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Abstract

The role of the microbiota in human health and disease is well established, including its effects on several cancer

types. However, the role of microbial dysbiosis in prostate cancer development, progression, and response to treat-
ment is less well understood. This knowledge gap could perhaps be implicated in the lack of better risk stratification
and prognostic tools that incorporate risk factors such as bacterial infections and inflammatory signatures. With over
a decade’s research investigating associations between microbiome and prostate carcinogenesis, we are ever closer
to finding the crucial biological link between the two. Yet, definitive answers remain elusive, calling for continued
research into this field. In this review, we outline the three frequently used NGS based analysis methodologies that
are used for microbiome profiling, thereby serving as a quick guide for future microbiome research. We next provide
a detailed overview of the current knowledge of the role of the human microbiome in prostate cancer development,

progression, and treatment response. Finally, we describe proposed mechanisms of host-microbe interactions that
could lead to prostate cancer development, progression or treatment response.
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Background

The human body comprises of trillions of microorgan-
isms with the estimated bacterial population in the order
of 103 cells, resulting in an approximate 1:1 ratio between
bacterial and human cells in an average human [1]. It is
thus fathomable that the human microbial ecosystem
(microbiota) can influence aspects of human health and
disease through direct or indirect effects [2], for example
by manipulating nutrient uptake and drug metabolism
or by inducing systemic inflammatory responses [2-5].
While the resident microbiota is typically associated
with beneficial effects to its host, changes to the micro-
bial composition, known as microbial dysbiosis, could
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be associated with diseases such as inflammatory bowel
disease, diabetes mellitus, and obesity (reviewed by [6]).
Since inflammation is a signature of many pre-neoplas-
tic and malignant lesions, chronic inflammation has also
been implicated in carcinogenesis likely mediated by
bacterial toxins as in the case of Helicobacter pylori and
gastric carcinoma [7]. In fact, a growing body of evidence
now suggests a crucial role for microbial dysbiosis in can-
cer development and progression, including significant
associations with both bacterial and viral species [8—12].
Prostate cancer (PCa) is the second most frequent
male malignancy worldwide with over 358,000 esti-
mated deaths in 2018 [13]. PCa has a highly heterogene-
ous clinical course. Most organ confined (localized) PCa
have an indolent course with a 5 year overall survival of
~100% even without any treatment. In such cases, active
surveillance is recommended. In aggressive forms of
PCa where the tumor is still organ confined, complete
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removal of the prostate through radical prostatectomy
and/or radiation therapy is necessary to prevent further
spread of the disease. However, the decision whether or
not to treat localized PCa is a major clinical challenge
as currently there are no accurate tests to distinguish
between indolent and aggressive PCa at the localized
(early) stages. This leads to an over-treatment of indo-
lent cases and an under-treatment of aggressive PCa,
resulting in patient morbidity and mortality. Thus, there
is an urgent need for better risk stratification tools, that
incorporate other risk factors such as bacterial infections
or inflammatory markers [14].

The advent of next generation sequencing (NGS) tech-
nologies has opened a new area of PCa research enabling
unparalleled access to the genomic and transcriptomic
underpinnings in PCa. Utilizing the potential for these
technologies, several molecular markers have been pro-
posed to stratify PCa [15], although complete success in
this regard is yet to be achieved. A major reason could
be the interaction between the neoplastic cells and the
tumor microenvironment, which remains dynamic.
Prostate microbiota could also be hypothesized to be a
major driver enabling differential clinical course in local-
ized PCa. In fact, among the well known risk factors for
PCa such as age and ethnicity, factors such as microbial
composition has also found a potentially essential place
in recent years due to the increased scientific scrutiny of
its role in mediating inflammation and thereby driving
prostate carcinogenesis and progression [16]. While ear-
lier studies relied on culturing bacteria from the prostate,
NGS based methods have enabled genotyping the micro-
bial ecosystem within a prostate for hundreds to thou-
sands of patients in parallel, providing a better overview
of the landscape of the PCa associated microbiome.

