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Cancer-associated fibroblasts promote enzalutamide
resistance and PD-L1 expression in prostate
cancer through CCL5-CCR5 paracrine axis

Zhi Xiong,1,2,7 Shun-Li Yu,1,2,7 Zhao-Xiang Xie,1,2,7 Rui-Lin Zhuang,1,2 Shi-Rong Peng,1,2 Qiong Wang,3 Ze Gao,4

Bing-Heng Li,1,2 Jun-Jia Xie,1,2 Hai Huang,1,2,5,6,8,* and Kai-Wen Li1,2,*
SUMMARY

Cancer-associated fibroblasts (CAFs) have been shown to play a key role in prostate cancer treatment
resistance, but the role of CAFs in the initial course of enzalutamide therapy for prostate cancer remains
unclear. Our research revealed that CAFs secrete CCL5, which promotes the upregulation of androgen
receptor (AR) expression in prostate cancer cells, leading to resistance to enzalutamide therapy. Further-
more, CCL5 also enhances the expression of tumor programmed death-ligand 1 (PD-L1), resulting in im-
mune escape. Mechanistically, CCL5 binds to the receptor CCR5 on prostate cancer cells and activates
the AKT signaling pathway, leading to the upregulation of AR and PD-L1. The CCR5 antagonist maraviroc
to inhibit the CAFs mediated CCL5 signaling pathway can effectively reduce the expression of AR and
PD-L1, and improve the efficacy of enzalutamide. This study highlights a promising therapeutic approach
targeting the CCL5-CCR5 signaling pathway to improve the effectiveness of enzalutamide.

INTRODUCTION

Prostate cancer (PCa) is a common malignancy and the second leading cause of death among men in Western countries.1 Advanced PCa is

primarily treated with androgen deprivation therapy (ADT); however, there is currently no cure for the eventual development of resistance to

ADT resistance.2,3 Second-generation antiandrogens, such as enzalutamide (Enz), have shown significant prolongation of patient survival and

promising inhibitory effects.4,5 However, even with the combination of the most potent inhibitors of androgen receptor (AR) signaling, pa-

tients rarely achieve a complete response and eventually develop resistance to Enz.6 Despite the successful use of immune checkpoint inhib-

itors (ICIs), particularly the blockade of programmed cell death protein 1/programmed death-ligand 1 (PD-1/PD-L1), in the treatment of other

cancers, prostate tumors have proven to be resistant to immunotherapy.7–9 Therefore, there is an urgent need for an in-depth understanding

of the mechanisms of Enz therapy resistance in PCa and the development of new combination therapy strategies for advanced PCa.

The AR is a key factor in the survival of prostate tumors and plays a crucial role in cancer progression and drug resistance.5 Understanding

the mechanisms that enable tumor cell survival is essential for achieving a complete response. Previous studies on resistance to AR-targeted

therapy in PCa have primarily focused on intracellular mechanisms.10–12 However, growing evidence suggests that the tumor microenviron-

ment (TME) also plays an active role in tumor progression.13–15 In PCa, the presence of tumor-infiltrating B lymphocytes and myeloid-derived

suppressor cells (MDSCs) promotes the development of castration-resistant prostate cancer (CRPC) by producing inflammatory cytokines

such as IL-23.16,17 Additionally, fibroblast growth factors (FGFs) contribute to CRPC through autocrine or paracrine signaling.18 NRG1, orig-

inating from the tumor microenvironment, activates the HER3 signaling pathway, leading to the activation of AR downstream target proteins

and promoting resistance to antiandrogen therapy in PCa.19

Activated stromal cells, commonly referred to as cancer-associated fibroblasts (CAFs), play a significant role in the TME.20,21 Compared to

normal fibroblasts (NFs), CAFs exhibit overexpression of biomarker proteins including a-smooth muscle actin (a-SMA), fibroblast activation

protein (FAP), platelet-derived growth factor receptor a or b (PDGFR-a/b), or vimentin.22 As the predominant cell type in the TME, CAFs

actively contribute to cancer progression.23,24 The interactions between CAFs and tumor cells primarily promote tumorigenesis through

the secretion of various proteins (such as TGF-b, IGF, and IL6), direct interaction with tumor cells, modulation of the immune response,
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Figure 1. CAFs isolated from human PCa protect PCa cells from Enz-induced apoptosis

(A) Schematic diagram of CAFs isolation from human PCa. From radical prostatectomy specimens a tumor and a non-malignant benign tissue punch needle

biopsy was extracted by an experienced uropathologist from the contralateral sites of the specimens (green/red circles). While a small portion of the

extracted tissue cores was fixed and used for histological stains and confirmation of the tissue’s identity, the rest was used immediately for CAFs isolated by

Enzymatic digestion.

(B) Representative hematoxylin and eosin staining (HE). Scale bar: 100 mm.

(C) Flow cytometry analysis of CAFs isolated from normal adjacent tissue and the tumor-derived from PCa patients showed that the purity of the CAFs was high.

CAF preparations displayed a good expression of CAF markers PDGFRa and undetected or low level of endothelial cells (marked by CD31) and epithelial cells

(marked by EPCAM) as well as immune cells (marked by CD45).

(D) Representative western blot image of PDGFRa, aSMA, FAP, and vimetin in NFs and CAFs.

(E) Immunofluorescent staining analysis of the fibroblast marker (aSMA and PDGFRa) expression in NFs and CAFs. Scale bar: 20 mm.

(F–I) Apoptosis analysis of PCa cells with indicated treatments. 22RV1 and C4-2 cells were stimulated with CAF-CM or the control medium for 24 h followed by the

administration of Enz (10 mM) or DMSO for 24 h. n = 3 biologically independent CAFs samples.

(J and K) Cell survival analysis of PCa cells with indicated treatments. 22RV1 and C4-2 cells were stimulated with CAF-CM or the control medium for 24 h followed

by the administration of ENZ (10 mM) or DMSO for 24 h. n = 3 biologically independent CAFs samples. Data are reported as the mean G SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA with Tukey’s test for pairwise comparisons for statistical significance analysis in Figures 1G and 1I–1K.
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and remodeling of the extracellularmatrix (ECM).23,25 However, further research is required to understand the clinical role, biological function,

and mechanism of action of CAFs in prostate cancer; particularly in the context of ADT or immunotherapy. Therefore, additional studies are

needed to investigate how CAFs affect the responsiveness of prostate cells to AR-targeted therapies.

In this study, we demonstrate that CAFs-secreted CCmotif chemokine ligand 5 (CCL5) activates CCmotif chemokine receptor 5 (CCR5) to

increase the expression of AR and PD-L1 expression in PCa. This results in resistance to Enz treatment and immune evasion. We also inves-

tigate the therapeutic potential of targeting the paracrine axis of CCL5-CCR5 via maraviroc (MVC), an FDA-approved CCR5 antagonist that is

widely employed in the treatment of acquired immunodeficiency syndrome (AIDS). The results of our study demonstrate that targeting the

CCL5-CCR5 axis can significantly augment the effectiveness of Enz in combating PCa.

