
Review
New insights and options into the mechanisms
and effects of combined targeted therapy
and immunotherapy in prostate cancer
Mingen Lin,1 Xue Sun,1 and Lei Lv1,2

1Nourse Centre for Pet Nutrition, Wuhu 241200, China; 2Shanghai Chowsing Pet Products Co., Ltd, Shanghai 201103, China
Chronic inflammation is believed to drive prostate carcinogen-
esis by producing reactive oxygen species or reactive nitrogen
species to induce DNA damage. This effect might subsequently
cause epigenetic and genomic alterations, leading to malignant
transformation. Although established therapeutic advances
have extended overall survival, tumors in patients with
advanced prostate cancer are prone to metastasis, transforma-
tion into metastatic castration-resistant prostate cancer, and
therapeutic resistance. The tumor microenvironment (TME)
of prostate cancer is involved in carcinogenesis, invasion and
drug resistance. A plethora of preclinical studies have focused
on immune-based therapies. Understanding the intricate
TME system in prostate cancer may hold much promise for
developing novel therapies, designing combinational therapeu-
tic strategies, and further overcoming resistance to established
treatments to improve the lives of prostate cancer patients. In
this review, we discuss nonimmune components and various
immune cells within the TME and their putative roles during
prostate cancer initiation, progression, and metastasis. We
also outline the updated fundamental research focusing on
therapeutic advances of targeted therapy as well as combina-
tional options for prostate cancer.
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INTRODUCTION
Prostate cancer is a leading cause of cancer morbidity andmortality in
men worldwide, with approximately 1.3 million new cases annually.1

Approximately 10 million men are currently diagnosed with prostate
cancer, and approximately 7% of them have the metastatic subtype.
Moreover, metastatic prostate cancer contributes to over 400,000
deaths every year.2 The main risk factors for prostate cancer include
age, ethnicity, genomic changes, infection, obesity, and diet.3 The
oncogenesis of prostate cancer is related to the complex interplay be-
tween these intrinsic and extrinsic factors. Chronic inflammation,
frequently detected in preneoplastic prostates, has been implied to
drive prostate carcinogenesis and progression.4–8 The inflammatory
effects may recruit diverse immune cells within the tumor microenvi-
ronment (TME) and in turn function in the inflammatory
microenvironment.9

Cellular entities within the TMEmay have intriguing roles in prostate
cancer development and progression. On the one hand, the TME con-
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tributes to immune remodeling and immune surveillance. On the
other hand, the TME may induce tumor growth, metastasis, and in-
vasion of immune surveillance.10 Understanding the landscape of the
TME and its biological underpinnings in both primary andmetastatic
prostate cancer is crucial to designing promising molecule-targeting
methods and overcoming therapeutic resistance.

In this review, we first briefly describe possible causes of the initiation
and development of prostate cancer, highlighting the potentially pro-
carcinogenic role of both endogenous and exogenous factors during
the development of chronic inflammation. We also describe how
carcinogenesis-associated inflammation is related to the accumula-
tion of multiple immune cells within the TME. Then, we describe
the TME to provide a deep understanding of the immunobiology of
prostate cancer. Subsequently, we thoroughly outline novel therapeu-
tic approaches in prostate cancer, with an emphasis on the immuno-
therapies and clinical insights provided by associated research.
However, the therapeutic efficiency of immunotherapy, especially im-
mune checkpoint blockade (ICB) therapies, in prostate cancer pa-
tients remains limited and unsatisfactory. Resistance to ICB treatment
is inevitable, and combination strategies to convert tumor cells from a
“cold” immune state into a “hot” immune state are urgently needed.
Finally, we summarize many agents from recent advances that can
potentially be harnessed in combinational therapies for the treatment
of prostate cancer.
INITIATION AND DEVELOPMENT OF PROSTATE
CANCER
The tumorigenesis of prostate cancer is related to diverse interactions
between inherent germline susceptibility loci, acquired somatic
gene alterations, and microenvironmental and macroenvironmental
factors.11 Chronic inflammation is thought to promote the develop-
ment of several types of solid cancers, with well-described
examples including colon, stomach, and liver cancer. Although the
clarified underlying mechanisms between inflammation and prostate
cancer have yet to be defined, substantial data from genetic epidemi-
ological and histopathological studies have suggested that chronic
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Figure 1. The normal prostatic epithelium is exposed to various putative

factors that may cause inflammation in the microenvironment and thus

promote prostate carcinogenesis and progression

Chemical injury caused by uric acid and microorganisms lead to epithelial injury and

subsequent DNA damage by oxidative stress, leading to chronic inflammation and

compensatory proliferation, indicating the formation of prostatic intraepithelial

neoplasia. Dietary fat intake and obesity result to accumulation of adipocytes. Ad-

ipocytes secrete various proinflammatory cytokines, enhancing the recruitment and

infiltration of inflammatory cells, such as TAMs and MDSCs within the TME that fuel

the emergence and progression of prostate adenocarcinoma.
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inflammation might initially contribute to prostate carcinogenesis
(Figure 1).12 A recent study of the molecular mechanisms described
inflammation as a driver of somatic genome and epigenome alter-
ations via oxidative stress induced by inflammatory cytokines.9 More-
over, inflammation might induce the prostate carcinogenic process
on the basis of its role in stimulating and transforming pre-malignant
cells into cancer cells.13 Putative factors of chronic inflammation
implicated in the development of prostate cancer include microbial
stressors, high fat intake or obesity, chemical injury, and physical
trauma.3 Notably, commensal microbiota have been proven to colo-
nize the gland and are regarded as a pivotal component of the TME.14

Recent evidence has implicated that the microbiome contributes to
prostate carcinogenesis as well as tumor progression, and it may
also influence the efficacy of antitumor immunotherapies.15–17 Mi-
croorganisms in the prostate may possibly originate from the urinary
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tract and cause prostatic infection. Then, microbial infection results
in prostatic injury, leading to damage to epithelial defenses and even-
tually resulting in chronic, persistent inflammation.12 Another micro-
biome source may be the gastrointestinal (GI ) microbiome.
Emerging evidence suggests that metabolites and androgens pro-
duced by the GI) microbiome may enhance the development of pros-
tate cancer.18–20 Complete characterization of the relationship be-
tween potential microbiota-associated chronic inflammation might
be critical for prostate cancer prevention.

Another major putative factor of chronic inflammation in the devel-
opment of prostate cancer is high dietary fat intake and obesity. A
myriad of mechanisms proposed that adipocytes surrounding the
prostate gland can release chemokines or inflammatory cytokines
to promote prostate cancer progression and migration,21–23 which
may explain the higher risk between obesity and prostate cancer
and provide therapeutic targets. A preclinical study identified a key
oncogenic SREBP in the lipogenic program. Aberrant sterol-regulato-
ry element binding proteins (SREBPs) caused by a Western high-fat
diet (HFD) was sufficient to promote prostate cancer growth and
metastasis through lipid biosynthesis.24 Another study demonstrated
that HFD enhanced the oncogenic MYC transcriptional signature
through histone methylation at the promotor regions of MYC-tar-
geted genes, leading to tumor burden in a murine prostate cancer
model.25

TME IN PROSTATE CANCER
Prostate cancer cells are located in a microenvironment that consists
of endothelial cells, fibroblasts, mesenchymal stem cells, and a
plethora of immune cells.26 We discuss TME-associated nonimmune
parts as well as immune parts including innate immune cells (macro-
phages, natural killer cells, and others), adaptive immune cells (T
cells), and immune-suppressive cells (Treg cells).

