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Abstract: The role of natural killer (NK) cells in the management of prostate cancer (PCa) remains
incompletely understood. Some have proposed that measuring NK cells in blood samples could serve
as a reliable, minimally invasive tool for screening, assessing treatment effects, and predicting
survival outcomes in PCa patients. Existing studies support the hypothesis that NK cell assays may
be useful for screening, diagnosing, staging, and predicting patient outcomes. However, the
significance of different NK cell phenotypes remains unclear. Given the interplay between NK cells
and the microbiome, we hypothesize that a combined signature of NK cell phenotypes derived from
blood, along with microbiome profiles from oral, urine, and stool samples, could serve as a surrogate
marker for NK cell activity. Such an approach provides a practical alternative to invasive tumor
biopsies by enabling the indirect assessment of NK cell function in tumors. Additionally, profiling
NK cell phenotypes and their interactions with the microbiota has the potential to enhance prognostic
accuracy and guide the development of personalized therapeutic strategies. Prospective studies are
needed to validate the utility of NK cell and microbiome assays in personalized PCa management,
with a focus on minimally invasive procedures and predictive signatures for treatment outcomes.
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1. Introduction

Prostate Cancer (PCa) is the second most common noncutaneous neoplasm and the fifth most
common cause of cancer related deaths in men worldwide [1]. PCa is a heterogeneous disease, with
most cases progressing slowly [2], but the prognosis can vary significantly. Early detection and
monitoring of PCa are critical for effective management. Measurement of serum Prostate-Specific
Antigen (PSA) is the cornerstone of current diagnostic practices [3]. Since its introduction in the late
1960s, PSA testing has dramatically shifted the staging of PCa, with most cases diagnosed as prostate-
confined tumors [4]. Despite its widespread use, the optimal cutoff for elevated PSA remains debated
[5]. Using a threshold of 4 ng/mL, the positive predictive value of PSA in diagnosing PCa varies
widely from 25% to 40% [6], with a sensitivity and specificity of around 20% and 65% [7].

While PSA testing has increased early detection, it has also led to overdiagnosis, contributing to
arise in PCa incidence, particularly in the mid-1980s. Recent recommendations for more conservative
PSA testing have reduced the diagnosis of new cases [8]. The conventional diagnostic tool for PCa is
Transrectal Ultrasound (TRUS)-guided biopsy [9], but it has limitations, including invasiveness, side
effects, and a risk of false-negative results [10]. Toimprove diagnostic accuracy, Magnetic Resonance
Imaging (MRI)-targeted biopsy is being explored as a more effective alternative[11].

The risk of recurrence after curative management of PCa primarily depends on the disease stage
at initial diagnosis, which is typically determined by clinical Tumor, Node, and Metastasis (TNM)
staging, PSA levels, and biopsy Gleason Score (GS) [2]. Radical prostatectomy and radiotherapy are
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the primary treatments for localized and locally advanced PCa [12], while Androgen Deprivation
Therapy (ADT) remains the standard medical treatment for both high-risk localized PCa and
metastatic disease [13]. Unfortunately, nearly all patients with incurable PCa eventually progress to
the Castration-Resistant. Prostate Cancer (CRPC) stage, with 35% developing metastases and a
survival rate of just 2-4 years post-progression [14].

Accumulating evidence suggests that impaired immune response plays a critical role in the
pathogenesis of PCa [15,16]. Both preclinical and clinical studies have highlighted the involvement
of inflammation in PCa development and progres- sion [17,18]. Immune biomarkers are being
increasingly recognized as valuable tools for the early diagnosis and management of various cancers,
including PCa [19,20]. Understanding the role of the immune system, particularly the innate immune
system, is crucial for improving therapeutic outcomes.

The immune system’s defense mechanisms are primarily mediated by the innate and acquired
immune systems, which distinguish between “self” and “non-self” antigens [21]. Natural Killer (NK)
cells are a key component of the innate immune response and differ from B and T lymphocytes.
Representing 10-15% of all circulating lymphocytes, NK cells are identified by the absence of CD3
and the presence of CD56 [22,23]. NK cells are found throughout the tumor stroma and around the
glandular epithelium, indicating their potential involvement in both tumor progression and the
immune response [24]. Inflammation in the tumor microenvironment (TME) can further compromise
NK cell function, limiting their ability to mount an effective anti-tumor response. These cells are
further subdivided into two populations based on CD16 and CD56 expression: CD56dim
CD16*cytotoxic) and CD56ris"CD16- (cytokine producers). CD56bright NK cells are less mature but have
the potential to differentiate into CD56dim cells with strong cytotoxic activity [25]. CD56brisht NK cells
are less mature buthave the potential to differentiate into CD564™ cells with strong cytotoxic activity
[21].

As part of the innate immune system, NK cells can recognize the absent or low expression of class
I Human Leukocyte Antigen (HLA) molecules on target cells and lyse them directly. The NK cells
can also recognize and bind to the NK recognition structure of the tumor cells, which leads to the
releasing of NK Cytotoxic Factor (NKCF) and tumor cell lysis [26]. NK cell activity also depends on
the recycling capacity of NK cells after lysis of the tumor cell and can be augmented by interferon
[22]. The functional activity of NK cells is regulated by a balance of activating and inhibitory receptors.
Activating receptors, such as NKG2D, and inhibitory receptors, such as Killer Inmunoglobulin-like
Receptors (KIR), dictate NK cell function when ligated with stress ligands or Major
Histocompatibility Complex (MHC) class I molecules [18,25,27-29].

In addition to the direct cytotoxicity mediated by perforin and granzymes, NK cells can also kill
target cells through Antibody-Dependent Cell-Mediated Cytotoxicity (ADCC) [30]. In this process,
NK cells express the CD16 receptor, which binds to the Fc region of antibodies that have been bound
to target tumor cells. This interaction activates NK cells to release cytotoxic granules and induce
tumor cell lysis [15].

Furthermore, NK cell activity can be enhanced by cytokines such as Interleukin-2 (IL-2) and
interferons (IFNs) but can also be suppressed by factors such as suppressor T cells, monocytes, and
prostaglandins [31]. The NK cell recognition of tumor cells can be compromised by
immunosuppressive cytokines like Transforming Growth Factor-beta (TGF-f), which downregulate
activating receptors and impair NK cell function [32].

NK cell activity may have potential applications as both a diagnostic marker, complementing
PSA testing, and a prognostic factor in PCa patients [13,15,33]. The immune response, including NK
cell function, can also be influenced by therapies such as ADT, which increase the number of
circulating lymphocytes, including NK cells [34]. However, for better diagnostic accuracy, NK cell
activity in blood samples must be matched with the phenotype of infiltrating NK cells in tumors.

Despite their potential, relying solely on NK cell biomarkers has limitations, particularly the
challenge of monitoring phenotypic changes during treatment via biopsies. To overcome this,
combining NK cell biomarkers with additional markers —such as microbiome profiles from oral, stool
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and urine samples—could facilitate the design of large-scale prospective studies to identify a
combinatorial signature of NK cells and the microbiome. Recent studies have underscored the
important role of the microbiota in PCa pathogenesis [35], highlighting how specific microorganisms
in Pca tissue, such as Vibrio parahaemolyticus and Shewanella, can alter immune responses,
potentially aiding tumor evasion [36]. Additionally, the presence of microbes like Delftia acidovorans
and Gardnerella vaginalis is linke to down-regulation of immune-related genes, suggesting an
immune-suppressive TME in PCa [37].

