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Purpose: Studies demonstrating bacterial DNA and cultivable bacteria in urine
samples have challenged the clinical dogma that urine is sterile. Furthermore,
studies now indicate that dysbiosis of the urinary microbiome is associated with
pathological conditions. We propose that the urinary microbiome may influence
chronic inflammation observed in the prostate, leading to prostate cancer
development and progression. Therefore, we profiled the urinary microbiome in
men with positive vs negative biopsies for prostate cancer.

Materials and Methods: Urine was collected from men prior to biopsy for pros-
tate cancer. DNA was extracted from urine pellet samples and subjected to
bacterial 16S rDNA Illumina® sequencing and 16S rDNA quantitative poly-

Abbreviations
and Acronyms

BPH = benign prostatic
hyperplasia

ISUP = International Society of
Urological Pathology

0TU = operational taxonomic unit
PCR = polymerase chain reaction
PSA = prostate specific antigen

merase chain reaction. We determined the association between bacterial species gPCR = quantitative real-time
and the presence or absence of cancer, cancer grade, and type and degree of PCR

prostate inflammation. SB = subsequent biopsy

Results: Urine samples revealed diverse bacterial populations. There were no
significant differences in o or § diversity and no clear hierarchical clustering of
benign or cancer samples. We identified a cluster of pro-inflammatory bacteria
previously implicated in urogenital infections in a subset of samples. Many
species, including known uropathogens, were significantly and differentially
abundant among cancer and benign samples, in low vs higher grade cancers and
in relation to prostate inflammation type and degree.

Conclusions: To our knowledge we report the most comprehensive study to date
of the male urinary microbiome and its relationship to prostate cancer. Our
results suggest a prevalence of pro-inflammatory bacteria and uropathogens in
the urinary tract of men with prostate cancer.

TRUS = transrectal ultrasound
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ADVANCED sequencing technologies for culture inde-
pendent molecular microbiology have revealed the
unexpected presence of microbial populations in
areas of the human body once thought to be devoid
of microbes. As a chief example, the long held clin-
ical dogma that urine is sterile was disproved® by
the demonstration of populations of live bacteria
that reside in the urinary tract.!~* While there are
shared species in the urinary tract and those found
in microbial communities associated with skin,
gastrointestinal tract and vagina, studies currently
suggest that the urinary tract contains microbial
populations that are distinct from those at other
sites of the human body that harbor microbiota.'>~7
Because the urinary microbiome was excluded from
seminal studies such as HMP (Human Microbiome
Project), which characterized the healthy human
microbiota,® studies profiling healthy urinary
microbiota are less mature, as is our understanding
of how urinary microbial populations may shift with
disease.!

Chronic inflammation due to prostate infection
is hypothesized to contribute to prostate cancer
development and/or progression.® 1! Indeed,
several recent studies highlight a mechanistic role
for inflammation induced by infection or bacterial
components (eg lipopolysaccharides) in the forma-
tion of hallmark prostate cancer ETS gene fusions'?
and in the expansion of intermediate cells,'® the
hypothesized cells where neoplastic transformation
in prostate cancer may commence.’* Given this
recent experimental evidence linking bacterial
infections to prostate cancer development, there is a
pressing need to understand how, when and what
microorganisms may be introduced in the prostate.

To our knowledge no single microorganism to date
has been recognized to contribute to prostate cancer
etiology and yet several species of bacteria are known
or suspected to induce prostatic inflammation, as in
the case of symptomatic bacterial prostatitis related
microbes, certain sexually transmitted infections and
the pro-inflammatory bacterium Propionibacterium
acnes.'® 1 The recent discovery of a urinary micro-
biome sheds new light on the possibility of frequent
exposure of the prostate to a diverse number of
microorganisms due to anatomical proximity, eg the
urethra runs through the prostate and the prostatic
ducts feed into the prostatic urethra. Therefore, the
urinary tract may serve as a route of exposure of the
prostate to microorganisms contained in the urethra.

We hypothesized that microorganisms that may
have an etiological role in prostate cancer originate
from the urinary tract and men with prostate cancer
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may show dysbiotic urinary microbial signatures
which are more likely to contain opportunistic
pathogens. In the current study we characterized
the urinary microbiota in a cohort of men with or
without a biopsy proven diagnosis of prostate
cancer. We identified species that were differen-
tially abundant with features such as the presence
of cancer, cancer grade and the degree of acute or
chronic prostatic inflammation.

MATERIALS AND METHODS
Supplementary figure 1 (http:/jurology.com/) shows an
overview of the study schema.

