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NKX3.1 is a homeodomain protein that functions as a
dosage sensitive prostate-specific transcription fac-
tor. Diminished NKX3.1 expression is associated with
prostate epithelial cell proliferation in vitro and with
increasing Gleason grade in patient samples. Mouse
Nkx3.1 also functions as a negative regulator of pros-
tate cell growth in prostate cancer models. Identifying
biological and environmental factors that modulate
NKX3.1 accumulation is therefore central to efforts
aimed at elucidating prostate growth control mecha-
nisms. To determine the effect of inflammation on
Nxk3.1 accumulation, bacterial prostatitis was in-
duced by intraurethral inoculation of a uropatho-
genic E. coli strain in mice. Nkx3.1 expression was
profoundly reduced in infected prostate lobes and
correlated with increased expression of a prolifera-
tion marker. Androgen receptor levels were also re-
duced in concert with Nkx3.1, and a marked increase
in the basal cell marker p63 was observed. Analyses of
the inflammatory infiltrate revealed a classic acute
inflammatory response that attained characteristics
of a chronic state within fourteen days postinocula-
tion. Comparison of the four prostate lobes revealed
clear differences in the extent of inflammation. These
data demonstrate that acute inflammation in response
to a bacterial agent in the prostate is associated with a
significant diminution in the level of a key regulator of
prostate cell proliferation. These observations provide a
plausible mechanism whereby prostate inflammation
may establish a local environment conducive to epithe-
lial cell growth. (Am J Pathol 2010, 176:2259–2268; DOI:

10.2353/ajpath.2010.080747)

Prostate cancer ranks after lung cancer as the second-
leading cause of cancer death among men in the
United States.1 Although the molecular basis of pros-
tate carcinogenesis remains unclear, a multiplicity of
factors, including aging, diet, environmental factors,
and genetic susceptibility affect overall risk.2,3 In the
human prostate, cancer occurs most commonly in the
peripheral zone and is a progressive and multistep
disease.4,5 As with other epithelial cancers, the accu-
mulation of genetic alterations that affect cell prolifer-
ation, survival, and apoptosis is thought to underlie
prostate carcinogenesis.6 – 8

Chronic inflammation over a prolonged period has
been correlated with the emergence of cancer in sev-
eral organs.9 –11 Recently, a hypothesis has been pro-
posed linking prostate carcinogenesis to chronic inflamma-
tion and areas of atrophic/regenerative epithelium.3

Atrophic lesions are often associated with signs of ongo-
ing chronic inflammation in the prostate.12 Focal atrophy
is frequently encountered in the prostate and has been
documented for more than half a century.13 Although
atrophic in appearance, epithelial cells within the lesions
have a high proliferative and low apoptotic index, leading
to the term proliferative inflammatory atrophy (PIA).14 The
frequent occurrence of atrophic lesions in close proximity
to, and sometimes merging with, areas of prostatic intra-
epithelial neoplasia (PIN) suggests that PIA may repre-
sent a potential precursor of prostate cancer. Further-
more, along with increases in proliferation markers, and
similar to high-grade PIN and carcinoma lesions, luminal
cells in PIA lesions showed a decrease in expression of
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p27Kip1/CDKN1B, a haploinsufficient tumor suppressor
and cyclin-dependent kinase inhibitor, and an increase in
C-MYC protein.14–16

Although the prostate is a frequent site of inflammation
and the coincidence of lymphocytic infiltration and either
precursor lesions or overt adenocarcinoma is common, a
causal relationship between these entities has not been
established. In most cases of the subset of clinical pros-
tatitis that are associated with inflammation in prostatic
fluid, the cause of inflammation is unclear. Nevertheless,
a variety of pathogenic organisms are known to infect the
prostate and give rise to an inflammatory response.3 In
the majority of acute and chronic bacterial prostatitis
cases, Gram-negative organisms, for example, Esche-
richia coli, are implicated.17 Recently, a mouse model of
bacterial prostatitis was developed. In this system, C3H/
HeOuJ mice developed acute prostatic inflammation fol-
lowed by a persistent inflammatory response after intra-
urethral inoculation with a uropathogenic E. coli strain.18

Histological analyses revealed reactive epithelial hyper-
plasia associated with oxidative stress in infected mice.
The availability of a bacterial prostatitis model in an or-
ganism where prostate growth and development have
been well characterized and genetic manipulations are
possible can facilitate mechanistic analyses of these
associations.

