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Prostate tissues from patients with prostate cancer and benign prostatic hyperplasia (BPH) frequently
contain histological inflammation, and a proportion of these patients show evidence of Propionibacterium
acnes infection in the prostate gland. We developed a multicolor fluorescent in situ hybridization (FISH)
assay targeting P. acnes 23S rRNA along with a 14-kb region of the P. acnes genome. This assay was used
to analyze prostate tissues from patients with prostate cancer and BPH. P. acnes infection of the prostate
gland was demonstrated in prostatic tissue in 5 of 10 randomly selected prostate cancer patients. FISH
analysis and confocal laser microscopy imaging revealed intracellular localization and stromal biofilm-
like aggregates as common forms of P. acnes infection in prostate tissues from both prostate cancer and
BPH patients. A sequential analysis of prostate tissue from individual patients suggested that P. acnes can
persist for up to 6 years in the prostate gland. These results indicate that P. acnes can establish a
persistent infection in the prostate gland. Further study is needed to clarify the link between this
bacterium and prostatic inflammation which may contribute to the development of BPH and prostate
cancer.

Clinical benign prostatic hyperplasia (BPH) occurs in half of
all men by the age of 80 years (20), while prostate cancer is a
leading cause of morbidity and death among men in the United
States and Western Europe (13). Chronic or recurrent inflam-
mation has been implicated in the development and progres-
sion of both BPH (20) and prostate cancer (9, 24, 25, 30), and
various degrees of histological inflammation are seen in the
majority of prostate tissue specimens examined. The possibility
of an infectious etiology for this prostatic inflammation has
been raised in the context of both BPH (20) and prostate
cancer, although the accumulation of a larger amount of evi-
dence supports this hypothesis for the latter. For example,
epidemiological studies have reported an increased risk of
prostate cancer in patients with a history of sexually transmit-
ted infections (29, 31, 32). The genetic signatures of bacteria
were found in prostate tissues from 21 of 107 patients with
prostate cancer (21). Moreover, a positive correlation between
prostatic inflammation and the detection of bacterial 16S
rRNA gene sequences in tissue specimens obtained by radical
prostatectomy has been reported (16).

Recently, a single bacterial species, Propionibacterium acnes,
has been shown to infect a considerable proportion (35%) of
prostate glands removed at radical prostatectomy (6). More-
over, the presence of P. acnes was strongly correlated with
histological inflammation, suggesting that this bacterium might
be linked to cancer development. The possible involvement of
P. acnes in prostate pathology was further highlighted by the

detection of P. acnes 16S rRNA gene sequences in BPH tis-
sues, with a positive association between the detection of P.
acnes DNA and subsequent prostate cancer development re-
ported (1). We have developed a multicolor fluorescent in situ
hybridization (FISH) assay in order to localize P. acnes in the
prostate tissue of patients with prostate cancer and BPH and to
search for evidence of persistent or recurrent P. acnes infection
in the prostate gland.

MATERIALS AND METHODS

Prostate tissue samples. FISH analysis was performed with fixed, paraffin-
embedded specimens obtained from patients with prostate cancer (radical pros-
tatectomy or needle biopsy samples) or BPH (tissues obtained during transure-
thral resection of the prostate [TURP]). The assay was optimized by using the
following positive control tissues: 4 specimens obtained by radical prostatectomy
previously shown to be culture positive for P. acnes (6) and 10 tissue specimens
obtained by TURP, previously shown to be positive for P. acnes 16S rRNA gene
sequences, selected from patients who had subsequently been diagnosed with
prostate cancer (1). We then analyzed 10 specimens obtained by prostatectomy
randomly selected from patients who underwent surgery at the University Hos-
pital of Northern Sweden, Umeå, Sweden, in 2006. All radical prostatectomy
patients but one (including the four culture-positive controls) had presented with
elevated prostate-specific antigen levels (greater than 4 ng/ml) and had cancer
diagnosed by needle biopsy, and none had acute urinary retention or clinical
symptoms of bacterial prostatitis. Finally, to search for evidence of persistent or
recurrent P. acnes infection in the prostate gland, we identified 10 patients with
a prostate tissue sample positive for P. acnes by FISH and a second sample
available (taken between 3 months and 10 years prior to or subsequent to the
time that the positive specimen was taken). The 10 pairs of matched samples
analyzed were obtained by prostatectomy with a preceding needle biopsy (three
specimens) or by TURP with follow-up specimens obtained by prostatectomy
(two specimens) or needle biopsy (five specimens). When several specimens
obtained by TURP or biopsy were available, the first one obtained chronologi-
cally was selected.

