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Prostate cancer (PCa) is one of the major causes of mortality in men. Hormone-based therapy 
lacks long-term efficacy in the management of metastatic castration-resistant PCa (mCRPC), 
which indicates the necessity of developing novel therapies including more effective 
immunotherapies. However, the major obstacle to developing effective immunotherapies is the 
immunosuppressive nature of PCa tumor microenvironment (TME). Hence, we sought to 
understand cellular and molecular mechanisms in PCa TME, focusing especially on the 
relationship between cancer and the immune compartment. In this thesis, we developed an in 
vitro direct co-culture model system using LNCaP cells and Jurkat (CD4+T) cells to mimic the 
interactions possibly occurring within the PCa TME between two types of cells resembling cancer 
and helper T-cells. Since LNCaP are adherent cells while Jurkat grows generally in suspension, 
we analyzed these two fractions separately. We employed quantitative PCR (qPCR), Western 
blotting, and colony-forming assay to investigate the consequences of the interaction between 
LNCaP and Jurkat cells. This interaction was further examined by activating Jurkat with PMA-
Ionomycin. Quantification of gene expression revealed that the presence of Jurkat cells 
downregulated the AR and PSA transcripts in the portion of suspension cells in co-culture 
compared to the suspended fraction of LNCaP growing alone. TGF-β expression was elevated in 
co-culture conditions in both fractions. Furthermore, VIMENTIN expression was higher in co-
culture suspension than in LNCaP control suspension. SLUG expression was downregulated in 
co-culture suspension compared to LNCaP control. The expression of T cell exhaustion marker 
PD-1 was significantly higher in co-culture suspension compared to Jurkat alone which was in 
turn drastically reduced by activating Jurkat, in co-culture suspension. This finding indicates that 
the presence of LNCaP cells can easily exhaust non-activated Jurkat cells although the effect is 
less evident if Jurkat are activated.  
WB analysis was successful regarding adherent fractions which validated the findings of qPCR. 
Downregulation of AR and PSA was observed in co-culture adherent fractions compared to 
LNCaP growing alone.  
Colony formation assays of suspension LNCaP cells cocultured with Jurkat for 48 h were able to 
generate a significantly higher number of colonies compared to LNCaP non-exposed to Jurkat.  
These findings suggest that the presence of CD4+ T cells in PCa TME can trigger the clonogenic 
potential of PCa cells by upregulating TGF-β and VIMENTIN. In conclusion, we show that with 
this direct co-culture, it is possible to model the molecular interplay between prostate cancer cells 
and T cells and this can have applications in other cancer types to study their tumor 
microenvironment. 
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1. INTRODUCTION 

Prostate cancer (PCa) is the second most diagnosed cancer and the fifth leading cause 

of mortality in cancer in men after lung cancer (F. Bray et al., 2018). Several factors 

including age, ethnic diversity, family background, hereditary, obesity, diet, smoking, 

alcohol, hormones, and specific medications are involved in PCa progression (Lim Ng, 

2021). At the molecular level, androgen receptor (AR) signaling significantly contributes 

to PCa progression. The activation of cytoplasmic AR through the active form of 

testosterone, dihydrotestosterone (DHT), leads to downstream activation of prostate-

specific antigen (PSA) genes and genes involved in cellular growth (Murray, 2021). PSA 

is considered a prognostic marker of PCa and the serum PSA level could be associated 

with the stages of the disease (Tian et al., 2020) although PSA is mainly considered a 

diagnostic marker. The treatment for PCa depends on the stages of the disease at 

diagnosis. For low-risk or low-grade PCa, active surveillance of patients such as regular 

serum PSA level is monitored (Mottet et al., 2017). For locally advanced PCa where PSA 

is elevated, radical prostatectomy is recommended (Rebello et al., 2021). Although 

radical prostatectomy reduces the PSA level initially, 20-40% of patients experience 

biochemical recurrence (BCR) within 10 years of surgery (Freedland et al., 2005). 

Radiotherapy could be an alternative treatment for locally advanced or oligometastatic 

PCa (Gay & Michalski, 2018). Androgen deprivation therapy (ADT) combined with 

radiotherapy is suggested for advanced PCa (Rebello et al., 2021). ADT reduces PCa 

cell growth by lowering the systemic testosterone level. Despite ADT treatment, BCR 

progresses without any metastatic symptoms, which is termed non-metastatic castration 

resistance prostate cancer (non-mCRPC). In this stage of the disease, the combination 

of ADT with androgen receptor signaling inhibitors (ARSIs) like Enzalutamide, 

Darolutamide, and Apalutamide is recommended  (Fizazi et al., 2019; Hussain et al., 

2018; Smith et al., 2018; Sternberg et al., 2020). However, one-third of patients with non-

metastatic CRPC will progress to mCRPC within 2 years (Kirby et al., 2011). For mCRPC 

patients progressing after ARSI, chemotherapy ((Docetaxel, Cabazitaxel), immune 

checkpoint blockades (pembrolizumab), and PARP inhibitors (Olaparib or Rucaparib; if 

HRR defective) are recommended treatment options (Bernal et al., 2024).  

 

Immunotherapy has become an effective treatment option in the field of oncology. 

Despite being successful in some solid tumors, it is challenging to develop effective 

immunotherapies in PCa due to the fact that it is considered an immunologically cold 
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tumor type (Y. Zhang et al., 2022) due to the limited immune cell infiltration into the PCa 

tumor microenvironment (TME) (Porter et al., 2024). TME is an interconnected niche of 

immune cells, stromal cells, fibroblast cells, endothelial cells, extracellular matrix (ECM), 

and secretory molecules such as growth factors, cytokines, chemokines, etc. (Anderson 

& Simon, 2020). The complex interaction among these components creates 

immunosuppressive TME in PCa. However, the complexity of TME is poorly understood. 

To develop effective immunotherapies, it is necessary to explore the interaction or 

mechanism of communication among the cellular components of TME. Hence, we 

developed a flow cytometric-based in vitro direct co-culture model to mimic the PCa 

TME.  

 

The work at the basis for this thesis focused on investigating the interactions between 

PCa cells and T-cells. To this end, we selected LNCaP cell line which is derived from the 

lymph node metastasis of a 54 year old male with PCa, and the Jurkat (T) cells, a 

leukemic T-cell lymphoblast used to study T cell signaling and that possess able of cell 

killing when activated (Carrasco-Padilla et al., 2023; Horoszewicz et al., 1983). We 

optimized a co-culture model system and assessed the expression of genes including 

prostate-specific genes, EMT genes (Chaves et al., 2021), club cells (F. W. Huang et al., 

2023), cytokines (Mao et al., 2021; H. Xu et al., 2015), and T-cell exhaustion markers (Y. 

Jiang et al., 2015) in the presence of both activated and non-activated Jurkat cells. In 

addition, a clonogenic assay was performed to assess the clonogenic potential of LNCaP 

cells after being exposed to Jurkat cells.  
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2. REVIEW OF LITERATURE 

2.1.  Overview of Prostate Cancer  

2.1.1.  Prostate Gland 

 

The prostate is a walnut-shaped exocrine gland situated between the pelvic diaphragm 

and the peritoneal cavity, within the subperitoneal compartment. It comprises both 

stromal and glandular components, which are closely integrated with a surrounding 

pseudo-capsule. This pseudo-capsule is composed of two distinct layers including an 

inner layer formed by smooth muscle and an outer layer consisting of collagen (C. H. 

Lee et al., 2011). The size is about 4 cm × 3 cm × 2 cm, and the weight is approximately 

20 gm in adults (Sharma et al., 2017). Five lobes anatomically split the prostate including 

one anterior, posterior, median lobe, and two lateral lobes.  

 

The prostate gland is composed of four distinct zones including the central zone (CZ), 

the transitional zone (TZ), the peripheral zone (PZ), and the periurethral gland or anterior 

fibromuscular stroma (AFMS) (McNeal, 1981). Approximately 25% of the glandular 

prostate is covered by cone-shaped CZ which incorporates posterior and median lobes. 

The cells of this zone produce pepsinogen II of the seminal fluid.  TZ encompasses the 

anterior and median lobes that constitute 5% of the prostatic gland. PZ, a common site 

for carcinoma, chronic prostatitis, and postinflammatory atrophy, represents 70% of the 

prostate gland (Sharma et al., 2017). This zone covers the lateral lobes and the rest of 

the posterior lobes (Kretser et al., 1982). AFMS occupies the space between the 

peripheral zones anterior to the preprostatic urethra and constitutes most of the anterior 

lobe, representing less than 1% of the prostatic gland (C. H. Lee et al., 2011).  

 

The functional unit of the prostate possesses a sac-like structure of epithelial cell lining 

with a central lumen called acini.  Several types of cells form the epithelial compartment, 

including basal epithelial, glandular epithelial cells, and neuroendocrine cells (Isaacs, 

1994). Basal cells are positioned between the basement membrane and luminal cells. 

They exhibit low levels of androgen receptor (AR) expression and lack secretory 

vesicles. Their identifying markers include low-molecular-weight cytosolic cytokeratins 5 

and 14, as well as the cell surface marker CD44 (Long et al., 2005). The predominant 

cell types in the epithelial compartment are luminal or secretory cells that oppose the 
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lumen. They express AR and depend on AR to synthesize and excrete prostate-specific 

antigen (PSA), prostate-specific acid phosphatase and other components of the semen 

into the glandular lumen (Isaacs, 1994). Other markers such as cytokeratin 8 and 18 and 

the cell surface marker CD57 are also expressed by epithelial luminal cells (Long et al., 

2005; Sharma et al., 2017).  

2.1.2.  Pathogenesis of prostate cancer  

 

The transformation of prostate epithelial cells into malignant cells is termed prostate 

carcinogenesis. Prostatic intraepithelial neoplasia (PIN), where pre-existing benign 

epithelial cells exhibit neoplastic growth is thought to be a precursor of PCa (Murray, 

2021). Prostate adenocarcinoma is the most common form of PCa as it is thought to 

originate from prostate epithelial cells and it is graded by the Gleason scoring system. 

The tumor growth pattern is the basis for this grading approach (Gogola et al., 2023). 

Gleason pattern 1 displays separated, well-structured tiny spherical glands, while 

Gleason pattern 5 displays stretches of tumor cells or single cells lacking gland structure 

(Epstein, 2010).  

 

Genomic alteration of driver genes is involved in PCa tumorigenesis and disease 

development. Some common genetic alterations include copy number alterations 

(CANs) of PTEN, MYC, CHD1, RB, AR, point mutation of FOXA1, TP53, and ETS (E26 

transformation-specific) family-associated fusion genes (Maekawa et al., 2024) ETS 

fusion has been found in approximately 50% of patients where the TMPRSS2-ERG 

fusion is the most common in PCa (Abeshouse et al., 2015). Fusion of other ETS family 

genes such as ETV1, ETV4, and ETV5 with TMPRSS2 (promoter of transmembrane 

protease serine 2) has also been observed in PCa. TMPRSS2 is a prostate-specific 

serine protease that responds to androgen and ETS family genes are involved in 

oncogenic transcription. Hence, this fusion induces the synthesis of oncogenic 

transcription factors directed by androgen-responsive TMPRSS2. Regarding TMPRSS2-

ERG fusion, binding androgen to TMPRSS2 leads to the upregulation of ERG expression 

which subsequently activates ERG-targeted genes including MMP3, MMP9, MYC, 

KLK2, KLK3 (PSA), PSMA, EZH2, ZEB1 which are associated with PCa progression. In 

addition, PTEN loss associated with TMPRSS2-ERG fusion facilitates the invasive PCa 

(St. John et al., 2012) On the other hand, the loss of heterozygosity (LOH) of PTEN either 

by genomic deletion or mutation has been found in almost 20% of primary prostate 

tumors after radical prostatectomy and 50% of cases in mCRPC (Jamaspishvili et al., 

2018). The synergism of LOH of PTEN and other mutations leads to promote cancer 
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aggressiveness. For example, concurrent loss of TP53 and PTEN accelerates CRPC 

and cellular senescence which results in invasive PCa (Z. Chen et al., 2005) 

Furthermore, deletion of PTEN, TP53 and Rb1 is associated with metastatic PCa and 

neuroendocrine differentiation (Aparicio et al., 2016). 

2.1.3.  Androgen receptor in prostate cancer  

 

Androgen receptor (AR) is a key player in PCa progression as it is responsible for 

prostate development as well as the development and progression of PCa. AR regulates 

the transcription of many target genes, but the activity of AR gets reprogrammed in PCa 

compared to normal prostate (Murray, 2021). While in the normal prostate cells, the AR 

controls the expression of genes deputed to the development and maintenance of the 

prostatic epithelial functions, in PCa cells, the AR also controls the expression of e.g. cell 

cycle and other EMT genes that favor cancer cell maintenance (Itkonen & Mills, 2012; P. 

Li et al., 2014). Briefly, testosterone, produced through the regulation of the 

hypothalamic-pituitary-gonadal (HPG) axis by the testicles and adrenal gland, penetrates 

into the prostate and PCa cells where it is converted into dihydrotestosterone (DHT) by 

5α-reductase. DHT binds the cytoplasmic AR, leading to the dissociation of heat shock 

proteins (HSPs) and AR-DHT complex can be phosphorylated and dimerized. This 

dimerized activated AR complex is translocated to the nucleus, where it binds to 

androgen response elements (AREs) in the DNA, thereby activating the transcription of 

target genes such as the PSA and other genes essential for cell growth and survival (Y. 

He et al., 2022; Murray, 2021). The structure of the AR plays a pivotal role in this process. 

