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Objective: This study examined CXCR4 expression in primary lesions of recurrent metastatic breast cancer patients, analyzing its
association with clinicopathological features, chemotherapy efficacy, and prognosis.

Methods: Eighty-five early surgical specimens of advanced BCa were examined for CXCR4 expression using immunohistochemical
staining. The relationships between CXCR4 expression and clinical pathological factors, such as tumor size, lymph node metastasis,
tumor stage, and metastatic site, were statistically analyzed, along with their effect on the efficacy of platinum-based chemotherapy
and prognosis in patients with advanced BCa.

Results: Significant associations were found between high CXCR4 levels in primary lesions of recurrent metastatic BCa and more
frequent visceral metastases (p = 0.010), along with a higher rate of lymph node metastases (p = 0.022). Patients with advanced BCa
showing high CXCR4 expression had lower efficacy with platinum-based chemotherapy (p = 0.002). Patients with high CXCR4
expression exhibited shorter disease-free survival (DFS) and overall survival (OS) compared to those with low expression, though the
differences lacked statistical significance.

Conclusion: Patients with recurrent metastatic BCa with high expression of CXCR4 in primary lesions have poor efficacy with platinum-
based chemotherapy, shorter DFS and OS, and poor prognosis. CXCR4 may be an important biomarker in metastatic BCa. It can be used not
only as a predictor of metastasis and prognosis, but also as a therapeutic target and a tool to monitor treatment efficacy.
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Introduction

Breast cancer (BCa) is one of the most common malignant tumors in women, with metastasis being its primary cause of
death.' During the period 2015-2019, the incidence of BCa increased by 0.6—1% per year. The statistics show that BCa
accounted for 32% of all newly diagnosed cases in 2024, as far as women are concerned. Between 2012-2019, the
increase in incidence was even greater in women under 50 years of age. More importantly, BCa continues to lead the way
in deaths.® For patients with advanced BCa, chemotherapy is still a key treatment method, but sensitivity varies greatly.*
It is likely that chemotherapy will remain an important cancer treatment in the future, and better application and local
administration may help to improve the efficacy of chemotherapeutic agents.” The mechanism of chemoresistance in
metastatic BCa is a complex process involving alterations in apoptotic pathways, cell cycle regulation, and tumor
microenvironment. The emergence of these resistance mechanisms reduces the efficacy of chemotherapeutic agents and
leads to tumor recurrence and metastasis, posing a great challenge to clinical treatment. Therefore, searching for
biomarkers that indicate chemotherapy resistance and stratify patients to improve therapeutic efficacy is an urgent

unmet clinical need.
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The CXC chemokine receptor 4 (CXCR4) encodes a highly conserved G-protein-coupled receptor with 352 amino
acids.® CXCR4 has been found to be highly expressed in multiple types of cancers, including BCa,’ kidney cancer,®
ovarian cancer,” prostate cancer,'’ lung cancer,'' and colon cancer.'> CXC chemokine ligand 12 (CXCL12) binds
specifically to the CXCR4 receptor. Studies in recent years have elucidated that the CXCL12/CXCR4 axis activates
various signaling pathways and mediates the movement, chemotaxis, adhesion, secretion, angiogenesis, and proliferation
of tumor cells.*"*"'? Additionally, CXCL12/CXCR4 axis activation has been identified to facilitate BCa cell malignant
transformation and migration.”® More importantly, it has been established that CXCR4 plays a central role in tumor cell
spread and metastatic development in more than 75% of cancers (including ovarian, lung, kidney, brain, etc).*' Similarly
CXCL12 protein levels are highly expressed in organs known to be common sites of metastasis, including liver, bone
marrow, and lung. This implies that tumor cells might employ chemokine-driven transport mechanisms typically utilized
in organogenesis, angiogenesis and tissue regeneration. The CXCR4/CXCLI12 axis also indirectly promotes tumor
metastasis by mediating tumor cell invasion and proliferation as well as enhancing tumor-associated neoangiogenesis.’
One of the CXCR4/CXCL12 axis activators identified is POULF1 transcription factor (Pit-1). Pit-1 overexpression
enhances tumor growth and metastasis by enhancing CXCR4 expression and CXCL12 expression, thereby promoting
angiogenic effects.”” Metastatic target tissues highly expressing CXCL12 are chemoattractants for primary tumor cells
expressing high CXCR4, recruiting CXCR4-positive cancer cells to CXCL12-expressing organs,” as shown by reduced
metastasis to these tissues through CXCR4 blocking.*?

