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Abstract

Chemokines are recognized as the major contributor to various tumorigenesis, tumor
heterogeneity, and failures of current cancer therapies. The tumor microenvironment (TME)

is enriched with chemokines and cytokines and plays a pivotal role in cancer progression.
Chronic inflammation is also considered an instructive process of cancer progression, where
chemokines are spatiotemporally secreted by malignant cells and leukocyte subtypes that initiate
cell trafficking into the TME. In various cancers, prostate cancer (PCa) is reported as one of the
leading cancers in the worldwide male population. The chemokines-mediated signaling pathways
are intensively involved in PCa progression and metastasis. Emerging evidence suggests that
chemokines and cytokines are responsible for the pleiotropic actions in cancer, including the
growth, angiogenesis, endothelial mesenchymal transition, leukocyte infiltration, and hormone
escape for advanced PCa and therapy resistance. Chemokine’s system and immune cells
represent a promising target to suppress tumorigenic environments and serve as potential therapy/
immunotherapy for the PCa. In this review, an attempt has been made to shed light on the
alteration of chemokine and cytokine profiles during PCa progression and metastasis. We also
discussed the recent findings of the diverse molecular signaling of these circulating chemokines

"Corresponding author at: Department of Biochemistry and Molecular Biology, University of Nebraska Medical Center, Omaha, NE,
68198-5870, USA. jawed.siddiqui@unmc.edu (J.A. Siddiqui).

Authorship

MM and JAS conceived the idea and designed the review. MM wrote the initial draft of the manuscript. MM, JBK, GS, SW, SKB, and
JAS critically revised and/or edited the manuscript prior to submission. All authors read and approved the content of the manuscript
before final submission.

Declaration of Competing Interest
SKB is co-founder of Sanguine Diagnostics and Therapeutics, Inc. Other authors declare no competing interests.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Mughees et al. Page 2

and their corresponding receptors that could become future targets for therapeutic management of
PCa.
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1. Introduction

Prostate cancer (PCa) is the most commonly diagnosed human malignancy and the second
leading cause of cancer-related death in men worldwide. The annual mortality rate of PCa
has increased up to more than three hundred thousand [1]. The impact of this lethal disease
depends on several factors such as diverse geographic regions, genetic distinction, epigenetic
alteration, nutrition, lifestyle, and ecological factors [2]. However, aging, family genetics,
and racial disparities are the most recognized risk factors implicated in the pathobiology
of PCa [3]. Growing evidence suggested that exacerbated chronic inflammation caused

by hormones, chemicals, radiation, stress, infectious agent, or other environmental factors
contributes to the progression and development of PCa. As the prostate is more susceptible
to infection, it displayed an association between chronic prostate inflammation and PCa
development. It is also evident by histological characteristics of inflammation in prostate
specimens [4]. Several epidemiological studies have revealed the direct interaction of
inflammatory genes with the risk of PCa and the reverse relation of the anti-inflammatory
drugs with PCa [5,6]. Therefore, inflammation is also one of the instructive processes

of cancer progression. Chemokines are spatiotemporally secreted by malignant cells and
leukocyte subtypes initiate cell trafficking into the TME [7]. The recruitment of cells

is complicated and implies distinct leukocyte subsets with cancer stimulating/inhibiting
functions by coordinating the movement of immune cells to the inflammation site.

Chemokines projected as a member of cytokines superfamily that have chemoattractant
properties, are primarily secretory in nature (8-12 kDa). Chemokines are associated with
inflammatory response and mediate particular action by binding to their corresponding
receptors [8]. Chemokines and their respective receptors are classified into four subclasses
depending on the motif of their first two conserved cysteine residues within their structure
as CXC, CC, C, or CX3C [9-11], where C and X are represented by cysteine and non-
cysteine residue, respectively. Chemokine-mediated signal transduction and other regulatory
functions are governed by their motifs specific amino acid sequences [7,12]. As chemokines
are generated by tumor cells, the stromal microenvironment in the primary tumor and distant
metastatic sites also produce chemokines. These chemokines are also responsible for the
pleiotropic actions, including the growth, angiogenesis, epithelial-mesenchymal transition
(EMT), leukocyte infiltration, and hormone escape for advanced cancer development and
therapy resistance [7,12-14]. Concerning the role of chemokine-mediated PCa progression
and development, a large body of work has focused on the chemokines CXCL8, CXCL12,
and CCL2. These studies displayed the differential expression of chemokines and their
receptor in PCa progression [13]. Remarkably, PCa also comprises the lymphocytes
infiltration and an elevated level of pro-inflammatory cytokines [15]. TME contains tumor-
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related fibroblasts, smooth muscle cells, bone marrow mesenchymal stem cells (MSCs), and
numerous inflammatory cells such as lymphocytes, macrophages, and endothelial cells. The
TME directly affects cancer progression and invasion by synthesizing different cytokines/
chemokines and growth factors. Various pro-inflammatory cytokines, such as interferon-
gamma (IFN-y), transforming growth factor-beta (TGF-B), tumor necrosis factor-alpha
(TNF-a), and interleukins (ILs) showed their contributions in the initiation, progression, and
establishment of metastatic PCa [15]. However, the mechanism by which these circulating
molecules are responsible for progression and metastasis is elusive.

This review compiles all possible pre-clinical or clinical aspects of chemokines and
cytokines that regulate the PCa progression. By compiling all these studies, we have also
attempted to show the diverse molecular signaling(s) of these circulating molecules involved
in the PCa development and progression.

2. Chemokines and prostate cancer pathogenesis

Chemokines primarily involve in the chemotaxis of immune cells by binding to

their receptors and fine-tuned regulating immune responses. Approximately 50 diverse
chemokines accomplish their task through 25 different seven transmembrane G-protein
coupled receptors. Some receptors required stimulation, while some constitutively expressed
sustaining homeostasis amongst cells and tissues. The chemokines, such as CXC (a.),

CC (B), C (), or CX3C (5) regulate several molecular signaling pathways and exhibit a
significant role in numerous biological processes. In addition, chemokines modulate the
host—tumor connections and enable cancer cells to evade the immune system viaemploying
T regulatory cells (Tregs) and tumor-associated macrophages (TAMSs), producing an immune
oppressive TME [9,16]. These are the main reasons for the up-regulation of the different
chemokines in various cancers.

CC and CXC chemokines and their receptors were reported in the progression of PCa.
Recently, several chemokine networks have been reviewed in different carcinogenesis,
including PCa, and they delineate the functional role of chemokines in bone metastasis [17].
In vitro co-culture study of PCa cells with macrophages suggested the enhanced CCL2 and
CCR2 in the PCa cells. Further, the elevated CCL22 and CCR4 in the PCa cells was evident
after exogenous exposure to CCL2 [18]. Mechanistically, it was revealed that the CCL2

and CCL17 stimulated the phosphorylation of AKT that eventually led to the enhanced
invasion and metastasis of PCa cells [18]. High CCL2 expression was reported in bone
pathophysiological conditions, such as osteoporosis and PCa-bone metastasis, suggesting
the essential role of CCL2 in bone metabolism [11,19,20]. Furthermore, the CXCL1

and CXCL2 chemoakines encourage inflammation and help to sustain the tumorigenic
microenvironment after binding to their CXCR2 receptor [21]. Overall, the increased
expression of various chemokines like CCL2 and CXCL8 augmented the migration of

PCa cells. However, the expression of these chemokines was noticed to be reduced via
androgen receptor (AR) signaling in cancer-associated fibroblasts (CAFs) like cells [22].
Importantly, CXCL8 and CXCL13 bind to CXCR1/CXCR2 heterodimer and CXCR5
receptor, respectively [12]. Moreover, CXLC5 enhances the level of inflammation, invasion,
and metastasis in PCa cells, mutually /n vitroand in vivo.
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Hardaway et al. demonstrated that increasing the level of adiposity corresponds to the
enhanced level of pro-inflammatory factors such as CCL2 and cyclo-oxygenase (COX2).

It was suggested that these pro-inflammatory factors are associated with osteodastogenesis
and tumorigenesis of the bone [23]. In addition, increased marrow adipocytes investigational
conditions enhance CXCL1 and CXCL2 in prostate bone tumors. It provided the link
between CXCL1 and CXCL2 chemokines with bone marrow adiposity via CXCR2
signaling [23]. Li et al. investigated the CXCR?2 as a cell surface marker for neuroendocrine
(NE) cells and drove NE phenotype, which assets aggressiveness and therapy failure for
PCa [24]. Thus, CXCR2 was used to target the purification of NE cells from fresh

primary human PCa tissue and was considered a therapeutic target for advanced and
therapy resistance of PCa. Mechanistically, the CXCR2 in NE cells excites excretion of
pro-angiogenic components and enhances angiogenesis in PCa [24]. The high mobility
group boxl (HMGB1) protein interacts with CXCL12 and activates CXCR4-dependent

or an independent mechanism to stimulate neutrophil release in the tumor immune
microenvironment that is required for tumor relapse [7,10,25]. Cabozantinib is a receptor
tyrosine kinase (RTK) inhibitor implicated in eradicating phosphatase and tensin homolog
(PTEN)/p53-deficient invasive murine adenocarcinoma. This tumor clearance effect was
associated with augmented neutrophil infiltration and chemokine milieu into the tumor bed
viaa CXCL12/HMGB1/CXCR4 axis. Interestingly, blockage of chemotaxis response using
HMGB1-neutralizing monoclonal antibody or the CXCR4 inhibitor attenuated cabozantinib
induced anticancer immune response coupled with tumor regression [7,10,25].