The AR comprises four functional domains; the transcription-activating amino-terminal 

domain (NTD), a DNA-binding domain that anchors the AR to the AREs of AR-regulated 

genes, a hinge region, and a ligand-binding domain that contains a ligand-binding pocket 

for androgens (Davey & Grossmann, 2016). Ligand binding causes conformational 

changes in the LBD, aiding the co-factors and other domains to recognize the DNA 

sequences and initiate transcription (Tan et al., 2015). Two activation function domains 

namely AF-1 and AF-2 mediate the transcription of genes. AF-2 is located within LBD, 

and it is ligand-dependent. On the other hand, the ligand-independent AF-1 is contained 

within NTD (Girling et al., 2007). AF-1 can activate AR in CRPC cells in the presence of 

antiandrogens (Dehm & Tindall, 2006). Conversely, certain AR-independent pathways, 

including transforming growth factor-β (TGF-β), epidermal growth factor (EGF), fibroblast 

growth factor (FGF), and insulin-like growth factor (IGF), enhance AR-regulated 

proliferation of prostate epithelial cells through a process known as 'cross-talk' (Lin & 
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Scott, 2012). For example, the upregulation of IGF-1 and other growth factors activates 

the PI3K- AKT-mTOR pathway through activating receptor tyrosine kinase (RTK) (Sarker 

et al., 2009). On the other hand, PTEN, a tumor suppressor gene negatively regulates 

the PI3K- AKT-mTOR pathway and controls cell proliferation by arresting cell-cycle at 

the G1 stage (Murray, 2021). Hence, loss of PTEN leads to the PI3K- AKT-mTOR 

pathway activation and abnormal AR regulation. As a result, cell proliferation and AR 

expression are upregulated, while apoptosis is diminished (Heinlein & Chang, 2004).  

  

Treatment for primary PCa is often adjuvanted by androgen deprivation therapy (ADT) 

and regarded as first-line therapy (Gogola et al., 2023). ADT is a standard form of 

treatment that reduces circulating androgens resulting in halting cancer growth and 

disease progression, as PCa is largely dependent on AR signaling (Gogola et al., 2023; 

Litwin & Tan, 2017). Although the initial response to ADT is substantial, eventually 

patients typically develop resistance called castration-resistant PCa (CRPC) (Avula, 

Figure 1. Androgen receptor (AR) signaling pathway. Cytoplasmic enzyme 5α-reductase 
converts testosterone into dihydrotestosterone (DHT) which is more reactive than testosterone. 
DHT binds to cytoplasmic AR and activates them. Activated AR forms dimers and is subsequently 
translocated into the nucleus. In the nucleus, AR dimer binds to androgen response elements 
(AREs) with co-regulators and activates the transcription of PSA genes and other cell proliferative 
genes. The diagram was prepared by BioRender and the inspiration was derived from Lonergan 
& Tindall, 2011. 
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2014; Messner et al., 2020). Several mechanisms have been hypothesized for the 

development of CRPC, including (i) AR overexpression which is observed in 90% of the 

CRPCs and consists of 30% of cases in which the AR gene is amplified (Visakorpi et al., 

1995) (ii) continued intratumor de novo steroidogenesis (iii)  activation of AR mutant by 

unspecific binding of alternative ligands, such as estrogen, progesterone, 

and glucocorticoids iv) AR activation via ligand-independent mechanisms through cross-

talk with kinases such as Akt, HER2, and Ack1 (v) AR-independent pathways (Tan et al., 

2015).  

 

2.2.  Tumor microenvironment (TME) 

The prostate tumor microenvironment (TME) is a complex, interconnected entity 

comprising stromal cells, endothelial cells, immune cells, fibroblast, myofibroblast, and 

secretory molecules such as growth factors, cytokines, chemokines, etc. (Anderson & 

Simon, 2020; Bahmad et al., 2021). All of the components in the TME take part in altering 

TME and tumor progression. The tumor cells coordinate these changes including the 

formation of new blood vessels, rearrangement of ECM, and the stable links among the 

various cells in TME (Messex & Liou, 2023). Various secretory molecules, including 

cytokines, chemokines, and matrix metalloproteinases (MMPs), also contribute to this 

process. For example, chemokines captivate elements of the TME, cytokines induce 

inflammation, and MMPs facilitate the remodeling of the ECM (Stetler-Stevenson & Yu, 

2001; H. Zhao et al., 2021).  

2.2.1.  Tumor stromal microenvironment  

 

Neoplastic transformation of epithelial cells in PCa largely relies on the surrounding 

secretory molecules of tumor cells. The interlinked between tumor cells and stroma plays 

a significant role in transformation and metastasis (Torrealba et al., 2017). Fibroblasts 

are a major component of prostatic stroma. These cells can transform into myofibroblasts 

in response to mechanical stress, TGF-β, and fibronectin (Gabbiani, 2003). In PCa, 

specialized fibroblasts called cancer-associated fibroblasts (CAFs) replace the 

fibroblasts. CAFs exhibit the high expression of fibroblast activation protein (FAP) and α-

SMA and vimentin and fibroblast-specific protein 1 (FSP-1) whereas low expression of 

desmin (Bahmad et al., 2021; Levesque & Nelson, 2018). In addition, CAFs act as 

reservoirs of growth factors, cytokines, exosomes, etc. These include transforming 

growth factor beta (TGF-β), interleukin-6 (IL-6), fibroblast growth factor (FGF), 
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hepatocyte growth factor (HGF), hypoxia-inducible factor 1 alpha (HIF-1α), and vascular 

endothelial growth factor (VEGF) (Levesque & Nelson, 2018). These molecules 

contribute to angiogenesis, accelerate tumor growth, remodel the ECM, and modify the 

drug response (Sahai et al., 2020). For instance, HIF-1α is upregulated in PCa which is 

associated with disease stages and patient outcomes (Turaka et al., 2012). Furthermore, 

it mediates the gain of mesenchymal phenotype and cellular plasticity in PCa cells (Terry 

et al., 2017). 

 

Chronic inflammation is responsible for promoting and progression of many cancers 

including PCa. Chronic inflammation resembles a pre-cancerous condition where tissue 

remodeling is induced by moderating the expression of pro-inflammatory cytokine and 

chemokine genes through NF-κβ signaling. This cascade recruits immunosuppressive 

immune cell populations while cytotoxic T cells and dendritic cells are inhibited (Y. Zhang 

et al., 2022). High-grade PCa is correlated with a high level of inflammation (Hettich et 

al., 2014). The stromal immune infiltrate comprises both innate and adaptive immune 

cells, including CD3+ T cells, CD20+ B cells, and macrophages. These inflammatory cells 

secrete cytokines and chemokines, thereby inducing angiogenesis, cellular proliferation, 

and inflammation (Bahmad et al., 2021).  

 

ECM is comprised of collagen, laminins, fibronectin, and vitronectin which provide the 

integrity of the cells and are responsible for communication among the TME components 

(Samaržija & Konjevoda, 2023). Cancer cells synthesize various proteases and 

degrading enzymes that break down the ECM, thereby promoting invasion and 

metastasis. Matrix metalloproteinases (MMPs) are a class of enzymes that play a crucial 

role in facilitating tumor cell extravasation, survival, invasion, and metastasis (Samaržija 

& Konjevoda, 2023).  

2.2.2.  Tumor immune microenvironment  

 

The tumor immune microenvironment (TIME) significantly influences cancer progression 

and metastasis, through immune cells. In PCa, a diverse array of infiltrating immune cells 

within the TME, including macrophages, neutrophils, T cells, B cells, mast cells, and 

myeloid-derived suppressor cells (MDSCs), has been identified. Each cell type 

contributes to cancer progression and metastasis dynamics, as outlined below.  
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Macrophages 

Macrophages are phagocytic cells that initiate innate immune responses in a non-

specific manner upon the entry and recognition of foreign particles within the body. These 

cells engulf and digest foreign particles and subsequently present the associated 

antigens to the immune system, thereby facilitating the activation of adaptive immune 

responses (Lendeckel et al., 2022). On the other hand, macrophages within the TME 

contribute to cancer progression through several mechanisms, including the promotion 

of cell migration, invasion, and epithelial-to-mesenchymal transition (EMT). 

Macrophages are classified into two distinct phenotypes including the pro-inflammatory 

M1 macrophages and the immunosuppressive M2 macrophages (Anderson & Simon, 

2020; Y. Zhang et al., 2022). The polarization of macrophages into these phenotypes is 

influenced by various stimuli. For instance, interferon-gamma (IFN-γ) and 

Figure 2. Prostate cancer tumor microenvironment. PCa cells convert fibroblast to cancer-
associated fibroblast (CAFs) through the secretion of TGF-β, FGF, and PDGF. CAFs show high 
expression of vimentin, TGF-β, HIF-α, and VEGF. Cancer cells induce the transformation of 
macrophages into tumor-associated macrophages (TAMs) by releasing IL-4, IL-6, IL-13, and 
SDF-1. In addition, myeloid progenitors convert into myeloid-derived suppressor cells (MSDSc) 
in response to PCa cells secreting IL-6, IL-10, TGF-β, and HIF-α. Both TAMs and MDSCs inhibit 
NK cells by releasing IL-12 and TGF-β respectively. PCa-producing TGF-β and IL-12 induce the 
transformation of effector CD4+ T cells into regulatory T cells (Treg). Both Treg and TAMs reduce 
the infiltration of CD8+ T cells in TME by secreting inhibitory cytokines. The diagram was prepared 
by BioRender and the inspiration was derived from Palicelli et al., 2021.  
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lipopolysaccharide (LPS) are critical in driving the M1 phenotype, while interleukins such 

as IL-4, IL-6, IL-13, and stromal cell-derived factor 1 (SDF-1) are key determinants in 

promoting the M2 phenotype (J. T. W. Kwon et al., 2021). A substantial portion of tumor-

associated macrophages (TAMs) exhibit the M2 phenotype. These TAMs secrete pro-

inflammatory cytokines, such as CCL5 and CCL2, which activate signaling pathways 

including STAT3 and MMP9, thereby promoting cancer progression and metastasis 

(Messex & Liou, 2023). TAMs are involved in the CRPC progression. Patients treated 

with ADT experienced disease recurrence associated with elevated TAMs levels 

(Nonomura et al., 2011). Bone morphogenic protein 6 (BMP-6) influences TAMs to 

secrete IL-6 which drives the neuroendocrine differentiation of prostate cancer cells and 

leads to CRPC after ADT treatment (G. T. Lee et al., 2011).  

 

Neutrophils 

Neutrophils are key components of the innate immune system, employing various 

mechanisms to eliminate pathogens, including phagocytosis, degranulation, and the 

formation of neutrophil extracellular traps (NETs) through the release of nuclear material 

(Rosales, 2018). Subsequently, neutrophils activate and modulate macrophages, 

promoting the secretion of cytokines and enhancing the recruitment of dendritic cells 

(DCs). This cascade ultimately facilitates antigen presentation and activates the adaptive 

immune response (Burn et al., 2021). Due to their shorter lifespan, the neutrophil 

population is less abundant than macrophages within the TME (Messex & Liou, 2023). 

Two distinct subtypes of neutrophils have been identified such as the antitumorigenic N1 

subtype and the pro-tumorigenic N2 subtype. This polarization is influenced by the 

secretion of various cytokines, including granulocyte colony-stimulating factor, TGF-β, 

and IL-1β. Although neutrophils have similar phenotypes and origins as 

polymorphonuclear MDSCs (PMN-MDSCs), they are diverse. Neutrophils activate the 

lymphoid and myeloid cells while PMN-MDSCs inhibit the activity of T cells, dendritic, 

and NK cells and create immunosuppression (Zhou et al., 2018).  In addition, PMN-

MSDCs show higher expression of CD115 and CD244 than neutrophils. Furthermore, 

PMN-MDSCs upregulate the genes involved in the cell cycle, autophagy, and G-protein 

signaling whereas neutrophils overexpressed genes involved in inflammation (Youn et 

al., 2012).  The N1 subtype promotes the infiltration of CD8+ T cells by releasing IL-12, 

CCL3, and CXCL9 (D. Li et al., 2023). Conversely, the N2 subtype secretes MMP9, 

contributing to TME remodeling, invasion, and metastasis. Notably, tumor-associated 

neutrophils (TANs) produce higher levels of MMP9 compared to TAMs (Deryugina et al., 

2014). Regarding PCa, tumor-associated neutrophils (TANs) are associated with tumor 

onset and progression as well as chemotherapy resistance. Several studies reported 
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that the higher neutrophil-to-lymphocyte ratio was correlated with positive results in PCa 

diagnosis (Kawahara et al., 2015) and shortened overall survival (OS) in mCRPC 

patients (Nuhn et al., 2014). Conversely, the lower neutrophil-to-lymphocyte ratio was 

interrelated with longer OS in mCRPC patients treated with chemotherapy (Nuhn et al., 

2014).   

 

Natural killer (NK) cells  

Natural killer (NK) cells are innate lymphocytes that eliminate cancer cells and virally 

infected cells through cytotoxic mechanisms. Two primary forms of cytotoxicity are 

involved in this process such as granule-mediated and death receptor-mediated 

cytotoxicity. In granule-mediated cytotoxicity, granzymes enter target cells through 

perforin-induced pores, leading to either caspase-dependent or caspase-independent 

apoptosis. In contrast, death receptor-mediated cytotoxicity triggers caspase-dependent 

cell death by expressing Fas ligand (FasL) or TNF-related apoptosis-inducing ligand 

(TRAIL) on the cell surface (Prager & Watzl, 2019). NK cells release cytokines and 

chemokines that enhance T-cell infiltration and amplify the immune response (Gooden 

et al., 2011). However, within PCa TME, this antitumor response is constrained by the 

high expression of TGF-β by myeloid-derived suppressor cells (MDSCs) and the low 

expression of IL-12 by TAMs. Additionally, the insufficient number of NK cells in PCa 

patients contribute to tumor progression by diminishing degranulation and reducing the 

release of IFN-γ (D. Li et al., 2023).  

 

T cells 

T cells are essential components of the adaptive immunity, originating in the bone 

marrow and maturing in the thymus. The predominant T cell subtypes within the adaptive 

immune response include helper or CD4+ T cells, cytotoxic or CD8+ T cells, and 

regulatory T cells (Treg).  

 

CD8+ T cells exert their killing mechanism by secreting two cytotoxic proteins named 

granzyme and perforin. Granzyme induces the apoptosis of target cells whereas perforin 

mediates the formation of pores on the surface of target cells through which granzyme 

can enter. CD8+ T cells contribute to antitumor activity after recruiting by various 

cytokines including CCL5, CXCL9 (Dangaj et al., 2019). However, cancer cells exhibit 

elevated expression of ligands for T cell exhaustion molecules such as LAG3, PD-1, and 

CTLA-4, which diminishes T cell infiltration within the TME (Schöffski et al., 2022). This 

creates an immune-privileged site, thereby reducing the efficacy of immunotherapy. 