In metastatic BCa mice, CXCR4 inhibitors reduce tumor cell metastasis and invasion to organ-specific sites by
blocking CXCR4-CXCL12 interaction, offering a potential therapeutic approach to hinder tumor spread.'***** Colon
cancer cells are also more sensitive to chemotherapy drugs when treated with CXCR4 inhibitors both in vitro and
in vivo.’*?” The FDA has approved AMD3100, commercially known as plerixafor, as a CXCR4 antagonist for
autologous transplantation in Non-Hodgkin’s lymphoma or multiple myeloma patients. AMD3100 has demonstrated
tremendous potential in the treatment of other diseases, such as leukemia and solid tumors.”® AMD3100 can promote
chemosensitivity of ovarian cancer cells with high CXCR4 expression.”” In BCa, CXCR4 inhibitors are shown to
eliminate trastuzumab resistance by blocking cell cycle progression and synergize with doxorubicin to inhibit tumor
growth.>® This suggests that CXCR4 inhibitors not only directly inhibit tumor cell growth, but also enhance the efficacy
of other chemotherapeutic agents by modulating the tumor microenvironment. Research has indicated CXCR4 inhibitors
as promising agents to counteract multidrug resistance in acute myeloid leukemia (AML) and multiple myeloma
(ALL),%’ addressing a critical obstacle in treatment efficacy. In metastasis studies in BCa, self-assembly of a CXCR4
antagonist inhibits BCa multiorgan metastasis, improving drug solubility and enabling specific targeted therapy. Second,
CXCR4 antagonists have also been shown to attenuate mobilization to sites of injury or inflammation.>' All of these
previous studies suggest that CXCR4 has an important impact in cancer progression.

Even with progress in the characterization of other cancers and drug development, the function of CXCR4 in primary
lesions of metastatic BCa patients remains unreported. This study aims to explore the correlation of CXCR4 expression
levels in primary lesions of BC patients on platinum-based chemotherapy sensitivity and patient’s prognosis.

Materials and Methods

Patient Sample Collection

Metastatic BCa women (n = 85) were treated at the The First Affiliated Hospital of Shantou University Medical College from
January 1996 to December 2008. Demographic and clinical information for each patient was obtained through a retrospective
review of the hospital’s electronic patient records or the medical records department’s system. Inclusion criteria: (1) patients’
clinical data and follow-up data were complete; (2) all patients were treated for the first time with breast-conserving surgery or
simple mastectomy and were confirmed as BCa by postoperative pathology; (3) patients had measurable target lesions
clinically or radiographically before treatment; (4) Patients had early surgical tumor tissue paraffin blocks. Exclusion criteria:
(1) history of other malignant tumors; (2) preoperative distant metastases; (3) comorbid endocrine-related diseases. The
present study was approved by the Ethics Committee of The First Affiliated Hospital of Shantou University Medical College
and written informed consent was provided by all patients prior to the study start.
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Treatment Regimens and Determination of Efficacy

Platinum-based chemotherapy is widely used in the treatment of metastatic BCa. Platinum drugs belong to the cell cycle
non-specific drugs, which mainly play an anti-tumor role by inhibiting the transcription and replication of DNA, thus
promoting apoptosis of tumor cells. In addition, the choice of platinum drugs will be adjusted according to the specific
conditions of patients. All patients received a standard platinum combination chemotherapy regimen: 75 mg/m* of
cisplatin or carboplatin on day 1 and either gemcitabine 1200 mg/m? on days 1 and 8 or paclitaxel 175 mg/m?* on day 1,
repeated every 3 weeks, with all patients treated for a minimum of 4 to 6 cycles or chemotherapy until progression.
Platinum-based chemotherapy was terminated immediately when a patient receiving platinum-based chemotherapy
experienced a sudden deterioration of the disease or when the patient was unable to tolerate the toxicity of the
chemotherapy drug. The physician further created a personalized treatment plan based on the specifics of the patient’s
disease progression.