RESULTS

CAFs protect PCa cells from Enz-induced cytotoxicity

CAFs in the TME are considered to play a beneficial role in promoting tumor survival.21,23,25We collected specimens from30 patients with PCa

who underwent radical prostatectomy and isolated samples of both benign and malignant prostate samples. To minimize any potential on-

site effects (Figure 1A), the benign samples were kept separate from the tumors. Detailed information on the patients and their tumors is

provided in Table S1. Each biopsy specimen was histopathologically examined, and primary fibroblasts were isolated by enzymatic digestion

(Figures 1A and 1B). A total of 16 pairs of fibroblasts were successfully isolated. To confirm the purity of the patient-matched tumor-adjacent

NFs and CAFs, we conducted flow cytometry experiments on the isolated NFs and CAFs. The fibroblast marker PDGFRa was expressed by

NFs and CAFs, while the endothelial marker CD31, immune cell marker CD45, and epithelial cell marker EPCAM were not detected (Fig-

ure 1C). To further distinguish NFs fromCAFs, we performedwestern blot and immunofluorescence experiments, which revealed significantly

higher expression levels of the markers aSMA, FAP, vimentin, and PDGFRa in CAFs compared to NFs (Figures 1D, 1E, and S1).

Studies have indicated that CAFs may play a crucial role in influencing resistance to endocrine therapy in PCa.19 CAFs primarily exert their

effects through two pathways: direct interaction with tumor cells and the regulation of biological functions through paracrine signaling. To

assess whether CAFs modulate the response of PCa cells to Enz through paracrine stimulation, we obtained the conditioned medium from

primary CAFs (CAF-CM) and added it to AR-positive androgen-independent PCa cell lines (22RV1 andC4-2 cells). The results demonstrated a

significant decrease in the proportion of apoptotic Enz-treated 22RV1 and C4-2 cells after CAF-CM treatment (Figures 1F–1I). Consistently,

the survival rate of Enz-treated 22RV1 and C4-2 cells showed a notable increase following CAF-CM stimulation (Figures 1J and 1K). Collec-

tively, these findings suggest that CAFs cf. protection to PCa cells against Enz-induced cytotoxicity in a cell-nonautonomous manner.

CCL5 is upregulated in CAFs compared to NFs

To investigate the protective mechanism of CAFs against Enz-induced cytotoxicity in PCa cells, we conducted a transcriptome analysis

comparing matched NFs and CAFs in three groups of patients. We identified 168 genes that showed significantly differential expression be-

tweenNFs and CAFs (p < 0.05, log-fold change; Figure S2A). Subsequently, we performed gene set enrichment analysis (GSEA) to determine

the molecular pathways and biological processes involved. Our findings revealed the upregulation of pathways such as cytokine-cytokine re-

ceptor interactions in CAFs (Figure 2A). Notably, we observed upregulation of CCL5, a chemokine associated with immune regulation, in

CAFs compared to NFs (Figure S2A). Moreover, in the TCGA-PRAD dataset, we established a clear correlation between CCL5 and CAF

markers (PDGFRA, ACTA2, VIM, and FAP) (Figure 2B). Furthermore, the expression of CCL5 was higher in tumor tissues than in normal pros-

tate tissues in the TCGA-PRAD dataset (Figure S2B).

To assess the clinical relevance of CCL5, we conducted RT-qPCRon 30 PCa andparacancerous tissue samples to determine the expression

patterns of CCL5. The findings revealed that CCL5 expression was higher in tumors than in the matched paracancerous tissues (Figure 2C).

Additionally, RT-qPCR and immunofluorescence experiments confirmed that CCL5 expression in CAFswas significantly higher in CAFs than in

NFs (Figures 2D and 2E). By comparing the levels of CCL5 in conditionedmedium fromNFs (NF-CM) andCAF-CMusing ELISA, we confirmed
iScience 27, 109674, May 17, 2024 3



Figure 2. High CCL5 expression in CAFs

(A) Pathways that were significantly enriched between these two cell types. Each node (circle) represents a pathway while the edges (lines) connecting nodes show

the shared genes between pathways with the thickness of the edge corresponding to degree of sharing. Color of node indicates positive (red) or negative (green)

enrichment in CAFs.

(B) Bivariate correlation analysis showing positive correlations of CCL5 or CCR5 and CAFs markers FAP, PDGFRA, VIM, and ACTA2 expression in PCa from the

TCGA database.

(C) The expression of CCL5 between normal adjacent tissue and PCa tissues in our cohort (n = 30) by RT-qPCR analyses.

(D) The expression of CCL5 between paired NFs and CAFs (n = 16 pairs) by RT-qPCR analyses.

(E) Immunofluorescent staining analysis of the CCL5 expression in NFs and CAFs. Scale bar: 20 mm.

(F) ELISA of CCL5 level in NFs and CAFs (n = 16 pairs).

(G) ELISA of CCL5 level in CAFs, NFs, and PCa cells (22RV1, C4-2, PC3, DU145, LNCAP, VCAP) (n= 2). Data are reported as themeanG SEM. *p< 0.05, **p< 0.01,

***p < 0.001, ****p < 0.0001. Two-tailed unpaired t test for statistical significance analysis in Figures 2C–2F. One-way ANOVA with Tukey’s test for pairwise

comparisons for statistical significance analysis in Figure 2G.
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a significant increase to higher level of CCL5 secretion in CAFs (Figure 2F). Further, ELISA experiments demonstrated that CCL5 was primarily

produced by CAFs in PCa, rather than by tumor cells, as evidenced by measurements in the conditioned medium of CAFs, NFs, and various

PCa cell lines (22RV1, C4-2, PC3, DU145, LNCAP, and VCAP cells) (Figure 2G). Overall, CCL5 expression was significantly upregulated in CAFs

compared with PCa and NFs.

CCL5 enhances resistance of PCa cells to Enz

To investigate the role of CCL5 in PCa cells, we conducted an annexinV FITC/PI double-staining assay to assess apoptosis in 22RV1 and C4-2

cells. The findings revealed that compared to Enz treatment alone, stimulation with recombinant human CCL5 substantially reduced the

apoptosis rate of tumor cells (Figures 3A–3D). Furthermore, we selected 22RV1 and C4-2 cells and evaluated their viability using CCK-8
4 iScience 27, 109674, May 17, 2024
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Figure 3. CCL5 activates AR signaling in PCa cells in order to potentiate Enz resistance

(A–D) Apoptosis analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells were stimulated with CCL5 (20 ng/mL or 40 ng/ml) or vehicle

(PBS) for 24 h followed by the administration of Enz (10 mM) or DMSO for 24 h (n = 3).

(E and F) Cell survival analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells were stimulated with CCL5 (20 ng/mL or 40 ng/ml) or the

Control (PBS) for 24 h followed by the administration of Enz (10 mM) or DMSO for 24 h (n = 3).