Given that NK cells interact with the microbiome, we hypothesize that a combined signature of
NK cell phenotypes and microbiome profiles from stool, urine and oral samples could serve as a
surrogate marker for NK cell activity. This approach offers a feasible alternative to directly
monitoring NK cell phenotyping through biopsies, enabling indirect assessment of NK cell function
in tumors through NK cell activity in blood tests and microbiome signatures. The role of NK cells in
the management of PCa remains incompletely understood. Measuring NK cells in blood samples has
been proposed as a reliable, minimally invasive tool for screening, assessing treatment effects, and
predicting survival outcomes in PCa patients. This review explores current evidence on the potential
role of NK cells in PCa management, with a particular focus on the interaction between NK cells and
the microbiome.

2. NK Cells and PCa

2.1. NK cells: Pathogenesis Significance in PCa

2.1.1. Impaired Proliferation of NK Cells

Several studies have highlighted that the suppression of NK cell function, both at the neoplastic
and pre-neoplastic stages of tumorigenesis, as well as during the induction and progression of cancer,
plays a critical role in disease development [38]. Mechanisms of NK cell dysfunction, such as
impaired proliferation, reduced cytotoxicity, and limited tumor infiltration, are central to the
pathogenesis of cancer [39] including PCa. These mechanisms can overlap, as a reduced frequency of
NK cells in peripheral blood often reflects decreased NK cell activity. For example, a lower frequency
of NK cells can result in decreased production of IFN-y, a key marker of NK cell cytotoxic activity.
However, it's important to note that NK cell activity in peripheral blood may not necessarily
correspond to the same function or phenotype within the tumor and its microenvironment (TME)
[40]. Therefore, it is essential to measure both peripheral blood NK cells and tumor-infiltrating NK
cells to accurately assess their true correlation. Only by doing so can we determine whether blood
tests can serve as reliable surrogates for the actual function of NK cells in the tumor and its TME.

Elevated NK cell expression within tumors has been linked to a lower risk of recurrence,
suggesting that NK cells play a protective role in controlling tumor growth [41-43]. A reduction in
the frequency of the cytotoxic CD56%™ NK cell population—both in peripheral blood and within
tumors—appears to be a critical factor in cancer progression. While Sotosec et al. found no significant
differences in NK cell percentages or subsets in peripheral blood between patients with localized,
locally advanced, or metastatic PCa, Koo et al. demonstrated a significantly higher CD564™ -to-
CD56tright ratio in the peripheral blood of PCa patients compared to healthy controls. This ratio
increased progressively with cancer stage [3,15].

The impact of cancer therapies on NK cell proliferation has been explored in several studies. For
example, androgen deprivation therapy (ADT), or low testosterone levels associated with ADT, may
contribute to decreased NK cell counts in peripheral blood, potentially indicating a shift of NK cells
from circulation to tumor sites [44—46]. This could impair NK cell function in peripheral blood but
increase NK cell infiltration into the tumor and its microenvironment [47]. In fact, prostate cancer
patients undergoing ADT have shown higher interferon y (IFN-y) expression. Perforin production
was lower in PCa group comparing to control which can be attributed to low perforin production in
cancerous tissues compared to healthy contorol.
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Radiotherapy reduces leukocyte and lymphocyte counts in peripheral blood, [48] but it may also
alter TME to a more favorable to NK cells, potentially enhancing their infiltration into solid tumors,
including prostate cancer (PCa) [49]. Docetaxel, a chemotherapy agent, has been shown to enhance
NK cell cytotoxicity and may promote NK cell proliferation through immune signaling pathways like
cGAS/STING-IFN. However, the effect of docetaxel on NK cell infiltration into tumors is less clear,
and changes in the TME may influence tumor infiltration indirectly [50].

The mobilization and egress of NK cells during exercise have also been extensively discussed in
the literature [51]. Although acute exercise induces NK cell mobilization into circulation, lymphocyte
numbers tend to decline sharply during the first few hours of recovery [52-54]. Interestingly,
CD56bright cells, a less mature and less frequent NK subset primarily responsible for cytokine
production, show a smaller response to exercise compared to their CD564™ counterparts [55,56].
Studies on PCa survivors have confirmed that acute exercise induces a temporary increase in NK cell
numbers [57-60]. However, the subsequent sharp decline in NK cell counts during the recovery phase
raises concerns about the potential long-term impact of this reduction, such as increased susceptibility
to infections or diminished NK cell function [61] In addition, these fluctuations in NK cell numbers
may influence immune cell infiltration and tumor viability [62].

2.1.2. Decreased Cytotoxicity

CD564m NK cells, particularly those expressing CD57 (a marker of NK cell maturation), are the
primary subset responsible for cytotoxic function [63,64]. These cells exhibit greater cytotoxic activity
than CD57-negative NK cells and have a higher capacity for mobilization and egress compared to
other NK subsets [65]. The PCa TME is characterized by an enrichment of exhausted CD564m NK
cells. These NK cells, despite their cytotoxic potential, often exhibit reduced activity due to a
combination of immune evasion mechanisms, including the dysregulation of activating and
inhibitory receptors [66]. Additionally, NK cells produce interferon y (IFN-y) upon activation, which
may further enhance their cytotoxic function [55,67]. However, in PCa, immune escape mechanisms
are often linked to the low killing capability of NK cells. For example, the Hypoxia-Inducible Factor
1 (HIF-1a) pathway can inhibit the NCR1/NKp46 signaling pathway via miR-224, reducing NK cell
activity [68].

A study of peripheral blood NK cells from PCa patients revealed an exhausted NK phenotype with
significantly reduced cytotoxicity. These exhausted NK cells release cytokines and chemokines that
recruit monocytes, which then polarize into M2-like tumor-associated macrophages (TAMs). These
TAMs promote angiogenesis and immune suppression within the TME, facilitating further immune
evasion by the tumor. Profiling peripheral NK cells in PCa patients could provide valuable insights
into immune dysfunction and help inform the development of targeted therapies [69].

One significant mechanism contributing to NK cell dysfunction in PCa is the downregulation of
NKG2D, an activating receptor crucial for NK cell-mediated tumor recognition. Gallazi et al.
proposed that downregulation of NKG2D oncirculating NK cells in patients with localized or locally
advanced PCa is associated with increased markers of NK cell exhaustion, such as PD-1 and Tim-3
[69]. Moreover, Lundholm et al. demonstrated significant downregulation of NKG2D on circulating
NK cells in castration-resistant prostate cancer (CRPC) patients compared to healthy controls [70]. In
de novo metastaticPCa, tumor recognition by NK cells involves the activation of NKp46, NKG2D,
and NKp30 receptors [44]. However, in patients with advanced PCa, the maximal cytotoxic potential
and recycling capacity of NK cells are reduced, leading to suppressed NK cell activity [71].
Additionally, cytokine dysregulation is thought to contribute to reduced NK cell cytotoxicity in
advanced PCa. Lahat’s group found that patients with advanced PCa exhibited the lowest NKA and
IL-2 secretion compared to those with localized PCa and healthy controls [72]. The high levels of
soluble MICA (sMICA) observed in advanced PCa patients were linked to reduced NKA [73].