Additionally, TAMs impede CD8+ T cell infiltration by disrupting the CD3ζ chain receptor 
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and diminishing their effector function through the upregulation of arginase-1 (Arg1) and 

PD-1 expression (D. Li et al., 2023). Prostate tumors reduce the expression of CD8+ T 

cell recruiting chemokines (CXCL9, CXCL10) while augmenting the chemokines (CCL2, 

CCL22, CXCL12) expression that is associated with recruiting immunosuppressive cells 

such as Treg, MDSCs, etc (Y. Yang et al., 2021). Intratumoral CD8+ T cell infiltration is 

correlated with improved survival in high risk PCa patients after radical prostatectomy 

(Y. Yang et al., 2021). mCRPC patients having high CD8+ T cell infiltration exhibited 

promising responses to ICT (Subudhi et al., 2020).  

 

CD4+ T cells or helper T cells are a distinct subset of T cells that recognize foreign 

antigens presented by Class II major histocompatibility complex (MHC II) molecules on 

the surface of antigen-presenting cells (APCs). These cells bind to MHC II via their T cell 

receptor (TCR) and co-receptor CD4. Naive helper T cells differentiate into various 

subtypes, including Th1, Th2, Th17, and Treg, in response to specific cytokine stimuli. For 

instance, IL-12 and IFN-γ drive differentiation into Th1 cells, while IL-4 promotes 

differentiation into Th2 cells. Th17 cells are specialized through stimulation by IL-6, IL-

1β, and TGF-β, whereas the differentiation of Treg cells is influenced by IL-2 and TGF-β 

(Speiser et al., 2023). CD4+ T cells exert their antitumor activity through several 

mechanisms. One such mechanism involves the activation of cytotoxic T cells (CTLs) 

via the stimulation of interleukin-12 (IL-12). Another mechanism is direct cytotoxicity, 

achieved through the secretion of effector cytokines such as interferon-gamma (IFN-γ) 

and tumor necrosis factor-alpha (TNF-α). Additionally, CD4+ T cells enhance the humoral 

immune response by activating plasma B cells through the interaction of the CD40 

receptor with the CD40 ligand (Tay et al., 2021). In PCa, CD4+ T cells downregulate AR 

expression, which facilitates the recruitment of additional CD4+ T cells to the TME. This 

accumulation enhances the invasiveness and metastatic potential of cancer cells 

through the upregulation of MMP9 (S. Hu et al., 2015).  

 

Treg cells maintain peripheral tolerance, prevent autoimmune diseases, and manage 

chronic inflammation by modulating both B and T cells' activation. In PCa, Treg cells 

contribute to creating an immunosuppressive TME through multiple mechanisms. One 

such mechanism involves the degradation of cytosolic ATP into AMP and subsequently 

into adenosine by the cell surface molecules CD39 and CD73. The free adenosine then 

binds to A2A receptors on activated T cells, inhibiting their growth and differentiation 

while simultaneously promoting the expansion of inhibitory Treg cells. Additionally, Treg 

cells can secrete cytokines including IL-10, IL-35, and TGF-β that inhibit effector T cells. 

Treg cells also express CTLA-4, enabling them to bind to CD80 and CD86 on dendritic 
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cells (DCs), thereby obstructing the interaction between effector T cells and DCs. 

Furthermore, Treg cells can induce the apoptosis of cytotoxic T cells through the 

production of perforin and granzyme B or by initiating FasL/Fas binding (Karpisheh et 

al., 2021). Treg cells also play a role in promoting bone metastasis in prostate cancer 

(PCa) patients. Treg cells can promote the growth of prostate cancer (PCa) cells within 

the bone marrow environment and contribute to new bone formation by suppressing 

osteoclast activity (Messex & Liou, 2023).  

 

B cells  

B cells are a distinct type of lymphocyte that originate and mature in the bone marrow. B 

cell activation can occur through both T cell-dependent and T cell-independent 

mechanisms. Upon activation, naive B cells undergo clonal expansion, differentiated into 

plasma B cells and memory B cells. Plasma B cells secrete antibodies that eliminate 

pathogens or foreign particles, while memory B cells retain the ability to recognize these 

particles, facilitating a more rapid response during subsequent encounters. In PCa, the 

extent of B cell infiltration exceeds that of T cell infiltration (Z. Wu et al., 2020). B cells 

secrete lymphotoxin, which regulates the activation of NF-κB, IKKα-STAT3, and BMI1 

signaling pathways in residual cancer clones, thereby accelerating the progression to 

castration-resistant prostate cancer (CRPC) and metastasis (Ammirante et al., 2010). 

Additionally, B cells contribute to immunosuppression within the TME by exhibiting high 

expression levels of IgA, PD-L1, and IL-10 (Shalapour et al., 2015).  

 

Myeloid-derived suppressor cells (MDSCs) 

Myeloid-derived suppressor cells (MDSCs) are a diverse group of immune cells 

characterized by two distinct morphological features including polymorphonuclear (PMN-

MDSC) and monocytic (M-MDSC) subtypes. These cells originate in the bone marrow 

and congregate within the TME through a CXCR2-dependent process (Katoh et al., 

2013). By releasing cytokines and growth factors such as IL-10, CXCR4, TGF-β, 

prostaglandin E2, L-arginine, and indoleamine 2,3-dioxygenase, as well as through 

direct cell-cell contact, MDSCs inhibit T cell activation, prevent dendritic cell (DC) 

maturation, induce NK cell anergy and  de novo synthesis of Tregs. Consequently, MDSCs 

contribute to creating an immunosuppressive TME in PCa (Chetram et al., 2011; Koinis 

et al., 2022; Y. Wu et al., 2022). Additionally, MDSCs produce and release IL-23, which 

confers resistance to androgen deprivation therapy (ADT) in cancer cells and accelerates 

the progression to castration-resistant prostate cancer (CRPC) (Calcinotto et al., 2018). 

The STAT3 pathway plays a critical role in MDSC-mediated immunosuppression by 
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activating various cytokines and growth factors, including IL-6, IL-10, GM-CSF, and 

VEGF (Hellsten et al., 2019).  

 

2.3.  Prostate cancer TME in immunosuppression  

The non-inflammatory and highly complex TME in PCa plays a critical role in antitumor 

response and cancer progression. The tumor immune microenvironment (TIME) consists 

of prostate cancer cells, immune cells, ECM, fibroblasts, etc., and induces 

immunosuppression through the recruitment of immunosuppressive cells, including Treg 

and MDSCs, by secreting cytokines such as interleukin 1 beta (IL-1β), IL-10, TGF-β, and 

VEGF (P. Xu et al., 2022).  

 

One of the major representatives of immunosuppressive TIME is MDSCs which possess 

the phenotype like monocytes (M-MDSCs) or granulocytes (PMN-MDSCs) (Talmadge & 

Gabrilovich, 2013). They induce immunosuppression in different ways including halting 

the effector function of NK cells, T cell activation, DC maturation, and increasing the de 

novo synthesis of Treg cells (J. Jiang et al., 2014). Furthermore, they contribute to tumor 

invasion, angiogenesis, and metastasis by differentiating into various cell lineages 

including fibroblast, endothelial, osteoblast, and TAMs in response to tumor cell-

dependent stimuli. On the other hand, Treg cells induce immunosuppression in various 

ways including secreting immunosuppressive cytokines, downregulating cytotoxic 

lymphocytes and NK cell activity, and promoting MDSCs and TAMs growth (P. Xu et al., 

2022). In addition, immune checkpoints including programmed cell death protein 1 (PD-

1), cytotoxic T-lymphocyte associated protein 4 (CTLA-4), and TGF-β mediate the 

immunosuppression in PCa TME (Stultz & Fong, 2021). Activated T cells, B cells, and 

NK cells express PD-1. In the normal state, PD-1 binds with its ligands such as 

programmed cell death protein ligand 1,2 (PD-L1, PD-L2) which restrains the 

proliferation of activated T cells and transforms naive T cells into Treg. As a result, immune 

tolerance is established by immunosuppression of Treg cells which maintain homeostasis 

(Sun et al., 2018).  PCa cells express PD-L1 which induces the expansion of Treg cells 

and creates immunosuppressive TME through immunoediting (Schreiber et al., 2011). 

In PCa, PD-L1 expression is associated with poor disease prognosis, and high risk of 

metastasis (Stultz & Fong, 2021). Another immune checkpoint involved in T cell 

exhaustion and immunosuppression is CTLA-4 (Yonesaka et al., 2018). CTLA-4, also 

known as CD152, is a coreceptor that hinders T-cell activation. The binding of T cell 

coreceptor CD28 with B7 co-stimulatory molecules (CD80, CD86) on the antigen-
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presenting cells (APCs) after binding of TCR and MHC molecules, induces the T cells 

activation. CTLA-4 contains a similar structure to CD28 and possesses a higher binding 

affinity to B7 molecules than CD28. Hence, the binding of CTLA-4 to CD80 and CD86 

restrains the T cell stimulations (Hossen et al., 2023). Consequently, CTLA-4 proceeds 

prostate cancer directly or indirectly by creating an immunosuppressive environment 

(Schildberg et al., 2016).  

 

2.4.  Epithelial to mesenchymal transition (EMT) in PCa 

Epithelial-to-mesenchymal transition (EMT) is a cellular process by which basement 

membrane anchoring polarized epithelial cells transform into invasive, migratory 

mesenchymal cells mediated by several chemical changes including surface protein 

expression, growth factor secretion, etc. (Koen & Collier, 2010). At the early stage, EMT 

plays a crucial role in embryonic development including the initial formation of three germ 

layers from pluripotent stem cells (Barriere et al., 2015; Lamouille et al., 2014). Later, 

EMT influences epithelial cells to change some properties such as loss of E-cadherin 

and gain of N-cadherin, and vimentin resulting in the conversion of epithelial cells to 

mesenchymal cells (Eastham et al., 2007; Ullmann et al., 2007). This allows EMT-

induced cells to migrate to distant tissue and mesenchymal-to-epithelial transition (MET) 

organizes the structure once the cells arrive at the targeted location. In addition, EMT 

takes part in wound healing, tissue regeneration, and fibrosis (Bryant & Mostov, 2008; 

Lamouille et al., 2014). Dysregulation of EMT and MET promotes malignancies through 

augmentation of invasion, migration, and generation of new metastatic sites (Gogola et 

al., 2023).  

 

Advanced prostate cancer is associated with metastasis of bone, lung, liver, etc (Nauseef 

& Henry, 2011).  During tumorigenesis, PCa TME drives metastasis by inducing EMT 

(Yilmaz & Christofori, 2009). Cancer cells hijack the EMT process to acquire 

invasiveness and degrade ECM (Odero-Marah et al., 2018). The majority of the mortality 

rate in PCa is due to the mCRPC (Sethi et al., 2010) and EMT plays a pivotal role in the 

transition of PCa to mCRPC (Grant & Kyprianou, 2013).  

2.4.1.   Molecular mechanisms of EMT initiation 

 

Various stimuli are involved in EMT initiation including growth factors, cytokines, hypoxia, 

and interactions with the extracellular matrix (ECM) (Bahmad et al., 2021). Transforming 
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growth factor beta (TGF-β), hepatocyte growth factor (HGF), fibroblast growth factor 

(FGF), epidermal growth factor (EGF), and platelet-derived growth factor (PDGF) are 

some well-known growth factors that mediate EMT induction. TGF-β, the most studied 

growth factor, activates EMT by Smad-mediated signaling pathway (Majumdar et al., 

2013). The high expression of FGF leads to the augmentation of non-epithelial marker 

expression such as vimentin, fibroblast specific protein-1 (FSP-1) and expands 

cytoskeleton rearrangement by increasing matrix metalloproteinases (MMPs) (Strutz et 

al., 2002). In addition, EGF and PDGF are key contributors to various cancers including 

pancreatic, prostate, colon, lung, and cervix cancers that drive EMT via multiple signaling 

pathways such as PI3K/Akt, Notch, etc. (J. Kim et al., 2016; Q. Wu et al., 2013).   

 

Intracellular signaling cascade relies upon the proper tissue distribution that is regulated 

by ECM. EMT modifies the ECM components to induce cancer progression. EMT 

mediates the connection between integrin and type I collagen in the ECM. This leads to 

the suppression of E-cadherin expression which indirectly increases the N-cadherin 

expression (Koenig et al., 2006). N-cadherin is responsible for early EMT transition. With 

the development of the EMT process, the transition cells secrete a high amount of type 

I collagen and fibronectin. As a result, the integrin activation and network development 

are augmented which aids transition cells to migrate easily by utilizing lamellipodia and 

filopodia (Oyanagi et al., 2012). In addition, MMPs disrupt the epithelial cell junction by 

cleaving type IV collagen in basal lamina and subsequently expanding migration and 

invasion (Nisticò et al., 2012).  

2.4.2.   Transcriptional regulation of EMT 

 

EMT-regulating transcription factors (EMT-TFs) regulate the alteration of gene 

expression which drives the changes in cell phenotype or cellular events. The well-

studied EMT-TFs families include SNAIL, TWIST, and zinc-finger E-box-binding 

homeobox (ZEB) (Stemmler et al., 2019). Snail (SNAI1), Slug (SNAI2), and Smuc 

(SNAI3) belong to the SNAIL family of EMT-TFs where the EMT induction of Smuc is 

lower. They accumulate and combine with repressor and suppress the E-cadherin 

encoding gene by binding with CDH1 promoter (Gras et al., 2014; Wang et al., 2014). 

Another family of EMT-TFs is TWIST which includes TWIST1 and TWIST2. By binding 

with the E-cadherin promoter, TWIST1 restrains the expression of E-cadherin whereas 

it augments the N-cadherin expression by binding with E-box cis-element in the N-

cadherin gene (Alexander et al., 2006; Vesuna et al., 2008). In addition, TWIST1 

promotes SNAIL-mediated EMT by binding with the SLUG promoter (Casas et al., 2011). 
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The high grade of tumor, metastasis, and resistance to therapy are correlated with 

elevated expression of TWIST (Vesuna et al., 2008). The ZEB family including ZEB1 and 

ZEB2 also suppresses the E-cadherin expression by binding with the CDH1 promoter 

(Eger et al., 2005). Moreover, the transcription of the epithelial cell polarity genes 

including HUGL2, Crumbs3, and PATJ is inhibited by ZEB1 (Aigner et al., 2010). Multiple 

signaling pathways including RTKs, TGF-β, Notch, Wnt, TNF-α, HIF-1α, etc. regulate the 

expression of these EMT-TFs (Gogola et al., 2023).  