(G and H) Cell survival analysis of 22RV1 and C4-2 cells with indicated treatments. CM fromCAFs expressing siNC or siCCL5 (si-1 or si-2) was collected and added

to 22RV1 and C4-2 cells for 24 h. 22RV1 and C4-2 cells were treated with Enz (10 mM) after CM addition for 24 h (n = 3).

(I and J) Apoptosis analysis of 22RV1 and C4-2 cells with indicated treatments. CM from CAFs expressing siNC or siCCL5 (si-1 or si-2) was collected and added to

22RV1 and C4-2 cells for 24 h, and 22RV1 and C4-2 cells were treated with Enz (10 mM) for 24 h. n = 3 biologically independent CAFs samples.

(K) Cell survival analysis of 22RV1 and C4-2 cells with indicated treatments. CAF-CM was pretreated with the neutralizing anti-CCL5 antibody or IgG for 1 h and

then added to 22RV1 and C4-2 cells. 22RV1 and C4-2 cells were treated with Enz (10 mM) for 24 h. n = 3 biologically independent CAFs samples.

(L and M) Apoptosis analysis of 22RV1 and C4-2 cells with indicated treatments. CAF-CM was pretreated with the neutralizing anti-CCL5 antibody or IgG for 1 h

and then added to 22RV1 and C4-2 cells for 24 h. 22RV1 and C4-2 cells were treated with Enz (10 mM) for 24 h. n = 3 biologically independent CAFs samples.

(N and O) Representative western blot image and quantification of AR, AKT, phosphorylated AKT(Ser473) and GAPDH in 22RV1 and C4-2 cells with indicated

treatments for 24 h. Data are reported as the mean G SEM. ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA with

Tukey’s test for pairwise comparisons for statistical significance analysis in Figure 3B, 3D–3H, 3J, 3K, 3M, and 3O.
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reagent after 24 h of stimulation with or without recombinant human CCL5. The results demonstrated that 22RV1 and C4-2 cells treated with

CCL5 exhibited greater resistance to Enz than untreated cells (Figures 3E and 3F). These results suggested that CCL5 emulated the protective

effects observed with CAF-CM.

Disruption of CCL5 expression in CAFs using siRNA (siCCL5-1 or siCCL5-2) (Figures S2C and S2D) significantly weakened the protective

effect of CAF-CM compared to that of the control CM obtained fromCAFs expressing non-targeting siRNA (siNC). After knockdown of CCL5

expression in CAFs, the survival rate of Enz-treated PCa cells was significantly reduced (Figures 3G and 3H), and the apoptosis rate was signif-

icantly increased (Figures 3I and 3J). Additionally, blocking with a CCL5 neutralizing antibody also partially attenuated the protective effect of

CAFs on Enz-treated 22RV1 andC4-2 cells (Figures 3K–3M). These results indicate that CAFs inhibit the sensitivity of PCa cells to Enz predom-

inantly by mediating the CCL5 signaling pathway.

To investigate the underlying mechanism by which CCL5 protects PCa cells from Enz-induced cytotoxicity, we examined the expression

levels of AR in PCa cells treatedwith CM fromCAFs or recombinant CCL5. Since reactivation of AR is a commonmechanism to Enz therapy,4,18

we observed a significant increase in AR expression in 22RV1 and C4-2 cells treated with CAF-CM and CCL5 compared to that in control cells

(Figures 3N and 3O).

These findings suggested that CAFs shield PCa cells from Enz-induced cytotoxicity by secreting CCL5 in a paracrine manner.

CCL5 and CCR5 together form a paracrine signaling axis to enhance Enz resistance of PCa cells

To determine the interaction between CCL5 and PCa cells, we measured the expression of the important CCL5 receptor, CCR5, in human

PCa. To explore the clinical relevance of CCL5 and CCR5, we analyzed their expression in TCGA-PRAD dataset. The results showed that

the expression of CCL5 and CCR5 was higher in human PCa tissues than in normal prostate tissues (Figures S2B and S2E). Furthermore, in

the TCGA-PRAD dataset, we also observed significant correlations between CCR5 and CCL5 and CAFs markers (PDGFRA, ACTA2, VIM,

and FAP) (Figure 2B). Therefore, we speculated that CCL5 fromCAFsmay interact with PCa cells through theCCR5 receptor, thus constituting

a paracrine axis that protects PCa cells from Enz-induced cytotoxicity.

We then verified whether CAFs function by stimulating CCR5 expression in PCa cells. We used siRNAs (siCCR5-1 or siCCR5-2) to disrupt

the expression of CCR5 in 22RV1 and C4-2 cells (Figures S3A and S3B). Next, we treated the cells with CAF-CM and subjected them to Enz

treatment. Our analysis of apoptosis and cell survival showed that disruption of CCR5 significantly hindered the protective effect of CAFs on

PCa cells after Enz treatment (Figures 4A–4F).

To investigate whether blocking the CCL5-CCR5 axis would inhibit the supportive effects of CAFs, we used the CCR5 antagonist MVC.

MVC binds to CCR5 and induces conformational changes, preventing ligands from activating CCR5 signaling.26 We observed that MVC in-

hibited the protective effect of CAFs on Enz-induced apoptosis and survival in 22RV1 and C4-2 cells (Figures 4G–4L). MVC treatment also

inhibited the protective effect of CCL5 against Enz-induced apoptosis (Figures 4M–4P) and PCa cell survival following Enz treatment

(Figures 4Q and 4R). In conclusion, MVC disrupts the CCL5-CCR5 axis, significantly weakening the protective effect of CAFs on Enz-induced

PCa cells. These findings suggest that the CCL5-CCR5 axis plays a crucial role in mediating the resistance of PCa cells to Enz treatment

by CAFs.

The CCL5-CCR5 axis enhances Enz resistance of PCa cells by upregulating AR expression through the AKT signaling

pathway

We next investigated the downstream effects of CCL5-CCR5 signaling in PCa cells. Previous studies have shown that in anti-androgen ther-

apy-resistant PCa, there is often an overactivation of the AKT pathway27 which is associated with CCL5 signaling.28 We analyzed the TCGA-

PRAD dataset and found a significant positive correlation between the CCL5, CCR5, and AKT signaling pathways in human PCa (Figures 5A

and 5B). Our experiments demonstrated that stimulation with CAF-CM and CCL5 led to AKT activation in 22RV1 and C4-2 cells, as evidenced

by the AKT phosphorylation at serine 473 (Figures 3N and 3O). However, the addition of the CCR5 inhibitor MVC effectively blocked
6 iScience 27, 109674, May 17, 2024
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Figure 4. CAFs enhances the Enz resistance of PCa cells through the CCL5-CCR5 paracrine signaling

(A and B) Cell survival analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells expressing siNC or siCCR5 (si-1 or si-2) were pretreated

with CAF-CM or the control medium for 24 h followed by Enz (10 mM) treatment for 24 h. n = 3 biologically independent CAFs samples.