The longest dimensions of the lesions were measured according to the RECIST 1.1, and the efficacy of the target
lesions was clinically assessed.> Complete response (CR) is defined as the disappearance of the target lesion after
platinum-based chemotherapy, and partial response (PRe) is defined as at least a 30% reduction in the combined diameter
of the target lesion. Patient response rate to platinum-based therapy was calculated using the sum of CR and PRe.
Progression of disease (PD) is defined as an increase of at least 20% in the sum of the diameters of the target lesions.
Stable disease (SD) is defined as neither sufficient shrinkage to qualify for CR or PRe nor sufficient increase to qualify
for PD. PD and SD reflect the patient’s insensitivity to platinum-based chemotherapy. The nonresponse rate is calculated
by adding SD and PD.***

Methods

General Information

Clinical data were collected, including age at diagnosis, menstrual status, family history, tumor size, lymph node metastasis,
tumor staging, histopathological type, metastasis sites and times, death times, estrogen receptors (ER), progesterone receptors
(PR), human epidermal growth factor receptor 2 (HER2), platinum-based chemotherapy regimens, and therapeutic efficacy.

Immunohistochemistry and Scoring Criteria

The tumor tissue paraffin blocks were preserved and provided by the Department of Pathology, Shantou University
Medical College. CXCR4 was analyzed using immunohistochemistry (IHC) on fresh tissue blocks (> 50 tumor cells;
reviewed by pathologist Wei Xiaolong). IHC was performed using rabbit CXCR4 monoclonal antibody AB124824
(Abcam Inc. Cambridge, UK). The slides were heated in a citrate buffer (pH 6.0) using a microwave for 18 minutes,
starting with 5 minutes on high heat and then 13 minutes on low heat. Endogenous peroxidase was blocked using 3%
H,0, solution. To block non-specific protein binding, normal goat serum was applied at room temperature for 20 minutes.
Tissues were incubated overnight in AB124824 with 1:200 dilution. The reaction was visualized using an antibody
(GK500510A, GTVisionTM I) and DAB chromogen.

CXCR4 positivity was determined by evaluating the intensity of cell staining and the percentage of cells stained. The
degree of staining was based on 0 points for no staining, 1 point for light yellow, 2 points for yellow, and 3 points for brown-
yellow. Scores were assigned according to the percentage of positive cells: 0 for 5% or less, 1 for 6-25%, 2 for 26-50%, 3
for 51-75%, and 4 for 76% or more. Determination based on the product of the two integrals above: a product of 0 indicated
negative (-), >1 indicated positive. Specifically, scores of 1—4 indicated weakly positive (+), scores of 58 indicated positive
(+1+), and scores of >9 indicated strongly positive (+++). Negative (-) and weakly positive (+) were considered low
expression, whereas positive (++) and strongly positive (+++) were considered high expression.*® The above results were
reviewed independently by two senior pathologists in a double-blind fashion to minimize errors.

Follow-up Program and Determination Criteria
Patients start to follow up after surgery, every 3 months in the first 2 years after surgery; every 6 months after 2 years;
after 5 years, every year. Recurrence is defined as the reappearance of tumor lesions in the breast, chest wall, or regional
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lymph nodes of the patient by imaging. Metastasis is defined as bone metastasis, lung metastasis, liver metastasis, and
brain metastasis by imaging. Follow-up was conducted by outpatient clinic, telephone inquiry to the patients themselves
or their family members. Among the 98 patients, the shortest follow-up time was 15 years and the longest was 18 years.
The follow-up period ended on August 31, 2023. Disease-free survival (DFS) was defined as the interval between BCa
diagnosis and metastasis. Based on the time between diagnosis and death or last follow-up/contact, overall survival (OS)
was calculated. OS1 is the length of time since metastasis was diagnosed to death or the last follow-up.

