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Abstract

Inflammation is associated with several diseases of the prostate including benign enlargement and 

cancer, but a causal relationship has not been established. Our objective was to characterize the 

prostate inflammatory microenvironment after infection with a human prostate-derived bacterial 

strain and to determine the effect of inflammation on prostate cancer progression. To this end, we 

mimicked typical human prostate infection with retrograde urethral instillation of CP1, a human 

prostatic isolate of Escherichia coli. CP1 bacteria were tropic for the accessory sex glands and 

induced acute inflammation in the prostate and seminal vesicles, with chronic inflammation 

lasting at least 1 year. Compared to controls, infection induced both acute and chronic 

inflammation with epithelial hyperplasia, stromal hyperplasia, and inflammatory cell infiltrates. In 

areas of inflammation, epithelial proliferation and hyperplasia often persist, despite decreased 

expression of androgen receptor (AR). Inflammatory cells in the prostates of CP1-infected mice 

were characterized at 8 weeks post-infection by flow cytometry, which showed an increase in 

macrophages and lymphocytes, particularly Th17 cells. Inflammation was additionally assessed in 

the context of carcinogenesis. Multiplex cytokine profiles of inflamed prostates showed that 

distinct inflammatory cytokines were expressed during prostate inflammation and cancer, with a 

subset of cytokines synergistically increased during concurrent inflammation and cancer. 
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Furthermore, CP1 infection in the Hi-Myc mouse model of prostate cancer accelerated the 

development of invasive prostate adenocarcinoma, with 70% more mice developing cancer by 4.5 

months of age. This study provides direct evidence that prostate inflammation accelerates prostate 

cancer progression and gives insight into the microenvironment changes induced by inflammation 

that may accelerate tumour initiation or progression.
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Introduction

Chronic inflammation is associated with increased cancer risk in a number of organs, 

including the stomach, pancreas, colon, and lung [1]. A variety of epidemiological and 

histopathological evidence suggests that prostate cancer risk also correlates with 

inflammation, but a causal relationship has been difficult to establish in human studies [2–

6]. One factor contributing to this difficulty is the high prevalence of clinically silent 

prostatitis. More than 77% of men have histological evidence of prostate inflammation, but 

less than 10% of these men report symptoms of prostatitis [7]. A second confounding issue 

is detection bias. Men with symptomatic prostatitis are more likely to be diagnosed with 

prostate cancer because they are more likely to be treated by a urologist and subsequently 

screened for cancer [6]. These difficulties have driven an increased focus on animal models 

of prostate inflammation and prostate cancer [2].

Despite the high prevalence of prostatitis, the cause of this disease remains uncertain in most 

cases. Many factors have been proposed as the initiating cause of prostate inflammation, 

including viruses, bacteria, hormones, urinary reflux, and diet [2]. Bacteria can be isolated 

from only a minority of cases of prostatitis, but when a bacterial species can be cultured 

from prostatic secretions, the majority of these are Escherichia coli [8]. Numerous studies 

using non-culture-based techniques have confirmed the presence of E. coli in additional 

cases of prostatitis by detecting bacterial DNA in inflamed prostates and in corpora 

amylacea [9–11]. Together, these data indicate that prostate infection by E. coli is an 

important, and potentially underreported, cause of chronic prostatitis.

Inflammation alters the prostatic microenvironment in multiple ways that may facilitate 

cancer initiation or progression [2]. Infiltrating leukocytes secrete a variety of cytokines that 

promote prostate epithelial proliferation [12]. Release of reactive oxygen and nitrogen 

species can directly damage DNA [13]. Other inflammatory cells, especially macrophages, 

migrate through the stroma and can secrete proteolytic enzymes that degrade the 

extracellular matrix and may facilitate invasion or metastasis [14]. A variety of 

inflammatory cell types have been identified in human proliferative inflammatory atrophy 

(PIA) and prostate cancer, and have been proposed to mediate many of these changes in the 

microenvironment. Among these are macrophages and T cells, particularly IL-17-secreting 

Th17 cells [15–17]. When tested in animal models of prostate and colon cancer, these cell 

types were found to promote carcinogenesis or tumour progression via STAT3 activation 
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[15,18]. Thus, multiple mechanisms have been postulated to promote cancer initiation or 

progression due to chronic prostatitis, but the relative contribution of each has not been 

established.

