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ABSTRACT  

 

INTRODUCTION: CD103+ CD8+ tissue-resident memory T cells (TRMs) have 

emerged as a critical immune subset, potentially playing a pivotal role in orchestrating 

anticancer adaptive immune responses. This study aims to comprehensively characterize 

TRMs and their prognostic and predictive implications in prostate cancer (PCa), shedding 

light on their potential role in tumor progression and patient outcomes. 

METHODS: TRMs were profiled in both tumor and healthy prostate tissues, employing 

a comprehensive molecular approach to characterize their function and abundance. 

Utilizing multiplex immunofluorescence analysis, we precisely quantified TRMs in 

primary PCa specimens and investigated their association with adverse pathological 

outcomes. Furthermore, to gain insights into the molecular mechanisms underlying 

TRMs function, we employed single-cell RNA sequencing and flow cytometry. We 

examined the transcriptional profile and functionality of tumor-infiltrating TRMs, 

providing valuable information on their role within the tumor microenvironment. 

RESULTS: Reduced infiltration of TRMs was significantly associated with high-grade 

pathology in PCa. Cox regression analysis identified CD103+ CD8+ T cells as an 

independent prognostic marker for clinically significant disease (Gleason Score 7-10) in 

PCa patients (p-value: 0.05). Single-cell RNA sequencing analysis revealed 

downregulation of cytokine-related genes such as IRF2BP2, IRF1, IL2RB, NFKB1, and 

NFKB2 in TRMs expressing CD8B, ITGAE, and CXCR6 from high-grade tumors, 

indicative of an exhausted profile.  Flow cytometry results demonstrated that TRMs from 

high-grade tumors exhibited lower levels of IFN-γ, IL-2, and TNF-α compared to those 

from healthy or low-grade disease. Furthermore, our investigation of CD39 expression, 

showed that CD39+CD103+CD8+ TRMs relative abundance was an independent 

prognostic factor for high-grade disease (p-value: 0.027) and lymph node invasion in PCa 

patients (p-value: 0.032). 

CONCLUSION: Our research underscores the pivotal role of TRMs as a crucial 

functional subset within PCa. Through a comprehensive molecular characterization, we 

demonstrate that TRMs from aggressive prostatic disease display an exhausted profile, 

thus potentially contributing to the impaired antitumor immunity. 
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1. ACRONYMS AND ABBREVIATIONS 
 
ADT: Androgen Deprivation Therapy 
AR: Androgen Receptor 
ARSIs: Androgen Receptor Signaling Inhibitors 
ATM: Ataxia Telangiectasia Mutated 
BCR: Biochemical Recurrence 
BPH: Benign Prostatic Hyperplasia 
BRCA 1/2: Breast Cancer Gene 
CCR4: C-C Motif Chemokine Receptor 4 
CCL3: C-C Motif Chemokine Ligand 3 
CCL4: C-C Motif Chemokine Ligand 3 
CHEK2: Checkpoint Kinase 2 
CRPC: Castration-Resistant Prostate Cancer 
CS PCa:  Clinically Significant Prostate Cancer 
CXCR6 C-X-C Motif Chemokine Receptor 6 
DCs: Dendritic Cells 
DDR: Dna Damage Repair. 
DRE: Digital Rectal Examination 
EAU: European Association Of Urology 
ECM: Extracellular Matrix 
ENC1: Ectodermal‐Neural Cortex 1  
EPCAM: Epithelial Cell Adhesion Molecule 

ERK1/2: Extracellular Signal-Regulated Kinase 1 
And 2 

GLNY: Granulysin 
GMZK: Granzymes 
GS: Gleason Score 

HLA-DR: Human Leukocyte Antigen – DR 
Isotype 

HOXB13: Homeobox Protein Hox-B13 
IFN 1: Interferon 1 
IFNg: Interferon Gamma  
IL-2: Interleukin-2 
IL-6: Interleukin-6 
IL-8: Interleukin-8 
INKT: Invariant Natural Killer 
ISUP: International Society Uro-Pathology 
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ITAGE: Integrin Subunit Alpha E 
JAK: Janus Kinase 

LHRH: Luteinizing Hormone-Releasing 
Hormone 

M1: Type-1 Macrophage 
M2: Type-2 Macrophage 
mAb: Monoclonal Antibody 

mCSPC: Metastatic Castration-Sensitive Prostate 
Cancer 

MDSCs: Myeloid-Derived Suppressor Cells 
MHCS: Major Histocompatibility Complexes 
MLH 1/2:  Mutl Protein Homolog  
MMPS: Matrix Metalloproteases 
MSH6: Muts Homolog 6 
N0: Negative Lymph Nodal Status 
N1: Positive Lymph Nodal Status 
NCCN: National Cancer Center Network 
NK: Natural Killer 
NKG2D: Natural Killer Group 2 Member D 
NKT: Natural Killer T  
PAP: Prostatic Acid Phosphatase 
PARP: Poly(Adp Ribose) Polymerase 
PCa:   Prostate Cancer 
PD-1: Programmed Cell Death Protein 
PD-L1: Programmed Cell Death Ligand 1 
PSA: Prostate-Specific Antigen 
RP: Radical Prostatectomy 
TAMs: Tumor-Associated Macrophages 
TBX: MRI-Target Biopsy 
TCR: T Cell Receptor 
TRM: Tissue Resident Memory T Cells 
TGFb: Transforming Growth Factor-Beta 
Th17: Helper T Cells 17 
Th2: T Helper 2 
TME: Tumor Microenvironment 
TREG: T Regulatory 
XCL1: Chemokine (C Motif) Ligand  
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3. INTRODUCTION 
 

3.1 Epidemiology  

 

In 2020, prostate cancer (PCa) garnered approximately 1.4 million diagnoses 

globally, making it the second most frequently diagnosed cancer in men (Culp et al., 

2020). PCa typically affects men aged 50 and older, with its occurrence rising in 

correlation with age. The majority (about 85%) of PCa cases are diagnosed in individuals 

over the age of 65, peaking between 70 and 74 years old. Rarely does this cancer occur 

in men under 50, representing less than 0.1% of all PCa patients within this age group. 

Conversely, when a man reaches 85, the cumulative risk of PCa diagnosis jumps to 20% 

(Sung et al., 2021). It's important to note that these values are based on clinically detected 

tumors, potentially underestimating the actual incidence as clinically silent cases are not 

considered.  

African American men have the highest reported incidence of PCa globally at 

272/100,000, followed by Caucasians at 169/100,000 and Asians at 101/100,000. Native 

Americans exhibit a significantly lower incidence at 50/100,000. The mortality rate for 

African American men is around 68/100,000, more than double that of Caucasians (about 

27/100,000) and almost six times higher than that of Asians (about 12/100,000). Various 

hypotheses, including genetic predisposition, tumor initiation or progression 

mechanisms, dietary factors, testosterone levels, and cultural barriers, have been 

suggested to explain these disparities. However, there is no clear data supporting any 

single hypothesis, indicating a likely multifactorial explanation for the observed 

differences in incidence and mortality (Sung et al., 2021). 

Autopsy-based studies suggest that microscopic PCa lesions occur in approximately 30% 

of men in their forties, 50% in their sixties, and over 75% in men over 85 (Haas et al., 

2008). 

Approximately 1 in 6 men will develop PCa in their lifetime. Age is also a factor 

in PCa mortality rates. The lowest mortality rate is observed in patients aged 45-50 (about 

3/100,000), increasing to about 30/100,000 in patients aged 60-65, and reaching a 

maximum of 400-500/100,000 in those aged 80 and older (L. Wang et al., 2022). Between 

the mid-1970s and 1991, there was a notable rise in PCa mortality rates, which 
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subsequently experienced a consistent decline. Intriguingly, this decline occurred despite 

an uptick in diagnoses. Experts attribute this trend to factors such as the aging population 

worldwide and advancements in diagnostic technologies (Sung et al., 2021). 

 

 
 

Figure 1. Prostate cancer incidence and mortality rate. A) Variation in age-standardized 
prostate cancer (PCa) incidence rates. (B) Variation in age-standardized PCa mortality rates. 
Incidence: PCa is most prevalent in developed countries, particularly in North America, Europe, 
and Oceania. Incidence rates tend to be lower in Asian and African countries. The variation in 
incidence rates can be attributed to differences in genetic predisposition, lifestyle factors, access 
to healthcare, and screening practices. Mortality: Mortality rates from PCa also exhibit regional 
disparities, with higher rates observed in developed countries. Mortality rates tend to be lower 
in Asian and African countries compared to North America and Europe. Mortality rates have 
been declining in several developed countries due to advancements in early detection, treatment 
modalities, and improvements in healthcare infrastructure. Adapted from Culp et al. Eur Urol 
2020. 
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3.2 Risk Factors  
 

Family History  

A higher incidence of PCa is linked to family history and ethnic background, 

indicating a potential genetic predisposition (Hemminki, 2012). Men of African descent 

living in Western countries experience less favorable outcomes, influenced by a 

combination of biological, environmental, social, and healthcare factors  (Nyame et al., 

2022). This group is more prone to being diagnosed with advanced disease, and post-

prostatectomy upgrades occur more frequently compared to Caucasian men (49% vs. 

26%) (Sanchez‐Ortiz et al., 2006). 

 

Hereditary Cancer 

A small subset of individuals with PCa exhibits true hereditary disease, defined 

by criteria such as having more than three cases within the same family, PCa occurring 

in three successive generations, or more than two men being diagnosed with PCa before 

the age of 55. This hereditary form of PCa is characterized by an earlier onset of the 

disease by six to seven years, although there doesn't appear to be any discernible 

difference in disease aggressiveness or clinical course (Randazzo et al., 2016). 

In a comprehensive USA population database, where 2.18% of participants reported 

hereditary disease, the relative risk (RR) was notably elevated. Specifically, the RR for 

the diagnosis of any PCa was 2.30, for early-onset PCa it was 3.93, for lethal PCa it was 

2.21, and for clinically significant PCa (csPCa) it was 2.32 (Beebe-Dimmer et al., 2020). 

These increased risks with hereditary PCa surpassed those associated with familial PCa 

(defined as having more than two first- or second-degree relatives with PCa on the same 

side of the family tree) or familial syndromes like hereditary breast and ovarian cancer 

and Lynch syndrome.  

In a study conducted within a Swedish population, when a father and two brothers were 

diagnosed with PCa, the likelihood of developing high-risk PCa by the age of 65 rose to 

11.4%, significantly higher than the general population risk of 1.4%. Similarly, the 

probability of being diagnosed with any form of PCa increased to 43.9%, contrasting 

sharply with the population risk of 4.8% (Bratt et al., 2016). 
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Germline Mutations 

The risk of PCa is influenced by more than 100 common susceptibility loci, as 

revealed by genome-wide association studies, particularly the aggressive form (Amin Al 

Olama et al., 2015; Eeles et al., 2013). Other studies indicate that 15% to 17% of cases 

carry germline mutations independently of their disease stage (Giri et al., 2019; Nicolosi 

et al., 2019). A genomic evaluation in PCa patients revealed that 15.6% of men with PCa 

have pathogenic variants in tested genes (BRCA1, BRCA2, HOXB13, MLH1, MSH2, 

PMS2, MSH6, EPCAM, ATM, CHEK2, NBN, and TP53), and 10.9% have germline 

pathogenic variants in DNA repair genes.  

The most commonly identified pathogenic variants were in BRCA2 (4.5%), CHEK2 

(2.2%), ATM (1.8%), and BRCA1 (1.1%).  

An observational study tracking male carriers of BRCA1 and BRCA2 genes confirmed 

the correlation between BRCA2 mutations and aggressive forms of PCa (Nyberg et al., 

2020). An outcomes analysis of 2,019 PCa patients (18 BRCA1 carriers, 61 BRCA2 

carriers, and 1,940 non-carriers) revealed that PCa with germline BRCA1/2 mutations 

was more frequently associated with ISUP > 4, T3/T4 stage, nodal involvement, and 

metastases at diagnosis than PCa in cosnon-carriers (E. Castro et al., 2013). A 

retrospective analysis was conducted on a cohort comprising 313 individuals who 

succumbed to PCa and 486 patients diagnosed with low-risk localized PCa (Na et al., 

2017).The combined carrier rate of BRCA1/2 and ATM mutations was significantly 

higher in lethal PCa patients (6.07%) compared to localized PCa patients (1.44%).  

 

3.3 Prostate Anatomy 
 

The prostate is a small, walnut-shaped gland that is a part of the male reproductive 

system. It is located just below the bladder and in front of the rectum. The prostate 

surrounds the urethra, which is the tube that carries urine from the bladder and semen 

from the reproductive system out through the penis. 

Here's a detailed breakdown of the anatomy of the prostate (see Figure 1): 

1. Lobes: The prostate gland is divided into several lobes, typically referred to as 

anterior, posterior, lateral, and medial lobes. These divisions help in describing 

the location of various structures within the gland. 
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2. Capsule: The prostate is enclosed in a dense outer layer called the prostatic 

capsule. This capsule is important for maintaining the integrity and shape of the 

gland. 

3. Zones: The prostate is further divided into zones based on its anatomy, which 

helps in understanding the distribution of various structures and potential areas of 

concern during medical examinations. 

• Peripheral Zone: This is the outermost region and constitutes about 70-

80% of the gland. It is the most common location for PCa 

• Central Zone: This zone surrounds the ejaculatory ducts and is 

responsible for about 20% of ejaculatory fluid. It is less commonly 

affected by PCa. 

• Transition Zone: This is the innermost region surrounding the urethra. It 

is the area that enlarges with age, leading to conditions like benign 

prostatic hyperplasia (BPH), which can cause urinary symptoms. 

4. Ductal System: The prostate gland has a complex ductal system that produces 

prostatic fluid, a major component of semen. The ducts converge into the prostatic 

urethra, and during ejaculation, the muscles of the prostate help propel the 

prostatic fluid into the urethra. 

5. Vasculature and Nerves: The prostate has an extensive network of blood vessels 

and nerves. Blood supply comes from branches of the internal iliac artery, and 

nerve fibers control the gland's functions, including its role in ejaculation. 

6. Seminal Vesicles: While not part of the prostate itself, the seminal vesicles are 

adjacent structures that contribute seminal fluid to semen. The ducts from the 

seminal vesicles join the duct from the prostate to form the ejaculatory ducts, 

which empty into the urethra 
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Figure 2. Prostate Anatomy and relations of different glandular zones. Peripheral Zone: The 
peripheral zone is the largest and most accessible region of the prostate. It surrounds the distal 
urethra and is located at the back of the gland, adjacent to the rectum. This zone is where the 
majority of PCa originate, making it a primary focus for diagnostic evaluation and treatment. 
Transition Zone: The transition zone lies centrally within the prostate gland and surrounds the 
proximal urethra. It is characterized by the presence of glandular tissue and is responsible for 
producing prostatic fluid that contributes to semen. Benign prostatic hyperplasia (BPH), a non-
cancerous enlargement of the prostate, typically originates in the transition zone. 
Central Zone: The central zone is situated between the transition zone and the peripheral zone. 
It accounts for a smaller portion of the prostate gland and primarily contains ejaculatory ducts. 
Unlike the transition zone, the central zone is less commonly affected by PCa or BPH. Anterior 
Fibromuscular Stroma: The anterior fibromuscular stroma is a non-glandular region located at 
the front of the prostate gland, anterior to the urethra. It consists mainly of fibrous and muscular 
tissue and serves a supportive role in maintaining the structural integrity of the prostate. Adpated 
from (Fine & Reuter, 2012) 
 

3.4 Prostatic Carcinoma Histotypes 
 

Approximately 85% of prostate tumors are situated in the peripheral region of the 

gland, while the remainder are predominantly found in the transition zone (i.e., around 

the urethra or anteriorly) (Byar & Mostofi, 1972b; Epstein et al., 1994). PCa is classified 

as multifocal in over 85% of cases (Byar & Mostofi, 1972a). Interestingly, tumors initially 

appearing unilateral during digital rectal examination are bilateral in around 70% of cases 

upon final pathological examination. However, in many multifocal cases, the additional 

tumors are small, low-grade, and clinically insignificant. 

Histologically, over 95% of PCa are adenocarcinomas. Transitional cell carcinomas 

account for 90% of the remaining 5%, with the remainder being neuroendocrine ("small 

cell") carcinomas or sarcomas. Adenocarcinomas typically exhibit hyperchromatic, 
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enlarged nuclei with prominent nucleoli. The diagnosis of adenocarcinoma primarily 

relies on architectural characteristics, with neoplastic glands being smaller and lacking 

branching compared to benign glands. Mucinous adenocarcinoma is a morphologic 

variant known for its aggressive behavior (Sciarra et al., 2011). 

Primary transitional cell carcinoma, comprising 1% to 4% of all prostate carcinomas 

(Sawczuk et al., 1985), tends to infiltrate the bladder neck and surrounding tissues, 

resulting in locally advanced disease at diagnosis in over 50% of patients. Additionally, 

20% of individuals with primary transitional cell carcinoma present with distant 

metastases, most commonly in the bone, lung, or liver. Survival is heavily influenced by 

the stage at presentation, with localized disease having better long-term outcomes 

compared to locally invasive disease. 

Transitional cell carcinoma of the prostate is more common in patients with a history of 

flat transitional cell carcinoma in situ of the bladder, often after intravesical topical 

chemotherapy. (Arista-Nasr et al., 2016; H. Matzkin, M. S. Soloway, 1992; Mahadevia 

et al., 1986; Schellhammer et al., 1977; Wood et al., 1989). 

Neuroendocrine carcinomas, also known as small cell carcinomas, resemble those found 

in the lung and are associated with poor survival (Têtu et al., 1987). Pure primary 

squamous carcinoma (Parwani et al., 2004) is rare and has a poor prognosis, while 

prostatic sarcomas are even rarer (Sexton et al., 2001). Hematological malignancies 

account for a very small percentage of prostatic tumors. 

 

3.5 Grading of Prostatic Adenocarcinoma 
 

Different grading systems have been proposed to evaluate adenocarcinoma, but the 

most widely accepted of all is the one introduced by Donald F. Gleason in 1966(Gleason 

& Mellinger, 1974). Several current prediction models in PCa incorporate Gleason score 

(GS) as one of the foremost independent predictors of several endpoints in patients with 

PCa, such as pathologic stage, lymph node invasion status, and cancer control outcomes 

(Montironi et al., 2010). 

 

 
 



 
 
14 

3.5.1 Gleason System 
 

Gleason’s grading system is based solely on the architectural pattern of the tumor. 

Unlike the case of grading in other tumors, cytologic feature play no role in grading PCa. 

This system uses a 5-point scale to characterize the degree of glandular differentiation 

identified at relatively low magnification. Instead of attributing the carcinoma grade 

based on the worst characteristics, our approach involves identifying and grading the two 

most representative areas of the tumor: the primary (most predominant) and secondary 

(second most prevalent) architectural patterns. These patterns are then assigned a grade 

on a scale of 1 to 5, with 1 indicating the highest level of differentiation and 5 representing 

the least differentiated state. 

The Gleason score is determined by adding together these two patterns (Montironi et 

al., 2010). Gleason score ranges from 2, which is representative of a well-differentiated 

lesion, to 10, which is consistent with a totally undifferentiated tumor. Primary and 

secondary patterns are given the same grade in case of tumor that presents only one 

histologic pattern.  

Tumors classified as Gleason pattern 1 and pattern 2 are characterized by well-defined 

nodules comprising uniform, individual, and closely packed medium-sized glands (Figure 

2A). On the other hand, Gleason pattern 3 tumors infiltrate the non-neoplastic prostate, 

displaying noticeable irregularities in gland size and shape, with smaller glands compared 

to those in Gleason pattern 1 or pattern 2 (Figure 2B). When glands are no longer single 

and separate as in patterns 1 to 3, they meet the criteria for Gleason pattern 4. In Gleason 

pattern 4, it is possible to observe large, irregular cribriform glands, contrasting with the 

smaller, well-defined nodules typical of cribriform Gleason pattern 3 (Figure 2C). 

Tumors with Gleason pattern 4 have a significantly worse prognosis than tumors with 

only Gleason pattern 3 (Epstein et al., 1993; McNeal et al., 1990). Lastly, Gleason pattern 

5 tumors have little or no differentiation into glands and are composed of solid sheets, 

cords, single cells, or tumor with centra comedonecrosis (Figure 2D). 
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Figure 2. Pathological classification of PCa according to Gleason Score System. A) Gleason 
Patter 2, B) Gleason pattern 3, C) Gleason pattern 4, D) Gleason pattern 5. 
a) Gleason Pattern 2: This pattern consists of well-differentiated glandular structures resembling 
normal prostate tissue. The tumor cells appear uniform and organized, with minimal disruption 
of glandular architecture. b) Gleason Pattern 3: This pattern is characterized by moderately 
differentiated glandular structures with some loss of organization. While the tumor cells retain 
some resemblance to normal prostate tissue, there is evidence of architectural disarray and 
cellular proliferation. c) Gleason Pattern 4: In this pattern, the tumor cells become less 
differentiated, with increased cellular proliferation and architectural disruption. Glandular 
structures may be irregularly shaped, and there is a higher degree of cellular atypia compared 
to Gleason pattern 3. d) Gleason Pattern 5: This pattern represents the most aggressive form of 
PCa, characterized by poorly differentiated glandular structures with minimal resemblance to 
normal tissue. The tumor cells are highly disorganized, with marked cellular atypia and extensive 
proliferation. Adpated from (Epstein et al., 1994). 
 