Study Design and Patient Population

All specimens were obtained under a Johns Hopkins
Medicine institutional review board approved protocol.
Urine samples were collected from men prior to antibiotic
prophylaxis and prostate biopsy at The Johns Hopkins
Hospital for suspicion of prostate cancer. Urine samples
were collected after digital rectal examination. The men
were undergoing a first prostate biopsy or had not been
biopsied for 1 year or more before urine sample collection.
None of the men were on antibiotics at the time of sample
collection. The table lists the clinical and pathological
details of the men included in study. Notably the samples
in the benign group were significantly larger according to
average TRUS volume than in the cancer group, indi-
cating that this group was enriched for patients with
prostate enlargement.

Sample Collection and DNA Isolation

The 30 ml urine samples were handled using sterile
technique and were pelleted by centrifugation at 1,000 x
gravity for 10 minutes within less than 4 hours of collec-
tion. Urine pellets were resuspended in a total volume of
500 pl 1 x phosphate buffered saline and DNA was
extracted (supplementary Methods, http:/[jurology.com/).
A total of 16 mock (500 pl 1 x phosphate buffered saline as
starting material) DNA extractions were performed to
control for contamination from DNA extraction through
the full amplification and sequencing pipeline.

16S rDNA Gene Library Preparation and
Sequencing

The V6 hypervariable region of the 16S rRNA gene was
amplified using a 2-step PCR strategy (supplementary
Methods, http:/jurology.com/). PCR products were visu-
alized on agarose gel, gel extracted and pooled before
submission to the Sidney Kimmel Comprehensive Cancer
Center Next Generation Sequencing Core at The Johns
Hopkins Hospital for next generation sequencing on a
HiSeq™ instrument.

Universal 16S rDNA Real-Time Polymerase Chain
Reaction

A universal 16S rDNA qPCR assay was developed using
the first round V6 primer set. The number of 16S rDNA
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Patient clinical characteristics

No. Pts  Mean Age (range) p Value Mean ng/ml PSA (range) p Value Mean cc TRUS Vol (range) p Value

Benign 65 62.8 (43—78) - 6.9 (0.6—25.7) - 64.2 (24—227) -
Ca 65 62.8 (41—79) >0.99 6.2 (1.7-30) 0.380 38.1 (13.8—113.1) <0.0001
Biopsy Ca Gleason grade: 65

6 43 63.5 (49—79) 6.4 (1.7-30) 40.1 (13.8—113.1)

1+ 22 61.4 (41—75) 0.312 59 (3.8—16.7) 0.604 313 (15—69) 0.130
Biopsy Ca clinical stage: 65 — — — — - —

Tic 57

T2a 4

T2b 2

Tx 2
Subsequent biopsy Ca 5 56.2 (49—64) 0.045,% 0.0691 37 (25-6.3) 0.175,% 0.1861 535  (44—66.7) 0.598,* 0.130t

*Benign compared to cancer on subsequent biopsy.
1 Cancer compared to cancer on subsequent biopsy.

copies were quantified in relation to a standard curve
of known copies of Escherichia coli DNA. The
supplementary Methods (http://jurology.com/) show addi-
tional details of sequence analysis, inflammation analysis,
organism specific PCR and statistical analyses.

RESULTS

Urinary Microbiome Characterization

A total of 135 wurine samples were analyzed,
including 65 from men with benign biopsies, 65 from
men diagnosed with prostate cancer and 5 from men
with an initial benign biopsy who were later diag-
nosed with prostate cancer on subsequent biopsy
(see table). Biopsy Gleason grade was used to
differentiate low grade—Gleason 6 (ISUP Grade
Group I) in 43 men from higher grade—Gleason 7+
(ISUP Grade Group II or greater) in 22 men. In the
higher grade group 16 cancers were 3 + 4 = 7 (ISUP
Grade Group II), 5 cancers were 4 + 3 = 7 (ISUP
Grade Group III) and 1 cancer was 4 + 4 = 8 (ISUP
Grade Group IV). More samples from men with high
risk prostate cancer were not available in the cur-
rent study. They will be the focus of followup
studies.

After excluding samples with low sequencing
reads we characterized the bacterial composition of
urine samples from 129 men, including 63 diag-
nosed as benign, 61 with prostate cancer and 5 with
cancer on SB. A total of 2,457 bacterial OTUs were
identified in the urine samples after sequences were
rarified to 5,000 reads per sample. An average of 64
OTUs were present in each sample with an average
of 60 OTUs in benign samples, 67 OTUs in cancer
samples and 79 OTUs in cancer on SB samples. No
significant difference in « or B diversity was found
between the bacterial profiles of cancer and benign
urine samples (supplementary fig. 2, http://jurology.
cony).