2.4.3.   EMT signaling pathways  

 

TGF-β signaling  

TGF-β signaling pathway is one of the most common pathways in EMT. The ligands of 

this pathway are the isoform of TGF-β such as TGF-β1, TGF-β2, TGF-β3 and bone 

morphogenesis protein (BMP) (Akhurst & Hata, 2012; Deng et al., 2020). These ligands 

bind to their serine and threonine kinase receptors such as the type II (TβRII) and type I 

(TβRI) receptors and initiate the signaling pathway. After binding with ligands both 

receptors form a heterotetrameric receptor complex with ligands where the TβRII 

receptor phosphorylates the serine and threonine residue of the TβRI and activates the 

receptors. Activated TβRI recruits and activates the R-Smad such as Smad2/3 by 

phosphorylating it. This activated R-Smad forms a complex with co-smad such as Smad4 

and then translocates to the nucleus (F. Huang & Chen, 2012). Smad complex 

contributes to the regulation of some EMT genes, including SNAI1/2, TWIST1/2, and 

ZEB1/2 by binding with their promoter (Garg, 2013). In addition, TGF-β induces EMT in 

a Smad-independent manner by utilizing the PI3K/Akt and Ras/MEK/ERK pathways 

(Garg, 2013; F. Huang & Chen, 2012). TGF-β plays a dual role regarding PCa. In the 

early stage of the disease, it halts cell proliferation while it promotes cellular growth in 

advanced PCa (Dai et al., 2017). TGF-β signaling is associated with bone metastasis in 

PCa patients and it is considered as a prognostic marker in this case (Dai et al., 2017). 

A recent study revealed the downregulation of AR coupled with TGF-β overexpression 

leads to metastasis in PCa cells (Cai et al., 2020). Another study exhibited TGF-β 

upregulated the expression of FosB which is a proto-oncogene. Silencing of FosB 

subsequently reduced the TGF-β mediated PCa metastasis (Barrett et al., 2017).  

 

Receptor tyrosine kinase (RTK) signaling 

Several growth factors including HGF, FGF, PDGF, EGF, and insulin-like growth factor 

(IGF) act as ligands for RTK and induce EMT through several downstream signaling 

pathways. Ligands bind with the extracellular domain of the RTKs and activate the RTK 
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by receptor dimerization. This allows the conformational changes which lead to the trans-

autophosphorylation of the tyrosine kinase domain (TKD). Phosphorylated and activated 

RTKs recruit a wide range of downstream signaling molecules and activate multiple 

signaling pathways including Ras/MEK/ERK, PI3K/AKT, and JAK2/STAT (Du & Lovly, 

2018). RTK signaling pathway contributes to malignancies by modulating EMT. In PCa, 

IGF-1 elevates the ZEB1 expression by activating the ERK signaling pathway (Graham 

et al., 2008). In addition, PDGF augments the N-cadherin expression by increasing the 

transcription of CDH2 through the PI3K/AKT pathway (X. Yang et al., 2008). Non-

receptor tyrosine kinases also take part in EMT.  High expression of Src family kinase is 

associated with distant metastasis in patients with CRPC (Tatarov et al., 2009). Adhesion 

kinase (FAK) contributes to EMT by downregulating E-cadherin expression and 

upregulating the SNAIL and TWIST transcription (Chuang et al., 2022). Moreover, 

elevated FGF signaling cascade promotes EMT and AR upregulation in PCa while 

the RTK/ERK pathway is correlated with aggressive PCa (Y. Chen et al., 2017; Y. He et 

al., 2022).  

 

Wnt signaling 

Wnt signaling is activated when the Wnt molecule binds with the Frizzled (Fz) receptor 

and co-receptor lipoprotein receptor-related protein (LRP). This binding leads to the 

phosphorylation of LRP by CK1 and GSK3β resulting in the activation of Dishevelled 

(Dvl) proteins. Dvl activates β-catenin by the dissociation of β-catenin from the 

destruction complex. β-catenin accumulation in the cytoplasm triggers the translocation 

of β-catenin to the nucleus and activates the transcription of the target genes (Patel et 

al., 2019). β-catenin suppresses E-cadherin expression through the inhibition of the 

CDH1 gene by forming a complex with lymphoid enhancer-binding factor 1 (LEF1) 

thereby inducing EMT (K. Kim et al., 2002). In addition, LEF1 promotes PCa growth by 

elevating AR expression through an AR-independent manner in the presence of ADT 

(Santiago et al., 2017). Wnt signaling pathway is associated with the later stages of PCa 

which induces cell proliferation. neuroendocrine differentiation, therapy resistance, and 

metastasis (Y. He et al., 2022).  

 

Notch signaling 

The binding of the Notch receptors with their ligands Delta and Jagged leads to the 

proteolytic cleavage of the receptors by ADAM-MMPs and γ-secretase. This proteolytic 

process results in the release of the intracellular domain of Notch and subsequently is 

translocated to the nucleus and activated targeted genes binding with regulatory 

elements (S. J. Bray, 2006). Notch signaling contributes to EMT induction via SNAIL and 
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SLUG (Leong et al., 2007; Timmerman et al., 2004). In PC-3, overexpression of Notch-

1 is associated with the elevated expression of some EMT genes including SNAIL, 

VIMENTIN, ZEB1, and ZEB2 (L. Zhang et al., 2017). In addition, Notch signaling 

stabilizes the SNAIL protein via upregulating lysyl oxidase (LOX) by releasing HIF-1α 

(Sahlgren et al., 2008).  

 

Hedgehog signaling 

In the hedgehog signaling pathway, the binding of hedgehog (Hh) proteins to its receptor 

PTCH1 leads to the internalization and degradation of the PTCH1-Hh complex. This 

results in the activation of SMO and subsequently GLIA. GLIA is then translocated to the 

nucleus and induces the expression of Hh-targeted genes (Sari et al., 2018). Hedgehog 

signaling promotes cell proliferation and invasion in advanced PCa by indicating high 

expression of PTCH1 and HIP (Sheng et al., 2004). In neuroendocrine tumors, GLI1 

promotes the EMT and cell invasion by elevating the expression of SNAIL (Fendrich et 

al., 2007). Hedgehog signaling encourages the EMT and disease progression by cross-

talking with other signaling pathways. For example, the hedgehog pathway is associated 

with gastric cancer EMT by augmenting the TGF-β signaling pathway (Yoo et al., 2008). 

Furthermore, Hh induces the steroidogenic activity in PCa cells via a paracrine manner 

mediated by GLI1 and GLI2, resulting in the promoting of CRPCs (Suzman & 

Antonarakis, 2015).  

 

2.5.  Clinical treatment and therapeutics  

2.5.1.  Stage-specific management of prostate cancer  

 

In PCa, the implementation of therapeutic approaches relies upon the stages of disease. 

In addition, some other factors including family background, lifestyle, health status, and 

diet are also important for the management of PCa (Rebello et al., 2021). Based on the 

Gleason score and PSA level, PCa patients are initially categorized as low, intermediate, 

and high-risk disease stages. Low-risk or low-graded PCa patients can be monitored by 

active surveillance as it reduces the chances of overtreatment. Biannual PSA levels in 

the blood and annual DRE measurements are included in active surveillance (Mottet et 

al., 2017). If the PSA levels and disease progression are recorded as elevated, radical 

prostatectomy may be a recommended treatment option. Radical prostatectomy is 

effective for patients with localized PCa. However, locally advanced PCa patients relapse 

after this surgery (Rebello et al., 2021). PSA level is undetectable after the radical 



20 

prostatectomy, but 20-40% of patients experience BCR within 10 years of surgery 

(Freedland et al., 2005). In the advanced stages of the disease, radical prostatectomy 

with ADT and with or without lymph node dissection is usually suggested (Rebello et al., 

2021). ADT significantly reduces PCa cells both in advanced and metastatic conditions 

by lowering testosterone levels. The outcomes and survival of patients with high-risk 

localized disease are improved by using the combination of ADT and radiotherapy. 

However, it is controversial to use ADT in the case of low-risk patients (Golabek et al., 

2016). Despite ADT treatment, the climbing of PSA levels without any symptoms of 

metastasis is termed non-metastatic CRPC.  In this stage, ADT combined with androgen 

receptor signaling inhibitors (ARSIs) such as Enzalutamide, Darolutamide, and 

Apalutamide is recommended to achieve maximal androgen blockade, which is superior 

to ADT alone (Fizazi et al., 2019; Hussain et al., 2018; Smith et al., 2018; Sternberg et 

al., 2020). However, one-third of patients with non-metastatic CRPC will develop 

metastasis within 2 years (Kirby et al., 2011). In addition, some patients are diagnosed 

with metastatic disease at the initial stages which is referred to as newly diagnosed 

metastatic PCa (NDMPC). Radical prostatectomy is not recommended at this stage, 

instead, the combination of several therapies including ADT, androgen receptor signaling 

inhibitors (ARSIs), chemotherapy (Docetaxel), or radiotherapy could be beneficial 

(Gravis et al., 2013; Ong et al., 2021; Virgo et al., 2021).  

 

In metastatic castration-sensitive prostate cancer (mCSPC), patients are still sensitive to 

ADT though the tumors are disseminated to distant organs. Patients at this stage are 

treated with a combination of ADT and luteinizing hormone-releasing hormone (LHRH) 

agonists or antagonists including degarelix and relugolix. LHRH decreases the 

testosterone level by blocking the pituitary LHRH receptor. Other treatment options 

include ARSIs, bone-targeted agents and radionuclides, and Poly ADP Ribose 

Polymerase (PARP) inhibitors, combined with ADT are recommended for this stage 

(Bernal et al., 2024) although PARP inhibitors are only recommended in HRR-defective 

tumor-bearing patients (Curtin & Szabo, 2013). Despite many patients responding to 

these treatments, some patients develop an aggressive, therapy-resistant form of cancer 

which is termed metastatic castration resistance prostate cancer (mCRPC). Some 

mCRPC showed resistance to ADT by increasing the highly plastic AR-independent 

neuroendocrine cell types (Aggarwal et al., 2018; Beltran et al., 2019). Approved 

treatment options for mCRPC are chemotherapy (Docetaxel, Cabazitaxel), immunogenic 

stimulants (sipuleucel-T, immune checkpoint blockers), PARP inhibitors (only for HRR 

defective tumors), etc. (Bernal et al., 2024). Bone metastasis is common in PCa patients 

which is often the cause of death and disabilities. For mCRPC to the bone, the alpha 



21 

emitter radium-223 dichloride (radium-223) is preferred while for mCRPC with soft mets 

newly emerging therpies with beta emitters and targeted conjugated radioneucleide such 

as Lu177-PSMA have been recently approved by FDA (Fallah et al., 2023; Kluetz et al., 

2014). 

2.5.2.  Immunotherapies  

 

Immunotherapy is used in many cancer treatments, which elevates adaptive immune 

response by enhancing the specificity and stimulation against cancer cells. Although 

immunotherapy has been successful in a wide range of cancers, it is challenging to 

develop immunotherapies for PCa due to its cold nature (Y. Zhang et al., 2022). 

However, some immunotherapies are used to reduce the burden of PCa. Cancer 

vaccines are a type of immunotherapy that detects tumor-associated antigens by 

directing the immune system. In PCa, the trial of several vaccine types has been 

observed including autologous or allogenic vaccine, DNA vaccine, and oncolytic virus 

vaccine. These vaccines can activate the immune system by stimulating antigen-

presenting cells and mimicking or releasing the tumor antigens (Liu et al., 2022; Paston 

et al., 2021). The only FDA-approved immunotherapy for mCRPC is Sipuleucel-T, an 

autologous vaccine that exhibits immunogenic action against prostatic acid phosphatase 

(Handy & Antonarakis, 2017). Sipuleucel-T is effective at the early stage of the disease 

when the PSA level is lower and the activated cytotoxic T cells are more functional (Fong 

et al., 2014; Hagihara et al., 2019; Schellhammer et al., 2013).  

 

Cancer cells evade immune response by expressing immune checkpoint molecules and 

switching off the effector T cell function. Immune checkpoint inhibitors (ICIs) are 

monoclonal antibodies that block the immune checkpoint receptors and switch on the 

effector T cell function (X. He & Xu, 2020). Ipilimumab, an ICIs has been trialed for 

mCRPC. mCRPC patients who showed resistance to docetaxel therapy have shown high 

median progression free survival after treatment with Ipilimumab as monotherapy or in 

combination with radiotherapy (E. D. Kwon et al., 2014). In addition, other ICI agents that 

target PD-1 and PD-L1 such as pembrolizumab, and nivolumab have undergone pre-

mCRPC treatment trials (Y. Zhang et al., 2022). In the phase I trial, pembrolizumab 

showed a durable objective response while nivolumab did not exhibit any objective 

response (Hansen et al., 2018; Topalian et al., 2012).  
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2.5.3.  TME-directed therapies  

 

The most surprising aspect of the inefficiency of immunotherapies is the complex nature 

of PCa TME. Several immune and stromal components including TAMs, CAFs, MDSCs, 

Treg, etc. are responsible for the immunosuppressive environment of PCa TME. Hence, 

targeting these components in combination to enhance the immune response towards 

cancer cells would be an attractive treatment strategy. For example, restraining TAMs 

recruitment, TAMs depletion, TAMs reprogramming, imbuing the engineered 

macrophages, and elevating antitumor activity could be strategies for TAMs targeted 

therapies (Han et al., 2022). Colony stimulating factor 1 receptor (CSF1R) is a cell 

surface marker of macrophages that regulates macrophage functions, and differentiation 

and is associated with cancers (Wen et al., 2023). CSF1R inhibitors exhibited the 

reduction of TAMs numbers in solid tumors in the experimental trial (Cassetta & Pollard, 

2018). In addition, several biomarkers for TAMs targeted therapeutics include CD47, 

ARG1, B7-S1R, TIM-3, and Trem1. However, these have not registered for clinical trials 

yet (Xiang et al., 2021). CAFs are another key player responsible for immunosuppression 

and may be reprogrammed and normalized by targeting GPR77, vitamin D receptor 

(VDR), and platelet-derived growth factor receptor (PDGFR), which could be a potential 

therapeutic target. For neutrophil restrain, CXCR2 inhibitors could be a potential 

treatment option (D. Li et al., 2023). One study supported the combination of CXCR2 

antagonists and ICIs as a therapeutic strategy for advanced PCa (N. Li et al., 2022). 