Multicolor FISH assay. FISH analysis was performed with one whole-mount
tissue section from each prostatic lobe (left and right) for positive control spec-
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imens obtained by prostatectomy, one whole-mount tissue section from a single
lobe for randomly selected specimens obtained by prostatectomy, and a total
tissue area of approximately 2 cm2 for samples obtained by TURP. The tissue
sections were dewaxed in xylene, rehydrated in ethanol series, and then enzy-
matically treated as described previously (35), with minor modifications. The
probes used in this study were as follows: a 6-carboxyfluorescein (FAM)-tagged
eubacterial EUB338 probe, a Cy3-tagged nonsense EUB338 probe (2), and a
Cy3.5-tagged probe specific for P. acnes 23S rRNA (5�GAGTGTGTGAACCG
ATCATGTAGTAGGCAA3�; designed for this study). The probes were ob-
tained from DNA Technology A/S, Århus, Denmark. In addition, four probes
(size range, 5 to 6 kb) overlapping a 14,313-bp segment of the P. acnes genome
were generated as follows: P. acnes (isolate CCUG 41530, type 1A) was grown in
brain heart infusion broth and the bacterial DNA was purified with a QIAamp
DNA blood mini kit (QIAGEN, Hilden, Germany). A set of four primer pairs
based on the published genome sequence of P. acnes strain KPA171202 (5) was
designed by using the web-based PCR Suite program (Erasmus University,
Rotterdam, The Netherlands; http://www2.eur.nl/fgg/kgen/primer/). The primer
pairs were primers 1L (CCAAAGACAATTCTGGGAAGATTACAG; positions
320829 to 320855) and 1R (ATACAACTTCGGCCTTTACACTACAGC; posi-
tions 326085 to 326059), primers 2L (AAAATGTGAAGTGTGAGGTGATTC
TGC; positions 325533 to 325559) and 2R (ATTAAGGTGGAATGGTTCTAC
TGGTTG; positions 331266 to 331240), primers 3L (ATAATGAGGATGGTG
CAGACCAGTAG; positions 330317 to 330342) and 3R (GATGGAGGAAAT
CACATATAGCGAGAC; positions 335700 to 335674), and primers 4L (GAG
TGGATCTTCTTCGTCAACGTC; positions 335119 to 335142) and 4R (AGA
ACTCGTCCTTCTTCAACTTCCAAC; positions 341090 to 341064). Four
cDNA fragments were synthesized by using Elongase enzyme mix (Invitrogen)
and were subsequently cloned by using a Topo XL PCR cloning kit (Invitrogen).
Plasmids were isolated by use of the QIAGEN midi kit. The libraries were
directly labeled with diethylaminocoumarin-dUTP (DEC) (Perkin-Elmer, Bos-
ton, MA) by using a nick translation kit (Vysis Inc., Des Plaines, IL). The probe
cocktail, which contained 100 to 120 ng of each probe, was resuspended in 10 �l
of buffer (50% formamide, 2� SSC [1� SSC is 0.15 M NaCl plus 0.015 M sodium
citrate], 10% dextran sulfate, 0.1% sodium dodecyl sulfate, 1� Denhardt’s so-
lution, 40 mM sodium phosphate, pH 7) and was incubated on the slide at 75°C
for 5 min, followed by overnight incubation at 37°C. After the slides were washed
with 2% SSC containing 0.3% Nonidet P-40 (Biochem), the slides were stained
with 4,6-diamidino-2-phenylindole dihydrochloride (DAPI; Sigma, Israel). The
slides were then mounted with antifade solution (Citi-fluor, England) and read
with an Axioplan 2 imaging microscope (Carl Zeiss). For selected samples,
confocal laser scanning microscopic imaging was performed with a Leica DM
RXE microscope attached to a TCS SP2 AOBS confocal system and high-
resolution objectives (Leica Microsystems, Exton, PA). Stacks of images with an
image size of 512 by 512 pixels were obtained, and a step size of 0.40 �m was
performed.