The aim of this review is twofold, 1) provide the
researcher with the necessary technical know-how to
perform microbiome analysis, and 2) inform the reader
of the advances that have been made in the field of
prostate cancer microbiome research. We start out by
describing in general how to analyse microbiome data
and note several automated pipelines that are avail-
able to the researcher. For the sake of simplicity, we
restricted our review to the three most frequently used
NGS based analysis methodologies (amplicon sequenc-
ing, shotgun DNA and total RNA sequencing) that have
been widely adopted by the microbiome research com-
munity. We next provide a detailed overview of the cur-
rent knowledge of the role of the human microbiome in
PCa development, progression and treatment response
that was made possible by some of the aforementioned
methodologies. Finally, we describe the proposed mech-
anisms of host-microbe interactions that could lead to
PCa development, progression, or treatment resistance.
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A clear distinction between microbial association with
PCa development (carcinogenesis) and its association
with PCa progression (e.g. metastatic dissemination) is
difficult to make due to the lack of healthy non-cancer
control samples in most studies, and consequently this
remains an outstanding question in the field.

Glossary

Dysbiosis

Microbiome
All microbial genetic
material within a niche

Methodologies for analyzing the microbiome

Most of the current research enumerating the microbial
species present in the prostate and various other body
sites utilize NGS based methodologies as opposed to the
culture based techniques employed during the last cen-
tury, which could detect only species that could be cul-
tured. Three main methodologies are most commonly
used now (Fig. 1A). These include amplicon sequencing,
shotgun DNA sequencing, and RNA sequencing based
methodologies. An in depth explanation of the analy-
sis methodologies and best practises for microbiome
research is beyond the scope of this review, but we direct
readers to other published reviews [17, 18]. A graphical
summary of the general steps involved in microbiome
sequence analysis is shown in Fig. 1B.

Amplicon sequencing

Perhaps the most straight forward method to profile the
prokaryotic taxa is to sequence the DNA encoding for
the 16s rRNA gene, which is highly conserved among
all prokaryotes. Typically, one or more variable regions
(V1-V9) of the 16s DNA is amplified and sequenced.
Next, for multiple samples sequenced in parallel, the raw
sequencing reads are de-multiplexed (e.g. using sabre:
https://github.com/najoshi/sabre) and quality checked
(e.g. using FastQC [20]) to remove low quality sequences
and adapter/primer sequences (e.g. using Trimmomatic
[21]). If using paired-end sequencing data, the read pairs
are merged, chimeras removed and either an operational
taxonomic unit (OTU) or an amplicon sequence variant
(ASV) table is generated, which records the number of
times each OTU/ASV was observed. While OTUs have
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Fig. 1 A) Prostate tumor microenvironment is shown harboring bacterial, viral, fungal, and archaeal species. 16s amplicon sequencing is useful

for profiling e.g. the bacterial taxa, whereas shotgun metagenome (DNA) and metatranscriptome (total RNA) sequencing enables profiling of the
entire tumor associated microbiota. B) A general workflow for analysing microbiome data outlining the major steps involved for the three main NGS
based methods discussed in this review. QC, quality control. OTU, operational taxonomic unit. ASV, amplicon sequence variants. Figure 1A is inspired

been traditionally used as a unit for clustering similar
sequences, finer resolution can be achieved using ASVs,
that are accurate down to the level of single-nucleotide
differences [22]. Finally, taxonomy is assigned to the
OTU/ASVs using reference microbial databases such
as the SILVA 16s rRNA gene database [23]. These steps
are typically performed within dedicated pipelines, such
as DADA?2 [24], mothur [25], or giime2 [26]. The data is
now ready for further exploratory analyses as well as sta-
tistical testing of species compositional differences.

Phyloseq [27] is a powerful R [28] package that is
widely used for microbiome analysis of taxonomy-
assigned OTU/ASV count data. Here it is possible to
analyze the alpha diversity (e.g. total number of species
and their relative proportions within a patient or sam-
ple group) and beta diversity (compositional difference
between populations) using R packages such as vegan
[29]. Additionally, differential abundance can be esti-
mated using R packages such as DESeq2 [30] or a Conda
formula such as LEfSe [31].

A limitation to amplicon sequencing is that only a par-
ticular gene region is amplified, which can bias diver-
sity estimates depending on which variable region is
selected. Further, different organisms can have different

16s gene copy numbers [32] which can bias microbial
abundance estimates even though tools such as PICRUSt
[33] have been developed in an attempt to correct for
such biases [34].