(C–F) Apoptosis analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells expressing siNC or siCCR5 (si-1 or si-2) were pretreated with

CAF-CM or the control medium for 24 h followed by Enz (10 mM) treatment for 24 h. n = 3 biologically independent CAFs samples.

(G–J) Apoptosis analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells were pretreated with MVC (1 mM) or DMSO for 1 h, followed by

CAF-CM stimulation for 24 h. Apoptosis analyses were performed 24 h after Enz (10 mM) treatment. n = 3 biologically independent CAFs samples.

(K and L) Cell survival analysis of 22RV1 andC4-2 cells with indicated treatments. 22RV1 andC4-2 cells were pretreated withMVC (1 mM) or DMSO for 1 h, followed

by CAF-CM stimulation for 24 h. Apoptosis analyses were performed 24 h after Enz (10 mM) treatment. n = 3 biologically independent CAFs samples.

(M–P) Apoptosis analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells were pretreated with MVC (1 mM) or DMSO for 1h, followed by

CCL5 (20 ng/mL) stimulation for 24 h. Apoptosis analyses were performed 24 h after Enz (10 mM) treatment (n = 3).

(Q and R) Cell survival analysis of 22RV1 and C4-2 cells with indicated treatments. 22RV1 and C4-2 cells were pretreated with MVC (1 mM) or DMSO for 1 h,

followed by CCL5 (20 ng/mL) stimulation for 24 h. Apoptosis analyses were performed 24 h after Enz (10 mM) treatment (n = 3). Data are reported as the

mean G SEM. ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA with Tukey’s test for pairwise comparisons for

statistical significance analysis in Figures 4A, 4B, 4D–4F, 4H–4L, and 4N–4R.
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CAF-mediated AKT activation and AR upregulation (Figures 5C and 5D). Similarly, the CCR5 antagonist MVC significantly inhibited AKT acti-

vation and AR upregulation induced by recombinant CCL5 (Figures 5E and 5F). To investigate the role of the AKT pathway in mediating AR

expression induced by the CCL5-CCR5 signaling axis, we conducted western blot analysis. The findings revealed that the AKT inhibitor

MK-2206 effectively suppressed CCL5-induced AR expression (Figures 5G and 5H).

Collectively, these results indicate that the CCL5-CCR5 signaling pathway can enhance AR expression by activating the AKT signaling

pathway, consequently reducing the cytotoxic impact of Enz on PCa cells.

Combination therapy of CCR5 antagonist MVC and Enz inhibits PCa growth

To investigate whether MVC administration could enhance therapeutic efficacy of Enz in vivo, we created a subcutaneous xenograft

tumor model in which the PCa cell line 22RV1 and CAFs were co-inoculated subcutaneously into immunocompromized nude

mice at a ratio of 1:1. Ten days after tumor cell implantation, when the tumor size reached 100 mm3, the mice were intraperitoneally

injected with Enz (10 mg/kg) with or without MVC (10 mg/kg), MVC alone (10 mg/kg), or control solution every three days, and tumor

growth was monitored (Figure 6A). Our findings revealed that the animals injected with CAFs and 22RV1 cells exhibited a significantly

higher tumor burden. This was evident from the larger macroscopic tumor volume (Figure 6B), heavier tumor weight (Figure 6C), and

faster tumor growth rate (Figure 6D). These results suggest that CAFs contribute to enhanced tumor growth, potentially affecting pa-

tient prognosis.

Enz treatment, significantly inhibited the growth of the 22RV1 xenograft tumors but not the CAF-treated 22RV1 xenograft tumors

(Figures 6B–6D), suggesting that CAFs promote resistance to Enz therapy in PCa. Furthermore, the growth of 22RV1 xenografts with or

without CAFs was minimally affected by MVC treatment (Figures 6B–6D). However, combined treatment with MVC and Enz significantly

reduced the tumor volume of 22RV1 xenografts with CAFs compared to treatment with Enz alone (Figures 6B–6D). Importantly, this combined

treatment did not lead to a significant reduction in the body weight of the mice, indicating that it did not increase toxicity in vivo (Figure 6E).

Moreover, the expression of the proliferation marker Ki67 was reduced and the apoptosis marker cleaved-caspase 3 was significantly

increased in 22RV1 xenografts with CAFs when treated with MVC and Enz compared to Enz alone (Figures 6F, S4A, and S4B). Importantly,

Immunohistochemistry (IHC) detection showed that CAFs significantly promoted pAKT and AR expression in mouse tumor samples, and

MVC significantly blocked the function of CAFs. (Figures 6F, S4C, and S4E).

In conclusion, these results demonstrate the efficacy of the CCR5 antagonist MVC in vivo in blocking the promotional effect of CAFs on

PCa growth. Furthermore,MVC enhanced the therapeutic effect of Enz in PCa by reversing the Enz-resistant phenotype of PCa cells to an Enz-

sensitive phenotype.

CCL5 enhances the expression of PD-L1 in PCa cells

Previous studies have reported a correlation between the formation of a tumor immunosuppressive microenvironment and CAFs.29 To inves-

tigate the potential involvement of CAF-derived CCL5 in immune regulation in PCa, we analyzed the correlation between CCL5 and PD-L1 in

the TCGA-PRAD dataset. The results revealed a positive correlation between CCL5 and PD-L1 at the mRNA level (Figure 7A). This suggests

that CCL5 plays a role in the expression of PD-L1 in tumors. To further validate these findings, we conducted RT-qPCR, western blot, and flow

cytometry were performed. Interestingly, we observed that CCL5 significantly induced a significant increase in both PD-L1mRNA and protein

levels in 22RV1 and C4-2 cells (Figures 7B–7F). Moreover, our analysis of the TCGA-PRAD dataset showed a significant positive correlation

between CCR5 and PD-L1 (Figure 7G). This led us to investigate whether CCL5 induces PD-L1 expression via the AKT pathway upon binding

to CCR5. Rescue experiments were conducted using the CCR5 antagonist MVC and the AKT inhibitor MK-2206. The findings revealed that

both MVC and MK-2206 effectively suppressed the expression of PD-L1 induced by CCL5 (Figures 7H–7J). These results suggest that CCL5

plays a crucial role in the transcription of PD-L1 in PCa and that the inhibition of CCR5 by MVC and AKT byMK-2206 can impede this process.

In conclusion, CAFs have the potential to activate the AKT pathway through the CCL5-CCR5 paracrine axis, leading to the upregulation of

PD-L1 expression in PCa and subsequent immune evasion.
8 iScience 27, 109674, May 17, 2024



Figure 5. CCL5-CCR5 paracrine signaling activates AKT/AR signaling in PCa cells in order to potentiate Enz resistance

(A and B) Correlation analysis of CCL5 level (A) or CCR5 level (B) and PI3K/AKT/mTOR pathway in TCGA database.

(C and D) Representative western blot image and quantification of phosphorylated AKT (Ser473), AKT, and AR in 22RV1 and C4-2 cells with indicated treatments.