In vitro study. P. acnes (prostate isolate, type 1B [6]) was cultivated at 37°C in
brain heart infusion broth supplemented with 5% horse serum in tubes without
agitation, thus creating a microaerobic environment. A cell monolayer of normal
prostate epithelial cell line RWPE-1 (ATCC CRL 11609) was infected with P. acnes
(ratio, 1:50), and after 24 h of infection, the cells were examined microscopically.

RESULTS

Optimization of P. acnes-specific FISH. The FISH method-
ology can be used to detect a pathogen within a tissue without
destroying the tissue morphology. The major obstacles encoun-
tered when FISH is applied to the detection of P. acnes are due
to the low sensitivity of this bacterium to lysozyme (38) and
proteinase K (O. Alexeyev, unpublished data). These are the
enzymes commonly used to make bacterial walls penetrable for
probes. We found that use of achromopeptidase, an enzyme
known to be lytic for gram-positive anaerobes (11), helped
circumvent the problem. The specificity of the P. acnes-specific
23S rRNA binding and the specificities of the four overlapping
long probes were established as follows: staining was detect-
able in a smear of cultured P. acnes and in tissue samples from
the four specimens that were obtained by radical prostatec-
tomy and that were previously shown to be culture positive for
P. acnes (6) (Fig. 1); but no signal was detected in a blood

smear, an Escherichia coli culture smear, or breast cancer tis-
sue or brain tissue specimens. As a control for specificity dur-
ing screening of the prostate tissues, only signals which were
positive with all three probes (the probe for 23S rRNA, the
long probes, and the EUB338 probe) were considered positive
for P. acnes. It is interesting to note that all positive signals
seen in prostate tissue met this criterion. No signal was ob-
served with the nonsense EUB338 probe in any sample.

Forms of P. acnes infection in prostate tissue. Two major
forms of P. acnes infection could be demonstrated in prostate
tissues: intracellular bacteria (most likely within macrophages)
and dense stromal bacterial aggregates which were incompat-
ible with intracellular forms in both size and shape (Fig. 2).
The intracellular forms accounted for approximately 80% of
the positive signals, while the remainder occurred as aggre-
gates or, occasionally, as individual colonies. The intracellular
and aggregate forms of infection were confirmed by confocal
laser scanning microscopic image analysis (Fig. 3), which
showed that the aggregates consisted of organized, evenly
spaced signals apparently embedded within a diffusely stained
matrix, which may be suggestive of biofilm formation. The
possibility of biofilm-based infection was supported by the re-
sults of the in vitro study, where a type IB prostatic P. acnes
isolate formed biofilm-like conglomerates attached to the
cocultured cells of a prostate epithelial cell line (Fig. 3F).

Distribution of P. acnes in prostate tissue samples. FISH
analysis confirmed the presence of P. acnes in the majority of
positive control prostate tissues which were previously shown
to contain P. acnes by either culture (6) or PCR (1) and also in
half of the randomly selected samples obtained by radical pros-
tatectomy for which the P. acnes infection status had not pre-
viously been determined (Table 1). While intracellular bacteria
were seen in all positive samples, bacterial aggregates were de-
tected in only a few cases (Table 1). Quantitative analysis was
performed for a limited subset of each group, and the results
showed that between 3 and �50 positive signals could be detected
per prostate tissue specimen (Table 1). Statistical analysis was not
performed due to the small numbers of cases analyzed.

