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Abstract: The frequent observation of both acute and chronic inflammation of unknown stimulus in the adult pros-
tate has motivated a large body of research aimed at identifying potential infectious agents that may elicit prostatic
inflammation. The overarching hypothesis is that infection-induced inflammation may be associated with prostate
cancer development or progression, as inflammation is known to serve as an “enabling characteristic” of cancer.
With recent advances in molecular techniques for microorganism identification, a panoply of microorganisms has
been scrutinized in prostate tissues and in relation to prostate carcinogenesis. The aim of this review is to sum-
marize the current literature on the evidence for infectious agents as a contributing factor to prostatic inflammation
and prostate cancer, and to highlight recent literature suggesting an infectious etiology to the biogenesis of prostatic
corpora amylacea and on the development of mouse models of prostatic infections.
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Introduction

The prevalence of both prostate cancer and
prostatic inflammation are at nearly epidemic
levels in the United States and in “Westernized”
countries [1]. Prostate cancer development is
thought to be mediated in part by genetics, but
also by environmental exposures, as is evi-
denced by the apparent increase in prostate
cancer risk when men from geographic areas
with low prostate cancer incidence immigrate
to Western countries [2]. Some of the environ-
mental exposures that may confer this increase
in prostate cancer risk likely include the same
exposures that may contribute to the develop-
ment of prostatic inflammation, including pros-
tatic infections [1, 3, 4]. There is a well-known
association between infections, infection-
induced chronic inflammation, and the develop-
ment of cancer. This is exemplified by the asso-
ciation between gastric infection by the
bacterium Helicobacter pylori, the induction of
chronic gastritis, peptic ulcers and gastric atro-
phy, and the subsequent development of gas-
tric cancer. This is strikingly similar to prostate
cancer where, in response to stimuli that are
unknown but may potentially include prostatic
infections, regions of prostatic atrophy, which

are generally associated with inflammatory cell
infiltrates, develop at a very high frequency to
encompass large regions of the prostate. This
inflammation-associated atrophy, or prolifera-
tive inflammatory atrophy (PIA), is hypothesized
to serve at times as the direct precursor lesion
to prostatic intraepithelial neoplasia (PIN) and/
or prostate cancer [5, 6].

The identification of infectious agents in the
prostate of prostate cancer patients has been
earnestly sought for many years. To date, there
is no single microorganism (bacterial, viral, or
otherwise) that is recognized as the stimulus for
the asymptomatic inflammation observed in
the prostate of cancer patients or that is known
to directly contribute to prostate carcinogene-
sis, despite numerous reports on the presence
of bacterial, protozoal, and/or viral species in
the prostate of prostate cancer patients (see
[4, 7] for recent reviews on the topic). Microbial
species postulated to contribute to prostate
carcinogenesis include sexually transmitted
infection (STI)-related microorganisms such as
Chlamydia trachomatis and Trichomonas vagi-
nalis, prostatitis-related microbes such as Es-
cherichia coli (E. coli) and Pseudomonas spp.,
and viruses known to contribute to other cancer
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types, such as human papilloma virus (HPV). In
this regard, STls have probably received the
most attention in relation to a potential contrib-
utory role in prostate carcinogenesis (reviewed
in [8]). Trichomonas vaginalis (T. vaginalis)
serostatus, for example, has been shown to be
positively associated with prostate cancer risk
[9], high grade disease [9], and measures of
advanced disease [10]; although negative sero-
logical studies exist [11] as well as negative
DNA-based studies performed on radical pros-
tatectomy tissue specimens [12, 13]. HPV is an
STl that has also been widely examined in rela-
tion to prostate cancer, as it is known to infect
the male genitals and genitourinary tract [14]
and is associated with several types of cancer
including cervical, vulvar, vaginal, penile, and
oropharyngeal. Efforts to detect HPV DNA in
prostate tissue samples have yielded both pos-
itive [15-17] and negative [12, 13, 18] results.
Associations between prostate cancer risk and
HPV subtype serostatus have generally yielded
null results (studied and reviewed in [19]); how-
ever, it should be noted that HPV type-specific
seroprevalence may not fully estimate cumula-
tive HPV exposure, as not all HPV exposures in
men lead to seroconversion [20]. Another study
in the Prostate, Lung, Colorectal, and Ovarian
(PLCO) Cancer Screening Trial found a slightly
higher risk for prostate cancer (odds ratio, 1.3;
95% Cl, 1.0-1.6) in men with any of 7 STIs
(Chlamydia trachomatis, HPV-16 and -18, her-
pes simplex virus-2, cytomegalovirus, human
herpesvirus-8, syphilis and gonorrhea) versus
none [21]. Furthermore, an interesting series of
studies have shown that men with certain STls
such as chlamydia, gonorrhea, and trichomono-
sis are more likely to have higher serum pros-
tate-specific antigen (PSA) levels. These find-
ings are of interest as they largely implicate
prostate involvement of the STI [22, 23]. In
other words, the most straightforward mecha-
nism by which PSA levels would be elevated
with an STI would be that infection of the pros-
tate by the STI leads to prostatic inflammation
and damage to prostate epithelial cells, result-
ing in release of PSA extracellularly that, in turn,
is released into the circulation.