Animal models have been used to study prostatitis with a variety of methods to induce 

inflammation, including bacteria, hormone treatment, and immunization [19–22]. Although 

previous reports describe reactive inflammatory changes and preinvasive mouse prostatic 

intraepithelial neoplasia (mPIN) in mice with chronic prostatitis, the effect of prostatic 

inflammation on prostate cancer progression is unknown [19,21,23–25]. We chose to use a 

recently developed model of bacterial prostatitis using the E. coli isolate CP1. This strain of 

bacteria differs from other reported bacterial models in that it was isolated from the prostate 

of a human, and has been shown to induce chronic prostatitis in several mouse strains [26]. 

Previous analysis of prostatitis induced by CP1 demonstrated tropism for the prostate and 

induction of persistent inflammation in C57BL/6 J mice, despite the absence of detectable 

bacteria by culture after 28 days [26]. Because inflammation has been associated with 

multiple human prostatic diseases, we first characterized the long-term effects of 

inflammation from a human bacterial isolate on the prostatic epithelium and stroma. 

Additionally, as chronic inflammation has been linked to multiple cancers, including 

prostate cancer, we explored the influence of infection-associated inflammation on cancer 

progression in the Hi-Myc model of prostate cancer [27]. Here we show that CP1 induces 

chronic inflammation characterized by an influx of macrophages and Th17 lymphocytes, 

and accelerates cancer progression in Hi-Myc mice. Additionally, we demonstrate distinct 

cytokine profiles induced by inflammation and cancer.

Materials and methods

Mice

All experimental procedures were approved by the Johns Hopkins Institutional Animal Care 

and Use Committee (IACUC). Wild-type C57BL/6J and FVB/NJ mice were obtained from 

Jackson Laboratories (Bar Harbor, ME, USA; Stocks 664 and 1800). FVB-Tg(ARR2/Pbsn-

MYC)7Key (Hi-Myc, Strain 01XF5) mice were obtained from NCI Mouse Repository 

(Frederick, MD, USA). Genotyping was performed using primer sets and protocols 

recommended by the vendor. Genomic DNA for PCR was isolated from tails.

Bacterial strain and intraurethral inoculation

CP1 is an E. coli strain of the B1 clonal group isolated from the expressed prostatic secretion 

(EPS) of a patient with chronic prostatitis [26]. Bacterial culture and transurethral 

inoculation were performed as previously described [26,28]. To infect mice, 10 μl of 

phosphate-buffered saline containing 1 × 108 cfu CP1 bacteria was introduced into the 

urethra of anaesthetized mice by catheterization. Sterile saline was introduced in control 

animals in an identical fashion. All mice were inoculated with a single dose of CP1 at 8 

weeks of age. Heat-killed bacteria were heated at 70 °C for 30min. Culture supernatant was 

prepared by centrifugation followed by 0.2 μm filtration. Lack of viable cells was confirmed 

for heat-killed bacteria and supernatant by zero colony growth on agar plates.
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Histology and immunohistochemistry

At indicated times, prostates were harvested and dissected to separate lobes, fixed in 

formalin, processed, embedded, sectioned, and stained with haematoxylin and eosin (H&E). 

Scores were determined by a primary pathologist with post-examination masking. An 

independent observer repeated the scoring with comprehensive masking. The kappa 

coefficient for inter-observer agreement was 0.609, with 76% of observations in complete 

agreement. The weighted kappa coefficient was 0.844, indicating very good agreement. 

Inflammation and cancer were scored according to established guidelines in a nominal, 

binary fashion (presence or absence), with prostate lobes scored separately [29,30]. Atrophy 

and basal/luminal cell hyperplasia were scored in an ordinal fashion, assigning a score of 0–

4 according to the percentage of affected tissue in inflamed areas (0 = 0%; 1 = 1–25%; 2 = 

26–50%; 3 = 51–75%; 4 = 76–100%). AR and Nkx3.1 loss were scored similarly, with a 

score assigned by percentage of epithelium with loss of expression in inflamed areas. Ki67, 

P-STAT3, and Myc were quantified by counting the percentage of IHC-positive nuclei in 

inflamed areas (300 nuclei per slide, five slides per group). Stromal hyperplasia was 

quantified by measuring the thickness of stroma (ten measurements per slide, five slides per 

group).