3.5.2 International Society of Urological Pathology (ISUP) Grading System  
 

The ISUP grading system, introduced in 2013, builds upon the modified Gleason 

system and categorizes tumors into 5 distinct prognostic grade groups. Grade group 1, 

representing the lowest grade tumor, offers an excellent prognosis according to a 

comprehensive multi-institutional study, with no risk of lymph node metastases  (Ross et 

al., 2012b). Patients diagnosed with a grade group 1 tumor on biopsy can be reassured, 

often eligible for active surveillance. However, continued monitoring is essential, as 

approximately 20% of cases may harbor higher-grade cancer not sampled during biopsy 

(Epstein et al., 2012). Determining candidacy for surveillance involves a nuanced 
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evaluation, considering various clinical factors alongside biopsy grade and serum PSA 

levels. Grade group 2, indicating a slightly higher risk than grade 1, still boasts a very 

favorable prognosis with infrequent metastases. Conversely, grade group 3 presents a 

notably worse outlook compared to grade 2, akin to Gleason score 7's combination of 3+4 

and 4+3 patterns. 

Although grade group 4 falls short of the highest grade designation, it significantly 

outperforms grade group 5, which corresponds to Gleason scores 9 to 10. Notably, grade 

group 5 simplifies distinctions between Gleason scores 4+5, 5+4, and 5+5, similar to how 

grade group 1 renders differences between Gleason scores 2+2, 2+3, 3+2, and 3+3 

irrelevant. 

 

 

Table 1. Histological definition of ISUP Grading System. Grade Groups: The ISUP Grading 
System categorizes PCa into five Grade Groups, ranging from Grade Group 1 to Grade Group 
5. Each Grade Group corresponds to a different level of tumor aggressiveness, with Grade Group 
1 representing the least aggressive tumors and Grade Group 5 representing the most aggressive 
tumors. Gleason Score Correlation: The ISUP Grade Groups are closely aligned with the 
traditional Gleason score system, which assigns scores based on the architectural patterns 
observed in PCa tissue. Grade Group 1 corresponds to Gleason score 6 (or less), Grade Group 
2 to Gleason score 3+4=7, Grade Group 3 to Gleason score 4+3=7, Grade Group 4 to Gleason 
score 8, and Grade Group 5 to Gleason scores 9-10. Adapted from (Epstein et al., 2015) 
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3.5 Risk Group Classification 
 

The European association of Urology (EAU) risk group classification, derived 

from D'Amico's system for categorizing PCa, integrates clinical information regarding 

tumor extent, PSA, and pathology (Table 2). Acknowledging the varied clinical 

characteristics within the intermediate-risk group, there is a clear call for a refined 

stratification system to better guide the management of these patients (Zumsteg et al., 

2017). Notably, the National Cancer Center Network (NCCN) Guidelines go a step 

further by subdividing intermediate-risk disease into favorable intermediate-risk and 

unfavorable intermediate-risk categories. Unfavorable features encompass ISUP grade 3, 

> 50% positive biopsy cores, and/or a presence of at least two intermediate-risk factors 

(Schaeffer et al., 2023). Despite these efforts, the optimal stratification and treatment 

approach for this subgroup remain contentious. 

 

 
Table 2: European Association of Urology (EAU) risk groups for localized and advanced 
disease. Localized Disease: Low-Risk Group: This group includes patients with tumors that are 
confined to the prostate gland, have a low Gleason score (usually 6 or lower), and have low PSA 
levels (typically less than 10 ng/mL). These tumors are considered low risk for progression and 
are often managed with active surveillance or focal therapy. Intermediate-Risk Group: Patients 
in this group have tumors that are slightly more aggressive, with a higher Gleason score (usually 
7) and/or higher PSA levels (between 10 and 20 ng/mL). While these tumors have a higher risk 
of progression than low-risk tumors, they are still confined to the prostate gland and may be 
treated with radical prostatectomy (RP), radiation therapy, or active surveillance depending on 
individual factors. High-Risk Group: This group includes patients with tumors that have a high 
Gleason score (usually 8-10) and/or PSA levels above 20 ng/mL. These tumors are more likely to 
spread beyond the prostate gland and require more aggressive treatment approaches such as RP 
combined with adjuvant therapy, radiation therapy with hormone therapy, or systemic therapy. 
Advanced Disease: Metastatic Hormone-Sensitive Disease: Patients with metastatic PCa that is 
still responsive to hormone therapy (androgen deprivation therapy) fall into this category. 
Treatment options may include hormone therapy alone or in combination with chemotherapy, 
targeted therapy, or immunotherapy. Metastatic Castration-Resistant Disease: This group 
includes patients with metastatic PCa that has progressed despite hormone therapy. Treatment 
options may include novel hormonal therapies, chemotherapy, targeted therapy, immunotherapy, 
or radionuclide therapy. 
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3.5.1 Clinically Significant Prostate Cancer  
 

The term "clinically significant" is frequently employed to distinguish PCa 

variants that pose a risk of morbidity or mortality in a particular patient from those that 

do not. This differentiation holds crucial significance, especially considering the 

prevalence of insignificant PCa that poses no harm (Bell et al., 2015). Failing to make 

this crucial distinction puts such cancers at risk of being overly treated, potentially 

subjecting patients to unnecessary side effects. The excessive treatment of insignificant 

PCas has been criticized as a major downside of PSA testing and early detection (Moyer 

& U.S. Preventive Services Task Force, 2012). While pathological factors are often 

utilized to delineate between significant and insignificant PCa, determining significance 

involves a delicate balance between tumor characteristics and patient-specific factors.  

Generally, high-risk PCa is deemed significant in most cases, except when life 

expectancy is limited, whereas low-risk PCa is considered insignificant in nearly all 

instances. From a pathological standpoint, large-scale studies of RP specimens with only 

ISUP grade 1 disease have shown rare occurrences of extraprostatic extension (EPE) and 

biochemical recurrence (3.5%), with no instances of seminal vesicle (SV) invasion or 

lymph node (LN) metastasis (Anderson et al., 2017; Ross et al., 2012a). It's important to 

note that these studies demonstrating the absence of metastasis were conducted on RP 

specimens; biopsies showing ISUP grade 1 are often linked with a minimal risk of 

metastasis and disease-specific mortality, potentially because they might not capture a 

higher-grade component. 

Modifications in PCa grading, MRI techniques, and targeted biopsies over the past 

decade have resulted in a grade shift. For example, the introduction of the ISUP 2005 

criteria led to 20% of pre-ISUP 2005 GS 6 tumors being upgraded to GS 7 or higher. This 

historical context must be considered when interpreting older studies (Zareba et al., 

2009). While current standard practices such as MRI-targeted and template biopsies have 

reduced diagnostic inaccuracies (Goel et al., 2020), sampling errors may still occur, 

potentially missing higher-grade cancer.  

An additional challenge in characterizing non-threatening cancer lies in the 

possibility of ISUP grade 1 progressing to higher grades over time, potentially becoming 

clinically relevant in subsequent biopsies. Hence, although ISUP grade 1 may initially be 

deemed clinically inconsequential, it's essential to take into account factors such as age, 
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pre-biopsy imaging, and the adequacy of core sampling. When combined with low-risk 

clinical factors, ISUP grade 1 represents low-risk PCa, with active surveillance or 

watchful waiting being the preferred management options (Preisser et al., 

2020)Nevertheless, designating ISUP grade 1 as non-significant cancer does not signify 

it should be dismissed; instead, it warrants careful monitoring.  

Epidemiological studies and postmortem analyses indicate that some ISUP grade 

2 prostate cancers might go undetected throughout an individual's lifetime, posing a risk 

of overtreatment (Van der Kwast & Roobol, 2013). While deferred treatment may be an 

option for select patients with intermediate-risk PCa according to current guidelines, clear 

evidence for appropriate selection criteria is lacking (Overland et al., 2019). Recent 

studies have presented differing definitions of clinically significant cancer, often using 

ISUP grade 2 and above or even ISUP grade 3 and above, highlighting the lack of 

consensus and the evolving nature of its definition (Ahmed et al., 2017). Given the 

insufficient data linking modern histological grading to concrete clinical endpoints, it's 

crucial for authors to clearly define what they consider clinically significant PCa and how 

the disease was diagnosed in their studies. 

 

3.6     Diagnosis and Staging 
 

3.6.1 Clinical Presentation 

PCa is rarely symptomatic at early stages, since in most cases the disease arises 

from the periphery of gland, far from the urethra. Systemic symptoms, such as bone pain, 

renal failure or anemia, suggest locally advanced or metastatic disease. Direct invasion 

of anatomical structures around the prostate can lead to different symptoms. Should the 

cancer grow into the urethra or the bladder neck, the patient may present with obstructive 

(e.g., hesitancy, reduction in urine stream, intermittency) and irritative symptoms (e.g., 

frequency, urgency, urge incontinence, nocturia). If the tumor invades the trigone of the 

bladder, it can lead to ureteral obstruction, which could lead to renal failure if both ureters 

are involved. Invasion of the ejaculatory ducts can lead to haematospermia and a decrease 

of ejaculate volume. Another symptom caused by local invasion of nearby structure is 

erectile dysfunction due to the spread of the cancer outside the prostatic capsule and into 
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the neurovascular bundles containing the nerves responsible for erection. This however 

is a rare finding in the PSA era. 

When the disease is metastatic, symptoms are a result of the structures involved in 

the metastatic process. Lesions to the skeleton can cause bone pain due to microfractures 

or anemia from replacement of the bone marrow. Compression of the lymphatic vessels 

or of the iliac veins by metastatic pelvic lymph nodes may lead to lower extremity edema. 

Further rare symptoms of systemic involvement include malignant retroperitoneal 

fibrosis resulting from dissemination of metastatic cells along the peri-ureteral 

lymphatics, paraneoplastic syndromes from ectopic hormone synthesis, and disseminated 

intravascular coagulation (DIC). 

Although PCa may present with different symptoms, the vast majority of patients 

(over 80%) lack symptoms suggestive of malignant disease and are diagnosed with PCa 

on the basis of an anomalous findings during a digital rectal examination (DRE) and/or 

an increase in serum PSA levels. The introduction of PSA testing in the late 1980s has 

lead to screening and earlier detection of PCa, therefore reducing the number of patients 

diagnosed due to symptoms of advanced disease. It is indeed known that the introduction 

of PSA testing has brought a decline of 50-70% in the incidence of distant stage disease 

at diagnosis between 1986 and 1999(Chu et al., 2003). 

3.6.2 Methods of Diagnosis 

The primary diagnostic methods for identifying PCa include digital rectal examination 

(DRE), measuring serum PSA levels, and transrectal ultrasonography (TRUS). 

However, the conclusive diagnosis of PCa relies on histological analysis of biopsy or 

surgical samples. Additionally, histopathological examination plays a critical role in 

grading the tumor and assessing its extent. 

 
3.6.2.1 Digital Rectal Examination (DRE) 

Given that the majority of PCa are situated in the outer regions of the prostate gland, a 

digital rectal examination (DRE) can identify them once they reach a volume of 0.2 mL 

or greater. A positive finding during a DRE, characterized by the detection of a palpable 

nodule, warrants an immediate prostate biopsy. Interestingly, around 18% of PCa cases 

are discovered solely through a positive DRE, regardless of the PSA level (Richie et al., 
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1993). For individuals with a PSA level of up to 2 ng/mL, the positive predictive value 

of a positive DRE typically ranges between 5% and 30% (Carvalhal et al., 1999). 

 

3.6.2.2 Prostate-Specific Antigen (PSA) 

 

PCa detection has been revolutionized by the introduction of serum PSA 

testing(Stamey et al., 1987). PSA is a serine protease similar to kallikrein, primarily 

synthesized by the epithelial cells within the prostate gland. However, it's important to 

note that PSA is specific to the prostate organ rather than indicative of cancer alone. 

Elevated levels of PSA can occur in benign conditions such as benign prostatic 

hyperplasia (BPH), prostatitis, and various other non-cancerous conditions. Nonetheless, 

if we consider PSA as an independent variable, it performs better than DRE or TRUS 

findings in predicting PCa (Catalona et al., 1994).  

There isn't a universally agreed-upon threshold or ceiling for serum PSA levels. 

PSA is instead viewed as a continuous variable (Table 3), meaning that as the value 

increases, the likelihood of PCa being present also increases (Thompson et al., 2004). The 

data in the table emphasizes how even at low levels of serum PSA, there is a considerable 

number of men harboring PCa. Therefore, when taking into consideration a hypothetical 

PSA threshold, it is crucial to determine how to avoid detecting insignificant PCa that is 

unlikely to be life-threatening(Stamey et al., 1993). 

 

PSA level (ng/mL) Risk of PCa 

0-0.5 6.6% 

0.6-1 10.1% 

1.1-2 17.0% 

2.1-3 23.9% 

3.1-4 26.9% 

 
Table 3. Rate of Prostate Cancer diagnosed in relation to serum PSA. Analysis performed on 
2950 men (Thompson et al., 2004) 
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In efforts to enhance the accuracy of PSA testing for early PCa detection, various 

modifications to the PSA test have been proposed. These include measures like PSA 

density, age-specific reference ranges, and different molecular isoforms of PSA such as 

cPSA and proPSA. However, their practical utility in routine clinical practice remains 

somewhat limited at present. 

 

3.6.2.3 Transrectal Ultrasonography and Prostatic Biopsies 

 

The role of Transrectal Ultrasonography (TRUS) in diagnosing PCa is to ensure 

accurate wide-area sampling of prostate tissue in men at higher risk for harboring PCa 

based on DRE and PSA. Several studies have confirmed the inability of TRUS to localize 

early PCa(Ellis et al., 1994; Flanigan et al., 1994; Rifkin et al., 1990). Indeed, the 

conventional depiction of a hypoechoic region in the peripheral zone of the prostate may 

not consistently manifest  (F. Lee et al., 1989). Conventional gray-scale TRUS lacks 

sufficient reliability in detecting PCa areas. Hence, it is not advisable to substitute 

systematic biopsies with targeted biopsies of suspicious regions. Nonetheless, performing 

additional biopsies of suspect areas may offer some utility.  Performing prostate biopsies 

guided by ultrasound is now considered the standard of care. While transrectal biopsy is 

the standard approach for most prostate biopsies, certain urologists opt for a perineal 

approach. Interestingly, the cancer detection rates achieved through perineal prostate 

biopsies are similar to those obtained via transrectal biopsies (Hara et al., 2008; Takenaka 

et al., 2008). Decisions regarding prostate biopsies should be guided by PSA levels and/or 

abnormalities detected during a digital rectal examination (DRE).  

 

3.6.2.4 MRI and MRI-guided Biopsy 

 

 The integration of multiparametric magnetic resonance imaging (mpMRI), 

incorporating T2-weighted imaging along with at least one functional imaging modality 

(such as DWI, DCE, or H1-spectroscopy), is increasingly utilized in clinical settings. This 

approach demonstrates high sensitivity in detecting and pinpointing clinically significant 

prostate cancer (CSPCa), which encompasses cancers graded ISUP grade ≥ 2.  

Several studies were performed with the aim of evaluating the benefits of MRI-target 
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biopsy (TBx) compared to systematic biopsy, both in biopsy-naïve patients and in patients 

undergoing repeat biopsy. Findings from an extensive meta-analysis (Drost et al., 2019) 

reveal that MRI-targeted biopsy (MRI-TBx) exhibits superior performance over 

systematic biopsy in identifying CSPCa among individuals with a history of negative 

systematic biopsy. However, this advantage is not observed in men undergoing biopsy 

for the first time. Limiting the analysis to individuals who have not undergone biopsy 

previously, three randomized trials conducted across multiple centers are under scrutiny: 

the PRECISION trial (Taneja, 2018), MRI FIRST trial(Rouvière et al., 2019) and 4M 

(Met Prostaat MRI Meer Mans) study(van der Leest et al., 2019). In the initial approach, 

patients with a positive multiparametric MRI (mpMRI) solely undergo MRI-targeted 

biopsy (MRI-TBx), while those with negative mpMRI are not subjected to any biopsy 

procedure. Conversely, the subsequent studies adopted the 'combined pathway', wherein 

patients with a positive mpMRI undergo both systematic and targeted biopsy, while those 

with negative mpMRI solely undergo systematic biopsy. 

Even though results have shown that MRI-TBx did not significantly outperform 

systematic biopsies in all series, they nonetheless confirmed its diagnostic value. 

Moreover, MRI-TBx causes a significant reduction in the overdiagnosis of noncsPCa, as 

compared to systematic biopsy. Setting a PI-RADS threshold for the biopsy indications 

allows the evaluation of how many invasive procedures could be avoided with the 

employment of the MR pathway. Setting a threshold of ≥ 3 could have prevented 30% of 

all biopsy procedures, albeit at the cost of overlooking 11% of all identified ISUP grade 

≥ 2 cancers, according to research by Drost et al. in 2019 (Drost et al., 2019). By 

increasing the threshold to ≥ 4, 59% of all biopsy procedures could have been avoided, 

though this would result in missing 28% of all detected ISUP grade 2 cancers. The 

misdiagnosis of clinically significant CSPCa often stems from MRI failure, such as when 

the cancer is not visible or misinterpreted by the reader, or targeting failure, such as when 

the target is missed or inadequately sampled during MRI-targeted biopsy. 

Hence, the implementation of the magnetic resonance (MR) pathway holds 

promise in potentially minimizing the need for biopsy procedures. This approach aims to 

decrease the identification of low-grade PCa while concurrently maintaining, or even 

enhancing, the detection of CS PCa compared to the traditional systematic biopsy 

method. 
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3.7 Clinical and Pathological Staging 

Information gathered during staging is crucial for determining the scope of the 

disease. The TNM (tumor, node, metastasis) system, established by the International 

Union Against Cancer and the American Joint Committee on Cancer (AJCC), stands as 

the most commonly utilized staging system. This classification method is based on 

anatomy, wherein the tumor is categorized by the size of the primary lesion (T1-4, with 

higher numbers denoting larger tumors), the presence of nodal involvement (N0 

indicating no involvement and N1 indicating involvement), and the identification of 

metastatic disease (M0 indicating no metastases and M1 indicating metastases). These 

various combinations of T, N, and M scores, and tumor histologic grade G, are then 

grouped into stages typically denoted by numbers I-IV. The 2009 TNM classification for 

PCa is shown in Table 4. 

PCa clinical staging involves using pre-treatment factors to anticipate the actual 

scope of the disease. The objectives of cancer staging include evaluating prognosis and 

aiding informed decision-making on treatment choices. An precise evaluation of disease 

extent holds significant importance for men newly diagnosed with PCa, as the 

pathological stage serves as a dependable predictor of treatment outcomes for men with 

cancer localized clinically (Pound et al., 1997). PCa's primary extension evaluation 

typically involves digital rectal examination (DRE), PSA measurement, and bone scan, 

complemented by computed tomography (CT) or magnetic resonance imaging (MRI). 

Additionally, chest X-rays may be employed in certain contexts. 

 
T - Primary tumor 

Tx  Primary tumor cannot be assessed 

T0  No evidence of primary tumor 

T1   

 T1a Tumor incidental histological finding in 5% or less of tissue resected 

 T1b Tumor incidental histological finding in more than 5% of tissue resected 

 T1c Tumor identified by needle biopsy (e.g. because of elevated PSA level) 

T2  Tumor confined within the prostate1 

 T2a Tumor involves one half of one lobe or less 
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 T2b Tumor involves more than half of one lobe, but not both lobes 

 T2c Tumor involves both lobes 

T3  Tumor extends through the prostatic capsule2 

 T3a 
Extracapsular extension (unilateral or bilateral) including microscopic bladder neck 

involvement 

 T3b Tumor invades seminal vesicle(s) 

T4  
Tumor is fixed or invades adjacent structures other than seminal vesicles: external 

sphincter, rectum, levator muscles, and/or pelvic wall 
N - Regional lymph nodes3 

NX  Regional lymph nodes cannot be assessed 

N0  No regional lymph node metastasis 

N1  Regional lymph node metastasis 

M - Distant metastasis4 

MX  Distant metastasis cannot be assessed 

M0  No distant metastasis 

M1  Distant metastasis 

 M1a Non-regional lymph node(s) 

 M1b Bone(s) 

 M1c Other site(s) 
1Tumor found in one or both lobes by needle biopsy, but not palpable or visible by imaging, is classified as T1c. 
2Invasion into the prostatic apex, or into (but not beyond) the prostate capsule, is not classified as pT3, but as pT2. 
3Metastasis no larger than 0.2 cm can be designated pN. 
4When more than one site of metastasis is present, the most advanced category should be used. 

 
Table 4. The 2009 TNM (Tumor Node Metastasis) classification for PCa 
 
 
 
3.8    Management of prostate cancer patients  
 

To effectively manage patients with PCa, clinicians must consider a multitude of factors 

to tailor treatment plans that are both risk-adapted and patient-centric. These factors 

encompass diverse clinical profiles across different disease stages (ranging from localized 

to metastatic stages, and distinguishing between castration-sensitive and castration-

resistant statuses), as well as histopathological and molecular attributes (such as 

neuroendocrine, cribriform, or intraductal patterns, and DNA repair alterations). 
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Additionally, patient-specific characteristics, including life expectancy, overall health, 

familial history, and individual preferences, further influence the decision-making 

process.  

Usually, in instances of localized non-metastatic disease (cT1–2 cN0 M0), 

patients have the option of active monitoring or local intervention such as radical 

prostatectomy (RP) or radiotherapy. Sometimes, hormonal therapy may also be 

administered. The decision on treatment is guided by the likelihood of biochemical 

relapse (BCR), which is assessed based on factors like initial PSA level, Gleason score, 

or more specifically, ISUP grade, and clinical T stage. As defined before, men affected 

by PCa are categorized into low-risk, intermediate-risk, or high-risk groups, each 

associated with corresponding 5-year BCR rates exceeding 25%, falling within the range 

of 25–50%, and surpassing 50%, respectively (D’Amico et al., 1998) 

The intermediate-risk category encompasses a wide range of patients with varying 

prognoses. Further stratification into low intermediate (ISUP grade 2) and high 

intermediate (ISUP grade 3) risk groups allows for a more refined and accurate 

assessment of risk (Epstein et al., 2016; Kane et al., 2017). 