The immune landscape of the TMEmay differ among prostate cancer
patients because of clinical heterogeneity. Recently, Chen et al. uti-
lized single-cell analysis to identify an endothelial subset (activated
endothelial cells) enriched in castration-resistant prostate cancer
(CRPC) and associated with cancer cell invasion.27 Basic and novel
knowledge of the characteristics of the TME prompted us to assess
potential treatment options. Below, we describe the major cellular
components facilitating the emergence and progression of prostate
cancer (Figure 2 and Table 1).

NONIMMUNE COMPONENTS
Cancer-associated fibroblasts

Fibroblasts, myofibroblasts and smooth muscle cells mainly
contribute to secreting extracellular matrix (ECM) proteins such as
collagen, fibronectin, and laminin, defining the biophysical properties
of tissues and maintaining homeostasis between the ECM and cells.26

Emerging evidence has shown that alteration of this homeostasis
caused by tensile and compressive forces of proliferating cancer cells
may enhance tumor growth.28 Furthermore, this kind of force can
activate fibroblasts and myofibroblasts to secrete specific enzymes
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Figure 2. The crosstalk between the TME and prostate cancer cells during carcinogenesis, metastasis, and therapeutic resistance

Complicated interactions affect tumor growth and lead to resistance of the antitumor immune responses through fostering and modulating immune cells with suppressive

properties. Commensal microbiota lead to an inflammatory environment via causing DNA damage to promote tumorigenesis. Exosomes, cytokines, and growth factors

delivered by CAFs promote tumorigenesis, progression, andmetastasis. Increased secreting of CXCL14 and SDF-1 by CAFs facilitates the infiltration of M2macrophages as

well as the transformation of monocytes toward M2-like macrophages. Treg cells suppress CTLs to enhance immune tolerance. Additionally, the release of CSF-1, IL-10, IL-

13, and CXCL2 by prostate cancer cells in the TME result in M2 macrophage polarization phenotype, accelerating tumor progression. Macrophages lead to drug resistance

and tumor invasion by delivering cytokines, such as VEGF and ARG-1. Similarly, MDSCs and ECs also deliver cytokines like IL-6 to stimulate oncogenic pathways in prostate

cancer cells and induce proliferation, metastasis, and treatment resistance. High levels of TGF-b secreted by cancer cells mediate the suppressive effects on NK cells.

Moreover, exosomes delivered by cancer cells downregulate the NKG2D onNK cells and CTLs, leading to their impaired cytotoxic function and evasion of tumor surveillance.

Simultaneously, MDSCs and Treg cells within the TME also negatively regulate CTLs, leading to their anergy and exhaustion.
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within the tumor microenvironment, resulting in ECM remodeling,
which is closely related to tumor malignancy.29–31 Apart from the
secretion of ECM proteins, cancer-associated fibroblasts (CAFs)
secrete growth factors, such as fibroblast growth factors (FGFs) or
growth differentiation factor 15 (GDF15), immunomodulating che-
mokines and cytokines, as well as diverse metalloproteinase (MMP)
enzymes and exosomes.32,33 An earlier study found that a novel auto-
crine factor CXC motif chemokine ligand 14 (CXCL14) secreted by
CAFs stimulates monocyte migration and increases macrophage infil-
tration, resulting in enhanced proliferation and migration of prostate
cancer cells.34 Interestingly, an increasing number of autocrine factors
have been described with different functions. CAFs actively secrete
stromal-derived factor-1 (SDF-1), also known as CXC motif chemo-
kine ligand 12 (CXCL12), to recruit monocytes toward tumor sites
and promote their transdifferentiation toward the M2 macrophage
polarization phenotype, mainly by SDF-1 delivery, promoting their
transdifferentiation toward the M2 macrophage polarization pheno-
type.35 Jung and colleagues indicated that CAFs can also recruit
mesenchymal stem cells (MSCs) into tumor cells, mainly by CXC
motif chemokine ligand 16 (CXCL16) delivery, stimulating the con-
version of MSCs into CAFs and secreting SDF-1 to induce metastasis
of prostate tumors.36 Furthermore, it was shown that CAFs deliver
soluble factors carbonic anhydrase IX (CA IX) to cause extracellular
acidification upon their activation by prostate cancer cells, helping
cancer cells to achieve epithelial-mesenchymal transition.37 In addi-
tion, CAFs promote tumorigenesis by delivering cytokines, such as
interleukin-6 (IL-6), interleukin-8 (IL-8), and vascular endothelial
growth factor (VEGF), to facilitate tumor angiogenesis.38,39 Finally,
CAFs release exosomes containing noncoding RNAs such as miR-
409 to enhance EMT in prostate cancer cells.40 In addition, several
microRNAs (miRNAs) contained in CAF-derived exosomes were
found to have other functions. A review by Zhao et al.. described
the ability of CAF-derived exosomes containing miR-22, let7a,
and miR-125b to reprogram metabolic pathways in prostate cancer
cells.41

Endothelial cells

Endothelial cells (ECs) participate in ECM reshaping and the forma-
tion of immature vessels. Previous evidence suggested that ECs may
play an integral part during the development of prostate cancer.42,43
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Table 1. TME components and their major effects on prostate cancer development

Component Secreted factors Effect Publication

CAFs SDF-1
promoting transdifferentiation of monocyte
toward the M2 macrophage polarization
phenotype

Comito et al.35

CXCL14
stimulation of monocyte migration and
macrophage infiltration, promoting tumor
angiogenesis

Augsten et al.34

CXCL16
recruitment of mesenchymal stem cells into
prostate tumors to promote prostate cancer
metastasis

Jung et al.36

IL-6, IL-8, VEGF
stimulating tumor angiogenesis and supporting
tumor growth

Ishii et al. and
Bonollo et al.38,39

TGF-b, HGF, FGFs, GDF15
Enhancing prostate cancer cell migration,
invasion, and tumor growth

Levesque and Nelson,
Bruzzese et al.32,33

exosomes (miR-409)
promotion of EMT transition and prostate
tumorigenesis

Josson et al.40

Exosomes (miR-22, let7a
and miR-125b)

downregulation of mitochondrial oxidative
phosphorylation and reprogram metabolic
pathways in prostate cancer cells

Zhao et al.41

ECs IL-6
blockade of androgen receptor (AR) signaling and
activation of TGF-b/matrix metalloproteinase-9
(MMP-9) signaling, leading to tumor invasion

Wang et al.44

Prostate cancer cells Exosomes (ligands for NKG2D)
downregulation of the NKG2D on CD8+ T cells
and NK cells, leading to impaired cytotoxic
function and tumor escape

Lundholm et al.61

CSF-1, IL-10, IL-13, CXCL2
recruitment and polarization of
TAMs toward an M2
phenotype, leading to tumor progression