For immunohistochemistry, slides were deparaffinized and rehydrated before steaming in 

Target Retrieval Solution (Dako, Carpinteria, CA, USA) or EDTA pH8 (Invitrogen, 

Carlsbad, CA, USA) for 40min. Endogenous peroxidases were quenched with BLOXALL 

(Vector Labs, Burlingame, CA, USA), and the slides were blocked for 1 h with Serum-Free 

Protein Block (Dako). Slides were incubated with antibodies directed against CK8 

(Covance, Princeton, NJ, USA; 1E8, 1/2000), CK14 (Covance; PRB-155P, 1/5000), p63 

(Sigma, St Louis, MO, USA; 4A4, 1/100), F4/80 (AbD Serotec, Raleigh, NC, USA; 

CI:A3-1, 1/5000), CD3 (Abcam, Cambridge, MA, USA; ab5690, 1/2000), SMA (Dako; 

1A4, 1/1000), Ki67 (Abcam; ab15580, 1/5000), phosphorylated STAT3 (Cell Signaling, 

Danvers, MA, USA; D3A7, 1/400), Myc (Abcam; Y69, 1/1000), laminin (Sigma; L9393, 

1/100), AR (Santa Cruz Biotechnology, Santa Cruz, CA, USA; N-20, 1/500), vimentin (Cell 

Signaling; D21H3, 1/200), and Nkx3.1 (1/1000) [31]. Staining was visualized with an 

ImmPRESS Polymer detection kit and ImmPACT DAB (Vector Labs). Internal tissue 

controls, especially normal prostate, seminal vesicle, and bladder, were used as positive or 

negative controls as appropriate for the epithelial and mesenchymal markers CK8, CK14, 

p63, SMA, laminin, AR, vimentin, and Nkx3.1. Lymphoid tissue was used as internal tissue 

positive controls for F4/80, CD3, Ki67, and P-STAT3. Prostate tissue from Hi-Myc mice 

was used as a positive control for Myc staining.

Flow cytometry

To obtain prostate-infiltrating lymphocytes, prostate tissue was mechanically disrupted and 

incubated for 1 h at 37 °C in RPMI media with Liberase DL (Roche Applied Science, 

Indianapolis, IN, USA) following the manufacturer’s instructions. Lymphocytes were 

isolated using Ficoll-Paque Premium gradient centrifugation (GE Healthcare, Pittsburgh, 

PA, USA). For intracellular cytokines, lymphocytes were stimulated for 6 h with PMA 

(100ng/ml), ionomycin (500ng/ml), and Golgi-stop (BD Biosciences, San José, CA, USA) at 

37 °C. Intracellular staining was performed with the Ebioscience permeabilization buffer. 
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The cells were analysed by fluorescence-activated cell sorting (FACS) analysis using a 

FACSCalibur flow cytometer (BD Biosciences). All antibodies were purchased from BD 

Biosciences except anti-FoxP3 (eBioscience, San Diego, CA, USA). Staining was 

performed in seven panels consisting of (1) Ly6G/C (RB6-8C5), B220 (RA3-62B), CD11c 

(HL3), and CD49b (DX5); (2) Ly6G/C, B220, CD11c, and CD11b (M1/70); (3) γδ TCR 

(GL3), CD8a (53–6.7), IL-17a (TC11-18H10), and IFNγ (XMG1.2); (4) panel 3 with 

stimulation; (5) γδ TCR, CD4 (RM4-5), IL17a, and IFNγ; (6) panel 5 with stimulation; and 

(7) CD4 and FoxP3 (FJK-16s). Gating controls for each panel were prepared with 

Fluorescence Minus One (FMO) stains of splenocytes. Data were analysed with FlowJo 

software (Treestar Inc, Ashland, OR, USA).

Cytokine assay

Tissues from saline-treated C57BL/6J, saline-treated FVBN/J, CP1-treated C57BL/6J, 

saline-treated Hi-Myc, and CP1-treated Hi-Myc mice were harvested at 6 months of age (4 

months post-inoculation). The prostate was frozen and stored at −80 °C until the assay. 