Emerging evidence suggested that CXCR2 could be targeted and used as a prognostic
marker for human PCa. The up-regulation of CXCR4 was associated with the invasion

and metastasis of various cancers, including leukemia, breast cancer, and PCa. Jang et al.
showed that dihydrotestosterone (DHT) targets the AR and modulates CXCR4 pathways for
PCa progression and development. In this regard, DHT stimulated-PCa development was
abrogated using a CXCR4 inhibitor such as AMD3100. It was confirmed by the decreased
expression of CXCR4, AR, p-PI3K, p-AKT, other downstream target genes involved in the
cell cycle, and EMT, along with the increased expression of apoptosis-related genes. Hence,
the study suggests that resveratrol, an anti-inflammatory/anti-cancerous phyto-compound in
conjunction with antagonists of AR and CXCR4, suppresses the DHT-induced progression
and metastatic behavior of PCa [26].

Following this, Baci et al. showed the protective role of acetyl-L-carnitine (ALCAR),

the acetylated derivative of carnitine . They proposed ALCAR as a “repurposed agent’
for cancer therapy. ALCAR inhibits cellular proliferation, promotes cell death, adhesion,
migration, and invasion of human PCa cell lines models such as DU-145, LNCaP, PC-3,
22Rv1, and BPH. ALCAR-mediated inhibitory effect was associated with obstructing the
synthesis of pro-inflammatory chemokines (CCL2, CXCL12), and cytokines (TNF-a and
IFN-v). Remarkably, the expression of CXCR1, CXCR2, CXCR4, and CCR2 was found
to be repressed in the endothelial cells-treated with conditioned media from PCa cells
pre-incubated with ALCAR [27]. In this way, ALCAR also decreases the synthesis/release
of pro-angiogenic factors and exhibits angio-preventive action on PCa cells via vascular
endothelial growth factor (VEGF) and CXCR4/CXCL12 cascade [27].
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Recently, Yu et al. elucidated that the TME of PCa cells consists of the chemokine CXCL12
and its receptors CXCR4 and CXCR7 promote metastasis of PCa to lymph nodes, lungs, and
bone via CXCL12/CXCR4/CXCR7- chemokine axis. Putative androgen-responsive features
as androgen-responsive element (ARE) consensus binding sites were examined in CXCR4, 7
genes. The elevated CXCR4/7 mRNA ratio was observed in the malignant PCa tissue, while
a higher level of CXCR7 mRNA was identified in the androgen-sensitive LNCaP cells.
Exposure of DHT and flagellin enhanced CXCR4 mRNA and reduced CXCR7 mRNA;
however, CXCR7 protein, but not CXCR4, was decreased in LNCaP cells. In addition, the
knockdown of CXCRY7 increased the migration potency of androgen-sensitive LNCaP cells
toward CXCL12. Hence, CXCRY is recognized as a decoy receptor in PCa cell migration
regulated by androgen, and inflammatory stimuli counteract CXCL12/CXCR4 metastatic
promoting effects [28]. Bai et al. demonstrated that the RUNX2-CXCR7-AKT axis might
be a potential target for effective PCa treatment. Uncovering the cooperative function

of overexpressed RUNX2 with prostate-specific PTEN heterozygous deletion established
intense prostatic intraepithelial neoplasia (HGPIN) and cancerous abrasions. Concurrently,
it was associated with the increased AKT phosphorylation and the CXCR7 in metastatic
glands at the age of less than one year in mice. Increased expression of RUNX2 also
promoted the growth of PCa cells, and CXCR7 primarily mediated this effect. CXCR7
expression also positively correlated with AKT phosphorylation in PCa patient specimens.
Similarly, in PTEN-deficient human PCa cell lines, RUNX2 activation initiates transcription
of CXCR7, membrane relocation, and CXCR7-mediated hyperactivation of AKT. These
findings corroborated that RUNX2 is pivotal for prostate tumorigenesis via upregulation

of CXCRY7 expression [29]. Furthermore, studies identified the role of CXCR7-mediated
MAPK activation as a resistance mechanism for second-generation anti-androgen therapy
and assessed the therapeutic potential of MAPK/ERK inhibitors in castration-resistant
prostate cancer (CRPC) [30]. Miyake et al. explored the correlation amongst CXCL1, IL-6,
and tissue inhibitor of metalloproteinase 4 (TIMP4) in solid tumors biology. The high
expression of CXCL1 was found in the PC3 cells; likewise, increased expression of its
receptor CXCR2 was also observed in DU145 and PC3 cells. The mechanistic insight of
the study demonstrated that CXCL1 is crucial in nourishing prostate tumors’ progression
through the up and down-regulation of IL6 and TIMP4, respectively. Therefore, systemic
administration of CXCL1 monoclonal antibodies, HL2401 against these crucial associations
impedes prostate tumorigenesis via inhibiting the cellular proliferation, angiogenesis,

and apoptosis stimulation. It provided a novel therapeutic approach by targeting tumor-
associated CXCL1 to manage PCa [31].

Chronic inflammation causes 20 % of all cancer progression worldwide, including PCa
encouraged by several histopathological, molecular, epidemiological, and genetic studies
[32]. However, the major cause of intraprostatic inflammation is unknown. Still, the possible
sources are infection such as sexually transmitted agents, cell injury due to chemical and
physical trauma from urine reflux and prostatic calculi generation, hormonal exposures,

and dietary imbalance factors [33]. The Trichomonas vaginalis (Tv), the most common
sexually transmitted parasite, facilitates chronic prostatitis and creates an accommodating
microenvironment to accelerate the growth, invasion, and migration of PCa cells. The study
by Han et al. displayed an increased level of inflammatory mediators such as IL-1f, CCL2,
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CXCLS8, IL-6, prostaglandin-E2 (PGE2), and COX2 in a normal human prostatic epithelial
cell line (RWPE-1) after stimulation with the Tv [34]. Resultant, it promoted EMT of PCa
cells through these inflammatory mediators coupled receptor via the instigation of signal
pathways such as Janus kinase (JAK), Nuclear factor kappa B (NF-xB), and Zinc finger
protein Snail [34]. Fascinatingly, it was elucidated that blockage of receptors including
CXCR1, CXCR2, CCR2, glycoprotein 130, EP2, and EP4 inhibited the PCa progression via
decreased production of CCL2, IL-6, CXCLS8, and PGE2 [34].

In various studies, the enhanced level of G Protein Subunit Alpha 13 (GNA13) is found in
many solid tumors comprising PCa [35]. The GNA13 is an alpha subunit of a heterotrimeric
G protein that can promote tumor initiation, drug resistance, and metastasis v/a signaling
through G protein-coupled receptors (GPCRs) [35,36]. Lim et al. performed the whole
transcriptome analysis of GNA13 silenced PC3 and parental PC3 cell line model, 7.e., highly
metastatic PCa cell line, and revealed that GNA13 contributes to tumor progression and
metastasis via affecting multiple CXC-family chemokines [37]. Furthermore, to explore

the underlying mechanism, the pro-tumorigenic CXCL5 emerged as a direct target of
GNA13 signaling where the CXCLS5 expression was found to be consistently induced by
the elevated levels of GNA13 in three different PCa cell lines (PC3, DU145, and LNCaP).
Furthermore, the investigation of the CXCL5 promoter indicated that the —505/+62 region
was highly active and influenced by GNA13 as well as a single NF-xB site in this region.
The stimulation of the expression of GNA13 enhances the tenure of the p65 component of
NF-xB at the CXCL5 promoter. Whereas the knockdown of GNA13 attenuated inhibited
the NF-xB p65 phosphorylation and the action of a particular NF-xB reporter. In addition,
the silencing of NF-xB p65 diminished the GNA13- boosted expression of CXCL5 [37].
Intriguingly, the effect of GNA13 on NF-xB transcriptional activity and CXCL5 expression
was abolished v7a obstruction of Rho GTPase activity. Collectively, this study indicated that
GNA13 drives CXCL5 expression via transactivating NF-xB in a manner that depends on
Rho GTPase in PCa cells and suggested that targeting GNA13 might lead to new therapeutic
options for PCa [37].

Di Mitri et al. recognized TAMs, a major component of the TME, as a therapeutic approach
based on the obstruction of macrophage receptor CXCR2 and CXCL2 signaling that triggers
re-education of TAMs polarization led to tumor eradication. Macrophage polarization in

the direction of an anti-inflammatory phenotype was achieved by stimulating the CXCR2
receptor through CXCL2 expressed on TAMSs, which are infiltrated in prostate tumors.
Interestingly, the PtenP®~/=; Trp53P¢~~ mice infused with CXCR2 knockout monocytes leads
to senescence and tumor suppression via differentiation into pro-inflammatory macrophages
that release TNF-a [38]. Moreover, PTEN null tumor showed high sensitization to TNF-a.-
mediated senescence and growth inhibition v7a upregulation of TNFR1.

Tregs play an essential role in the anti-tumor immune responses. The effector Tregs

serves as a site for the high expression of CCR4, where CCR4 promotes the migration

of effector Tregs into cancer tissues through chemotaxis. The studies deciphered the
increased infiltration of the CCR4+Tregs in the prostate tissue of poorly prognosed patients,
establishing CRPC. In addition, this poor prognosis of PCa is associated with the amount
of infiltration of CCR4*Tregs [39]. Therefore, effector Tregs-targeting immunotherapy is
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anticipated as the new therapeutic approach for PCa patients. Xiang et al. investigated that
infiltrated CD4* T cells activate the CCL5/STAT3 signaling pathway that promotes PCa
chemotherapy resistance. In this study, g°PCR analysis and cytokine arrays demonstrated that
the co-culture of CD4* T cells with PCa cells could release a high volume of CCL5 that
activates p-STAT3 signaling to promote PCa chemo resistance against docetaxel; contrary to
this, an anti-CCL5 antibody or p-STAT3 inhibitor attenuates this action [40].