Escamilla et al.85

TGF-b
mediating the immunosuppressive
effects on NK cells

Pasero et al.69

Exosomes (PD-L1)

suppression of T cell activation in the draining
lymph node, resulting to evasion of immune
surveillance and resistance to anti-PD-L1 antibody
blockade

Poggio et al.173

MDSCs IL-23 driver of castration-resistant prostate cancer Calcinotto et al.75

IL-6, IL-8
Activation of multiple oncogenic pathways in
prostate cancer cells, induce proliferation,
metastases and chemoresistance

Nguyen et al. and
Araki et al.78,79

RNS
Induction of tyrosine nitration to LCK, leading
to T cell anergy

Li et al.74

Macrophages CCL2 enhancing metastasis of prostate cancer cells Maolake et al.83

VEGF-A, MMP-9, ARG-1 causing treatment failure and tumor progression Escamilla et al.85
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A study demonstrated that CD31-positive and CD34-positive ECs
were increased in prostate cancer and associated with the castration-
resistant stage. The mechanism indicated that increased IL-6 secreted
from ECs blocks androgen receptor (AR) signaling and induces trans-
forming growth factor (TGF)-b/matrixmetalloproteinase-9 (MMP-9)
signaling, leading to enhanced invasion of prostate cancer cells.44 The
review byGeorgiou et al. pointed out that bone-marrow-derived circu-
lating endothelial progenitors and circulating ECs contribute to neo-
vascularization and are associated with prostate progression and the
therapeutic response in different contexts, suggesting that they may
be biomarkers of prostate cancer.45
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Commensal microbiota

Emerging evidence has suggested that commensal microbiota are a
crucial component of the TME. Hieken et al. utilized 16S rDNA hy-
pervariable tag sequencing to generate microbial signatures in human
breast tissues, confirming the differences of breast microbiome be-
tween benign and malignant breast disease.46 Their work identified
that the relative abundance of genera, including Fusobacterium, Ato-
pobium, Gluconacterobacter, Hydrogenophaga, and Lactobacillus,
increased from the invasive breast tissue. Recently, Nejman and col-
leagues noted that intratumor bacteria vary across tumor types and
may influence the response to immunotherapy.14 Regulatory T cells
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(Tregs) promote human symbiote enterotoxigenic Bacteroides fragilis-
triggered neoplasia through limiting the availability of IL-2 in the
TME.47 Others pointed out that metabolites from commensal micro-
biota may mediate the crosstalk between microbiota and the host im-
mune system.48,49 A recent study reported that gut microbial metab-
olites, especially butyrate, could boost the antitumor cytotoxic CD8+

T cell responses in the TME in an ID2-dependent manner.48 Another
study also reported that the microbial metabolite trimethylamine
N-oxide improved the efficacy of immunotherapy in triple-negative
breast cancer (TNBC).49 Earlier studies detected and identifiedmicro-
organisms in prostate cancer tissues, and microbial DNAwas likely to
be present in focal regions associated with acute or chronic inflamma-
tion.50–52 Due to the complexity of the potential crosstalk between the
commensal microbiome and TME in prostate cancer, it is pivotal to
further explore the mechanisms that are involved.

IMMUNE COMPONENTS OF THE TME
T lymphocytes

Diverse subsets of T cells, including cytotoxic CD8+ T lymphocytes
(CTLs) and regulatory T cells (Tregs), have been described to infiltrate
the prostate TME and might be responsible for tumor progression.
CTLs are capable of recognizing tumors and exhibiting antitumor
properties, while Treg cells suppress antitumor immune responses by
transmitting inhibitory signaling to cytotoxic T cells.53,54 The protein
cell death ligand (PD-L1) is present on the surface of diverse cells in
the TME, including prostate cancer cells, Treg cells, tumor-associated
macrophages (TAMs), and CAFs. The protein cell death protein 1
(PD-1)/PD-L1 pathway transfers inhibitory signaling toT cells, leading
to impaired T cell activation and proliferation. A previous study indi-
cated that prostate-infiltrating CD8+ T lymphocytes were prevalent in
prostate cancer patients, but they were unable to exhibit immune re-
sponses due to high expression of PD-1,55 suggesting that PD-1
blockade might present therapeutic relevance. For patients who have
highmicrosatellite instability (MSI-High) tumors or high tumormuta-
tional burdens, it is possible that PD-1 inhibition alone may have sig-
nificant antitumor effects.56 However, the strategy of PD-1 inhibition
was thought to be controversial on account of lowmutational spectrum
in prostate cancer and MSI occurs only in 3%–12% of patients with
metastatic castration-resistant prostate cancer (mCRPC).57,58 An early
trial reported on 17men with mCRPC treated with nivolumab, and no
patients showed a significant response to the therapy.59 The failure was
attribute to “non-inflamed” phenotype of prostate cancer.60 Thus,
future study should focus on how to transform prostate cancer from
“cold” to “hot” status. Alteration of activated receptors caused by can-
cer cells can explain T cell dysfunction, resulting in tumor immune
evasion. Lundholm et al. found that treatment with prostate tumor-
derived exosomes containing ligands for NKG2D could downregulate
NKG2D on CD8+ T cells and natural killer (NK) cells, leading to their
impaired cytotoxic function in vitro. Accordingly, in vivo, compared
with healthy donors, patients with CRPC presented a marked decrease
in surface NKG2D expression on CD8+ T cells.61 Treg cells, which are
distinguished by high expression levels of CD25 and FOXP3, were
found to be enriched in the tumor tissue of early-stage prostate cancer
patients.62 Furthermore, a clinical analysis based on a tissuemicroarray
demonstrated that a higher number of intratumoral Treg cells was asso-
ciated with a more advanced tumor stage in prostate cancer.63 The re-
sults from multiregion sequencing indicated that activation of Wnt/
b-catenin mutations was associated with a lower CD8+/FOXP3+ ratio
in high-risk prostate cancer tissues, demonstrating an overall immuno-
suppressive environment.64

NK cells

As a critical part of the innate immune system, NK cells exhibit im-
mune surveillance with cytotoxic activity and cytokine production
against infections and tumors.65 Evidence has suggested that highly
effective NK cells are related to a longer castration response and better
prognosis in patients with metastatic prostate cancer.66 In a murine
prostate cancer model, CD1d-restricted invariant natural killer
(iNKT) cells directly contacted macrophages in the TME and sus-
tained their proinflammatory M1-like phenotype, delaying tumor
progression. In addition, aggressive human prostate cancer is closely
associated with reduced intratumoral iNKT cells, increased M2-like
macrophages, and increased expression of proangiogenic TIE2+,
shedding light on the clinical significance of the crosstalk.67 In pros-
tate cancer, the TME has been described as immunosuppressive
partially due to immature NK cells with poor cytolytic activity.68

This phenomenonmay partially contribute to increased TGF-b secre-
tion by prostate tumors, mediating immunotolerance to NK cells and
potentially advancing disease progression.69 Several mechanisms may
also explain how tumor cells evade attack from NK cells. NKG2D, a
lectin-like type-2 transmembrane stimulatory immunoreceptor, is ex-
pressed preferentially by NK cells. The engagement of NKG2D and its
ligands is a sufficient stimulus to activate NK cells. Moreover, it elicits
a costimulatory signal to activate the functions of CD8+ T cells.70