Inhibitory receptors, such as KIRs, may also contribute to immune escape by limiting NK cell
cytotoxicity. While some studies have suggested a link between KIR gene expression and various
cancers, including hepatocellular carcinoma [74] and bladder cancer [75] , Portela et al. found no
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significant difference in KIR and HLA gene frequencies between healthy controls and untreated
localized PCa patients [76]. This suggests that KIRs may not play a major role in immune evasion in
localized PCa, though they may be relevant in other cancer types or advanced stages.

Interestingly, a preclinical study has highlighted an unexpected role for NK cells in the PCa
TME. It showed that NK cells preferentially migrate to CRPC cells rather than normal prostate cells
and may suppress the expression of androgen receptor splicing variant 7 (ARv7), a marker of
enzalutamide resistance. This suppression leads to reduced CRPC cell growth and invasion [77]. NK
cell adoptive transfer therapy could therefore represent an effective treatment for enzalutamide
resistant CRPC.

TGFp1 and prostaglandin E2 (PGE2) are known to drive NK cell exhaustion, which further
dampens immune responses. Additionally, dendritic cells (DCs) can interact with NK cells and play
a key role in modulating their function in cancer. DCs can enhance NK cell cytotoxicity, improving
their ability to eliminate tumor cells [78]. As a result, DCs are being explored as a therapeutic target,
with ongoing efforts to develop autologous DC-based immunotherapies to boost NK cell activity and
improve tumor eradication [79].

Several studies have reviewed the mechanisms underlying tumor cell immune escape and NK
cell dysfunction within the PCa TME (Table 1). Despite the use of varying methodologies, these
studies consistently found reduced NK cell activity in PCa patients, with all agreeing that low NK
cell activity is associated with higher tumor incidence and metastasis. These findings suggest that
enhancing NK cell activity could serve as a potential adjuvant therapy to prevent relapse, either as a
standalone treatment or in combination with other cancer therapies to inhibit disease progression.

A better understanding of the detailed mechanisms behind NK cell dysfunction in the PCa TME
may be crucial in developing PCa-specific NK cell-based therapies or prophylactic strategies to
improve clinical outcomes.

Table 1. NK cells and Pathogenesis.

Year/Reference No/Population Sample/Methods Main Findings
In comparison to the

control group, tumor-
associated NK cells
from PCa patients

exhibited significantly

elevated mRNA
expression levels of
35/Local, Local pro-inflammatory and
2021/ [69] advanced PCa pro-angiogenic factors.
27/Control Additionally, these NK

cells showed a marked
downregulation of

PB, Tumor tissue/ NKG2D. Overall, NK
Flowcytometry cells in PCa patients
adopted a pro-
inflammatory and pro-
angiogenic

Compared to normal

tissue, lymphocytes

2018/ [68] 10/PCa Tumor tissue isolated from PCa
10/Control Isolated lymphocyte/ showed significantly
Flowcytometry higher levels of miR-

224, which plays a
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protective role for
cancer cells against NK
cell-mediated
destruction. HIF-1at
was found to

upregulate miR-224,

leading to the
inhibition of
NCR1/NKp46 and
reducing the killing
efficiency of NK cells
in prostate cancer.
A highly
immunosuppressive
16 /Localized PCa environment in PCa
significantly impairs
2016/ [18] 5 /mP.Ca PB, Tumor and normal NKA at multipl
20 /Normal tissue from tjgqy e/ Flowcytomery, 51-Cr at muthple
patients with PCa release levels.
The low expression of
18/ Treatment naive activating receptors
PCa, de novo: and
2015/ [44 PM/ ici
/ [44] 10 /SCR Flow cytometry reduced cytotoxicity of
8/LCR NK cells contribute to
10 / Control the
pathogenesis of Pca.
Prostate tumor-
PM, Isolated lymphocyte/  derived exosomes act
2014/ [70] 18/CRPC Flow cytometry as downregulators of
8 Control the NKG2D-mediated
cytotoxic response.
PCa patients exhibit a
51/ PCa treatment higher CD56"dim" to
PMBC/NK Vi
2013/ [15] naive /NK Vue CD56"bright NK cell
54/ Healthy control ratio compared to the
control group.
NK cell infiltration in
Tumor the early stages of PCa
2013/ [81] 100 PCa tissue/Immunohistochemistr is associated with focal
150 BC y disruption of the
tumor capsule.
200 Untreated There is nc; evlid(fencehof
tent t
2012/ [76] localized Pca Blood sample (DNA)/PCR & POentiai e for e

185 Healthy control

KIR gene system in
PCa.

reprints202501.1016.v1
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20 Localized, local PBMC/Flow cytometry The percentage of NK
2011/ [3] advanced Pca cells and their subsets
20 BPH did not vary among
20 Healthy control the groups examined.
Advanced cancer is
Serum/ Cell line . . .
2004/ [73] 23/ PCa Immunohistochemical associated with high
10/ Healthy control Staining expression of MICs
and low NKA.
Aberrant immune
functions in the early
stages,
1989/ [72 49 Localized and PB, Cell line with an exacerbation
72l advanced PCa /Flowcytometry of these immune
15 Healthy controls o\
abnormalities
observed in advanced
PCa.
MRC in advanced PCa
7 Localized PCa was lower than in
1989/ [71] 6 Advanced PCa PB, Cell line/ 51-Cr release
localized PCa and the
25 Control
control group.
Compared to other
groups, patients with
10 Localized PCa advanced
1987/ [16] 49 Advanced PCa PCa demonstrated
10 BPH PB, Cell line/ 51-Cr release  significantly lower
20 Control NKA, which was
not attributed
Compared to the
control group, beta
interferon-induced
augmentation of NKA
was significantly
reduced in the
8 Pca T2NOMO periprostatic lymph
1985/ [80] 8 PCa T3-T4NxMo0-1 PB, Cell line/ 51-Cr release nodes of PCa patients.
7 Control Additionally, the
spontaneous
cytotoxicity of
peripheral NK cells

was markedly

suppressed in

advanced PCa.
Maximal Killing Potential (Vmax); Maximal Recycling Capacity (MRC); Long Castration Response (LCR); Long
Castration Response (LCR); Peripheral Blood (PB); Prostate Cancer (PCa); Metastatic Prostate Cancer (mPCa);
Castration-resistant Prostate Cancer (CRPC); Breast Cancer (BC); Benign Prostatic Hyperplasia (BPH); Natural
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Killer Activity (NKA); Time to Castration Resistance (TCR); Overall Survival (OS); Killer Cell Inmunoglobulin-
like Receptor (KIR); MHC class I ¢ molecules (MICs).