Frozen tissue samples were homogenized in homogenization buffer (50 mM Tris-HCl, 

pH7.2) containing Na3VO4 and a protease-inhibitor cocktail (Sigma-Aldrich, St Louis, MO, 

USA) using an OmniTH homogenizer (Omni International, Marietta, GA, USA). Following 

sonication, the homogenate was centrifuged at 2000 g for 5min. The resulting supernatants 

were collected as total prostate proteins and protein concentrations were measured using the 

Bio-Rad Protein Assay (Bio-Rad, Hercules, CA, USA). To quantify cytokine levels, a 

multiplex mouse 20-plex cytokine immunoassay (Life Technologies, Carlsbad, CA, USA) 

was used. Analytes measured included GM-CSF, IFNγ, IL-1α, IL-1β, IL-2, IL-4, IL-5, IL-6, 

IL-10, IL-12, IL-13, IL-17, TNFα, CCL2, CCL3, CXCL1, CXCL9, and CXCL10. Prostate 

protein samples were run in duplicate as previously described [32]. Analyte concentrations 

were quantified by fitting using a standard curve and normalized by total protein 

concentration.

Statistical analysis

All experiments were performed using five or more mice in independent experiments. For 

comparisons between two groups, Student’s t-test was used. For multiple comparisons, one-

way ANOVA with Tukey’s multiple comparisons test was used. Statistical tests were two-

sided and p values less than 0.05 were considered statistically significant. Analyses were 

performed using Prism GraphPad Software. Box and whisker plots indicate minimum and 

maximum values. Scatter dot plots include mean and error bars indicating one standard 

deviation.

Results

CP1 induces chronic prostatitis with stromal and epithelial hyperplasia

We first sought to determine the duration and distribution of prostatitis that could be 

initiated by a single intraurethral exposure to CP1 bacteria. At 8 weeks of age, wild-type 

C57BL/6J mice were inoculated with CP1 or sterile saline. Bacteria were delivered via a 

catheter into the proximal urethra (Supplementary Figure 1). Prostate tissue was harvested 8 

weeks, 6 months, and 1 year after inoculation and processed for histology. Slides were 
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examined for the presence of inflammation, defined as inflammatory cells within the 

epithelium or gland lumen, and atrophy, defined as shrunken or dilated glands lined by 

attenuated epithelial cells with minimal secretory cytoplasm [30]. No in flammation above 

the expected background was noted in saline-treated control mice at any time point (Figures 

1A and 1E). CP1 consistently produced chronic prostatitis, with inflammation present in 

89% (34/38) of mice at 8 weeks, 85% (17/20) of mice at 6 months and 40% (4/10) of mice 

after 1 year. After 8 weeks, mixed inflammatory cells multifocally infiltrated prostate stroma 

and glands, with reactive epithelial hyperplasia in inflamed glands (Figures 1B, 1F, and 1K) 

characterized by multiple layers of epithelial cells, tufting, and cribriform changes. At later 

time points, inflammatory cells were still present, but glands were often lined by attenuated, 

atrophic epithelium with more prominent stromal hyperplasia (Figures 1C–1D, 1G–1H, and 

1K–1L). Inflammation was most common in the anterior prostate, but was common in all 

lobes (Figure 1I). The majority of mice (71%, 27/38) had inflammation present in two or 

more lobes after 8 weeks (Figure 1J); however, inflammation was not uniformly distributed, 

with inflamed and normal glands present in all mice. Viable intact bacteria are required 

during the initial inoculation to produce this sustained inflammatory response, as neither 

heat-killed bacteria nor filtered culture supernatant produced any inflammation 

(Supplementary Figure 2).

Consistent with previous reports of other models of chronic prostatitis, CP1 inflammation 

induces reactive hyperplasia in both basal and luminal compartments [21,23]. Basal cells, 

marked by immunohistochemical staining for cytokeratin 14 (CK14) or p63, increased from 

a single, incomplete layer in control mice to a layer often two to three cells thick in areas of 

inflammation at early time points (Figures 2A–2D). Similarly, the luminal cell layer, marked 

by CK8, was thickened in inflamed areas (Figures 2E and 2F). At later time points, 

epithelial hyperplasia was less common, with inflamed glands typically lined by a single 

layer of attenuated, atrophic epithelial cells with minimal cytoplasm and an incomplete basal 

cell layer (Figures 1K and 1L and Supplementary Figure 3). In addition to epithelial 

changes, marked stromal thickening was noted in inflamed glands, especially at later time 

points (Figures 1C and 1D). Prostate glands in saline-treated controls were surrounded by a 

thin layer of smooth muscle (Figure 2K), with minimal collagen and few vimentin-positive 

stromal cells (Supplementary Figure 4). Inflamed glands showed a disruption of the smooth 

muscle actin (SMA)-positive stromal layer (Figure 2L). The inflamed stroma was 

significantly thickened by bands of collagen, indicated by blue staining with Masson’s 

trichrome histochemical stain, and vimentin-positive reactive stromal cells (Supplementary 