Downregulation of NKG2D ligands by tumor cells may result in tu-
mor immune evasion. Interestingly, a previous study described that
prostate cancer cells shed NKG2D ligands to avoid immune surveil-
lance by NK cells and T cells.71 Xu et al. discovered that IL-6 secreted
by prostate cancer cells conversely modulates PD-L1/NKG2D
ligand levels through the JAK/STAT3 signaling pathway, effectively
decreasing the susceptibility of tumor cells to NK-cell cytotoxicity.72

A published study by Saga et al. proposed that prostate cancer cells
upregulate NANOG, a pluripotent-related transcription factor, medi-
ating suppression of adhesion molecules to escape cytotoxic attack
from NK cells during tumorigenesis.73

MDSCs

Myeloid-derived suppressor cells (MDSCs), known as tumor motiva-
tors with immunosuppressive effects, play critical roles in prostate can-
cer development, metastasis and therapeutic resistance.74 Calcinotto
et al. identified that IL-23 secreted byMDSCs induced the AR pathway
and promoted cell survival and proliferation in prostate tumor cells.
Clinically, the IL-23 concentration and MDSC infiltration in the TME
areupregulated in tissue samples frompatientswithCRPC.75Moreover,
other clinically relevant evidence indicates that MDSCs are associated
with the development of metastatic prostate cancer, with higher levels
indicating higher tumor stage and worse overall survival.76,77
Molecular Therapy: Oncolytics Vol. 29 June 2023 95
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MDSCs undoubtedly mediate immunosuppression through indirect
contact, including paracrine and endocrine signaling, or direct
contact with other immune cells within the TME. For example, circu-
lating MDSCs were indicated to be closely related to higher levels of
IL-6 and IL-8 in prostate cancer patients.76 Notably, both IL-6 and
IL-8, as critical proinflammatory cytokines, are capable of triggering
diverse oncogenic pathways to enhance proliferation, invasion, and
chemoresistance in prostate cancer cells.78,79 Indeed, it was reported
that MDSCs secrete reactive nitrogen species to induce tyrosine nitra-
tion of lymphocyte-specific protein tyrosine kinase (LCK), leading to
T cell anergy with reduced IL-2 production and proliferation.80 How-
ever, the precise molecular mechanisms of MDSC recruitment and
expansion during prostate carcinogenesis remain elusive and need
to be further explored.

Macrophages

In prostate cancer, TAMs have been described as linkers connecting
inflammation and immunosuppression in the context of prostate can-
cer progression.35 A spectrum of TAM functional phenotypes has
been described, ranging from M1-like (classically activated) with
proinflammatory and antitumor properties to M2-like macrophages
(alternatively activated) with anti-inflammatory and protumor M2
characteristics.81 M2-like macrophages correlate with the aggressive-
ness of prostate cancer and castration resistance.35,82 Functionally,
TAMs promote tumor progression through a myriad of mechanisms
by supporting tumor proliferation, angiogenesis, migration, and
escape immune surveillance. A study demonstrated that TAMs
enhance prostate cancer metastasis by delivering C-C motif chemo-
kine ligand 2 (CCL2) to upregulate C-C motif chemokine ligand 22
(CCL22) and C-C motif chemokine receptor 4 (CCR4) in tumor
cells.83 The inflammatory TME within prostate cancer cells may up-
regulate cytokines and chemokines derived from tumor cells and stro-
mal cells, impacting TAM recruitment and the M2-like phenotype.35

Di Mitri et al. found that CXC motif chemokine ligand 2 (CXCL2)
secreted by Pten-null prostate cancer cells strongly polarized
infiltrating TAMs toward an anti-inflammatory phenotype, inducing
tumor growth.84 Although the existence of macrophages can
exacerbate tumorigenesis, the interaction is not a simple one-way
street, implying that future studies may be required to elucidate
how macrophages affect tumor cells and vice versa to exploit novel
therapeutic strategies. Escamilla et al. found that androgen blockade
therapy (ABT), either by MDV3100 or castration treatment, induced
colony-stimulating factor 1 (CSF1) and other cytokine secretion
from tumor cells, which, in turn, promoted a pro-tumorigenic
M2 phenotype in TAMs. Then, M2 TAM-delivered VEGF-A,
MMP-9, and ARG-1 further cause treatment failure and cancer pro-
gression. Subsequent blockade of the CSF1-CSF1R axis could
improve the efficacy and sustain a durable response to ABT for pros-
tate cancer.85

Overall, these findings indicate that the tumorigenesis and progres-
sion of human prostate cancer is mediated by a complicated and
interconnected interaction of diverse nonimmune and immune cell
types in the TME.
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The interplay leads to the dysregulated secretion of immunomodula-
tory and proangiogenic factors and secretion of exosomes or cyto-
kines by CAFs, facilitating tumor growth. Moreover, the reshaping
of the TME in prostate cancer is characterized by a suppressive im-
mune system, whereby the function of CTLs and NK cells is inhibited
by exosomes delivered by tumor cells. This interaction brings about
the exhausted phenotypes of CTLs and NK cells and increases the
infiltration of Treg cells and tumor-promoting M2-like macrophages.
Hence, these changes in the TME play a critical role in prostate tumor
emergence, progression, and response to treatments and could be
therapeutically targeted to improve the clinical outcome of prostate
patients.

TREATMENT OF PROSTATE CANCER
Discovering therapeutic methods to suppress progression of prostate
cancer is urgently needed. Conventional treatments include
radical prostatectomy, radiotherapy, endocrine therapy, and chemo-
therapy.86–88Given that theTMEplays a critical role duringprogression
and drug resistance in prostate cancer, immunotherapies are beneficial
approaches. Below, we summarize treatments at the development stage
for prostate cancer patients as well as immunotherapies and potential
combination regimens.

THERAPEUTICS AT THE DEVELOPMENT STAGE
RNAi therapy

RNA interference (RNAi), a strategy in which RNAmolecules inhibit
gene expression, has recently attracted research attention and showed
promise in treatment of prostate cancer. By identifying therapeutic
gene targets, RNAi therapies may augment the effect of current ther-
apeutic regimens.89 Vainio and colleagues combined microarray and
RNAi techniques to identify biomarkers and therapeutic targets,
providing potential personalized approaches for prostate cancer man-
agement.90 A study reported that effective promoter-targeting small
interfering RNA (siRNA) mediating MYC silencing could reduce
prostate cancer stem-like cell, diminishing tumor-initiating and met-
astatic capability. Notably, delivery of the siRNA in the xenograft
model significantly suppressed prostate tumor development.91 How-
ever, the potential off-target of RNAi therapy may reduce its efficacy.
Among various carriers designed to deliver RNAi molecules, nano-
particles stand out as efficient carriers with more precise targeting
ability. Additionally, nanoparticles enable the co-delivery of RNAi
molecules with antitumor drugs, paving the way into drug delivery
to prostate cancer.92 Binzel et al. used RNA nanotechnology for effi-
cient and specific miRNA delivery. RNA nanoparticles were con-
structed with anti-prostate-specific membrane antigen (PSMA)
RNA aptamer as a targeting ligand and anti-miR17 or anti-miR21
as therapeutic modules, strongly inhibiting tumor growth in murine
prostate cancer models.93