For cases of locally advanced PCa (classified as cT3–4) and/or the presence of metastases 

in pelvic lymph nodes (N1), treatment strategies often involve a combination of the 

aforementioned options utilizing multimodal approaches. 

In the past decade, there have been significant advancements in the treatment 

approach for metastatic PCa. Current guidelines recommend initiating androgen 

deprivation therapy (ADT) using luteinizing hormone-releasing hormone (LHRH) 

analogues for mCSPC until disease progression. Subsequently, for metastatic castration-

resistant prostate cancer (mCRPC), the treatment regimen typically involves the addition 

of docetaxel and prednisolone alongside continued ADT (Tannock et al., 2004).  Since 

that time, several novel classes of medications have been introduced, such as next-

generation androgen receptor (AR) signaling inhibitors (ARSIs) like abiraterone acetate, 

enzalutamide, apalutamide, and darolutamide, as well as radionuclides like radium-223, 

chemotherapy/taxanes, and poly(ADP-ribose) polymerase inhibitors (PARPi). These 

advancements continuously reshape the treatment paradigm, with their utilization 

transitioning from standalone therapies to combination regimens and from late-stage 
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castration-resistant prostate cancer (CRPC) to earlier castration-sensitive prostate cancer 

(CSPC) treatment scenarios (Gillessen et al., 2022). 

Reducing the production of gonadal androgens to levels akin to castration triggers 

cell death in PCa and results in a temporary remission of symptoms. This is evidenced by 

a decrease in PSA levels and/or a shrinkage of tumors on radiographic scans in most 

patients with metastatic castration-sensitive prostate cancer (CSPC). Standard androgen 

deprivation therapy (ADT) involves the use of luteinizing hormone-releasing hormone 

(LHRH) analogs, including LHRH agonists such as goserelin, leuprorelin, and buserelin, 

as well as LHRH antagonists like degarelix. Additionally, first-generation androgen 

receptor signaling inhibitors (ARSIs) such as bicalutamide and flutamide are utilized. 

LHRH agonists initially activate the LHRH receptor in the pituitary gland, leading to a 

temporary increase in luteinizing hormone (LH) release, followed by its suppression 

(Schally et al., 2017). Conversely, LHRH antagonists prevent LHRH from binding to its 

pituitary receptor, directly inhibiting LH secretion. The resultant decrease in LH halts 

testicular testosterone production, achieving medical castration. In patients with 

metastases, initiating LHRH agonist treatment can induce tumor flare, causing a 

temporary exacerbation of cancer-related symptoms (Vis et al., 2015).  

The significant involvement of continuous AR signaling in advancing the 

progression of CRPC, even in the presence of low testosterone levels post-castration, has 

led to the development of innovative agents like C17,20-lyase (CYP17A1) inhibitors. 

These compounds specifically target the synthesis of androgenic steroids, addressing the 

acquired capability to convert precursor steroids into testosterone (Attard et al., 2005).  

CYP17A1 is present in the testes, adrenal glands, and prostate tissue, where it 

facilitates the conversion of glucocorticoids and cholesterol into DHT. Abiraterone 

acetate acts on the androgen signaling pathway by inhibiting both CYP17A1-mediated 

androgen synthesis and directly blocking AR activity (Z. Li et al., 2015). 

Abiraterone, when combined with low-dose prednisolone, is employed to counteract the 

potential mineralocorticoid excess induced by abiraterone treatment. Prednisolone itself 

possesses some limited antiproliferative effects on PCa cells. On the other hand, the next-

generation ARSIs like enzalutamide, darolutamide, and apalutamide operate by directly 

impeding AR activation. Unlike first-generation AR blockers such as bicalutamide, these 
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newer ARSIs not only block AR nuclear translocation but also inhibit AR transcription 

factor activity, enhancing their therapeutic efficacy (Schalken & Fitzpatrick, 2016). 

 

3.9 Tumor Microenvironment (TME) of Prostate cancer 
 

PCa is often considered a "cold tumor" due to its characteristic lack of immune 

cell infiltration within the tumor microenvironment. Unlike "hot tumors," which have 

high levels of immune cell infiltration and are more responsive to immunotherapy, cold 

tumors like PCa typically exhibit minimal immune activity. This immune evasion is 

thought to contribute to the cancer's ability to proliferate and resist immune-mediated 

destruction. PCa's classification as a "cold tumor" stems from several factors related to 

its unique biology and immune microenvironment (Figure 3).  

 

 
 
Figure 3. The Tumor Immune Microenvironment (TME) in Prostate Cancer. TME comprises 
stromal elements, tumor cells, and various immune cell populations. Interactions between stromal 
components and tumor cells foster a hypoxic and pro-tumor milieu through cytokine secretion 
and pro-inflammatory signaling. As immune cells infiltrate the tumor microenvironment, 
immunosuppressive cell types such as regulatory T cells (Tregs), myeloid-derived suppressor 
cells (MDSCs), and M2 macrophages inhibit the anti-tumor activity of dendritic cells (DCs), 
cytotoxic T cells, natural killer (NK) cells, and B cells, collectively fostering an 
immunosuppressive milieu. Figure adapted from (Zhang et al., 2022). 
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3.9.1 Low Mutational Burden and Genomic alterations 
 

PCa frequently exhibits intricate and severe structural rearrangements in DNA, leading 

to the loss of tumor suppressor genes, amplifications, changes in copy numbers, 

translocations, and the formation of gene fusions. These events contribute to the 

destabilization of the genome (Barbieri & Rubin, 2015).  

The emergence of gene fusions such as TMPRSS2-ERG plays a significant role in the 

initiation and advancement of PCa. These gene fusions are typically classified into two 

groups: those within the ETS gene family, which account for approximately 50% of 

fusions linked to PCa, and non-ETS fusions. Although less common, non-ETS gene 

fusions can play pivotal roles in driving tumorigenesis. The structural rearrangements 

underlying these fusions often stem from genomic instability triggered by transcription, 

particularly androgen-induced transcription, which is associated with ETS fusion and 

predisposition to TMPRSS2-ERG fusion. TMPRSS2-ERG fusion is often linked to 

poorer clinical outcomes, yet further investigation is needed to fully understand the 

biological mechanisms driving the adverse effects of structural rearrangements on patient 

outcomes (Barbieri & Rubin, 2015). In PCa, genomic rearrangements also lead to the 

amplification of oncogenes such as MYC and AR, as well as the deletion of tumor 

suppressor genes including PTEN, RB1, TP53, and NKX3.1.  

Mutations in these genes are associated with unfavorable traits in both hormone-

sensitive and hormone-resistant prostate cancer (PCa). Concurrent loss of PTEN, RB1, 

and TP53 results in genetic instability, facilitating the transition of castration-resistant 

prostate cancer (CRPC) into a more aggressive subtype known as neuroendocrine PCa. 

Co-occurring mutations in PTEN, RB1, and TP53 promote lineage plasticity, enabling 

cancer cells to transition into diverse cell types, potentially driving therapy resistance and 

metastasis of PCa to distant locations. In vivo studies have elucidated the critical role of 

intact PTEN, TP53, and RB1 function as genetic determinants influencing treatment 

resistance and cancer metastasis. Simultaneous inactivation of PTEN/TP53, PTEN/RB1, 

or PTEN/RB1/TP53 leads to the development of prostate tumors with molecular 

characteristics associated with aggressive phenotypes like those seen in advanced 

mCRPC in humans. Additionally, these studies underscore the importance of histone-

modifying enzymes such as EZH2, DOT1L, DNMT1, and DNMT3A in regulating the 

epigenetic control of target genes, as well as the significance of SOX2, a key driver of 
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lineage plasticity and stem cell-like properties (Ku et al., 2017; Mu et al., 2017; Qu et al., 

2013). 

Genetic variations in genes related to DNA damage and repair (DDR), both in 

germline and somatic contexts, have been associated with Prostate Cancer (PCa), 

contributing to alterations in DNA (Mateo et al., 2017). Abnormalities in DDR genes, 

specifically BRCA1 and BRCA2, are prevalent in both localized and Castration-Resistant 

Prostate Cancer (CRPC) (Venkitaraman, 2002).  

DDR, functioning as tumor suppressors, play crucial roles in DNA repair processes, 

such as homologous recombination and nonhomologous end-joining pathways. 

Mutations in mismatch repair genes, particularly MutS homolog 2 and 6 (MSH2 and 

MSH6), have also been linked to PCa (Dowty et al., 2013). Disruptions in the DDR 

pathway result in a phenotype deficient in DNA repair, increasing susceptibility to 

aggressive disease. While DDR defects are observed in localized primary PCa, the 

frequencies of alterations in DDR genes are higher in metastatic CRPC. Targeting PCa 

with DDR defects and a lethal phenotype can be achieved using Poly (ADP-ribose) 

polymerase (PARP) inhibitors  (Mateo et al., 2020).  

DDR pathway defects lead to the accumulation of neoantigens, potentially triggering 

a more robust response to Checkpoint Inhibitors (CPIs). Therefore, a combination therapy 

involving PARP inhibitors and immune CPIs shows promise for enhanced therapeutic 

responses. Additionally, preclinical models suggest that significant DNA damage 

activates stimulator of interferon genes, releasing type I interferons and initiating a T-cell 

response against immunogenic tumors (Criscuolo et al., 2019).  

Despite the interesting data, targeting DDR genes in primary PCa tumors poses 

challenges due to their limited detection rates and the intricate molecular mechanisms 

governing their biology. 

Despite its low mutation burden, PCa is prone to genomic instabilities such as 

chromothripsis and kataegis. Chromothripsis manifests as abnormal breakages and 

rearrangements of chromosomal fragments within cancer genomes, often coinciding with 

kataegis, where numerous mutations cluster within a confined region of the genome. 

These mutations primarily involve dinucleotide substitutions catalyzed by the 

APOBEC3A/B family of enzymes. Several cellular dysregulations contribute to the 

occurrence of chromothripsis and kataegis, including P53 loss, aberrant cell cycle 
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progression, failure of DNA repair mechanisms, and telomere shortening and fusion (E. 

Wang, 2013) 

Approximately 40% of men with PCa display extensive chromothripsis and kataegis 

in their genome (Alexandrov et al., 2013; Kovtun et al., 2015). Some types of PCa, such 

as those involving the TMPRSS2 gene (ETS+ tumors), exhibit a phenomenon known as 

"chromoplexy." Unlike chromothripsis, where genomic rearrangements occur primarily 

in 1 or 2 chromosomes, chromoplexy involves a series of intrachromosomal gene 

rearrangements spanning multiple chromosomes. Bioinformatic analysis indicates that 

chromoplexy simultaneously disrupts the transcription of important genes for survival, 

and giving rise to fusion events that promote tumor growth. It is hypothesized that 

chromothripsis and chromoplexy in PCa cells represent a single clonal event occurring 

during tumor initiation rather than tumor promotion (Baca et al., 2013; Kass et al., 2016). 

In contrast, kataegis is believed to represent the emergence of distinct clonal subsets 

within a clone, each containing regions of hypermutations. These mutations may enable 

particular clones to proliferate during advanced stages of cancer development, thereby 

heightening the likelihood of relapse in aggressive disease (Espiritu et al., 2018). 

 

3.9.2 Adaptive immune cells 
 

The involvement of tumor-infiltrating lymphocytes (TILs) in PCa progression is 

not fully understood, as they impact the disease through various mechanisms that remain 

to be clearly defined.  

T lymphocytes, encompassing both CD4+ and CD8+ subsets, are integral constituents of 

the adaptive immune system and are observed to infiltrate the prostate glands.  

 

CD8+ T cells 

The prognostic significance of CD8+ TIL infiltration in PCa is a topic of debate, with 

conflicting observations. For instance, Ness et al. found that a high density of CD8+ TILs 

in primary PCa specimens is independently associated with a negative prognosis for 

biochemical failure-free survival. Similarly, high levels of CD8+ TILs and PD-L1 

expression by tumor cells have been linked to an increased risk of clinical progression in 

men with node-positive PCa (Petitprez et al., 2019b). 
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On the contrary, contrasting findings indicate that a heightened presence of CD8+ 

Tumor-Infiltrating Lymphocytes (TILs) post-surgery is independently associated with 

enhanced survival in the majority of high-risk Prostate Cancer (PCa) patients. Other 

studies have noted that heightened PD-L1 levels and diminished density of CD8+ TILs 

serve as indicators for unfavorable prognoses, alongside potential markers for 

biochemical and metastatic relapse in PCa (Cecile Vicier, 2019; Yuanquan Yang, 2018). 

Consequently, factors beyond CD8+ TILs seem to play a pivotal role in prognosis. 

Indeed, the efficacy of CD8+ effector T cells in facilitating tumor regression largely 

depends on their cytokine secretion profile and self-renewal capabilities. Recent evidence 

suggests that the Tumor Microenvironment (TME) can trigger the emergence of 

dysfunctional CD8+ T cells with limited cytotoxic functionality. Furthermore, various 

phenotypes of CD8+ T cells, including senescent, regulatory, and dysfunctional stem-

cell-like memory cells, may coexist, lacking anti-tumor activity (Tsaur et al., 2021).  

 

CD4 T cells 

Among TILs, a significant contributor to cancer progression is the T-regulatory cell 

(Treg). These CD4+ T cells play a crucial role by inhibiting the activity of T effector 

cells. The definition of Tregs based on cell surface markers is continuously evolving due 

to the diverse nature of the Treg population. This ongoing refinement of the Treg 

phenotype presents a challenge in interpreting scientific literature, requiring a 

discernment of how Tregs are characterized in each publication. Typically, Tregs are 

associated with dampening anti-tumor responses rather than directly stimulating the 

growth of tumor cells. Supporting the significance of Tregs in PCa, studies have shown 

an increase in Tregs (CD4+CD25+) with immunosuppressive function in PCa tissues 

compared to non-cancerous prostate tissues (Sfanos et al., 2008).Furthermore, in efforts 

to characterize the phenotype of TILs, a research team conducted multiple prostate 

biopsies and utilized flow cytometry to determine the phenotypes of the collected cells. 

Their research uncovered that within the TME, CD4+ T cells displayed a propensity 

towards Treg (FoxP3) and T helper 17 (Th17) types, rather than the Th2 profile. This 

trend was also evident in peripheral blood samples. Tregs (CD4+CD25+) were notably 

higher in peripheral blood of PCa patients compared to healthy inidviduals (Sfanos et al., 

2008). Also CD8+ FoxP3+ cells (defined as Tregs) predominantly hindered the 



 
 
33 

proliferation of naive T cells through a mechanism reliant on direct cell-to-cell interaction 

(Sfanos et al., 2008). Other researchers conducted an assessment on the levels of Tregs 

(CD4+CD25 FoxP3+) in blood samples of healthy individuals and PCa patients using 

flow cytometry. Their findings revealed that while there were no notable differences in 

the quantity of Tregs in the blood samples, Tregs isolated from PCa patients exhibited 

significantly heightened suppressive activity compared to those from healthy donors 

(Yokokawa et al., 2008).  

Another subset of CD4+ T cells known as Th17 cells has emerged as a potential 

influencer of PCa biology and responses to immunotherapy. Th17 cells are effector T 

cells that produce interleukin-17 (IL-17), a pro-inflammatory cytokine known to recruit 

and activate granulocytes and monocytes (Rakebrandt et al., 2016). However, the role of 

Th17 cells in cancer remains contentious, as they have been reported to exhibit both 

inhibitory and promotional effects on tumor growth.  Researchers investigated the levels 

of Th17 cells and Tregs in the blood of PCa patients who were about to undergo 

immunotherapy. They found that patients with lower levels of Th17 cells tended to have 

a longer time before their disease progressed. Those who responded well to the treatment 

by showing a significant drop in prostate-specific antigen (PSA) had Th17 cell levels 

similar to healthy people, while those who didn't respond had different Th17 cell levels 

compared to both responders and healthy individuals (Derhovanessian et al., 2009). They 

observed an inverse correlation between the frequency of Th17 cells and the time to 

disease progression. Additionally, patients who responded to immunotherapy with 

substantial reductions in PSA exhibited a Th17 phenotype similar to that of healthy men, 

whereas non-responders had significantly different Th17 profiles.  

On the other hand, although PCa patients had more Tregs in their blood compared to 

healthy individuals of the same age, there was no difference between responders and non-

responders. These results imply that Th17 cells could predict how well someone responds 

to whole-cell vaccine treatment. However, whether Th17 cells slow down or speed up 

PCa growth might depend on the tumor stage (Derhovanessian et al., 2009). 
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3.9.3 Immune Checkpoint Expression 
 

The expression of PD-L1 has been found to be significantly increased in prostate 

cancer (PCa) tissues when compared to corresponding normal tissues. A majority of the 

examined cases displayed moderate to elevated levels of PD-L1 expression. Interestingly, 

this heightened expression correlated positively with pathological status and AR level in 

men with aggressive forms of the disease. PD-L1 expresison emerged also as an 

independent factor for biochemical recurrence (BCR) (Gevensleben et al., 2016). 

Furthermore, in high-risk prostate cancer patients, PD-L1 was found to be highly 

expressed, indicating an unfavorable prognosis for those undergoing adjuvant hormonal 

therapy (H. Li et al., 2019). Tissue microarrays from radical prostatectomy patients were 

used to investigate the relationship between PD-1/PD-L1 expression and 

clinicopathologic features. PD-L1 expression was more common in tumor cells from 

cases with advanced tumors or nodal metastasis, while PD-1 expression in tumor cells 

did not correlate with tumor s (Y. Xu et al., 2021). PD-L1 expression was associated with 

poorer oncological outcomes and was found higher in cases with high Gleason scores still 

expressing AR. However, factors such as age, pathological stage, nodal status, and PSA 

levels did not significantly correlate with PD-L1 expression (Y. Xu et al., 2021). 

PD-L1-positive tumors had nearly four times higher risk of distant metastasis 

compared to PD-L1-negative and that the expression of PD-L1 was associated with an 

higher frequency of CD8+ T cell. Interestingly, PD-L1 expression in tumor cells and a 

high density of CD8+ T cells in tumors were linked to increased risk of clinical 

progression in men with lymph node-positive PCa (Petitprez et al., 2019b). PD-L1 

expression was not confined to cancer cells but also observed in prostate circulating tumor 

cells in all PCa patients (Schott et al., 2017). Regarding the number of tumors with a 

positive staining of PD-L1, a study found a positivity in only 7.7% of primary prostate 

acinar adenocarcinoma cases, while significantly higher proportions were observed in 

small cell carcinomas of the prostate and mCRPCs (Haffner et al., 2018; Schott et al., 

2017). 

CTLA-4 serves as a prominent immune checkpoint within PCa. Normally, it's 

found on activated T cells and regulatory T cells, and its increased presence on exhausted 

T cells further dampens immune activity. CTLA-4 has a strong affinity for CD80 and 

CD86, which are molecules involved in activating T cells, and by binding to them, it 
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prevents T-cell activation (Schildberg et al., 2016) (Seidel et al., 2018). This interaction 

typically occurs under physiological circumstances. In PCa, cancer cells exploit CTLA-

4 to their advantage, leading to a state of anergy. CTLA-4 binding to CD80 or CD86 on 

DCs inhibits PI3K activation in T cells, disrupting the usual signaling triggered by the T-

cell receptor. The inhibition of PI3K reduced several activities and function of T-cells, 

such as cytokine secretion (e.g. IL-2 and TNFa) (Schildberg et al., 2016) 

 

3.9.4 Immunosuppressive Cell Types 

  

NK cells 
As a crucial component of the innate immune system, natural killer (NK) cells 

play a vital role in immune surveillance, exhibiting cytotoxic activity and cytokine 

production to combat infections and tumors. Existing evidence suggests a correlation 

between highly effective NK cells and prolonged castration response, as well as improved 

prognosis in patients with metastatic PCa (Cortesi et al., 2018). 

Cortesi et al. (2018) demonstrated that CD1d-restricted invariant natural killer (iNKT) 

cells directly interacted with macrophages within the tumor microenvironment (TME). 

This interaction sustained a proinflammatory M1-like phenotype in macrophages, 

ultimately inhibiting tumor advancements. Moreover, aggressive human PCa cases 

exhibited a significant decrease in intratumoral iNKT cells, alongside an increase in M2-

like macrophages. These findings underscore the fact that the TME in PCa is partly 

attributed to immature NK cells with diminished cytolytic function. 

This phenomenon might partially contribute to the heightened secretion of TGF-β by 

prostate cancer (PCa) cells, which could induce a state of tolerance towards natural killer 

(NK) cells, potentially facilitating disease progression (Pasero et al., 2016).  

Numerous mechanisms are employed by cancer cells to evade assaults from NK 

cells. NKG2D, an activating immunoreceptor belonging to the lectin-like type-2 

transmembrane family, is chiefly found on NK cells. The interplay between NKG2D and 

its ligands acts as a robust trigger for NK cell activation, while also delivering a co-

stimulatory cue for the activation of CD8+ T cells (Raulet, 2003). 

The tumor cells' suppression of NKG2D ligands could potentially result in the 

tumor evading the immune system. Notably, a previous investigation underscored that 

prostate cancer (PCa) cells employ the release of NKG2D ligands as a tactic to evade 
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detection by both NK cells and T cells. Additionally, another research team unveiled that 

PCa cells control PD-L1/NKG2D ligand levels inversely through the JAK/STAT3 

signaling pathway by secreting IL-6. This effectively reduces the vulnerability of tumor 

cells to the effects of NK cells (L. Xu et al., 2018). 

