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Abstract

Background: Inflammation and focal atrophy are common features adjacent to prostate tumors.
Limited evidence exists on whether these features have prognostic significance.

Methods: In the Health Professionals Follow-Up Study and Physicians’ Health Study, we studied
1,035 men diagnosed with prostate cancer. A genitourinary pathologist centrally reviewed tumor
and normal areas of hematoxylin and eosin slides from prostate cancer specimens for the presence
of acute and chronic inflammation, and four subtypes of focal atrophy. Cox proportional hazards
models adjusted for potential confounders were used to estimate hazard ratios (HRs) and 95%
confidence intervals (Cls) for the association of these features with lethal prostate cancer, defined
as development of metastatic disease or death during follow-up.
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Results: During a median of 12 years of follow-up, 153 men developed lethal prostate cancer.
Eighty-four percent of men had histologic evidence of chronic inflammation and 30% had acute
inflammation. Both chronic and acute inflammation were inversely associated with lethal prostate
cancer in age- and lifestyle-adjusted models. Chronic inflammation remained inversely associated
with lethal prostate cancer after additionally adjusting for prognostic clinical features (HR=0.45,
95% C1 0.30 to 0.69 for mild, HR=0.51, 95% CI 0.33 to 0.80 for moderate to severe). None of the
atrophic lesions were associated with lethal prostate cancer.

Conclusions: Our data suggest that the presence of inflammation, particularly chronic
inflammation, in prostate cancer tissue is associated with better prognosis among prostate cancer
patients.

Impact: This is the largest prospective cohort study to examine the association between
inflammation, focal atrophy, and lethal prostate cancer.
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Introduction

Acute and chronic inflammation are commonly found in both normal prostate and prostate
cancer tissue. The inflammatory infiltrate of chronic inflammation has been hypothesized to
be involved in prostate cancer initiation or progression through the induction of oxidative
stress and generation of reactive oxygen species (1, 2). Along with their pro-tumorigenic
effects, tumor-infiltrating immune cells may also suppress tumor development and growth
through tumor immune surveillance mechanisms, and current immunotherapeutic
approaches are being developed to amplify the immune response against tumor cells (3, 4).

Focal atrophy of the prostate gland, which has been put forth previously as a potential
precursor of prostate cancer, often occurs in close association with chronic inflammation (5).
It is highly proliferative compared with matched normal-appearing epithelium and, together
with inflammation, frequently occurs in the peripheral zone where prostate cancer most
commonly develops (6-8). The term “proliferative inflammatory atrophy” (P1A) was
proposed to designate foci of proliferative glandular epithelium with the morphological
appearance of simple atrophy (SA) or postatrophic hyperplasia (PAH), two forms of focal
atrophy, occurring in association with inflammation (5).

Few studies have investigated the association of inflammation in prostate tumor tissue with
prostate cancer outcomes (9—11). Only one study (11) to date has examined the relationship
between histologic measures of atrophy and inflammation and prostate cancer-specific
mortality. In this population-based nested case-control study of men diagnosed with
localized prostate cancer, a positive association was observed between chronic inflammation
and lethal prostate cancer, although this finding was not statistically significant.

In this study, we characterized intraprostatic inflammation and focal atrophy in prostate
tumor tissue among over 1,000 men diagnosed with prostate cancer from two prospective
studies, the Physicians’ Health Study (PHS) and the Health Professionals Follow-up Study
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(HPFS), and investigated the associations between these histologic features and the
development of lethal (metastatic or fatal) prostate cancer.

