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Summary

The makeup of the tumor immune microenvironment may be associated with tumor somatic
genomic alterations and plays a key role in tumor progression and response to immunotherapy. We
examined the association of tumor-infiltrating T-cell density with 7P53 status in surgically treated
primary prostate cancer using 3 independent tissue microarray sets, including one set of tumors
from grade-matched patients of European American or African American ancestry (n = 391), a
retrospective case-cohort of intermediate- and high-risk patients enriched for adverse outcomes (n
= 267), and a set of tumors with primary Gleason pattern 5 (n = 77). The presence of 7P53
missense mutation, indicated by p53 nuclear accumulation using a genetically validated assay, was
significantly associated with increased CD3+ T-cell density (median, 341 versus 231 CD3+ T
cells/mm?2; P=.004) in the matched European American and African American ancestry patient
sets. The same association was present in patients of both ancestries when analyzed separately,
despite the fact that p53 nuclear accumulation was less frequent among African American
compared with European American tumors (7% versus 3%, P =.2). The validation cohorts of
intermediate/high-risk and primary Gleason pattern 5 patients corroborated the association of
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increased CD3+ T-cell density with presence of p53 nuclear accumulation. In a pooled analysis of
all sets, adjusting for clinicopathological variables, CD3+ and CD8+, but not FOXP3+, T-cell
densities remained significantly higher in tumors with p53 nuclear accumulation compared with
those without. 7P53 mutation is associated with higher tumor-infiltrating T-cell density, which
may be relevant in future clinical trials of immunotherapy in prostate cancer.
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1. Introduction

The tumor microenvironment plays an important role in tumor progression and response to
therapy [1,2]. Until recently, the research focus has been on the cancer cells, with less
emphasis on the host’s immune system, which interacts with the cancer cells in a
continuous, dynamic, and evolving way. However, the recent success with immunotherapy in
multiple tumor types, particularly those with a high burden of tumor-specific neoantigens,
has shifted the focus of treatment from the tumor itself to the immune system [3]. These
early successes highlight the fact that a deeper understanding of the cross talk between
tumor biology and the immune microenvironment is necessary if we wish to predict which
patients will receive maximal benefit from these promising but often toxic therapeutic
agents.

Compared with other solid tumor types, prostate cancer is generally considered an
immunologically “cold” tumor, aside from rare cases with mismatch DNA repair defects,
which have a higher tumor-infiltrating lymphocyte density [4,5]. However, some molecular
subtypes of mismatch repair proficient prostate cancer may have more lymphocytic
infiltration than others, and may thus be potentially better poised for response to immune
checkpoint inhibition. We previously reported that £RG gene rearrangements and PTEN
deletions are associated with higher densities of T cells within the primary tumor [6]. These
findings in human tumors, along with complementary work in preclinical mouse models [7],
support the hypothesis that the molecular profile of the tumor is associated with the makeup
of the tumor immune microenvironment. A more refined understanding of this interaction
between tumor genomics and immune cell infiltrate may help us to better risk stratify and
treat prostate cancer patients.

The tumor suppressor 7P53is the most frequently mutated gene in human tumors [8]. In
prostate cancer, 7P53mutation is a relatively early, though infrequent event during
tumorigenesis. We and others have shown that primary tumors with 7253 mutations have an
exceptionally poor prognosis independent of tumor grade and stage and have a shorter time
to the development of hormonal resistance [9,10]. Consistent with this, metastatic or
castration resistant prostate cancer shows significant enrichment for 7P53alterations
compared with primary prostate cancer [11,12]. Studies in other systems have shown that
p53 inactivation skews the immune landscape of the tumor microenvironment toward tumor-
promoting inflammation [13-16], whereas p53 reactivation may promote antitumor
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immunity [17-19]. However, in prostate cancer, our understanding of the cellular and
molecular processes that link p53 activity to host immune regulation is still incomplete. To
address these knowledge gaps, we studied T-lymphocyte infiltration in 3 independent well-
defined clinical cohorts with diverse racial ancestry. Having previously validated our method
for digital quantification of T-cell density across tissue microarray (TMA) cores [6], we
assessed the association of the density of different subsets of T cells (CD3+, CD8+, and
FOXP3+) with 7P53 missense mutation status in surgically treated prostate cancer patients.
We found that 7P53 missense mutation is uniformly associated with higher T-cell density
within the primary tumor, an observation that has potential implications for future trials of
immunotherapy in prostate cancer.