Aptamer-drug conjugates strategy

Aptamer-drug conjugates is a novel strategy for drug delivery to
reduce side effects of drugs. Theoretically, aptamer-drug conjugates
can specifically recognize prostate cancer cells, inducing tumor cell
death without assault to normal tissues.94 To date, at least nine
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compounds have been conducted as aptamer-drug conjugates and
their anti-prostate cancer effects are evaluated. Among them, doxoru-
bicin (Dox) is the most studied with various known sides effects
including heart injuries, allergic reactions, bone marrow suppression,
and vomiting, which largely limit their clinical application.95

Aptamer-Dox conjugate therapies have been developed into lipo-
somes, nanoparticles, micelles, myristilated chitosan nanogels, etc.
Nanoparticles, with lowmolecular weight and easy absorption, are re-
garded as main preparation for aptamer-Dox delivery systems. In a
study, an aptamer called A10 andDox were constructed to form a pol-
ylactide nanoconjugate named A10 Dox-PLA NCs. By controlling
drug release kinetics and targeting tumor-associated ECs, A10 Dox-
PLA NCs showed well tolerance in murine models as supported by
the absence of histologic organ toxicity.96 Taghdisi et al. developed
a three-way junction pocket DNA nanostructure for efficient Dox de-
livery. Results from cellular uptake studies and cell viability assays
demonstrated that the Dox-loaded three-way junction pocket DNA
nanostructure specifically internalized into target cancer cells and
was preferably against cancer cells, largely reducing cytotoxic effects
on nontarget cells.97 However, the transformation from cell or animal
experiments to clinical applications still remains as a challenge.

PROTAC strategy

Proteolysis-targeting chimera (PROTAC), one of the strategies of tar-
geted protein degradation, is attracting interest on account of its ther-
apeutic potential to modulate proteins that are arduous to target with
conventional small molecules. PROTAC consists of two ligands
mediated by a linker. One ligand recruits and binds a target protein
of interest (POI). Simultaneously, the other ligand recruits and binds
an E3 ligase, such as Von Hippel-Lindau (VHL) and Cereblon
(CRBN), forming a stable POI–PROTAC–E3 ternary complex.98

Finally, the ternary complex induces polyubiquitylation and
subsequent proteasomal degradation of the POI, after which the
PROTAC can be recycled to target another POI.99 AR, a well-known
driver of prostate cancer, is an outstanding example of a PROTAC
target owing to its potential insensitivity or resistance to anti-andro-
genic therapies.100 Preclinical findings demonstrated that two VHL-
recruiting PROTAC degraders, ARD-69 and ARD-61, achieved
potent degradation of AR in prostate cancer and exhibited efficacious
tumor growth-inhibitory effects in xenograft models.101,102 Most
excitingly, the CRBN-recruiting PROTAC degrader ARV-110 has
made great progress and has shown encouraging preliminary clinical
results in enzalutamide-resistant prostate cancer. A phase I/II clinical
trial (NCT03888612) demonstrated that ARV-110 exhibited anti-
tumor activity with an acceptable safety profile in patients with
mCRPC after enzalutamide and/or abiraterone treatments.99 This
clinical advancement represents an essential milestone for the
PROTAC therapeutic field.

IMMUNOTHERAPY
In recent years, immunotherapies have become options for the treat-
ment of various solid tumors, such as non-small cell lung cancer and
melanoma.103,104 The focus of cancer immunotherapy is to promote
an immune response against tumor cells. In prostate cancer, thera-
peutic activity has been observed for immunotherapy strategies based
on vaccination, immune cell-targeted modifications, and those based
on ICB.

Dendritic cell vaccines

Dendritic cells (DCs) form a bridge between the innate and adaptive
immune response by presenting tumor-associated antigens, boosting
potent antigen-specific T cell responses against tumor cells. To
leverage these features, DC-based vaccines were developed. The com-
mon practice of preparation of DC vaccines is to isolate monocytes
from patients and culture these monocytes with stimulatory cyto-
kines, such as granulocyte macrophage-CSF and IL-4. Next, DCs
are loaded with diverse tumor antigens, such as tumor peptides,
proteins, mRNAs, cell lysates, and apoptotic tumor cells, and finally
injected back into the patient.105 Sipuleucel-T, an autologous cellular
immunotherapy, was the first US Food and Drug Administration
(FDA)-approved DC-based vaccine in 2010 for the treatment of pa-
tients with asymptomatic or minimally symptomatic mCRPC. This
vaccine targets prostate acid phosphatase to stimulate an immune
response. Sipuleucel-T represented a reduction of 22% in the risk of
death and prolonged survival up to 25.8 months among metastatic
castration-resistant prostate patients compared with 21.7 months in
the placebo group.106 However, concerns and skepticism about the
trial results and high cost of this cellular immunotherapy have limited
its universal uptake in the clinic.107 Unfortunately, PROSTVAC, a
dendritic cell-based vaccine similar to Sipuleucel-T, showed no over-
all survival advantage in a phase III study.108 Our understanding of
DC vaccines has expanded over the past decade, yet no further DC
therapy has been established to date, suggesting a potential gap be-
tween fundamental research and clinical application to be investi-
gated. Thus, recent studies of Sipuleucel-T and PROSTVAC have
focused on combination therapies. A phase II study of Sipuleucel-T
combined with radium-223 for patients withmCRPCwere conducted
and presented a synergistic effect of the combination therapy.109 In
details, combination of Sipuleucel-T and radium-223 exhibited signif-
icant prostate-specific antigen (PSA) decline, longer progression-free
survival (PFS) (39 vs. 12 weeks; hazard ratio [HR], 0.32; 95% confi-
dence interval [CI], 0.14–0.76) and improved overall survival (OS)
(not reached vs. 2.6 years; HR, 0.32; 95% CI, 0.08–1.23). Unfortu-
nately, another phase II trial reported that combination of
Sipuleucel-T and stereotactic ablative radiotherapy for patients with
mCRPC did not increase time to progression or OS compared with
the original IMPACT clinical trial.110 PROSTVAC was also applied
in combination with androgen deprivation therapy (ADT) for pa-
tients with mCRPC.111

gd T cells

Another novel choice of immunotherapy for prostate cancer patients
relies on gamma-delta T cells (gd T cells). gd T cells have universally
protective effects in cancer, largely due to their ability to produce
interferon-g and their enduring cytotoxicity,112 providing a strategy
for developing clinical approaches on the basis of their innate anti-
tumor properties. In a transgenic mouse model of prostate cancer
(TRAMP), studies were performed to first propose that gd T cells
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can definitely activate immunosurveillance against developing mouse
prostate cancer.113 In a phase I clinical trial, patients treated with a gd
T cell agonist (zoledronate) combined with low-dose IL-2 presented
declining PSA levels and positive clinical outcomes with manageable
adverse events, suggesting a novel and feasible therapeutic method to
be considered.114