Materials and Methods

Study Population

We included 1,035 men from the PHS (n=73) or HPFS (n=962) who were diagnosed with
prostate cancer from 1983-2010, and had hematoxylin and eosin (H&E) stained slides
available for pathological review. H&E slides were primarily from prostatectomy specimens
(n=926, 89.5%). Other tissue specimens included transurethral resection of the prostate
(TURP, n=69, 6.7%), biopsy (n=37, 3.6%), and benign prostate hyperplasia (BPH)
adenomectomy (n=2, 0.2%). The PHS was a randomized trial of aspirin and beta-carotene
for the prevention of cardiovascular disease and cancer among 22,071 male physicians aged
40 to 84 years at enrollment. Information on lifestyle and medical history was ascertained at
baseline and updated annually through questionnaires(12). The HPFS is an ongoing cohort
study of 51,529 male health professionals aged 40 to 75 years at enrollment. Information on
demographics, lifestyle, medical history, and diet was collected at baseline and updated
biannually through questionnaires, except that diet information was updated every four years
by a validated semi-quantitative food frequency questionnaire(13).

Identification of prostate cancer cases and outcome ascertainment

In both PHS and HPFS, self-reported prostate cancer diagnoses on follow-up questionnaires
were subsequently confirmed through medical record and pathology report review. Age and
year of diagnosis, clinical and pathological stage, prostate-specific antigen (PSA) level at
diagnosis, and prostate cancer progression (i.e., distant metastases and biochemical
recurrence) after diagnosis were collected by medical records and questionnaires sent to
prostate cancer survivors and their attending physicians. Details of the prostate cancer
survivor cohort within these two studies are available elsewhere (14-16). In both PHS and
HPFS, vital status was ascertained by reports from family members, autopsy reports, and
searches of the National Death Index. The underlying cause of death was determined by the
endpoint review committee, consisting of trained clinicians who have the credentials for
outcome adjudication and were blinded to any exposure information, based on all available
data including medical history, medical records, registry information, and death certificates.
Lethal prostate cancer was defined as cancer that progressed to distant metastases or death
from prostate cancer as the underlying cause during follow-up. Fatal prostate cancer was
defined as death from prostate cancer as the underlying cause (i.e., prostate cancer-specific
mortality).

Assessment of intraprostatic Inflammation, focal atrophy, and other histologic features

For each patient all available H&E slides with prostate tumor foci were centrally reviewed
by a single experienced genitourinary pathologist (M.F.) blinded to disease outcome and
other clinical data to confirm cancer status; to determine Gleason patterns; to evaluate
histologic features such as perineural invasion (PNI), acute and chronic inflammation, and
classes of focal atrophy (17); and to identify areas of interest for tissue microarray (TMA)
construction (at least 3 cores each). Both the tumor and adjacent normal areas were included

Cancer Epidemiol Biomarkers Prev. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Zhang et al. Page 4

when scoring inflammation. Acute inflammation was characterized by the presence of
neutrophils and scored as absent vs. present. Chronic inflammation was characterized by the
presence of mononuclear cells, e.g., lymphocytes and macrophages, and graded as absent,
mild (£10% of the microscopically benign area), moderate (11-19%), or severe (=20%).

Focal atrophy was characterized according to the classification scheme proposed in 2006 by
the Working Group for Histologic Classification of Prostate Atrophy Lesions with the
following subtypes: SA, simple atrophy with cyst formation (SACF), PAH, and partial
atrophy(17). Figure 1 shows a typical pathological view of normal prostate glands,
inflammation, and PAH on H&E slides. Details of the major characteristics of the four
classes of focal atrophy are described elsewhere (11, 17).

The presence of PNI was defined as the existence of complete circumferential encirclement
of nerve structures by malignant glands. Patients with non-circumferential PNI or a single
focus of PNI among multiple tumor slides were deemed as PNI-absent (18).

PTEN gene loss and the TMPRSS2:ERG gene fusion (measured by ERG protein
expression) were assessed by immunohistochemistry on TMAs using validated antibodies.
The markers were scored blinded to disease outcome and other clinical data. PTEN loss was
considered if the intensity of cytoplasmic and nuclear staining was markedly decreased or
entirely lost across all TMA cores compared with surrounding benign glands and/or
stroma(19). We classified tumors as ERG fusion positive if at least one TMA core stained
positive for ERG, and ERG fusion negative if all cores stained negative for ERG (20).