Shotgun DNA and RNA sequencing

Using whole genome sequencing or total RNA sequenc-
ing as a way to detect non-host DNA/RNA has become
a popular alternative to amplicon sequencing, as it ena-
bles species-level identification of organisms and gener-
ates a complete genome as well as a transcriptome for
all the species, meaning that we can obtain information
regarding the functional significance of the microbiome.
Further, bacterial, viral, fungal and other archaeal reads
can all be obtained using these methodologies, making
them ideal for microbiome analyses. RNA sequencing
based metatranscriptomic analysis can also shed light
into which species are contributing actively to the expres-
sion profile of the tissue, whereas DNA sequencing based
metagenome analysis captures all species, even though
they might not be actively contributing to the tissue phe-
notype. Often, a combination of these two methodologies
is required to understand the underlying tumor biology
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in the context of microbiome interactions with the tumor
microenvironment.

The bioinformatics workflow for metagenome or
metatranscriptome analyses are similar to that for ampli-
con sequence based analyses, however with some key
differences. Assuming that one has sequenced the entire
microbial DNA/RNA pool from e.g. a human tissue sam-
ple, to an acceptable coverage, and has performed the
pre-processing steps that are generic to raw sequence
read analysis, including ribosomal RNA removal and
paired-end read merging, then the first step is to align
the reads to the reference human genome, e.g. hg38 [35]
using tools such as bwa [36]. Reads that do not map to the
reference could be considered to be of non-host origin.
These reads can then be mapped to reference genomes in
the bacterial, viral, fungal, and archaeal sequence data-
bases (e.g. SILVA [23], NCBI RefSeq [37]) and annotated
with tools such as DIAMOND [38]. Finally the annotated
reads are aggregated to generate the read/taxa count
tables which can subsequently be analysed similar to the
amplicon sequence generated OTU/ASV count tables.

Many automated bioinformatics pipelines such as Sun-
beam [39], MetaWRAP [40] and SqueezeMETA [41] are
available for metagenomic analysis, whereas workflows
such as IMP [42], SAMSA2 [43], and MetaTrans [44]
have been made for analysing the metatranscriptome. An
overview of some of these pipelines, including their capa-
bilities and shortcomings have been reviewed by others
previously [45]. The steps described above are generic,
and variations to these methodologies do exist but are
beyond the scope of the current review.

Using these aforementioned methodologies, several
studies have investigated the PCa associated microbiome
as described in the following sections.

Prostate cancer and the human microbiome
Since 2015 there has been a steady rise in the num-
ber of publications looking at the association between
the human microbiome and prostate cancer develop-
ment, progression, and treatment outcome. While most
research has focussed on the so called direct effect on
PCa of the microbiome in the prostate tissue, others have
also investigated associations between PCa and the core
microbiota from different body sites, the so called indi-
rect effects [2], as depicted in Fig. 2. These have mainly
focussed on the effect of the gastrointestinal microbiota
and the urinary microbiome on neoplastic transforma-
tion of prostatic epithelia [46, 47], but also include stud-
ies evaluating associations between PCa and prostatic
and seminal fluid microbiomes [48, 49].

Table 1 provides a list of NGS based studies since 2015
investigating microbial dysbiosis associated with PCa.
These studies were selected based on a PubMed search
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for ‘prostate cancer microbiome’ resulting in 159 records
since 2015 (as of July 2021). Of these, review articles
(n=58) were excluded, and original studies (n=20) pro-
filing the prostate tissue, gut, urinary, seminal fluid and
prostatic fluid microbiomes in relation to prostate cancer
were selected. A recent study from our group is also dis-
cussed in this context.

Prostate microbiome and PCa

With over a decade of research into understanding the
role played by the prostatic microbiota in PCa patho-
physiology, we are yet to find any causative organisms
directly linked to prostate carcinogenesis, despite several
studies indicating an association between certain species
and the risk of PCa.

We recently investigated the association between the
prostate microbiome and PCa using a metatranscrip-
tomic approach based on total RNA sequencing data
from 94 PCa patients who underwent curatively intended
radical prostatectomy for localized PCa (Salachan et al.,
2022; in press). In order to investigate potential dysbio-
sis associated with PCa, we systematically compared the
microbiomes between benign (adjacent normal (AN))
and malignant prostate tissue samples, between less vs.
more-aggressive PCa, and between patients who suffered
a biochemical disease recurrence compared to those who
did not.