An overall consensus on the contribution of
infectious agents to prostate carcinogenesis is
not yet established, and remains a field of
active research. This has been somewhat con-
founded by the fact that many positive associa-
tions between microorganisms and prostate

cancer that have been reported in the literature
have failed to be confirmed in follow up studies,
or have been debunked as assay contaminants
as opposed to true infections [4, 24-26].
Despite the fact that a definitive causative
infectious agent or agents has yet to be identi-
fied, accumulating evidence both in human
studies and in animal models continue to indi-
cate that infections may contribute to poten-
tially tumor-promoting chronic prostatic inflam-
mation. The following sections will cover this
recent literature, and provide hypotheses as to
why the “H. pylori of prostate cancer” has been
so difficult to find.

Evidence for prostatic infections in the adult
prostate

In younger men, infection-induced chronic
inflammation of the prostate is known to occur
as a disease entity called chronic bacterial
prostatitis. The clinical syndrome of prostatitis
is heterogeneous and is categorized by the
National Institutes of Health (NIH) consensus
classification as chronic prostatitis/chronic pel-
vic pain syndrome (CPPS). CPPS is divided into
four categories, only the first three of which
relate to men with symptoms: (l) acute bacterial
prostatitis; (ll) chronic bacterial prostatitis; (ll1)
chronic prostatitis'CPPS. Category (IV) is
asymptomatic inflammatory prostatitis; mean-
ing there are inflammatory infiltrates in pros-
tatic tissue that are not recognizably associat-
ed with clinical symptoms [27]. Whereas there
is some epidemiological evidence associating
symptomatic prostatitis with prostate cancer
risk [28, 29], concerns with prostatitis case-
control studies include biases such as detec-
tion bias. That is, since prostatitis is associated
with increased PSA levels, if a man visits his
doctor for prostatitis symptoms and is found to
have an elevated PSA, he is more likely to be
screened for prostate cancer and therefore
more likely to be diagnosed with prostate can-
cer. Likewise, a comprehensive analysis of the
influence of prostatic inflammation on prostate
cancer initiation and/or progression is difficult
to perform due to the very high prevalence of
prostatic inflammation that occurs in many
patients in which there is an absence of symp-
toms or in which inflammation is not recogniz-
ably related to symptoms. In other words, it is
likely that only a small fraction of the inflamma-
tion that occurs in the adult prostate is either
symptomatic or prompts a doctor’s visit.
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Figure 1. An example of the peripheral zone of the prostate from a radical pros-
tatectomy specimen showing both acute and chronic inflammation in the set-

ting of inflammatory atrophy.

Evidence that asymptomatic prostatic inflam-
mation (i.e., “histological prostatitis”) is very
common in the prostate of the adult male
includes histological analysis of biopsies from
men tested for prostate cancer due to elevated
PSA levels, radical prostatectomy specimens
from men being treated for prostate cancer,
transurethral resection of the prostate (TURP)
specimens from men treated for benign pros-
tatic hyperplasia (BPH), and autopsy specimens
[3, 30-37].