The main objective of the current study was to explore
a potential mechanistic link between a key prostate
growth control regulator and prostate inflammation. The
central focus was on Nkx3.1, a homeodomain transcrip-
tion factor that functions as a prostate-specific tumor
suppressor. Nkx3.1 is the earliest known marker of pros-
tate development, and its expression remains restricted
throughout adulthood to epithelial cells in the pros-
tate.19,20 In mice, loss of Nkx3.1 function results in epi-
thelial hyperplasia and dysplasia that worsens with
age.21–23 In humans, NKX3.1 protein expression is dimin-
ished in human prostate cancer, and the loss of NKX3.1
correlates with disease progression.24–26 In Nkx3.1 mu-
tant mice, Nkx3.1 loss-of-function leads to deregulated
expression of antioxidant and prooxidant enzymes in-
cluding Prdx6, Qscn6, GPx2, and GPx3.27 As a result,
it was hypothesized that diminished Nkx3.1 levels
might lead to an accumulation of reactive oxygen spe-
cies, which in turn increases oxidative DNA damage,
and ultimately promotes neoplastic transformation. In-
deed, PIA lesions are reported to exhibit reduced
NKX3.1 expression, which may contribute to increased
oxidant damage.28

Using a mouse model of bacterial prostatitis, we per-
formed immunohistochemical analysis to investigate
Nkx3.1 protein levels in inflamed prostates. Detailed his-
tological analyses of the four prostate lobes revealed
profound alterations in Nkx3.1 levels. Given the well-
established role of Nkx3.1 in controlling prostate growth
and in protecting cells from oxidative stress, our obser-
vations of diminished Nkx3.1 accumulation provide a
potential mechanistic link between inflammation carcino-
genesis risk in prostate epithelial cells.

Materials and Methods

Bacterial Strain and Growth Conditions

Uropathogenic E. coli strain CP9 was a kind gift from Dr.
A.D. O’Brien (Uniformed Services University of the Health
Sciences, Bethesda, MD). This strain is a human blood
isolate that expresses cytotoxic necrotizing factor 1 and
Hemolysin29 and has previously been reported to be
virulent in a number of in vitro and in vivo models.29–32 The
E. coli CP9 inoculum used to infect mice was prepared by
inoculating a single colony into 5 ml of static Luria Broth
for 16 hours followed by passage into 50 ml of static Luria
Broth for 48 hours at 37°C. Bacteria were then adjusted to
an A600 of 0.85 and 6 ml were pelleted by centrifugation
at 10,000g for 5 minutes at 4°C. After centrifugation the
pellet was resuspended in 2 ml of sterile saline to give a
bacterial density of 2.5 � 108 CFU/ml.

Animals and Intraurethral Inoculation

Male C3H/HeOuJ mice were obtained from the Jackson
Laboratory (Bar Harbor, ME) and were housed in an
animal biosafety level 2 barrier facility (Spring Valley Lab-
oratories, Woodbine, MD). All animal procedures were
approved by the University of Maryland Baltimore County
Institutional Animal Care and Use Committee. Under an-
esthesia (avertin, 250 mg/kg I.P.), mice were catheterized
using sterile polyethylene tubing (PE-10, Intramedic,
Becton Dickinson, Sparks, MD), and 100 �l of the inoc-
ulum was delivered over a 30-second period. Control
animals received an equal volume of sterile phosphate
buffered saline (PBS). Animals were allowed access to
food and water ad libitum.

Tissue Harvesting and Processing

Mice were euthanized 5, 10, and 14 days after inoculation
by CO2 asphyxiation followed by cervical dislocation. The
prostate gland, bladder, urethra, and seminal vesicles
were dissected and fixed in 4% paraformaldehyde for 4
hours. Tissue specimens were transferred to 70% ethanol
and processed for standard paraffin embedding. Paraffin
blocks were sectioned at five-micron intervals, and sections
were mounted on Superfrost/Plus microscopic slides
(Fisherbrand, Fisher Scientific, Chicago, IL). Standard he-
matoxylin and eosin (H&E) staining was performed for
histological analyses.