The study of chemokine signaling pathways responsible for cancer progression and
metastasis is an alternate investigation approach that utilizes the activation of downstream
signaling proteins. The role of downstream signaling proteins such as PKC and PKD
(Protein Kinase C and Protein Kinase D) isoforms in the CXCL12 dependent metastasis
was evaluated in the PC3 cells. Out of these, the inhibition of PKCC isoform exhibited

the highest suppression in metastasis. The suppression of the PKC and PKD results in the
morphological changes of the PCa cells, particularly the inhibition of the PKC corresponds
to the round shape PCa cells; in contrast, PKD inhibition corresponds to the elongated PCa
cells [41] (Fig. 1; Table 1).

3. Chemokines and tumor heterogeneity

In past decades, several studies have emphasized the chemotactic response of chemokines,
including their role as natural antagonists or synergistic effects on selective receptors

by making heterocomplexes [42,43]. Initially, its function was elucidated as regulating
immune cells migration during inflammation, but now the relevance of heterocomplexes is
established in the TME. In this way, chemokines are released in the microenvironment

in a heterocomplex of two chemokines or chemokine and chemokine receptors that

interact with inflammatory mediators of malignant cells or stromal cells and amplify
cellular responses [42]. The clinical presentation of PCa differs widely, ranging from the
localized slow-growing tumor, which is clinically harmless, to the aggressive metastatic
form of cancer, which progresses rapidly and leads to lethal disease [44,45]. From the
clinical, morphological, and molecular studies, PCa has been known to be a heterogeneous
disease [44]. In this context, the neoplastic cell population interacts with several other
types of complex resident cells, including fibroblasts, vascular endothelium, infiltrating
immune cell types, growth factors, and other nutrient constituents. These cells contribute
to tumor heterogeneity and cancer cell survival [46]. Tumor heterogeneity has been
established as a characteristic event for cancers, defined as monitoring different tumor cells
showing distinct morphological and phenotypical properties [47]. Investigations at genomic,
histopathological, and molecular levels have shown a high level of genetic and phenotypic
diversity within the tumor [47]. This divergence of cells at the genetic level is the primary
driver of tumor heterogeneity [48]. This complex heterogeneity of molecular alterations
causes obstacles in the diagnosis of PCa and provokes a resistant environment for therapy.
Fortunately the advent of genome sequencing (next-generation sequencing) technologies, it
has become more common to unravel the genetic heterogeneity from primary to metastatic
PCa [47]. The relationship between the primary and the metastatic tumor is the critical
aspect of tumor heterogeneity that impacts the disease progression and affects the efficacy of
current and future treatment strategies [47].
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The metastatic PCa originates from a single clone but tends to exhibit sub-clonal
heterogeneity at the genetic, epigenetic, and phenotypic levels [44]. With this, the
heterogeneity has been characterized in two ways; intra-tumor heterogeneity (present within
tumors) and inter-tumor heterogeneity (present between tumors) [47]. The intra-tumor
heterogeneity results from various types of cell populations in an individual tumor that
differs in genetic and phenotypic behavior [49]. It is considered complex with spatial and
temporal heterogeneity [50]. In comparison, inter-tumor heterogeneity defines the entirely
different genotype of the tumors in one patient [45]. Intra-tumor heterogeneity affects
diverse treatment responses, including drug resistance [51] due to variations at the genomic
level [47]. However, the non-genetic factors such as epigenetic and TME are also implicated
in the heterogeneity [48], where the heterogeneity of clones can vary depending upon the
TME surrounding the PCa cells [51].

The TME plays a pivotal role in the progression of PCa and is recognized as the major
contributor of tumor heterogeneity as well as implicated in the failures of current cancer
therapies [52,53]. The occurrence and progression of PCa are caused by the intrinsic
alterations in tumor cells and the complicated crosstalk between cancer cells and the altered
microenvironment components that leads to the metastasis of PCa [54]. TME components
involving the CAFs, TAMs, cytokines, and chemokines, cancer stem cells (CSCs), immune
cells (B and T lymphocytes), extracellular matrix (ECM), myeloid-derived suppressor

cells (MDSCs), mesenchymal stromal cells (MSCs), proteins, and growth factors. These
microenvironments work together to promote tumor survival, leading to malignancy [55].

3.1. Role of chemokines/cytokines in cancer-associated fibroblast

CAFs are most abundant in the stromal cell population in TME is, and their function

is of great concern. The CAFs are the spindle-shaped cells distinguished by the elevated
expression of the markers involving the fibroblast-specific protein 1 (FSP1), a-smooth
muscle actin (a-SMA), platelet-derived growth factor receptor (PDGFR) a and {3, vimentin,
and fibroblast activation protein (FAP) [56]. In addition, the derivation of CAFs can

be from the normal fibroblasts (NFs), endothelial-mesenchymal transition (EndMT), and
epithelial cells [57]. The NFs, which are usually inactive, get activated via their altered
intrinsic signaling pathways through the activation of TGF-g and IL-1p signaling that
results in CAFs, suggesting the modulation of the TME by secreting various growth factors
[57,58]. As discussed earlier, CAFs are the most abundant components in the TME that
contribute to the progression of prostate tumor growth, where several chemokines (CCL2,
CCL5, CXCL8, and CXCL12) are involved in the regulation of CAFs. The chemokine-
mediated supervision of CAFs is dependent on the activation of different signaling pathways
(mitogen-activated protein kinases; MAPKSs and PI3K/AKT), which help in the succession
of CAFs malignancy in the TME [59].

The CCL2 present in the prostate TME, which has been derived from CAF, was found

to induce the recruitment of macrophages to the primary stage of tumor development and
assist in the recruitment of myeloid cells to the TME [60,61]. Another chemokine, CXCL12,
was found to activate numerous responses in the TME through the activation of several
pathways such as migration, cell survival, and cell proliferation. CXCL12 also plays a role
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in the maintenance of the phenotypes that are directly involved in tumor progression and
metastasis [62]. In a recent study, Parol-Kulczyk et al. showed the interesting involvement
of the SDF-1- a (stromal-derived factor 1-alpha) together with the CXCR4 and CXCR7 in
the EMT of the PCa cells [63]. Moreover, CXCL12 binds with two distinct receptors that are
CXCR4 and CXCRY7, in which CXCR4 is highly conserved. The interaction of CXCR4 with
the CXCL12 induces various downstream signaling cascade in TME that ultimately leads to
cancer cell survival, proliferation, and metastasis. In addition to CXCR4, another chemokine
receptor, CXCR7 binds with the CXCL12 more strongly than CXCR4. Their interaction
triggers the accumulation of non-G protein-mediated B-arrestin that leads to activation of
the ERK pathway. The binding of CXCL12 to CXCRY7 induces non-G protein-mediated
B-arrestin accumulation and subsequent ERK activation [64]. The chemokine CXCLYS5,
secreted by endothelial cells of various organs, plays a significant role in the recruitment of
immune cells, enhancing tumor progression [64]. The CXCL8 chemokine has been known
to play an essential role in the invasion and migration of various cancer, including PCa. The
CXCL8 was released by the PTEN deficient PCa cells, which results in the overexpression
of CCL2 and CXCL12 in the stromal cells that leads to the migration of PC3 cells. The
overexpression of the CXCLS8 in the PCa cells regulates the expression of cydin D1, which
promotes tumor growth and cell cycle progression [22].

A prominent study by Shen et al. has reported that the Yes-associated protein (YAP-1)

is responsible for cell invasion, proliferation, apoptosis inhibition, and EMT induction.
Moreover, YAP-1 plays a crucial role in converting NFs into CAFs in the TME that
encourages the aggressiveness of PCa. Hence, targeting YAP-1 protein is suggested as
potential therapeutic management for PCa [57]. In addition, another study by Cheteh et al.
has analyzed that the IL-6 produced from the CAFs play a vital role in regulating tumor cell
proliferation, migration, and angiogenesis. These processes are dependent on attenuating the
p53 viathe JAK/STAT signaling pathway and cell death upon treating the PCa cells with
doxorubicin. CAFs derived IL-6 protects cancer cells from chemotherapy; hence, IL-6 also
serves as a therapeutic target for PCa [65]. In contrast, in a recent study, Zhang et al. showed
that low expression of the IL-6 in the system resulted in the inhibition of the PCa cell
invasion. Zhang et al. also identified the high expression of the G protein-coupled receptor
30 (GPR30) in the prostate CAFs and showed that it plays an essential role in the stromal
cell activation of the prostate. Moreover, the downregulation of the GPR30 contributes to
the inhibition of PCa cell invasion v7a suppressing infiltration and M2 polarization of TAMs
[66].

3.2. Tumor-associated macrophages in heterogeneity

Another critical component of the TME contributing to the heterogeneity of PCa is TAMs,
which are highly heterogeneous cells originating from dwelling tissue-specific macrophages
and newly recruited monocytes [67]. These are the essential constituents that participate in
cell-to-cell communication inside the TME and remarkably show their pro-tumoral role in
the metastasis of PCa and response to androgen deprivation therapy (ADT) [68]. Therefore,
the role of TAMs is multi-factorial in the progression of PCa, causing tumor invasion,
promoting angiogenesis, remodeling of ECM, releasing growth factors, tumor proliferation,
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metastasis, and ultimately instigating the immunosuppressive microenvironment. These all
establish favorable conditions for tumor cells to metastasize in the secondary organs [67,69].