2.1.3. Diminished Tumor Infiltration

There is some debate regarding the clinical significance of immune cell infiltration, particularly
the role of different NK cell subpopulations in tumor tissue. For example, mononuclear cells from
peri-prostatic lymph nodes in PCa patients—whether localized, locally advanced, or metastatic—
showed significantly lower reactivation by beta-interferon stimulation compared to those from
healthy subjects or autologous peripheral mononuclear cells [80]. These findings suggest that the PCa
TME may impair NK cell activity by altering the composition of NK subpopulations. Furthermore,
while the physical disruption of the tumor capsule possibly leading to tumor invasion in patients
with localized and advanced PCa, this theory is still debated [81]. Even within an activatory NK cell
subset, there is a lack of consensus on the impact of NK cell tumor infiltration.

In 2016, Pasero et al. reported that NK cell infiltration into localized and metastatic PCa tissues
was primarily driven by CD56/Neural Cell Adhesion Molecule 1 (NCAMI)-positive NK cells, a
phenotype associated with low or absent cytotoxic potential [18]. This raises further questions about
the functional role of NK cell infiltration in the PCa TME.

In the context of immune suppression, the role of M2 tumor-associated macrophages (TAMs) is
notable. M2 TAMs promote tumor growth and metastasis by lacking NK cell activity and supporting
new blood vessel formation. They are driven by cytokines like IL-6, IL-10, and TGEFp, especially in
hypoxic conditions or with high IL-4 levels. These macrophages release factors like TGF-$ and IL-10
to aid their own maturation. Additionally, non-coding RNAs and transcription factors, such as c-
Myc, contribute to M2 activation and stimulate cancer-associated fibroblasts (CAFs) [82,83].

Interestingly, combining ADT with exercise has shown promise in improving NK cell infiltration
and reducing tumor volume in PCa [84]. This highlights the potential of lifestyle interventions in
modulating immune responses within the TME.

2.2. NK Cells: Screening/Diagnosis Significance in PCa

Accurate risk prediction is a major clinical challenge in PCa management, as it is critical for
determining the most appropriate treatment approach. While men with low-risk PCa may not require
active treatment, the mere diagnosis of the disease can have significant social, financial, and
psychological implications. Currently, the PSA test is the primary screening tool, but it lacks accuracy
and reliability, often leading to unnecessary biopsies. As a result, there is a growing need for
alternative, non-invasive approaches—such as circulating biomarkers—that offer greater specificity

and sensitivity Table 2.
Table 2. NK cell and diagnosis/Screening.
Year/Reference No/Population Sample/method Main Finding
NK cell profiling
identified 8 features of
K cells, which
41 Asymptomatic PCa . N Ce_ S Whic
(PSA<20ng/ml) distinguishe between
& PB/ Flow cytometric PCa and benign disease.
2020/ [87] profiling combined to NK cell profiling could
Machine learning serve as a potential
31 Control (Benign) screening tool for
prostate cancer
detection.
18 P 7 KA
2020/ [88] 8 PCa, GS> PB/NK Vue N demonstrated a

8 PCa, GS=7 sensitivity of 68% and a
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24 PCa, GS=6 specificity of 73% for
52 PCa, Benign detecting PCa, with a
cut-off value of 500
pg/mL.
25 Localized PCa Low NKAcan serve as a
37 Local advanced, PB/NK Vue predictive tool for
advanced L.
2019/89] 32 Not detected in positive
o prostate cancer biopsy,
biopsies. with a cut-off value of
200 pg/mL
221/ Pca
18 GS 9-10
25GS 8 The study could not
confirm the usefulness
2018/ [91] 49GS7 PB/NK Vue of NKA for detecting
43GS6 PCa or predicting the
86/ Biopsy Gleason grade.
negative
The researchers of the
study showed that the
2017/ [90] 21/PCa PB/NK Vue absolute risk for PCa is
22/ Biopsy negative Tissue
86% when NKA is low.
8/ mPCA High levels of
m
2014/ ] 36/ mBC PB/ circulating tumor cells
m
30/ mCRC Flow Cytometry (CTCs) are associated
with
low NKA levels.
51/ PCa NKA demonstrates a
8 GS=9 sensitivity of 72% and
2013/ [15] 8GS=8 PB/NK Vue specificity of 74% for
25 GS=7 detecting PCa, with a
10 GS=6 cut-off value of 530.9
54/Biopsy negative pg/mL.
sMIC is proposed as a
1 bi for th
2004/ [73] 23/ PCa Serum/ELISA  "ovel biomarker for the
10/ Healthy control detection of high-grade
PCa.
23/ Localized and NK lytic activity in
P i ith
1993/ [86] advanced PCa PB/51-Cr patients with untreated
10/Healthy PCa effectively

control

differentiates between

doi:10.20944/preprints202501.1016.v1
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6 Chronic diseases tumor dissemination

and localized

PCa.
51 mPCa:
6 DES
11 Estracyt
9 CPA Low NKA levels in
7 Orchiectomy treated PCa patients
1992 12 Orchiectomy PB/51-Cr suggest the presence of
+CPA CTCs monitoring for
) treatment response
6 Orchiectomy diagnostic application.
+Flutamide
7 Healthy
control
1987/ [16]
1985/ [80]

Prostate Cancer (PCa), Metastatic Prostate Cancer (mPCa), Metastatic Breast Cancer (mBC), Metastatic
Colorectal Cancer (mCRC), Peripheral Blood (PB), Castration-resistant prostate cancer (CRPC), Benign Prostatic
Hyperplasia (BPH), Gleason sum (GS); Natural Killer Activity (NKA), circulating tumor cells (CTCs),
Soluble MHC class I chain-related molecules (MICs).

Recent studies suggest that the detection of NK cells in peripheral blood could play a role in the
early diagnosis of PCa. For example, Barkin et al. observed in a small cohort of 43 patients that those
with lower levels of NK cells were more likely to have a positive prostate biopsy result 85.
Additionally, recent findings indicate that peripheral NK cells in PCa patients are associated with
enhanced expression of markers like CD9, CD49a, CXCR4, CXCLS8, and MMP-9. These factors are
involved in monocyte recruitment and polarization, highlighting their potential role in PCa diagnosis
69.

Furthermore, NK cell assays could serve as valuable tools for detecting residual microscopic
disease after prostatectomy, potentially informing personalized adjuvant treatment strategies for
high-risk patients. Specific markers such as low IFN-y levels, decreased CD56isht NK cells, high
CD56dim -to- CD56bright NK cell ratios, and elevated sMIC may indicate a higher risk of residual
disease. Monitoring NK cell activity during radiotherapy could help ensure that NK cell activity does
not decrease, which could otherwise contribute to disease progression.

2.2.1. Radionuclide Labeling Method

Some studies using the 51Cr release assay have suggested that NK cells could serve as
biomarkers for both the diagnosis and staging of PCa [81,86]. One 1993 study reported a sharp decline
in NK cell activity in patients with tumor lesions in lymph nodes, bones, or soft tissues, although
tumor differentiation had no impact on these results. The study proposed that measuring NK cell lytic
capacity could supplement routine clinical staging [86].

2.2.2. Flow Cytometry and Machine Learning

A computerized model based on profiling NK cell subsets in the blood of 72 asymptomatic men
with PSA levels below 20 ng/ml showed that certain NK cell markers, such as CD56dim CD56bright,
CD56+ NKp30+, and CD56+ NKp46+, may help detect the presence of PCa. Furthermore, NK cell
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profiling demonstrated the ability to differentiate between low, intermediate, and high-risk PCa by
analyzing 32 phenotypic features [87].