MDSCs along with Treg create immunosuppressive TME and reduce immunotherapy 

efficiency by suppressing the effector T cell entry. MDSCs targeting therapeutics 

strategies include depletion of MDSCs, functional impairment, hindering MDSCs 

recruitment, and enhancing MDSCs differentiation to promote MDSCs maturation (Koinis 

et al., 2022). The depletion of cationic amino acid transporter 2 (CAT2), an L-Arg 

transporter on MDSCs can inhibit immunosuppression and cancer growth (Cimen 

Bozkus et al., 2015). Despite being liable for ADT resistance, Treg-targeted therapy has 

not been studied extensively. In addition, some ECM-targeted therapies have been 

designed for clinical trials for solid tumors but not for PCa (D. Li et al., 2023). As TME is 

considered a key component of tumor progression, metastasis, and therapeutic 

blockade, it is necessary to design and invent TME-targeted therapeutics to reduce the 

burden in PCa.  
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3. AIMS  

We hypothesized that some components of the TIME could be able to modulate the 

metastatic potential of PCa cells. As a start, we decided to focus on understanding the 

relationship between PCa cells and T-cells. The purpose of this study was to assess 

whether the presence of CD4+ T cells in prostate cancer (PCa) tumor microenvironment 

(TME) could promote changes in PCa cells and promote tumor growth through various 

mechanisms.  

 

We developed and employed an in vitro direct co-culture model system using LNCaP 

cells and Jurkat (CD4+T) cells to mimic the interactions possibly occurring within the PCa 

TME between two types of cells resembling cancer and helper T-cells, respectively. To 

this end, we selected the LNCaP cell line which is derived from the lymph node 

metastasis of a 54-year-old male with PCa, and the Jurkat E.6 (T) cells, a leukemic T-

cell lymphoblast line, which is isolated from the peripheral blood of 14yr old boy. Jurkat 

is useful for studying T-cell signaling and displays cell-killing ability when activated with 

PMA-Ionomycin.  

 

The specific aims of this study were: 

i) To assess the effects of Jurkat cells on LNCaP cell gene expression, and 

clonogenicity. 

ii) To assess the effects of LNCaP cells on Jurkat cell signalling and exhaustion. 

 

 



24 

4.  MATERIALS AND METHODS 

4.1.  Cell culture  

LNCaP and Jurkat (CD4+, CD3+, and CD8- ) T cells were obtained from “Molecular 

Biology of Prostate Cancer” and “Molecular Immunology” research groups respectively. 

Both cell lines were purchased from the American Type Culture Collection (ATCC). Both 

LNCaP and Jurkat cells were maintained in RPMI-1640 (Thermo Fisher Scientific) 

medium supplemented with 10% fetal bovine serum (FBS), 1% L-glutamine, and 1% 

Penicillin-Streptomycin at 37℃ in 5% CO2. The cells were passaged twice a week to 

maintain 80-85% confluency.   

4.2.  Co-culture model 

Co-culture experiments were organized using two set up 

i) Steady-state, in which the Jurkat cells were not activated, and the coculture 

with LNCaP was kept for 96 hours.  

ii) In the context of activation of Jurkat cells prior to the addition to the LNCaP 

cells. In this experimental setup, Jurkat cells were cocultured with LNCaP for 

48 hours only.  

4.2.1.  Steady-state co-culture set up  

 

LNCaP cells were observed under the microscope to see the confluency of the cells. The 

co-culture was set up if the cell confluency reached 75-85% in the T75 flask. Firstly, the 

media was aspirated, and the cells were washed with 1x PBS. 2 ml of trypsin was added 

to the flask and kept at 37℃ for 2 minutes. After that, 4 ml of RPMI-1640 media was 

added to the flask to stop the trypsinization. The cells were mixed gently and taken in 15 

ml of falcon tube. Following, the cells were pelleted at 1200 rpm for 5 minutes. The 

supernatant was discarded, and the pellet was suspended in 1 ml RPMI-1640 medium. 

The cells were counted through the cell counter (Countess II, Invitrogen) using a bright 

field without dye and the total cell count was considered for cell counting. 600,000 

LNCaP cells were seeded in 13 ml of RPMI-1640 medium in a 10cm petri dish. Following, 

the cells were kept at 37℃ in 5% CO2.  
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After 42 h of LNCaP seedling, the suspension of the Jurkat (T) cells was transferred from 

the T75 flask to a 15 ml falcon tube. The cells were then pelleted at 1200 rpm for 5 

minutes. Similar above-mentioned procedures were followed to count the Jurkat (T) cells 

and 120,000 Jurkat (T) cells were added to the LNCaP seeding plates. LNCaP and 

Jurkat (T) cell control plates were also maintained.  The plates were incubated at 37℃ 

in 5% CO2 for 96 h. Following incubation, cells (suspension and adherent) were collected 

for further experiments.  

Preparation of cells for additional readouts 

Five types of cell fractions were harvested from steady-state co-culture set up including: 

1) Jurkat (T) cell control growing in suspension, 

2) LNCaP cell control growing in suspension,  

3) Cells growing in suspension in the co-culture dish (an admixture of mostly Jurkat and 

a minority of LNCaP cells),  

4) LNCaP cell control (adherent),  

5) Cells growing in adherence in the co-culture dish (an admixture of mostly LNCaP cells 

and a minority of Jurkat cells).  

Next, all the suspension and adherent fractions were pelleted for 5 minutes at 3900 rpm 

and 1500 rpm respectively. The supernatant was discarded, and the cell pellets were re-

suspended in 400 μl of 1x PBS and divided equally for RNA and protein extraction.  

4.2.2.   Jurkat activation state co-culture set up 

 

600,000 LNCaP cells were seeded as described above. The next day, 120,000 Jurkat 

(T) cells were seeded in 2 ml of RPMI-1640 medium in 6 well plates. Immediately after 

seeding, 25 ng of phorbol-12-myristate-13-acetate (PMA) /ml and 10 ng of ionomycin/ml 

were added to the Jurkat (T) cells to activate the Jurkat (T) cells. Inactivated Jurkat (T) 

control cells were also seeded in 2ml of RPMI-1640 medium. All dishes were then kept 

at 37℃ for 24 h. Jurkat (T) cells were then collected and pelleted at 1200 rpm for 5 

minutes. The supernatant was removed, and the cells were resuspended in 100 µl of 

RPMI-1640 medium. Jurkat cell suspensions (activated and non-activated, respectively) 

were then added to the plates containing LNCaP set up for co-culture. LNCaP, activated 

and non-activated Jurkat (T) control cells were also maintained. The plates were 

incubated at 37℃ in 5% CO2 for 48 h. 
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Preparation of cells for additional readouts 

Eight cell fractions were harvested from Jurkat activation co-culture including: 

1) Non-activated Jurkat (T) cell control growing in suspension, 

2) Activated Jurkat (T) cell control growing in suspension, 

3) LNCaP cell control growing in suspension, 

4) Cells growing in suspension in the non-activated co-culture dish (an admixture of 

mostly non-activated Jurkat and a minor fraction of LNCaP cells), 

5) Cells growing in suspension in the activated co-culture dish (an admixture of mostly 

activated Jurkat and a minor fraction of LNCaP cells), 

6) LNCaP cell control (adherent), 

7) Cells growing in adherence in the non-activated co-culture dish (an admixture of 

mostly LNCaP cells and a minor fraction of non-activated Jurkat cells), 

8) Cells growing in adherence in the activated co-culture dish (an admixture of mostly 

LNCaP cells and a minor fraction of activated Jurkat cells). 

Next, all the suspension and adherent fractions were pelleted for 5 minutes at 3900 rpm 

and 1500 rpm respectively. The supernatant was discarded, and the cell pellets were re-

suspended in 400 μl of 1x PBS and divided equally for RNA and protein extraction. 

4.3.  RNA extraction and cDNA synthesis 

RNA was extracted using the TRIzol extraction method following a slight modification of 

the manufacturer's protocol. Briefly, cells for RNA extraction were centrifuged at 3000 

rpm, 4℃ for 5 minutes. Following, the supernatant was discarded. The cell pellets were 

dissolved in 1ml of TRIzol™ reagent (Thermo Fisher Scientific) and incubated for 5 

minutes to permit complete dissociation of the nucleoproteins complex. Then, 200 μl of 

chloroform was added, mixed vigorously, and incubated for 7-10 minutes. After 

incubation, the cell lysates were centrifuged for 15 minutes at 13000g at 4℃. After 

centrifugation, the mixture was separated into lower red phenol-chloroform, interphase, 

and colorless upper aqueous phase. RNA containing upper aqueous phase was 

transferred to 1.5 ml Eppendorf tube. Then, 500 μl of isopropanol and 1-2 μl of glycogen 

(20 mg/ml) were added, vortexed, and incubated for 10 minutes at RT.  After that, the 

mixture was centrifuged for 10 minutes at 13000g at 4℃. After centrifugation, the RNA 

was observed as a white gel-like pellet and the supernatant was discarded. The RNA 

pellet was then washed twice with 80% ethanol. 1 ml of ethanol was added to the RNA 

pellet, vortexed, and centrifuged for 5 minutes at 7500g at 4℃. Then, the supernatant 

was discarded, and the RNA pellet was kept at RT for drying. After drying, RNA was 
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dissolved in 20 μl of nuclease-free water and the RNA concentration was measured by 

Nanodrop™ (Invitrogen™).  

Reverse transcription was utilized for cDNA synthesis. Approximate 240 ng of RNA was 

used as starting materials as the RNA yield of the LNCaP control suspended cell was 

the low limiting factor and we wanted to ensure a similar amount of RNA was reverse 

transcribed for all fractions. Random hexamer oligonucleotide was used as a primer to 

reverse transcribe the whole pool of RNA. The reactions were completed following the 

manufacturer’s protocol using Maxima reverse transcriptase (Thermo Fisher 

ScientificTM).   

4.4. Primer optimization 

The annealing temperature of each primer set was determined by analyzing the melting 

curve obtained from the gradient qPCR reaction. The reaction mixture was prepared by 

adding 12.5 μl of maxima SYBR Green (2x), 1 ul of 60 ng cDNA template, 1 ul of gene-

specific forward and reverse primers (final conc. 10 μM) (listed in Table 1), and nuclease-

free water to make the final volume of 23 μl. The qPCR reaction was performed with CFX 

Opus 96 Real-Time PCR System (Bio-Rad, USA). The qPCR cycling condition includes 

initial denaturation for 3 minutes at 95°C and 50 cycles of denaturation at 95°C for 10 s, 

annealing for 10 s at a temperature gradient from 55 to 65°C at 1.3°C interval, 

and polymerization at 72°C for 10 s. The melt curve protocol was followed at 95°C for 10 

s which was reduced to 68°C for 5 s and subsequently increased to 95°C for 1 minute. 

The annealing temperature was determined by analyzing the sharpness of the melting 

curve peak. The annealing temperature of each primer set is listed in Table 1.  

4.5. Quantitative polymerase chain reaction (RT–qPCR) 

qPCR was conducted to observe the expression of several genes in the cell fractions. 

Maxima SYBR Green (2x) master mix was utilized after slightly modifying the 

manufacturer’s protocol. Briefly, the master mix was prepared by adding 12.5 μl of 

maxima SYBR Green (2x), 1 ul of gene-specific forward and reverse primers (final conc. 

10 μM) (listed in Table 1), 1 ul of 60 ng cDNA template, and nuclease-free water to make 

the final volume of 23 μl. The qPCR reaction was run using CFX Opus 96 Real-Time 

PCR System (Bio-Rad, USA). The qPCR cycling condition includes initial denaturation 

for 3 minutes at 95°C and 50 cycles of denaturation at 95°C for 10 s, annealing for 10 s 

(temperature listed in Table 1), and polymerization at 72°C for 10 s. The melt curve 

protocol was followed at 95°C for 10 s which was reduced to 68°C for 5 s and 
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subsequently increased to 95°C for 1 minute. Data was analyzed using the 2-Δct method 

taking into account the GAPDH Ct as housekeeping gene.  

 

 

Primer 
Name 

Forward Sequences 
(5’→3’) 

Reverse sequences 
(5’→3’) 

Amplicon 
size 

Annealing 
Temperatur

e (°C) 

GAPDH TGCACCACCAACTGT
TAG 

GGCATGGACTGTGGT
CATGAG 

87 58 

AR CTCACCAAGCTCCTG
GACTC 

CAGGCAGAAGACATC
TGAAAG 

247 58 

PSA GCAGCATTGAACCAG
AGGAG 

AGAACTGGGGAGGC
TTGAGT 

 58 

β-catenin ACGGAGGAA 
GGTCTGAGGAG 

AGCCGCTTT 
TCTGTCTGGTT 

211 60 

ICAM-1 GGTAGCAGCCGCAG
TCATAA 

GATAGGTTCAGGGAG
GCGTG 

149 62 

TGF-β AGTGGTTGA 
GCCGTGGAGG 

GCCATGAGAAGCAG
GAAAG 

172 60 

VIMENTIN GGCTCAGATTCAGGA
ACAGC 

AGCCTCAGAGAGGTC
AGCAA 

166 58 

SNAIL GGAAGCCTAACTACA
GCGAGC 

AGGACAGAG 
TCCCAGATGAGC 

151 60 

SLUG AAGGACACATAGAAC
TCACACG 

CACAGCAGCCAGATT
CCTCA 

194 60 

MMP7 TGGGGAACTGCTGA
CATCAT 

CCCTAGACTGCTACC
ATCCG 

171 56.3 

CK-19 CCTACAGCTATCGCC
AGTCG 

GATCTGCATCTCCAG
GTCGG 

605 56.3 

PIGR CAAGATTATCGAAGG
AGAACCAAAC 

CCCGTGTTATTCCAC
TTGCA 

141 56.3 

IFN-γ TCCACTTCATGCACC
TGGAT 

ATTCTGACCTTGAGC
CAGCT 

200 56.3 

TNF-α ATGTGGCAAGAGATG
GGGAA 

CTCACACCCCACATC
TGTCT 

121 56.3 

IL-1β GTCTTGCAGGGTTGT
GTGAG 

ATGGGTACAATGAAG
GGCCA 

86 56.3 

LAG3 TCACAGTGACTCCCA
AATCCT 

GCTCCACACAAAGCG
TTCTT 

98 56.3 

PD-1 AAACCCTGGTGGTTG
GTGT 

TTCTCTCGCCACTGG
AAATC 

199 56.3 

 

Table 1. List of Primers 
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4.6. Protein extraction and estimation 

Proteins were extracted using PierceTm RIPA buffer (Thermo Fisher Scientific) following 

a modification of the manufacturer’s protocol. In brief, cells in 1x PBS were centrifuged 

at 3000 rpm, 4℃ for 5 minutes. The supernatant was discarded. The pellet was 

suspended in a mixture of RIPA buffer and 1x Halt™ Protease Inhibitor Cocktail (Thermo 

Fisher Scientific) and kept at -80 ℃ for 72 to 96 h. After incubation, the mixture was 

vortexed twice for 30 s every 5 minutes. Following, the sample was rotated for 20 minutes 

at 4℃.  Then, the sample was sonicated for 5 minutes at 30 s intervals. To follow, the 

sample was centrifuged at 15000g for 10 minutes. After that, the supernatant was 

transferred to new vials and stored at -80 ℃.  