22RV1 and C4-2 cells were pretreated with MVC (1 mM) or DMSO for 1 h, followed by CAF-CM stimulation for 24 h. Western blot analyses were performed 24 h

after Enz (10 mM) treatment. n = 3 biologically independent CAFs samples.

(E and F) Representative western blot image and quantification of phosphorylated AKT (Ser473), AKT, and AR in 22RV1 and C4-2 cells with indicated treatments.

22RV1 and C4-2 cells were pretreated with MVC (1 mM) or DMSO for 1 h, followed by CCL5 (20 ng/mL) stimulation for 24 h. Western blot analyses were performed

24 h after Enz (10 mM) treatment (n = 3).

(G and H) Representative western blot image and quantification of phosphorylated AKT (Ser473), AKT, and AR in 22RV1 and C4-2 cells, which were pretreated

with the AKT inhibitor (MK-2206 500 nM) for 1 h, and then treated with CCL5 (20 ng/mL) or PBS for 24 h (n = 3). Data are reported as the MeanG SEM. *p < 0.05,

**p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVAwith Tukey’s test for pairwise comparisons for statistical significance analysis in Figures 5D, 5F, and 5H.
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DISCUSSION

After an initial positive response to ADT, PCa can progress to lethal drug-resistant PCa or CRPC.4,6,11 Increasing evidence suggests that

the TME plays a crucial role in anti-androgen resistance and immune evasion,13,14 particularly in the context of resistance to various

targeted therapies.30 This study showed that the presence of CAFs can enhance the expression of AR and contribute to resistance

against Enz. CAFs secrete CCL5, which stimulates PCa cells to express high levels of CCR5, forming an important paracrine signal.

Blocking the CCL5-CCR5 signaling pathway significantly reduced the tumor-protective effect of CAFs and improved the therapeutic

efficacy of Enz. Our study provides new insights into the role of CAFs in the progression of PCa and emphasizes the critical role of
iScience 27, 109674, May 17, 2024 9



Figure 6. MVC combines with Enz to effectively impair PCa growth

(A) Schematic diagram of the combined treatment of MVC and Enz in nude mice bearing 22RV1 xenografes. MVC (10 mg/kg, i.p.) and Enz (10 mg/kg, i.p.) were

given every 3 days from Day 10. The growth of 22RV1 xenografts was monitored, and the tumor volume and body weight were measured every three days.

(B) In vivo images of surgically dissected tumors in indicated groups.

(C) The weight of tumors in the indicated groups were measured after the tumors were surgically dissected. The results are showed as the means G standard

deviation (SD) of values (n = 5).

(D) The volume of tumors in indicated groups, measured every 3 days. The results are shown as the means G SD of values (n = 5).
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Figure 6. Continued

(E) The body weight in indicated groups, measured every 3 days. The results are showed as the means G SD of values (n = 5).

(F) Representative images of HE, Ki67, cleaved-caspase 3, a-SMA, p-AKT, and AR expression in tumors of the indicated groups, examined by IHC. Scale bar:

20 mm. Data are reported as the Mean G SEM. ns: no significance, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. One-way ANOVA with Tukey’s test for

pairwise comparisons for statistical significance analysis in Figure 6C. Two-way ANOVA for statistical significance analysis in Figure 6D.
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the CCL5-CCR5 paracrine axis in mediating interactions between CAFs and PCa cells, suggesting its potential as a target for sensi-

tizing ADT.

CCL5, derived fromCAFs, has been found to promote tumor progression anddrug resistance in certain solid tumors.31,32 Studies have also

shown that CCL5 secreted by tumor-associated macrophages (TAMs) in metastatic PCa, can significantly enhance the migration, invasion,

and epithelial-mesenchymal transition (EMT) of PCa cells, as well as the self-renewal of prostate cancer stem cells (PCSCs) in vitro.33 These

findings suggested that the origin of CCL5 varies at different stages of PCa progression. However, the direct effect of CCL5 on signaling path-

ways in PCa and its role in the early stages of tumor malignancy remain unclear. We discovered that CCL5 can upregulate AR expression in

PCa cells. Resistance to ADT in PCa primarily occurs through activation of the AR signaling axis, which includes amplification of the AR gene

and enhancer, ARmutation, andAR splicing variation.34–36 Thesemechanisms suggest that persistent activation of AR signaling plays a crucial

role in the progression of PCa to CRPC and regulates variousmalignant characteristics. In terms of functionality, inhibiting the activity of CCR5

using pharmacological methods significantly reduced the resistance of PCa to ADT mediated by CCL5. This rendered the tumor microenvi-

ronment/ecosystem highly responsive to CCR5 inhibition.

Recent studies have indicated that T cell interactions with intrinsic AR can hinder the activity of interferon gamma (IFNg), thus limiting the

effectiveness of anti-tumor immunity.37 However, AR inhibition can sensitize tumors to checkpoint blockade by enhancing CD8+ T cell func-

tion. Furthermore, it has been observed that the AR signaling pathway is significantly activated in TAMs of both mouse and human PCa.38

Suppression of AR leads to the overexpression of TAMs and the secretion of interleukin 1b (IL-1b), which in turn induces the accumulation

of myeloid-derived suppressor cells (MDSCs), resulting in an immunosuppressive TME. Therefore, further research is necessary to investigate

the impact of CCL5 secreted by CAFs on the expression of AR in different cells within the TME and its potential biological effects.

A recent study showed that CAF-derived nerve growth factor-1 (NRG-1) activates HER3, leading to drug resistance after ADT.19 Addition-

ally, our previous study revealed that CRPC-associated SPP1+ myCAFs activate ERK signaling in a paracrine manner against ADT.39 However,

our sequencing results showed no difference in NRG1 or SPP1 expression between NFs and CAFs, possibly because our CAFs were derived

from drug-naive patients with PCa. Consequently, we concluded that CCL5+ CAFs, NRG1+ CAFs, and SPP1+ CAFs likely represent distinct

subpopulations. CCL5+ CAFs may play a role in the induction phase of ADT resistance, whereas NRG1+ CAFs and SPP1+ CAFs may become

more significant with prolonged ADT treatment. Therefore, further research on the plasticity and unique functions of CAFs in the TME is

necessary to understand their evolving roles during antiandrogen therapy.