Statistical analyses

We used y? tests and Fisher’s exact tests to examine the associations between measures of
inflammation and focal atrophy. Hazard ratios (HRs) and 95% confidence intervals (Cls) of
the associations of inflammation and focal atrophy with lethal prostate cancer were
estimated using Cox proportional hazards regression models. Person-time for progression to
lethal outcome was calculated from the date of cancer diagnosis to the earliest date among
the following: development of distant metastases, deaths due to any cause, or the end of
follow-up (June 2015 for PHS and January 2014 for HPFS). For analyses using lethal
prostate cancer as the endpoint, prostate cancer cases with M1 stage at diagnosis were
excluded. In the secondary analysis, we examined the associations of inflammation and focal
atrophy with fatal prostate cancer.

To control for potential confounding(13), we considered three models: 1) adjusted for age at
diagnosis (years, continuous); 2) additionally adjusted for BMI at diagnosis (<25, 25-29,
>30 kg/m?2), regular aspirin use at diagnosis (yes, no; defined as >twice per week in HPFS
and >3 days per week in PHS), and history of diabetes at diagnosis (yes, no); and 3)
additionally adjusted for clinical or pathological tumor stage (T1b-T3a, T3b/T4/N1/M1),
Gleason score (<6, 7(3+4), 7(4+3), 8(4+4), 9-10), and PSA at diagnosis (<10, 10-20, >20
ng/mL). For all models, the proportional hazards assumption was evaluated and satisfied by
plotting Schoenfeld residuals of the exposure against follow-up time and found to be
satisfied. We also explored which specific factors in Model 3 were responsible for the
attenuation of the association of acute inflammation with lethal prostate cancer.
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As chronic inflammation and focal atrophy often occur concurrently (5) and our primary
analysis showed men with chronic inflammation were more likely to have SA and PAH
compared to men who did not have chronic inflammation, we assessed whether the
association between chronic inflammation and lethal prostate cancer varied according to the
presence of SA and PAH. We also performed a stratification analysis within strata of
Gleason score categories (<7[3+4] vs. 27[4+3]) and tumor stage (T1b-T3a vs.
T3b/T4/N1/M1) for the association between chronic inflammation and lethal prostate cancer.
We further conducted two separate sensitivity analyses examining chronic inflammation and
lethal prostate cancer, restricting to 1) cases with prostatectomy tissue type and 2) cases
diagnosed in the PSA era (i.e., 1993 onward).

Analyses were conducted using SAS version 9.4 (SAS Institute Inc., Cary, NC), and all
statistical tests were two-sided, with Pvalues below 0.05 considered statistically significant.

This research project was approved by the institutional review board at the Harvard T.H.
Chan School of Public Health. Written informed consent was obtained from each study
participant.

Results

Table 1 shows the frequency of individual pathological features and their associations among
the 1,035 study participants. More than 80% of the prostate cancer cases had chronic
inflammation (mild 51%, moderate to severe 33%) (Table 1). Thirty percent of the cases had
acute inflammation (Table 1). Acute and chronic inflammations were positively associated
(P<0.0001). Among the four types of focal atrophy, SA was the most common (74%),
followed by PAH (21%), SACF (19%), and partial atrophy (2%). Men with chronic or acute
inflammation were more likely to have SA, PAH, and SACF than men without inflammation
(Table 1).

The patient characteristics overall and with respect to the histological features of
inflammation are shown in Table 2. More than half of the patients were older than 65 years
(61%), and were diagnosed during the PSA era (after 1993, 71%). Most men had localized
cancer (stage T1b-T3a, 84%), and about half had low grade disease (Gleason score <7/3+4,
52%). Approximately 15% of tumors showed complete PTEN loss. Forty-eight percent of
tumors were ERG positive.