The urine samples were each often predominated
by a single genus of bacteria, in particular Coryne-
bacterium, Staphylococcus and Streptococcus. Also,
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select samples were predominated (greater than
80% of reads) by Anaerococcus, Lactobacillus, Acti-
nobaculum and an unassigned genus in the family
Enterobacreriaceae (fig. 1). The 16S rDNA PCR
analyses indicated that the bacterial load was low in
most urine samples (fig. 2, A). The mock (negative
control) samples were quantitatively lower than
most urine pellet samples but they a had detectable
16S rDNA signal (fig. 2, A). Detectable signal in
mock samples is not unexpected as the 16S rDNA
PCR assay is sensitive and it is difficult or impos-
sible to eliminate all bacterial DNA from reagents,
tubes, etc.

Careful measures were taken to filter potential
contaminant reads from the data set (supplementary
Methods, http:/jurology.com/). We did not observe a
significant association between bacterial load and
TRUS volume, reference PSA or inflammation level
(data not shown).

Bacterial Taxa Association with Pathological
Features
Unsupervised clustering analyses did not indicate a
clear clustering of benign or cancer samples at the
genus or species level (figs. 3 and 4). Of interest is
that we identified a clustered group of bacterial
species that proportionally contained more cancer
samples than the samples outside the cluster (17 of
24 or 70.8% vs 49 of 105 or 46.7%, Fisher exact test
p = 0.041, fig. 5). This cluster contained the species
Streptococcus anginosus, Anaerococcus lactolyticus,
Anaerococcus obesiensis, Actinobaculum schaalit,
Varibaculum cambriense and Propionimicrobium
lymphophilum. Almost all of these species have
been implicated as causative agents in urogenital
infections, including prostatitis, bacterial vaginosis
and urinary tract infections.2° 2% Several species
were found to be more abundant in cancer samples
than in benign urine samples (fig. 6).

No difference in B diversity was found among the
level of acute or chronic inflammation, Gleason score,
reference PSA or TRUS volume (supplementary
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Figure 1. Genera identified in urine pellet samples from men with or without biopsy proven prostate cancer diagnosis. Stacked bar plots represent sequence abundances of 15 most
abundant genus or family level taxa identified. Percent sequence abundance is shown as number of reads matching given genus per total reads for that sample. SB, prostate cancer

diagnosed on subsequent biopsy.
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Figure 2. Bacterial load in urine pellet samples. A, load was determined by 16S rDNA gqPCR and is shown as estimated number of
operon copies of 16S rDNA present per urine pellet. Mocks, mock DNA extractions. B, percent sequence abundance of genus or

family level taxa in samples with highest bacterial load (A).

figs. 3 to 7, http:/jurology.com/). Many additional
species were significantly and differentially abun-
dant among cancer and benign samples, low vs higher
grade cancers, the presence or absence of acute
inflammation and the degree of chronic inflamma-
tion. The supplementary table (http://jurology.com/)
highlights the results.

Pathogen Detection

In addition to the described cluster of species
implicated in urogenital infections, we identified
other known uropathogens in the urine pellet sam-
ples. One notable example was 2 OTUs identified as
Ureaplasma parvum or Ureaplasma urealyticum,
which were differentially represented in cancer
samples vs benign samples (supplementary table,
http://jurology.com/). Another example was the
identification of Gardnerella vaginalis in male urine
samples. Although this species was not differen-
tially abundant in cancer vs benign samples, it was
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more prevalent in samples from men in whom me-
dium or high chronic inflammation was observed in
the prostate biopsy (supplementary table, http:/
jurology.com/).

A species of particular interest to prostate cancer
is P. acnes as we and others have reported the
presence of this species in prostatectomy tis-
sues.'®1725 Furthermore, we reported that the
strains of P. acnes isolated from prostate tissues
were most similar to strains that are implicated in
opportunistic infections or reside in the urinary
tract as opposed to typical skin strains.'® Unfortu-
nately P. acnes was highly prevalent in the mock
negative control samples and many P. acnes reads
were filtered out of the sequencing data as con-
taminants. Therefore, P. acnes was difficult to
assess reliably in the Illumina sequencing data.

As an alternative strategy we performed qPCR
for P. acnes using species specific primers. This
assay confirmed that the level of P. acnes 16S rDNA
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Figure 3. Dendrogram shows log transformed unsupervised clustering of 16S rDNA Illumina sequencing results from urine pellet samples by genus based on hierarchical clustering
of Euclidean distance between samples in combined benign, cancer and SB groups.
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Figure 6. Mean percent differential abundance of select species of bacteria in benign, cancer and cancer SB samples. Adj., adjusted.

reads was generally higher in urine pellet samples
than in negative controls. However, no significant
difference was observed between benign and cancer
samples (supplementary fig. 8, http:/jurology.com/).