CAR T cell therapies

Chimeric antigen receptor (CAR) T cell therapies are a promising
treatment option involving gene-transfer techniques that confer a
defined specificity onto T cells to augment T cell function andmediate
enhanced elimination of tumor cells.115 Each CAR T cell can exten-
sively proliferate and elicit a long-lasting immune response against
tumor cells. Simultaneously, CAR T cells may facilitate immune sur-
veillance to prevent tumor relapse by their own persistence.116,117

Several CAR T products, which target diverse antigens, including
prostate stem cell antigen (PSCA), PSMA, epithelial cell adhesion
molecule (EpCAM), and NKG2DL, are under preclinical investiga-
tion or clinical trials for prostate cancer.118–121 A phase I/II study
showed that the combination of anti-PSCA CAR T cells with the ri-
miducid-inducible MyD88/CD40 coactivation switch could enhance
T cell proliferation and persistence in patients with prostate cancer.118

Unfortunately, the Bellicum PSCA CAR T program has been termi-
nated due to immune adverse events. An early phase I trial of
anti-PSMA CAR T cell therapy in prostate cancer reported partial re-
sponses in 2 of 5 patients with PSA declines of 50% and 70% and PSA
delays of 78 and 150 days.119 A preclinical study showed that intrave-
nous application of EpCAM-targeting CAR T cells significantly
reduced tumor growth in a xenograft model.120 Recent research re-
ported that natural killer group 2D ligand (NKG2DL), an alternative
tumor marker, provides a possible target for conventional CAR T cell
therapy in prostate cancer. NKG2DL-targeting CAR T cells exhibited
markedly increased cytotoxicity against prostate cancer in vitro and
in vivo. Furthermore, the application of NKG2DL-targeting CAR
T cells with IL-7 gene modification exhibited enhanced antitumor
efficacy and resulted in prolonged OS in xenograft models.121 The
limitations of utilizing CAR T therapies include CAR T cell traf-
ficking, low T cell infiltration, weak CAR T cell persistence, and an
immunosuppressive TME. Thus, the improved and optimal CAR T
format combined with other therapies may be proposed for individual
application.

Treg therapies

Treg cells, as immunosuppressive components in the TME, have
emerged as promising targets for harnessing the immune system to
destroy cancer cells.

Targeting Treg cells has achieved impressive results in fundamental
research. Kobayashi and colleagues found that depletion of Treg cells
in the tumor environment with near-infrared photoimmunotherapy
(NIR-PIT) could unleash anticancer immune responses in mouse
models of prostate cancer.122 In fact, studies that focus on depleting
Treg cells in patients are impeded by the fact that Treg cells do not ex-
press a unique surface molecule that can be exclusively targeted. Cur-
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rent methods for Treg cell depletion are largely based on agents that
target upregulated surface molecules such as IL-2R, CCR4, and cyto-
toxic T lymphocyte-associated protein 4 (CTLA-4). Denileukin difti-
tox (DAB389IL-2), a fusion protein of IL-2 and diphtheria toxin, ex-
hibited a strategy of targeting Treg cells in combination with a
poxviral vaccine to promote antigen-specific immune responses.123

Other than humans, canines are the only large mammals that develop
spontaneous prostate cancer. Moreover, canine prostate cancer shares
a plethora of similarities with its human counterpart.124 Updated
research from Japan reported that mogamulizumab, a monoclonal
antibody targeting CCR4, remarkably depleted circulating Treg cells
and improved survival rates with a low abundance of adverse events
in a canine model of advanced prostate cancer. Moreover, immuno-
histochemistry confirmed that tumor-infiltrating Tregs expressed
CCR4 in human patients with prostate cancer.125 Although prelimi-
nary, these results demonstrated the possible utilization of mogamu-
lizumab in humans. Notably, mogamulizumab has been approved by
the FDA as a treatment for patients with T cell lymphoma and other
cancers,126 paving the way for mogamulizumab as a clinical treatment
in human prostate cancer. CTLA-4, which is expressed by effector
T cells and Treg cells, transmits inhibitory signals and restrains
antitumor activity. The application of CTLA4-specific antibodies, a
strategy partially relying on Treg depletion, can enhance effector
T cell activity and simultaneously inhibit Treg cell-dependent immune
suppression.127 Although anti-CTLA-4 therapy could recruit T cells,
anti-CTLA-4 (ipilimumab) monotherapy failed to be of substantial
clinical benefit in patients with prostate cancer, implying the existence
of other compensatory inhibitory pathways of tumor-infiltrating
T cells.128 A recently published study described a novel mechanism
by which the B7-family immune checkpoint B7x is expressed in
various cancer cells and promotes the conversion of CD4+ T cells
into Treg cells, leading to resistance to anti-CTLA-4 therapy. Thus,
anti-B7x in combination with anti-CTLA-4 is an encouraging strat-
egy of synergistic therapeutic efficacy.129 We will further discuss
CTLA-4 and other ICB methods in the next part of this review.
Another potential strategy to modulate Treg cells is focusing on mol-
ecules that are involved in Treg cell migration. Evidence has shown
that functional Treg cells are increased in the bone marrow microen-
vironment and that CXC chemokine receptor 4 (CXCR4) and CXC
motif chemokine ligand 12 (CXCL12) contribute to Treg cell migra-
tion in patients with bone metastasis-associated prostate cancer.130

Thus, blockade of the CXCL12/CXCR4 axis should be considered.

Immune checkpoint blockade

Evasion of immune surveillance is an essential characteristic of
tumorigenesis.131 To evade antitumor immune responses, upregula-
tion of inhibitory receptors (IRs), such as CTLA-4 and PD-1, is
frequently observed in the TME. Basic research conducted by James
Allison and Tasuku Honjo characterized these IRs as efficacious
anticancer immunotherapeutic targets for reinvigorating antitumor
responses via ICB.132 Immune checkpoint inhibitors targeting
CTLA4, the PD-1 protein, or their ligands have become novel thera-
peutic options for various cancers. The application of pembrolizumab
and ipilimumab, two monoclonal antibodies against PD-1 and
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CTLA4, respectively, has been evaluated in patients.59 Nevertheless,
the distinct role of ICB for patients with prostate cancer has yet to
be clarified. Early evidence demonstrated that pembrolizumab might
present clinical benefits in patients who had potential progression on
enzalutamide.133 The results from a phase Ib KEYNOTE-028 trial of
pembrolizumab represented an overall response rate of approxi-
mately 17% (95% CI, 5.0%–38.8%) in patients with advanced prostate
adenocarcinoma. Median PFS and OS of patients were 3.5 and
7.9 months, respectively.134 The phase II KEYNOTE-199 study
demonstrated that pembrolizumab monotherapy exhibited durable
responses and encouraging OS improvements in a subset of patients
with mCRPC who were previously treated with docetaxel and endo-
crine therapy. Objective response rate of patients was 5% (95% CI,
2%–11%) in cohort 1 and 3% in cohort 2 (95%CI, <1%–11%) andme-
dian OS was 9.5 months in cohort 1, 7.9 months in cohort 2, and
14.1 months in cohort 3.135 Another phase II trial evaluated the effi-
cacy of enzalutamide plus pembrolizumab in 28 patients with
mCRPC. Results showed that 18% of patients had declined PSA
and 25% of patients achieved an objective response. For all patients,
median OS was 21.9 months (95% CI, 14.7–28.4 months) compared
with 41.7 months (95% CI, 22.16 to not reached [NR]) in the re-
sponders.136 A phase III KEYNOTE-641 study (ClinicalTrials.gov:
NCT03834493) is being conducted, and its final results may help us
to evaluate the efficacy of pembrolizumab plus enzalutamide as a
treatment for mCRPC.137 Apart from pembrolizumab, ipilimumab
was simultaneously assessed in prostate cancer. In two phase III trials
including patients with mCRPC who were pretreated with docetaxel
or chemotherapy-naive, the median OS in the ipilimumab group did
not differ significantly from that in the placebo group.138,139 Interest-
ingly, long-term responders with survival benefits were observed in
an additional follow-up analysis.140 In a preliminary analysis of pa-
tients from the CheckMate 650 trial (NCT02985957), Sharma and
colleagues reported that combination of ipilimumab (anti-CTLA-4)
plus nivolumab (anti-PD-1) can generate responses in a subset of pa-
tients with mCRPC.141 In detail, patients from the pre-chemotherapy
cohort exhibited 25% overall response rate and 19.0 months median
OS and in patients from the post-chemotherapy cohort, the overall
response rate was 10% and median OS was 15.2 months. These early
results support the rationale for further evaluation of immune check-
point blockade-based combinational therapies in patients with pros-
tate cancer, but problems remain related to dosing regimens (optimal
dose/schedule).