The majority of the asymptomatic inflammation
that is observed in the prostate is classified as
chronic inflammation (i.e., as evidenced by the
presence of monocytic and/or lymphocytic
inflammatory cell infiltrates), however acute
inflammation is also observed to a lesser
degree [3] (see Figure 1). Acute inflammation,
as is typically evidenced by the infiltration of
neutrophils, is classically an indicator of an
infectious process; although this is not always
the case. It could be argued that the presence
of neutrophils in prostatectomy specimens
from men undergoing treatment for prostate
cancer is due to a response against colonic
bacteria introduced into the prostate when the
man underwent a prior diagnostic transrectal
biopsy. This cannot account for all incidence of
acute inflammation in prostatectomy speci-
mens, however, as acute inflammation is also
seen on prostate biopsies, and was therefore
pre-existing and could not have been induced
by the biopsy procedure [38, 39]. Likewise,
acute inflammation is also observed on autop-

sy prostate specimens [34].
Another theory is that since
prostatic fluid contains che-
mokines, such as IL-8 [40]
which is a potent neutrophil
chemoattractant, injury to
the prostatic epithelium or
disruption of epithelial
architecture and subse-
quent “leakage” of prostat-
ic fluid could be potently
pro-inflammatory. Addition-
al evidence for a high prev-
alence of acute inflamma-
tory events in the adult
prostate, potentially due to
bacterial infections, has
come out of recent litera-
ture regarding tiny concre-
tions called corpora amylacea that occur fre-
quently in the adult prostate.

Prostatic corpora amylacea as remnants of
previous prostatic infections

Prostatic corpora amylacea are tiny laminated
bodies that are observed histologically number-
ing from few to several thousands in the pros-
tate of the adult male (Figure 2). Although pros-
tatic corpora amylacea have been known to
exist since the 1770’s [41, 42], until recently,
very little has been known about their composi-
tion or process of biogenesis. Corpora amyla-
cea are presumably precursors to calcified
“stones” called prostatic calculi that occur in
the prostate at a much lower frequency. In
2009, a study that utilized high-performance
liquid chromatography combined with tandem
mass spectrometry (LC/MS/MS) to compre-
hensively analyze the protein components of
prostatic corpora amylacea and calculi report-
ed that the predominant proteins comprising
these concretions are proteins involved in
acute inflammation, and in particular proteins
contained in neutrophil granules [43]. Speci-
fically, the most prevalent protein identified was
a protein called lactoferrin, which is a member
of the transferrin family of proteins and is found
in common bodily secretions such as milk, sali-
va, and tears. Lactoferrin is an iron-binding pro-
tein traditionally recognized for its role in innate
immunity as a bacteriostatic molecule. Other
proteins identified in this study included S100
calcium-binding proteins A8 and A9 (which
complex to form human calprotectin), myelo-
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peroxidase, and a-defensins, all of which (along
with lactoferrin) are acute inflammatory pro-
teins contained in neutrophil granules and play
a critical role in defense against bacterial infec-
tions. The authors conclude that corpora amy-
lacea may represent the remnants of past
inflammatory events in the prostate, possibly
due to bacterial infections [43].

In support of this, multiple studies have report-
ed on the ability to culture bacteria such as E.
coli and Pseudomonas spp. from prostatic cal-
culi [44-47]. A study published subsequent to
the Sfanos et al. study also reported the pres-
ence of S100A8 and S100A9 in corpora amyla-
cea and additionally identified both DNA and
proteins from E. coli in corpora amylacea sam-
ples [48]. Another recent study demonstrated
the presence of bacterial “imprints” in prostatic
calculi using scanning electron microscopy
(SEM) [49]. Bacterial imprints are akin to fossil
“footprints” that have been left imprinted into
the chemical makeup of a stone, as is known to
occur in kidney stones that form as a result of
bacterial infections [50]. Due to the spherical
shape and clustering pattern of the observed
bacterial imprints in prostatic calculi, Dessombz
et al. propose that the infecting organisms may
be staphylococci [49]. Interestingly, Staphyloco-
ccus spp. have been previously implicated in
bacterial prostatitis and have also been previ-
ously isolated from prostatectomy specimens
[12, 51-54]. Finally, structures resembling the
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Figure 2. Corpora amylacea in a prostatectomy specimen shown along with
areas of prostatic atrophy and chronic inflammation. We hypothesize that the
presence of corpora amylacea in the adult prostate serves as an indicator of
past acute inflammatory events, possibly due to previous prostatic infections.