Analysis of the whole-mount sections obtained by radical
prostatectomy showed that P. acnes was focally distributed and
could be seen with equal frequency in the peripheral or tran-
sition and central zones of the prostate. Approximately 90% of
the positive signals were detected in the stroma, most com-
monly in regions devoid of cancer (Fig. 4). Positive signals in
the epithelial layer or ductal lumens were rare and mainly
appeared as individual colonies. While intracellular bacteria
were commonly found within clusters of inflammatory cells
(Fig. 4), we seldom observed inflammatory cells in the vicinity
of bacterial aggregates (data not shown). Analysis of patient
details showed that preoperative prostate-specific antigen lev-
els were slightly higher in the nine P. acnes-positive prostate
cancer patients (median, 7.8 ng/ml; range, 4.3 to 40 ng/ml) than
in the five P. acnes-negative patients (median, 5.5 ng/ml; range,
3.9 to 22 ng/ml) (P � 0.68; unpaired t test). The median
Gleason scores were almost similar in these two groups (7 and
6.5, respectively).

Detection of P. acnes in sequential prostate samples. For 10
patients with a prostate sample positive for P. acnes by FISH,
a second prostate sample was available for analysis. This sec-
ond sample was also positive for P. acnes in 3 (30%) of the 10
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cases (Table 2). These matched pairs of P. acnes-positive sam-
ples included a specimen obtained by needle biopsy 3 months
prior to a radical prostatectomy and two specimens obtained
by radical prostatectomy removed 4 years and 6 years, respec-
tively, after TURP procedures (Table 2). Both the intracellular
and stromal bacterial aggregates of P. acnes were seen in the
tissues obtained by TURP, while the sample obtained by bi-
opsy showed only the stromal intracellular form. These results

are evidence of persistent or recurrent P. acnes infection of the
prostate gland in two cases involving BPH patients who pro-
gressed to a diagnosis of prostate cancer many years later. P.
acnes was detected in only one of the eight needle biopsy series
analyzed, and even in that positive case only one of the eight
biopsy needle cores contained a positive signal (Table 2), in-
dicating a low detection rate in biopsy tissues, consistent with
their small volume. In addition, a total of eight preceding

FIG. 1. Specificity of FISH for P. acnes. The positive controls for FISH were a smear of cultured P. acnes (A to D) and P. acnes culture-positive
prostate tissue (E to H). The panels show the results obtained with the FAM-labeled eubacterial EUB338 probe (A and E), the Cy3.5-labeled P.
acnes-specific 23S rRNA-binding probe (B and F), DEC-labeled P. acnes specific long probes (C and G), and an overlay of all three probes plus
DAPI staining (D and H). P. acnes cells are seen as intracellular forms in the tissue. Magnifications, �400.
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biopsy cores corresponding to four prostatectomy specimens
negative for P. acnes by FISH were also analyzed, and all of
these were negative (data not shown).

DISCUSSION

Several factors hamper efforts to detect P. acnes in human
tissues. P. acnes is difficult to detect in vivo by Gram stain (10)

and is extremely slowly growing, requiring extended culture
under anaerobic conditions (6). Furthermore, detection of P.
acnes in prostate tissue by culture or PCR cannot distinguish
between tissue-invasive infection, colonization of prostatic
ducts, and contamination with skin bacteria during surgical
procedures or tissue processing. In this study we report on the
development of a multicolor FISH assay for the detection and
localization of P. acnes in prostate tissue. A cocktail of five P.