 

Myeloid-derived suppressor cells (MDSCs) 

  MDSCs, acknowledged for their role in promoting tumor growth through 

immunosuppression, are key players in PCa, contributing significantly to its spread, 

metastasis, and resistance to therapy. Calcinotto et al demonstrated that MDSCs produce 

IL-23, initiating the activation of the AR pathway. This cascade promotes the survival 

and growth of PCa. In clinical observations, increased levels of IL-23 and infiltration of 

MDSCs in the TME have been noted in patients diagnosed with castration-resistant 

prostate cancer (CRPC) (Calcinotto et al., 2018). Furthermore, there is additional clinical 

evidence indicating a connection between MDSCs and the advancement of metastatic 

disease. Elevated levels of MDSCs have been observed to correspond with more 

advanced tumor stages and a diminished survival of PCa subjects. The 

immunosuppressive effects exerted by MDSCs involve diverse mechanisms, such as 

indirect communication through paracrine and endocrine signaling, along with direct 

interactions with other cells present in PCa microenvironment. For example, the presence 

of MDSCs has been linked to heightened levels of IL-6 and IL-8 in individuals with PCa. 

Significantly, both IL-6 and IL-8 possess the ability to activate multiple oncogenic 

pathways, thereby fostering the proliferation, invasion, and chemoresistance of prostate 

cancer cells  (Araki et al., 2007; Chi et al., 2014; Nguyen et al., 2014). Additionally, it 

has been documented that MDSCs release reactive nitrogen species, which lead to the 

tyrosine nitration of LCK, known as a lymphocyte-specific protein tyrosine kinase. This 

process culminates in CD4 and CD8 exhaustion attributed to diminished IL-2 production  

(Feng et al., 2018). 

Although these discoveries shed light on certain aspects, there is still a lack of 

comprehensive understanding regarding the exact molecular mechanisms that drive the 

recruitment and expansion of MDSCs during prostate carcinogenesis. Consequently, 

further investigation is necessary to elucidate these processes. 
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Macrophages 

In the context of PCa progression and aggressiveness, Tumor Associated 

Macrophages (TAMs) play a crucial role as connectors bridging inflammation and 

immunosuppression. 

Various functional phenotypes have been attributed to TAMs, spanning from M1-like 

macrophages, which are classically activated and possess proinflammatory and antitumor 

attributes, to M2-like macrophages, characterized by alternative activation and 

demonstrating anti-inflammatory and protumor traits (Martinez & Gordon, 2014). 

TAMs play a crucial role in promoting tumor advancement through diverse pathways, 

such as aiding tumor cell proliferation, fostering angiogenesis, promoting cell migration, 

and aiding in evasion of immune detection. Particularly noteworthy is a recent 

investigation revealing that TAMs facilitate the metastasis of PCa by transmitting CCL2, 

resulting in the upregulation of CCL22 and CCR4 within PCa cells (Maolake et al., 2017).  

The inflammatory TME surrounding PCa cells can trigger an increase in cytokines 

and chemokines, encouraging the development of an M2-like phenotype. For instance, 

studies have shown that CXCL2 effectively shifts infiltrating TAMs towards a pro-tumor 

phenotype, thereby facilitating PCa progression (Di Mitri et al., 2019a). 

While the presence of macrophages can exacerbate tumorigenesis, the interaction is 

complex, suggesting the need for future studies to unravel the reciprocal influence 

between macrophages and tumor cells for the development of novel therapeutic 

strategies.  A recent finding demonstrated that androgen deprivation therapy (ADT), 

achieved through MDV3100 or castration treatment, induces the secretion of colony-

stimulating factor 1 (CSF1) and other cytokines from tumor cells (Escamilla et al., 2015). 

As a result, this process encourages the development of a pro-tumorigenic M2 phenotype 

within TAMs. Consequently, M2-like macrophages release factors such as VEGF-A, 

MMP-9, and ARG-1, which play a role in resistance to conventional therapy (ADT) and 

the advancement of cancer. The inhibition of CSF1-CSF1R pathway showed potential for 

enhancing effectiveness and maintaining a lasting response to hormonal therapy in PCa. 
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3.9.5 Stromal Influence 
 

The TME comprises fibroblasts, smooth muscle cells, immune cells, cancer cells, 

and an extracellular matrix composed of collagen, elastin, and other proteins. 

Within the prostate, the stromal component is comprised of smooth muscle cells. These 

cells engage in interactions with the epithelial layer to control the proliferation, and 

migration of epithelial cells, thereby contributing to the overall maintenance of 

homeostasis (Karlou et al., 2010).  

The dynamic interplay between smooth muscle and epithelial cells is vital for 

maintaining the structural integrity and optimal function of the prostate gland. However, 

genetic damage to the epithelium can disrupt signaling within the epithelial cells, 

affecting the smooth muscle as well. Anomalies in multiple signaling pathways play a 

role in the development of PCa cancer, disrupting the intricate equilibrium between 

smooth muscle layers and the epithelial compartment (Cunha et al., 1996). The 

disturbance caused by this phenomenon results in the loss of cellular differentiation and 

the unchecked tumor advancement.  

Fibroblast growth factors (FGF) orchestrate communication between the prostate 

epithelium and stroma. The altered expression of FGF-related stromal-epithelial receptors 

is implicated in the establishment and progression of PCa, leading to enhanced 

proliferation, inhibited apoptosis, and angiogenesis (Wu et al., 2003). Targeting FGF 

receptors and their signaling pathways holds promise not only for directly eliminating 

tumor cells but also for preventing angiogenesis through cytokines like TGF-β, which 

possesses antiproliferative and pro-apoptotic properties. Traditionally, TGF-β plays a role 

in inhibiting proliferation, promoting apoptosis, and facilitating prostatic epithelial cell 

differentiation (Tang et al., 1999). However, despite the presence of high levels of TGF-

β in the tumor microenvironment, its inhibitory effects are diminished due to decreased 

expression of TGF-β receptors and other influencing factors. Notably, TGF-β assumes a 

tumor-promoting role primarily when interacting with stromal cells (Ao et al., 2006). 

In cancer-associated stroma, TGF-β plays a crucial role in epithelial differentiation 

(Massagué et al., 2000).  

TGF-β acts as a facilitator of tumor growth by promoting angiogenesis and 

inhibiting immune surveillance mechanisms. Moreover, it is implicated in conferring 
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resistance to androgens and plays a role in mediating the spread of cancer to the bone 

(Zhu et al., 2008).  

The efficacy of targeting TGF-β in cancer treatment depends on the particular 

stage of the disease, considering its notable impact on tumor progression across different 

stages. Cancer cells, which precede invasive carcinomas, are characterized by a pivotal 

process wherein cancer cells invade the stroma, altering the TME to support tumor 

development and advancement. This invasive behavior of tumor cells within the stroma 

triggers several responses, including the activation of fibroblasts, recruitment of 

inflammatory cells, alteration of the extracellular matrix (ECM), promotion of 

angiogenesis, and release of growth factors bound to the ECM (Winkler et al., 2020). As 

the influence of stromal activity intensifies and the myofibroblast population grows, there 

is a corresponding rise in the Gleason score, which serves as a critical marker of 

aggressiveness in PCa.. The stromal reaction serves as a significant indicator of adverse 

clinicopathological parameters and the likelihood of cancer recurrence (Ayala et al., 

2003). Recent research has provided further insights into how a stromogenic environment 

fuels the progression of PCa  (Yanagisawa et al., 2008). 

 

3.10 Immunotherapy in Prostate Cancer 
 

Immunotherapy and precision medicine have increasingly integrated into 

oncological treatment, ushering in novel therapeutic strategies in recent times. These 

innovative approaches have demonstrated encouraging results in managing aggressive 

cancers, potentially leading to prolonged remission for patients. Immunotherapy 

continues to be a significant aspect of PCa management, presenting an attractive avenue 

for enhancing disease control. Despite it has demonstrated success in treating other types 

of cancer, its effectiveness against PCa has yielded varied results.  

The approval of the first PCa vaccine in 2010 named Sipuleucel-T offered 

advanced PCa patients a promising treatment option to enhance disease outcomes. 

Nevertheless, the efficacy of the prostate vaccine has only resulted in partial 

improvements in survival rates.  
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In addressing the inhibitory TME, ongoing immunotherapy investigations focus on 

addressing T cell infiltration, the mutational burden of PCa cells, and the synergistic 

effectiveness of treatment (Bilusic et al., 2017).  

Notably, within a specific subset of patients characterized by elevated PD-L1 tumor 

expression, CDK12 mutations, or heightened microsatellite instability (MSI) and 

mismatch repair deficiency (dMMR), immune checkpoint inhibitors (ICIs) may play a 

crucial role in eliciting responses to combination therapy. 

Currently, there are just three immunotherapy options endorsed by the FDA for 

men diagnosed with PCa. Sipuleucel-T, a vaccine crafted from stimulated immune cells 

derived from patients. This vaccine targets the prostatic acid phosphatase (PAP) protein 

and is specifically approved for a subset of patients with advanced PCa. The remaining 

two options are immunomodulatory treatments, namely dostarlimab and pembrolizumab. 

Both of these drugs are immune checkpoint inhibitors designed to act on the PD-1/PD-

L1 pathways. These drugs are approved for use in patients with specific genetic 

characteristics such as microsatellite instability (MSI-H), DNA mismatch repair 

deficiency (dMMR), or high mutational burden (TMB-H).  Significantly, since 2017, the 

FDA has approved six drugs for the treatment of metastatic castration-resistant prostate 

cancer (mCRPC), irrespective of tumor histology. These approved medications 

encompass pembrolizumab designed for patients with dMMR or high MSI, entrectinib 

and lartotrectinib targeting tumors with neurotrophic tyrosine receptor kinase fusions, 

dostarlimab for tumors exhibiting deficient DNA mismatch repair, and trametinib in 

combination with dabrafenib indicated for tumors with a specific mutation of BRAF 

(V600E) (Rehman et al., 2023). 
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Figure 4. Comprehensive examination of immune system pathways and targets in prostate 
cancer. Tumor-specific antigens, delivered through viral vectors like PROSTVAC, are presented 
on major histocompatibility complexes (MHCs), facilitating recognition by immune cells. 
Additionally, PCa cells often exhibit distinct markers such as PSMA, making them susceptible to 
targeting by chimeric antigen receptor T cells (CAR-Ts). Custom neoantigens unique to 
individual patients can also serve as potential targets, with tailored neoantigen T-cell receptors 
(NeoTCRs) offering a personalized approach. 
Furthermore, cell-mediated therapies like Sipuleucel-T leverage PCa-specific antigen-presenting 
cells that showcase prostatic acid phosphatase (PAP), thereby stimulating the immune system's 
anti-tumor response. However, the efficacy of these immune responses can be hindered by factors 
like increased levels of extracellular adenosine and myeloid-derived suppressor cells, as well as 
immune checkpoints such as PD-1/PD-L1. Nevertheless, monoclonal antibodies targeting these 
checkpoints present promising opportunities for immune modulation. Adpated from (Rathi et al., 
2021) 
 
 
3.10.1 Immune checkpoint inhibitors 
 
Directing attention to the co-inhibitory pathways of T cells, known as T cell checkpoints, 

triggers an anti-tumor response by rebalancing the inhibition imposed by co-inhibitory 

molecules such as LAG-3, PD-1, TIM-3, and CTLA-4. This shift creates a pro-

inflammatory environment that hinders tumor growth.  



 
 
42 

Immunotherapy for solid tumors primarily involves the use of inhibitors targeting 

programmed cell death-1 (PD-1)/programmed cell death ligand-1 (PD-L1) and cytotoxic 

T lymphocyte antigen-4 (CTLA-4), collectively referred to as immune checkpoint 

blockade (ICB) (Rebuzzi et al., 2022). Among the monoclonal antibodies commonly 

employed in ICB, nivolumab blocks PD-1, and ipilimumab targets CTLA-4. 

Nevertheless, a clinical trial assessing nivolumab in mCRPC patients did not demonstrate 

significant objective response rates. Subsequent clinical investigations of 

pembrolizumab, another anti-PD-1 monoclonal antibody, in mCRPC patients proved 

ineffective, highlighting that the use of PD-1 inhibitors as standalone treatments and 

relying on PD-L1 expression as a marker for PD-1 blockade therapy sensitivity may be 

insufficient for advanced PCa treatment (Antonarakis et al., 2020a). A phase II clinical 

trial combining ipilimumab with radiotherapy in mCRPC patients and a phase III trial 

involving patients with prior chemotherapy showed no discernible differences in 

objective response rates between placebo and ipilimumab (Fizazi et al., 2020).  

mCRPC patients exhibiting a high intratumoral CD8+ T cell density displayed 

favorable responses to CTLA-4-targeting antibodies, suggesting that augmenting CD8+ 

activation could yield clinical benefits (Subudhi et al., 2020). Remarkably, an extended 

examination of mCRPC patients who underwent ipilimumab treatment showcased 

substantially superior overall survival rates in comparison to those in the control cohort. 

This underscores the enduring advantages of immunotherapy for these individuals. Given 

the limited effectiveness of single-agent checkpoint inhibition in patients, there's a 

growing consensus for combination therapies. One notable effort to enhance the benefits 

of immunotherapy is the CheckMate 650 clinical trial, which explores dual checkpoint 

blockade. This trial compares two dosing regimens of ipilimumab/nivolumab against 

single-agent ipilimumab and the standard chemotherapy cabazitaxel in a randomized, 

controlled trial. 

Findings from the study revealed that patients who underwent treatment with a 

combination of ipilimumab and nivolumab demonstrated the most substantial overall 

response rate (19.5% compared to 12.2% with cabazitaxel) as well as a higher complete 

response rate (4.9% compared to 0% with cabazitaxel). Moreover, individuals receiving 

this combined therapy exhibited an extended duration of radiographic response (6.5 
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months compared to non-responders), highlighting its considerable clinical efficacy (P. 

Sharma et al., 2023).  

 

 

3.10.2 Dendritic cell vaccines: Sipuleucel T 
 

Sipuleucel-T emerges as an exceptional dendritic cell vaccine, distinguished by 

its fusion of PAP with granulocyte-macrophage colony-stimulating factor. It currently 

holds the distinction of being the only approved active cellular immunotherapy for 

mCRPC (Kantoff et al., 2010). Administering Sipuleucel-T to patients pre-prostatectomy 

has shown to stimulate sustained immune responses involving both T and B cells, leading 

to reduced PSA levels and enhanced overall survival rates (Fong et al., 2014). Ongoing 

studies explore various combinations and clinical contexts, including pairing Sipuleucel-

T with approved mCRPC medications, antibodies, or radiation therapy. In a recent 

randomized phase II trial, the combination of Sipuleucel-T with or without interleukin-7 

(IL-7), a homeostatic cytokine, was investigated (Pachynski et al., 2021).  The findings 

suggested a notable increase in lymphocyte populations and enhanced immune reactions, 

coupled with a decrease in PSA levels among patients who received the combination 

treatment in contrast to those solely administered Sipuleucel-T. This suggests that 

utilizing combination approaches holds significant promise for enhancing clinical 

effectiveness in treating mCRPC. 

 

3.10.2 Prostate Specific Membran Antigen (PSMA) CAR T therapy  

 

The prostate, known for its minimal mutational burden, has prompted extensive 

exploration of PCa antigens such as PSCA, PSMA, and EpCAM for potential application 

in CAR T therapy (Milowsky et al., 2007). The development of Anti-PSMA CAR T cell 

therapy builds upon prior monoclonal antibody studies and has progressed into clinical 

trials. A phase I clinical trial involving an armored PSMA CAR, expressing a dominant-

negative receptor for the immunosuppressive cytokine TGF-β, includes 13 patients across 

four dose levels (Narayan et al., 2022).  

Promisingly, the trial has documented significant expansion of T cells, with one 

participant demonstrating a remarkable decrease of over 98% in PSA levels, while three 
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others displayed partial responses characterized by more than a 30% reduction in PSA 

levels. In a distinct phase I clinical investigation targeting PSMA in a cohort of nine 

patients, three individuals witnessed a decline in PSA levels exceeding 50%, coupled with 

notable enhancements in PSMA positron emission tomography (PET) imaging. 

Nevertheless, one participant in this trial encountered a severe grade 5 adverse event 

linked to hepatic failure and potential macrophage-activation syndrome attributed to the 

medication (Slovin et al., 2013). Other in vivo study, utilizing a second-generation 

PSMA-targeting CAR T therapy in combination with chemotherapy, demonstrated the 

elimination of tumor cells in mice. An ongoing clinical trial explores the integration of 

anti-PSMA CAR T therapy with PD-1 blockade in treating mCRPC (NCT04768608). 

This development introduces novel treatment paradigms, positioning CAR T cell therapy 

as a promising alternative for the management of PCa. 

 

3.10.3 Bi-specific T cell engagement (BiTE) 
 

A different treatment strategy involves using bi-specific T cell engagement 

(BiTE), which utilizes monoclonal antibodies with dual targeting capabilities (Runcie et 

al., 2018). One hook is designed to target proteins outside tumor cells, while the second 

hook is directed at the CD3, a typical T cell receptor.  The BiTE construct facilitates the 

interaction between these two cell types. Currently, acapatamab is undergoing 

investigation in Phase I trials, demonstrating response rates nearing 33%. This modality 

is being explored in combination with PD1 blockers and hormone therapy to enhance its 

efficacy (Giraudet et al., 2021) . 

Despite its potential benefits, a notable drawback of BiTE therapy is the occurrence 

of cytokine storm syndrome, presenting a double-edged sword in immunotherapeutic 

treatment. To address this challenge, novel molecules with reduced affinity for CD3 are 

being explored as potential solutions to mitigate the cytokine storm among patients 

(Singh et al., 2021). These advancements aim to strike a balance, optimizing the 

therapeutic benefits while minimizing adverse events associated with BiTE therapy. 
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4 AIM OF THE WORK 

 
The primary objective of this project is to elucidate and characterize the immunological 

factors associated with the aggressiveness of PCa. PCa exhibits a spectrum of clinical 

phenotypes, ranging from indolent forms that can be managed through active surveillance 

to aggressive variants with a high risk of mortality. In recent decades, significant progress 

has been made in uncovering the genomic heterogeneity that underlies these distinct 

clinical presentations.  

Researchers have identified specific molecular subtypes of PCa and exploited their 

uniqueness to predict clinical outcomes, develop novel biomarkers for diagnosis, and 

devise innovative treatment strategies. Molecular biomarkers and genomic profiling hold 

promise for enhancing risk stratification and enabling personalized treatment approaches 

tailored to individual patients. In addition to genetically defined markers, the role of 

tumor-infiltrating immune cells such as CD8 and CD4 as crucial prognostic indicators in 

PCa has been increasingly recognized.   

 

These immune cells play a pivotal role in the tumor microenvironment, influencing the 

immune landscape within the tumor. Despite extensive research, the biological 

mechanisms and clinical implications underlying the variable infiltration of immune cells 

into PCa tumors remain poorly understood. 

 

The primary objectives of this project are as follows: 

- To characterize the composition of immune cells in both healthy prostate tissue 

and tumor samples obtained from patients undergoing radical prostatectomy. 

- To analyze immune cell populations in tissue and blood samples collected from 

PCa patients, with the aim of identifying potential biomarkers and elucidating 

their clinical relevance. 

- To investigate the spatial distribution and genomic features of the immune 

microenvironment within prostate tumors. 
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5 RESULTS 
 
5.1 Unveiling Prostate Immune Cell Composition 
 

5.1.1 Patient Cohort and Tissue Retrieval 
 

Understanding the immune infiltrate landscape of the TME is essential in 

elucidating the mechanisms driving PCa progression, devising effective 

immunotherapeutic strategies, and finding potential correlations between immunological 

signatures and features of the prostate tumor. Therefore, in the initial phase of our 

research, we focused on studying and identifying the key immune cell populations in RP 

samples. 

For that, we analyzed 3 prostate samples (Figure 5 A) from high-risk PCa patients who 

underwent robotic RP. After the surgical procedure, an immediate histopathological 

evaluation was performed. Following confirmation of negative surgical margins, two 

different areas (Tumoral vs. Healthy) of the peripheral zone were manually dissected 

(Figure 5 B-C). The surgical samples were then processed taking advantage of ad hoc-

designed digestion protocol (Vitek et al., 2022) to obtain a single-cell suspension suitable 

for further analyses. The selected patients were matched for PSA values, age, 

preoperative clinical characteristics, and pathological grade assessed at RP (Gleason 

Score 8 or 9). In one out of the three selected patients a localized nodal disease was 

identified.  
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Figure 5. Composition and tissues retrieval pipeline of samples from study cohort of patients. 
(A) Composition and characteristics of analyzed cohort of patients. (B) Pathological and 
methodological evaluation protocol of samples retrieval pipeline. (C) Representative histological 
micrographs of healthy (left) and tumor (right) tissue obtained and analyzed from indicated 
patient. 
 

 

 

 

A 

B 

C 



 
 
48 

5.1.2 Flow cytometry – t-SNE analysis on fresh prostate samples 
 

We took advantage of spectral multiparametric high-dimensional flow cytometry 

to comprehensively profile the immune cell populations within the prostate. Single-cell 

suspensions underwent thorough analysis to identify key immune cell types, such as T 

cells, B cells, monocytes, macrophages, neutrophils, and dendritic cells. To gain deeper 

insights into the composition of both healthy and tumor tissues within prostate samples, 

we conducted non-linear dimensional reduction analysis using the t-SNE algorithm on 

total CD45+ leukocytes (Figure 6A).  