The probable reasons for limited therapeutic activity to immuno-
therapy in prostate cancer include (1) existence of an alternative
mechanism of immune checkpoint pathways that are not completely
understood and targeted; (2) low mutational burden of tumor cells;
and (3) a scarcity of antitumor infiltrating immune cells including
T cells in prostate cancer (“cold” signature) compared with immuno-
logical cancers (“hot” signature). These effects can partially explain
the limited benefits of ICB therapies in prostate cancer. Thus, funda-
mental mechanism-associated studies and preclinical research on the
basis of combination ICB therapies are needed to transform prostate
cancer from “cold” to “hot” status.
COMBINATION-IMMUNOTHERAPY STRATEGIES
Over 90% of prostate cancers are identified as immune-cold and do not
display a T-cell-inflamed property. Therefore, therapies that can pro-
mote T cell infiltration may create a breakthrough for efficient ICB in
patientswith prostate cancer. It was noted in our current study that cry-
oablation increases postablative immunogenicity.142 Thus, an innova-
tive modified strategy was developed combining cryoablation with the
blockade of CTLA-4. A preclinical model of prostate cancer showed
that cryoablation and CTLA-4 blockade combination therapy syner-
gized to mediate rejection of a second tumor challenge. The results
also showed that tumors at challenge sites exhibited greater infiltration
of CD8+ T cells and had a higher ratio of effector T cells to Treg cells in
the combination therapy group.143 Another study also showed that syn-
ergism of cryoablation and CTLA-4 blockade delayed the growth of
distant tumors and decreased the mortality rate.144 mCRPC exhibits
overwhelming resistance to ICB. A study indicated thatMDSC-targeted
therapy in combination with anti-CTLA-4 and anti-PD-1 antibodies
synergized to increase the tumor regression rate, stemming from the in-
crease in IL-1 receptor antagonists and blockade of MDSC-activating
cytokines delivered by tumor cells.145 Interferon-g, a cytokine with
few benefits in clinical trials, was identified to induce major histocom-
patibility class-I (MHC-I) andPD-L1gene expression in prostate cancer
cells in vitro, suggesting a potential combination regimen to overcome
ICB resistance for mCRPC.146 Peng et al. proposed a new therapeutic
combination strategy targeting EP4, whichwas identified in various im-
mune cells by single-cell analysis. Blocking EP4 with a novel antagonist,
known as YY001, efficiently reversed the immunosuppressive pheno-
type ofMDSCswhile enhancing the infiltration and antitumor cytotox-
icity of CD8+ T cells. In particular, combining YY001 with anti-PD-1
antibodies strongly inhibited tumor progression and resulted in long-
term survival and durable immunologic memory, implying a transfor-
mation from a cold tumor state into a hot tumor state.147 Assessment of
clinical samples showed that upregulated expression of IL-8 from pros-
tate epithelial cells after castrationmight contribute to ICB resistance by
recruiting tumor-promoting polymorphonuclearmyeloid-derived sup-
pressor cells (PMN-MDSCs). Blocking IL-8 signaling in combination
with ICB could remarkably increase the number of CD8+ T cells within
the TME.148 Pten-null prostate cancers are usually resistant to anti-PD-
1 immunotherapy. A recent study indicated that intermittent but not
daily usage of the PI3Ka/b/d inhibitor BAY1082439 could overcome
ICB resistance by promoting CD8+ T cell infiltration and enhancing
antitumor immunity, turning cold tumors into T-cell-inflamed tu-
mors.149 Endogenous tumor-specific tissue-resident memory T (TRM)
cells have attracted our attention during cancer immunotherapy. In a
murine model of prostate carcinoma, dual therapy combining irrevers-
ible electroporation and anti-CTLA-4 antibodies confirmed TRM cell
establishment and was related to the protection of subsequent tumor
challenge. Furthermore, a triple-therapy strategy adding anti-PD-1 an-
tibodies demonstrated positive efficiency in nonresponsive cases.150
Microbiota-based strategies

Typical treatments in prostate cancer, such as ADT and radiotherapy,
can potentially reprogram the microbiota, resulting in finite immune
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responses. Preclinical studies indicated that the gut microbiota can be
influenced by castration, and another clinical study revealed the same
alteration for pelvic radiotherapy by massive pyrosequencing.151,152

Moreover, evidence has shown that conventional therapies might
cause resistance to ICB. Thus, microbiota-based mechanisms and
strategies involving the gut microbiome, commensal microbiota,
and microbial metabolites were considered in several preclinical
models.

Gut microbiome

Multiple studies have focused on the potential effects of varied compo-
sitions of gutmicrobiota on antitumor immune responses.153–155 Cima-
damore et al. demonstrated that Ruminococcaceae species and
Akkermansia muciniphila were associated with a better response to
anti-PD-1 antibodies. Administration of Ruminococcaceae species
antibiotic was correlated with worse progressive disease.156 In addition,
Sfanos et al. found that a higher abundance ofAkkermansiamuciniphila
and Ruminococcaceae species, previously described as positivemarkers
for favorable efficiency in patients receiving anti-PD-1 immuno-
therapy,156 was detected in prostate cancer patients with androgen
axis-targeted therapies, implying the potential effects of gastrointestinal
microbiota in modulating the response to antitumor immunother-
apies.17 A newly published study by Pernigoni et al. found that during
ADT, a specific intestinal microbial community was enriched in pa-
tients with the emergence of CRPC. Administration of Prevotella ster-
corea efficiently overcame endocrine resistance, providing a possible
clue for combination treatment in the future.157

Commensal microbiota

Recently, many efforts have been made to confirm the role of
commensal microbiota in refashioning the host immune system.
Some have reported that lipopolysaccharide can induce an immune
response via the TLR4 (toll-like receptor 4) signaling pathway.158,159