Figure 4).

In addition to hyperplastic changes, inoculation of CP1 induced infiltration of numerous 

immune cells. Immunohistochemical analysis of inflamed prostates for the macrophage 

marker F4/80 showed marked infiltration of the stroma and glands 8 weeks post-infection 

(Figures 2G and 2H). Similarly, CD3+ T cells were present throughout inflamed areas of the 

prostates, while rare in controls (Figures 2I and 2J). To further characterize the 

inflammatory infiltrate, dissociated prostates from wild-type mice (n =5 per group) were 

analysed by flow cytometry 8 weeks post-infection to quantify inflammatory cells. The 

absolute number of lymphocytes and macrophages was significantly increased at this time 
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point (Figures 3A–3D). The relative populations of T cells (including CD4+, CD8+, γδ+) 

and their respective subtypes (IFNγ + or IL-17+), CD4+ FoxP3+ cells (Treg), and CD49b + 

cells (including NK cells) were quantified. Significant increases in the relative proportion of 

γδ T cells and CD4+ IL-17+ (Th17) cells were noted in inflamed prostates compared with 

saline-treated controls (Figure 3).

Chronic prostatitis promotes prostate cancer progression

CP1 inoculation produces marked epithelial and stromal hyperplasia with moderate atypia 

and occasional cribriform morphology that resembles mPIN, but no definitive foci of 

invasive cancer were identified at any time point. This indicates that CP1 infection alone is 

insufficient to initiate invasive cancer formation in wild-type C57BL/6J mice. However, 

upregulation of multiple oncogenes and pro-oncogenic pathways suggested that CP1-

induced inflammation could affect prostate cancer progression. Epithelial proliferation, 

determined by immunohistochemical staining for Ki67, was dramatically increased at 8 

weeks post-infection and remained elevated 1 year post-infection (Figures 4A, 4E, 4I, and 

4M). Quantification of the percentage of Ki67-positive epithelial cells showed a significant 

increase at 8 weeks (9.3 ± 1.8%, p <0.001) and 1 year (10.9 ± 3.2%, p <0.001) compared 

with controls (0.5 ± 0.3%). In addition to increased proliferation, inflamed prostates showed 

significantly increased expression of MYC and activation of STAT3 (Figure 4), both 

oncogenes shown to promote prostate cancer initiation or progression in mice and humans 

[27,33–35]. Finally, inflammation induced fragmentation of the normally continuous 

prostate basement membrane, which could facilitate cancer invasion (Figures 4D, 4H, and 

4L).

Similar to previous reports, AR expression and the AR target NKX3.1 are diminished in 

areas of inflammation (Figure 5) [21]. Luminal cells typically express high levels of nuclear 

AR and NKX3.1 (Figures 5A and 5E). In castrated mice, AR levels decrease and nuclear 

localization is lost, with a subsequent decrease in androgen-dependent genes, such as Nkx3.1 

(Figures 5B and 5F). In inflamed prostate glands, AR and Nkx3.1 expression are diminished 

(Figures 5C, 5G, 5I and 5J), but the epithelial cells remain highly proliferative (Figures 5D 

and 5H).

Because CP1-induced inflammation induces pro-oncogenic epithelial changes, we 

investigated its role in prostate cancer progression. We inoculated Hi-Myc mice with CP1 or 

sterile saline at 8 weeks of age. In this model of prostate cancer, mPIN develops at an early 

age and progresses to invasive cancer by 6 months of age in 100% of animals [36]. At 4.5 

months of age (137 ± 2 days), a minority of saline-treated mice had foci of invasive cancer 

(43%, N =26/60). However, significantly more CP1-treated mice had invasive cancer (73%, 

N =22/30, p =0.008). Similar to wild-type mice, Hi-Myc mice showed little expression of 

phosphorylated STAT3 throughout tumourigenesis. In contrast, phosphorylated STAT3 

expression was widespread in inflamed areas of CP1-treated Hi-Myc mice (Figure 6). 