We revealed considerable dysbiosis associated with
PCa. Notably, species such as Bacteroides fragilis, Saim-
iriine betaherpesvirus, Staphylococcus saprophyticus,
and Vibrio parahaemolyticus had a significantly reduced
abundance in the malignant as compared to the benign
prostate tissue samples. Similarly, we observed a sig-
nificant increase in the abundance of Shewanella in
the malignant as compared to the benign prostate tis-
sue samples, suggesting a perhaps important biological
link between the prostate microbiota and PCa devel-
opment. Within malignant tissue samples, those that
had a higher abundance of Shewanella were associated
with dysregulated host immune response, likely medi-
ated by a decrease in enrichment of dendritic cells. We
also observed a significant increase in the abundance
of Microbacterium species in the T3 tumor samples as
compared to the T2 samples, suggesting an associa-
tion between advanced pathological stage and dysbiosis.
While, the lack of true normal comparisons is a limita-
tion to this study, obtaining tissue from healthy individu-
als is hard and ethically challenging.

Other NGS-based studies have also correlated the
abundance of microbial species with known risk factors
for PCa. Using large scale whole transcriptome RNA
sequencing data obtained from The Cancer Genome
Atlas (TCGA) for 242 prostate adenocarcinoma (PRAD)
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patients from the United States and Germany, a recent
study [50] found specific microbes such as Listeria mono-
cytogenes, Methylobacterium radiotolerans JCM 2831,
and Xanthomonas albilineans GPE PC73 to be negatively
correlated with Gleason score, Tumor-Node-Metastasis
(TNM) stage, and prostate-specific antigen (PSA) level,
respectively. Microbes such as L. monocytogenes are
known to play anti-tumor roles in PCa, for example by
stimulating the innate and adaptive immune response
[51]. The authors suggest that an over-representation of
L. monocytogenes in the tumor as compared to AN sam-
ples, indicates a strategy wherein the microbes outcom-
pete the tumor cells in the tumor microenvironment,
enable recruitment of immune cells and thereby mitigate
tumor growth.

Furthermore, in this study [50], Nevskia ramose was
found to have a positive correlation with Gleason score
although its significance in PCa is not understood.
Staphylococcus aureus was also found to be positively
correlated with genomic alterations including amplifica-
tions in chromosome 19 and deletions in chromosome

15 and was associated with dysregulated immune-asso-
ciated genes in this study [50], indicating its pro-tumor
roles by inducing inflammatory responses. Strikingly, 234
microbes were significantly associated with elevated lev-
els of PSA [52], the highest number reported from any
of the studies included in this review. Such an extent of
microbial dysbiosis adds to our knowledge of the cru-
cial role played by microbes in maintaining homeostasis.
The lack of true normal comparison is a major limita-
tion to this study [50], preventing us from understanding
whether the AN samples truly reflect the normal prostate
tissue from men without PCa.

Using both a metagenomic and a metatranscriptomic
approach, a study investigating microbial dysbiosis in
a Chinese cohort of 65 PCa patients [53] could not dif-
ferentiate the microbiomes between matched tumor
(n=65) and benign (AN) samples (n=65) or between
low (n=29) and high (n=36) Gleason score samples.
However, both the metagenome and metatranscriptome
identified a set of abundant species comprising the core
microbiome of the prostate. These included Escherichia,
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Propionibacterium, Acinetobacter and Pseudomonas.
Further investigation of their expression profiles revealed
strong correlation between ten Pseudomonas genes and
eight host small RNA genes. The authors noted that three
of the host small RNA genes may be negatively associ-
ated with metastasis as they observed a high expres-
sion of these genes in a subset of patients with low rates
of metastasis [53]. However, this was not validated in a
larger independent cohort.

In another metagenomic study comparing PCa micro-
biome of patients from different geographic/ethnic ori-
gins [54], significant increase in the richness of bacterial
species was observed for prostate tumor samples from
African men (n=6) when compared to samples from
Australian men (n=16), with the former enriched for
genera such as Escherichia and Acidovorax. This is per-
haps not surprising considering the presence of geo-
graphic and ethnic variation in the composition of the
human microbiome [55]. The small number of samples is
a major challenge to this study [54].