Immunohistochemistry

Tissue sections were deparrafinized, rehydrated and
briefly equilibrated in water. For Nkx3.1 and androgen
receptor (AR) immunohistochemistry, antigen unmasking
was performed by boiling slides in 1 mmol/L EDTA (pH
8.0) for 15 minutes. For p63 staining, slides were
steamed for 20 minutes in Antigen Unmasking Solution
(Vector Laboratories, Burlingame CA) for 20 minutes. For
Ki-67, CD3, and F4/80 staining, slides were steamed in
High Temperature Target Retrieval Solution (Dako Cyto-
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mation, Carpentaria, CA) for 40 minutes. Endogenous
peroxidase activity was quenched by incubation with
peroxidase block for 5 minutes at room temperature. For
Nkx3.1 and AR staining, nonspecific binding was
blocked by incubating in 1% bovine serum albumin in
Tris-HCl pH 7.5 for 20 minutes at room temperature.
Slides were incubated with primary antibodies including
a rabbit polyclonal anti-mouse Nkx3.1 antibody33 (1:2000
dilution) for 1 hour at room temperature; rabbit polyclonal
anti-mouse AR antibody (Upstate Biotechnology, Lake
Placid, NY; 1:750 dilution) for 1.5 hours at room temper-
ature; mouse monoclonal anti-mouse p63 (Labvision
Neomarkers, Freemont, CA; 1:50 dilution) for 45 minutes
at room temperature; rabbit polyclonal anti-human CD3
antibody (Dako Cytomation, Carpinteria, CA; 1:1000 di-
lution) overnight at 4°C; rabbit polyclonal Ki-67 antibody
(Novocastra, Burlingame, CA; 1:1200 dilution) for 45 min-
utes at room temperature; rat monoclonal anti-mouse
F4/80 antibody (Serotec Inc, Raleigh, NC; 1:10000 dilu-
tion) for 45 minutes at room temperature. After F4/80
primary antibody application, slides were incubated with a
rabbit anti-rat IgG antibody (Dako Cytomation, Carpinteria,
CA) at 1:3000 dilution for 30 minutes at room temperature. A
horseradish peroxidase–labeled polymer (Dako Cytoma-
tion, Carpentaria, CA) was applied on all slides for 30 min-
utes at room temperature. Signal detection was performed
using 3,3�-diaminobenzidine tetrahydrochloride (DAB) as
the chromagen. Slides were counterstained with hematox-
ylin, dehydrated, and mounted.

Histopathological Scoring of Prostate
Inflammation

For each prostate lobe, inflammation grade and extent, in
percent area affected, for acute and chronic inflammation in
luminal, intraepithelial, and stromal compartments were as-
sessed visually. A weighted inflammation score was gen-
erated using the following formula: [(Grade 3 percent-
age � 3) � (Grade 2 percentage � 2) � Grade 1
percentage]. The inflammation score of each compart-
ment in each lobe were combined to derive a total acute
and chronic inflammation score for each lobe, and these
scores were summed to derive a total acute and chronic
inflammation score for each prostate.

Results

Histological Features of CP9-Induced Bacterial
Prostatitis

A group of 28 C3H/HeOuJ males was anesthetized and
intraurethrally inoculated with 2.5 � 107 uropathogenic E.
coli CP9, and 10 control animals were inoculated in par-
allel with PBS. CP9 was originally isolated from the blood
of a patient with pyelonephritis.29 Previous studies have
shown that this strain is positive for cytotoxic necrotizing
factor 1 (CNF1), which confers a selective net growth
advantage in lower urinary tract infections.34 More than
60% of patients that present with bacterial prostatitis are
infected with CNF1-positive E. coli strains.35,36 Groups of

mice were euthanized 5, 10, and 14 days postinoculation,
and a partial urogenital system including the prostate,
seminal vesicles, urethra, and bladder was removed en
bloc for histological analyses. The gross morphology of
PBS-inoculated control mice appeared normal at all time
points. In contrast, CP9-infected mice had slightly en-
larged seminal vesicles and prostates by day 5. By day
10, the overall size of the prostate and seminal vesicles
appeared to return to normal. However, by day 14, the
prostate and seminal vesicles from CP9-infected mice
were opaque and were reduced to less than half the size
of PBS-inoculated control prostate and seminal vesicles
(data not shown).

Anterior Prostate

The anterior prostate exhibited variable degrees of in-
flammation among CP9-infected animals. In some cases,
neither lobe was infected, however in other cases one
lobe appeared inflamed while the other lobe showed no
signs of infection. Furthermore, a mix of inflamed and
noninflamed ducts was often seen concomitantly in one
lobe. Not unexpectedly the onset of the inflammatory
reaction consisted of acute inflammatory cells (primarily
neutrophils), and over time there was a progressive in-
crease in the amount of chronic inflammatory cells
(mononuclear cells consisting primarily of lymphocytes
and macrophages, see below). At day 5, neutrophils
predominated and these were localized primarily in the
stroma (Figure 1A). By day 10, apparently infected ante-
rior ducts appeared heavily infiltrated with luminal neu-
trophils and had lost their characteristic papillary infold-
ings (Figure 1B). The ductal epithelium had become
multilayered with evidence of a moderate degree of ap-
optosis and scant cytoplasm. Although most ducts re-
mained well circumscribed by the stroma, in more dis-
tended ducts, the epithelium was markedly diminished
with a complete loss of ductal architecture and with focal
evidence of ductal contents spilling into the stroma. In
some regions of severe inflammation, squamous meta-
plasia was observed within the epithelial layer. The epi-
thelial cells within recovering ducts appeared markedly
hyperchromatic and piled up, with evidence of cribriform
architecture consistent with inflammatory injury and re-
generation. The stroma exhibited marked fibrosis with
moderate to severe mononuclear inflammatory cell infil-
tration. By day 14, although most ducts remained in-
flamed, some ducts had begun to clear the acute inflam-
matory infiltrate and debris (Figure 1C). At day 14, the
anterior prostate exhibited a markedly sclerotic stroma
with pockets of severe inflammatory infiltrate and abun-
dant plasma cells. Marked stromal angiogenesis evi-
denced by an increased number of newly formed capil-
laries was also observed. There was an increased
proportion of ductal spaces that had cleared the inflam-
matory infiltrate (Figure 1C). The ducts were enclosed by
a thickened fibromuscular sheath, and once again the
epithelium exhibited cribriform architecture that may in-
dicate regenerating ductal structure. Ducts that remained
inflamed had severe glandular infiltration that was mostly
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neutrophilic. The epithelium was multilayered, disorga-
nized, and exhibited signs of reactive nuclear atypia.

