4+ T-cell polarization markers were determined using quantitative reverse transcription polymerase 
chain reaction of the PCa tissues. The correlation between (C) CX3CR1 and BCL-6; (D) CX3CR1 and 
IL17A; (E) CX3CR1 and CXCR3; and (F) CX3CR1 and FOXP3 were determined.
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CX3CR1 has been implicated in tumor 
progression across multiple cancer types. 
For example, Yue et al. demonstrated that 
CX3CR1 facilitates immune cell recruitment 
and macrophage polarization, establishing its 
prognostic relevance in colorectal cancer (18). 
Moreover, Hu et al. identified an enrichment of 
CD16+CX3CR1+ monocytes in cases showing 
a “major pathological response” among non-
small cell lung cancer patients undergoing 
neoadjuvant programmed death-1 blockade 
combined with chemotherapy (19). Similarly, 
Shao et al. reported that CX3CR1 plays a role 
in reshaping the immune microenvironment 
in epithelial ovarian cancer, suggesting its 
potential as both an immunotherapy target 
and a prognostic marker (20). Collectively, 
these findings support CX3CR1’s role as a 
diagnostic biomarker through its modulation 
of immune cell function.

Immune cells, such as Th1, Th17, TFH, 
and Treg cells, have distinct roles in the 
progression of PCa and its pT staging. 
For example, Th1 cells trigger anti-tumor 
immune responses by releasing cytokines like 
interferon-γ and are typically linked to tumor 
suppression, showing increased activity in 
early-stage PCa (21). However, the functions 
and expression patterns of Th2, Th17, TFH, 
and Treg cells throughout tumor progression 
still require further investigation. The balance 
among these immune cells can substantially 
impact the clinical outcomes of PCa. This 
study suggests that CX3CR1 expression is 
closely linked to CD4+T cell polarization. 
Specifically, CX3CR1 expression is positively 
correlated with Th1, Th17, and TFH cells while 
negatively correlated with Treg cells. This 
indicates its potential role in PCa progression 
by regulating CD4+ T cell polarization.

A close relationship between CX3CR1 
and macrophage polarization was observed. 
Macrophages with varying polarization 
patterns secrete different inflammatory factors 
(22), which interact with T or tumor cells (23). 
These findings suggest that CX3CR1 plays a 
crucial role in facilitating crosstalk between 
macrophages and T cells, contributing to the 

tumor microenvironment.
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