Based on the expression of surface proteins, we were able to identify 10 primary 

main cells clusters (Figure 6 A-B). Notably, our analysis allowed us to distinguish two 

distinct clusters of CD8+ and CD4+ T cells based on the differential expression of CD103 

and HLA-DR. Indeed, cluster 1 identified a population of CD4+ T cells expressing both 

CD103 and HLA-DR, indicative of a tissue-resident identity (Webb et al., 2014). In 

contrast, cluster 2 mainly comprised CD4+ T cells lacking expression of these surface 

markers, suggesting their belonging to a conventional/non-activated repertoire.  

CD8+ T cells were segregated into clusters 3 and 4, with the former positive for 

the molecule CD103, associated with the tissue-resident phenotype (Duhen et al., 2018). 

Cluster 7, defined by the presence of CD19+ HLA-DR+ cells, was designated as B cells. 

In contrast, Cluster 6 comprised cells expressing CD14, CD16, and HLA-DR, were 

assigned as dendritic cell lineage. Additionally, Clusters 5 and 8, characterized by cells 

expressing CD16 and CD56, respectively, were annotated as neutrophils and NK cells. 

Interestingly, we found cluster 2 and cluster 3 to be the two major populations that were, 

beside not statistically significant, differently represented between healthy and tumor 

samples. Indeed, we found cluster 2 to be slightly enriched in tumor samples unlike 

cluster 3, that appeared to be less represented. 
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Figure 6. t-Distributed Stochastic Neighbor Embedding (tSNE) analysis of CD45+T cells in 
healthy and tumoral prostate tissue. (A) (left) Two-dimensional map showing clustering results 
of all 60,000 cells from all six samples via t-SNE visualization. (right) representative rendering 
of identified clusters in tSNE analysis with relative enumeration. (B) Heatmap from tSNE analysis 
showing the co-expression of markers shown in indicated panel (left) in equally concatenated 
CD45+ cells in healthy and tumoral prostate tissue samples from 3 analyzed patients. Analysis 
was performed on 10,000 events per sample, 1000 iterations, 30 perplexity. (C) Histogram 
showing the relative frequency of indicated cell populations in healthy (blue) and tumoral (red) 
samples of specified cohort of patients. Dots represent individual samples. Data are expressed as 
mean ± SEM. 
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The annotation of cellular clusters identified through unsupervised analysis of flow 

cytometry data has laid the groundwork for comprehending the heterogeneity of immune 

cells within prostatic tissue. In particular, T cells (including CD4 and CD8 subsets) 

constitute the predominant intra-prostatic leukocytes, indicating their potential 

immunological role in tumor control and tissue homeostasis maintenance. Through 

quantifying cell frequencies within each cluster, we aimed to delineate 

signatures/differences in the composition of immune cells between tumor and healthy 

tissue. 

 

5.1.3 PD-1 and CTLA4 analysis on prostate tissues 
 

Many studies have shown that both CD4+ and CD8+ T cells can acquire a 

dysfunctional phenotype in diverse tumor microenvironments. Indeed, T cells have been 

reported to enter a dysfunctional or exhausted state, often characterized by sustained 

expression of inhibitory receptors, and contributing to tumor progression. Among 

negative regulators that can mediate T cell dysfunction, PD-1 and CTLA-4 have been 

pointed out as key players (Buchbinder & Desai, 2016) 

In our experimental setup, CD4+ and CD8+T cells appeared to be among the most 

abundant populations, both in tumor and healthy tissue. However, no significant 

differences were found between the two study groups (tumor vs. healthy tissue) (all p 

value> 0.3). Since no differences were found in terms of frequency, we measured the 

surface expression of CTLA4 and PD-1, well-known markers of disfunction and 

exhaustion, in the most represented clusters (T cells, CD4+, and CD8+) (Figure 7). 

Interestingly, we did not identify significant differences in the expression of immune 

checkpoint (IC) molecules on CD4+ and CD8+ T cells in patients with high-risk prostate 

disease compared to healthy tissues (p value >0.1), in contrast to findings reported in 

other tumor microenvironments (Jhunjhunwala et al., 2021) 
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Figure 7. PD-1 and CTLA-4 surface expression on CD4+ and CD8+ T cells do not correlate 
with high-risk prostate cancer disease. (A) (left) MFI representative modal expression of PD-1 
on CD4+T cells (top) and CD8+T cells (bottom). Blu lines and values represent PD-1 MFI on 
CD8+ and CD4+ T cells in healthy donor tissues. Red lines and values refer to PD-1 MFI on 
CD8+ and CD4+ T cells in tumoral donor tissues. Numerical values within the plot refer to mean 
MFI of indicated group. (right) Histograms of the MFIs of PD-1 on CD8+ and CD4+ T cells in 
healthy (blue full dots) or tumoral analyzed tissue samples (red full dots). Dotted lines connect 
values belonging to same analyzed sample. (B) (rightt) MFI representative modal expression of 
CTLA-4 on CD4+T cells (top) and CD8+T cells (bottom). Blu lines and values represent CTLA-4 
MFI on CD8+ and CD4+ T cells in healthy donor tissues. Red lines and values refer to CTLA-4 
MFI on CD8+ and CD4+ T cells in tumoral donor tissues. Numerical values within the plot refer 
to mean MFI of indicated group. (right) Histograms of the MFIs of CTLA-4 on CD8+ and CD4+ 
T cells in healthy (blue full dots) or tumoral analyzed tissue samples (red full dots). Dotted lines 
connect values belonging to same analyzed sample.  
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5.1.4 Multiplex Immunohistochemical Phenotyping 

To explore the spatial distribution of the most abundant infiltrating immune cell types 

identified in previous experiments, we conducted multiplex immunofluorescence on a 

sizable cohort of patients affected by localized PCa who underwent surgery, with or 

without lymph nodal dissection. Our analysis encompassed 40 patients treated at San 

Raffaele Hospital, as detailed in Figure 8. 

 

 

Risk Group N of 
Patients  

Age PSA 
Ng/ml 

Glaeason 
Score 

Positive 
Margin 

Positive 
Nodes 

Low Risk  10  71,4  12,66 GS 6  0 0 

Intermediate 
Risk 

10 69,8   9,74 GS 7  1 1 

High Risk 20 70,6  10,33  GS 8-10 6  10 

 

 

 
 
 
 
 
 
 
Figure 8. Composition and characteristics of study cohort of patients for multiplex 
immunohistochemical phenotyping. (A) Composition and characteristics of analyzed cohort of 
patients. (B) (left) Proportions of N0 and N1 classified patients in study cohort of PCa patients 
based on lymph node invasion (LNI). (right) Proportions of cases in study cohort of PCa patients 
basing on relative level of risk disease (green, low-risk disease; orange, intermediate-risk 
disease; red, high-risk disease). 
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The presence of each immune cell type in the stromal (peritumoral) and epithelial 

(intratumoral) compartment (Figure 9) was determined in PCa tissue samples by using 

Ventana Discovery Ultra (See section 8.7 Multiplex Ventana phenotyping and Table 9).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
Figure 9. CD4+ and CD8+T cell infiltration evaluation on patients affected by localized prostate 
cancer. (A) Immunofluorescence representative micrographs of prostate sections from recruited 
cohort of patients of high-risk disease group. The micrograph shows the distribution of CD8+T cells 
(light blue) and CD4+T cells (light green) in prostate tissue. Cell nuclei are highlighted by DAPI 
staining (dark blue). Scale bar represents 100 μm. (B) Violin plots showing of CD8+T cells numbers 
in intratumoral and peritumoral zone of analyzed tissues basing on relative level of risk disease 
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(green, low-risk disease; orange, intermediate-risk disease; red, high-risk disease). Dots represent 
individual samples. (C) Violin plots showing of CD4+T cells numbers in intratumoral and peritumoral 
zone of analyzed tissues basing on relative level of risk disease (green, low-risk disease; orange, 
intermediate-risk disease; red, high-risk disease). Dots represent individual samples. (D) Violin plots 
showing of CD8+T cells numbers in intratumoral and peritumoral zone of analyzed tissues basing on 
lymph node invasion (LNI) of analyzed patients. Dots represent individual samples. (E) Violin plots 
showing of CD4+T cells numbers in intratumoral and peritumoral zone of analyzed tissues basing on 
lymph node invasion (LNI) of analyzed patients. Dots represent individual samples. Data are 
expressed as mean ± SEM. Statistics: Man-Whitney nonparametric unpaired t-test, ns p-value > 0.05 
* p-value ≤ 0.05, ** p-value ≤ 0.01. 

 

In the epithelial compartment, we found no significant disparities in terms of T cell 

infiltration across PCa risk groups based on nodal status post-surgery (all p values >0.1). 

Within the stromal compartment, no differences were noted in terms of T cells/mm2, 

although CD4+ infiltration appeared elevated in aggressive disease, albeit marginally 

significant (p = 0.071). Examining the status of lymph node involvement (LNI), a 

decrease in the number of CD8+ T cells was noted (p > 0.01), alongside a significant 

increase in terms of CD4+ T cell preponderance (p < 0.05). 

The relationship between T cells and macrophages in PCa is well known to be complex 

and multifaceted and therefore, the balance and relative distribution of T cells and 

macrophages within the TME is critical in determining the outcome of PCa progression 

(Larionova et al., 2020). We then analyzed, in the same Formalin Fixed Paraffin 

Embedded (FFPE) samples, the eventual abundance of two distinct macrophage cell 

populations which may exhibit varying degrees of anti-tumoral functionality based on 

their polarization states (Figure 10). We assessed the presence of M2 (identified as 

CD68+CD63+) and M1 macrophages (identified as CD68+ CD86+), with the former 

recognized for its role in promoting tumor growth and metastasis through immune 

response suppression, while the latter known to exert anti-tumoral effects by enhancing 

T cell activation and cytotoxicity (Pan et al., 2020). 
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Figure 10. M1 and M2 infiltration evaluation on patients affected by localized prostate cancer. 
(A) Immunofluorescence representative micrographs of prostate sections from recruited cohort 
of patients of high-risk disease group. The micrograph shows the distribution of CD68+ CD86+ 
cells (aqua and red) and CD68+ CD63+ (red and green) in prostate tissue. Cell nuclei are 
highlighted by DAPI staining (dark blue). Scale bar represents 50 μm. (B) Violin plots showing 
of CD68+ CD86+ cells numbers in intratumoral and peritumoral zone of analyzed tissues basing 
on relative level of risk disease (green, low-risk disease; orange, intermediate-risk disease; red, 
high-risk disease). Dots represent individual samples. (C) Violin plots showing of CD68+ CD63+ 
cells numbers in intratumoral and peritumoral zone of analyzed tissues basing on relative level 
of risk disease (green, low-risk disease; orange, intermediate-risk disease; red, high-risk 
disease). Dots represent individual samples. (D) Bar plots showing of M1 and M2 cells in 
intratumoral and peritumoral zone of analyzed tissues basing on lymph node invasion (LNI) of 
analyzed patients. Dots represent individual samples. Data are expressed as mean ± SEM. 
Statistics: Man-Whitney nonparametric unpaired t-test, ns p-value > 0.05 * p-value ≤ 0.05, ** p-
value ≤ 0.01. 

 

No significant changes in macrophage subsets frequency were identified among the 

study groups (all p value >0.05). Therefore, based on our clinical setting, we excluded 

the percentage of macrophages subsets to be considered a prognostic factor for stratifying 

our patients in the three risk groups (low, intermediate, and high). However, we did notice 

a negative trend in the number of M1 and M2 macrophages in patients with locally 

advanced disease (N1). This result could be framed within a broader context of prostate 

tumor inhibition in recruiting cells from the immune system (immune evasion 

mechanisms) (Erlandsson et al., 2019) 

 

5.1.5 Fresh tissue analysis for the identification of Immune Biomarkers 

After testing our flow cytometry panel (Figure 6B) and identifying populations of interest, 

we wanted to understand whether the immune cell infiltrate profile could be a predictive 

tool for stratifying PCa risk. With this aim, we included in the study a larger cohort of 

patients (32 patients) all of which underwent surgery. For each included patient, a tissue 

prostate sample and a pre-surgical blood sample were collected and analyzed. We 

included in our analysis 15 samples from healthy tissue (patients affected by BPH), 5 

from patients with low-risk, 7 with intermediate-risk, and 5 with high-risk disease (Table 

5).  
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Table 5 Study cohort of patients for identification of immune cells in tissue and blood 
samples. Composition and characteristics of analyzed cohort of patients.  
 

 

We performed unsupervised clustering analysis (t-SNE) on CD45+ cells in 

prostate samples, by which we were able to identify 9 main cell clusters (Figure 11A). 

With this analysis, we were able to identify comparable cellular populations that we 

previously described in initial experiments. Indeed, CD8+ and CD4+ T cell clusters were 

the most represented ones. Within both immune populations, t-SNE analysis revealed two 

distinct subsets, one of which expresses the surface marker CD103 while the other does 

not. Despite the larger sample size, we were unable to identify a significant difference 

between tumor and healthy tissue or within the different risk classes (all p value >0.05). 

However, it is noteworthy that a trend emerged in the CD8+ CD103+ subset population. 

Specifically, we observed a decrease in the CD103+CD8+ T cell population concurrent 

with the progression of prostate disease grade (Figure 10B). Aggressive tumors with a 

high risk of lymph node metastasis, in fact, exhibit the lowest percentage of this cellular 

subtype. Moreover, we analyzed the CD4/CD8 ratio, an indicator of the immune status 

within the TME (Cerqueira et al., 2020). The CD4/CD8 ratio was not able to discriminate 

between the populations. The bar plot only suggests an abundance of CD4+ T cells 

relative to CD8+ T cells, which could indicate a more regulatory or suppressive immune 

environment (Figure 11C). 

 

N 32 

patients 
Age 

PSA  

(ng/ml) 

Gleason 

Score 
Risk Group 

5 66,4 6,44 6 Low-Risk 

7 68,3 6,10 7 Intermediate-Risk 

5 72,5 7,34 8-10 High-Risk 

15 67,9 7,75 BPH Negative 
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Figure 11. tSNE analysis of CD45+T cells in tissue prostate samples from stratified low, 
intermediate and high-risk disease patients. (A) (left) Two-dimensional map showing clustering 
results of all 80,000 cells from all 32 samples via t-SNE visualization. (right) representative 
illustration of identified clusters in tSNE analysis with relative enumeration and annotation. 
Analysis was performed on 3,000 events per sample, 1000 iterations, 30 perplexity. (B) 
Histogram showing the relative frequency of indicated cell populations in healthy (blue), low- 
(green), intermediate- (orange) and high- (red) risk disease patient samples. Dots represent 
individual samples. Data are expressed as mean ± SEM. (C) Histogram showing the 
CD4+/CD8+T cell ratio values in healthy (blue), low- (green), intermediate- (orange) and high- 
(red) risk disease patient samples. Dots represent individual samples. Data are expressed as 
mean ± SEM. 
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A logistic regression model was then employed in order to explore the eventual impact 

of this cell population on clinically significant disease prediction (defined as Gleason 

Score ≥ 7). At the univariate analysis (Figure 12A), the relative abundance of 

CD103+CD8+ T cell population emerged as an independent predictor of clinically 

significant PCa (p=0.05) or PCa disease (p=0.01). This trend is depicted by the Locally 

Weighted Scatterplot Smoothing curve for the probability of clinically significant cancer 

(Figure 12B). However, due to a limited number of events (patients with Intermediate or 

high-risk disease), we excluded multivariate regression as suitable analysis. 

 

Figure 12. CD103+CD8+ T cell population as an independent predictor of clinically significant 
PCa. (A) Univariate logistic regression measuring predictive performance of variables. (B) 
Locally weighted scatter plot analysis of CD103+ CD8+T cells in clinically significant PCa. 
 

5.1.6 Peripheral Blood Samples as a source of Immune biomarkers  

One of the aims of our study was to ultimately identify blood biomarkers with the 

potential to aid in the diagnosis or prognosis of patients with prostate neoplasia. The 

introduction of PSA into clinical practice has had a profound impact on patient prognosis 

by improving the detection of prostate cancer and identifying metastatic disease at earlier 

stages (Carlsson & Vickers, 2020). Despite these achievements, PSA unfortunately 

remains a nonspecific biomarker, underscore the pressing need for more effective 

alternatives.  

A B 
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In our study, we also aimed to explore immunological signatures capable of not 

only identifying prostate diseases but also aiding in the stratification of patients across 

various risk classes. We included in our analysis the same cohort population described in 

Table 5.  

Before starting the surgical procedure, all patients who had signed informed 

consent underwent a blood draw of approximately 5 ml of whole blood. All samples were 

immediately processed and analyzed using the same antibody panel used for prostate 

tissue analysis (Figure 6B). This analysis revealed the presence of different cellular 

clusters expressed differently in terms of percentages compared to prostatic tissue (Figure 

13A). As expected, the predominantly present population consists of neutrophils (cluster 

9, CD16+), immediately followed by T cells (CD4 and CD8, cluster 2 and 3,4 

respectively). (Figure 13B)  

We did not observe any significant differences (all p value >0.05) on overall 

abundance of these clusters in our study group samples (Figure 13C). However, the 

number of CD4+T cells in patients with clinically significant prostate disease (Gleason 

Score 7 to 10) was observed to be increased compared to control or low-risk disease 

patients (Gleason Score 6).  

Although peripheral blood immunological parameters have been attempted to be used as 

PCa biomarkers, we did not consider this approach, with the tested tools, to be suitable 

for our clinical study. Indeed, patient heterogeneity can often be a challenging factor that 

does not easily allow to identify univocal parameters directly associated with established 

tumor diseases. 
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Figure 13.  tSNE analysis of CD45+T cells in the blood of stratified low, intermediate and high-
risk disease patients. (A) (left) Two-dimensional map showing clustering results of all 80,000 
cells from all 32 samples via t-SNE visualization. (right) representative illustration of identified 
clusters in tSNE analysis with relative enumeration and annotation. Analysis was performed on 
3,000 events per sample, 1000 iterations, 30 perplexity. (B) Heatmap from tSNE analysis showing 
the co-expression of markers shown in indicated panel (Figure. 8A) in equally concatenated 
CD45+ cells in blood samples from 32 analyzed patients. (C) Histogram showing the relative 
frequency of indicated cell populations in healthy (blue), low- (green), intermediate- (orange) 
and high- (red) risk disease patient samples. Dots represent individual samples. Data are 
expressed as mean ± SEM. 
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5.2 Characterization of T Cells subsets in Healthy and Prostate Cancer tissue 

We then decided to deeply analyze and characterized CD4+ and CD8+ T cell 

compartments as the main populations that showed the greatest degree of variability 

within our study group. To do so, we recruited 10 patients who underwent surgery (Table 

6). These patients were categorized into 3 different clinically distinguished groups based 

on pathological characteristics. Specifically, 4 patients were assigned to the control group 

(patients affected by BPH), 3 patients to insignificant cancer (Gleason 6), and 3 patients 

to clinically significant diseasae (3 men with Gleason 7 and 1 patient with Gleason 9). 

 

 

 

 

 
 
 
 
Table 6. Study cohort of patients for the characterization of T cells in tissue samples. 
Composition and characteristics of analyzed cohort of patients.  
 

To further characterize the T cell populations, we designed a flow cytometry panel that 

included targets that define major cellular populations and several markers of activation, 

exhaustion, naive, memory, Treg, or cytotoxic cellular phenotype (CD127, CCR7 CD56, 

CD69; TCF1, TOX, CD39, TIGIT, Ki67, TCF1, Foxp3, PD1, TOX) (see Method, 

secotion 8.5, Flow cytometry analysis; Table 8).  

The unsupervised t-SNE analysis conducted on the CD45+ population revealed 

the presence of 9 distinct cell clusters (Figure 14A). Once again, CD8+ and CD4+ T 

populations appeared to be the most represented in the analyzed samples, comprising 

approximately 35% and 40%, respectively, of the total CD45+ population. Although they 

did not reach statistical significance (Figure 14 B), we observed a correlation between the 

CD4+ and CD8+ T cell counts and disease aggressiveness (Clinically significant PCa) 

(Figure 14C). Comparing the cells between clinically significant tumors and the control 

sample, we observed differences in CD8+ and CD4+ T cell clusters (cluster 3 and 1, 

respectively). The difference lies not only in terms of the absolute frequency of cells but 

also, crucially, in terms of cellular composition. Therefore, we decided to focus our 

N 10 

patients 

Age PSA  

(ng/ml) 

Gleason 

Score 

Risk Group 

3 68,4 7,11 6 Low-Risk 

3 70,1 9,10 7 Intermediate-Risk 

1 68 10,14 9 High-Risk 

4 71,8 8,65 BPH Negative 
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attention on these two cell populations by further conducting a CD4- and CD8-specific 

unsupervised analysis.  