Protein concentration was measured using DC Protein Assay (Bio-Rad, USA) following 

the manufacturer protocol. Microplate assay protocol was followed. The absorbance was 

measured by VICTOR® Nivo™ Plate Readers (Avantor Science CentralTm). Protein 

concentration was calculated using the BSA standard curve.  

4.7.   SDS-PAGE and Western blotting 

SDS-PAGE was conducted through Bio-Rad Mini Protean Tetra Cell following the 

manufacturer's protocol. 10 μg protein sample was mixed with one-third of 4x SDS 

loading buffer (0.2 M Tris-HCl, 0.4 M DTT, 8% (w/v) SDS, 6 mM Bromophenol blue, 4.3 

M glycerine), vortexed briefly and centrifuged. The mixture was boiled at 95 ℃ for 5 

minutes to denature the protein's higher structure. Following, the mixtures were loaded 

into 10 well Mini-PROTEAN® TGX™ Precast Gels (Bio-Rad, USA). Marker was also 

loaded to track the proteins of interest. The gel was run with 1x SDS running buffer at 

100V for 1 h.  

The proteins were transferred into immobilon®-P (Merck & Co., Inc., Kenilworth, NJ USA) 

PVDF membrane through a wet transfer method to detect the protein of interest. The 

membrane was activated by dipping it into methanol for 30 s following washed with dH2O 

and soaking in 1x transfer buffer (+20% methanol). The transfer was executed with 1x 

transfer buffer (+20% methanol) at 100V for 1 h in the presence of ice. After that, the 

membrane was stained with Ponceau S stain to check the transfer of proteins and rinsed 

with dH2O. Following, the membrane was blocked with EveryBlot Blocking Buffer for 5 

minutes at RT to block the unspecific binding of antibodies. Then, the membrane was 

washed thrice with TBST for 5 minutes. After that, the membrane was cut into several 

portions according to the protein of interest. Then, the membranes were probed with 
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primary antibody dilution overnight at 4℃. AR, PSA, and β-tubulin primary antibodies 

were used and primary antibodies were diluted in 5% BSA in TBST at a 1:1000 ratio.  

The next day, the membranes were washed thrice with TBST for 5 minutes to remove 

the loosely binding antibodies. Then, the membranes were probed with the secondary 

antibody dilution. The secondary antibodies were diluted in 3% BSA in TBST at a 1:1500 

ratio. Following, the membranes were washed thrice with TBST for 5 minutes to remove 

the loosely binding antibodies. Next, the blots were detected using the ECL Western Blot 

Substrates (Bio-Rad, USA). The blots were imaged and processed through the 

ChemiDoc Imaging System (Bio-Rad, USA). 

4.8.   Colony assay 

The colony assay was employed for Jurkat activation state co-culture since this condition 

contains both activated and non-activated Jurkat cells. Co-culture was set up as 

mentioned in section 4.2.2. Following incubation for 48 hours, only the cells growing in 

suspension in the LNCaP control, Jurkat (T) cell control (both activated and non-

activated), and co-culture (both activated and non-activated) dish were collected and 

pelleted at 1500 rpm for 5 minutes. The supernatant was discarded and the pellet was 

suspended in 1 ml RPMI-1640 medium.  

To set up the colony assays with the suspended LNCaP control cells and the co-culture 

cells, 6 ml of RPMI media was taken in a petri dish. Following, cells from LNCaP control 

and co-culture (both activated and non-activated) that were suspended in 1 ml of RPMI 

were added to three different dishes (LNCaP control, non-activated co-culture and 

activated co-culture) and mixed well.  

For setting up the colony assay for LNCaP and Jurkat mixed on-the-spot plate, 5 ml of 

RPMI media was taken and 1 ml cell suspension of both Jurkat (T) cell control and 

LNCaP control was mixed in a falcon tube. This procedure was individually followed for 

both activated and non-activated Jurkat (T) control. Then, the cells were gently mixed 

and added to the plate and mixed well. The plates were then incubated at 37°C in 5% 

CO2 for 8 days.  

After 8 days of incubation, the media was aspirated, and the cells were washed with 1x 

PBS. Following, the cells were stained with crystal violet (1% crystal violet in 50% 

methanol) overnight. The next day, the crystal violet was removed, and the plates were 

rinsed and dried at room temperature. The colonies were observed, and all the plates 

were imaged using ChemiDoc (Bio-Rad, USA) at the same intensity, distance, and focus. 

The number of colonies was analyzed using ImageJ software. The image was first 
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converted into 16-bit from RGB, followed by the selection of the plate area excluding the 

edges. The background of 25 pixels was subtracted, after which the threshold was 

adjusted using triangle threshold setting. The threshold image was then converted to 

binary and watershed analysis was applied. After adjusting all the parameters, the colony 

count was analyzed using size between 20-5000 and diameter of 0.30- 1.00 and 

excluding any colonies on the edges. This setting was saved as a region of interest (ROI) 

and followed for all plates. 

4.9.   Statistical analysis and data visualization 

All statistical tests were performed with GraphPad Prism 10. The statistical test was 

performed in qPCR and colony assay data to measure the significant differences 

between the control and co-culture cell fractions. The unpaired t-test was run with 5% 

significance level (p = 0.05). All the data were visualized with GraphPad Prism 10.  
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5.  RESULTS 

5.1.  Co-culture model 

We developed an in vitro direct co-culture model system using LNCaP cells and Jurkat 

(CD4+T) cells to mimic the interactions possibly occurring within the PCa TME between 

two types of cells resembling cancer and helper T-cells. Since LNCaP are adherent cells 

while Jurkat grows generally in suspension, we analyzed these two fractions separately 

(Figure 3A).   
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The assumptions of our system are that due to the immune cold nature of PCa TME, the 

local density of infiltrating T-lymphocytes is lower than the one of PCa cells (W. Yang et 

al., 2024). Hence, we designed our model by seeding LNCaP and CD4+ Jurkat (T) into a 

5:1 ratio which has been previously optimized by flow cytometric analysis within the Lab 

of Dr Urbanucci by MSc Karishma Sajnani (data is not shown in this thesis). The co-

culture design is outlined in Figure 3A. The co-culture was set up in two conditions 

including steady-state co-culture (Methods section 4.2.1) and Jurkat activation state co-

culture (Methods section 4.2.2) which differ based on the co-culture of LNCaP with non-

activated Jurkat for 96 h or the co-culture of LNCaP with activated Jurkat (T) cells for 48 

h. Flow cytometric analysis of the data from both adherent and suspension fractions are 

presented in Figure 3B and are part of the PhD project of MSc Karishma Sajnani. Flow 

cytometry analysis of live, dying, and dead cells in both fractions revealed that in the 

suspension fraction, the number of LNCaP cells (live, dying, and dead) was significantly 

reduced in co-culture compared to LNCaP control. Flow cytometry data was analyzed 

by MSc Karishma Sajnani (Figure 3B).  

5.2.  Gene expression profiling of co-culture model 

To investigate the molecular interaction between LNCaP cells and Jurkat (T) cells, qPCR 

and Western blotting were performed for both steady-state and Jurkat activation state 

co-culture. The expression of various genes including prostate-specific genes, EMT 

genes (Chaves et al., 2021), club cells (F. W. Huang et al., 2023), cytokines (Mao et al., 

2021; H. Xu et al., 2015), and T-cell exhaustion markers (Y. Jiang et al., 2015) was 

assessed. We presented the relative expression of genes and calculated by 2-Δct 

methods. Calculating and presenting data by 2-ΔΔct (fold change) could create bias during 

normalizing the co-culture by control since co-culture contains both Jurkat and LNCaP 

cells and their proportion in co-culture was not constant.   

5.2.1. Prostate-specific genes 

 

We investigated the expression of AR and AR-targeted gene PSA at mRNA and protein 

levels to understand the AR activity modulated by co-culture. In steady-state, co-culture 

suspension fraction exhibited significant downregulation of AR expression compared to 

LNCaP control suspension. However, no significant differences were observed between 

co-culture and LNCaP control in adherent fraction (Figure 4A). As expected, a significant 

decrease in PSA mRNA level was found in co-culture suspension compared to LNCaP 

control suspension but there was no significant difference between co-culture adherent 
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and LNCaP control adherent (Figure 4B). To assess the AR and PSA expression in 

protein levels, Western blotting was conducted for both the suspension and adherent 

fractions. The protein expression in the suspension fraction was undetectable in the case 

of LNCaP control and co-culture fraction. Although the protein level was detectable in 

the adherent fraction, no significant difference was observed between co-culture and 

LNCaP control except for the AR expression between LNCaP control-2 and co-culture-

2 (Figure 4C).  
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Figure 4. Expression of prostate-specific genes in steady-state co-culture. A) Relative 
mRNA expression of AR gene among suspension (Jurkat control, LNCaP control, co-culture) and 
adherent (LNCaP control, co-culture) fraction. B)  Relative mRNA expression of the PSA gene 
among suspension (Jurkat control, LNCaP control, co-culture) and adherent (LNCaP control, co-
culture) fraction. C) Western blotting: The protein expression of PSA, AR, and β-tubulin (reference 
protein) in adherent fraction (for 2 biological replicates). D) Relative mRNA expression of β-
catenin gene among suspension (Jurkat control, LNCaP control, co-culture) and adherent 
(LNCaP control, co-culture) fraction. The relative expression of mRNA was calculated by the 2-Δct 

method (Mean±SEM) using GAPDH as a housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. 
Each graph shows the cumulative data of 4 biological replicates (n=4) whereas each biological 
replicate is the combined data of two technical replicates (ns=2).  
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As the crosstalk between AR and Wnt signaling pathways promotes the cancer 

progression and transition of CRPC, we assessed the mRNA level of β-catenin, a 

Figure 5. Expression of prostate-specific genes in Jurkat activation state co-culture. A) 
Relative mRNA expression of AR gene among suspension (NoAct and Act Jurkat control, LNCaP 
control, NoAct and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) 
fraction. B)  Relative mRNA expression of the PSA gene among suspension (NoAct and Act 
Jurkat control, LNCaP control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, 
and Act co-culture) fraction. C) Western blotting: The protein expression of PSA, AR, and β-tubulin 
(reference protein) in adherent fraction (for 3 biological replicates). D) Relative mRNA expression 
of β-catenin gene among suspension (NoAct and Act Jurkat control, LNCaP control, NoAct and 
Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) fraction. The relative 
expression of mRNA was calculated by the 2-Δct method (Mean±SEM) using GAPDH as a 
housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. Each graph shows the cumulative data of 
3 biological replicates (n=3) whereas each biological replicate is the combined data of two 
technical replicates (ns=2). [NoAct = Non-activated; Act = Activated] 
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transcriptional regulator of the canonical Wnt signaling pathway. The expression of β-

catenin was depleted in co-culture suspension than in LNCaP control suspension, but 

the differences were not significant. Similar to AR and PSA, no significant difference was 

found between the co-culture adherent and LNCaP control adherent mRNA levels.  

 

To assess the effect of activated Jurkat cells in TME, we also developed an Jurkat 

activation co-culture model by introducing activated Jurkat cells after seeding LNCaP 

cells. In addition, we added Jurkat cells without activation as a control as the incubation 

time was different from the steady-state co-culture model (Figure 3A). In the activated 

state, AR expression downregulated in both activated and non-activated co-culture 

suspension than the LNCaP control suspension whereas the activated co-culture 

suspension exhibited a slight upregulation of AR than the non-activated co-culture. 

However, the differences were not significant (Figure 5A). Similarly, PSA and β-catenin 

expression followed the same trend as AR which was predicted (Figure 5B, 5D). In the 

case of the adherent fraction, the AR and PSA mRNA levels were the same in LNCaP 

control and non-activated co-culture which were slightly depleted in activated co-culture 

(Figure 5A, 5B). To justify these findings, we assessed the AR and PSA expression in 

protein levels. Protein expression data was also aligned with qPCR data (Figure 5C). In 

contrast, the β-catenin mRNA level showed a decline in non-activated co-culture 

compared to LNCaP control which was then increased in activated co-culture. This 

finding indicates that retained prostate cancer cells might utilize the Wnt signaling 

pathway to promote cancer growth in the absence or low level of AR signaling. 