Two major phenotypes of TAMSs are tumor-inhibiting M1 (classically activated) and tumor-
promoting M2 (alternatively activated). The main markers of M1 are HLA-DR, CD80/86,
and the key representative markers of M2 are CD206, CD163, CD204, stabilin-1. The

M1 macrophages manifest antitumoral activity that activates the adaptive immune response
and inflammation by releasing IFN-y and IL-12. In contrast, M2-like macrophages act

as immune suppressors in TME by inducing angiogenesis leading to metastasis [67]. The
presence of M2 macrophages was found to be clinically worse in PCa because it has a
unique pattern of infiltration [45]. During the progression of PCa, the infiltration of TAMs
increases because of the presence of the M2 phenotype in TAMSs, which suppress the
antitumor-immune response by promoting tumor growth., Therefore, high infiltration of
TAM s leads to poor survival of PCa patients [68,70]. In addition, studies have reported
that high numbers of CD163-positive M2 macrophages in prostate tumors are associated
with poor outcomes [69]. The immunosuppressive cytokines and chemokines can also

be produced from the M2 macrophages involved in the recruitment of lymphocytes and
stimulating them to develop into Tregs. The Tregs are involved in tumor development

by producing elevated IL-10, IL-32, and TGF-p that further inhibit the anti-tumor
inflammatory response and stimulate M2 macrophages [69,71]. TAMs are the essential
cells responsible for the immunosuppressive microenvironment by favoring the generation
of pro-inflammatory cytokines and the chemokines that drive the progression and the
metastasis of PCa [54,72]. The M1 macrophages produce inflammatory cytokines such

as IL-1B, IL-6, IL-12, IL-23, and TNF-a [73]; in contrast, the M2 macrophages have
anti-inflammatory activity and produce immunosuppressive chemokines IL-13, IL-10, IL-8,
IL-6, IL-4, and TGF-B. The immunosuppressive chemokines produced by TAMS increases
the motility, invasion, and proliferation of tumor [73]. The M2 phenotype was found to
significantly increase in the prostatic TME via initiating the complex paracrine signaling
through activation of different chemokines networking such as CXCL-10, CCL-22 [66],
CCL2, CCL3, CCL4, CCL5, CXCL1, CXCL2, CXCL8, CXCL9, CXCL10, CCL25, and
CCL27. Under the influence of these chemokines, the TAMSs are recruited to the cancer site
[7]. The overexpression of most of these chemokines and their receptors are involved in
cancer cell survival, proliferation, epithelial to mesenchymal transition (CXCL8/CXCR1),
metastasis (CCL2, CCL5), angiogenesis (CXCL1-3, CXCL5-6, CXCL8, CXCL12, CCL2,
CCL11, and CCL16), and in the immune evasion (CXCL5 and CXCLS8). In contrast, some
chemokines such as CCR1/CCR5 are known to support the inhibitory signals [64], and
CXCL9 produced by the CAFs has a role in inhibiting anti-tumor T cell response [73].

The differentiation of macrophages into TAMs is recruited by promoting CAF-derived
factors such as CCL2, IL-6, and IL-8, in which the CCL2 has strong chemotactic activity
for the macrophage’s recruitment. The TAMs infiltration in TME is highly dependent on
the presence of the above-described chemokines, which play a crucial role in the overall
heterogeneity of the tumor [73]. Many studies have also reported the supportive role of
TAMs and CAFs in promoting tumor metastasis in which the M2 phenotype assists tumor
growth and converts healthy fibroblast into CAF. Further, the CAF gets activated and
starts secreting factors that accelerate TAM, EMT, and tumor aggressiveness. Reports also
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suggested that CCL5 derived from TAMs promotes PCa stemness and metastasis with the
involvement of B-catenin/STAT3 signaling [74].

Moreover, the chemokines and their receptors, including CCL2, are involved in the TAMs
recruitment, which later facilitates tumor cell survival and metastasis [75]. Therefore,
TAMs influence diverse processes during tumor progression in PCa, including TAMs
infiltration is projected with poorer response ADT response and tumor angiogenesis [68,76].
Additionally, the amount of TAM is considered with prognosis where increased TAMs
infiltration was correlated with poor cancer-specific survival and recurrence-free survival.
In contrast, reports also suggested that the enhanced TAM infiltration in prostate tumors is
prognostic of improved disease-free survival [68]. However, for better understanding and
precise interpretation of TAMs in the PCa microenvironment, further studies with a more
significant number of patients and extended follow-up are required. Still, current evidence
provides the clinical significance and therapeutic management of TAMs in PCa.

3.3. Chemokines and their receptors in cancer cell stemness

The chemokines and their associated receptors are not only involved in cellular motility,
tumor angiogenesis, and proliferation but are implicated in the maintenance of CSCs [77]. It
leads to tumor malignancy by promoting the release of matrix metalloproteinases (MMPs),
EMT in cancer cells, and enabling therapy-resistant response [78]. The CSC’s proliferative
capability facilitates tumor initiation and produces various differentiated cell populations.
These cell populations constitute the phenotypically heterogeneous tumor [79] and are
highly resistant to chemotherapy [78,80]. As discussed earlier, tumor heterogeneity plays

a crucial role in enhancing cancer aggressiveness and drug resistance [79]. Recent reports
elucidated that genetic and phenotypic heterogeneity is the major challenge during the
treatment [77].

CSCs and epithelial-mesenchymal plasticity (EMP) are nongenetic heterogeneity and the
two principal interconnected axes. These are involved in different sarcomas, including PCa
[79,81]. The molecular interaction between the EMT and CSC has reflected that the process
of EMT constitutes the cancer stemness properties [82]. Bocci F et al. have demonstrated
the correlation between the EMT, Notch signaling, and CSCs in the progression and
maintenance of cancer aggressiveness. It was suggested that the stemness traits co-exist
with an epithelial/mesenchymal phenotype and associate with the Notch signaling [82].
Furthermore, the role of inflammatory cytokines was found in the activation of Notch
signaling, such as IL-6 is involved in the acquisition of various subpopulations of cancer
cells that exhibit the hybrid of EMT/EMP phenotype. This hybrid EMT/EMP possesses the
properties of cancer stemness [81]. In addition, many other studies have also shown that
cytokines increase the level of CSCs in the tumor [83].

An imperative cytokine IL-30 plays a significant role in regulating PCa stem-like

cell (PCSLC) behavior by synchronizing the cytokine-induced autocrine and paracrine
signaling [84]. The cytokine-mediated signaling activation alters the TME and promotes

the metastasis of PCa. The property of PCSLC is regulated by various factors such as
attachment factors like annexins |1, growth factors, hypoxia, angiogenic factors like VEGFs,
chemokines such as CXCL12. The up regulation of IL-30 promotes the viability of PCSCL,
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self-renewal tumorigenicity, inflammatory immune response v/a activating the STAT1/3
signaling. The overproduction of 1L-30 increases the expression of CXCR5 and CXCL13,
which helps PCSCL to metastasis into the lymph node and bone marrow, while the increased
expression of CXCR4/CXCL12 metastasizes to the lungs [84]. The CXCR4/CXCL12 are
well-studied chemokine receptors that regulate the cancer stemness in various cancer,
including PCa, where the higher expression of CXCR4 was observed in the tumor-initiating
markers CD44*/CD133* PCSLCs. That promotes the extracellular fibronectin proteins
adhesion and its proliferation in CXCL12 dependent manner by activating the PI3k/AKT
signaling cascade [77,85].

The continuous production of inflammatory and angiogenic responses promotes the hypoxic
condition in the TME, which leads to the generation of reactive oxygen species, further
supports the tissue damage events by raising the DNA damage of neighboring cells [86,87].
Hypoxia is a condition of low oxygen level in the cell that alters the microenvironment and
stimulates various molecular responses that support the tumor growth and survival controlled
by hypoxia-induced factor-1 a (HIF-1a), a transcription factor [55,87]. Hypoxia-induced
factors interact with the hypoxia-response element and regulate cellular events such as cell
proliferation, angiogenesis, invasion, metastasis, and EMT [88]. The hypoxic condition in
the TME causes the increased expression of chemokines ligands and their receptors such as
CXCL12, CCL28, and CXCR1, CXCR2, CXCR4, CCR2, in various cancer such as breast
cancer, ovarian cancer, and PCa [88]. In PCa, the hypoxic condition enhances the CXCR1
and CX3CR1 expression that regulates the invasion and migration of PCa cells [88,89].
Thus, targeting these chemokine receptors may result in improved treatment outcomes.