Statistical Analysis

All statistical analysis and presentation of all data were performed using Python. Count data were analyzed using the Chi-squared
test and the Fisher’s exact test. By using the Kaplan-Meier method, the median overall survival was estimated. The Log rank test
was used to evaluate differences between survival groups. Respective hazard ratios were obtained by Cox regression.
Independent variables with statistically significant (P < 0.05) differences on one-way analysis of variance were included in
multifactor Cox regression analysis to screen for independent predictors (P < 0.05). Potential confounding variables were
adjusted. Hazard ratios (HR) were calculated. All statistical results with p<0.05 were considered statistically significant.

Results

Immunohistochemistry Findings

The expression levels of CXCR4 in primary lesions were detected using IHC. The IHC results of BCa primary lesions showed
that CXCR4 was predominantly expressed in the cytoplasm. Out of 85 patients, 41 (48.24%) patients showed positive (++) and
strongly positive (++++) IHC results for CXCR4 (Figure 1C and D), indicating high CXCR4 expression, while 44 (51.76%)
patients showed negative (-) and weakly positive (+) IHC results (Figure 1A and B), indicating low CXCR4 expression.

Figure | IHC staining of CXCR4 expression in BCa. Representative IHC micrographs from patient samples are shown with examples of (A) negative expression (-), (B)
weak cytoplasmic expression (+), (C) moderate cytoplasmic expression (++), and (D) strong cytoplasmic expression (+++). Scale bar, 50 ym. (A and B) were defined as low
expression, (C and D) were defined as high expression.
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Correlation Between CXCR4 Expression and Clinical Characteristics of BCa Patients
All patients were categorized into a CXCR4 low expression group (n=44) and a CXCR4 (n=41) high expression group based
on their THC test results. The clinicopathologic characteristics of all subjects are shown in Table 1. There was no significant
difference in age (p = 0.824), menstrual status (p = 0.510), family history (p = 0.423), tumor tissue type (p = 0.423), ER
expression (p =0.506), PR expression (p =0.388), or HER2 expression levels (p = 0.385) between the two groups, as shown in
Table 1. Of interest, patients in the CXCR4 high expression group had a greater number of metastatic foci (p = 0.010), more
lymph node metastases (p = 0.022), and higher tumor staging (p = 0.042) than those in the CXCR4 low expression group. The
expression of CXCR4 in the tumor microenvironment can affect the interaction between tumor cells and surrounding stromal
cells, promoting tumor angiogenesis and metastasis. CXCR4 is usually highly expressed in metastatic tissues,*® and prominent

Table | Relationship of CXCR4 Expression in the Primary Lesion and
Breast Cancer Clinical Characteristics. Statistics Was Performed Using
Chi-Square Test

Factors CXCR4 (%) p-value
High Low

Age at initial diagnosis 0.824

(years)

<50 26 (63.41) 29 (65.91)

>50 15 (36.59) 15 (34.09)

Menstrual status 0510

Premenstrual 24 (58.54) 29 (65.91)

Postmenstrual 17 (41.46) 15 (34.09)

Family history of cancer 0.423

Yes 4 (9.76) 2 (4.55)

No 37 (90.24) 42 (95.45)

Tumor size 0.665

TI-T2 18 (43.90) 22 (50.00)

T3-T4 23 (56.10) 22 (50.00)

Nodal status 0.022

Positive 36 (87.80) 29 (65.91)

Negative 5(12.20) 15 (34.09)

Stage 0.042

-l 10 (24.39) 21 (47.73)

n-v 31 (75.61) 23 (52.27)

Histological type 0.423

Ductal carcinoma 37 (90.24) 42 (95.45)

Others 4 (9.76) 2 (4.55)

Number of visceral 0.010

metastases

| 17 (41.46) 24 (54.55)

2 14 (34.15) 19 (43.18)

>2 10 (24.39) 1 (2.27)

ER status 0.506

Positive 25 (60.98) 30 (68.18)

Negative 16 (39.02) 14 (31.82)

PR status 0.388

Positive 20 (48.78) 26 (59.09)

Negative 21 (51.22) 18 (40.91)

HER2 status 0.385

Positive 19 (46.34) 16 (36.36)

Negative 22 (53.66) 28 (63.64)
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CXCR4 expression characterizes all major histological forms of invasive BCa.>” These are all evidence supporting the
correlation of CXCR4 with metastasis and tumor staging.