2.2.3. NK Vue Cytokine Release Method

A 2013 study found NK cell activity to be a potential diagnostic marker for PCa with a sensitivity
of 72% and specificity of 74%. The CD564m -to- CD56bright cell ratio showed a sensitivity of 66% and
specificity of 71% [15,88]. Additional findings supported NK cell activity as a predictor of positive
biopsy results, with patients exhibiting low NK cell activity having five times the risk of biopsy-
verified PCa [89]. A pilot study indicated that patients with NKA levels below 200 pg/mL had an 86%
risk of having PCa [90]. However, a cross-sectional study questioned the utility of NK cell activity for
detecting PCa or predicting Gleason scores, noting that serial NK cell activity measurements were
needed for more conclusive assessments [91].

2.2.4. Secretome Analysis

Unlike the NK Vue test, secretome analysis offers a broader perspective on NK cell behavior by
identifying a range of secreted factors that influence tumor progression and immune responses. For
example, Gallazzi et al. demonstrated that NK cells in the PCa TME release pro-inflammatory
cytokines and chemokines that recruit monocytes and promote M2-like polarization, which may
facilitate immune suppression and tumor growth [69]

2.2.5. MICA ELISA

One study found elevated levels of soluble MICA (sMICA, 21 ng/ml) in the serum of nearly all
PCa patients with a Gleason score 26, suggesting that sMICA could serve as a novel biomarker for
PCa [73]. NK cell assays, including those measuring sMICA, may complement routine clinical
management of PCa, although methods like 51Cr-release assays are difficult to manage due to their
reliance on radioisotopes. Alternative methods like the ATP assay or flow cytometry-based assays
offer more practical ways to assess NK cell activity, with the ATP assay measuring both NK cell
activity and other cytotoxic activities [20,92].

2.2.6. Molecular Profiling

A comprehensive molecular profiling study, including whole-exome sequencing (WES) and
whole-transcriptome sequencing (WTS), involved 3,365 PCa samples. In prostate biopsies, higher NK
cells were less common with certain mutations and AR-V7 but more common with immune
suppressors, suggesting an anti-inflammatory response [93]. Recent advances in single-cell RNA
sequencing have revealed a variety of innate immune cells in normal prostate tissue, with
transcriptional changes observed in PCa. Notably, CD16ms NK cell signatures and CCL5 transcripts
are found together in the TME, suggesting that these resident-like NK cells may recruit tumor
antigens recriuting cells and potentially improve treatment responses [94].

2.3. NK Cells: Prognostic and Predictive Significance in PCa

The prognostic and predictive roles of NK cells in PCa have been widely investigated, with the
potential to improve personalized treatment strategies, including the use of adjuvant therapies. This
section reviews the findings from multiple studies assessing the significance of NK cells as both
prognostic and predictive biomarkers in PCa (Table 3).

Table 3. NK cell and Prognosis/Prediction.

Year/Reference No/Population Sample/Methods Main Findings
NK cell infiltration lead
2024/ [93] 3365 samples of mPCa FFPE/ to improved Pca patient

quanTIseq outcomes.
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87551 samples of 44
distinct tumor type

2023/ [141]

87 mCRPC

In the late stage mCRPC
patients receiving
enzalutamide, higher
NKA levels correlated
with poorer treatment
responses suggesting
that NK cells may
negatively impact
advanced prostate
cancer and could serve
as predictive markers
for treatment efficacy.

PB NK vue

2020/ [96]

24 negative surgical
margin
27 positive margin
10 healthy

Higher postoperative
NKA levels are
associated with an
increased likelihood of
negative surgical
margins, indicating
better prognosis.

PB NK vue

2018/ [100]

19 mPCa
23 mOCa
51 mCRC

Lower NKA levels
correlate with reduced
response rates
and shorter PFS. An
increase from low to
normal NKA,
highlighting its
predictive potential.

PB NK Vue

2017/ [105]

22 non metastatic non

castrate
16 CRPC

The fr  The frequency
of NK cells does not
differ between immune
responders and non-
responders following
vaccination, suggesting
limited predictive value.

PB FlowCytometry

2015/ [44]

18 Treatment naive
PCa, de novo:
10 SCR
8 LCR
10 Control

NKp30 NKp30and
NKp46 are predictor
markers for OS with p-
values of 0.0018 and
0.0009, respectively.
p-vaof. TCR also
demonstrates
significance with p-
values of 0.007, 0.009,
and 0,0001, indicating
their prognostic and
predictive potential
(log-rank test).

PB FlowCytometry

2014/ [98]

30 mCPC

PB Flow High

doi:10.20944/preprints202501.1016.v1
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Cytometry

High lev High levels of
Tim-3(+) NK cells after
vaccination, compared
to before vaccination,
are associated with
longer OS, indicating
their prognostic
significance.

72 mPCa before ADT or
no longer than 3 months

50 mPCa ADT

2014/ [%9] +/- Risedronate

Higher cytokine levels

observed 0.5 months

after the
initiation of ADT are
associated with shorter
TCR and OS,
Serum

Multiplex potentially indicating

electrochemiluminescence resistance to treatment,

with no
relation to IL-2 levels.
This highlights no

prognostic and
predictive value of IL-2
as an NK cell activator

8 mPCa

2014/ [19] 36 mBC
30 mCRC

CellSearch CTC test

High CTCs represent
low NKA and high risk
of poor prognosis.

PB

51 Pca no prior

2013/ [15] treatment

54 Healthy control

A higher

CD56dim/CD56bright
PB

NK Vue

ratio or lower levels of
CD56bright cells are
associated with poor
prognosis.

2012/ [81] 110;’013;2'

Tumor Tissue

NK cell infiltration in
the early stage PCa is

linked to focal
disruptions of the tumor
capsule and poor
prognosis.

HC

197/PCa, 3DRT
2011/ [95] 116 T1-T4 WP
81 T1-T4 PO

Flowcytometry

A positive correlation
PB
exists between NK cell

numbers and

doi:10.20944/preprints202501.1016.v1
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bone marrow irradiated
with 5-25 Gy, as well as
with acute
GU, late GU, and GI
toxicities. This
upregulation of NK
cytotoxicity is
associated with better
prognosis and

predictive outcomes.

35PCa neoadjuvant

Higher levels of CD56+

NK cells are associated

T y with a lower risk of PCa
umor tissue
2009/ [1,24] ADT+RT IHC progression, indicating
40 Pca RP their potential
prognostic application.
Higher levels of sMIC
23 Localized and are associated with poor
2004/ 73] advanced PCa :ir;;r; 'pr(?gn(?sis,.
10 Healthy donor hlgh.hghtmg 1ts )
potential prognostic
application.
11 Localized PCa. RP Higher expression of
TURP Y HNK-1 antigen is
associated with
41 Advanced, Tumor tissue
1995 [33] longer survival and PFS,
Castration (medical or S )
ical) indicating its prognostic
surgica
10 BPH and
predictive value.
1992/ [140]
NKA, Vmax, and MRC
levels in advanced PCa
7 Localized PCa are lower
1989/ [71] 6 Advanced PCa PB, cell line K562 than those in localized
25 Healthy control PCa and control groups,
indicating
potential prognostic
significance.
6 PCa NKA is positively
1980/ [97] 7 UBC PB/51-Cr release associated with
24 BC prognosis, indicating its
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potential prognostic
value.