Reactive hyperplasia was present in inflamed areas of Hi-Myc mice, similar to B6 mice at 8 

weeks post-inoculation.
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Inflammation and cancer have distinct cytokine profiles

The high incidence of both prostate inflammation and prostate cancer in humans makes it 

difficult to determine the individual effect of each on cytokine expression and immune cell 

infiltrates [16]. However, these processes can be separated in mouse models. We employed 

multiplex assays to compare cytokine levels in saline-treated wild-type mice, CP1-

inoculated wild-type mice, saline-treated Hi-Myc mice, and CP1-inoculated Hi-Myc mice, 

all at 6 months of age (4 months post-infection, Figure 7). Of the 20 cytokines and 

chemokines included in the multiplex ELISA, 17 had significantly different expression 

levels among the treatment groups. These cytokines could be separated into distinct profiles 

of those associated specifically with inflammation, with cancer, or only when inflammation 

and cancer were present concurrently (Table 1). Cytokines were considered to be associated 

with inflammation when expression levels were significantly increased in CP1-treated 

animals compared with wild-type and cancer groups. Cytokines were considered to be 

associated with cancer when expression levels were significantly increased in Hi-Myc mice 

compared with wild-type and CP1-treated wild-type mice.

Discussion

Inflammation contributes to cancer initiation and progression in a variety of organs, and has 

been shown to act directly by inducing genetic changes and indirectly by altering the 

microenvironment through immune cell infiltrate and cytokine expression. Here, we show 

the first evidence that prostate inflammation accelerates prostate cancer progression and 

examine the complex inflammatory infiltrate and cytokine milieu associated with 

inflammation in the prostate glandular microenvironment.

CP1 model of prostatitis

In this report, we utilize the CP1 model of prostatitis, which has proven useful for 

investigations into mechanisms of prostatitis, chronic pelvic pain, and now prostate cancer. 

We feel that this model has several distinct advantages. CP1 was isolated from prostatic 

secretions and thus may more closely model typical human infectious prostatitis. 

Additionally, some infectious models of prostatitis require direct injection into the prostate 

or project bacteria into prostate ducts by larger-volume urethral inoculation. CP1 colonizes 

the mouse prostate after infusion of inoculate of a very small volume into the urethra, thus 

eliminating the confounding inflammation related to urine reflux or distension of prostate 

ducts. We show that CP1 is capable of inducing inflammation that persists at least 1 year 

after a single infusion of bacteria and clearance of the bacteria within 28 days of inoculation 

[26]. It is not clear if the ability to promote cancer progression is a unique feature of CP1 or 

if this is a feature of inflammation in general. This will be possible by comparing CP1-

induced acceleration of prostate cancer with inflammation induced by other bacteria or other 

means of inducing prostatitis.

Inflammatory microenvironment

Inflammation induced by CP1 recruits a variety of inflammatory cells, especially 

macrophages and lymphocytes, to the prostate. One component is a strong Th17 response, 

indicated both by an increase in CD4+ IL-17+ cells and by an increase in IL-17 production 
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during CP1-induced inflammation. This finding is consistent with previous reports of a 

strong Th17 response to bacteria [18,37]. However, not all inflammatory models of 

prostatitis evoke a Th17 response, and the intensity of the Th17 response has been shown to 

be dependent on the mouse strain and can vary based on environmental factors [38,39]. We 

hypothesize that accelerated cancer progression in CP1-infected mice is, at least in part, due 

to activation of the IL-17/IL-6/STAT3 pathway, as this pathway is critical for cancer 

progression in other organs, and IL-17 has been shown to promote prostate cancer 

progression in mice [18,40,41]. Although our investigation focused on immune cell subtypes 

and cytokine expression during inflammation and cancer, one histological hallmark of 

cancer is invasion through the basement membrane. Stromal remodelling and disruption of 

the basement membrane, which occurs during inflammation, may provide a purely 

mechanical advantage for pre-invasive lesions to progress towards malignancy.