A higher percentage of localized stage (T1b-T3a) disease was observed among cases with
acute or chronic inflammation compared to cases without inflammation (Table 2). The
prevalence of low grade (Gleason score < 7/3+4) disease was slightly higher among tumors
with acute or chronic inflammation compared to tumors without inflammation (Table 2).
The majority of patients has a PSA at diagnosis <10 ng/ml, irrespective of inflammation
status (Table 2). PNI, complete PTEN loss, and positive ERG expression were less often
observed among tumors with acute inflammation compared to tumors without acute
inflammation (Table 2). Similar relationships were generally observed for the four types of
focal atrophy lesions with respect to the clinical and pathologic features described
(Supplemental Table 1).
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During a median follow-up of 12.0 years, 153 lethal prostate cancer events occurred. The
associations between inflammation and focal atrophy features and lethal prostate cancer are
shown in Table 3. Overall, we found that the presence of chronic inflammation was
associated with a reduced risk of lethal prostate cancer after adjusting for age, BMI,
diabetes, aspirin use, disease stage, tumor grade, and PSA (HR 0.45, 95% CI 0.30 to 0.69 for
mild; HR 0.51, 95% CI 0.33 to 0.80 for moderate-to-severe inflammation), compared to
cases without chronic inflammation. Presence of acute inflammation was associated with a
reduced risk of lethal prostate cancer after adjusting for age, BMI, diabetes, and aspirin use
(HR 0.66, 95% CI 0.45 to 0.99). The association was attenuated and became not significant
after additional adjustment for disease stage, tumor grade, and PSA (HR 0.91, 95% CI 0.61
to 1.37). No statistically significant associations were observed between any of the four
classes of focal atrophy and lethal prostate cancer (Table 3).

When restricting only to patients with prostatectomy specimens (n=926), the association
between chronic inflammation and lethal prostate cancer adjusted for clinical and lifestyle
factors was similar to the full analysis (HR 0.45, 95% CI 0.28 to 0.74 for mild; HR 0.50,
95% CI 0.30 to 0.85 for moderate-to-severe inflammation, data not tabulated). When
restricting to patients diagnosed in the PSA era (n=730), the association between chronic
inflammation and lethal prostate cancer adjusted for clinical and lifestyle factors was slightly
attenuated but remained inverse (HR 0.49, 95% CI 0.27 to 0.88 for mild; HR 0.63, 95% CI
0.34 to 1.15 for moderate-to-severe inflammation, data not tabulated).

When using 151 fatal prostate cancer events accrued during a mean follow-up of 13 years,
we found similar associations to what was observed using lethal prostate cancer as the
outcome, except that the presence of SA became inversely associated with fatal prostate
cancer (HR 0.68, 95% CI 0.46 to 0.99, adjusting for age, BMI, diabetes, aspirin use, disease
stage, tumor grade, and PSA, Supplemental Table 2).

The association between chronic inflammation and lethal prostate cancer did not statistically
differ according to the presence of SA or PAH (Supplemental Table 3).When stratifying by
stage at diagnosis, the inverse association between chronic inflammation and lethal prostate
cancer appeared to be stronger among patients with localized tumor stage (T1b-T3a)
compared to those with regional tumor stage (T3b/T4/N1). However, estimates for regional
tumor stage were limited by small sample size rendering wide confidence intervals
(Supplemental Table 4).

We also explored which specific factors in Model 3 (Table 3) were responsible for the
attenuation of the association of acute inflammation with lethal prostate cancer. Gleason
score and tumor stage at diagnosis were the predominant factors for the attenuation
(Supplemental Table 5).

Discussion

In this large prospective study of lethal prostate cancer, we found the presence of chronic
inflammation to be inversely associated with progression to lethal disease, independent of
prognostic clinical and lifestyle factors. Acute inflammation was also inversely associated
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with lethal prostate cancer, but this association was attenuated when adjusting for clinical
factors. Our data showed none of the focal atrophy lesions were associated with lethal
prostate cancer.