ICIs targeting PD-1/PD-L1 have shown great potential in the treatment of specific malignant tumors, but have proven ineffective in PCa

treatment.7–9 Therefore, understanding the regulatory mechanisms underlying PD-L1 expression is crucial. The TME has been widely recog-

nized as a critical factor influencing the efficacy of tumor immunotherapy, with particular attention being paid toCAFs in recent years. Previous

studies revealed that CAFs may develop resistance to PD-1/PD-L1 immunotherapy through various mechanisms and pathways.40 CAFs

influence immune cell recruitment and activity by modulating extracellular matrix (ECM) remodeling.41 They secrete TGF-b, interleukin

6 (IL-6), CXC chemokine ligand 2 (CXCL2), collagen, and other factors, thereby promoting immune cell differentiation and enhancing immune

resistance.42

The dysregulation of signaling pathways in CAFs is one of the key factors in the occurrence and development of cancer.43 RNA-seq results

show that in addition to the upregulation of the cytokine-cytokine receptor interaction pathway in CAFs, pathways such as NF-kB signaling

pathway, IL-17 signaling pathway, TNF signaling pathway, and Hippo signaling pathway are also significantly upregulated in CAFs. Activation

of these pathways also plays an important role in tumor progression. The NF-kappa pathway in CAFs of skin cancer, breast cancer, ovarian

cancer, andpancreatic cancer regulates cancerprogressionandpromotes treatment resistanceby regulating inflammatory factors anda series

of chemokines and cytokines in the TME,43 this may be an important reason for the increased secretion of CCL5 by CAFs. TheHippo signaling

pathway in CAFs regulates themetabolic crosstalk betweenCAFs and cancer cells and regulates themetabolic reprogramming of cancer cells

to support cancer progression.44 Interestingly, IL-17 and TNF-a can also upregulate the expression of PD-L1 in human PCa cells.45 Therefore,

the specific reasons and mechanisms of activation of these important signaling pathways in CAFs need to be further studied.

In addition, CAFs play a role in the accumulation of regulatory T cells.46 Through experiments conducted on melanoma and CRC, it was

observed that CAFs induce the upregulation of tumor PD-L1 via the CXCL5-CXCR2 axis.47 Our study further supports these findings by

demonstrating that CAFs induce the upregulation of PD-L1 in PCa through the AKT pathway, specifically via the CCL5-CCR5 paracrinemech-

anism, thereby promoting tumor progression. In conclusion, these results highlight the significance of CAFs as an important component of

the TME, as they stimulate immune and tumor cells through the secretion of various cytokines and activation of distinct signaling pathways,

ultimately affecting the effectiveness of immunotherapy.

In this study, we propose a therapeutic strategy with significant potential for the treatment of advanced PCa. Our approach involves

combining Enz therapy with the targeting of the CCL5-CCR5 paracrine mechanism in CAFs. We anticipate that this combined treatment

will lead to improved outcomes in patients undergoing ADT. Additionally, our research provides evidence that CAFs may play a role in pro-

moting PD-L1 signaling in PCa. Based on these findings, we propose that the combination of targeted CAFs therapy and ICIs is a promising

strategy for treating advanced PCa.
iScience 27, 109674, May 17, 2024 11



Figure 7. CCL5-CCR5 paracrine signaling activates AKT signaling in PCa cells to induced PD-L1 expression

(A) Pearson correlation analysis of CCL5 level and PD-L1 in the TCGA cohort.

(B and C) The RT-qPCR analysis showing that CCL5 increased the mRNA expression of PD-L1 in 22RV1 and C4-2 cells (n = 3).

(D and E) Representative western blot image and quantification showing that CCL5 increased the protein level of PD-L1 in 22RV1 and C4-2 cells (n = 3).

(F) Flow cytometric analysis showing that CCL5 increased the mRNA expression of PD-L1 in 22RV1 and C4-2 cells (n = 3).

(G) Pearson correlation analysis of CCR5 level and PD-L1 in TCGA cohort.
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Figure 7. Continued

(H and I) Representative western blot image and quantification of phosphorylated-AKT (Ser473), AKT and PD-L1 in 22RV1 and C4-2 cells pretreated with CCL5

(20 ng/mL) followed by the treatment of the CCR5 inhibitor MVC (1 mM) or AKT inhibitor MK-2206 (500 nM) (n = 3).

(J) Flow cytometric analysis showing that phosphorylated-AKT (Ser473), AKT, and PD-L1 in 22RV1 and C4-2 cells pretreated with CCL5 (20 ng/mL) followed by the

treatment of the CCR5 inhibitor MVC (1 mM) or AKT inhibitor MK-2206 (500 nM) (n = 3). Data are reported as theMeanG SEM. *p < 0.05, **p < 0.01, ***p < 0.001,

****p < 0.0001. One-way ANOVA with Tukey’s test for pairwise comparisons for statistical significance analysis in Figures 7B–7D and 7I.
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Limitations of the study

Our work reveals that Enz combined with MVC is a combination treatment strategy with great potential for advanced prostate cancer. How-

ever, there are not many in vivo experimental data in this study, and a larger animal set is needed in further studies.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

FITC anti-human CD326 (EpCAM) Biolegend Cat#369813; RRID:AB_2650909

APC anti-human CD140a (PDGFRa) Biolegend Cat#323511; RRID:AB_2783190

FITC anti-human CD45 4A Biotech Cat#FHF045-01

PE anti-human CD31 4A Biotech Cat#FHP031-01

APC Anti-Human PD-L1 (B7-H1) Proteintech Cat#APC-65081; RRID:AB_2882979

a-Smooth Muscle Actin (D4K9N) XP� Rabbit mAb Cell Signaling Technology Cat#19245; RRID:AB_2734735

Vimentin (D21H3) XP� Rabbit mAb Cell Signaling Technology Cat#5741; RRID:AB_10695459

Anti-PDGFR alpha antibody Abcam Cat#ab203491; RRID:AB_2892065

Fibroblast activation protein-a (FAP) Rabbit mAb Abclonal Cat#A11572; RRID:AB_2861600

Akt (pan) (C67E7) Rabbit mAb Cell Signaling Technology Cat#4691; RRID:AB_915783

Phospho-Akt (Ser473) (D9E) XP� Rabbit mAb Cell Signaling Technology Cat#4060; RRID:AB_2315049

Androgen Receptor Rabbit mAb Abclonal Cat#A19611; RRID:AB_2862699

PD-L1/CD274 Monoclonal antibody Proteintech Cat#66248; RRID:AB_2756526

GAPDH Rabbit mAb Abclonal Cat#A19056; RRID:AB_2862549

Recombinant Anti- alpha Tubulin antibody Servicebio Cat#GB15201

Anti -Ki67 Rabbit pAb Servicebio Cat#GB111499; RRID:AB_2927572

Anti -Cleaved- Caspase-3 Rabbit pAb Servicebio Cat#GB11532

RANTES Polyclonal antibody Proteintech Cat#12000-1-AP; RRID:AB_2877815

Human CCL5/RANTES Antibody R&D Cat#AF-278-SP; RRID:AB_354440

HyperFluor� 488 Goat Anti-Rabbit IgG (H+L) Antibody APExBIO Cat#K1206

FITC Goat Anti-Mouse IgG (H+L) Antibody APExBIO Cat#K1201

Cy3 Goat Anti-Mouse IgG (H+L) Antibody APExBIO Cat#K1207

HRP Goat Anti-Rabbit IgG (H+L) Antibody APExBIO Cat#K1223

Chemicals, peptides, and recombinant proteins

Recombinant Human RANTES (CCL5) PeproTech Cat#AF-300-06

MK-2206 AKT inhibitor Selleck Chemicals Cat#S1078

Maraviroc Selleck Chemicals Cat#S2003

Enzalutamide Selleck Chemicals Cat#S1250

Collagenase, Type 1 Worthington Cat#LS004194

RPMI 1640 media Gibco Cat#C11875

DMEM media Gibco Cat#C11995

Penicillin-Streptomycin (10,000 U/mL) Gibco Cat#15140

Phosphate-Buffered Saline procell Cat#PB180327

Fetal Bovine Serum ExCell Bio Cat#FSP500

DMSO Solarbio Cat#D8371

Matrigel Matrix Corning Cat#354262

DAPI Beyotime Cat#C1006

Tris (Hydroxymethyl) Aminomethane Biosharp Cat#BS083

Glycine Biosharp Cat#BS082

SKim Milk Biofroxx Cat#1172

(Continued on next page)