Cytokine profiles of inflammation and cancer

Although we anticipated different cytokine expression profiles for infection and cancer, the 

distinct profile of coincident inflammation and cancer was surprising. This profile may be 

due to an increase in the intensity of inflammation from the dual stimuli of bacterial 

infection and cancer or from synergistic interactions of anti-bacterial and anti-tumour 

inflammation. Cytokine levels during simultaneous inflammation and cancer were higher 

than either state alone for 11/20 cytokines tested. This increase in inflammatory intensity 

may activate cytokine expression not present in either state alone. For example, IL-17 is 

significantly increased during inflammation, but concurrent inflammation and cancer caused 

an eight-fold increase in mean IL-17 expression compared with inflammation alone. IL-6 

expression can be induced by IL-17 activity, and the dramatic increase in IL-17 during 

simultaneous inflammation and cancer may explain the up-regulation of IL-6 only in this 

environment [40]. An alternative explanation for the distinct profiles is that the immune 

responses to infection and cancer initiation are different, and the combination of the two 

invokes a third distinct immune microenvironment. Inflammation in response to bacterial 

exposure produces significant tissue damage from reactive oxygen species produced by 

macrophages and neutrophils. When coupled with the immune response to tumour 

formation, this may result in a different immune phenotype than either process alone.

If confirmed in human studies, these distinct cytokine profiles could provide a useful 

diagnostic tool to segregate inflammation and cancer. Although it is more difficult to 

separate the influence of inflammation from cancer on cytokine expression in humans, we 

see some correlation between our data and published cytokine data in human studies. For 

example, TNFα and IL-1α were previously found to be up-regulated in men with chronic 

prostatitis or chronic pelvic pain syndrome [42]. We have identified a cytokine profile 

specific for murine prostate cancer (IL-5, IL-13, CCL2). This profile is traditionally 

associated more with allergic disease than cancer, but IL-13 and CCL2 have been shown to 

promote prostate cancer cell proliferation and migration [43–45]. Interestingly, the cytokine 

profiles of CP1-induced inflammation and cancer were mutually exclusive, ie no cytokine 

was elevated compared with controls in both settings. Although significant immune cell 

infiltrate is present in Hi-Myc mice with cancer and in mice treated with CP1, this confirms 

that the microenvironments of the two processes are quite distinct.
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Increased proliferation despite decreased androgen receptor expression

Several groups have reported a decrease in AR expression during inflammation [20,21,46]. 

Here, we show that inflammation induces increased proliferation in luminal epithelial cells 

despite diminished AR expression. AR has been proposed to function as a growth 

suppressor in mature luminal cells, but the mechanism driving this programme is unclear 

from this study [47].

We have demonstrated that chronic prostatitis promotes prostate cancer progression, but this 

study may be limited by the use of a single bacterial strain and a single model of prostate 

cancer. Although CP1 was isolated form a human patient, due to the inherent anatomical and 

physiological differences between mice and humans, we cannot predict that the 

inflammatory response in the two species will be identical. Furthermore, because we 

exclusively tested our hypothesis in the Hi-Myc model of prostate cancer, we cannot predict 

if these findings will apply to other models, such as TRAMP or PTEN deletion. Our study 

focuses on chronic prostatitis without antibiotic treatment. We have not tested the possibility 

that antibiotic treatment early in the course of prostatitis is sufficient to prevent acceleration 

of prostate cancer, but this remains a focus for future studies and may be relevant for 

translational applications.
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Figure 1. 
CP1 induces chronic prostatitis. Representative images of prostate glands after control saline 

treatment (A, E) or CP1-induced inflammation at 8 weeks (B, F), 6 months (C, G), and 1 

year (D, H) after infection show sustained inflammation. (I) Distribution of inflammation by 

individual lobe (N =38). DL = dorsal; AP = anterior; LP = lateral; VP = ventral. (J) Total 

number of inflamed lobes per mouse (N =38). (K) Luminal hyperplasia score is significantly 

increased at 8 weeks, 6 months, and 1 year after inoculation compared with saline-treated 

controls (p < 0.001, n =8 per group). (L) Atrophy score is significantly increased at 6 

months and 1 year after inoculation compared with saline-treated controls (p < 0.001, n =8 

per group). Scale bar =50 μm.
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Figure 2. 
CP1-infected prostates are hyperplastic and infiltrated by immune cells. Representative 

images of immunohistochemistry comparing saline-treated controls and CP1-infected 

prostates 8 weeks after infection demonstrate hyperplasia of basal cells (CK14, A, B; p63 C, 