Dorsal Prostate

Similar to the anterior prostate, the dorsal prostate con-
tained a mix of involved and uninvolved lobes. In addi-

tion, the juxtaposition of inflamed and noninflamed ducts
within the same lobe was frequently encountered. At day
5, inflamed ducts exhibited severe neutrophil luminal in-
filtration (Figure 1D) that was present in all three main
compartments (intralumial, stromal, and intraepithelial).
The ductal epithelium appeared hyperchromatic and
multilayered at times with a complete loss of infoldings.

Figure 1. Histopathological analysis of individual prostate lobes from CP9-infected mice at five, 10, and 14 days postinoculation. A–C: Anterior prostate (AP).
A: Day five AP showing heavily infiltrated glandular lumen and a multilayered ductal epithelium. Note the complete loss of papillary infoldings within the ductal
epithelium. B: Day 10 AP exhibiting hyperchromatic and multilayered epithelium. Note the marked fibrosis within the stromal layer. C: Day 14 AP with a thickened
fibromuscular sheath surrounding a recovered duct. Note the newly generated cribriform architecture. D–F: Dorsal prostate (DP). Note the juxtaposition of
inflamed and noninflamed ducts in all three panels. D: Day five DP. E: Day 10 DP with a slightly disorganized multilayered epithelium. F: Day 14 DP exhibiting
severe glandular and periglandular inflammation. Note the distended duct and hyperchromatic nuclear appearance. G–I: Lateral prostate (LP). G: Day five LP with
no apparent inflammation. A few mononuclear inflammatory cells appear in stroma and around the blood capillary. H: Day 10 LP exhibiting an involved duct
with mild glandular infiltrate and extensive epithelial multilayering. Note the markedly thickened stromal layer. I: Day 14 LP. Note the slightly thickened stroma
and the scattered inflammatory infiltrate in the absence of any apparent glandular inflammation. J–L: Ventral prostate (VP). J: Day five VP. K: Day 10 VP exhibiting
dense periglandular infiltrate with disorganized and multilayered ductal epithelia. L: Day 14 VP. Note the increase in newly formed stromal capillaries. Original
magnifications: �400 (A–E, G–L); �100 (F). H&E staining.
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Increased fibrosis and angiogenesis was often seen in
the stroma. At day 10, severe periglandular and stromal
monocytic inflammation was frequently seen in certain
areas of the dorsal lobe (Figure 1E). The ductal epithe-
lium remained multilayered and hyperchromatic, with
some ducts appearing atrophic. At day 14, the overall
dorsal lobe morphology remained consistent with the
morphology seen at day 10 (Figure 1F). In some ducts,
the epithelial layer exhibited extensive disorganized
stratification.

Lateral Prostate

The lateral prostate was the most consistently uninvolved
lobe among CP9-inoculated mice. Despite having clear
luminal spaces, the lateral lobe stroma often contained a
mild infiltration of predominantly mononuclear inflamma-
tory cells (Figure 1G). At later time points, the ductal
epithelium appeared more contracted than normal with
increased infoldings that were considered unusual for
normal lateral ducts. Furthermore, the epithelial cells
within condensed ducts exhibited a hyperchromatic co-
lumnar morphology (Figure 1I). An inflammatory re-
sponse within the lateral prostate was seen in only 10% of
CP9-infected mice. The lateral lobe contained a mix of
involved and uninvolved ducts with increased stromal
thickening and a dense stromal monocytic infiltrate. Al-
though the infected ducts contained luminal inflammatory
cells, the density of the debris and neutrophils was much
less than that observed in other lobes (Figure 1H). The
ductal epithelium was hyperchromatic and markedly mul-
tilayered, however it remained well organized.