Another organism of interest that would not be
detected with the 16S rDNA sequencing approach is
the protozoan Trichomonas vaginalis. We developed
a qPCR assay for this organism and of the 135 urine
pellet samples analyzed 1 was positive for T. vagi-
nalis (data not shown).

Finally, in contrast to the dominant organisms
observed in most samples (fig. 1), the samples with
the highest bacterial load were often dominated by
atypical species (fig. 2). Benign samples UP122 and
UP70 were predominated by an unassigned
Enterobacteriaceae (possibly E. coli) and Actino-
baculum urinale (another potential uropathogen),
respectively. Benign sample UP16 was also atypical
in that 99.5% of the reads matched to an unassigned
Staphylococcus species, indicating an unusually
high presence of this species. Likewise, cancer
samples UP9 and UP76 had a high abundance of an
unassigned Staphylococcaceae and a Lactobacillus
species, respectively.

1,

DISCUSSION

Our studies profiling the urinary microbiome in men
with and without a biopsy proven diagnosis of pros-
tate cancer revealed that the urinary microbiota of
most men is predominated by a single genus and
notably by species of Corynebacterium, Staphylo-
coccus and Streptococcus. While similar trends have
been reported in urine samples from women, female
urine samples differ in that the predominant
organisms are Lactobacillus and Gardnerella.?
Interestingly we identified a subset of men with pre-
dominant urine representation from Lactobacillus or
Gardnerella species (fig. 1). The presence G. vaginalis
was associated with chronic inflammation in corre-
sponding prostate biopsies (supplementary table,
http://jurology.com/). This raises the intriguing pos-
sibility that some men may harbor urinary microbiota
associated with inflammatory conditions in women
(eg bacterial vaginosis).

Several additional species of pro-inflammatory
bacteria and/or known uropathogens were differ-
entially represented in men with prostate cancer.
Notable examples included A. schaalii, an emerging
uropathogen of potentially underestimated clinical
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significance due to difficulty with phenotypic iden-
tification.?? A. schaalii was found in men with and
without prostate cancer but this species was
included in the cluster of pro-inflammatory bacteria
more prevalent in men with cancer (fig. 5). As
mentioned, species of Ureaplasma were also differ-
entially abundant in the urinary microbiota of men
with prostate cancer. Although only 5 samples were
available in the current study, the cancer on SB
samples had the highest average number of OTUs
and none showed a predominance of Corynebacte-
rium, Staphylococcus or Streptococcus (fig. 1).

While additional followup studies are needed to
validate the finding of differentially represented
bacterial species in the urine of men with cancer vs
those with a negative biopsy, to our knowledge this
is the first study to identify such differential bacte-
rial species in men with prostate cancer.

There were several limitations to the current
study, including the fact that all men were being
seen for some indication for prostate biopsy.
Although men in the benign group were biopsy
negative for prostate cancer, they nevertheless rep-
resented a population with elevated PSA and were
likely to have BPH and/or prostatic inflammation
(see table). Indeed, the men in the benign group had
a larger average prostate TRUS volume than the
men with cancer or cancer on SB (see table), indi-
cating prostate enlargement in this group. As BPH is
also associated with chronic inflammation,26728
future studies warrant an association of urinary
microbiota with the presence of BPH. In addition, it
is likely that a fraction of the men with a negative
biopsy actually had prostate cancer because the
false-negative rate of TRUS guided prostate biopsy
is commonly reported to be up to 30%.

Another major limitation is that we did not have
I-PSS (International Prostate Symptom Score) data
on all of the men in the study. Therefore, we could
not correlate urinary bacterial species to prostate
symptoms. We relied on a large specimen repository
of retrospectively collected urine sample in the
current series so that we could begin to define the
urinary flora in men with prostate cancer. Future
followup studies will necessitate a true control
population of men without an indication for prostate
cancer to determine whether the urinary micro-
biome profile is unique in those without prostate
disease or rather consistent with the control group
in the current study.

The key hypothesis that emerged from the cur-
rent study is that pro-inflammatory species that
reside in the urinary tract may serve as a potential
source of inciting chronic inflammation in the
prostate. Ultimately establishing the link between
the urinary microbiome and chronic inflammation
in the prostate may be keenly important in terms

of developing strategies for prostate cancer
prevention.
CONCLUSIONS

To our knowledge we report the most comprehen-
sive study to date of the urinary microbiome in men
with and without a biopsy proven diagnosis of
prostate cancer. Our results suggest a prevalence of
pro-inflammatory bacteria and uropathogens in the
urinary tract of men with prostate cancer. Future
work will ideally include longitudinal studies to
determine whether microbiome signatures associ-
ated with disease preexist the development of
cancer.
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