A major stride towards establishing a microbiome sig-
nature for PCa was made using an array-based metagen-
omics and capture sequencing method [56]. The study
identified microbial signatures from bacteria, viruses,
fungi, and parasites within formalin fixed paraffin
embedded prostate tissue samples from American men
with PCa. Compared to the benign prostatic hyper-
plasia control samples (n=15), the malignant samples
(n=50) were significantly associated with bacterial phyla
such as Proteobacteria, Firmicutes, Actinobacteria, and
Bacteroidetes, fungal phyla such as Ascomycota, and
Zygomycota, parasitic phyla such as Nematoda, and Sar-
comastogophora, and group I and group IV viruses [56].
Using hierarchical clustering, the authors identified three
distinct PCa-specific microbiome signatures that were
correlated with disease aggressiveness, suggesting diag-
nostic and prognostic potential for these signatures [56].

Gastrointestinal microbiome and PCa

Of the indirect effects of the microbiome on prostate
carcinogenesis, the association between gut microbiota
and PCa has been studied the most. The human gas-
trointestinal tract harbors the majority of the bacterial
population in humans surpassing that of any other bod-
ily site by several orders of magnitude [1]. Coevolution
of the gut microbiota enabled symbiotic relationships to
exist between humans and the gut microbes, wherein the
host provides a conducive environment within the intes-
tine for microbial growth and in turn the microbes aid in
digestion [57]. Dysbiosis of the gut microbiota has been
implicated in various gastric carcinomas such as colorec-
tal cancer [58], whereas its indirect effect on PCa is less
well understood.
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In a prospective case-control metagenomic study
from 2018, stool samples from 20 Caucasian men with
either benign prostatic conditions (n=8) or localized
PCa (n=12) were analysed to evaluate their gut micro-
biome [59]. The study identified biologically signifi-
cant differences in the composition of the gut microbes
between men with PCa compared to men with other
benign conditions in the prostate. This included a higher
relative abundance of Bacteriodes massiliensis as well
as decreased relative abundances of Faecalibacterium
prausnitzii and Eubacterium rectalie in the stool from
men with PCa compared to the controls. A major limi-
tation to this study [59] is the small sample size and the
lack of validation in an independent cohort.

Similarly, enrichment of Bacteroides and Streptococcus
species in rectal swabs from patients with PCa (n=64)
compared to non-cancer controls (n=41) were found
in another study utilizing 16s rRNA amplicon sequenc-
ing [47]. The cohort consisted of a mix of races including
White, African-American and Latino. This study further
generated a microbiome score based on the microbial
metabolic profiles, which held predictive potential for
PCa risk, indicating the usefulness of the fecal microbial
data as a minimally invasive diagnostic tool. However, a
recent study [60] utilizing 16s rRNA amplicon sequenc-
ing was unable to separate fecal samples obtained from
White, non-Hispanic men with benign (n=16) vs. malig-
nant biopsy (n=14) based on their microbial profiles.
Nevertheless, a higher abundance of Bacteroides species
was observed in patients with PCa compared to control
men without PCa in this latter study [60], corroborating
the findings from the other studies [47, 59].

While many studies have focused on the role of
microbes in PCa development and progression, few
have also investigated the changes to the microbiota fol-
lowing treatment against PCa. Using 16s rDNA ampli-
con sequencing, one such study [61] evaluated the fecal
microbiota from 30 PCa patients undergoing gonadotro-
pin releasing hormone agonist/antagonist (GNRH, n=>5)
or androgen receptor axis-targeted therapy (ATT, n=9)
or no treatment (n=16). The study reported altered GI
microbiota in men undergoing oral ATT, which could
perhaps influence the clinical response to ATT. Spe-
cifically, Akkermansia muciniphila and Ruminococ-
caceae spp. were over-abundant in the fecal specimens
of patients undergoing oral ATT compared to the other
groups [61].