4. Chemokines and their receptors in drug resistance

The evolution of chemoresistance is one of the hallmarks in the course of cancer treatment.
However, the mechanism that underlies chemoresistance is still a matter of research. Several
lines of evidence suggested that TME and its components such as CAFs, TAMs, cytokines/
chemokines, and immune cells play a major role in the inauguration of chemoresistance

by protecting the tumor niche against chemotherapeutic drugs [90,91]. Interestingly, cancer
progression to the secondary organ is instructed by the secretion of immune cells at the
tumor site by interacting with the chemokines and their receptors [92]. Chemokines and
their receptors were found to show a strong relation and result in poor clinical outcomes

in various cancer such as oral squamous cell carcinoma (OSCC), breast cancer, and PCa.
For instance, the increased level of CCR7 and its ligand CCL21 were found in OSCC [93],
while the overexpression of CXCR4, along with its ligand CXCL12, serves as the potent
driver of breast cancer progression [94]. Notably, the chemokine CCL5 was found to play
an important role in drug resistance in patients with PCa [95]. Chemokines that belong

to the CC subfamily have been implicated in chemoresistance; as CXCL12 gets elevated
during cancer chemotherapy [96], CCL5 activates the STAT3 through an autocrine loop by
inhibiting the caspase9/PARP and modulates the Bcl-2. The autocrine regulation avoids the
response of drugs and other signaling pathways activated by tumor-derived cytokines, which
are involved in cancer cell survival and proliferation, which further prevents chemotherapy
[97].
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Studies have revealed that the CCL2-CCR2 plays a crucial role in the drug resistance

of PCa. Increased expression of CCL2 was found in cabazitaxel-resistant cell line DU145-
TXR/CxR and Paclitaxel-resistant cell line DU145-TxR compared with the vehicle control,
where the CCL2-CCR2 reduced the apoptosis by inhibiting the caspase-3 [98]. Another
prominent study reported the role of chemokines in PCa to bone metastasis and drug
resistance by activating the CXCR4 receptor. Mechanistically, through the bone-borne TGF-
B induced acetylated transcription factor Kriippel-like factor 5 (Ac-KLF5) that stimulates
the secretion of IL-11, which further triggers the SHH/IL-6 paracrine signaling. SHH/IL-6
cascades are also crucial for tumorigenicity and mesenchymal phenotype maintenance. The
Ac-KLF5 was also found in docetaxel resistance in PCa to bone metastasis, where the high
expression of KLF5 in the bone metastasis of PCa /n vitroand in vivo models. Hence, this
chemoresistance of PCa can be conquered by targeting KLF5 and the chemokine receptor
CXCR4 [99]. A recent study also demonstrated that CCL20/CCR® axis disruption in mice
with syngeneic PCa bone metastases relieves T cell exhaustion and extends animal survival
[100].

Increasing evidence has suggested the role of obesity in PCa progression and
chemoresistance by activating the chemokines. The periprostatic white adipose tissue
(PPAT) surrounding the prostate gland consists of adipocytes and other cells such as
macrophages, endothelial, and epithelial cells. The combination of PPAT with PCa cells
increases the extra-prostatic extension. In the presence of PPAT, obesity was found to
increase the extra-prostatic extension as PPAT is elevated in obesity, promoting PCa
progression [101]. However, Laurent et al. have reported that the chemokine CCL7, secreted
by these adipocytes, gets dispersed from the PPAT to the periphery of the prostate gland.
This CCL7 binds to its receptor CCR3 which is expressed on the PCa cell surface,

leading to extra-prostatic extension [102]. In PCa, the adipose-derived stem cells (ASCs)
derived adipocytes help in the migration of tumors and induce the EMT, resulting in the
aggressiveness of PCa [103]. Further, the effect of these ASCs on PCa cells sensitivity

has been evaluated to chemotherapeutic drugs such as cabazitaxel, cisplatin, and docetaxel
which showed resistance against these chemotherapeutic drugs in the presence of ASCs
[101].

As chemokines and chemokine receptors are represented by malignant cells, leukocyte
infiltrate is considered an ideal target for immunotherapy. In the context of PCa,

chemokine receptor inhibitors in combination with chemotherapy or with antibodies against
immune checkpoints were evident for killing tumor cells [104]. Altogether, targeting these
chemokines and their receptors, especially CCL5, CXC12, CXCR4, and CXCR7, would be
a promising target as chemo or immunotherapy to reduce metastasis and drug resistance of
PCa.

5. Cytokines in prostate cancer

Cytokines are small polypeptides/glycoproteins (low molecular weight) act as molecular
messengers of innate/adaptive immunity. Also, it functions to transfer signals of
development, differentiation, and pro-inflammatory/anti-inflammatory to various types of
cells [105,106]. Cytokines are secreted for a distinct period (short half-life) in response
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to stimuli and predominantly work in an autocrine or paracrine manner. The association

of cytokines with the immune system significantly increases the interest to target these
cytokines to treat cancer [106]. The alteration of the cytokine signaling in the cancer cells
affects their connections with the immune system. The presence of inflammatory cytokines
in the TME recommends their crucial role in cancer progression and therapeutic efficiency
[106,107].

5.1. Interleukins in the development and progression of prostate cancer

ILs are a class of cytokines that play a role in signaling and are subdivided into four major
types and around 50 subtypes. The major ILs involved in the proliferation of cancer are IL-1
and IL-2 superfamilies, IL-6, IL-10, IL-12, IL-17. The IL-1 is known to act on various levels
in the initiation and progression of tumor development, such as driving tumor angiogenesis,
chronic inflammation, MDSC induction, and invasion and metastasis [108].

IL-6 has been reported in high concentrations and is generally overexpressed in almost

all types of cancer cells. Moreover, IL-6 protects the cancer cells from chemo/radiotherapy-
induced DNA damage and apoptosis by activating the anti-apoptotic pathway [109]. In
PCa, the IL-6 signaling is involved in the resistance to radiotherapy. The IL-6 upregulates
the DNA repair-related signaling molecules ataxia—telangiectasia and Rad3 related (ATR),
ataxia—telangiectasia mutated (ATM), and breast cancer gene (BRCAL/2), responsible for
developing the therapy resistance. Chen et al. showed that IL-6 expressing cell lines survive
better after irradiation than vehicle control cells. It was further confirmed by the xenograft
mouse model that showed radiation sensitivity of C4-2-1L-6 cell-derived tumors vs. C4-2-
vec cell-derived tumors, suggesting the role of IL-6 in developing radiation-resistant PCa
cells [110]. In pre-clinical studies, IL-6 increased proliferation and decreased apoptosis in
the PCa cells viatargeting several signaling pathways such as JAK-STAT ERK1/2-MAPK
and PI3-K pathway. Moreover, IL-6 regulates the EMT involved in the aggressive PCa
phenotype [111].

Another inflammatory cytokine, IL-8, plays an imperative role in developing many human
malignancies [112]. A meta-analysis study by Chen et al. also suggested that IL-8
rs4073polymorphism was significantly associated with a high risk of PCa [113]. The

IL-8 endorses proliferation and decreases apoptosis in PCa cells. The IL-8 works as the
connecting molecule between the inflammation and tumor cell oxidative stress-mediated cell
death. It also showed a connection with the mTOR and glycogen synthase kinase-3 beta
(GSK-3p). Sim et al. showed that GSK-3p enhanced the oxidative stress in PCa cells via
stimulating ROS production; in contrast, IL-8 and mTOR defend these cells and mitigate
the oxidative stress v/a inhibition of GSK-3p [114]. Chronic inflammation is associated with
PCa development, and IL-1p plays an essential role in inflammation. The expression of
IL-1pB leads to human prostatic proliferative inflammatory atrophy (PIA) lesions. The IL-1p
expression was studied in the transgenic mouse, which resulted in a transformed glandular
architecture that phenocopies human PIA. The human IL-1p in the mouse prostate caused
acute and chronic inflammation, which was categorized viathe permeation of CD4* T cells
that feature an adaptive immune response [115].
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The IL-15 is the only one in the group of cytokines that trigger natural killer (NK) cells in
the presence of PC3 and LNCaP PCa cells [116]. Sakellariou et al. isolated the lymphocytes
and co-cultured cancer/-non-cancer PCa cells with cytokines like IL-2, 1L-12, IL-15, IFN-c,
or IL-21 for one week. They compared the growth level of NK cells/NKT cells and CD8T
cells in the normal and cancer cells and found that the growth level was high in the
presence of PCa cell lines stimulated by IL-15 cytokine [116]. Yuanyuan et al. studied

the vulnerability of the polymorphism of 1L-18-607 C/A towards PCa. In this study, the
meta-analysis of 1L-18-607 C/A polymorphism showed that I1L-18-607 C/A polymorphism
resulted in the reduced threat of PCa in the Asian population augmented threat in the
Caucasian population [117].

The pro-inflammatory cytokine IL-17 is involved in the initiation and progression of various
cancers, including PCa. In the mouse prostate, the IL-17 stimulates the cancer progression
with the simultaneously increased expression of MMP7; later, one facilitates the role of
IL-17 in the advancement of PCa via initiation of EMT. Zhang et al. proved the role of
IL-17 in the development of PCa via MMP7-induced EMT. They have used /7 vitro and

in vivo knockdown strategies to validate this. Therefore, the IL-17-MMP7-EMT axis can
be served as a potential therapeutic target for the prevention and control of PCa [118]. In
another study, Rogers et al. try to improve the therapeutic potential of an anticancer vaccine
(GMCSF-expressing CT-26 GVAX) via specifically targeting the immunosuppressive cells,
f.e., Tregs in the TME. They eliminate these cells viaa chimeric protein consisting of the
cytokine IL-2 merged to the binding mutant of the highly toxic bacterial toxin proaerolysin
(IL2-R336A) [119].

In addition, IL-23 promotes the progression and persistence of the PCa cells in androgen-
deprived conditions via activating the AR pathway. In this way, IL-23, which is derived by
the MDSCs, serves as a cause for ADT resistance. The increased concentration of 1L-23
and enhanced permeation of MDSC was reported in the blood and tumor samples of PCa
patients. In mice, the inactivation of the IL-23 v/a specific antibody results in the sensitivity
to the ADT. These studies confirmed the role of IL-23 in the proliferation and enhancement
of the PCa [120].