early formation of corpora
amylacea were reported to
occur following neutrophil
infiltration into the dorsal
prostate in a rat model of
infection-induced prostati-
tis [565]. Collectively, these
studies indicate a potential
infectious etiology to the
development of corpora
amylacea and prostatic cal-
culi. Since corpora amyla-
cea are so prevalent in the
adult prostate, their pres-
ence may also indicate that
asymptomatic acute inflam-
mation, possibly due to
bacterial infections, occurs
far more frequently in the
prostate than previously
understood.

Corpora amylacea themselves may also serve
as a stimulus for inflammation in the prostate,
as they are often observed eliciting physical
trauma to glandular epithelium and with associ-
ated surrounding focal chronic inflammation
(Figure 2). Whether the biogenesis of or inflam-
mation associated with corpora amylacea con-
tributes to prostate carcinogenesis is unclear
however. Previous studies on this topic have
yielded disparate results [45, 56-58], however,
many of these studies are compromised by
methods that would not necessarily identify
corpora amylacea in the peripheral zone of the
prostate where prostate cancer arises
(reviewed in [43]). Intriguingly, ACIl/Seg rats,
which are among the few known rodent models
of spontaneous prostate cancer, are also one
of the only known rodent models to develop a
large number of corpora amylacea in the pros-
tate that precedes the development of adeno-
carcinoma [59]. Taken as a whole, whereas
there is currently strong evidence that corpora
amylacea are associated with inflammatory
events in the prostate, it remains unclear as to
whether the biogenesis or presence of corpora
amylacea is directly related to the carcinogenic
process.

Mouse models of infection-driven, long-term
prostatic inflammation

One of the challenges to establishing a defini-
tive role for inflammation and/or infection as a
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causative factor in prostate cancer may be evi-
denced by what is known about other recog-
nized associations between infections, chronic
inflammation and cancer. That is, there is often
an extended period of time (many years)
between initial infection with the microbial
agent, the induction of chronic inflammation,
and the development of cancer. This scenario
would imply that chronic inflammation could
persist in the prostate of men for many years
without symptoms - and indeed, as discussed
in detail above, the prevalence of asymptomat-
ic prostatic inflammation in men (i.e. “histologi-
cal prostatitis”) appears to be quite high in
adult men. Whereas in other known associa-
tions between infections and cancer, the caus-
ative infectious agent is typically present and
detectable at the time when cancer develops,
we hypothesize that for prostate cancer this
may not be the case. We propose that prostatic
infections that occur early in life may induce
chronic inflammation that persists for months
or even years after the initial infection, and pos-
sibly independent of persistent presence of the
infectious agent. Evidence in support of this
hypothesis has come from animal models of
prostate infection that have been recently
described in the literature that use the bacteri-
um Propionibacterium acnes (P. acnes) to elicit
prostatic inflammation.