5.2.2.  EMT genes 

 

Surrogate markers of EMT were also measured in both steady state and Jurkat activation 

state co-culture. TGF-β, a multifunctional cytokine involved in metastasis of various 

cancers, showed elevated expression notably in co-culture suspension compared to 

LNCaP control suspension regarding steady-state co-culture. In addition, the adherent 

co-culture revealed a noteworthy overexpression of TGF-β than the LNCaP control 

adherent (Figure 6A). Concerning the Jurkat activation state, TGF-β expression 

significantly augmented in non-activated co-culture suspension than LNCaP control 

suspension which slightly decreased in activated co-culture suspension. The expression 

of TGF-β in activated co-culture was higher than LNCaP control suspension but the 

differences were not significant. About the adherent fraction, non-activated co-culture 

showed a noteworthy upregulation of TGF-β, which downregulated in activated co-

culture (Figure 7A). However, the differences between Jurkat control suspension and co- 
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culture suspension was not significant in both co-culture models. This data shows that 

Jurkat cells secrete high levels of TGF-β in media, which in turn activates LNCaP, when 

Figure 6. Expression of EMT genes in steady-state co-culture. A) Relative mRNA expression 
of the TGF-β among suspension (Jurkat control, LNCaP control, co-culture) and adherent (LNCaP 
control, co-culture) fraction. B)  Relative mRNA expression of the VIMENTIN gene among 
suspension (Jurkat control, LNCaP control, co-culture) and adherent (LNCaP control, co-culture) 
fraction. C) Relative mRNA expression of the SNAIL among suspension (Jurkat control, LNCaP 
control, co-culture) and adherent (LNCaP control, co-culture) fraction. D) Relative mRNA 
expression of SLUG among suspension (Jurkat control, LNCaP control, co-culture) and adherent 
(LNCaP control, co-culture) fraction. E)  Relative mRNA expression of ICAM-1 among suspension 
(Jurkat control, LNCaP control, co-culture) and adherent (LNCaP control, co-culture) fraction. The 
relative expression of mRNA was calculated by the 2-Δct method (Mean±SEM) using GAPDH as 
a housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. Each graph shows the cumulative data 
of 4 biological replicates (n=4) whereas each biological replicate is the combined data of two 
technical replicates (ns=2).  
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in co-culture. VIMENTIN, on the contrary, seems to be also high in Jurkat, but maybe 

this is not a secreted protein by T cells or Jurkat, although it was reported to be secret 

by macrophages (Mor-Vaknin et al., 2002). 

 

Regarding steady-state, co-culture suspension revealed a significant elevation of 

VIMENTIN  mRNA level in contrast to LNCaP control suspension, but compared to Jurkat 

control the difference was not significant. For the adherent fraction, the vimentin 

expression was slightly upregulated than the LNCaP control (Figure 6B). On the other 

hand, concerning the Jurkat activation state, no notable changes in VIMENTIN 

expression were observed in both non-activated and activated co-culture suspension 

compared to LNCaP control suspension. For the adherent fraction, a trend of gradual 

increase was observed among LNCaP control, non-activated co-culture, and activated 

co-culture, but the differences were not noteworthy (Figure 7B).  

 

To investigate the EMT at the transcriptional level, we assessed the mRNA level of two 

SNAIL family transcription factors including SNAIL and SLUG. In terms of steady state, 

no notable changes in SNAIL expression were observed in co-culture suspension 

compared to both LNCaP control and Jurkat control suspension. A similar observation 

was also found in the adherent fraction (Figure 6C). Regarding Jurkat activation state, 

SNAIL expression depleted in non-activated co-culture suspension than the LNCaP 

control suspension which exhibited a slight increase in activated co-culture suspension. 

In the adherent fraction, inconsequential changes were found in both non-activated and 

activated co-culture compared to LNCaP control (Figure 7C). On the other hand, 

regarding steady state, SLUG expression downregulated significantly in co-culture 

suspension in comparison to LNCaP control suspension, but notably upregulated 

compared to Jurkat control. However, no noteworthy changes were observed in the 

adherent fraction (Figure 6D). Concerning the Jurkat activation state co-culture, SLUG 

mRNA level depleted notably in non-activated co-culture suspension than the LNCaP 

control suspension. The SLUG expression in activated co-culture suspension increased 

a bit but was lower than the LNCaP control suspension. Activated co-culture in the 

adherent fraction showed a slight elevation of SLUG expression in contrast to both non-

activated co-culture and LNCaP control (Figure 7D).  

 

Intercellular adhesion molecule 1 (ICAM-1) is a glycoprotein that functions in T cell-

mediated inflammatory response. ICAM-1 is involved in promoting the metastatic 

properties of many cancers including breast cancer, colorectal cancer, and mCRPC. 

Hence, we assessed the expression of ICAM-1 both in steady and activated state co- 
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Figure 7. Expression of EMT genes in Jurkat activation state co-culture. A) Relative mRNA 
expression of the TGF-β among suspension (NoAct and Act Jurkat control, LNCaP control, NoAct 
and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) fraction. B)  Relative 
mRNA expression of the VIMENTIN among suspension (NoAct and Act Jurkat control, LNCaP 
control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) 
fraction. C) Relative mRNA expression of the SNAIL among suspension (NoAct and Act Jurkat 
control, LNCaP control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, and Act 
co-culture) fraction.  D) Relative mRNA expression of SLUG among suspension (NoAct and Act 
Jurkat control, LNCaP control, NoAct and Act co-culture) and adherent (LNCaP control, NoAct, 
and Act co-culture) fraction. E) Relative mRNA expression of ICAM-1 among suspension (NoAct 
and Act Jurkat control, LNCaP control, NoAct and Act co-culture) and adherent (LNCaP control, 
NoAct, and Act co-culture) fraction.  The relative expression of mRNA was calculated by the 2-Δct 

method (Mean±SEM) using GAPDH as a housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. 
Each graph shows the cumulative data of 3 biological replicates (n=3) whereas each biological 
replicate is the combined data of two technical replicates (ns=2). [NoAct = Non-activated; Act = 
Activated] 
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culture. No significant changes in ICAM-1 expression among the cellular portion of 

suspension and adherent fractions were found both for the steady state and Jurkat 

activation state co-culture model.  

5.2.3.  Club cell markers 

 
Club cells were first identified in the bronchiolar epithelium playing a pivotal role in 

the detoxification and regeneration of lung epithelium. Early studies have identified the 

presence of club cells in the prostatic urethra and collecting duct. More recent research  
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has further highlighted their occurrence in the peripheral zone of the prostate and areas 

of inflammation (F. W. Huang et al., 2023). In addition, club cells are associated with 

Figure 8. Expression of club cell markers in Jurkat activation state co-culture. A) Relative 
mRNA expression of the MMP7 among suspension (NoAct and Act Jurkat control, LNCaP control, 
NoAct and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) fraction. B)  
Relative mRNA expression of the Cytokeratine-19 (CK-19) among suspension (NoAct and Act 
Jurkat control, LNCaP control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, 
and Act co-culture) fraction. C) Relative mRNA expression of the PIGR among suspension (NoAct 
and Act Jurkat control, LNCaP control, NoAct, and Act co-culture) and adherent (LNCaP control, 
NoAct, and Act co-culture) fraction.  The relative expression of mRNA was calculated by the 2-Δct 

method (Mean±SEM) using GAPDH as a housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. 
Each graph shows the cumulative data of 2 biological replicates (n=2) whereas each biological 
replicate is the combined data of two technical replicates (ns=2). [NoAct = Non-activated; Act = 
Activated] 
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high-grade prostate cancer and myeloid drive immunosuppression (Kiviaho et al., 2024). 

To investigate whether club cells are associated with lymphoid drive immunosuppression 

or metastasis, we assess the mRNA level of some club cell markers including MMP7, 

PIGR, and Cytokeratin-19 (CK-19) in the Jurkat activation state co-culture model.  

 

MMP7 expression was depleted in non-activated co-culture suspension than the LNCaP 

control suspension which was then upregulated in activated co-culture suspension. In 

the adherent fraction, a similar trend was also observed, interestingly, activation showed 

a significant upregulation of MMP7 (Figure 8A). On the other hand, no significant 

changes in CK-19 and PIGR expression were found for both adherent and suspension 

fractions (Figure 8B and 8C).  

5.2.4. Cytokine markers  
 

Cytokines have a great influence on creating immunosuppressive TME and promoting 

cancer progression and metastasis. Cytokines play a double-edged sword function in 

prostate cancer TME. For example, pro-inflammatory cytokines including IL-1β, TNF-α, 

etc. elevate chronic inflammation which leads to DNA damage and cancer progression 

(Morris et al., 2022).  

 

To explore whether the presence of activated and non-activated Jurkat cells changes 

the expression of cytokine at the mRNA level in co-culture, we first assessed the 

expression of TNF-α and IFN-γ as they are secreted from CD4+ T cells upon activation. 

Both TNF-α and IFN-γ expression downregulated in activated co-culture suspension 

compared to activated Jurkat cells, although the differences were not significant. No 

noticeable changes were found between the non-activated Jurkat control and non-

activated co-culture suspension. As expected, in the adherent fraction, the changes in 

expression between LNCaP control and non-activated co-culture were ordinary. 

However, both TNF-α and IFN-γ expression decreased in activated co-culture adherents 

compared to LNCaP control and non-activated co-culture (Figure 9A, 9B). Following this, 

we also assessed the expression of IL-1β as it is also secreted from epithelial cells like 

LNCaP under certain conditions. A trend of gradual decrease of expression was 

observed among the LNCaP control suspension, non-activated and activated co-culture 

suspension. A similar trend was also found regarding the adherent fraction (Figure 9C). 

Overall, the expression of TNF-α, IFN-γ, and IL-1β was reduced in co-culture suspension 

fractions which indicates the presence of Jurkat cells might induce immunosuppression.  
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A.                                                                       B.              
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5.2.5. T cell exhaustion markers 

 

Since the gene expression of cytokine markers provided an initial clue of 

immunosuppression, we aimed to assess the mRNA level of T cell exhaustion markers 

that are directly related to T cell dysfunction and immunosuppression. Firstly, we 

evaluated the expression of Lymphocyte activation gene 3 (LAG3) in the activated co-

culture model. We selected LAG3 as it is expressed by both epithelial cells and T cells. 

Regarding the suspension fraction, both non-activated and activated co-culture showed 

downregulation compared to LNCaP control (data was not significant). The changes in 

expression in both non-activated and activated co-culture compared to their Jurkat 

control were also ordinary. For adherent fraction, no noticeable alteration in expression 

was found among LNCaP control, non-activated, and activated co-culture (Figure 10A). 

Figure 9. Expression of cytokine markers in Jurkat activation state co-culture. A) Relative 
mRNA expression of the TNF-α among suspension (NoAct and Act Jurkat control, LNCaP control, 
NoAct and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) fraction. B)  
Relative mRNA expression of the IFN-γ among suspension (NoAct and Act Jurkat control, LNCaP 
control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) 
fraction. C) Relative mRNA expression of the IL-1β among suspension (NoAct and Act Jurkat 
control, LNCaP control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, and Act 
co-culture) fraction. The relative expression of mRNA was calculated by the 2-Δct method 
(Mean±SEM) using GAPDH as a housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. Each 
graph shows the cumulative data of 2 biological replicates (n=2) whereas each biological replicate 
is the combined data of two technical replicates (ns=2). [NoAct = Non-activated; Act = Activated] 
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Following this, we tried to assess the mRNA level of well-known immune checkpoint PD-

1 which is also associated with T-cell exhaustion and dysfunction. PD-1 expression 

elevated significantly in non-activated co-culture suspension compared to non-activated 

Jurkat control. However, the changes in expression between activated co-culture 

suspension and activated Jurkat control were not significant. Interestingly, activated co-

culture suspension exhibited a substantial reduction in PD-1 expression than the non-

activated co-culture suspension. In addition, PD-1 expression was downregulated in 

activated Jurkat control compared to non-activated Jurkat control. From these findings, 

we can predict that activation could reduce the exhaustion of Jurkat (T) cells and 

consequently improve the action.  

 

A.                                                                       B.  

 

         

 

 

 

 

 

 

5.3.  Clonogenic properties of co-culture model 

With flow cytometric analysis, MSc KS in Dr Urbanucci’s group showed that a small 

fraction of the suspended cells in the co-culture are live LNCaP cells compared to LNCaP 

control alone (Figure 3B). Moreover, since the EMT gene TGF-β was upregulated 

significantly in the co-culture suspension fractions we ought to investigate if the exposure 

to Jurkat cells would lead to increased clonogenicity of LNCaP compared to LNCaP non-

exposed to Jurkat cells. Therefore, we performed a colony assay, re-seeding the 

suspension fraction of the LNCaP control, co-culture LNCaP cells in the presence of both 

Figure 10. Expression of T cell exhaustion markers in Jurkat activation state co-culture. A) 
Relative mRNA expression of the LAG3 among suspension (NoAct and Act Jurkat control, LNCaP 
control, NoAct and Act co-culture) and adherent (LNCaP control, NoAct, and Act co-culture) 
fraction. B)  Relative mRNA expression of the PD-1 among suspension (NoAct and Act Jurkat 
control, LNCaP control, NoAct, and Act co-culture) and adherent (LNCaP control, NoAct, and Act 
co-culture) fraction. The relative expression of mRNA was calculated by the 2-Δct method 
(Mean±SEM) using GAPDH as a housekeeping gene. *p< 0.05, **p<0.005, ***p<0.0005. Each 
graph shows the cumulative data of 2 biological replicates (n=2) whereas each biological replicate 
is the combined data of two technical replicates (ns=2). [NoAct = Non-activated; Act = Activated] 
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activated and non-activated Jurkat cells (Figure 11). This would mimic PCa cells' 

metastatic transition and invasion in new sites. 

 

A. 

                  

 

 

B. 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this experiment, we reseeded not only the suspension fraction from co-culture and 

LNCaP control into fresh media but also mixed Jurkat and LNCaP control suspension 

(NoAct mix, Act mix) on the spot (Methods section 4.8) to clarify whether the potential 

effect on clonogenicity would be due to the Jurkat cells acting mechanistically as a glue 

or as scaffolding. Although most of the LNCaP cells in control suspension and co-culture 

suspension are dying and dead fraction (Figure 3B), they exhibited the ability to form 

colonies. Compared to LNCaP control both activated and non-activated co-culture 

Figure 11. Colony assay of Jurkat activation state co-culture model. A) Visual presentation 
of colony assay of LNCaP crtl, NoAct mix, Act mix, NoAct co-culture, and Act co-culture. The 
colony was stained with crystal violet after 8 days of incubation. The number of colonies was 
counted by ImageJ software. B) The graph shows the number of colonies (Mean±SD) on different 
plates. Each bar shows the data of 2 biological replicates (n=2) and each biological replicate 
contains the data of two technical replicates (ns=2). Unpaired t-test with 5% significance (p=0.05) 
was run to measure the significant differences. *p< 0.05, **p<0.005, ***p<0.0005. [NoAct = Non-
activated; Act = Activated] 
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formed significantly more colonies (Figure 11) even though the co-culture suspension 

fraction contains fewer live and dying LNCaP cells than the LNCaP control (Figure 3B). 