16 iScience 27, 109674, May 17, 2024



Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Sodium dodecyl sulfate Biofroxx Cat#3250

Bovine Serum Albumin servicebio Cat#GC305010

5XSDS-PAGE running buffer Beyotime Cat#P0286

One-Step PAGE Gel Fast Preparation Kit EpiZyme Cat#PG212

180 kDa Prestained Protein Marker ThermoFisher Cat#26617

Invitrogen� Lipofectamine� RNAiMAX Invitrogen Cat#13778150

Cell Counting Kit-8 (CCK-8) APExBIO Cat#K1018

Protease Inhibitor Cocktail (100x) Cwbiotech Cat#CW2200S

Phosphatase Inhibitor Cockail (100x) Cwbiotech Cat#CW2383S

RNA Quick Purification kit ESscience Cat#RN001

Trizol ThermoFisher Cat#15596

PEG300 Selleck Chemicals Cat#S6704

Tween80 Selleck Chemicals Cat#S6702

RIPA Lysis Buffer Beyotime Cat#P0013B

BCA Protein Assay Kit Beyotime Cat#P0011

Critical commercial assays

C-C Motif Chemokine Ligand 5 ELISA Kit J&L Biological Cat#JL11689

Annexin V-FITC/PI Apoptosis Kit Elabscience Cat#E-CK-A211

ChamQ Universal SYBR qPCR Master Mix Vazyme Cat#Q711

HiScript III All-in-one RT SuperMix Perfect for qPCR Vazyme Cat#R333

Deposited data

Raw and analyzed data This paper NODE: OEP005133

Experimental models: Cell lines

Human: 22RV1 ATCC Cat#CRL-2505

Human: C4-2 ATCC Cat#CRL-3314

Human: PC3 ATCC Cat#CRL-1435

Human: DU145 ATCC Cat#HTB81

Human: LNCAP ATCC Cat#CRL-17

Human: VCAP ATCC Cat#CRL-2876

Experimental models: Organisms/strains

BALB/c-Nude Gempharmatech N/A

Oligonucleotides

Primers for CCL5, CCR5, PD-L1, GAPDH, see Table S1 This paper N/A

siRNA targeting sequence: CCL5, CCR5. see Table S2 This paper N/A

Software and algorithms

Image Studio software LICOR N/A

GraphPad Prism version 8.0 for Windows GraphPad Software N/A

Illumina NovaSeq 6000 platform Novogene N/A

Flowjo software v10 BD N/A

Beckman CtoFLEX S Software Beckman N/A

Excel Microsoft N/A

Other

PVDF paper Merck millipore Cat#ISEQ00010
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Dr. Hai Huang

(huangh9@mail.sysu.edu.cn).

Materials availability

This study did not generate new unique reagents.

Data and code availability

� RNA-sequencing data that support the findings of this study have been deposited into the National Omics Data Encyclopedia (NODE)

with the accession codeOEP005133 (https://www.biosino.org/node/project/detail/OEP005133). The transcriptomic data for PCa sam-

ples used for correlation analysis is publicly available from TCGA database (https://tcga-data.nci.nih.gov/tcga). All data presented in

this study will be shared upon reasonable request by the lead contact, Dr. Hai Huang (huangh9@mail.sysu.edu.cn).
� This paper does not report any original code.

� Additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Primary PCa specimens and isolation of primary fibroblasts

The Ethics Committees of the Sun Yat-sen University’s Sun Yat-sen Memorial Hospital approved the use of human specimens in this study

(approval no. SYSEC-KY-KS-2020-201). Human PCa tissues and their corresponding normal prostate tissues (at least 5 cm away from the

tumor) were obtained from the Sun Yat-sen Memorial Hospital Sun Yat-sen University (Guangzhou, China). The patients or their guardians

provided informed consent, and prior therapy was not administered to any individual. Two pathologists made histopathological diagnoses

of the PCa specimens. The tissue samples involved in this study are all derived from Asian Han male patients with PCa.

Fibroblasts were isolated as previously described.48 To summarize, the tumours and non-tumour tissues underwent mincing and dissoci-

ation in RPMI-1640 supplemented with 0.5% collagenase Type I for a duration of 2 h at 37�C. Subsequently, they were cultured in a humidified

atmosphere at 37�C with 5% CO2 using RPMI-1640 supplemented with 10% FBS until the fibroblasts adhered to the culture dish. Fibroblasts

were used at less than 18 passages.

Cells lines

The human PCa cell line, 22RV1, C4-2, LNCAP, VCAP, PC3, and DU145 were purchased from the CAS Center for Excellence in Molecular Cell

Science (Shanghai, China). CAFs and NFs were isolated from PCa tumor tissues and adjacent non-tumor tissues, respectively. Cells were

cultured in RPMI-1640 medium containing 10% fetal bovine serum (FBS) and 1% penicillin-streptomycin. In addition, polymerase chain reac-

tion (PCR) was performed to confirm the absence of mycoplasma contamination.

Animal studies

The use of animals in this study was approved by the Institutional Animal Care and Use Committee of the Sun Yat-sen University (approval no.

SYSU-IACUC-2021-000041). A total of 23 106 22RV1 cells were either combined or not combinedwith the same quantity of CAFs at a 1:1 ratio

in a 100 ml solution of PBSmixed withMatrigel at a 1:1 proportion. This mixture was administered subcutaneously to 4-week-old male BALB/c

nudemice. After 10 days, when the tumor size reached approximately 100 mm3 (defined as day 0), the mice were randomly divided into eight

groups (n = 5) and received the following treatment. To determine the effect of CAFs on ENZ treatment, mice were treated three days with

control (10%DMSO+ 40% PEG300 +5% Tween80 + 45%ddH2O, i.p.), ENZ (10mg/kg, i.p.), MVC (10mg/kg, i.p.) or a combination of ENZ and

MVC. Tumour sizes (V = length3width23 0.5) and body weight were evaluated by monitoring every three days. On the 22nd day after xeno-

graft treatment, the animals were euthanized and the tumors were collected for further investigation.