Similar findings were also observed in two other recent
studies employing 16s rRNA amplicon sequencing meth-
odology [62, 63]. Using a Canadian cohort of 68 castra-
tion resistant PCa (CRPC) patients undergoing androgen
deprivation therapy (ADT) alone (n=21), ADT along
with oral abiraterone acetate (AA, n=14) or no treatment
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controls (n=33), the first study demonstrated deple-
tion of Corynebacterium spp. in patients undergoing
ADT, and an enrichment of Akkermansia muciniphila in
patients taking oral AA, both compared to patients not
receiving any form of treatment [62]. The second study
[63] compared the fecal microbiome before (n=21) and
after ADT (n=21) in a castration resistant setting using
a Chinese cohort of 21 CRPC patients. The authors
observed a significant increase in the abundance of Phas-
colarctobacterium and Ruminococcus as well as for sev-
eral other bacterial species in patients who received ADT.
Whether these insights could be exploited to enhance
patient response to ADT needs to be investigated further.

Urinary microbiome and PCa

Few studies have investigated the association between
the urinary microbiota and PCa. Urine samples are read-
ily available, non-invasive, and have a higher patient com-
pliance. Associations between the urinary microbiota
and PCa can potentially serve as a biomarker that can
be incorporated into pre-biopsy models to better predict
PCa risk [60].

One of the earliest studies evaluating the urinary
microbiome and PCa using 16s rDNA PCR-denaturing
gradient gel electrophoresis (DGGE) found significantly
decreased abundance of E. coli and Enterococcus in
the urine from PCa patients (n=13) compared to men
(n=21) with benign prostatic hyperplasia (BPH) [49] in
a Chinese cohort of men. In another recent study of 30
White, non-Hispanic men [60], species such as Clostrid-
ium XVIII & 1V, lachnospira, Acetanaerobacterium, and
Faecalibacterium were found to be in significantly higher
abundance in the urine from patients with PCa (n=14)
compared to benign controls (n=16) as identified using
16s rDNA amplicon sequencing [60]. A prior study ana-
lysed urine samples from 129 American men using 16s
rDNA sequencing and identified Propionibacterium lym-
phophilum to have significantly higher abundance in PCa
patients (n=61) vs. control men (n=63) who did not have
PCa [46]. However, a major limitation to all these stud-
ies [46, 49, 60] is the lack of independent validation and
the lack of consensus between studies. More streamlined
research in this field is required before definitive conclu-
sions can be made about any association (or lack thereof)
between the urinary microbiota and PCa.

Prostatic and seminal fluid microbiome and PCa

While it is interesting to profile the prostatic and semi-
nal fluid microbiomes for associations with PCa due to
their close proximity to the prostate gland, controlling for
contamination from the urinary tract in these samples
is often difficult. Few studies have evaluated the pros-
tatic and seminal fluid microbiomes in PCa [48, 49, 64].
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Using PCR-DGGE, one study [49] found a significantly
increased abundance of Bacteroidetes, Alphaproteobac-
teria, Firmicutes, Lachnospiraceae, Propionicimonas,
Sphingomonas, and Ochrobactrum, and a decreased
abundance of Eubacterium and Defluviicoccus in the
expressed prostatic secretions (EPS) from Chinese PCa
patients (n=13) compared to Chinese men with BPH
(n=21). In this study, qPCR detection of E.coli and Ente-
rococcus revealed that E. coli was present in significantly
higher number in the EPS and seminal fluid, whereas
Enterococcus was present in significantly higher number
in the seminal fluid of men with PCa compared to men
with BPH [49].

Using 16s rDNA amplicon sequencing, another study
found increased proportions of Lactococcus, Carnobac-
terium, Streptococcus, Geobacillus, and Enterobacter, and
decreased proportions of Cronobacter, Alkaliphilus, and
Paenibacillus in prostatic fluid samples from patients
with PCa (n=32) compared to men without PCa (n=27)
in a Chinese cohort [48], whereas Propionibacterium
acnes genes were detected in the non-sperm fraction of
the seminal fluid from Australian men with PCa (pooled
sample from 6 men) but not in men without PCa (pooled
sample from 6 men) using small RNA sequencing in a
different study [64]. Most of these studies [49, 64] are
limited by the small sample sizes and the use of pooled
samples. Nevertheless, some interesting observations
were made, necessitating further research into this area.