 

 
Figure 14. tSNE analysis of CD45+T cells in tissue samples of patients stratified as control, 
Insignificant and Clinically Significant patients. (A) (left) Two-dimensional map showing 
clustering results of all 60,000 cells from all 10 samples via t-SNE visualization. (right) 
representative illustration of identified clusters in tSNE analysis with relative enumeration and 
annotation. Analysis was performed on 2,000 events per sample, 1000 iterations, 30 perplexity. 
(B) Heatmap from tSNE analysis showing the co-expression of markers shown in indicated panel 
(Fig. 8A) in equally concatenated CD45+ cells in tissue samples from 10 analyzed patients. (C) 
Two-dimensional map showing the difference regarding Cluster 1 and 3 between Healthy and CS 
PCa patients via t-SNE visualization. (D)Histogram showing the relative frequency of indicated 
cell populations in healthy (blue), Insignificant- (green), Clinically Significant (orange) disease 
patient samples. Dots represent individual samples. Data are expressed as mean ± SEM. 
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5.2.1 Unsupervised analysis on CD4+ cells 

A clustering analysis was performed within the CD4+ T cell cluster. The markers used 

for this purpose included CD45RA, CD69, HLA-DR, CD103, Foxp3, CD127, TOX, PD-

1, CCR7, and CD39 (Figure 15 A-C). These markers might play a crucial role in 

identifying specific subsets or states of CD4+ T cells. In detail, CD45RA is a marker used 

to distinguish between naive and memory T cells. Naive CD4+ T cells typically express 

CD45RA, while memory T cells generally do not. CD69 is an early activation marker 

expressed on T cells shortly after activation. HLA-DR, a major histocompatibility 

complex class II (MHC-II) molecule is involved in antigen presentation. CD103 is an 

integrin expressed on tissue-resident T cells. Foxp3 is a transcription factor associated 

with regulatory T cells (Tregs). Tregs expressing Foxp3 are involved in immune tolerance 

and suppression of immune responses. CD127, also known as IL-7 receptor alpha chain, 

is a marker commonly used to identify memory T cells. CD39 is an ectonucleotidase 

enzyme expressed on regulatory T cells (Tregs). CCR7: CC chemokine receptor 7 

(CCR7) is a chemokine receptor involved in T cell trafficking and homing to secondary 

lymphoid organs. It is expressed on naive and central memory T cells. PD-1 was finally 

used to identify T cell exhausted.  

The bubble plot was performed to better identify, based on the level of Mean 

Fluorescence Intensity (MFI) values of the described markers, the different cellular 

subsets within the CD4 population (Figure 15 C).  
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Figure 15. tSNE analysis of CD4+T cells in prostate tissue samples of patients affected by 
localized prostate cancer. (A) (left) Two-dimensional map showing clustering results of all 
64,000 CD8+T cells from all 10 samples via t-SNE visualization. (right) representative illustration 
of identified CD4+T cells clusters in tSNE analysis with relative enumeration and annotation. 
Analysis was performed on 2,000 cells per sample, 750 iterations, 40 perplexity. (B) Heatmap 
from tSNE analysis showing the co-expression of selected markers shown in previously indicated 
panel (Figure 8A) in equally concatenated CD4+ T cells in tissue samples from 10 analyzed 
patients. (C) Bubble plot showing the normalized value of the MFI of indicated markers in each 
identified and indicated cluster. Bubbles color gradient and size indicate the expression intensity 
in terms of MFI. 
 

Eight clusters were identified, and the frequency of each cluster was calculated in the 

study populations (Figure 16). Among the eight clusters underlined, two of them 

exhibited differences in terms of frequencies between patients affected by clinically 

significant pathology or indolent disease (Figure 16B).  The bubble plot enabled us to 

identify markers that could discriminate between patient groups within the clusters, 

regardless of frequency (Figure 16 C). 
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Cluster 1 was mainly composed by CCR7+CD45RA+Tcf-1+ CD4+ T cells with low 

surface expression of tissue-residency associated markers (CD103, CD69) and was found 

to be significantly reduced in tumoral samples compared to healthy ones. On the contrary, 

we found cluster 4 to be significantly enriched in tumoral samples and mainly comprised 

CD69+ CD4+T cells expressing exhaustion-associated markers (TOX, PD-1) and 

retaining proliferative capacities (Ki-67+).  These data, while providing a partial insight 

into the actual composition of the CD4+T population within prostate tumors, highlight the 

importance and need for a deeper and extensive characterization of such populations in 

order to unveil their impact in the context of PCa.  

Figure 16. tSNE analysis of CD4+T cells in prostate tissue samples of insignificant and 
clinically significant PCa patients. (A) Representative two-dimensional plot of identified CD4+T 
cells clusters in tSNE analysis with relative enumeration and annotation in healthy (left) and 
tumor (right) tissue samples. (B) Histogram showing the relative frequency of indicated CD4+T 
cell cluster in healthy control (blue), insignificant PCa (green) and clinically significant PCa 
(orange) in analyzed prostate tissue samples. Dots represent individual samples. Data are 
expressed as mean ± SEM. (C) Bubble plot showing the relative frequency of indicated clusters 
in each patients tissue sample analyzed. Bubbles color gradient and size indicate the expression 
intensity in terms of MFI.  
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5.2.2 Unsupervised analysis on CD8+ cells 

As for what has been done for CD4+T cells, t-SNE analysis was then performed on 

the CD8+T. Markers used for the analysis included: CD45RA, CD69, HLA-DR, CD103, 

CD127, PD-1, CCR7, CD39, TCF1, Tox, and Ki67. Six distinct CD8+ T cell clusters were 

identified, characterized by different expression and/or activation profiles (Figure 17). 

Cluster 1 is primarily represented by cells highly expressing CCR7, CD127 and TCF1, 

while cluster 2 exhibits high expression of CD45RA and moderate expression of TCF1. 

Cluster 3 demonstrates high expression of HLA-DR, Ki67, and moderate expression of 

Tox. Cluster 4 exhibits high expression of PD1, CD103, and CD69. Cluster 5 is 

characterized by high expression of CD39, PD1, CD103, CD69, and Tox. Finally, cluster 

6 is primarily characterized by the expression of Ki67, with moderate expression of Tox, 

TCF1, and CD39.  
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Figure 17. tSNE analysis of CD8+T cells in prostate tissue samples of patients affected by 
localized prostate cancer. (A) (left) Two-dimensional map showing clustering results of all 
64,000 CD8+T cells from all 32 samples via t-SNE visualization. (right) representative illustration 
of identified CD8+T cells clusters in tSNE analysis with relative enumeration and annotation. 
Analysis was performed on 2,000 cells per sample, 750 iterations, 40 perplexity. (B) Heatmap 
from tSNE analysis showing the co-expression of selected markers shown in previously indicated 
panel in equally concatenated CD8+ T cells in blood samples from 32 analyzed patients. (C) 
Bubble plot showing the normalized value of the MFI of indicated markers in each identified and 
indicated cluster. Bubbles color gradient and size indicate the expression intensity in terms of 
MFI. 
 

 

Interestingly, clusters 1 and 5 showed the most significant changes between control and 

clinically significant tumor clinical groups (Figure 18 B). Cluster 1, characterized by the 

expression of markers such as CCR7, CD127 and TCF1 was annotated as a naïve-like 

CD8+ T cell cluster and was found to be significantly reduced in patients with clinically 

significant aggressive disease. Cluster 5, on the other hand, which was characterized by 

the expression of CD103, CD69, PD1, and CD69, was attributed to a T resident memory-

like CD8+T cell subpopulation and was found to be positively associated with both 

clinically significant or non-significant PCa patients. Of note, cluster 5 cells also 

expressed low levels of CD127, thus prompting out to a chronic activation phenotype.  

 

Supervised flow cytometric analyses of CD103 and CD39 expression on CD8+ T cells 

revealed three primary cell populations: CD103-CD39- double-negative T cells, 

CD103+CD39- single-positive T cells, and CD103+CD39+ double-positive T cells (Figure 

18 C). Although many other studies already reported the importance of a CD103+CD39+ 

CD8 T cell population as prognostic factor in terms of oncological outcomes or response 

to immunotherapy in various solid tumors (Duhen et al., 2018) , their role in PCa is still 

unclear. It therefore remains uncertain whether this specific subset of CD8+T cells could 

effectively correlate to PCa but remains of intriguing possibility the better 

characterization of this population within a specific clinical group in the context of PCa 

and immunotherapy. 
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Figure 18. tSNE analysis of CD8+T cells and a supervised analysis on CD103+ CD8+ T cells. 
(A) Representative two-dimensional plot of identified CD8+T cells clusters in tSNE analysis with 
relative enumeration and annotation in healthy (left) and tumor (right) tissue samples. (B) 
Histogram showing the relative frequency of indicated CD8+T cell cluster in healthy control 
(blue), insignificant PCa (green) and clinically significant PCa (orange) in analyzed prostate 
tissue samples. Dots represent individual samples. Data are expressed as mean ± SEM. (C) 
Representative FACS plot and gate strategy to visualize CD8+T cells expressing CD103 and 
CD39 in differential combination, in healthy (left plots) and tumor (right plots) tissue samples. 
Live, CD45+, CD4-, CD19-, CD8+ cells. 
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5.2.3 Spatial localization of T Cell Infiltration through Multiplex Analysis 

To validate the presence and spatial distribution of tissue-resident memory-like 

populations (double-positive CD8+ CD103+ or triple-positive CD8+ CD103+ CD39+), 

we conducted an immunofluorescence assessment of FFPE prostate samples obtained 

from individuals who underwent RP  at San Raffaele Hospital, with a minimum of 5 years 

of follow-up. Our study included 27 patients: 12 with high-risk, 11 with intermediate-

risk, and 4 with low-risk disease. There were no significant differences in PSA values, 

age, or other clinical variables among the groups. Lymph node metastases were detected 

in 7 out of the 27 patients at the time of surgery. Over time, 7 out of the 27 patients 

experienced biochemical recurrence (BCR) (Figure 19 A). Considering that PCa often 

exhibits diminished inflammatory infiltrates, we specifically selected patients with at 

least 10% neoplasia throughout the entire organ and confirmed inflammatory infiltrates 

by expert uro-pathologists (Figure 19 B). 

 

Risk Group Low Intermediate High 

N patients 27 4 11 12 

Age (median) 67,4 68,7 70,4 

PSA (ng/mL) 11.5 8,94 7,43 

Gleason Score 6 7 8-10 

Positive Margin 0 2 5 

Positive Nodes 0 3 7 

Recurrence 0 2 7 

CD8 77,5 80,63 88,25 

CD4 131 122 127,25 

CD8+CD103+ 39,5 40 30,75 

CD8+CD103+CD39+ 1,9 2,54 4,41 

 

Figure 19. CD103+CD8+T cells in prostate tissue samples of insignificant and clinically 
significant PCa patients. (A) Composition and characteristics of analyzed cohort of patients. (B) 
Representative histological micrographs of low-infiltration (left) and high infiltration (right) 
tissue prostate samples of analyzed cohort of patients 
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We then quantified the presence of CD8+, CD4+, CD103+, and CD39+ cells in the 

different experimental groups (Figure 20) . CD8+ and CD4+ T cells (Figure 20 C)  did 

not significantly differ between the various risk classes, while a statistically significant 

difference (p <0.05) was confirmed between the intermediate and high-risk groups 

regarding the frequency of CD8+ CD103+ cells (Figure 20D left). Triple-positive CD8+ 

CD103+ CD39+ cells showed a significant increase in high-risk samples compared to 

low and intermediate-risk tumors (p values <0.01 and <0.05, respectively) (Figure 20 D 

right). The trend identified by these data confirms both the findings obtained from flow 

cytometry and the ability of tissue resident memory-like cells to stratify the different risk 

classe 

 

 

 

 

 

 

 

 

 

 

 

 

 

CD8 

CD4 

CD103 

CD8 

A 

B 

CD103 

CD39 

D C 



 
 
72 

Figure 20. CD103+CD8+T cells infiltration and quantification in prostate tissue samples.(A) 
Immunofluorescence representative micrographs of prostate sections from recruited cohort of 
patients of high-risk disease group. The micrographs shows the distribution of CD8+T cells (red) 
and CD4+T cells (light blue) and CD103+ cells (green) in analyzed prostate tissue. On the right 
micrographs represent single markers staining: CD8+T cells (red), middle: CD4+T cells (light 
blue), right: CD103+ cells (green). Botton Graph: zoom up of selected region. Scale bar 
represents 100 μm. (B) Immunofluorescence representative micrographs of prostate sections 
from recruited cohort of patients of high-risk disease group. The micrographs show the 
distribution of CD8+T cells (red), CD39+ cells (light blue) and CD103+ cells (green) in analyzed 
prostate tissue. On the right, micrographs represent single markers staining. CD8+T cells (red), 
middle: CD39+ cells (light blue), right: CD103+ cells (green). (Bottom) zoom up of selected 
region. Scale bar represents 100 μm. (C) Violin plots showing of CD8+T cells (left) and CD4+T 
cells (right) numbers in analyzed tissues basing on relative level of risk disease (green, low-risk 
disease; orange, intermediate-risk disease; red, high-risk disease). Dots represent individual 
samples. (D) Violin plots showing of CD103+CD8+T cells (left) and CD39+ CD103+CD8+T cells 
(right) numbers in analyzed tissues basing on relative level of risk disease (green, low-risk 
disease; orange, intermediate-risk disease; red, high-risk disease). Dots represent individual 
samples. Data are expressed as mean ± SEM. Statistics: Man-Whitney nonparametric unpaired 
t-test, * p-value ≤ 0.05, ** p-value ≤ 0.01. 

 

5.2.4 Correlation between Immune Cell Infiltration and Adverse Features in Prostate 
Cancer 

 
  We further evaluated the prognostic significance of infiltrating immune cell types 

in FFPE prostate samples. In our cohort, univariate logistic regression analysis revealed 

significant associations between Gleason Score (Gleason Score 8-10) and levels of 

infiltrating CD8+ CD103+ CD39+ cells (p: 0.027), with an AUC of 0.89. Additionally, 

our cells were identified as a prognostic factor for lymph node invasion (p: 0.032) with 

an AUC of 0.83 (Figure 21 A-C). Of note positive surgical margin status and high 

Gleason score (≥7) were predictors of lymph nodal invasion in our cohort.  

A locally weighted scatter plot analysis was conducted to assess the prognostic 

significance of CD39+ CD103+. The analysis plotted the presence of TRM cells against 

the likelihood of high-grade disease or nodal metastasis, allowing for the visualization of 

trends or correlations. In this study, the presence of CD39 CD103 cells was assessed as a 

potential prognostic factor for High-grade disease or Nodal metastasis (Figure 21 B-D). 
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GS 4-5 (AUC per CD8 CD103 CD39: 0.89) 

 

 

 

 

LNI (AUC per CD8 CD103 CD39: 0.83)  

  

  
 
Figure 21. CD39+CD103+CD8+ T cell population as an independent predictor of high grade 
disease and lymph node invasion. (A,C) Univariate logistic regression measuring predictive 
performance of variables. (B,D) Locally weighted scatter plot analysis of CD39+CD103+ CD8+T 
cells in analyzed cohort of patients. 

 

 

 

Characteristic N Event 

N 

OR1 95% 

CI1 

p-value 

CD4 27 8 0.99 0.96, 

1.02 

0.4 

CD8 27 8 1.02 0.97, 

1.08 

0.4 

CD8 CD103 27 8 0.93 0.83, 

1.01 

0.13 

CD8 CD103 

CD39 

27 8 2.76 1.53, 

7.26 

0.027 

1 OR = Odds Ratio, CI = Confidence Interval  

Characteristic  N  Event 

N  

OR1  95% 

CI1  

p-

val

ue  

CD4  27  9  1.01  0.98, 

1.03  

0.6  

CD8  27  9  1.06  1.00, 

1.14  

0.0

79  

CD8 CD103  27  9  0.99  0.91, 

1.07  

0.4  

CD8 CD103 CD39  27  9  1.84  1.20, 

3.30  

0.0

32  
1 OR = Odds Ratio, CI = Confidence Interval   

A B 

C D 
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5.3 Transcriptional and Functional Profiling of CD8+CD103+ Cells  

5.3.1 Gene expression profiling of prostate samples  

To explore the diversity of cell types and transcriptional states found in localized PCa 

samples, we processed tissue specimens from RP procedures performed on individuals 

diagnosed with high-risk disease (three patients). Specifically, we obtained both tumor 

tissue and healthy adjacent tissue from each patient following the prostatectomy 

procedure, resulting in a total of six samples. A single-cell suspension was prepared using 

an in-house tissue digestion protocol. To enrich the sample for leukocytes, a purification 

step was employed. This involved labeling the single-cell suspension with PE Anti-

Human CD45 antibody and isolating the CD45+ population using anti-PE Miltenyi beads 

(see Method Section). Following this procedure, we obtained a sample comprising more 

than 90% CD45+ cells. Subsequently, we employed the 10x Genomics Chromium Single 

Cell Gene Expression assay for scRNAseq analysis. 

After completing this procedure, a combined total of 55,701 cells were obtained by 

integrating the datasets from each of the six samples (Figure 22). The differential gene 

expression analysis was performed among all clusters and the top 5 specific markers for 

each cluster were represented in a Dotplot (Figure 22 B). The UMAP visualization 

provided a comprehensive overview of cellular heterogeneity within the analyzed tissue, 

highlighting distinct cell populations. Heterogeneous cell populations were identified and 

grouped in 17 distinct clusters, each characterized by specific gene expression profiles 

(Figure 17A).  
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Figure 22. Single Cell RNA sequencing analysis on CD45+ cells. (A) Uniform Manifold 
Approximation and Projection (UMAP) visualization of single-cell RNA sequencing data. Each 
point represents an individual cell, colored by cell type or cluster identity determined through 
unsupervised clustering. (B) Dotplot describing the differential gene expression among all 
clusters. The top 5 specific markers for each cluster were represented.  
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Cells were annotated as Active Macrophages, B cells, Basophils, CD8 T cells, Dendritic 

Cells, Endothelial, Epithelial, Fibroblasts, Monocytes, Myeloid, NKT, Plasmacytoid 

cells, PCa cells, Tgs, Thq, Th17, and T reg based on established marker genes (Figure 23 

A). PCa cells were distinguished by the expression of luminal epithelial (LE) markers 

KLK3, KLK2, and MSMB, consistent with LE cells being the predominant epithelial cell 

type in PCa samples. Endothelial cells were characterized by SPARCL1 and SELE 

expression, while fibroblasts expressed IGFBP5 and IGFBP7. T cell compartments were 

identified by high-level expression of IL7R, CD8A, and CD4, while the B cell cluster 

showed high expression levels of MS4A1 and CD79A.  

Our cohort comprised three specimens of PCa tissue with matched benign tissue. 

We evaluated whether the tumor compartment and the healthy counterpart showed a 

similar distribution of different cell types across samples. As anticipated, major cell types 

were detected in each sample, with T cells (CD8+ and CD4+) constituting the most 

abundant population (Figure 23 B). 

We noted a notable rise in the quantity of CD8+ and CD4+ cells within the healthy 

compartment, alongside elevated frequencies of monocyte and myeloid cells in tumor 

samples (P < 0.05, Mann–Whitney U test) (Figure 23 B). These results were 

predominantly influenced by one patient (#patient 2), where the tumor compartment 

exhibited a significant enrichment of monocyte cells.  
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Figure 23. Characterization of immune populations in prostate samples by single cell 
RNA sequencing. A) Uniform Manifold Approximation and Projection (UMAP) plot illustrating 
the clustering of cells based on single-cell RNA sequencing data. Each point represents an 
individual cell, with colors indicating distinct clusters identified through unsupervised clustering 
algorithms. Cell clusters were annotated based on marker gene expression profiles and known 
cell type characteristics. (B) Bar plot illustrating the relative abundance of major cell populations 
identified in the RNA single-cell analysis. Left) Health Tissue and right) PCa Tissue. Each bar 
represents the percentage composition of different cell types within the analyzed sample. Cell 
populations are annotated based on known marker genes and biological functions 
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5.3.2  Intracluster Analysis of CD8B Gene-Expressing Cells in Prostate Tissue 

To identify the transcriptional cell states of CD8+ cells associated with PCa, we 

focused on cells belonging to the T cell cluster which expressed the CD8B gene (Figure 

24 A). The spatial arrangement of cells on the UMAP plot reflects the underlying 

transcriptional similarities, revealing a distinct cluster CD8 within the tissues. The 

integrated dataset was therefore subset to keep only these cells and a new integration was 

performed (Figure. 24 B).  

The clustering on the CD8B+ cells subset revealed 7 distinct clusters representing CD8+ 

subpopulations within the prostate tissue. The spatial arrangement of cells on the UMAP 

plot (Figure 24 C) revealed a notable overlap between healthy and tumor samples across 

all clusters. Indeed, the analysis did not demonstrate populations that were significantly 

overrepresented by tumor samples compared to healthy tissues. 
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Figure 24. CD8B Gene Expression on CD45+ prostate populations. A) Uniform Manifold 
Approximation and Projection (UMAP) plot illustrating the cellular landscape of prostate tissue  
with a focus on CD8B gene expression-positive cells. Each point represents an individual cell, 
color-coded based on expression levels of CD8B. Cells expressing detectable levels of CD8B are 
highlighted in blue, while non-expressing cells are shown in grayscale. B) UMAP) plot 
illustrating the clusterization of CD8B expressing cells. Each point represents a single cell 
colored according to its assigned cluster. The UMAP visualization reveals 7 distinct clusters of 
CD8B expressing cells based on their transcriptional profiles. C) UMAP plot displaying the 
distribution of  cells from healthy and tumor samples across distinct clusters. Each dot represents 
an individual cell, colored according to its sample origin (healthy in blue and tumor in red) and 
clustered based on gene expression profiles.  
 
 
  

The top marker genes for each cluster were detected through the FindAllMarkers 

function of Seurat (Vandenbon & Diez, 2020) and plotted in a heatmap that shows a well-

defined pattern of gene expression for all the clusters. A total of eight distinct T cell 

subpopulations were identified: a CD8+ naïve-like population, CD8+ NKT-like cells, 

activated T cells, GMZK+ effector memory cells, cytotoxic T cells, activated effector 

memory cells, tissue-resident effector memory cells, and regulatory T cells (Figure 25). 

In detail, the CD8+ naïve-like subset was characterized by the presence of CCR7 

and SELL, tissue-resident memory T cells (TRM) were distinguished by CXCR6 

expression, activated T cells exhibited Heat Shock Proteins, activated effector memory 

cells showed CCL4, CCL3, IFNG, and XCL1 expression, GMZK effector memory T 

cells (TEM) were identified by GZMK and ENC1, NKT cells expressed FGFBP2, NKG7, 

and GLNY, cytotoxic T cells were marked by Metalloproteinases, ANXA, and XCL1, 

and regulatory CD8 T cells (HLA-DR+) were recognized by the presence of HLA-DR 

and CD74 (Figure 25 B). All clusters were evenly distributed between tumor and healthy 

counterparts (Figure 25 C).  