Prostate Cancer (PCa); Metastatic Prostate Cancer (mPCa); Breast Cancer (BC); Metastatic Colorectal Cancer
(mCRC); Metastatic Ovarian Cancer (mOCa); Urinary Bladder Cancer (UBC); Peripheral Blood (PB); Castration-
Resistant Prostate Cancer (CRPC); Natural Killer Activity (NKA); Human Natural kille-1 (HNK-1); Circulating
Tumor Cells (CTCs); Soluble MHC class I Chain-related molecules (sMIC); Genitourinary (GU); Gastrointestinal
(GI); NKA ratio (postoperative NKA/preoperative NKA); Radiotherapy (RT); Robot-Associated Radical
Prostatectomy(RARP); Whole pelvic (WP); Prostate-only (PO); 3-Dimenshional Conformal Radiotherapy
(3DRT);Radical prostatectomy(RP); Transurethral Resection of the Prostate (TURP); Overallsurvival(OS).

2.3.1. NK Cells and Prognostic Significance

For instance, Gannon et al. found that a high number of CD56+ NK cells in localized PCa were
linked to a lower risk of disease progression [24]. Similarly, Pasero et al. showed that increased CD56+
NK cells in prostate tumors correlated with reduced tumor invasion in seminal vesicles, translating to
improved survival outcomes. Specifically, patients with high NKp30 expression had a 3-year survival
rate of 85%, compared to just 38% in those with low NKp30 expression [44].

Other studies further support this finding. For example, research from 1995 highlighted an
association between high expression of HNK-1 antigen in well-differentiated PCa and better
prognosis [33]. Moreover, radiotherapy-induced gastrointestinal (GI) side effects appeared to
improve prognosis by stimulating the release of Heat Shock Proteins (HSPs), which augment immune
function and enhance NK cell cytotoxicity [95].

In contrast, lower NK cell activity has been linked to more advanced disease stages. Marumo et
al. reported significantly lower NK cell activity in advanced PCa patients compared to localized cases
and healthy controls [71]. Similarly, Lu et al. demonstrated that postoperative NKA was higher in
lower-stage PCa patients and those with negative surgical margins, suggesting NK cell activity as a
marker of better post-surgical outcomes [96]. However, Blomgren et al. found that post-radiotherapy
NK cell activity was lower than pre-radiotherapy levels, potentially contributing to disease
progression [97].

Moreover, several studies have noted an increased ratio of CD56¢m-to- CD56isht NK cells in the
blood of patients with more advanced PCa stages, further supporting the link between NK cell
function and disease severity [15]. In metastatic cancer, a significant reduction in NK cell cytotoxicity
has been observed, correlating with poor prognosis, especially in patients with high circulating tumor
cells (CTCs) [19].

Therapeutic interventions can also affect NK cell activity. A Phase I trial combining ipilimumab
and PROSTVAC immunotherapy showed an increase in NK cell subsets expressing Tim-3+,
correlating with improved survival [98]. However, a study involving ADT found no significant
correlation between IL-2 levels (an NK cell activator) and progression-free survival (PFS) in
metastatic PCa, suggesting that NK cell activity is not always predictive of overall survivor (OS) [99]
, despite ADT induced CD56+ increased NK cells in PCa, was associated with good prognosis [24].

Moreover, NK cell markers such as NKp46 have been identified as predictive of OS and time to
castration resistance (TCR) [44]. A study monitoring serial serum NK cell activity during treatment of
mCRPC found a significantly lower response rate and shorter PFS in patients with IFN-y levels below
200 pg/mL[100].

Recent studies also support the role of NK cells in predicting OS across multiple cancer types,
including PCa. Higher NK cell infiltration has been linked to improved OS, particularly in tumors
with negative immune regulators, such as AR-V7 [93]. Elevated NK cell expression in prostate tumors
is also associated with a lower risk of biochemical recurrence after radical prostatectomy [24,44].

However, NK cells infiltrating prostate tissues often display immature characteristics, with
decreased expression of activating receptors such as NKG2D and CD16. This phenotypic immaturity
may be mediated by factors like TGFS1 and PGE2, which impair NK cell function, reducing their
cytotoxic potential [18].
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Furthermore, the expression of various NK cell subpopulations, such as CD564" has been shown
to correlate with exhaustion and poor prognosis [17]. In peripheral blood, high monocyte counts have
been linked to aggressive disease features and poor survival in patients with CRPC, although this
association is less clear in earlier disease stages [101-103].

Interactional factors affecting NK cell activity within the TME have also been shown to be
associated with prognosis in many studies [104].

NK cell markers have also been linked to prognosis in patients undergoing ADT. NK cells from
metastatic PCa patients who show a longer response to castration therapy exhibit phenotypic and
functional patterns associated with high expression of activating receptors and molecules involved in
NK cell maturation and degranulation [44].

Sipuleucel-T, a dendritic cell (DC)-based immunotherapy, has shown improved overall survival
in PCa patients. However, the results have been controversial due to unfavorable outcomes in the
control arm. Subsequent DC vaccines have failed to produce significant benefits, and the utility of this
immunotherapy strategy remains unproven [78].

One study showed that radiotherapy-induced GI or GU toxicity led to an increase in NK cell
activity, which was linked to a better prognosis, suggesting that treatment-induced immune
activation could benefit patients [95].

Only a limited number of studies have focused on specific NK cell markers, such as NKp30 and
NKp46, which have been identified as predictive of TCR and OS in mPCa [44] , [68]. Furthermore,
one 1995 study focused on HNK-1 antigen expression in tumor tissue [33], while another study found
no association between IL-2 levels and time to castration-resistant prostate cancer (CRPC) or OS,
although NK cell activity was not directly investigated in this study[32].

2.3.2. NK Cells and Predictive Significance

The role of NK cell activity as a predictor of treatment response, particularly in immunotherapy,
has been widely discussed [22]. However, while NK cell activity shows promise as a biomarker, the
presence or number of NK cells alone is not yet considered a reliable indicator of treatment outcomes.
For instance, Johnson et al. studied patients with non-metastatic PCa who had biochemical recurrence
and were treated with anti-tumor DNA vaccination. They found no significant difference in NK cell
levels between immune responders and non-responders, suggesting that NK cell quantity alone may
not predict treatment success [105].

A few studies have specifically investigated NK cell activity as a predictive biomarker,
discussing that NK cell activity levels could potentially predict longer responses to castration therapy
[44,99]. However, another study that assessed the role of NK cells in response to DNA vaccination
found no significant correlation between NK cell levels and treatment outcomes [105].

A retrospective study of untreated mPCa patients showed that high expression of NKp46 was
associated with a better response to castration therapy, with response rates of 39% in patients with
high NKp46 expression compared to just 8% in those with low expression [44].

Madan et al. recently investigated the immunologic effects of enzalutamide in non-metastatic
hormone sensitive PCa patients. In their study, 38 patients treated with short-course enzalutamide
showed an increase in antigen-specific T-cell levels targeting PSA, along with a rise in NK cell
numbers and a decrease in myeloid-derived suppressor cells in the blood. However, no significant
correlation was found between these immune changes and clinical responses, which may be due to
the small sample size [106].