Correlation of CXCR4 Expression Level in Primary Lesions on the Platinum
Chemotherapy Efficacy in BCa Patients

Four patients were excluded due to their chemotherapy efficacy after relapse and metastasis not being able to be evaluated
(Table 2). BCa patients with low CXCR4 expression had a 65.85% response rate (CR and PRe) to platinum-based chemotherapy
after metastasis. It showed that BCa patients with low expression of CXCR4 had good efficacy after platinum-based chemother-
apy. In contrast, the response rate of high expression patients was 30.00% and non-response rate was as high as 70%. There was
a significant difference between the two groups in the efficacy of platinum-based chemotherapy (P = 0.002), indicating that
patients with high expression of CXCR4 had poorer efficacy of platinum-based chemotherapy.

Association of CXCR4 Expression With BCa Disease-Free Survival and Overall

Survival

The Kaplan-Meier analysis was carried out to compare BCa patient groups with low and high CXCR4 expression. The
median follow-up was 137 months in the CXCR4 low expression group and 142 months in the CXCR4 high expression
group. Among the 84 BCa patients, 75 cases had recurrence and metastasis, and the DFS rate was 89.29%. There were 41
cases in the CXCR4 low expression group and 34 cases in the CXCR4 high expression group (Figure 2A). Among all cases,
82 cases died, and the OS rate was 87.62%. Among them, 42 cases were in the CXCR4 low expression group and 40 cases
were in the CXCR4 high expression group (Figure 2B). The median DFS and OS of patients in the CXCR4 low expression
group were 37.0 and 57.0 months, respectively. The median DFS and OS of patients in the CXCR4 high expression group
were 34.0 and 52.0 months, respectively. The difference between the two groups in DFS (p = 0.808) and OS (p = 0.115) was
not statistically significant by Log Rank test. We also performed an additional analysis focusing on specific OS metrics
(OS1). From the time metastasis was detected until the patient’s death or last follow-up, 80 cases were noted, with 40 cases
each in the CXCR4 low and high expression groups. Patients with lower CXCR4 expression had a longer median OS1 of
28.0 months, compared to 17.0 months in the CXCR4 high expression group, although not statistically significant (p=0.053)
(Figure 2C). For patients with high CXCR4 expression, closer monitoring and more aggressive treatment strategies may be
required in long-term management due to the greater invasive and metastatic capacity of tumor cells. These patients may be
more susceptible to disease recurrence and metastasis and therefore may require more frequent imaging and more intensive
treatment regimens. Patients with low CXCR4 expression may have a better prognosis and may be treated with relatively
conservative therapeutic strategies in long-term management, but monitoring should not be ignored.

COX Model Analysis of Prognostic Factors for Advanced BCa

CXCR4 expression and other variables were analyzed in univariate and multivariate analysis. Univariate analysis
revealed that family history (p = 0.008), tumor size (p = 0.030), tumor staging (p = 0.011), DFS time (p = 0.000),
and CXCR4 expression (p = 0.024) were predictive indicators for OS (Table 3). Further multifactorial COX
regression analyses were performed, and after adjusting for all factors with significance in the univariate analyses,
independent influences affecting OS in patients with BCa were identified. Multivariate analysis showed that
family history (p = 0.026), tumor size (p = 0.020), and DFS time (p = 0.002) were important prognostic factors

Table 2 A Significant Difference (p=0.002) Suggests Lower Efficacy of
Platinum Chemotherapy in High CXCR4 Expression Patients by Using the
Chi-Square Test