It is noteworthy that there was exclusively a reduction in TRM cells in the tumor 

population. This finding aligns with the protein levels measured via flow cytometry in 

prior experiments. These experiments, confirming our previous observations, 

demonstrated that the decrease in this compartment serves as a promising prognostic 

indicator for high-grade PCa. 



 
 
80 

 

Figure 25. Single-cell analysis of CD8+ populations in prostate samples. (A) Heatmap depicting 
the expression profiles of top genes across 8 distinct single-cell clusters identified through RNA 
sequencing analysis. Each row represents a gene, while each column represents a single-cell 
cluster. The color intensity indicates the level of gene expression, with warmer colors 
representing higher expression levels and cooler colors indicating lower expression levels. The 
heatmap highlights the unique gene expression signatures characterizing each cell cluster. (B) 
Uniform Manifold Approximation and Projection (UMAP) plot illustrating the clustering of cells 
based on single-cell RNA sequencing data. Each point represents an individual cell, with colors 
indicating distinct clusters identified through unsupervised clustering algorithms. Cell clusters 
were annotated based on marker gene expression profiles and known cell type characteristics. 
(C) Bar plot illustrating the relative abundance of CD8+ T cell populations identified; Left) 
Health Tissue and right) PCa Tissue.  
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5.3.3 Characterization of transcriptional profiles in CD8+CD103+ T cells  

The cells annotated as Tissue Resident Memory cells showed the ITGAE gene 

(encoding for the integrin alpha E  protein, also known as CD103) among the main top 

marker genes that characterize the cluster. Even if the feature plot revealed the presence 

of ITGAE in various CD8 subpopulations, the combined expression of CXCR6 and 

ITGAE was observed a within a specific region of the plot. Additionally, a Violin plot 

graphically displaying the expression of the ITGAE gene across the different CD8 

subpopulations. The expression patterns reveal varying levels of ITGAE across the 

clusters, but confirmed its enrichment within the population previously defined as Tissue 

Resident Memory (Figure 26 A). This finding allowed us to attribute the CD8+ CD103+ 

population to this specific cellular subclass (Figure 26 B). 
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Figure 26. ITGAE gene expression in CD8+ T cells of prostate samples. (A) UMAP 
visualization of single-cell RNA sequencing data showing the spatial distribution of cells 
expressing CXCR6 (in blue) and ITGAE (in red). Each point represents an individual cell, with 
colors indicating the expression levels of CXCR6 and ITGAE, thresholded at 0.5. Blue points 
represent cells with higher expression of CXCR6, while red points indicate cells with elevated 
expression of ITGAE. (B) Violin plot displaying the expression levels of the gene ITGAE in eight 
distinct clusters of CD8+ T cells. Each violin plot represents the distribution of ITGAE expression 
within a specific cluster, with the width of the plot corresponding to the density of cells at different 
expression levels.  
 
 

After categorizing CD103+ CD8+ cells as resembling a TRM phenotype, we sought to 

investigate the genes that significantly differentiate samples from tumor tissues compared 

to those from healthy tissues. Again, we confirmed the presence of the ITGAE gene 

(CD103) within our study population.  

The exploration of gene expression patterns between tumor and healthy groups 

revealed distinct profiles, as depicted in the violin plots. Among the myriad of genes 

analyzed, we identified 8 of them as differentially expressed, showcasing significant 

alterations in their expression levels between the two cohorts. These genes, namely 

RGS1, IRF2BP2, IRF1, IL2RB, NFKB1, NFKB2, FAS and ICOS, exhibited notable 

variations in expression, with the tumor group displaying either upregulation or 

downregulation compared to the healthy cohort. The violin plots vividly illustrate the 

distribution and density of expression values for each gene, providing a comprehensive 

visual representation of the differential expression landscape (Figure 27). Among these 

genes, we identified RGS1 to be upregulated in tumor samples compared to healthy 

tissues, while IRF2BP2, IRF1, IL2RB, NFKB1, NFKB2, as well as FAS and ICOS to be 

downregulated (fold change ranging from +1.10 to -0.56). 

Notably, these genes play pivotal roles in the regulation of cytokine production 

(RGS1, IRF2BP2, IRF1, IL2RB, NFKB1, NFKB2) or cellular vitality, particularly 

following antigenic stimulation (FAS and ICOS)(Peng et al., 2022). It's remarkable that 

all genes encoded for the measured cytokines at a protein levels (IL-2, TNFα, and IFNγ) 

exhibit a reduction in CD103+ CD8+ cells isolated from tumor tissues (Figure 27). At the 

same time, the RGS gene was found to be upregulated in tumoral TRM cells, indicating 

a dysfunctional profile, since its high expression has been shown to inhibit immune cell 

functions (von Werdt et al., 2023).  
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Figure 27. Differential Expression of Cytokine-Associated Genes in CD103+ CD8+ T Cells 
from Tumors and Healthy prostate tissue. Violin plot displaying the expression levels of 9 genes 
obtained from single-cell RNA sequencing analysis comparing tumor samples (n=3) to control 
samples (n=3). Each violin plot represents the distribution of gene expression within the two 
groups, with the width indicating the density of expression values. The median expression level is 
denoted by a horizontal line within each violin, while the interquartile range is represented by 
the width of the violin. Notably, gene RGS1 exhibist significantly higher expression in tumor 
samples compared to controls, whereas all the other genes (FAS, NFKB2, NFKB1, IL2RB, IRG1, 
URF2BP2, ICOS) show reduced expression in tumor samples. Gene ITAGAE demonstrates 
comparable expression levels between the two groups. 
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5.3.4 Flow Cytometry Analysis of Cytokine Production in CD8+ and CD8+CD103+ T 
Cells 
 

To explore the functional significance of exhaustion phenotypes in CD8+ T 

cells, we evaluated the secretion of cytotoxic cytokines, such as granzyme B (GrzB), 

IL-2, TNFα, and IFNγ, in several human samples obtained from patients undergoing 

RP. Samples were procured through immediate evaluation of surgical margins by expert 

uropathologists. The study cohort comprised 39 samples, encompassing 14 disease-

negative (control), 11 clinically insignificant disease (Gleason Score 6), and 14 samples 

of clinically significant disease (Gleason score 7-10). Patients exhibited variability in 

disease stage at prostate biopsy but were consistent in terms of PSA levels and other 

preoperative parameters (Table 7). 

 

 

 

 

 

 

 

 
Table 7. Patient Composition and Characteristics for Flow Cytometry Analysis of Cytokine 
Production 
 

After polyclonal stimulation with PMI and Ionomycin for 5 hours, we noted a 

gradual reduction in intracellular secretion of IL-2, TNFα, and IFNγ in CD8+ cell samples 

derived from individuals with CS PCa, (Gleason Score 7-10). Specifically, TNFα and 

IFNγ exhibited significant differences only between the control and CS PCa groups (p < 

0.01). No reduction in GrzB production was observed across different disease grades. 

Regarding IL-2 production, we noted a statistically significant reduction across all three 

groups analyzed: Control vs. CS PCa (p < 0.001), Control vs. CS PCa (p < 0.01), and Ins 

Ca vs. CS PCa (p < 0.05) (Figure 28 B).  

 

 

 

 
Control  Insignificant 

PCa 

Clinically 

Significant PCa 

N patients 
(N 39) 

14 11 14 

PSA 9,3 7,9 8,4 

Gleason 
Score 

NA 6 7-10 

Surgical 
Margines 

0 0 0 

Positive 
nodes 

0 0 2 
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Figure 28 Cytokine production capacity of CD8+T cells in prostate cancer tissue samples. (A) 
Representative FACS plot that represent CD8+T cells Grzm-B, TNF-a, IFN-g and IL-2 production 
(Y axis) in indicated groups of patients (X axis). CD8+ T cells were pre-gated on Live, CD45+, 
CD4-, CD19-, CD8+ cells. (B) Violin plots showing frequency of Grzm-B, TNF-a, IFN-g and IL-2 
producing CD8+T cells of indicated groups of patients stratified basing on relative level of risk 
disease: healthy control (blue), insignificant PCa (green) and clinically significant PCa (orange). 
Dots represent individual samples. Data are expressed as mean ± SEM. Statistics: ns p-value > 
0.05, * p-value ≤ 0.05, ** p-value ≤ 0.01, *** p-value ≤ 0.001, **** p-value ≤ 0.0001, Kruskal-
Wallis Test. 
 

In the gating strategy depicted (Figure 29 A), CD8+ T cells demonstrated the capacity 

to produce multiple cytokines concurrently. To investigate the capacity to produce 

multiple cytokines simultaneously, five subsets of cytokine-producing cells were defined 

in relation to the gating strategy proposed above (Figure 29 C). These scenarios range 

from complete production of all four cytokines (cluster 4, yellow) up to the incomplete 

capacity to produce any measured cytokines (cluster 0, blue).  Once again, CD8+ cells 

derived from a high-grade tumor environment appear to be predominantly dysfunctional, 

lacking the ability to produce cytokines (Control vs. CS PCa or IPCa vs. CSPCa; p value 

< 0.01). Similarly, CD8+ cells from healthy individuals or those with low-grade disease 
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seem to retain their cytokine-producing activity (Figure 29 B). Consequently, we observe 

a transition of these cells from a multifunctional state to a dysfunctional one. 

 
Figure 29. Reduced cytokine production capacity of CD8+T cells from high grade prostate 
cancer tissues. (A) Gating strategy utilized in order to identify indicated groups of interest of 
cytokine-producing CD8+ T cells. CD8+ T cells were pre-gated on Live, CD45+, CD4-, CD19-, 
CD8+ cells. (B) Violin plots showing frequency of indicated combination of cytokine-producing 
and non-producing CD8+T cells of indicated groups of patients stratified basing on relative level 
of risk disease: healthy control (blue), insignificant PCa (green) and clinically significant PCa 
(orange). Dots represent individual samples. (C) Proportion plot depicting frequency of indicated 
cytokine-producing CD8+T cell subsets in control (left), insignificant PCa (middle) and clinically 
significant PCa (right) patients. Data are expressed as mean ± SEM. Statistics: ** p-value ≤ 0.01, 
*** p-value ≤ 0.001, **** p-value ≤ 0.0001, Kruskal-Wallis Test. 
 

After comprehending a dysfunctional state within the CD8 compartment, we 

aimed to focus our attention on the TRM population. This population exhibited a 

diminished transcriptional activity in genes encoding for IL2, TNFα, and IFNγ (Figure 

27). However, we sought to confirm through intracellular flow cytometry whether they 

also displayed reduced cytokine production. The gating strategy for tissue-resident 
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memory cells comprised a CD8+ population doubly positive for CD103 and CD69 

(Figure 30 A). This population was compared with CD8+ CD103-CD69- cells. 

TRM cells originating from clinically relevant tumors (Gleason Score 7-10) 

further confirmed their inability to produce essential cytokines crucial for homeostasis, 

killing, and antitumor control through flow cytometry analysis. Specifically, TRM cells 

from the CS PCa cohort exhibited a significant reduction when compared to healthy 

controls or individuals with insignificant pathologies in all studied molecules: IFNγ (p < 

0.01), TNFα (p < 0.05), and IL2 (p < 0.01). The same trend was identified in the remaining 

CD8+ cells, which evidently displayed a general dysfunctional phenotype (Figure 30 B). 

 
Figure 30. Reduced cytokine production capacity of tissue-resident memory CD8+T cells 
from clinically relevant tumors. (A) Gating strategy utilized in order to identify indicated groups 
of interest of TRM (resident memory) or non-TRM (non-resident memory) CD8+ T cells. CD8+ 
T cells were pre-gated on Live, CD45+, CD4-, CD19-, CD8+ cells. (B) (up) Violin plots showing 
frequency of IFN-g, TNF-a and IL-2 producing TRM CD8+T cells of indicated groups of patients 
stratified basing on relative level of risk disease: healthy control (blue), insignificant PCa (green) 
and clinically significant PCa (orange). Dots represent individual samples. (bottom) Violin plots 
showing frequency of IFN-g, TNF-a and IL-2 producing non-TRM CD8+T cells of indicated 
groups of patients stratified basing on relative level of risk disease: healthy control (blue), 
insignificant PCa (green) and clinically significant PCa (orange). Dots represent individual 
samples. Data are expressed as mean ± SEM. Statistics: * p-value ≤ 0.05, ** p-value ≤ 0.01, 
Kruskal-Wallis Test. 
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5.3.5 Cytokine Production in CD4+ T Cells Using Flow Cytometry 

Additionally, we deemed it appropriate to study the cytokine production in CD4 

cells after investigating CD8 cells, considering the interdependence that exists between 

both T cell populations and the help that a CD4 T cell can provide to a CD8 T cell in an 

antitumoral response. Understanding the cytokine production patterns in both CD4 and 

CD8 cells provides a comprehensive picture of the immune response in the analyzed 

patients. It's interesting to note that the CD4 T cells in the TME of relevant tumors also 

exhibits reduced production of IL-2, IFNγ and TNFα (Figure 31), three key cytokines for 

the cytotoxic effector function of anti-tumoral CD8 T cells. 

 

Figure 31. Reduced cytokine production capacity of CD4+T cells from clinically significant 
. (A) Representative FACS plot that represent frequency of CD4+T cells producing Grzm-B, TNF-
a, IFN-g and IL-2  (Y axis) in indicated groups of patients (X axis). CD4+ T cells were pre-gated 
on Live, CD45+, CD8-, CD19-, CD4+ cells. (B) Violin plots showing frequency of Grzm-B, TNF-
a, IFN-g and IL-2 producing CD8+T cells of indicated groups of patients stratified basing on 
relative level of risk disease: healthy control (blue), insignificant PCa (green) and clinically 
significant PCa (orange). Dots represent individual samples. Data are expressed as mean ± SEM. 
Statistics: * p-value ≤ 0.05, ** p-value ≤ 0.01, **** p-value ≤ 0.0001, Kruskal-Wallis Test. 
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6 DISCUSSION 
 

Prostate cancer (PCa) exhibits significant heterogeneity, manifesting in diverse 

clinical behaviors and outcomes (N. Mottet, 2023). The delineation of prognostic 

classifications, such as low, intermediate, and high-risk groups, has become pivotal in 

guiding therapeutic decisions. Current clinical paradigms rely on various prognostic 

biomarkers, including genetic signatures, to refine risk stratification and personalize 

treatment strategies. However, while genetic markers are readily accessible in the 

biomedical and molecular diagnostics realm (Cucchiara et al., 2018), a thorough 

comprehension of the disease still requires the identification and characterization of 

cellular markers (Haffner et al., 2021).  

Notably, the involvement of lymphocytes in the TME is emerging as a crucial 

determinant of cancer progression and response to therapy (Ge et al., 2022). The 

integration of genetic and cellular markers holds promise in enhancing the accuracy of 

prognostication and facilitates the selection of better therapeutic interventions for 

individual patients. Consequently, a holistic approach that combines genetic and cellular 

markers may yield more accurate assessments of PCa prognosis and guide clinicians 

towards the most effective treatment modalities. 

Despite the significant progress that has already been achieved in characterizing the 

TME in terms of gene expression of infiltrating cells (Chen et al., 2021; Xin et al., 2023), 

the protein composition of these cells and, furthermore, their functionality, which could 

potentially be damped, remains certainly unclear (Hirz et al., 2023). 

Numerous efforts have been undertaken to identify immunological markers in peripheral 

blood samples from PCa patients (Baxevanis et al., 2023; Gallazzi et al., 2021). Given 

the diverse cellular populations responsive to stimuli unrelated to prostate neoplasia, our 

study suggests the current lack of a specific cellular population capable of accurately 

stratifying patients across different risk classes or predicting oncological outcomes, such 

as disease recurrence, at least using the markers present in the study.  

Consequently, our research underscores prostate tissue as the most reliable 

biological material for such purpose. Tumor-infiltrating lymphocytes encompass a 

diverse number of immune cells, exhibiting variability in specificity, differentiation, and 

function (Ozbek et al., 2022)(Eiva et al., 2022; Rosenberg et al., 2008). In PCa, the 
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characterization of specific subsets of T cells presents a formidable challenge, as 

conventional immune checkpoint molecules such as PD-1 (Programmed cell Death 

protein 1) or CTLA-4 (Cytotoxic T-Lymphocyte Associated Protein 4) inadequately 

discriminate between distinct T cell populations within the TME (Seidel et al., 2018). 

Although the blockade of PD-1 and CTLA-4 has proven effective in some malignancies 

by augmenting general T cell activation and effector functions, its applicability in PCa 

remains restricted. This limitation may stem from the heterogeneous nature of the T cell 

landscape (Sena et al., 2021) or the low expression observed in intratumoral T cells (M. 

Sharma et al., 2019). In our study, we verified that PD1 or CTLA4 expression does not 

change significantly between the CD4+ and CD8+ populations derived from high-grade 

tumor environments compared to their healthy counterparts within the same patient. A 

previous report has indicated that only a minority of PCa patients may derive benefits 

from anti-PD-L1 therapy (Vitkin et al., 2019). Additionally, intratumoral PD-L1 

expression proves inadequate in identifying the subset of the population that would 

benefit from this therapy (Antonarakis et al., 2020b). 

In this study, we validated the reliability of multiplex immunofluorescence for 

quantifying T cell subsets in primary prostate carcinomas. We also emphasized the 

importance of accurately discerning the spatial distribution of the inflammatory infiltrate. 

It becomes fundamentally crucial to perform a separate analysis between the 

intraepithelial and the stromal population. Quantifying individual cell populations, such 

as CD8+ cells, may yield contrasting results (Leclerc et al., 2016; Petitprez et al., 2019a). 

Moreover, we established that the infiltration of T cells into the stromal compartment 

could function as a potential prognostic marker for nodal metastasis. A decline in CD8+ 

T cells and an elevation in CD4+ cells within the stromal compartment were observed to 

be significantly correlated with nodal involvement in PCa patients. 

In addition to spatial localization, the identification of a specific cellular subset is 

also of paramount importance. Our observation of elevated levels of CD4+ cells in the 

stroma may be inconsistent with recent findings indicating a significantly lower presence 

of CD4+ effector T cells in the stromal compartment of patients with nodal metastasis 

(Ntala et al., 2021). It is important to highlight that our data, unlike the aforementioned 

study, encompass the entire CD4+ population rather than focusing solely on specific 

subsets such as CD4+ effector cells.  
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Recent investigations have shed light on the presence of functionally diverse 

CD8+ subsets characterized by varying phenotypic and functional attributes, such as 

exhausted, effector, and memory subsets (Koh et al., 2023). These subsets play distinct 

roles in modulating tumor immune responses and influencing patient outcomes.  

Tissue-resident memory T cells (TRMs), identified by surface markers such as 

CD69 and CD103, play pivotal roles in immunosurveillance and host defense within 

peripheral tissues (Schenkel & Masopust, 2014). Upon antigen exposure, these cells 

become activated and migrate to non-lymphoid tissues, where they establish a long-term 

residence (Masopust & Soerens, 2019). The integrin alpha subunit CD103 aids in 

anchoring TRMs within the tissue microenvironment by binding to E-cadherin, a 

molecule expressed on epithelial cells. Once stationed, TRMs display a memory 

phenotype, facilitating prompt and potent responses upon subsequent exposure to specific 

antigens. Through the release of cytokines and direct cytotoxic activity, CD8+CD103+ 

TRMs actively participate in immune surveillance, pathogen elimination, and regulation 

of tumor growth within the tissue milieu (Masopust & Soerens, 2019). 

In our study, we identified the presence of CD8+ CD103+ cells in prostatic tissue. 

Remarkably, we observed a significant reduction in this particular cellular subset among 

individuals with high-PCa. Integrating this parameter into clinical predictive models has 

proven to be a dependable prognostic factor for aggressive disease. Several prior studies 

have indicated the potential involvement of CD103+ CD8 tumor-infiltrating lymphocytes 

in diverse cancer types, including lung and ovarian cancer (Masopust & Soerens, 2019; 

Webb et al., 2015a).  

Moreover, in alignment with our results, a recent study conducted by Ganesan et 

al. disclosed that CD103+ CD8+ tumor-infiltrating lymphocytes in PCa displayed a gene 

signature characteristic of tissue-resident memory T cells (TRM) (Ganesan et al., 2017). 

Specifically, our single-cell data revealed an elevated expression of the CXCR6 transcript 

(encoding the chemokine receptor CXCR6), a crucial factor for the localization and 

functioning of tissue-resident T cells (L. N. Lee et al., 2011; Tse et al., 2014). Transcripts 

of S1PR1 (encoding the G protein–coupled receptor S1P1) and KLF2 (encoding the 

transcription factor KLF2) were also observed to be downregulated in TRM cells 

(Mackay et al., 2013). These results lend support to the idea of a common gene signature 

among CD103+ CD8 TRM cells across various tissues. Our findings are consistent with 
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other studies that have reported a positive prognostic role of CD8+ CD103+ in other 

tumor pathologies such as ovarian, (Webb et al., 2015b), bladder cancer (B. Wang et al., 

2015) and breast cancer (Z.-Q. Wang et al., 2016).   

Conversely, Zhou et al. have identified the presence of CD103+ cells as an 

independent prognostic factor for BCR-free survival in prostate disease (Zhou et al., 

2023). The authors have associated higher CD103+ cell infiltration with decreased 

survival. However, it is crucial to note that Zhou and colleagues primarily correlated the 

presence of CD103+ T cells, not exclusively CD8+ CD103+, with oncological outcomes. 