Functional role of specific microbes in PCa

A number of studies have investigated the possible
functional role of specific microbes in relation to PCa
due to their inflammatory potential and frequent detec-
tion in prostatic tissue (Table 2). Cutibacterium acnes
(formerly, Propionibacterium acnes) is a skin-associ-
ated commensal that has been detected in the prostate
of men with PCa in several studies [53, 65] with few
studies reporting a higher prevalence in patients with
PCa compared to men without [66, 67]. C. acnes has
also been associated with chronic inflammation in the
prostate of men with PCa [68] and shown to induce
acute and chronic inflammation in mice inoculated
with human prostatectomy-derived C. acnes isolates
[69]. Evidence from cell-based experiments suggests
that C. acnes can induce cell proliferation [66] and the
secretion of cytokines and chemokines such as IL-6 and
IL-8 [70, 71], which are crucial for maintaining active
inflammation. However, a later study failed to observe
any statistical difference in IL-6 secretion between men
with vs. without C. acnes infection [72]. In another
study, prostatic epithelial cell lines infected with C.
acnes responded via activation of transcription factors
such as NF-kB and STAT3 [70], which are associated
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Table 2 Functional roles of selected microbes in PCa
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Microbe

Possible mechanism of action

Cutibacterium acnes

E.coli
Faecalibacterium prausnitzii

Ruminococcus gnavus

Induce secretion of cytokines and chemokines such as IL-6 and IL.-8 [70, 71],
activate transcription factors such as NF-kB and STAT3 [70], and induce pro-
duction of reactive oxygen species [75], all leading to chronic inflammation
and pre-cancerous transformation of the prostatic epithelia.

Chronic inflammation and tissue damage mediated by CNF1 [81].

Down-regulation of pro-inflammatory cytokines TNF-a, TNF-3 and IL-6
[82], and increased production of anti-inflammatory cytokine IL-10 [83] in
normal tissue.

Convert androgen precursors to active androgen enabling alternative
source of androgens and resulting in treatment resistance and disease
progression [84].

with cellular proliferation and tumor growth in various
cancers, such as PCa and colon cancer [73, 74]. Oth-
ers have also provided evidence for C. acnes-induced
production of reactive oxygen species by keratinocytes
in the skin, thereby inducing oxidative stress response
and inflammation [75], an event that could perhaps
be replicated in the prostate leading to pre-cancerous
transformation of the prostatic epithelia [70]. Taken
together, all of this evidence points to a possible role for
C.acnes-induced inflammation in PCa development or
progression.

Many studies have also investigated the role of E. coli
in prostate carcinogenesis. Uro-pathogenic strains of
E. coli are known to induce prostate tissue damage in
rat models of prostatitis [81], mediated by cytotoxic
necrotizing factor 1 (CNF1), a virulence factor that has
also been shown to promote PCa progression [85]. In a
mouse model [52], all mice experimentally infected with
E. coli for 12 weeks developed chronic inflammation
in the prostate, and with prolonged infection showed
cytological changes typical for prostatic intraepithelial
neoplasia and high-grade dysplasia. Increased epithe-
lial cell proliferation, and oxidative DNA damage was
observed in the prostate glands exhibiting dysplasia,
together with decreased androgen receptor and PTEN
gene expression, as compared to the control glands
[52]. This could indicate a mechanistic link between E.
coli-induced inflammation and the onset of PCa or pre-
neoplastic lesions.

Others such as Faecalibacterium prausnitzii have
also been associated with PCa, with higher fecal abun-
dances of F prausnitzii observed in benign as com-
pared to malignant patient samples [59]. E prausnitzii
is generally considered to have anti-inflammatory
properties with its ability to produce butyrate and
induce secretion of anti-inflammatory cytokines such
as IL-10, TGF-B2 and IL-1Ra (reviewed by [83]). Fur-
thermore, it has been reported that F prausnitzii also

down-regulated the expression of pro-inflammatory
cytokines such as TNF-a, TNF-p and IL-6 in lung can-
cer cell line [82] and could inhibit the phosphorylation
of JAK2/STAT3 in breast cancer cells, potentially lead-
ing to growth inhibition of cancer cells [86].