METHOD DETAILS

Conditioned media collection

On the first day of the experiment, NFs, CAFs, or PCa cells were plated in a 10 cm dish. The following day, the cells were washed twice in PBS,

followedby addition of serum-freemedia.On the third day, the first conditionedmediumwas collected and replacedwith serum-freemedium.

On the fourth day, the conditionedmediumwas collected for a second time.We combined the collections for the treatment to the tumor cells.

Toeliminateanycell debris,weemployeda0.45mmfilter andstored thefilteredconditionedmediaeitherat 4�Cfor7daysor -80�Cfor3months.

Immunofluorescence analysis

NFs and CAFs were seeded a cover glass at approximately 60% confluence. After a 24 h incubation period, the cellular samples were fixed

using 4% PFA for 20 min, followed by three consecutive 5 min washes with PBS. To ensure effective permeabilization, the cells were treated
18 iScience 27, 109674, May 17, 2024
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with 0.1% Triton X-100 and subsequently blocked in a solution of 3% BSA in PBS for 1 hour at 37�C. Next, the slides were incubated in primary

antibodies diluted in PBS containing 1%FBS overnight at 4�C.Nextmorning, the cells werewashed in PBS for 5minutes three times to remove

excess antibodies. To detect the presence of the target proteins, secondary antibodies were diluted in PBS (1:200) and applied to the samples

for 20 minutes at 37�C. DAPI (20 mg/ml) was used to label the cell nuclei. Fluorescence images were obtained using a ZEISS LSM710 laser

scanning confocal microscope and ZEN 2.3 software.

Enzyme-linked immunosorbent assay (ELISA)

The concentrations of CCL5 in CAFs, NFs, 22RV1, C4-2, LNCAP, VCAP, PC3, and DU145 conditioned media were evaluated using human

CCL5 uncoated ELISA kits, according to the manufacturer’s instructions.

Flow cytometric analysis

Briefly, NFs, CAFs, 22RV1, or C4-2 were labeled with FITC-conjugated anti-EPCAM antibody, FITC-conjugated anti-CD45 antibody, PE-con-

jugated anti-CD31 antibody, PE-conjugated anti-PDGFRa antibody, or APC-conjugated anti-PD-L1 antibody at room temperature for 30min.

Various compounds were used to treat 22RV1 or C4-2 cells, with DMSO serving as the vehicle control for the drugs at a final concentration

not exceeding 0.1%. Following treatment, the cells were collected and stained with a solution containing 1x Annexin V binding buffer, fluo-

rochrome-conjugated annexin V, and DAPI at room temperature for 15min, followed by flow cytometric analysis using a Beckman CtoFLEX S.

Data were analyzed using Beckman CtoFLEX S software and FlowJo software v10 (FlowJo).

Cell survival analysis

PCa cell survival was assessed using the Cell Counting Kit (CCK-8). Briefly, cells were seeded in a 96-well plate at a density of 1.53103 cells/well

and treated as described in the figures. CCK8 was added to each well every 2 h. The absorbance was measured at 450 nm.

Western blot

Cell lysates were obtained using RIPA Lysis Buffer supplemented with 1% protease inhibitor cocktail and 1% phosphatase inhibitor cocktail.

To determine the protein concentration, a BCA Protein Assay Kit was used following the manufacturer’s instructions. The proteins were com-

bined with 5x SDS-PAGE Protein Sample Loading Buffer and heated at 95�C for 10 min. The boiled protein samples were then preserved at

-80�C until required for further experimentation. The proteins were separated on pre-cast gels, along with a Full-range Rainbow protein

marker. The gels were run using a self-made 1x running buffer at 120 V. Proteins were transferred to PVDF paper that had been activated

in 100% methanol. The transfer was conducted in a self-made 1x transfer buffer at 4�C for 2 h at 250 mA. Subsequently, the membrane

was blocked with 5% nonfat milk for a period of 1 h before the addition of the primary antibody. Afterward, the membrane was washed

with a self-prepared 1X TBST solution. Antibodies used for immunoblot assays were as follows: Anti-aSMA, Anti-Vimentin, Anti-PDGFRa,

Anti-FAP, Anti-AKT, Anti-pAKT-Ser473, Anti-AR, anti-PD-L1, anti-GAPDH, anti-aTubulin. The next day, membranes were incubated with

HRP-conjugated secondary antibodies and immunoreactions were visualized and imaged by a SmartChemiTM system (SAGE, China).

Band intensities were quantified via ImageJ software.

RNA isolation and qRT-PCR

Extraction and isolation of total RNA was performed using an RNA-Quick purification kit, according to the manufacturer’s instructions. Sub-

sequently, RNA was diluted to a concentration of below 500 ng/mL in DEPC-treated water. A qPCR SYBR Green Master Mix and cDNA

SuperMix kit were used for RT-PCR. The mRNA expression levels of the genes were detected using the ABI Quanstudio DX Real-Time

PCR System. Table S2 provides a detailed list of all the primers employed in this study.

siRNA transient transfection

To silence, RNA interference was performed using specific siRNA oligonucleotides targeting CCL5 and CCR5 (or no-target control siRNAs)

fromGenePharma (Suzhou, China). The cells were transiently transfected with siRNA using Lipofectamine RNAiMAX, and the culturemedium

was replaced after 24 h. The effectiveness of gene silencingwas evaluated using RT-PCR at 48 h post-transfection. The Table S3 lists the target

sequences of the siRNAs used in the experiments.

RNA-seq analysis

Total RNA was extracted using TRIzol reagent. Novogene (Beijing, China) was used to construct the cDNA library. An Illumina NovaSeq 6000

platform (Illumina, Novogene) was used for RNA-seq. RNA-seq data were analyzed using the R package (DESeq).

Bioinformatic analyses of human PCa from the TCGA database

The TCGA database (https://tcga-data.nci.nih.gov/tcga) was used for bioinformatic analyses of human PCa. Gene expression differences

were determined using GEPIA (http://gepia2.cancer-pku.cn). Gene correlation analysis was performed using Home-for-Researchers Analysis

software (https://www.home-for-researchers.com).
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IHC

Tumor and normal tissues were fixed in 10% formalin, paraffin-embedded using a standard protocol, then cut into 5 mm sections, which were

stored at room temperature. H&E staining and immunohistochemistry were performed as previously described.49 Images were acquired and

processed using a Nikon Ni-U microscope and the NIS-Elements software.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were obtained from three independent experiments, in experiments that required the use of CAFs supernatants, 3 of the 16 CAFs were

randomly used for biological independent experiments. For comparisons between two groups, two-tailed unpaired T test was applied.

For comparisons among three or more groups, one-way analysis of variance (ANOVA) followed by Tukey’s multiple comparisons and two-

way ANOVA followed by Tukey’s multiple comparisons was applied. GraphPad Prism (version 8.0) was used for statistical analyses. Quantified

values were presented as themeanG SD. Statistical significance was set at P < 0.05 (ns: no significance, *P < 0.05, **P < 0.01, and ***P < 0.001,

****P < 0.0001).
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