Although CD8+ T cells were identified as the primary cellular source of CD103 (Zhou et 

al., 2023) , other cell populations such as CD4+ or DCs may also co-express this marker, 

thereby reducing the relevance of these results.  

Furthermore, our study revealed that compared to their expression in healthy 

tissue, CD8+CD103+ TRMs from tumors exhibited reduced expression of genes 

encoding products involved in cytokine release, among all the differentially expressed 

genes. Specifically, tumor-infiltrating TRMs display a diminished transcriptional profile 

of genes such as IRF2BP2, IRF1, IL2RB, NFKB1, and NFKB2. 

The reduced production of INFg (Ariotti et al., 2014; Schenkel et al., 2014), TNFa (Di 

Mitri et al., 2019b; Srinivasan et al., 2010), and IL2 (Boyman et al., 2015) defines an 

exhausted and dysfunctional profile incapable of restraining tumor progression. In fact, 

for TRMs, the recognition of tumor antigens leads to cytokine production and results in 

direct anti-tumor activity, but it also serves to alert the surrounding environment 

(sometimes referred to as a sensing-and-alarm function).  

Functional TRM cells, on the other hand, are capable of expressing IFN-γ, TNF-

α, and IL-2, triggering interferon-stimulated genes in neighboring cells, thereby allowing 

them to recruit leukocytes and activate DCs, NK cells to limit tumor progression (F. 

Castro et al., 2018; Medrano et al., 2017). The transcriptional analysis of our TRMs can 

also explain why, unlike other studies, high-grade tumor tissues present fewer CD8+ 

CD103+ cells. ICOS (Inducible T cell COStimulator) and FAS (also known as CD95) are 

molecules involved in T cell activation, survival, and regulation. They play critical roles 

in the development, maintenance, and function of various T cell subsets, including 

memory T cells. Specifically, ICOS signaling is important for the generation and 

maintenance of TRMs (Takahashi et al., 2009). FAS, on the other hand, is involved in 
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regulating T cell apoptosis (cell death) and can influence the survival and turnover of 

memory T cell populations (Arakaki et al., 2014). In our study, we demonstrated a notable 

decrease in ICOS or FAS signaling or expression, which could potentially affect the 

development, survival, or upkeep of CD103+ CD8+ T cells. Nevertheless, additional 

experimental evidence would be required to validate the precise role of ICOS and FAS 

in regulating TRMs in PCa. 

Furthermore, our research highlights the importance of gating on CD39+ cells 

within the CD103+ CD8 population to enrich for an intratumoral T cell subset. We found 

that within the CD8+ cell population, elevated frequencies of CD103+CD39+ cells are 

associated with a significantly increased risk of more severe disease pathology or worse 

oncological outcomes. These cells also exhibit an exhausted phenotype, as evidenced by 

the presence of markers such as CD39. This phenomenon could be explained by chronic 

TCR stimulation within the tumor microenvironment, leading to increased expression of 

exhaustion markers (Canale et al., 2018). 

Indeed, CD39 represents another potential immune inhibitory pathway, exhibiting high 

expression on TRMs. CD39 functions as an ectonucleotidase, catalyzing the hydrolysis 

of extracellular ATP and ADP into AMP. Subsequently, AMP is converted into adenosine 

by CD73, an ecto-5'-nucleotidase expressed by numerous tumor cell types (Antonioli et 

al., 2013).  Adenosine serves as a potent immunoregulator; its binding to A2A receptors 

on T lymphocytes augments the intracellular accumulation of cAMP, resulting in the 

attenuation of T-cell activation. Disrupting the adenosine pathway by targeting the CD39 

axis or adenosine receptors on T cells within the TME represents a potentially promising 

therapeutic strategy (Duhen et al., 2018). This approach aims to enhance the function and 

potency of TRMs, offering a novel avenue for therapeutic intervention.  

In contrast to previous studies which focused only on CD8+ tumor infiltrating 

cells (Gros et al., 2014), we expanded our analysis to include CD4+ T cells as well. The 

identification of endogenous intratumor-antigen-specific T cells biomarkers in patients 

has predominantly centered on CD8+ T-cell responses (Djenidi et al., 2015; Duhen et al., 

2018). However, there is increasing recognition of the importance of CD4+ T cells in 

bolstering antitumor immunity and enhancing the efficacy of immunotherapy (Borst et 

al., 2018; Tran et al., 2014). Our findings revealed that intratumoral CD4+ also exhibit 

deficiencies in IFN-γ, TNF-α, and IL-2 production. This supports the idea that both 
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intratumoral CD8+ and CD4+ play crucial roles in orchestrating antitumor immune 

responses, each potentially eliciting distinct antitumoral reactions. Further experiments 

will indeed be necessary to understand the relationship between these two cellular 

populations. 

This study is not devoid of limitations. The low number of cases included in our 

molecular analysis and in the prediction of pathological outcomes is certainly the most 

significant. Given the substantial heterogeneity of PCa, we acknowledge that our data are 

derived from a specific patient population. Consequently, our findings require validation 

in a larger cohort with extended follow-up to confirm the prognostic significance of 

TRMs (CD8+CD103+CD39+) as a potential biomarker. Moreover, the cases analyzed in 

this study were meticulously selected in collaboration with expert pathologists to ensure 

a well-represented inflammatory infiltrate and might not represent the real scenario in all 

the patients. Additionally, we recognize that the inflammatory infiltrate of prostate tumors 

predominantly localizes around and within benign glands and stroma (De Marzo et al., 

2007; Ebelt et al., 2009; Sfanos et al., 2018).  

For this reason, it is conceivable that immune cell populations in PCa may react 

to antigens associated with benign tissues or other stimuli. This observation adds 

complexity to the interpretation of anti-tumor immune responses within the prostate. 

Despite these challenges, our collaboration with specialized pathologists has facilitated 

the examination of intratumoral or adjacent inflammatory infiltrate using single-cell 

dissociation techniques (such as flow cytometry and single-cell RNA sequencing). 

Additionally, in single-cell analysis, we assert that isolating CD45+ cells from our sample 

has notably minimized potential confounders in transcriptomic analysis. However, a 

subset of stromal/epithelial cells originating from nearby tissue or tumor cells, estimated 

to be below 10% after internal quality control, may have had a marginal impact on the 

data's reliability. 

This study collectively illustrates that tumor-specific resident memory cells 

(CD8+CD103+CD39+) could serve as a biomarker for identifying men at elevated risk 

of aggressive disease. Furthermore, this research has the potential to enhance our 

comprehension of prostate CD8+ TIL biology. Leveraging CD39 and CD103 to identify 

tumor-reactive CD8+T cells in PCa could provide crucial mechanistic insights for 

evaluating the efficacy of immunotherapeutic interventions.  
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7 MATERIALS AND METHODS 

 
7.1 Study population 
 

The study population consisted of patients diagnosed with PCa who underwent RP at 

IRCCS San Raffaele Hospital between 2017 and 2023. Formalin Fixed Paraffin 

Embedded (FFPE) samples for immunohistochemical and immunofluorescence analysis 

were selected from 67 patients. Only patients with a diagnosis of localized or locally 

advanced hormone-sensitive PCa, without the use of adjuvant therapy, were included. 

Patients with bone or visceral metastasis were excluded, while only those with lymph 

node metastasis were permitted. All patients were treated between 2017 and 2018 to 

ensure a minimum follow-up of five years for correlation with oncological outcomes such 

as biochemical recurrence (BCR). 

Fresh samples were obtained from 80 patients undergoing surgery between March 

2021 and December 2023. Peripheral blood samples were collected from these patients 

on the day of surgery. Similar to the tissue samples, only patients with a diagnosis of 

localized or locally advanced hormone-sensitive PCa without the use of adjuvant therapy, 

were included. Peripheral blood samples from healthy patients undergoing surgery for 

Benign Prostatic Hyperplasia (BPH) served as controls. 

All patients involved in the study provided informed consent (URBBAN, Version 

08.06.2017, and URBBAN Emendament n7-n8), indicating their full understanding and 

voluntary agreement to participate. This process ensures that each individual 

comprehends the study's purpose, procedures, potential risks, and benefits before 

deciding to participate. By signing the informed consent form, patients affirm their 

autonomy and willingness to contribute to the research. 

It is worth noting that all collected samples, including tissues and blood, have been 

carefully stored within the Urological Research Institute (URI) Biobank. This biobanking 

serves as a secure repository, preserving the integrity and confidentiality of these valuable 

specimens for future analyses and investigations. Adherence to ethical guidelines 

regarding informed consent and proper sample management underscores the commitment 

to conducting responsible and transparent research, prioritizing patient welfare and 

scientific integrity. 
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7.2 Sample Harvesting and Pathological Examination 
 

Surgically resected prostates were obtained from patients who underwent RP 

surgery at IRCCS San Raffaele Hospital (Milan, Italy). All biological material collected 

from patients is protected by strict privacy policies and is only harvested for research 

purposes after express and informed consent was provided to and signed by each patient. 

Prostates were harvested during the surgical procedure in an aseptic manner. Post-

surgery, unfixed prostate tissue was spatially oriented and inked. Following the 

extemporaneous examination of surgical margins, pieces of tissue were surgically 

dissected from two different areas (Tumoral vs Healthy) of the peripheral zone tissue. 

After slicing the sample, the first and last slices were retained for standard histopathology. 

The residual tissue was utilized for research objectives. 

 

 

7.3. Tissue digestion and cell staining 

Residual tissue not used for tissue slice analysis was used for tissue digestion and cell 

isolation.  This is our protocol for human prostate single cell suspension:  

• Take the tissue (usually is preserved in PBS) and discard the medium. Smash it with a 

scalpel in a petri dish with 5 ml plain DMEM + collagenase IV (1mg/ml) and put it in a 

15 ml Falcon tube 

• Incubate the cells for 1h 30 min at 37°C rotating 

• Centrifuge 1500 x 5min 

• Resuspend the pellet with 5ml Trypsin (1:5 diluted) in PBS 1x  

• Incubate for 5 min at 37°C  

• Smash the single cell suspension in the falcon tube with a10 ml syringe pink gauge (18G) 

for 10 times 

• Inactivate the trypsin with 10ml DMEM complete  

• Filter the cells with 40um strainer in 50m falcon tube 

• Centrifuge 1500 x 5min 

• Count the cells 
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7.4 Isolation of peripheral blood mononuclear cells 
 

Peripheral blood samples were first mixed with PBS and gently applied on top of 

Ficoll-Paque PLUS (GE Healthcare) in a stratified manner. Subsequent centrifugation 

was conducted without disrupting the layers. The cells residing in the intermediate layer 

were then retrieved, subjected to two washes with PBS, and subsequently reconstituted 

in 1 mL of 1 × PBS + 0.04% BSA solution. Following this, cell count and viability 

assessments were performed. 

 

7.5 Flow cytometry analysis  
 

Multiparameter flow cytometry was employed to assess the surface expression of 

cellular subsets residing in the prostate and infiltrating it. Single-cell preparations were 

appropriately stained, and data acquisition was performed using the Cytek Aurora flow 

cytometer. Analysis was conducted utilizing FlowJo software version 10.10 (Tree Star 

Inc., Ashland, OR, USA). The gating strategy involved excluding dead cells, debris, 

aggregates, and utilizing internal negative controls. Details regarding reagents used are 

outlined in the accompanying Table 8.  

 
AB Clone Fluorochrome Channel Company 

CD45 HI30 BUV395 UltraViolet 355 BD 

CD4 SK3 BUV563 UltraViolet 355 BD 

CD14 M5E2 BUV805 UltraViolet 355 BD 

CD45RA HI100 BUV563 UltraViolet 355 BD 

CD69 FN50 BUV737 UltraViolet 355 BD 

CD15 W6D3 BUV496 UltraViolet 355 BD 

CD28 CD28.2 BUV661 UltraViolet 355 BD 

PD-1 (CD279) EH12.1 BV421  Violet 405 BD 

CD11b ICRF44 BV605 Violet 405 BD 

CD8 RPA-T8 BV650 Violet 405 BD 

HLA-DR G46-6 BV711 Violet 405 BD 

CD103 Ber-ACT8 BV785 Violet 405 BioLegend 

KI-67 B56 BV480 Violet 405 BD 

CD244 (2B4) C1.7 Pacific Blue Violet 405 Campoverde 

TIGIT 741182 BV421 Violet 405 BD 

CD3 UCHT1 BV480 Violet 405 BD 
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Zombie aqua  NIR BV510 Violet 405 BIOLEGEND 

CD16 3G8 Alexa Fluor 488 Blue 488 BioLegend 

CD56 NCAM16.2 BB700 Blue 488 BD 

TNFa MAb11 Alexa Fluor 488 Blue 488 BIOLEGEND 

INF-Y 4S.B3 RB780 Blue 488 BD 

CD134 (OX40) ACT35 BB700 Blue 488 BD 

CD163 GHI/61 PE Yellow Green 561 BioLegend 

CD152 (CTLA-4) BNI3 PE/Dazzle 594 Yellow Green 561 BioLegend 

CD11c 3.9 PE/Cyanine7 Yellow Green 561 BioLegend 

Foxp3 236A/E7 PE Yellow Green 561 BD 

CD127 HIL-7R-M21 RY586 Yellow Green 561 BD 

CD279 (PD-1) EH12.2H7 PE/Dazzle 594 Yellow Green 561 Campoverde 

CCR7 (CD197) G043H7  PE/Fire 640 Yellow Green 561 Campoverde 

CD39 A1  PE/Fire- 810 Yellow Green 561 Campoverde 

CD27 M-T271 Pe-Cy7 Yellow Green 561 BD 

CD38 S17015A PE-Fire 700 Yellow Green 561 BIOLEGEND 

IL2 MQ1-17H12 R718 Red 640 BD 

CD137 4B4-1 APC Red 640 BIOLEGEND 

CD86 FUN-1 APC Red 640 BD 

CD3 UCHT1 Alexa Fluor 700 Red 640 BioLegend 

CD19 SJ25C1 APC/Cyanine7 Red 640 BioLegend 

CD4 SK3 APC/Fire 810 Red 640 Campoverde 

Reagents 

Cytofix/Cytoperm™ 

Fixation/Permeabilization 

Kit 

   
BD  

Brilliant Stain Buffer 
   

BD 

 

Table 8: List of reagents and antibodies for Multiparameter flow cytometry 

 

 

7.6 Separation of prostate CD45+ T cells 
 

Prostate-specific CD45+ cells were isolated from healthy or tumoral samples by 

initially labeling the cells with anti-PE microbeads (Miltenyi Biotec), targeting the PE-

conjugated antibodies bound to CD45. Subsequently, the labeled cells were subjected to 

magnetic separation using the LS autoMACS® Columns. The autoMACS® system 
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applies a magnetic field to separate labeled cells from the unlabeled ones, allowing for 

the isolation of the desired CD45+ cell population. 

The antibody used in this experiment was: PE anti-human CD45 (clone HI30), 

cat: 304008, Biolegend.  

 

 

7.7 Multiplex Ventana phenotyping 
 

Ventana Ultra (Ventana Medical Systems), which is a fully automated 

immunohistochemistry staining platform, was used for our analysis.  

Sample preparation typically involves the following steps: 
1. Sectioning: The paraffin-embedded tissue blocks were sectioned into thin slices (usually 

around 4-5 micrometers thick) using a microtome. These sections are then mounted onto 

glass slides. 

2. Deparaffinization: The tissue sections on slides are deparaffinized to remove the paraffin 

wax. 

3. Antigen Retrieval: Antigen retrieval is performed to unmask epitopes and enhance 

antigen detection. This is typically achieved by heating the tissue sections in a buffer 

solution. 

4. Blocking: Non-specific binding sites on the tissue sections are blocked using a blocking 

solution containing proteins such as bovine serum albumin (BSA). 

5. Primary Antibody Incubation: The tissue sections are incubated with a primary antibody. 

6. Detection: After washing to remove unbound primary antibody, a secondary antibody 

conjugated to a detection molecule, such as horseradish peroxidase (HRP) or alkaline 

phosphatase (AP), is applied to the tissue sections.  

7. Chromogen/Substrate Addition: A chromogenic substrate solution, such as 

diaminobenzidine (DAB) for HRP or Fast Red for AP, is added to the tissue sections.  

8. Mounting: Finally, the stained tissue sections are dehydrated, cleared, and mounted with 

a coverslip using a mounting medium to preserve the staining and provide optical clarity 

for microscopy. 

9. Counting: A manual tally was conducted on the captured images (ImageJ software). 

Before manual counting, the images underwent preprocessing steps including cropping, 

scaling to micrometers, and separation by color channels, with removal of artifacts. A 

region selection tool was employed to delineate the tumor region and ascertain its area. 

Cell counts were then quantified and expressed as counts per square millimeter (mm²). 
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This is the list of antibodies used in our analysis (Table 9).  

 

Table 9. Reagents and Antibodies used for Multiplex Ventana phenotyping 

7.8  Single cell RNA seq Experiments 

Single-cell sequencing was performed using a 10 × Genomics platform. Cell 

suspensions of CD45+ cells from 3 patients (3 healthy and 3 tumor tissues) were prepared 

and vitality was assessed for each individual scRNA-seq experiment. A viability > 90% 

was verified for each sample.  

Briefly, cell suspensions were diluted in PBS with 0.04% BSA to a final concentration of 

1 × 106 cells/mL (1,000 cells per μL). 12000 cells were loaded onto a single-cell chip for 

GEM generation using the 10x Genomics Chromium Controller (10× Genomics, 

Pleasanton, CA). 3′mRNA-seq gene expression libraries were constructed using the 

Chromium Single Cell 3′ Library & Gel Bead Kit v2 (10x Genomics) according to the 

manufacturer’s guidelines.  

All reactions were performed in a C1000 Touch Thermal Cycler (Bio-Rad Laboratories, 

Hercules, CA). Twelve cycles were used for cDNA amplification, while the number of 

total cycles for the sample index PCR was calculated based on the cDNA concentration. 

Amplified cDNA and final libraries were evaluated using a Tape Station 4200 (Agilent 

Ab Clone Dilution Company

CD68 (M) KP1 - MoAb Ready to use Ventana

CD163 (M2) MRQ26 -
MoAb Ready to Use Ventana

CD86 (M1) E5W6H RaAB 1:75 Cell Signaling

CD4 SP35 RaAb Ready to use Ventana

CD8 SP57 RaAb Ready to use Ventana

FOXP3 263A/E7 - Leica Ready to use Laica

CD39 EPR20627  
RaAb

1:500. Abcam

CD8 SP239 RaAb Ready to use Ventana

CD103 EP206RaAb Ready to use Leica

DAPI
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Technologies, Santa Clara, CA) with a high sensitivity chip. scRNA-seq libraries were 

sequenced on an Illumina NovaSeq6000 with the standard sequencing protocol of R1 28; 

I1 10; I2 10; R2 90 nt read length 

Single cell encapsulation, cDNA amplification, library prep and sequencing were 

performed by COSR (Center for Omic Sciences). 

 

7.9 Bioinformatic analysis 
 
UMItool v.1.0.0 was used to map the raw reads to the assembly GRCh38 of the human 

genome and to obtain the gene expression level for each cell. Genecode release 44 and 

Ensembl release 110 were used for the annotation. The counts were then imported in the 

R environment v.4.0.3 and analyzed with the Seurat package v.4.3.0 

(https://satijalab.org/seurat/).  

All the six samples were first analyzed individually, following the standard Seurat 

pipeline. In the first filtering step, only cells with at least 200 genes and genes expressed 

in at least 5 cells were considered. Then, a second filtering step was applied taking into 

account the number of features per cell and the mitochondrial counts. Different thresholds 

were set based on the evaluation of these parameters in each sample. Counts were then 

normalized with the standard Seurat “LogNormalize” function, using a 10,000 scale 

factor. The FindVariableFeatures function was used to identify a subset of features that 

exhibit high cell-to-cell variation that were then used as input for the RunPCA function 

to perform the principal component analysis (PCA). The ScaleData function was used to 

scale the datasets related to all the six samples and both the number of features and the 

percentage of mitochondrial genes were regressed out. The distribution of the variable 

genes resulted to be unaffected by the cell cycle phases. 

The integrated analysis was performed on the six samples through 

SelectIntegrationFeatures and FindIntegrationAnchors functions. The final integration 

step was then performed with the IntegrateData function. Data were scaled as described 

above and the clustering was carried out through the FindCluster function, using the 

original Louvain algorithm and considering 1-30 principal components and a 0.2 

resolution. 

Marker genes for each cluster were identified with the FindAllMarkers 

(logfc.threshold = 0.25, min.pct = 0.25). Cells were then classified using the SingleR 
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package, referring to the Monaco Immune Database database (MonacoG et al. (2019). 

RNA-Seq Signature Normalized by mRNA Abundance Allow Absolute Deconvolution 

of Human Immune Cell Types CellRep.26,1627-1640). Then, the top marker genes for 

each cluster were considered for a more detailed manually annotation. 

 

CD8B Subset 

 

The integrated dataset was subset to keep only cells belonging to the T cell cluster and 

expressing CD8B. The Seurat SplitObject function was used to obtain the single datasets 

belonging to each of the six sample. The NormalizeData and FindVariableFeatures were 

performed again on each dataset, that were then used to perform the integration again, as 

described above.  The clustering considered 30nPCS and a 0.3 resolution.  

A manually curated annotation was carried out, considering the top marker genes for each 

cluster obtained with the FindAllMarkers function.  

Then, to better inspect the differences between tumor and healthy cells, the same function 

was used to perform the intracluster analysis and to detect differentially expressed genes 

in tumor cells versus healthy cells, considering each cluster individually.  
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