FIG. 2. FISH images showing intracellular (A to D) and biofilm-like aggregate (E to H) forms of P. acnes infection in prostate tissue. The
panels show the results obtained with the FAM-labeled eubacterial EUB338 probe (A and E), the Cy3.5-labeled P. acnes-specific 23S rRNA-
binding probe (B and F), DEC-labeled P. acnes-specific long probes (C and G), and an overlay of all three probes plus DAPI staining (D and H).
Arrows show the positions of intracellular bacteria. Magnifications, �1,000.
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acnes-specific probes was used to visualize the bacterial ge-
nome in the tissue. To increase the specificity of the assay we
used large overlapping probes covering approximately 14 kb of
the P. acnes genome. A similar approach based on large probes
(2 kb) was recently successful in detecting a novel gamma
retrovirus in human prostate cancer tissues (37).

In our study, 5 (50%) of 10 randomly selected patients with
prostate cancer were shown to harbor P. acnes in their pros-
tatic stromal tissue. The rate of detection by FISH was higher
than the 35% previously reported for P. acnes by culture (6),

which may be attributed to a higher sensitivity of FISH and
also the larger proportion of tissue examined by this method.
The demonstration of P. acnes in BPH tissues by FISH is in
accord with the results of previous reports on the isolation of
P. acnes from prostate tissue of patients with idiopathic pros-
tatic inflammation as well as patients with BPH (4, 23, 27, 34,
36). However, it is beyond the scope of the present study to
draw conclusions on causal associations between infection with
P. acnes and the development of BPH or prostate cancer, due
to the small number of patient samples analyzed and our in-

FIG. 3. Confocal laser scanning microscopic images confirming the intracellular (A and D) and biofilm-like aggregate (B and E) forms of P.
acnes infection in prostate tissue. The panels show the results obtained with the FAM-labeled eubacterial EUB338 probe (A and B) and the
Cy3.5-labeled P. acnes-specific 23S rRNA-binding probe (D and E). (C and F) Attachment of a P. acnes prostatic isolate (arrow) to the surface
of cultured prostate epithelial cells and the formation of biofilm-like conglomerates; (C) eukaryotic membranes stained with wheat germ agglutinin
conjugated with Texas Red (Invitrogen); (F) DAPI staining of bacterial and eukaryotic DNA.
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ability to obtain control prostate tissue from healthy men with-
out prostate disease for comparison. This work was designed as
a small, semiquantitative pilot study to evaluate our assay for
its ability to detect P. acnes in prostate tissue and to search for
evidence of genuine infection; in this respect, our results do
confirm tissue-invasive infection of the prostate gland rather
than ductal colonization in the positive cases analyzed.

In addition, two separate lines of evidence point to the
possibility that P. acnes can establish persistent infection in the
prostate gland. First, we have detected P. acnes in sequential
prostate samples from individual patients taken up to 6 years
apart. Second, the major form of P. acnes infection in the
prostate gland was stromal intracellular bacteria, which is more
consistent with persistent rather than acute infection. The lo-

calization of P. acnes in macrophages has been described in
both experimentally infected animals and patients with sar-
coidosis (15, 22, 39). P. acnes displays low sensitivity to the
bactericidal and degradative functions of human monocytes
(38) and may therefore persist intracellularly.

Sessile bacterial growth, as exemplified by a biofilm, repre-
sents another microbial strategy used to establish chronic in-
fection (7). Biofilms adherent to epithelial or artificial surfaces
represent the most common form, but intracellular (3) and
stromal (8, 12) localizations have also been reported. Biofilms
attached to ductal walls have been demonstrated in patients
with prostatitis (26), but to the best of our knowledge, a stro-
mal biofilm has never been demonstrated in prostate tissue.
Given the organized nature of the bacterial aggregates ob-

TABLE 1. Detection of P. acnes by FISH in positive control prostate tissues and randomly selected specimens from prostate cancer patients
obtained by radical prostatectomy

FISH results

No. of cases/total no. of cases tested (%)a

Control prostate tissues positive for: Randomly selected prostatectomy
cases in which P. acnes status was

unknown (n � 10)
P. acnes 16S rRNA

geneb (n � 10)
P. acnes by culturec

(n � 4)