Relatively few studies have examined the association between intraprostatic inflammation
and prostate cancer aggressiveness (9-11). Klink et al.(9) and Irani et al. (10) both reported
that inflammation (not distinguishing chronic or acute) was positively associated with
biochemical recurrence among men treated with radical prostatectomy, yet the association
became non-significant after adjusting for pathologic features. In a case-control study among
men diagnosed with stage T1a-b prostate cancer through TURP (11), neither acute or
chronic inflammation was found to be significantly associated with prostate cancer-specific
death, but there was a suggestion of a positive association for chronic inflammation.

In the current study, we found presence of acute and chronic inflammation to be inversely
associated with progression to lethal prostate cancer. There are several potential reasons to
explain the different findings in our study. We evaluated inflammation comprehensively in
both tumor and adjacent normal tissue, whereas the positive association reported by Klink et
al. (9) and Irani et al. (10) both restricted inflammation within the tumor. Moreover, our
study used lethal prostate cancer as the endpoint compared to biochemical recurrences
which was used by Klink et al. (9) and Irani et al(10). While the study by Davidsson et al.
(11) used the same inflammation evaluation and lethal endpoint as our study, the tumor
specimens were from TURP arising primarily in the transitional zone, compared with the
majority of RP tumor specimens in our study. The difference in study population may also
play a role in the differences observed; the study by Davidsson et al(11) only included T1a
or T1b tumors from an active surveillance cohort, while our study included men with
advanced stage tumors treated by RP. Interestingly, when restricting to cases with localized
stage in our study, the inverse association between chronic inflammation and lethal prostate
became even stronger.

Our findings provide supportive evidence that innate and adaptive immune cells may play an
anti-tumorigenic role at some time point in the continuum of tumor development and
progression. Biologically, it is plausible that a robust immune response in the tumor
microenvironment may play a role in preventing prostate cancer growth. Previous research
has suggested specific immune cells are important in the anti-tumorigenic immune
response(21); further studies are needed to understand which immune cells are influencing
our findings. In a recent study by Hempel et al., the presence of intratumoral mast cells was
found to be inversely associated with prostate cancer recurrence after prostatectomy taking
into account prognostic factors (22).

Studies from the Finnish prostate cancer screening trial (23) and Reduction by Dutasteride
of prostate cancer Events study (REDUCE)(24) reported that men who were biopsy negative
for prostate cancer had a lower prostate cancer risk if inflammation was present in their
biopsy. However, Platz et al. (25) showed a positive association between benign tissue
inflammation and prostate cancer risk in their prospective study of men without biopsy
indication (regardless of PSA level) and argued that the Finnish and REDUCE studies could
be biased by detection as inflammation might lead to a higher PSA concentration. As both
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the Finnish and REDUCE studies required men to have had a negative biopsy following an
elevated PSA, it is possible those men with elevated PSA leading to a negative biopsy may
indeed be more likely to have a smaller risk for cancer on a follow-up biopsy if their initial
biopsies showed inflammation because the main determinant of the PSA rise in these men
was the inflammation and not cancer. Similarly, for prostate cancer progression, it is possible
that men with more intraprostatic inflammation throughout their prostate would be more
likely to be detected early due to a PSA rise resulting from the inflammation, and as such
have longer survival. However, our study is not likely to be subject to such detection bias, as
the association between chronic inflammation and lethal prostate cancer remained inverse
after adjusted for PSA at diagnosis or restricting patients to those diagnosed in the PSA era
when the majority of participants in HPFS and PHS were routinely screened.