2. Materials and methods

2.1. Patients and tissue samples

With Johns Hopkins institutional review board approval (IRB00089322 and IRB00135395,
in accordance with the Declaration of Helsinki), 3 patient sets were included in this study.
(1) The first set included a previously described group of 391 patients who underwent
radical prostatectomy at Johns Hopkins Hospital, designed to evaluate the association of
self-identified European American or African American racial ancestry with patient
outcomes [6,20]. TMAs were constructed from matched prostate tumors collected from 100
self-identified African American and 127 self-identified European American patients who
underwent radical prostatectomy from 1995 to 2005 (hereafter referred to as matched-race
TMA set). An additional TMA set of 85 African American patients with high grade
(Gleason 4 + 3 = 7 and higher) disease who underwent radical prostatectomy from 2005 to
2010 (hereafter referred to as high-grade African American set), grade matched with 79
European American patients from this period, were also studied to enrich for adverse
oncologic outcomes. (2) The second TMA set included a retrospective case-cohort for
metastatic progression, including 267 intermediate- or high-risk patients (predominantly
European American) who underwent RP between 1992 and 2010 and received no additional
treatment until the time of metastasis [9,21]. (3) The third TMA set included a previously
described cohort of radical prostatectomies from 2004 to 2014 with primary Gleason pattern
5 (n=77) [4]. All TMAs described above included 3 to 4 individual 0.6 mm punches of the
dominant tumor nodule from each case (slightly >1 mm? of tissue for analysis).

2.2. Immunohistochemistry

Immunohistochemistry (IHC) for CD3 and CD8 was performed in a Clinical Laboratory
Improvement Amendments—accredited laboratory using a polyclonal rabbit antibody for
CD3 (A0452; Dako/Agilent, Santa Clara, CA) and a mouse monoclonal for CD8 (clone C8/
C8144B, 760-4250; Cell Marque, Rocklin, CA) on the Ventana Benchmark immunostaining
system (Ventana/Roche, Tucson, AZ). IHC for FOXP3 used a rat monoclonal antibody
(FIK-16s; Invitrogen/Thermo Fisher, Carlsbad, CA) on the Ventana Discovery Ultra
(Ventana/Roche). FOXP3 IHC was unevaluable in a subset of the European American
tumors from the matched-race TMA set because of a faulty batch of charged slides, which
were incompatible with the Ventana immunostainer. Thus, these data are not included.
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p53 IHC was performed on the Ventana Benchmark autostaining system using a mouse
monoclonal antibody (BP53-11) after antigen retrieval in CC1 buffer followed by detection
with the iView HRP system (Roche/Ventana Medical Systems, Oro Valley, AZ). This
protocol was previously validated for detection of 7”53 mutations in prostate cancer [9].

2.3. p53scoring

2.4,

Each TMA spot containing tumor cells was visually dichotomously scored for presence or
absence of nuclear p53 signal by a urologic pathologist blinded to the gene expression data
(TLL). As previously genetically validated, a spot was considered to show p53 nuclear
accumulation if >10% of tumor nuclei showed p53 positivity [9]. This cutoff value was
chosen because it was the most correlated with the presence of wild-type 7P53in a prior
genomic validation of this staining protocol in ovarian carcinoma [22] and the most
commonly chosen cutoff in a meta-analysis of p53 staining in other tumor types [23]. A
tumor was considered to show p53 nuclear accumulation if any sampled spot was scored as
p53 positive, and as p53 negative if all sampled spots were scored as p53 negative.

Image analyses

Automated image analysis for number of cells per millimeter squared was performed for
CD3, CD8, and FOXP3 IHC. Stained TMA slides were scanned at x20 magnification on
Nano Zoomer Digital Pathology scanner (Hamamatsu, Shizuoka, Japan). The positively
stained cells per millimeter squared tissue were quantitatively scored with the Aperio Digital
Pathology software (Leica, Wetzlar, Germany) for each cancer-containing TMA core using a
previously validated method [4,6]. In brief, the number of positive cells in each tumor core
was calculated by designing a detection mask for brown immunostaining using a modified
version of the nuclear analysis parameters in Aperio Image Analysis software. The software-
identified count was visually checked by a pathologist in at least 50% of TMA spots selected
randomly for evaluation. For the TMA sections, all 4 cores that contained tumor from the
dominant tumor nodule were circled and selected for analysis in their entirety; cores were
excluded if they did not contain tumor glands, and areas of artifactual staining were
manually excluded as well. Parameters were set separately for each stain, and the parameters
for each stain were uniformly applied across each TMA set. The cell count in each manually
circled area was returned by the Aperio software. The total tumor area analyzed was
calculated manually for the TMA spots, assuming that the diameter of each spot was 0.6 mm
and multiplying by the total number of spots analyzed for each case. The ratio of positive
cells to the total tumor area analyzed was calculated for each case.