The differences between co-cultures were not significant. Activated mix formed notably 

higher colonies than LNCaP control and non-activated mix. However, the differences 

between the LNCaP control and the non-activated mix were not significant. Non-

activated co-culture showed significantly higher colony formation compared to non-

activated mix (Figure 11B). This finding indicates that the ability for colony formation was 

due to the crosstalk between LNCaP and Jurkat cells instead of scaffolding. Therefore, 

we can conclude that the presence of Jurkat cells in co-culture augments the clonogenic 

properties of LNCaP cells.  
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6. DISCUSSION 

Despite being successful in solid tumor treatments like melanoma and renal cell cancer, 

immunotherapies are resistant to PCa treatment due to the cold or immunosuppressive 

nature of PCa TME. The complex networking among cells and molecular entities in PCa 

TME enables PCa cells to evade immune response and maintain an immunosuppressive 

niche (Stultz & Fong, 2021). However, the mechanisms for establishing this 

immunosuppressive TME are poorly understood. To explore the interactions among the 

components of TME, we employed an in vitro co-culture model that mimics the TME. In 

this study, utilizing this co-culture model, we tried to reveal the molecular and clonogenic 

alterations of the PCa cell line (LNCaP) in the presence of CD4+ Jurkat (T) cells. Jurkat 

is a cancer cell line (Abraham & Weiss, 2004) and it is important to note that any 

observed phenomena in this study are independent of MHC-mediated activation since 

they are non-HLA matching cells. This is a simple co-culture model consisting of one 

type of immune and cancer cell population. It could be difficult to create the actual 

complexity of TME through this co-culture model. Compared to indirect co-culture it has 

some limitations including dependency on cell contact and juxtacrine signaling, 

complexity in readout interpretation, technical complexity, etc. (Mason & Öhlund, 2023; 

Vis et al., 2020). 

 

AR signaling pathway is a key player in PCa progression. AR is negatively associated 

with immune cell abundance meaning that AR inhibition induces immune cell expansion 

which could be related to favorable immune response (Y.M. Hu et al., 2024). Higher T-

cell infiltration is observed within a week after AR inhibition which was subsequently 

reduced (Mercader et al., 2001). Nearly all initial infiltrating T cells are CD4+ T cells (lower 

number of CD8+ T cells) showing the antitumor response which is replaced by 

immunosuppressive Treg or Th17 later (Hahn et al., 2023). In our study, we assessed the 

AR expression at mRNA and protein levels. Regarding steady-state co-culture, the AR 

expression was downregulated in co-culture suspension fractions compared to LNCaP 

control suspension (Figure 4A).  A similar observation was also found in a study where 

co-culture of CD4+ T cell and PCa cell lines downregulated the AR expression in PCa 

cells (S. Hu et al., 2015). However, the flow cytometry data exhibited the presence of 

a higher number of Jurkat cells in the co-culture suspension fraction while fewer are 

LNCaP cells (Figure 3B). Hence, the downregulation of AR might not be the AR 

suppression by Jurkat cells, instead lowering the signal due to the higher number of 
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Jurkat cells in co-culture suspension. However, AR can be expressed by both adaptive 

and innate immune cells ((Buskiewicz et al., 2016). So, it is unclear why AR expression 

was reduced in co-culture suspension.  As mentioned earlier, it could be a limitation of 

this model in interpreting the readout separately. The problem could be solved by utilizing 

single-cell analysis especially fluorescence-activated cell sorting (FACS) and comparing 

individual signaling readouts with co-culture. Since PSA is an AR-targeted gene, we also 

assessed the PSA expression in both mRNA and protein levels and observed similar 

outcomes as AR (Figure 4B).   

 

AR downregulation triggers PCa cells to utilize the AR-independent mechanism to 

promote their growth and progress to the lethal stage of disease (mCRPC). TGF-β is a 

possible AR-independent pathway that drives cancer progression and metastasis. A 

study showed the loss of AR in TRAMP tumors caused early metastasis through TGF-

β1. In addition, overexpression of mesenchymal markers and depletion of epithelial 

markers was also observed due to AR loss (Cai et al., 2020). Also, TGF-β1 

overexpression is associated with a higher Gleason score, hence associated with 

the aggressive phenotype of the disease (dos Reis et al., 2011). In our study, significant 

upregulation of TGF-β was found in the co-culture suspension compared to the LNCaP 

control suspension in the case of steady-state co-culture (Figure 6A). Regarding 

the Jurkat activation state, non-activated co-culture suspension exhibited increased 

TGF-β expression than LNCaP control suspension, but the differences between 

activated co-culture and LNCaP control suspension were not significant (Figure 7A). 

These results indicate that the presence of Jurkat cells (non-activated) in co-culture 

suspension augments the TGF-β expression in LNCaP cells. Since the abundance of 

Jurkat cells in co-culture was higher than LNCaP cells, the TGF-β signal might be derived 

from Jurkat cells. T cell-derived TGF-β signaling is responsible for immune evasion. 

Inhibition of T cell-derived TGF-β signaling augments the T cell priming and antigen-

specific T cell response and halts tumor development (Donkor et al., 2011, 2012). 

Regarding the adherent fraction, the co-culture fraction (non-activated co-culture in 

Jurkat activation state) showed a high expression of TGF-β compared to the LNCaP 

control (Figures 6A and 7A) although LNCaP cells were predominant in the adherent 

fraction (Figure 3B). From these findings, we can say that initially TGF-β signaling from 

Jurkat cells may assist LNCaP to evade the immune response and subsequently 

increase TGF-β signaling in LNCaP to augment the growth of remaining cells.  

 

Vimentin, another EMT marker, is mostly expressed in mesenchymal cells. Vimentin 

expression can be measured in circulating tumor cells (CTCs) from mCRPC and 
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is associated with poor survival outcomes (Lindsay et al., 2016). The expression of 

vimentin is correlated with the aggressiveness of diseases. In PCa, upregulation of 

vimentin was reported in tumor cells at the site of bone metastasis whereas undetectable 

in well and moderately differentiated tumors (Y. Zhao et al., 2008). The role of CD4+ T 

cells in the induction of EMT in pancreatic cancer was observed by co-culturing CD4+ T 

cells with premalignant H6c7 cells. In the presence of activated CD4+ T cells, H6c7 cells 

showed spindle-like phenotype and overexpression of mesenchymal markers including 

vimentin coupled with E-cadherin downregulation (Goebel et al., 2015). Similarly, in our 

study, upregulation of VIMENTIN was found in co-culture suspension compared to 

LNCaP control regarding steady state (Figure 6B). However, it was apparent that most 

of the signal was derived from Jurkat cells.  

 

At the transcriptional level, EMT signaling pathways promote cancer cell growth by EMT 

transcription factors (EMT-TFs). The common EMT-TFs involved in cancer metastasis 

are SNAIL, TWIST, and ZEB family transcription factors. Co-expression of these EMT-

TFs was found in the aggressive forms of tumors in PCa. Our study assessed the mRNA 

levels of two SNAIL family EMT-TFs including SNAIL and SLUG. Regarding steady state 

co-culture, the co-culture suspension showed significant downregulation of SLUG 

expression compared to LNCaP control suspension. We previously assumed that most 

of the signals in co-culture suspension were derived from Jurkat cells. However, the 

assumption concerning SLUG expression in co-culture suspension was not true. SLUG 

expression was higher in co-culture suspension than in the Jurkat control (Figure 6D).  

In the Jurkat activation state, non-activated co-culture showed a similar trend compared 

to LNCaP control (Figure 7D). These findings indicate that Jurkat cells suppress the 

SLUG expression in LNCaP cells.  

 

Flow cytometric data revealed that the co-culture suspension fraction contained fewer 

live LNCaP cells compared to the LNCaP control suspension.  On the other hand, we 

observed higher TGF-β and VIMENTIN in co-culture suspension than in the LNCaP 

control suspension. Therefore, we employed the colony assay to explore 

the clonogenicity of LNCaP cells in the presence of Jurkat cells in co-culture. Colony 

assay revealed both non-activated and activated co-culture formed a higher number of 

colonies than LNCaP control. In addition, the non-activated co-culture showed higher 

colony formation than the non-activated mix. This finding indicates that the presence of 

Jurkat cells increases the clonogenicity of LNCaP cells by crosstalk between them.  
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Apart from the EMT progression, TGF-β also contributes to creating immunosuppressive 

TME by converting effector CD4+ T cells to regulatory T cells (Treg). In addition, some 

immune checkpoints such as PD-1, LAG3, and TIM3 induce T cell exhaustion and create 

immunosuppressive TME. These checkpoints are expressed in tumor-infiltrating T cells 

and exhausted T cells. For example, Vγ2Vδ2 T cells expressed PD-1, LAG3, and TIM3 

in the presence of pamidronate-treated tumor cells. Co-culture of Vγ2Vδ2 T cells and 

PC-3 cells enhanced the PD-L1 expression in PC-3 cells (Nada et al., 2021). The 

exhaustion of CD4+ T cells was found in many cancers and virus infections. Patients 

infected with the hepatitis B virus exhibited higher expression of PD-1 and LAG3 on CD4+ 

T cells than healthy patients. Upregulation of PD-1 and LAG3 inhibited the helper 

function of CD4+ T cells via losing their ability to release IL-2, TNF-α, and IFN-γ (Dong et 

al., 2019). In addition, PD-1+CD39+ CD4+ T cells were found as tumor-infiltrating CD4+ T 

cells. The expression of PD-1 and CD39 reduces the cytokine production of CD4+ T cells. 

PD-1 blockade increased the CD4+ T cell activation and cytokine secretion which 

subsequently augmented the DCs maturation and proliferation of CD8+ T cells (Balança 

et al., 2021). Since CD4+ T cell exhaustion was associated with many cancers and 

represents immunosuppression, we assessed the expression of exhaustion markers in 

our co-culture model. Firstly, we assessed the LAG3 mRNA level in the Jurkat activation 

state co-culture model as LAG3 is expressed by both LNCaP cells and Jurkat cells. 

However, we did not find any satisfactory outcome. Following this, we tried to assess the 

expression of PD-1. Regarding the suspension fraction, PD-1 expression was notably 

higher in non-activated co-culture than in non-activated Jurkat cells while the differences 

between activated Jurkat and co-culture were not significant. However, activated co-

culture showed a drastic downregulation of PD-1 expression compared to non-activated 

co-culture. Similarly, PD-1 expression was significantly lower in activated Jurkat cells 

than in non-activated Jurkat cells. These findings indicate that the LNCaP cells induce 

PD-1 upregulation in non-activated Jurkat cells and exhaust them. However, the 

activation of Jurkat cells in co-culture reduces the exhaustion via the downregulation of 

PD-1 meaning that T cell activation reduces the exhaustion and makes them functional.  

 

From these findings, we can conclude that the presence of Jurkat cells in co-culture 

augments the clonogenic potential of LNCaP cells by upregulating TGF-β and 

VIMENTIN. In addition, LNCaP cells induce T-cell exhaustion by upregulating PD-1 

expression.  
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Future perspectives  

 

To explore the molecular interaction between LNCaP cells and Jurkat cells, we assessed 

the expression of different gene markers in our co-culture model. Although we designed 

primers of several gene markers, we profiled a limited number of gene markers in this 

study. Hence the profiling of other genes could be achieved with RNAseq analysis of the 

separate fractions. Western blotting of AR and PSA markers was performed. However, 

the suspension fraction did not exhibit protein expression in AR and PSA. Further 

analysis will be required to optimize protein analysis from this fraction, perhaps after flow 

sorting, and expand the number of markers for protein expression. We executed a 2D 

colony assay to see increased clonogenicity of LNCaP in co-culture but 3D colonies 

formation assays should also be optimized for mimicking the extracellular matrix 

(agarose, matrigel, or similar).  

 

We profiled the gene expression of various gene markers with Jurkat both in steady-

state and after activation. Since levels of androgens have been shown to affect T cells 

activities, the introduction of DHT in these co-culture models will be needed. In addition, 

the effects of other immune cells such as macrophages, B cells, and NK cells on PCa 

cells will need to be analyzed as well as testing whether these phenomena can only be 

observed in LNCaP (a lymph node-derived line) or can be observed also for other PCa 

cell lines.   



51 

7. CONCLUSION 

In this study, we present a co-culture model of LNCaP cells and Jurkat cells both in 

steady-state and Jurkat activation state. We performed gene expression profiling and 

clonogenic assays of these co-culture models to understand the consequences of the 

interaction between LNCaP and Jurkat cells. From gene expression analysis, we 

observed the downregulation of AR and PSA gene expression in co-culture suspension 

compared to LNCaP control suspension in steady-state co-culture. TGF-β expression 

was significantly higher in co-culture suspension and adherent fractions compared to 

LNCaP control. Moreover, VIMENTIN was upregulated in co-culture suspension than 

in LNCaP control suspension. However, SLUG expression was depleted in co-culture 

suspension compared to LNCaP control suspension. On the other hand, PD-1 

expression was higher in non-activated co-culture suspension compared to non-

activated Jurkat cells. However, the expression of PD-1 was reduced in activated Jurkat 

cells in co-culture suspension fraction. Furthermore, the presence of Jurkat cells 

increased the clonogenicity of LNCaP cells when first co-cultured with Jurkat. These 

findings suggest that the presence of immune cells such as T-cells can trigger some 

escape-metastatic properties of PCa cells by upregulating TGF-β and VIMENTIN. In 

addition, we show that LNCaP cells can promote the exhaustion of Jurkat cells by 

increasing the expression of PD-1, suggesting that this mechanism might contribute to 

creating the immune cold and immunosuppressive TME. 

 

In summary, this co-culture model could be a convenient model for studying prostate 

cancer TME, allowing the investigation of the interplay between prostate cancer cells 

and immune cells through flow cytometry, gene and protein expression analyses, as well 

as cytokine and chemokine profiling. Potentially, this system could be used for 

investigating the effects of drug treatment in both PCa and immune cells interaction.  
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APPENDIX  

Appendix 1: Steady-state co-culture model. These images represent the microscopic 

images of Jurkat control (left), LNCaP adherent control (middle), and adherent co-culture 

(right) fractions after 96 h of incubation. The images were captured with brightfield 

microscopy at 10x magnification.  

 

 

 