3. Microbiome and PCa

Many studies have examined the link between the microbiome and PCa, exploring its potential
as a diagnostic and therapeutic biomarker [107] , Figure 1.
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Figure 1. NK-Microbiota Interaction in PCa. This figure illustrates the intricate interactions between various
microbiota (oral, gut, urinary, and tumor-associated) and their influence on NK cells in prostate cancer (PCa).
The different microbiota communities affect each other: for example, oral microbiota can impact the gut, urinary,
and tumor microbiota, while tumor-associated microbiota can also alter the other microbiomes. Dysbiosis, or
microbial imbalance, can suppress NK cell function by reducing NK cell frequency, cytotoxicity, and tumor
infiltration, impairing immune responses and contributing to tumor initiation, progression, and treatment
resistance. On the other hand, a balanced microbiota supports NK cell activity, enhancing tumor surveillance

and immune response (Biorender).

The microbiome plays a critical role in metabolism, immune function, and overall health, with
disruptions (dysbiosis) linked to various diseases, including cancer. Notably, the oral microbiome
has been shown to influence these processes, and when the oral barrier is compromised, microbes
can spread through the gut microbiome axis to other parts of the body, potentially contributing to
cancer development [108,109].

In addition, NK cells are involved not only in the antitumor immune response, but also in
defending against microbial infection [110]. Their activity can be influenced by changes in the
microbiome, further highlighting the interconnectedness between microbial health and cancer.
Further research into the “missing self” hypothesis regarding MHC molecules and NK cell
recognition may also provide insight into how the microbiome interacts with immune surveillance
in the context of PCa [111].

The Prostate, Lung, Colorectal, and Ovarian (PLCO) Cancer Screening Trial, which included
about 155,000 participants in the U.S., studied cancer screening methods and collected serum samples
over several years [112]. One case-control study from this trial found that elevated levels of specific
metabolites, including choline, carnitine, PAGIn, and p-cresol sulfate, were linked to a higher risk of
lethal prostate cancer, although the associations with other metabolites remain uncertain [113].

While this review does not delve into the methodologies for analyzing the microbiome, these
have been extensively covered in prior studies [36].

3.1. Oral Microbiota

While a retrospective study suggests that reliable oral microbial biomarkers for PCa may not yet
exist [114] , more recent research has highlighted significant associations between oral microbiota
and PCa risk.

A 2020 genome-wide association study (GWAS) conducted in an Asian population, which
included 442 PCa cases and 195,745 controls, found strong correlations between PCa and specific
bacterial species in the oral cavity. This study identified 27 bacterial species in the tongue, belonging
to 17 genera and 14 families, and 42 bacterial species in saliva, spanning 24 genera and 17 families.
Notably, nine genera were found in both tongue and saliva samples from PCa patients [35].
Moreover, oral microbial displacement has been linked to the development of prostate cancer [115].
Dysbiosis in the oral microbiota can lead to the colonization of the prostate by oral bacteria, increasing
the risk of developing PCa [116].
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Interestingly, many studies now recognize that the NK cells’ ability to detect and fight cancer is
heavily influenced by the host’s microbial ecosystem [ ref.104].

3.2. Gut Microbiota

Although the prostate is not physically linked to the gut, lifestyle factors that impact the gut
microbiome have been found to influence the pathogenesis of PCa [107]. In prostate cancer, certain
bacteria, like Alistipes and Lachnospira, are found in higher levels in the gut, suggesting they may
influence cancer progression [117]. Additionally, Reichard et al. demonstrated that certain metabolites
are linked to a higher risk of fatal prostate cancer, further linking the microbiome to cancer
development [118].

Liss et al. found differences in the microbiome between cancer and non-cancer samples,
particularly in Bacteroides and Streptococcus species. They also identified 10 altered metabolic
pathways linked to prostate cancer, leading to a new microbiome-based risk factor with a promising
diagnostic model (AUC = 0.64, p=0.02) [119].

Zhong et al. found that gut dysbiosis, caused by antibiotics and the overgrowth of
Proteobacteria, increased gut permeability and lipopolysaccharide (LPS) levels, which promoted PCa
in mice. This suggests Proteobacteria could be a biomarkerfor prostate cancer progression in humans
[120].

Other studies found significant differences in the gut microbiota between PCa cases and
controls, specifically the higher relative abundance of Bacteroides and Streptococcus species in cancer
cases, while Faecalibacterium prausnitzii and Eubacterium rectale were more abundant in controls.
Biologically significant differences were also noted in the relative abundance of genes, pathways, and
enzymes associated with these bacteria [119,121].

A Mendelian randomization (MR) study identified significant links between 28 gut microbiome
taxa and 75 immune cell types with prostate diseases. Notably, the Dorea bacteria may influence
immune responses in the prostate, with specific NK cell subsets enhancing its positive effects,
potentially lowering the risk of benign prostatic hyperplasia (BPH) [122].

In terms of treatment response, one study showed no significant microbial differences in fecal
samples when comparing benign and malignant prostate biopsies [123]. However, Akkermansia
muciniphila was found to help regulate changes in the microbiome caused by the drug Abiraterone
acetate, suggesting its potential role in modulating treatment responses [124].

There are also distinct differences in the microbiota between hormone-sensitive prostate cancer
(HSPC) and castration-resistant prostate cancer (CRPC), highlighting the need for further research.
Understanding these differences could help develop strategies to enhance responses to androgen
deprivation therapy (ADT) [125]. A preclinical study found that intestinal bacteria and their
metabolites, particularly short-chain fatty acids (SCFAs), promoted PCa growth in mouse models
[126]. Antibiotic treatment to eliminate the gut microbiota delayed development to castration
resistance, and fecal transplants from CRPC patients or mice made tumors resistant to castration
treatment[125,127]. In contrast, transplants from hormone-sensitive patients or the addition of
Prevotella stercorea controlled tumor growth, suggesting that the gut microbiota contributes to
treatment resistance by producing androgens [127].

These findings underscore the complex relationship between the gut microbiome, NK cells and
PCa, highlighting its potential role in both cancer progression and treatment response. Further
research is needed to fully understand these interactions and identify microbiome-based biomarkers
for PCa diagnosis and therapy.

3.3. Urinary Microbiota

In the past, urine was believed to be sterile, which limited research on the urinary microbiome.
However, recent studies have revealed its potential role in conditions like lower urinary tract
symptoms and inflammatory diseases, and cancerous conditions including PCa. Notably, the act of
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urination can transfer microbes to the prostate, potentially contributing to prostatic dysbiosis,
asymptomatic changes in the prostate environment, and chronic inflammation. [128-132].

In prostate cancer patients, specific bacteria like Bacteroidetes and Firmicutes were found to be
more abundant, while others, such as Eubacterium, were less common. Escherichia coli was lower in
urine but more prevalent in seminal fluid and epididymal prostate secretions (EPS), while
Enterococcus levels increased in seminal fluid [133]. A study of the male urinary microbiome
discovered that men with PCa had higher levels of pro-inflammatory bacteria and uropathogens in
their urinary tract compared to healthy individuals [134].