Alterations to host metabolism and immunity mediated
by the microbiota
While mechanistic studies investigating microbial regu-
lation of host metabolism in men with PCa are limited,
a recent study [84] using PCa mouse models demon-
strated that certain species of the intestinal microbiota
can modulate the host hormone (e.g. androgen) metabo-
lism and in turn promote cancer growth. Conversely, the
study also found that circulating host androgens can alter
the composition of the gut microbiota [84]. Notably, the
same study showed that Ruminococcus gnavus and Bacte-
roides acidifaciens were enriched in the fecal microbiota
of castrated (as compared to non-castrated) male mice,
and that these species can metabolise androgen pre-
cursors, pregnenolone and hydroxypregnenolone, into
downstream metabolites of the androgen biosynthesis
pathway, dehydroepiandrosterone and testosterone. As
prostate tumors are reliant on androgens for continued
growth, such an alternate source of androgen could lead
to endocrine resistance in PCa patients undergoing cas-
tration treatment as shown in PCa mouse models [84].
Disentangling host immune responses against tumor
cells from those induced by microorganisms is often dif-
ficult. We have recently shown enrichment of several
immune cell types within malignant prostate tissue sam-
ples having low vs. high abundances of V. parahaemolyti-
cus indicating altered host immunity associated with the
presence of V. parahaemolyticus (Salachan et al., 2022;
in press). Moreover, malignant prostate tissue samples
having high (vs. low) abundance of Shewanella showed
decreased enrichment of dendritic cells and down-reg-
ulation of several toll-like receptors crucial for an active
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immune system (Salachan et al., 2022; in press), perhaps
enabling tumor-immune evasion. Similarly, another
recent study [50] found strong correlation between
microbe (e.g. Delftia acidovorans, Gardnerella vaginalis)
abundance in PCa tissue and regulatory T-cells, as well as
with down-regulated immune-associated genes includ-
ing LPCAT?2, TL3, and TGFB2, indicating an immuno-
suppressive tumor environment associated with the PCa
microbiota.

Future directions

Future research should focus on mapping host microbial
species to their functional profiles and delineating spe-
cific mechanisms by which microbes enable cancer devel-
opment and progression or affect treatment response. A
better understanding of host-microbiome cross-talk and
the associated molecular mechanisms could pave the
way for development of novel prevention and/or treat-
ment strategies. Thus, future studies should investigate
the clinical utility of targeting the microbiome as a novel
mode of anti-cancer treatment. As an example, the gen-
era Ruminococcus could be a top candidate for further
investigations of its possible driver role in development of
treatment resistant CRPC. Conceivably, future prospec-
tive clinical trials could test if a novel treatment strategy
aimed at eliminating Ruminococcus sp. from the gut of
men with PCa, is able to prevent/delay treatment resist-
ance and hence improve survival. Future research should
also combine metagenomic or metatranscriptomic inves-
tigations with metabolomics to provide a more complete
overview of host-microbe interactions within the context
of PCa. Research should also focus on delineating novel
blood and/or urine based microbial signatures that could
be of diagnostic, prognostic and/or predictive potential.

Conclusions

Through this review we aimed to explore the extent of
microbial dysbiosis that is associated with PCa by pro-
viding an overview of the current knowledge in the
field. Moving away from the notion of cancer as solely
being a disease of the genome, we believe a more holis-
tic approach towards cancer treatment, informed by
genetic, epigenetic, and host-microbiome interactions
could benefit treatment decisions in the future. PCa, like
other cancers, is a dynamic and heterogeneous disease
that has several layers of molecular and cellular complex-
ity associated with it. Microbiome analyses have revealed
a bacteria rich environment in the prostate that might
be altered during disease onset, progression or treat-
ment. Several species of the microbial community have
been associated with PCa aggressiveness and response
to therapy, a finding that has also been observed in many
other cancer types. A better understanding of the role
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microbes play in these processes will help us develop
novel treatment strategies as well as better risk stratifi-
cation tools. For instance, it is possible that removal of
certain gut microbial species prior to androgen depriva-
tion/hormonal therapy could delay disease progression to
CRPC. Several clinical trials are underway looking at e.g.
the efficacy of fecal microbiome transplant in combina-
tion with established treatment strategies as a means to
control tumor progression in different cancers, including
in PCa. If successful, these could give us an upper hand in
the battle against cancer.
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