Ventral Prostate

Although juxtaposed to the frequently uninvolved lateral
lobe, ventral prostate inflammation was the most consis-

tent finding among CP9-infected mice. At all time points,
both lobes were severely inflamed and included virtually
all ducts. At day 5, an acute inflammatory response com-
prising mainly luminal neutrophils was seen (Figure 1J).
The stroma appeared thicker than normal and also con-
tained a mild to moderate level of neutrophilic infiltration.
Although multilayering was evident in the epithelium, the
luminal cells maintained a lush cytoplasm with basally
located nuclei. In certain affected ducts, the epithelium
appeared atrophic with scant cytoplasm. At day 10, a
moderately thickened interductal stroma was severely
infiltrated with sheets of inflammatory monocytes (Figure
1K). The ducts remained multilayered with an intact hy-
perchromatic epithelium that exhibited a thinned cyto-
plasm. By day 14, the stromal infiltration was mainly
monocytic and increased capillary formation was also
observed (Figure 1L). The prostate ducts remained
highly inflamed with neutrophils and occasionally pus-
filled lumens. Multilayering within the ductal epithelium
was still present, although a proportion of ducts ap-
peared monolayered and had started regaining cytoplas-
mic volume.

Diminished Nkx3.1 Protein Expression in the
Inflamed Prostate

Given the decrease in NKX3.1 protein expression levels
observed in human PIA lesions as well as the possible
role that Nkx3.1 protein loss plays in promoting oxidative
stress, it was of interest to investigate the status of Nkx3.1
within an inflamed setting. Normally, Nkx3.1 is robustly
expressed in prostate epithelial cells in all lobes. The
intensity of Nkx3.1 staining was significantly and nearly
uniformly reduced in the presence of glandular inflamma-
tion (Figure 2B). Reduced Nkx3.1 immunostaining was
observed across all lobes and time points. Interestingly,
noninflamed ducts juxtaposed to inflamed ducts showed

Figure 2. Nkx3.1 expression in CP9-infected
anterior prostate. A: Day 14 anterior prostate.
Note the juxtaposition of inflamed and nonin-
flamed ducts. H&E, �100. B: Section adjacent to
that shown in A, stained with anti-Nkx3.1 anti-
body. Note the marked reduction in Nkx3.1
staining from the inflamed duct, whereas nonin-
flamed duct shows normal Nkx3.1 expression.
Immunoperoxidase, �100. C: Day 14 anterior
prostate. Note the absence of glandular infiltrate
and the newly generated cribriform architecture.
H&E �400. D: Section adjacent to that shown in
C, stained with anti-Nkx3.1 antibody. Nkx3.1
staining is almost uniformly restored, although it
remains absent from a subset of epithelial cells
closest to the lumen. Immunoperoxidase, �400.
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apparently normal Nkx3.1 expression (Figure 2, A and B).
On clearance of inflammation, which presumably reflects
clearance of infection, in certain anterior ducts at later
time points, Nkx3.1 expression was restored (Figure 2, C
and D). An interesting pattern of Nkx3.1 expression rem-
iniscent of that reported in TRAMP PIN lesions was ob-
served in the newly generated anterior ducts (Figure
2D).37 Epithelial cells closest to the stromal layer exhib-
ited intense Nkx3.1 staining, whereas cells closer to the
lumen had reduced or completely diminished Nkx3.1
protein levels.

Androgen Receptor Expression Is
Down-Regulated in Response to Inflammation

Androgen receptor expression is normally expressed in
the nuclei of both prostate epithelial and stromal cells in
all four lobes. In response to inflammation, androgen
receptor expression was down-regulated in infected
ducts, although it remained detectable in all cases (Fig-
ure 3, A and B). Similar to Nkx3.1, AR expression was
retained in noninflamed ducts juxtaposed adjacent to
inflamed ducts. As the inflammation was cleared, AR

expression was restored in prostate epithelial cells (data
not shown).

Inflamed Ducts Show an Increased Proliferative
Index

Immunostaining for Ki-67, a cell proliferation–associated
marker, was performed to determine whether the inflam-
matory response associated with a reduction in Nkx3.1
expression allowed for an increase in cell proliferation.
Normal prostate tissue has a very low Ki-67 index (Figure
3C). Inflamed ducts that exhibited epithelial hyperplasia
showed a marked increase in Ki-67 staining when com-
pared with normal epithelium (Figure 3D). Quantification
of Ki-67 staining revealed a fivefold increase in inflamed
ducts versus adjacent normal ducts (supplemental Fig-
ure 1 at http://ajp.amjpathol.org).