Factors Response Rate | Non-Response Rate | p-value
CXCR4 low expression | 27 (65.85%) 14 (34.15%) 0.002
CXCR4 high expression | 12 (30.00%) 28 (70.00%)
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Figure 2 Kaplan-Meier analysis showed that there is no correlation between DFS, OS, OS|, and the expression of CXCR4. Patients with lower CXCR4 expression had a longer
median OS| of 28.0 months, compared to 17.0 months in the CXCR4-high group (p=0.053). (A). Analyze the metastasis and recurrence of patients in the CXCR4 low expression
group and the CXCR4 high expression group, and calculate the DFS rate; (B). Analyze the death of patients in the CXCR4 low expression group and the CXCR4 high expression
group, and calculate the OS rate; (C). Analyze the median OS| time of patients in the CXCR4 low expression group and the CXCR4 high expression group.

for OS after adjusting for multiple potential confounding variables (age, menstrual status, node status, patholo-
gical type, etc). (Table 3).

Discussion

The study shed light on how CXCR4 expression influences disease progression and treatment outcomes in 85 BCa
patients. CXCR4 is found in various subcellular localizations. High expression of CXCR4 in the nucleus is associated
with a better prognosis in lung cancer,*® and high expression of CXCR4 in the cell membrane is significantly associated
with a decrease in DFS.?° Cytoplasmic high expression of CXCR4 in the cytoplasm is a poor prognostic factor for lung
cancer.*® Therefore, CXCR4 expression in different subcellular localizations may lead to different biological behaviors
and may have clinical applications. Our analysis showed that CXCR4 was predominantly expressed in the cytoplasm,
with nearly identical distribution of expression among patients; 48.24% of primary lesions showed high levels and
51.76% showed low levels as determined by IHC. We also identified a significant association between high CXCR4
expression and increased rates of visceral and lymph node metastasis (p = 0.010 and p = 0.022, respectively). This
suggests that in patients with BCa, the association between high cytoplasmic CXCR4 expression and poor prognosis was
even more pronounced. Moreover, our research revealed that patients with high CXCR4 expression showed low efficacy

Table 3 CXCR4 Expression Predicts OS According to Univariate Analysis (p=0.024), but Not in
Multivariate Analysis

Covariate Univariate Analysis Multivariate Analysis
HR P value 95% CI HR P value 95% CI

Age 0.985 0.187 0.964, 1.007 0.997 0.859 0.961, 1.034
Menstrual status 0.758 0.295 0.452, 1.272 0.670 0.362 0.283, 1.587
Family history 3.221 0.008 1.360, 7.630 2.945 0.026 1.139,7.616
Tumor size 1.379 0.030 1.032, 1.841 1.745 0.020 1.091, 2.792
Node status 1.190 0.16l 0.933, 1.517 1.091 0.673 0.729, 1.631
Stage 1.604 0.011 1.114,2.311 1.026 0.943 0.510, 2.064
Pathological type 2.078 0.120 0.826, 5.228 1.636 0.359 0.571, 4.686
The duration of DFS 0.978 0.000 0.967, 0.989 0.981 0.002 0.969, 0.993
CXCR4 expression 1.806 0.024 1.082, 3.013 1.461 0.266 0.749, 2.851
Chemotherapy response 1.490 0.134 0.885, 2.508 1.550 0.146 0.858, 2.800
ER 0.971 0.788 0.787, 1.199 1.261 0.207 0.879, 1.810
PR 0.899 0.363 0.715, 1.131 0.731 0.132 0.486, 1.099
HER2 1.359 0.254 0.802, 2.303 1.444 0.318 0.702, 2.969
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of platinum-based chemotherapy (p=0.002). This indicates that assessing CXCR4 expression levels could play a key role
in guiding therapeutic strategies, emphasizing the need for alternative treatments for BCa patients with high CXCR4
expression. The study by Liu et al focuses on the progression of multiple cancer types with copper death-associated gene
expression and highlights the potential application in immunotherapy.*' While another study analyzes copper cell death
genes as possible candidate biomarkers for cancer diagnosis, prognosis, and treatment through pan-cancer genomics, and
deeply analyzes the potential association with common cancer pathways.*>** Although the present study validated
CXCR4 as an independent influencer of metastasis and prognosis in BCa, the specific role of CXCR4 in a variety of
cancer diseases and its associated cancer pathways have yet to be explored in depth.