An earlier study demonstrated that commensal Bifidobacterium was
associated with improved antitumor effects in murine melanoma
models. Strikingly, oral administration of Bifidobacterium alone
could suppress tumor growth to the same degree as administration
of anti-PD-1 antibodies. Combination therapy with Bifidobacterium
and anti-PD-1 antibodies strongly abolished tumor growth by
enhancing CD8+ T cell accumulation and priming.160 Anker et al.
found that CP1, a patient-derived prostate-colonized microbe, in
combination with anti-PD-1 antibodies could decrease tumor burden
by enhancing the tumor infiltration of CD8+ T cells, M1 macro-
phages, and NK cells while decreasing the abundance of intratumoral
Treg cells in oncogene-driven prostate cancer models. This article
pointed out that tissue-specific microbes can sensitize resistant cancer
types to immunotherapy.161

Microbial metabolites

He et al. previously found that the microbial metabolite butyrate can
directly modulate the antitumor response of CD8+ T cells and
improve the efficacy of anti-PD-L1 antibodies.48 A recently published
study by Wang et al. discovered that the microbial metabolite trime-
thylamine N-oxide (TMAO), derived from Clostridiales, could
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strikingly improve the therapeutic efficacy of anti-PD-1 antibodies
in patients with TNBC by enhancing CD8+ T-cell-mediated anti-
tumor immunity, providing a clue that a choline-rich diet, which is
the primary source of TMAO, could be a clinical treatment in pa-
tients.49 Another study described that higher dietary fiber, which
yields higher levels of fiber-fermenting short-chain fatty acids derived
from gut microbiota, could enhance the immune response to ICB in
preclinical melanoma models by increasing T cell infiltration and re-
activating cytotoxicity toward tumors.162

To date, few studies on the mechanisms connecting the gut micro-
biome, commensal microbiota, related metabolites, and ICB in pa-
tients or models of prostate cancer have been published. However,
similar mechanisms identified in other cancer types could provide
clues for treatments in prostate cancer, but further study is needed.

Autophagy inhibition

Accumulated evidence implies that cancer cells may use autophagy to
develop resistance to antitumor therapies, rendering the autophagy
process an ideal target for combinatorial regimens.163 Vacuolar sort-
ing protein 34 (VPS34) plays a central role in the control of autophagic
activity through the formation of Beclin 1-VPS34 protein com-
plexes.164 A study reported that genetic or pharmacological inhibition
of VPS34 with SB02024 or SAR405 (VPS34i) could inhibit tumor
growth by establishing a T cell-inflamed TME, improving the efficacy
of anti-PD-L1/PD-1 blockade therapies.165 Natural compounds have
been applied for cancer treatment based on their tumor roles in inhib-
iting autophagy. A study showed that rhizochalinin (Rhiz), a novel
sphingolipid-like marine compound, exhibited antitumor properties
through the inhibition of prosurvival autophagy in human prostate
cancer cells. Thus, Rhiz resensitized tumor cells to conventional ther-
apies.166 A recent article demonstrated that ESK981, a phase I-cleared
orally bioavailable multityrosine kinase inhibitor (MTKI), presented
autophagy inhibitory characteristics that efficiently promoted func-
tional T cell infiltration, leading to tumor regression in prostate cancer.
ESK981 targets the lipid kinase PIKfyve and converts prostate tumor
cells from cold to hot phenotypes via inhibition of autophagy,
enhancing the therapeutic response to ICB.167

Epigenomic therapy

Emerging evidence has suggested that epigenomic reprogramming
results in reduced T cell infiltration in tumor cells, causing immune
evasion.

Diverse epigenetic modulators have been identified as potential tar-
gets for improving the efficiency of ICB. Epigenetic therapy
combining DNA methyltransferase inhibitors with histone deacety-
lase inhibitors was described to reverse tumor immune evasion and
transfer the T cell exhaustion phenotype toward memory and effector
T cell states in murine non-small cell lung cancer models.168 Another
article showed that ablation of the histone demethylase lysine deme-
thylase 1 (LSD1) correlated with increased CD8+ T cell infiltration.
Importantly, LSD1 blockade in combination with anti-PD-1 therapy
elicited strong antitumor responses of T cells and restrained tumor
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growth in poorly immunogenic tumors.169 Given the overexpression
of LSD1 protein in prostate cancer, novel therapeutic therapy target-
ing LSD1 could be considered and evaluated.170 Liu et al. discovered
that the m6A demethylase FTO increased tumor glycolysis and simul-
taneously restricted the activation of CD8+ T cells. Administration of
the FTO inhibitor Dac51 synergized with anti-PD-L1 blockade and
efficiently increased CD8+ T cell infiltration and antitumor responses
in murine melanoma models.171 Given the paucity of CD8+ T cell
infiltration in the TME of prostate cancer cells, the mechanisms
and therapeutic strategies associated with epigenetic factors should
be considered and further investigated to convert the cold tumor state
into the hot state.

Finally, prostate cancer cells might employ alternative mechanisms
of immune checkpoint pathways that are not entirely investigated
and targeted to escape ICB therapies. For instance, Wang et al.
reported that fibrinogen-like protein 1 (FGL1), a protein secreted
by liver or cancer cells, is a major ligand for the inhibitory receptor
lymphocyte-activation gene 3 and that blockade of FGL1 could
remarkably enhance the efficacy of immunotherapies in lung
and liver cancer models.172 Notably, supplementary data from
this article showed that FGL1 mRNA expression in human
prostate cancer tissues is higher than that in corresponding normal
tissues from The Cancer Genome Atlas database, implying a
potential evasion mechanism in prostate cancer cells.
Additional results and targeted combination ICB therapies are
keenly awaited.

DISCUSSION
Overall, both intrinsic and external factors contribute to prostate can-
cer. In this review, we focused on the potential pro-carcinogenic role
of the inflammatory microenvironment and described the interaction
between diverse cellular entities within the TME in prostate cancer
development. The consequence of the interplay is the formation of
an immunosuppressive TME, establishing a more invasive and resis-
tant status of prostate cancer. Although conventional therapeutic
methods, such as endocrine therapy, represent improved OS in clin-
ical trials, they have limited efficacy and may lead to the development
of tumor resistance. Given the pivotal role of the TME during prostate
cancer initiation, progression, and metastasis, a plethora of immuno-
therapeutic strategies targeting immunosuppressive cells within the
TME have been considered and evaluated. Moreover, ICB regimens
involving pembrolizumab and ipilimumab manifest in preclinical
models. Nevertheless, ICB strategies did not yield adequate clinical
benefits, largely due to the complexity of the TME in prostate cancer,
which is delineated as a cold signature. Therefore, combinatorial
checkpoint immunotherapies will be an outstanding choice for pros-
tate cancer. Combinatorial therapies, including those targeting
immunosuppressive cells within the TME, microbiota, autophagy,
and epigenetic factors, have made great progress in overcoming
ICB resistance in animal models. In light of findings from other can-
cer models, more therapeutic agents and combinational targets will be
prospectively evaluated for the treatment of prostate cancer, with the
goal of achieving sustained clinical benefits for patients.
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