A prospective study that examined the link between both urinary and fecal microbiota and PCa
diagnosis using 16S rRNA gene analysis found significant differences in the urinary microbiota of
prostate cancer patients compared to those without the disease. The study also noted distinct
differences in the urinary microbiota of patients with BPH and PCa compared to control subjects [123]
, emphasizing the need for further research to identify specific microbes that may contribute to
prostate disease. Another research identified several novel bacterial species—Porphyromonas sp.
nov., Varibaculum sp. nov., Peptoniphilus sp. nov., and Fenollaria sp. nov.—in the urine of PCa
patients. The presence of certain anaerobic bacteria was linked to a higher risk of cancer and
metastasis [135]. These findings support the idea that the urinary microbiome could influence the
inflammatory environment of the prostate, potentially impacting NK cell activity and the immune
response [129].

Moreover, changes in the urinary microbiome, particularly the decreased abundance of certain
bacterial species, have been associated with PCa, especially in patients with a Gleason score of 7 or
higher. [123] These alterations highlight the potential of the urinary microbiome as a biomarker for
PCa and its role in shaping the prostate’s immune landscape. Although no studies have specifically
investigated the interaction between NK cells and the urinary microbiome in PCa, this remains an
area of interest for future research.

3.4. Intraprostatic/Intratumoral Microbio

The idea that infections may play a role in PCa was first proposed by Ravich et al. in 1951 [136].
Subsequent research has reinforced this hypothesis, with a meta-analysis of 29 studies linking PCa
risk to a history of sexually transmitted infections, such as Mycoplasma genitalium and human
papillomavirus (HPV) [137,138]. In addition, chronic inflammation is believed to contribute to PCa
development by inducing oxidative stress and genetic mutations [129]. Cavarretta et al. investigated
the prostate microbiome and identified bacterial species associated with PCa. However, their study
had limitations, as it did not assess the role of inflammation or consider non-bacterial
microorganisms, such as mycoplasmas and viruses, that may also influence disease progression [139].
Interestingly, bacterial patterns detected in extracellular vesicles and cancerous tissues have been
linked to PCa progression, though the precise role of these bacteria in NK cell suppression and cancer
development remains unclear [135].

4. Discussion

Understanding the molecular mechanisms underlying NK cell function, microbiota and their
interaction in immune surveillance is critical for advancing PCa therapies. This review provides an
overview of the role of NK cells and the microbiome in the management of PCa, highlighting their
potential as biomarkers for diagnosis, prognosis, and treatment response. The studies reviewed
underscore initially the value of NK cells in guiding clinical decisions and improving patient
outcomes as a single biomarker. Initial studies proposed NKA as a promising marker for prognosis
and treatment response in PCa [Table 1-3]. Some studies, in particular, highlighted that low NK cell
activity levels at diagnosis were associated with shorter TCR and OS [44] Additionally, one study
demonstrated that radiotherapy-induced gastrointestinal or genitourinary toxicity could upregulate
NK cell activity, resulting in better prognosis [95]. Monitoring NK cell function during radiotherapy
in patients without radiotherapy-induced side effects could ensure that NK cell activity levels do not
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decline, thus informing treatment decisions. NK cell assays in PCa could be utilized to detect
microscopic residual disease after prostatectomy, helping to design personalized adjuvant therapies
for high-risk patients. For example, low levels of IFN-y, HNK-1 antigen, alongside high CD56di™ -to-
CD56bright NK cell ratios and sMIC may indicate a high risk of undetected microscopic disease[15,33].
Furthermore, some studies investigated NK cell activity as a predictive biomarker. One study found
NK cell activity as a potential predictive biomarker to stratify patients likely to have longer castration
responses arguing for therapies aimed at NK cell function augmentation in mPCa patients [44].
Although a small study could not confirm an association between the amount of NK cells and
treatment response in PCa patients after DNA vaccination, it was suggested that different measures
of antigen-specific tolerance, or regulation, might help predict the immunological outcome of DNA
vaccination [105]. However, there are several important limitations to consider. Most of the studies
included had relatively small sample sizes, with only a few containing more than 25 participants,
which may limit the generalizability of the findings. Additionally, methodological differences across
studies—such as the use of outdated technologies, inconsistent patient selection criteria, and
variations in statistical analyses—further complicate the interpretation of results. While NK cells
show promise as biomarkers, it is essential to recognize that NK cell alone may not be optimal marker
for managing PCa. The integration with other biomarkers could significantly enhance diagnostic
accuracy and prognostication. Recent studies have highlighted the potential role of the microbiome,
particularly in the oral, stool, and urinary microbiota, in shaping the prostate’s immune environment.
For instance, specific microbial patterns have been linked to PCa risk, inflammation, and disease
progression. Microbial dysbiosis could influence the inflammatory microenvironment, subsequently
affecting NK cell function. Thus, combining NK cell phenotypes with microbiome profiles, or
utilizing approaches such as the triple NK cell biomarker strategy described earlier [ref. 143], which
focuses on the interaction between the tumor, TME, and NK cells, could enhance PCa management.
This approach targets three mechanisms of NK cell suppression: low proliferation, low toxicity, and
low infiltration, offering a more comprehensive and non-invasive diagnostic and therapeutic method.
This approach allows for monitoring NKA and the TME using easily accessible biological samples,
such as blood, urine, stool, or saliva. By combining NK cell assays with microbiome analysis, it may
be possible to track both infiltrating NK cells and circulating NK cell phenotypes as reliable
biomarkers for PCa. Non-invasive microbiome testing in oral, urine, or stool samples could be used
to assess the tumor’s immune environment, identifying potential therapeutic targets and improving
patient outcomes. Once large-scale studies validate the correlation between circulating NK cells and
their tumor-infiltrating counterparts, we may be able to rely on circulating NK cells as a surrogate
marker for tumor-infiltrating NK cells, combined with microbiome status, for monitoring and
managing PCa.

The findings of this review also emphasize the need for larger, more robust clinical trials. A more
evidence-based approach, incorporating well-designed prospective cohort studies combining NK cell
combined to microbiome as a linked biomerker is essential to validate the clinical utility of NK cell
assays and microbiome profiling as predictive and prognostic biomarkers in PCa. Furthermore,
future studies should adhere to established reporting guidelines to ensure their findings are clinically
relevant and can be reliably integrated into clinical practice [104]. The limitations of small sample
sizes and varying methodologies suggest that a more standardized approach will be key in
confirming the role of NK cells and the microbiome in PCa management.

5. Conclusions

NK cells have significant potential as complementary biomarkers in the personalized
management of PCa. NK cell assays could enhance diagnostic accuracy, prognostication, and
treatment monitoring by improving screening, staging, and predicting treatment outcomes. To
address the limitations of traditional biopsies, a combinatorial biomarker approach that integrates
NK cell phenotypes (from blood samples) with microbiome profiles from easily accessible samples,
such as oral, stool, or urine, could serve as a surrogate marker for NK cell activity in the tumor and
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its TME. This minimally invasive strategy offers a practical alternative to biopsies, enabling more
continuous and feasible monitoring of NK cell function in PCa. However, large-scale, prospective
studies are needed to validate the clinical utility of this approach and its potential integration into
PCa management.
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