Although it has been suggested that focal atrophy may give rise to prostate cancer both
through or independently of high grade prostatic intraepithelial neoplasia (hgPIN) (6, 26),
studies evaluating the relationship between focal atrophy and prostate cancer risk or
aggressiveness have shown inconsistent findings. A morphologic transition from PIA to
hgPIN and to prostate cancer has been observed histologically (26), yet other studies have
not observed an association between focal atrophy and prostate cancer risk (27, 28). With
respect to outcomes in men with prostate cancer, a cross-sectional study nested in the
REDUCE cohort found that baseline focal atrophy is associated with lower Gleason score
(29) and lower prostate cancer volumes (30). In our data, all four types of focal atrophy were
more often detected in prostate cancer with localized stage disease or with a low PSA level
at diagnosis. Neither Davidsson et al.(11) or our study observed an association between
focal atrophy in prostate cancer specimens and progression to lethal prostate cancer.
However, our data suggested an inverse relationship between SA and fatal prostate cancer.

ERG, PTEN, and PNI are important biomarkers in prostate cancer. The ERG gene fusion is
the most common somatic event in prostate cancer, and there is compelling evidence to
suggest the fusion may play a role in prostate cancer progression through its cooperation
with other events or alterations(19, 20). In addition, both presence of PNI and PTEN loss has
been associated with worse prostate cancer outcomes(18, 19). Interestingly, in our samples
we found presence of acute inflammation was inversely associated with complete PTEN
loss, and previous animal study reported that loss of PTEN in tumor cells decreases T-cell
trafficking into tumors(31). We did not observe any other associations between these
molecular subtypes and inflammation or focal atrophy. This may be limited by statistical
power, as PTEN or ERG information were only available for 689 and 828 men respectively.

The strengths of this study include long-term follow-up, prospectively monitored and
validated prostate cancer outcomes, and central pathological review for all morphological
features, which reduces measurement error and inter-observer variations. We also used
distant metastases and prostate cancer-specific death to define outcomes, which are the most
clinically relevant endpoints for prostate cancer. Moreover, using prostatectomy specimens
provides a more comprehensive review of the tumor and therefore better accuracy in
characterizing the tumor compared to biopsy or TURP specimens. However, our study has
limitations to consider. First, although this is the largest study of inflammation and lethal
prostate cancer to date, we had a modest number of lethal events despite long-term follow-
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up, limiting the statistical power to evaluate effect modifications. Second, our results may
not be generalizable to other racial/ethnic groups, as white men primarily comprise the PHS
and HPFS cohorts, and racial difference in inflammatory cell composition are evident (32).
In particular, black men are more likely to have tumors arising in the transitional zone,
which may have different types or causes of inflammation. Third, sampling bias is possible
since not all slides were available for review. However, if an advanced tumor is more likely
to be classified as having inflammation due to more slides reviewed, and subsequently more
likely to develop lethal prostate cancer, we would expect a positive association between
inflammation and lethal prostate cancer. We observed an inverse association between
inflammation and lethal prostate cancer, therefore the sampling bias is likely to pull the true
association towards the null. Fourth, as our pathologist was blinded to patients’ information,
non-differential misclassification of inflammation or atrophy was possible, and it would also
bias the association towards null. Also, as data for several potential confounders (e.g., family
history) were not available, a possibility of residual confounding exists. Lastly, we were only
able to characterize inflammation on H&E slides according to the presence and percentage
of overall lymphocytes. Future studies may want to classify inflammation with more detailed
information, such as location and specific cell types present.

In summary, this study adds to evidence that the presence of inflammation, particularly
chronic inflammation, in prostate cancer tissue may be associated with better prostate
cancer-specific survival, while none of the atrophic lesions were associated with lethal
prostate cancer. Our findings support the inclusion of chronic inflammation as a
standardized component of pathologic review of prostate tissue specimens, and provide
evidence for the use of these markers in prognostic prediction and treatment decisions if
future studies with greater sample size confirm our results.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pathological view of normal prostate glands, typical intraprostatic inflammation and post-

atrophic hyperplasia on hematoxylin and eosin slide. A) Normal prostate glands. B) Peri-
glandular chronic inflammation. C) Intra-glandular acute inflammation. D) Post-atrophic
hyperplasia.
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