In this study, we found a significant difference in the efficacy of platinum-based chemotherapy between the two
groups (p = 0.002), with a 64.71% increase in the median OS1 in patients with lower CXCR4 expression, suggesting that
patients with high CXCR4 expression have a poorer outcome after platinum-based chemotherapy. High CXCR4
expression is considered a marker of poor prognosis in acute lymphoblastic leukemia (ALL) and acute myeloid leukemia
(AML). In addition, preclinical models of ALL and AML suggest that inhibition of CXCR4 enhances the efficacy of
chemotherapy. A study demonstrates that CXCR4 antagonists significantly inhibit acquired resistance to gefitinib in lung
adenocarcinoma cell lines harboring EGFR mutations.** CXCR4 antagonists remodel the tumor microenvironment,
favoring the entry of T effectors and decreasing regulatory T cells in order to enhance the efficacy of anti-programmed
death therapies.*” Overall, it is currently believed that CXCR4 antagonists may improve the prognosis of cancer patients
by enhancing the therapeutic efficacy of conventional therapies or immunotherapies. Although some CXCR4 antagonists
have completed clinical trials,*® their specific application in BCa needs to be further explored.

Our analysis did not find a direct correlation between CXCR4 and DFS, OS, or OS1. However, patients with lower
CXCR4 expression had a longer median OS1 (28.0 months) compared to those with higher expression (17.0 months),
though this difference was not statistically significant (p = 0.053). This trend warrants further investigation as it might
indicate a potential impact of CXCR4 expression on the long-term outcomes of BCa patients. Univariate analysis
confirmed that CXCR4 expression was a predictive factor for OS (p = 0.024), thereby reinforcing its role as a prognostic
marker. However, this correlation was not evident in the multivariate analysis, suggesting that the prognostic value of
CXCR4 might be influenced by other factors not considered in this study. This discrepancy underscores the complexity
of cancer biology and the interplay of various factors in disease progression and treatment response.

The limitations of this study are mainly in the following aspects. This study is a single-center retrospective study,
accompanied by confounding factors and the possibility of selection bias. In addition, the long time of onset and the
small number of included cases of the patients enrolled in this study had an impact on the reliability and stability of the
results. The BCa treatment method and effect may have an impact on the prognosis, but further investigation is needed
because of the challenges in obtaining data from the treatment schedules of the enrolled patients and the period over
which diabetes developed. In the future, we will validate this in a larger cohort, which will help determine whether the
current findings have broad clinical applicability. Second, BCa is a complex disease that often involves abnormalities in
multiple signaling pathways. Therefore, future validation studies in larger multicenter cohorts are needed and to explore
the application of combination therapies targeting CXCR4 for BCa treatment in combination with other related drugs to
generate synergistic effects and overcome drug resistance. This will not only help to improve treatment efficacy, but also
help to promote the development of personalized medicine in BCa. In addition, the specific mechanism of CXCR4 needs
to be further explored and studied in BCa metastatic animal models.

In conclusion, our findings emphasized the significant role of CXCR4 expression in metastasis and treatment response in
BCa patients. In the BCa microenvironment, CXCR4 expression levels may be altered. The current study showed that the
identification of novel depleted T-cell CD8™ markers provided new insights into understanding the state of immune cells in the
tumor environment, with genetically characterized molecular subtypes and immune scoring systems capable of accurately
predicting immune infiltration, survival, and response to immune checkpoint blockers. This implies that drugs or immuno-
modulatory therapies can be designed by specifically targeting features of the immune microenvironment, which is critical for
the development of new strategies for immunotherapy against BCa, and provides new ideas for future probes targeting the
interaction of CXCR4 with the immune microenvironment. This study helps to understand CXCR4 as a biomarker, provides
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direction for more precise patient stratification and personalized treatment strategies, and accurately predicts a patient’s
response to specific treatments, thus selecting the most appropriate treatment option for the patient.
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