In contrast, some ILs such as IL-24 and IL-6 showed anti-tumor activity in the PCa cells.
The DU-145 cells transfected with the IL-24 gene using a retroviral vector showed inhibition
of cell growth and viability together with the induction of apoptosis and regulation of
anchorage dependence via intracellular signaling. Furthermore, a reduced level of stress
fiber formation and reduced fibronectin expression affect the motility of the PCa cells [121].
Zhang et al. showed the anticancer activity of Polyphyllin I in PC3 and DU145 PCa cells.

In this study, the polyphyllin | increased the expression of p21 and caused cell cycle arrest
at the GO/G1 phase viaincreased expression of I1L-6, suggesting the role of IL-6 in the
anti-tumor activity [122] (Fig 2; Table 1).

5.2. Transforming growth factor g and prostate Cancer

The TGF-p showed divergent character in cancer development. It serves as a tumor
suppressor at the early stage of tumor development, whereas at later stages, it promotes
tumor development via initiating progression and metastasis [123]. TGF-B is of three types
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viz. B1, p2, and B3 that function via TGF-f receptor (TGF-BR). The most abundantly
expressed TGF-BR is the TGF-BRIII. However, its expression is frequently lost or reduced

in PCa cells suggesting its function as a tumor suppressor. It may hint towards a possible
mechanism via which cancer cells evade TGF-p-mediated tumor suppression. Previously, It
was known that growth differentiation factor-15 (GDF15) facilitates tissue repair after acute
injuries via TGF-B signaling. But recently, a cognate receptor glial-derived neurotrophic
factor receptor alpha-like (GFRAL) has been discovered for the cytokine GDF15, which
plays an intense role in obesity, cancer, and cachexia [124-126]. GDF15 facilitates PCa bone
metastasis through osteoblastic CCL2 and RANKL activation [127].

Similarly, the loss of the TGF-BRII expression in the epithelium, whether through

gene methylation silencing or transcriptional blockage, has been associated with TGF-

B insensitivity, promoting metastatic spread [128]. Liu et al. demonstrated the role

of the TGF-B-Smads signaling pathway in the PCa cells progression v/a elevated
expression of interferon-inducible transmembrane protein 3 (IFITM3). The knockdown
and overexpression of IFITM3 showed an effect on the activation of the MAPK pathway.
This alteration was more prominent after the exogenous stimulation of TGF-p, showing
the role of IFITM3 in PCa development and progression of bone metastasis viathe TGF-p-
Smads-MAPK pathway [129]. The TGF-B1 signaling emerged as a critical regulator in the
enhanced proliferation and migration of the PCa cells via CAFs in pre-clinical studies. It
has been reported that CAFs significantly enhanced PCa cell proliferation. The inhibition
of TGF-B signaling with TGF-p receptor inhibitor (LY2109761) reduced the CAF-mediated
PCa cell proliferation and migration [130]. Moreover, TGF-B1 is highly expressed in PCa
cells, and the progression of these cells was also suppressed by using LY2109761 [131].

The long non-coding RNAs (LncRNAS) have been associated with the TGF-f signaling
and TGF-B mediated cell migration and invasion in various cancers [132-135]. The

plasma level of TGF-B1, together with the MIR4435-2HG, was high in PCa patients.

The LncRNA MIR4435-2HG also reported stimulating lung cancer. The overexpression

of the MIR4435-2HG increased the level of TGF-B1 and led to enhanced cancer cell
progression and metastasis, but the inhibitor of the TGF-B diminished this enhancing effect.
In this regard, the MIR4435-2HG might enhance the progression of PCa via upregulating
TGF-B1 [136]. The TGF-p1 activates the TGF-p signaling after binding with the TGF-BR2,
which leads to the stimulation of EMT in PCa. A prominent study by Qi et al. explored

the regulatory function of a loop consisting of miR-20b-5p, TGF-BR2, and E2F1 in the
modulation of EMT induced by TGF-B1. This study uncovers a unique mechanism that
demonstrates the connection of miR-20b-5p/TGF-BR2/E2F1 alliance in TGF-B1 prompted
EMT of PCa cells [137]. The Afdal et al. found the difference in the expression pattern of
both IL-6 and TGF-B1 between prostate hyperplasia and PCa. The TGF-B1 was spotted in
the stromal as well as in the epithelial part. The two most common pathological conditions
of the prostate are hyperplasia and cancer, which show the mutual pathogenesis comprising
inflammation of prostatic tissues [138]. The high expression of stromal TGF-B1 was
reported in prostate hyperplasia compared to PCa (Fig. 3). TGF-B plays a crucial role in
bone metastasis, an advanced stage of PCa, with very few therapies. The TGF-f prompts
EMT and also contributes to bone metastasis.
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5.3. Interferons and prostate cancer

5.4. Tumor

Interferons can be broadly categorized into three classes Type | (IFN-a, B, €, x, w),

Type 1l (IFN-7y), and Type 111 (IFN-A) based on differences in their properties, such as

a corresponding receptor, sequence, and cell secreting them [139]. IFN-y secreted by NK
cells was found to be dropped to an abnormal level in PCa patients [140]. In contrast, IFN-y
also upholds cancer cell survival and prompts adaptive immune resistance in PCa cells.
Increased level of programmed death-ligand 1 (PD-L1) showed the involvement of IFN-y
in cancer progression. In another interesting study, Lo et al. showed that IFN-y enhances
EMT wiaregulation of miRNA turnover in PCa. An IFN-induced IFIT5, a tetra-tricopeptide
repeat (IFIT) family member, develops a complex through the exoribonuclease-XRN1 to
process miRNA maturation. Together, these findings revealed a novel IFN-y—STAT1-IFIT5-
mMIiRNA-EMT pathway in PCa development and metastasis [141].

Xia et al. demonstrate the high secretion of IFN-y in the GM-CSF-modified cell vaccine
group of splenocytes (from the experimental animals C57BL/6 mice) against RM-1 cells.
This secretion was further decreased after vaccination in males compared to females
[142,143]. The IFN-y induced EMT in PC-3MIES cells suggested that the EMT is crucial
for the progression and invasion of PCa. The high-throughput sequencing of differentially
expressed circular RNAs (circRNAs) and miRNAs in the cells with or without IFN-y
treatment revealed that differentially expressed circRNAs and differentially expressed
miRNAs were augmented in the MAPK signaling pathway associated with EMT [143].
IFN-y may impart crucial roles in cytotoxic T cell functions and anticancer activity. The
increased level of IFN-y was found in the treatment-sensitive metastatic CRPC patients.
The level of IFN-vy, together with the TNF-a, IL-5, IL-10, and MIP-1a, was further
increased after week eight compared to the baseline [144]. The initiation of MSCs via
pro-inflammatory cytokines like TNF-a and IFN-vy increases PDGF and VEGF levels via
the NRF2-HIF-1a pathway that stimulates PCa growth in the C57BL/6 syngeneic mouse
model [15]. Moreover, in the occurrence of IFN-y and TNF-a, these PCa-infiltrating MSCs
enhance the level of PD-L1 and PD-L2 on their cell surface [145] (Fig. 3).

necrosis factor in prostate Cancer

TNF-a is most expansively reported in various cancers; however, this superfamily also
consists of other cytokines. The cytokines TNF-a, IL-6, IL-23, and IL-8 (originated

from myeloid), and different immunosuppressive cellular compartments showed decreased
survival and development of the androgen-independent PCa. In a study by Hawley et al.,
TNF-a emerged as a prospective negative predictive biomarker for irregular ADT receiving
patients. This study proposed the requirement of straight cure growth or a constant course
of ADT for patients having a high TNF-a level [146]. The TNF-a levels, together with the
IL-1pB and IL-6, were found to be increased in the PC3 and C4-2B cells after stimulation
with the extracellular histones. It is also a possible cause of the enhanced migration rate

of PCa cells [147]. The TH17 cells co-expressed TNF-a and IL-17 in many tumors, but
both cytokines act independently in PCa cells. TNF-a induced PD-L1 mRNA and protein
expression in LNCaP cells but could not prompt PD-L2 mRNA or protein expression in the
same. In addition, the PD-L1 protein expression induced by TNF-a could be diminished
by the NF-xB inhibitor. The TNF-a activates NF-xB signaling in LNCaP cells [148]. Fu
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et al. suggested the protective role of prostate-associated gene 4 (PAGE4) in terms of
decreased signaling via TNF-a and TGF-B pathways in the stromal cells. The up-regulation
of PAGE 4 was found in early-stage PCa and its precursor lesions. On the contrary, its
downregulation was reported in highly metastatic PCa. This study suggests the role of
TNF-a signaling in the migration and invasion of the PCa epithelial cells [149]. The
targeted delivery of a small fusion protein comprising TNF-a. to the tumor endothelium with
Cys—Asn-Gly—-Arg—Cys—-Gly—-TNF (NGR-TNF) can activate endothelial cells and enhance
the tumor infiltration by CTLs [150-152]. In addition to this, NGR-TNF could sensitize

the tumors to immune checkpoint blockade (ICB) together with the PD-1 and CTLA-4
receptors specific antibodies. In this way, tumor vasculature targeting with the low-dose
TNF associated with adoptive T-cell therapy can serve as an innovative approach to disable
resistance to immune checkpoint blockers and improve the permeation of T-cells in tumors
[152].