Positive P. acnes signals 7/10 (70) 4/4 (100) 5/10 (50)
Bacterial aggregates 2/7 (29) 0/4 (0) 2/5 (40)
Intracellular bacteria 7/7 (100) 4/4 (100) 5/5 (100)

a The area analyzed was approximately 2 cm2 of tissue (for positive control samples obtained by TURP) and one whole-mount tissue section of a single prostatic lobe
(for specimens obtained by prostatectomy). The quantitative results were as follows: for control prostate tissues positive for the P. acnes 16S rRNA gene, five samples
showed 3, 6, 7, 11, and 16 signals, respectively; for control prostate tissues positive for P. acnes by culture four samples showed 3, 10, 11, and 21 signals, respectively;
and for randomly selected prostatectomy cases in which P. acnes status was unknown, two samples showed 8 and �50 signals, respectively.

b Samples obtained by TURP previously shown to be PCR positive for P. acnes 16S rRNA gene (1).
c Samples obtained by radical prostatectomy previously shown to be culture positive for P. acnes (6).

FIG. 4. Tissue localization of P. acnes in the stroma of samples obtained by prostatectomy. The panels show the results obtained by sequential
FISH analysis (A and C) and hematoxylin-eosin staining (B and D) of prostate tissue. The FISH signal coordinates were recorded by using a
Mikropositioner glass (Berliner Glas KG), and after probe hybridization the sections were demounted and stained with hematoxylin-eosin.
Prominent signals are seen in the vicinity of stromal infiltrating lymphocytes (arrows). Magnifications, �400.
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served in this study and their envelopment in diffusely staining
material suggestive of a secreted matrix, it is tempting to spec-
ulate that P. acnes may establish biofilm forms in prostate
tissue. The ability of P. acnes (prostate isolate, type 1B) to form
biofilm-like aggregates on cultured prostate epithelial cells fur-
ther supports the possibility of biofilm formation in the patho-
genesis of P. acnes infection in the prostate gland. It is note-
worthy that scant inflammatory cells were seen in the vicinity of
stromal P. acnes aggregates in prostatic tissue, which is similar
to the relative lack of an inflammatory response reported
against biofilms, where the extracellular matrix is thought to
mask bacterial antigens and protect the sessile bacterial com-
munities (7). Whether P. acnes may indeed form tissue biofilms
requires further study, for example, to show the expression of
genes linked to the production of extracellular matrix compo-
nents.

Given the high rate of isolation of P. acnes from the male
urinary tract (33), an ascending mechanism for prostate inva-
sion seems logical. Bladder catheterization, prostate biopsy,
and TURP procedures may also introduce P. acnes into the
prostate gland. Our findings of stromal intracellular P. acnes in
the initial biopsy material from one patient, along with both
intracellular and biofilm-like stromal forms in the initial spec-
imens obtained by TURP, suggests that the infection was al-
ready well established in the prostate tissue when these pro-
cedures were performed and supports a biological rather than
iatrogenic route of infection, at least in some patients.

P. acnes is recognized for its capacity to activate and induce
proinflammatory cytokine production by cells of the mononu-
clear phagocyte system (17). It likely plays a contributory role
in the high level of prostatic inflammation associated with
positive cultures for P. acnes in prostate cancer patients (6),
and we suggest that it may also be involved in the inflammation
associated with the development and progression of BPH. For
example, P. acnes is known to induce Toll-like receptor 4 (18)
and interleukin 15 (28), both of which are up-regulated in BPH
(14, 19).

In conclusion, our results provide direct confirmation of P.
acnes infection in the prostate glands of patients with BPH and
prostate cancer. Our findings of P. acnes in both intracellular
locations and biofilm-like aggregates within the stroma, along
with its detection in sequential samples taken up to 6 years

apart, suggest infection of a persistent nature. Further study is
needed to clarify the link between this bacterium and prostatic
inflammation, which may lead to a better understanding and
the better management of common prostate diseases.
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