Up-Regulation of p63 Expression in Infected
Ducts

In normal prostate epithelium, p63 is typically restricted
to the basal compartment (Figure 3E). In PIA/atrophy,
PIN, and prostate cancer, nuclear p63 expression be-
comes reduced as the basal layer becomes fragmented
and lost.38 Interestingly, in CP9-infected mice, p63 was
robustly expressed in a uniform basally-located layer of
cells lining the entire inflamed ducts (Figure 3F). Further-
more, p63 expression was seen in a subset of scattered
luminal epithelial cells (Figure 3F). An apparent change in
basal nuclear morphology was also observed with p63
immunostaining. In normal prostate basal cells, nuclei are
usually slender and occasionally angular in appearance
(Figure 3E). In CP9-infected prostates, p63-expressing
cells had more rounded-looking nuclei that were closely
packed, in contrast to the well-spaced basal nuclei seen
in normal prostate epithelium (Figure 3F). Consistent with
the increase in p63-positive cells, immunostaining for
Cytokeratin 5 (CK5) revealed expansion of CK5 immuno-
reactivity into the suprabasal layers (Supplemental Figure
2A at http://ajp.amjpathol.org). In some ducts the luminal
cell layer, although negative for p63, was weakly to mod-
erately positive for CK5 (Supplemental Figure 2A at
http://ajp.amjpathol.org). These ducts, therefore, are sim-
ilar to human focal atrophy/PIA lesions.15 However, in
other ducts, a nearly intact layer of CK5 negative cells
lining the lumen remained even in severely inflamed ducts
(Supplemental Figure 2A at http://ajp.amjpathol.org). Impor-
tantly, Nkx3.1 and AR immunoreactivity was markedly
reduced to nearly extinguished in these luminal cells,
which typically have high expression levels of both
proteins (Supplemental Figure 2, C and D, at http://ajp.
amjpathol.org).

Immunological and Histological Analysis of the
Prostatic Infiltrate

Overall, a typical inflammatory response to bacterial in-
vasion was observed across the course of infection. At

Figure 3. AR, Ki-67, and p63 expression in control and CP9-infected anterior
prostate at day 14. A: Anterior prostate. Note the juxtaposition of an inflamed
and noninflamed duct. B: Section adjacent to that shown in A, stained with
anti-AR antibody. Note the reduced AR staining from the inflamed duct.
Noninflamed duct shows normal AR expression. C: Ki-67 immunostaining in
control section from anterior prostate demonstrating a very low proliferative
index in the normal prostate. D: Day 14 infected anterior prostate showing a
marked increase in Ki-67 nuclear staining. E: Nuclear p63 immunostaining in
the basal epithelial layer in normal prostate. Note the slender and slightly
angular morphology of basal nuclei. F: Increased expression of p63 in a
basally-located layer of cells lining the infected duct. Note the change in
nuclear morphology from that seen in E and the appearance of scattered
p63-positive cells closer to the lumen. H&E (A) �400. Immunoperoxidase
(B–F) �400.
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day 5, the inflammatory response was predominantly
neutrophil-based and located within the glandular lu-
mens as well as the stroma. A small percentage of scat-
tered mononuclear inflammatory cells were observed in
the stroma. Although the neutrophilic glandular infiltrate
persisted at day 10, there was a marked increase in
periglandular and stromal infiltration by mononuclear in-
flammatory cells. By day 14, some glandular inflamma-
tory constituents began taking the appearance of pus
and the intensity of periglandular mononuclear inflamma-
tion increased dramatically (Figure 1, F and L). There was
also a notable increase in the appearance of plasma cells
at day 14.

Quantitative histopathological analysis of the inflamma-
tory response revealed considerable variability among the
prostate lobes. Box plots in Supplemental Figure 3 at
http://ajp.amjpathol.org, show the distribution of inflam-
mation type (acute versus chronic) in prostate lobes as a
function of time from the CP9-infected and mock-infected
animals. The ventral lobe showed the highest total acute
and chronic inflammation score at all time points (Sup-
plemental Figure 3 at http://ajp.amjpathol.org). In marked
contrast, the lateral lobe was always the least affected
and rarely showed evidence of either acute or chronic
inflammatory infiltrate in any compartment. Within the
ventral lobe, the distribution of inflammation by compart-
ment is shown in Supplemental Figure 4 at http://ajp.
amjpathol.org. The luminal compartment showed the high-
est extent of acute inflammation that persisted throughout
the course of the experiment, whereas a canonical acute-
to-chronic transition occurred in the stroma.