The microRNAs (miRNAS) play a crucial role in numerous biological and physiological
processes in different cancers. Angiogenesis is one of the biological processes necessary for
the development and metastasis of solid cancer. The downregulation of the miR-130b was
found in PCa cell lines, and the enforced expression of miR-130b obstructed the in vitro
and /n vivo angiogenesis of PCa. Mu et al. found that TNF-a was regulated by miR-130b,
and the TNF-a expression was inhibited by MiR-130b via diminishing NF-xB axis and

its downstream target gene VEGFA. This study demonstrated that miR-130b might serve

as a potential therapeutic target for PCa treatment, and miR-130b/TNF-a/NF-yB/VEGFA
feedback loop is considerably associated with PCa angiogenesis [153].

The level of TNF-a was also increased in various anticancer studies against the PCa. The
high expression level of TNF-a was found in the DU145 PCa cells after treatment with the
New-nitro-L-arginine methyl ester (L-NAME), which is a nitric oxide-based treatment [154].
Gu et al. explored the anti-PCa effect of plant enzyme validux (PEV), which suppressed the
progression of PCa via increasing the level of TNF-a [155] (Fig. 3).

6. Chemokines and cytokines targeted for PCa in clinical trials

In cancer therapy, the role of cytokines and chemokines has been long studied by researchers
over the years. Cytokines have been known to stimulate the TME and recruit immune cells
such as CD4™T cells, which then can target the tumor cells; thus, the cytokines may not
influence the target tumors directly but v/athe enhancement of various cytotoxic therapies
[156]. Recent research on cytokines has shown positive results in some clinical trials,

mainly in combination with other therapies. Moreover, cytokines such as GM-CSF enhanced
the activation of antigen-presenting cells such as dendritic cells (DCs), macrophages, and
NKT cells, thereby improving tumor antigen presentation [157]. A clinical study under the
identifier- NCT02250014, which started in 2014 and is still ongoing, has shown increased
effects of sargramostim (the synthetic form of GM-CSF) after cryotherapy (NCT02250014).
Another ongoing study for treating solid tumors (including PCa) under the identifier-
NCT03970382 is under investigation in phase-I, where IL-2 is being used in combination
with nivolumab NeoTCR-P1 adoptive cell therapy (NCT03970382). Concerning chemokineg,
studies related to primarily the blockers of chemokine receptors have been employed in
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trials that were not found to be of much relevance as not many chemokine-related studies
were undertaken. Studies were undertaken regarding the chemokine CCL2, which was
targeted using anti-chemokine drugs such as carlumab targeting CCL2. A clinical trial

was also set up, which was later discontinued due to a lack of visible results in the trials
(NCT00992186). Recently, a study on the chemokine IFN-a-2b is also being monitored and
is currently under phase-I1 for its effect on PCa before surgery in combination with other
drugs, namely Aspirin and rintatolimod, in patients with localized PCa undergoing radical
prostatectomy (NCT03899987). Moreover, Morales and Emerson reported an intralesional
recombinant IFN-a-based study for localized PCa, where they directly administered the
IFN-a into the prostate. The results of this phase I trial indicated a beneficial effect of
recombinant IFN-a [158]. A similar study was undertaken using lower doses of IFN-a-2b
combined with docetaxel in patients with CRPC [159]. Evidence shows there have not been
many studies in the recent past that directly deal with the use of cytokines or chemokines
either alone or even in combination with other drugs or therapies. Although the study of
cytokines and chemokines has shown results 7 vitro, in vivo, and pre-clinical studies, the
overall effort has not led to much translation at the clinical level.

7. Concluding remarks and future prospective

PCa is a solid tumor triggered by chronic inflammation, inappropriate hormones stimulation,
altered expression of distinct chemokines/cytokines, or imbalance in the homeostatic
mechanisms coupled with chemokines and other regulatory signaling axis. Remarkably,
both chemokines and cytokines play critical roles in modulating the immune response,
promoting the trafficking of immune cells in TME, and significantly contributing to tumor
heterogeneity. These immunomodulators have a pleiotropic effect and perform various
functions depending on environmental cues.

The functionality of these chemakines relies on the binding of their receptors that
influence cellular trafficking and regulate several vital aspects of the cellular process.

In the primary PCa and metastatic locations, the chemokines/receptors axis regulates
multistep processes requiring activation of tumor-promoting signals. These signals provide
survival, proliferation, angiogenesis, EMT, invasion characteristics, and acquisition of
resistance to chemo-hormonal therapy of PCa cells. In addition, chemokines modulate

the host-tumor connections and enable cancer cells to evade the immune system for
promoting PCa development and progression. Hence, it is critical to understand the
responsive factors that trigger the dysregulated function of chemokine receptors in PCa.
Notably, cell types and physiological states determine the redundancy between chemokines/
receptors complex functionality as pro-inflammatory/anti-inflammatory effects in certain
circumstances. Therefore, therapeutic strategies targeted at one chemokine are primarily
ineffective in clinical trials.

In the future, research can be directed toward a better understanding of the regulation

of different cascades that govern the altered expression of these chemokines/cytokines in
PCa cells. The development of chemokines/cytokines-based drugs is still a challenge. The
mechanism by which these chemokines/cytokines manage the invasion and metastasis of
specific cancer can uncover the whole layout of their role in the disease progression. In
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addition, it will also be helpful to design a possible therapeutic approach that can have
the potential to fight in a well-organized and targeted manner against the different types
of cancer. Moreover, potential inhibitors/monoclonal antibodies can be synthesized and
optimized against these targets to overcome the treatment resistance to better recover PCa
patients. In conclusion, modulation of the chemokine and cytokine secretion and related
signaling may potentially approach to PCa therapies.
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Fig. 1.

Rgleof chemokines, interleukins, TNF-a and | FN-y in PCa. (i) Chemokines CCL2
(CCR5, CCR7, and CCR9) and CXCL8 (CXCR1, CXCR2, CXCR3, CXCR4, CXCRS5,
CXCRY7) play a crucial role in PCa progression, (ii) CCL2 and CCL17 stimulated the
phosphorylation of AKT, resulting in the enhanced invasion and metastasis of PCa cells,
(iif) CXCL1 and CXCL2 uphold inflammation and tumor development after binding to

the receptor CXCR2, (iv) ALCAR obstructs the synthesis of pro-inflammatory chemokines
(CCL2, CXCL12 and receptor CXCR4) and cytokines (TNF-a and IFN-y), this reduces
invasion, proliferation, and migration of DU-145, LNCaP, PC-3,22Rv1, and BPH cells, (V)
RUNX2 initiates transcription of CXCR7 and membrane locality and AKT phosphorylation
in PTEN-deficient human PCa cell lines, (vi) High infiltration of the CCR4*Tregs was found
in the CRPC and the CD4*T cells activated the CCL5/STAT3 signaling pathway during this
resistance, (vii) In the CXCL12 dependent metastasis PKC( isoform of PKC showed the
highest suppression in metastasis.

Abbreviations- PCa- prostate cancer, TAMs- tumor-associated macrophages, PGE2-
prostaglandin-E2, COX2- cyclo-oxygenase-2, NFKB- nuclear factor kappa-light-chain-
enhancer of activated B cells, JAK- janus kinase pathway, AKT- protein kinase B pathway,
PKC- protein kinase C, PKD-protein kinase D, DHT- dihydrotestosterone, AR- androgen
receptor, GPCR- G protein-coupled receptor, GNA13- G protein subunit alpha 13, TME-
tumor microenvironment, STAT3- signal transducer and activator of transcription 3, Tregs-
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regulatory T cells, CRPC- castration-resistant prostate cancer, RTK- receptor tyrosine
kinase, PI3K- phosphatidylinositol 3-kinase, EMT- epithelial-mesenchymal transition,
ALCAR- acetyl-L-carnitine, VEGF- vascular endothelial growth factor, MMP-9- angiogenin,
metal-loprotease 9, RUNX2- runt-related transcription factor 2, PTEN- phosphatase and
tensin homolog, HGPIN- high-grade prostatic intraepithelial neoplasia.
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Fig. 2.

Signaling of interleukins,|FN-y and TNF-a in PCa. (i) TNF-a and IFN-y increase PDGF
and VEGF levels viathe NRF2-HIF-1a pathway and stimulate PCa growth, (ii) Occurrence
of IFN-y and TNF-a., causes mesenchymal cells to have increased levels of PDL1 and
PDL2, (iii) Polyphyllin I increase the expression of p21 and cause cell cycle arrest at the
GO0/G1 phase viaincreased expression of IL-6, (iv) IL-8 and mTOR mitigate the oxidative
stress via inhibition of GSK-3B, (v) IL-17 stimulates expression of matrix metalloproteinase
7 (MMP7); which causes the advancement of PCa via initiation of EMT, (vi) IL-24 also
inhibit the cell growth, (vii) IL-18-607 C/A polymorphism resulted in the reduced threat of
PCa, (viii) MDSCs derived IL-23 serves as a cause for the resistance to ADT, (ix) IFN-y
secreted by NK cells and high expression of the IFN-y together with the TNF-a., IL-5,
IL-10, and MIP-1a was found in CRPC and IL-15 is the only one in the group of cytokines
that can trigger NK cells in the presence of PC3 and LNCaP PCa cells.