P. acnes is a pro-inflammatory bacterium that
is considered to be the etiological agent in the
skin condition acne (acne vulgaris), as well as
several other inflammatory conditions including
endocarditis and post-surgical infections [60].
This species was first reported to be correlated
with prostate inflammation and cancer in 2005
[51], and several subsequent studies have also
reported on the presence of P. acnes in pros-
tate specimens [12, 52, 61, 62]. Although not
all studies have shown a positive association,
the correlation between acne and/or plasma
antibodies to P. acnes and prostate cancer inci-
dence and outcomes has also been examined
in multiple epidemiological studies [63-65]. In
addition, in vitro studies have demonstrated
that P. acnes is capable of inducing a strong
infammatory response in prostate cell lines
[62, 66, 67]. A recent multi-locus sequence typ-
ing (MLST) study of prostatectomy-derived
strains of P. acnes found that the strains of P.
acnes that are isolated from prostate cancer
patients group with the strains of P. acnes that
are associated with urethral flora and/or oppor-

tunistic infections as opposed to isolates that
are associated with normal skin flora [52]. This
particular finding is of interest, as it supports
the supposition that the route of entry for infec-
tious agents that may contribute to prostate
cancer etiology is via the prostatic urethra.

To date, two rodent models of P. aches-induced
prostatic inflammation using human prostate-
derived isolates of P. acnes have been
described. The first was a study in Sprague
Dawley rats, where the ventral and dorso-later-
al prostate lobes of 3-4 month old animals
were inoculated with P. acnes via abdominal
incision and direct prostate injection [55]. In
this model, prostatic injection of P. acnes cells
caused a strong acute response followed by
chronic inflammation that persisted particularly
in the dorso-lateral lobe in a subset of animals
at 3 and 6 months post-infection. The presence
of live bacteria was monitored by performing
colony forming unit (CFU) counts on prostate
tissue homogenates. Whereas high numbers of
bacteria were recovered at 3 weeks post-infec-
tion, very low numbers of cells could be cul-
tured at 3 months post-infection. By quantita-
tive PCR (qPCR), low levels of P. acnes could
still be detected by 6 months post-infection;
however CFU counts were not performed at this
time point.

A second study of P. acnes infection of the
rodent prostate was performed in C57BL/6)J
mice where a human prostatectomy-derived
isolate of P. acnes was introduced into the
prostate of 8-10 week old animals via urethral
catheterization [68]. In this model, a strong
acute response was observed at 1 week post-
infection that was restricted to the dorsal lobe
of the prostate followed by chronic inflamma-
tion that persisted in a subset of animals up to
8 weeks post-infection. Although the extent
and severity of chronic inflammation decreases
somewhat over time, to date, we have observed
that the chronic inflammation in this model can
persist for at least a year post-infection (D.
Biswal Shinohara, K. S. Sfanos, unpublished
data). Intact P. acnes cells could be detected
using immunohistochemistry (IHC) with a P.
acnes-specific antibody at both one week and
2 weeks post-inoculation. Interestingly, an
intracellular presence of the bacterium in pros-
tate epithelial cells was described for this
model [68]. By 8 weeks post-inoculation, P.
acnes could no longer be detected using IHC,
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however chronic inflammation was observed in
60% of animals.

Collectively, these studies have important
implications in regards to bacterial infections in
the prostate. First, a single bacterial infection
clearly has the potential to induce long-term
chronic inflammation in the rodent prostate
that persists for months or even up to a year
post-infection. Second, although complete bac-
terial clearance is not certain, the persistence
of chronic inflammation in the prostate does
not appear to be dependent on the persistence
of high levels of the infecting bacterium. It is
possible that P. acnhes could persist at cryptic
levels in the prostate and cause recurrent infec-
tions over time that drive chronic inflammation,
and this will undoubtedly be a focus of future
studies in rodent models.

Conclusions and future directions

Although the “H. pylori of prostate cancer” has
been sought for many years, there is no single
infectious agent for which a definitive link to
prostate cancer has been established. Despite
this fact, evidence continues to mount for a
high frequency of asymptomatic infections in
the prostate that may contribute to the carcino-
genic process via induction of long-term chron-
ic inflammation. It is entirely possible that an as
yet un-described pathogen may be identified in
the prostate of cancer patients. We also pres-
ent an alternative hypothesis in that the chron-
ic inflammation observed in the prostate of
cancer patients may have been initiated many
years prior to the development of cancer and
may have persisted independent of a high prev-
alence of the infecting agent. This is supported
by recent studies describing prostatic infec-
tions with P. acnes in rodent models, and
should remain a focus of future studies.
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