Immunohistochemical analysis of F4/80, a murine mac-
rophage marker, revealed intense stromal and periglan-
dular infiltration at day 14 (Figure 4A). Furthermore, F4/80
immunostaining demonstrated that a subset of macro-
phages had infiltrated the ductal epithelium and contin-
ued into the glandular lumen (Figure 4B). The prevalence

of T-cells within the lymphocytic infiltrate was investi-
gated by staining for the T-cell surface antigen CD3. A
marked increase in CD3� T-cells within the stroma and
ductal intraepithelial regions was detected in inflamed
regions at day 14 (Figure 4, C and D). These data
support the progression of the classic inflammatory
response that initiates with neutrophil recruitment, fol-
lowed sequentially by macrophages, T and B lympho-
cytes, and plasma cells.

Discussion

In 1863, the German physician Rudolph Virchow noted
the consistent occurrence of leukocytes within neoplastic
tissue and put forth the hypothesis that chronic inflam-
mation could predispose a region to cellular proliferation
and tumor formation.9 More than a century later, this
connection was validated in a number of organs includ-
ing the stomach, colon, and liver.39–43 The possibility that
a similar scenario is taking place in the prostate has
attracted considerable attention in the last decade.3,14,44

The occurrence of prostatitis-like symptoms accounts for
8% of urology office visits.45 Clinical prostatitis is the most
commonly diagnosed prostate disorder in men under the
age of 50 and the third most common, after benign pros-
tatic hyperplasia and prostate cancer, in men older than
50.45 Although certain views point to a strong link be-
tween prostate inflammation and neoplastic transforma-
tion, others refute this connection.46–50 Virchow’s original
hypothesis and the discordant hypotheses in the field of
prostate cancer provided the impetus to investigate the
status of Nkx3.1, a key prostate tumor suppressor gene,
in a mouse model of bacterial prostatitis.

Although prostatitis is a common clinical entity, the
etiology underlying the majority of cases remains un-
clear.51 However, 5% to 10% of clinical prostatitis cases

Figure 4. Immunohistochemical characteriza-
tion of the inflammatory infiltrate in bacterially-
induced prostatitis. A: Anterior prostate section
from CP9-infected mice at day 14 stained with
the macrophage marker F4/80. Note the dense
stromal and periglandular macrophage infiltra-
tion. B: High-power image of boxed region in-
dicated in A demonstrating intraepithelial mac-
rophage infiltration. C: A nearby section to that
shown in A, stained with the T-cell marker CD3.
D: High-power image of boxed region indicated
in C demonstrating stromal and intraepithelial
T-cell presence. Immunoperoxidase (A–D). Origi-
nal magnifications: �100 (A, C), �400 (B, D).
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are confirmed to have a bacterial origin.52 The fact that
more than 50% of chronic prostatitis patients experience
alleviation of symptoms on administration of antibiotics
has led to the speculation that a larger percentage of
prostatitis cases are of microbial origin.53 In addition,
several independent studies performed on prostatic
tissue from cancer patients have detected bacterial
16S rDNA sequences in �85% of cases.54 –56 These
observations provided a strong rationale for using a
bacterially-induced mouse model of prostatitis to at-
tempt to establish a possible mechanism between
prostate inflammation and carcinogenesis.

In a previous report, a bacterially-induced mouse
model of prostatitis was developed, and a successful
chronic inflammatory response was maintained within
the prostate.18 Reactive epithelial hyperplasia associ-
ated with oxidative stress was linked to the chronic
inflammatory state in infected mice. Although deemed
useful for investigating a possible link between chronic
inflammation and prostate cancer, concerns regarding
the reproducibility of these results have been raised
because of the preliminary status of this prostatitis
model.57 In this report, we have independently and suc-
cessfully reproduced bacterially-induced prostatitis in
C3H/HeOuJ mice. The overall pattern of inflammation
observed in our model in general paralleled the results
previously reported by Elkahwaji et al.18 Our results have
validated the mouse bacterial prostatitis model as a ro-
bust and reproducible system and further demonstrated
that it is suitable for dissecting molecular pathways link-
ing inflammation and cancer.