Abbreviations- IL-interleukin, TNF-a- tumor necrosis factor a, IFN-y-interferon y,

PCa- prostate cancer, CRPC- castration-resistant prostate cancer, MSCs- mesenchymal
stem cells, PDL1 & PDL2- programmed death-ligand 1 & ligand 2, ADT- androgen
deprivation therapy, MDSc- myeloid-derived suppressor cells, IFIT5-interferon-inducible
transmembrane protein 5, Ab- antibody, EMT- epithelial-mesenchymal transition, MMP-7-
matrix metalloproteinase 7, GSK-3p- glycogen synthase kinase-3 beta, PDGF- platelet-
derived growth factor, VEGF- vascular endothelial growth factor, ROS- reactive oxygen
species, MAPK- mitogen-activated protein kinase.
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Fig. 3.

NGR-TNF—> Endothelial cells—)@CTLs illﬂftratlon

PD1 & CTL-4 antibody

(A) Signaling of TGF-p in PCa. The TGF-p1 activates the TGF-p signaling after binding
with the TGF-beta receptor 2 (TGF-BR2), which leads to the stimulation of EMT in PCa.
miR-20b-5p, TGF-BR2, and E2F1 are known to promote the TGF-B1 prompted EMT of PCa
cells, (B) Signaling of TNF-a with TGF-B and interleukinsin PCa. (i) High levels of
TNF-a, together with the IL-B, and IL-6 in the presence of extracellular histones, causes
enhanced migration rate of PCa cells, (ii) MiR-130b, inhibit the expression of TNF-a. v/a
diminishing NF-xB axis and its downstream target gene vascular endothelial growth factor-
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A (VEGFA), (iii) Nw-nitro-L-arginine methyl ester (L-NAME), increases the expression of
TNF-a, which is leveraged by plant enzyme validux (PEV) to suppress the progression of
PCa.

Abbreviations- PCa- prostate cancer, ADT-PCa-ADT androgen deprivation therapy
receiving prostate cancer, IL- interleukin, TNF-a- tumor necrosis factor a, TGF-p-
transforming growth factor g, NGR-TNF- tumor necrosis factor-a (TNF-a.) to the tumor
endothelium with Cys—Asn-Gly—Arg-Cys—-Gly—-TNF, NFKB- nuclear factor kappa-light-
chain-enhancer of activated B cells, PDL-1-programmed death-ligand 1, CTLs- cytotoxic T
lymphocytes, ICB- immune checkpoint blockade, PD-1- Programmed cell death protein 1,
CTT-4- cytotoxic T-lymphocyte-associated protein 4, VEGFA- vascular endothelial growth
factor-A, PAGE4- prostate-associated gene 4, L-NAME-Nw-nitro-L-arginine methyl ester,
PEV- plant enzyme validux, CAFs-cancer-associated fibroblast, TGF-BR2- transforming
growth factor-beta receptor 2, EMT-epithelial-mesenchymal transition, IFITM3-interferon-
inducible transmembrane protein 3, MAPK- mitogen-activated protein kinase, E2F1-E2F
Transcription Factor 1.
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List of various chemokines with their corresponding receptors, and interleukins, involved in the development,
invasion, and metastasis of PCa.

Chemokines & Functionsin PCa Study details References
Interleukins
CCL2, 8, 16/ Metastasis CCL2 acts as a paracrine and autocrine factor for PCa growth and invasion  [160]
CCR2 and is mediated by CCR2.
CCL2& CXCL8/  Tumor progression and PCa cells infected with 7richomonas vaginalis (Tv) showed increased [34]
CXCR1,CXCR2 metastasis via NF-xB, levels of CCL2 and CXCLS.
& CCR2 JAK, and Snail signaling
pathways
High expressions of CCL5 and CCRS5 are detected in human PCa tissues.
CCL5. 3. 4/ CCRS5 expression was demonstrated on the cell surface of PCa cells,
CCR5’ ’ Metastasis and incubation with CCL5 induced PCa cell proliferation, and the CCR5 [161]
antagonist TAK-779 inhibits CCL5-induced proliferation. CCL5 was found
to stimulate PCa cell invasion, and TAK-779 blocks the effects of CCL5.
Infiltration of CD4*T cells  qPCR analysis and cytokine arrays demonstrated that the co-culture of [40]
leads to CRPC CD4*T cells with PCa cells might be able to release a high volume of
CCLS5. Variable expression of chemokine receptors may be associated with
CCL19. 21/ . organ-specific patterns of metastasis.
CCR7 | Metastasis Expression of CCR7 may have accounted for lymph nodes metastasis of [162]
PCa cells.
The migration of tumor cells shares many similarities with leukocyte
P . : trafficking, which is regulated by chemokine receptor-ligand interactions.
CCL25/CCR9 Migration and invasion This study evaluated the molecular mechanisms of CCL25 and CCR9 in (163]
PCa cell migration and invasion.
Inflammation, A . . . . .
OCLie | tmordeviopner, (SN O CXCLSCKCRE s sl e g 1164
CXCL2/CXCR2  aggressiveness, resistance cell survi{/al and miaration ’ ! ’
and angiogenesis 9 :
- CXCL5/CXCR2 axis can stimulate tumor growth and angiogenesis, and
CXCLS5/CXCR2  Recurrence and metastasis promote the infiltration and activation of host cells. [165]
CXCL6/ Proliferation and The interaction of CXCL6 has been evaluated with CXCR1/2 and [166]
CXCR1/2 metastasis correlates with the growth and metastasis of osteosarcoma.
CXCL8/ Metastasis The CXCL8-CXCR1/2 axis may play an important role in tumor [167]
CXCR1/2 progression and metastasis by regulating cancer stem cell (CSC)
proliferation and self-renewal.
CXCLS8, 12/ Adhesion, proliferation, AR expression regulates the migratory responses of human PCa cells via [168]
CXCR4 and metastasis the CXCLS8, 12/CXCR4 axis.
CXCLJ9, 10, 11/ Growth Binding of CXCLJ9, 10, 11 with CXCR3 activates pro-tumoral signaling [169]
CXCR3 events and increases tumor progression from a low to a highly aggressive
phenotype.
Activation of CXCL11, 12/CXCR?7 axis promotes the growth and
proliferation of PCa cells.
CXCL11, 12/ Growth and proliferation Overexpression of CXCR7 in normal prostate cells increased their [170, 171,
CXCR7 proliferation with increased levels of phospho-EGFR and phospho- 172, 173]
ERK1/2.
The high mobility group box1 protein linked CXCL12 interacts with
CXCL12/ Imply neutrophils to the CXCR4 ligand to intervene its effects such as employment of neutrophils 196, 174]
CXCR4 tumor microenvironment to the tumor microenvironment and acquiring an anti-cancer reaction '
prompted by treatment with cabozantinib, a RTK inhibitor.
Tumor progression and Activation of the CXCL13/CXCR5 axis is associated with G protein-
immune modulation in coupled receptor (GPCR) responsiveness, invasion/migration, immune [175]
CXCL13/ tumor microenvironment checkpoint, and innate immunity.
CXCRS Invasion and MMP Activation of CXCL13/CXCR5 axis increases the expression of MMP-1,
MMP-10, and MMP-11 and increases the invasiveness and metastasis of [176]

modulation

PCa.
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Chemokines & Functionsin PCa Study details References
Interleukins
: : CXCR6/AKT/mTOR pathway plays a central role in the development of
exeLe! Achesion and chronic PCa, and CXCL16/CXCR6 might be another essential axis involved in [177]
PCa bone metastasis.

CCL22/CCR4 Phosphorylation of Akt CCL2 and CCR2 were reported in the PCa cells in the /n vitro co-culture [18]
and enhanced the study of PCa cells with macrophages.The increased level of CCL22 and
metastasis and invasion CCR4 in the PCa cells was achieved v7a the addition of CCL2.

IL-IB Chronic inflammation, The IL-IB expression showed the transformed glandular architecture that [178]

phenocopies human PIA.

IL-2 Improve the therapeutic Specifically targeted the regulatory T cells in the tumor microenvironment [119]
potential of an anti-cancer ~ and eliminated these cells viaa chimeric protein, which consists of the
vaccine cytokine IL-2 merged to the binding mutant of the highly toxic bacterial

toxin proaerolysin (IL2-R336A).

I1L-6 Chronic inflammation, IL-6 increased proliferation and decreased apoptosis in the PCa cells via [179]
EMT, resistance to targeting several signaling pathways such as JAK-STAT, ERK1/2-MAPK,
radiotherapy leads to and PI3-K pathway.

CRPC
IL-8 Inhibition of GSK-3p leads  IL-8 acts as a connecting molecule between the inflammation and cancer [180]
to cancer cell defense cell oxidative stress-induced death; IL-8 and mTOR defend PCa cells and
mitigate the oxidative stress vz inhibition of GSK-3p.
IL-15 Activation of NK cells Lymphocytes co-cultured with PCa/noncancer cells with IL- 15, IL- 2, [116]
IL-12, IL-15, interferon (IFN)-c, or IL-21 for seven days showed the high
growth level of NK cells/NKT cells and CDS8T cells in the presence of PCa
cell lines stimulated by IL-15 cytokine.

1L-17 Increased expression of IL-17 induces cancer via induced expression of MMP?7. [118]
MMP7

1L-23 Resistance to ADT The increased concentration of IL-23 and enhanced permeation of MDSC [120]

was found in the blood and tumor samples of PCa patients. In mice, the
inactivation of the 1L-23 v7a specific antibody results in the sensitivity to
the ADT.
1L-24 Anti-tumor activity The DU-145 cells transfected with the IL-24 gene using a retroviral vector [121]

showed inhibition of cell growth and viability together with the induction
of apoptosis and regulation of anchorage dependence via intracellular
signaling.
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