D), luminal cells (CK8, E, F), and thickened stroma with disruption of the smooth muscle 

actin-positive layers (SMA, K, L). Inflamed prostates show increased infiltration of 

macrophages (F4/80, G, H) and T cells (CD3, I, J). Scale bar =50 μm.
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Figure 3. 
Prostate inflammatory phenotype. Analysis of prostate-infiltrating immune cells by flow 

cytometry comparing saline-treated controls and CP1-infected wild-type prostates 8 weeks 

after infection (n =5 per group). Significant differences (p <0.05) were noted in total 

lymphocyte number, macrophage number, total CD4+ and γδ T cells, and CD4+ IL-17+ T 

cells.
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Figure 4. 
CP1-inflamed epithelium adopts a proliferative and pro-oncogenic phenotype. 

Immunohistochemistry demonstrates increased proliferation (Ki67, A, E, I), phosphorylated 

STAT3 (B, F, J) and c-MYC (C, G, K) expression, and disrupted laminin (D, H, L) by CP1-

infected mice after 8 weeks (E–H) and 1 year (I–L) compared with saline-treated control 

mice (A–D). Quantification of the percentage of positive nuclei shows significant increases 

in Ki67 (M), P-STAT3 (N), and Myc (O) expression (p <0.001, n =8 per group). Scale bar 

=50 μm.
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Figure 5. 
Diminished AR expression and signalling in inflamed epithelium. Immunohistochemistry 

for AR (A–D) and NKX3.1 (E–G), an androgen regulated protein, shows strong nuclear 

expression in normal glands (A, E), but significantly decreased expression of both proteins 2 

weeks after castration (B, F). Expression of both proteins is decreased to castrate levels in 

inflamed epithelium 8 weeks post-inoculation (C, G). Despite decreased AR expression, 

inflamed epithelium remains highly proliferative with numerous Ki67-positive nuclei (D, 

H). Quantification of the percentage of positive nuclei shows significant loss of AR (I) and 

NKX3.1 (J) expression (p <0.001, n =8 per group). Scale bar =50 μm.
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Figure 6. 
CP1 infection accelerates cancer progression. Representative images of prostates from 4.5-

month-old Hi-Myc mice treated with saline (A, D) or CP1 (B, C, E). Immunohistochemistry 

for phosphorylated STAT3 (D, E) shows activation in CP1-treated, but not saline-treated 

controls. At 4.5 months of age (F), significantly more mice have invasive carcinoma in the 

CP1-treated group compared with controls (22/30 versus 26/60, p =0.008). Scale bar =50 

μm.
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Figure 7. 
Cytokine expression during inflammation and cancer. Multiplex cytokine profiles of whole 

prostate lysates from 6-month-old (4 months post-inoculation) saline-treateld wild-type mice 

(Saline), saline-treated Hi-Myc mice (Cancer), CP1-treated wild-type mice (Inflamed), and 

CP1-treated Hi-Myc mice (Infl + Cancer). Box plots show median and min/max values of 

ten mice for saline-treated controls and five mice in other groups. *p <0.01; ** p <0.05.

Simons et al. Page 20

J Pathol. Author manuscript; available in PMC 2015 March 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Simons et al. Page 21

Table 1

Inflammation and cancer have distinct cytokine profiles. Cytokines can be grouped according to expression 

profile. Cytokines associated with inflammation are significantly increased in inflamed prostates, regardless of 

cancer status. Cytokines associated with cancer are significantly increased in cancer, regardless of 

inflammation status. Concurrent inflammation and cancer cytokines are significantly increased only when 

inflammation and cancer are simultaneous

Cytokines associated with inflammation Cytokines associated with cancer

Inflammation only Augmented by cancer Cancer only Augmented by inflammation Concurrent inflammation and cancer 
only

CCL3 IL-1a IL-2 IL-5 CXCL10 IL-4 CXCL1

FGF IL-1b IL-17 IL-13 IL-6 CXCL9

TNFα CCL2 IL-12 IFNγ
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