The current study addressed the status of Nkx3.1 ex-
pression in an inflamed setting using immunohistochem-
ical analyses. Nkx3.1 staining was significantly dimin-
ished in virtually all inflamed prostatic ducts, a finding
that was consistent across all four lobes and time points.
The presence of intraluminal glandular infiltrate as op-
posed to periglandular or stromal inflammation appeared
to govern Nkx3.1 expression status. Ducts devoid of
glandular infiltrate in juxtaposition to inflamed ducts had
apparently normal Nkx3.1 staining. At later time points,
Nkx3.1 expression was restored in ducts that had cleared
the lumen of inflammatory cells, providing further evi-
dence for a link between glandular infiltrate and Nkx3.1
loss. Although the time course of our study was relatively
short, signs of a chronic inflammatory response were
evident after two weeks. Furthermore, the previous report
by Elkahwaji et al18 confirmed a consistent chronic re-
sponse 12 and 26 weeks postinoculation in this mouse
prostatitis model. If Nkx3.1 acts as a tumor suppressor
and protects epithelial cells from oxidative stress and an
inflamed setting results in a transient loss of Nkx3.1, it
follows that down-regulation of this key prostate tumor
suppressor might provide for an environment that allows
for increased oxidative damage, cell proliferation, and
neoplastic transformation. It is important to note that de-
spite the presence of a profound glandular inflammatory
cell infiltrate and significant expansion of the CK5/p63-
positive basal cell compartment, the luminal epithelial
layer remained intact in most glands. Hence, it is unlikely
that the severe diminution of Nkx3.1 and AR expression is

attributable to elimination of the cell population that nor-
mally expresses these transcriptional regulators. Rather,
like human focal atrophy/PIA we propose that many of
these luminal cells are intermediate in their differentiated
state between basal and luminal cells. Although not
typically commented on, injured epithelium in human
focal atrophy/PIA lesions often show a multilayered
basal cell compartment as well (AM De Marzo, unpub-
lished observations).

The mechanism by which Nkx3.1 is down-regulated in
the context of an inflammatory setting has not been di-
rectly explored in this study. The fact that Nkx3.1 is an
androgen-regulated gene and that AR expression is
down-regulated concomitantly in inflamed ducts could
provide a partial mechanism by which Nkx3.1 expression
is controlled. However, this warrants further investigation
at the mRNA level. Preliminary results investigating the
effects of pro-inflammatory cytokines including interleu-
kin-1 � and tumor necrosis factor � on Nkx3.1 expression
could provide an alternative mechanism by which Nkx3.1
is down-regulated (CJB, unpublished results). When
LNCaP prostate cancer cells, which express receptors
for interleukin-1 � and tumor necrosis factor �, were
cultured in the presence of physiological levels of either
cytokine, a marked decrease in Nkx3.1 protein levels was
observed. In inflamed ducts, neutrophilic production of
proinflammatory cytokines may account for the decrease
in Nkx3.1 expression in ductal epithelial cells. Further-
more, the fact that the clearance of the neutrophilic infil-
trate restored Nkx3.1 protein levels provides support for
this regulatory mechanism.

We also observed an intriguing pattern for p63 expres-
sion in infected ducts. The majority of inflamed ducts
exhibited a marked increase in cellularity and in the pro-
liferation marker Ki-67. Robust nuclear p63 staining was
detected in a basally-located and densely packed layer
of cells lining the entire inflamed duct in contrast to the
frequent p63 loss reported in some PIA lesions, some PIN
lesions, and virtually all prostate adenocarcinoma le-
sions. Although p63 loss suggests a tumor suppressor
role for this protein, complete loss of p63 in homozygous
null mice results in a lack of prostate bud induction at
birth, indicating a crucial role for p63 in prostate initiation
and development.58 Furthermore, in the epidermis, p63 is
required for initiation of epithelial stratification and for
maintaining the proliferative potential in the mature epi-
dermis.59 Indeed, a common feature we observed in
inflamed prostate ducts was a high degree of stratifica-
tion indicating a possible role for p63 in this phenotype.
Our results suggest that p63 might play a dual tumor
suppressor/growth stimulatory role in prostate develop-
ment and tumorigenesis.

Prostate disease in humans exhibits a high degree of
zonal preference. Both prostatitis and prostate cancer
occur most commonly in the peripheral zone. Although
Elkahwaji et al18 did not report preferential inflammatory
localization, we observed a lobular preference of prostate
inflammation. Whereas the ventral lobe was inflamed in
100% of CP9-infected animals, only 10% exhibited any
inflammation in the lateral prostate. Both the anterior and
dorsal prostate exhibited variable degrees of inflammation.
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Because the mouse strain used in both studies was con-
sistent, the lobular preference we observed could be attrib-
utable to bacterial strain differences between the two studies.
However, our findings provide support for the preferential
occurrence of prostatitis in a regional manner.

In conclusion, the data reported here demonstrate that
bacterially-induced prostate inflammation results in a
profound concomitant loss of Nkx3.1 expression. This
suggests that in the cognate human disease, lower
Nkx3.1 levels may occur in a subset of bacterial prostati-
tis cases. Although a definitive epidemiological link be-
tween bacterial prostatitis and prostate cancer has not
been established, the fact that expression of Nkx3.1, a
key tumor suppressor gene, is down-regulated in an
inflammatory setting provides strong support for the link
between prostate inflammation, oxidative stress and
carcinogenesis.
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