2.5. Statistical analysis

For each TMA set, we calculated the median T-cell density stratified by p53 status (in the
overall set and within race/ethnicity category), race/ethnicity, stage, and Gleason score.
Given nonnormal distributions, median densities were compared by race, stage, Gleason
score, and p53 status using the Kruskal-Wallis test. We then assessed whether T-cell density
was associated with p53 status independent of clinicopathological factors. We pooled T-cell
counts across all sets and modeled the association between T-cell density and p53 status
using negative-binomial regression with a natural logarithmic offset term for tissue area at
risk, and adjusting for age, race, stage, grade, Prostate Specific Antigen, and TMA set. All
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statistical analyses were performed in SAS V9.4 (Cary, NC), and tests were 2-sided with a P
value of .05 deemed statistically significant.

3. Results

3.1. Baseline clinicopathological characteristics according to p53 status

The presence of 7P53 missense mutation was determined by a genetically validated IHC
assay for p53 nuclear accumulation in each of 3 previously described TMA sets, one of
which (intermediate/high-risk set) had previously published p53 IHC results [9]. The
frequency of p53 nuclear accumulation was 5.1% (20/391) in the matched-race TMA set.
When analyzed separately according to patient race, the frequency of p53 nuclear
accumulation was higher in European American (14/206; 6.8%) compared with African
American patients (6/185; 3.3%), although the difference was not statistically significant (#
=.2). The frequency of p53 nuclear accumulation was 6.4% (17/267) in the intermediate/
high-risk TMA set, comprising mainly European American patients (241/267). The
frequency of p53 nuclear accumulation was higher in the third set of primary Gleason
pattern 5 patients compared with the other 2 cohorts, at 17.1% (12/70).

Clinicopathological characteristics of the cases by p53 status are shown in Supplementary
Tables S1 to S3. Consistent with the much higher prevalence of p53 nuclear accumulation in
the in the primary Gleason pattern 5 TMA set compared with the other 2 TMA sets, p53
nuclear accumulation was significantly more common with increasing Gleason score within
each set (P=.005 in matched-race set, 7=.001 in intermediate/high-risk set). Even within
the primary Gleason pattern 5 TMA set (where all tumors were Gleason score 5+4 =9 or5
+5=10), p53 nuclear accumulation was significantly more common among 5 +5 =10
compared with 5 + 4 = 9 tumors (P=.03). P53 nuclear accumulation was only associated
with tumor stage within the Gleason pattern 5 TMA set (P=.01), but not within any of the
other sets. The prevalence of p53 nuclear accumulation was not significantly associated with
patient age or PSA in any of the 3 TMA sets (Supplementary Figure).

3.2. Association of T-cell density with p53 nuclear accumulation

Next, we tested the association of p53 status with tumor-infiltrating T-cell density in each of
the 3 TMA sets. The median CD3+ T-cell density was significantly higher among men with
p53 nuclear accumulation as compared with the men without p53 nuclear accumulation in
all the 3 sets (median, 341 versus 231 CD3+T cells/mm?2 [P=.004] in the combined
matched-race TMA set;, 416 versus 208 CD3+ T cells/mm?2 [P=.006] in the intermediate-
and high-risk set;, and 662 versus 344 CD3+ T cells/mm? [P = .01] in the primary Gleason
pattern 5 set; Tables 1-3). Within the matched-race TMA set, the same pattern was seen
when each race was analyzed separately (301.5 versus 220.6 CD3+ T cells/mm?2 [P = .03] in
the European American subset and 486.3 versus 241.5 CD3+ T cells/mm?2 [P = .02] in the
African American subset). Similar patterns were observed for median CD8+ and FOXP3+ T-
cell densities, although not all comparisons remained statistically significant. Although
CDB8+ T-cell density seemed higher for tumors with p53 nuclear accumulation in the African
American subset of the matched-race TMA set (105 versus 57 CD8+ T cells/mm2, P=.05),
the difference was not statistically significant in the other sets. The FOXP3+ T-cell density
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was evaluable in the intermediate- and high-risk set, the primary Gleason pattern 5 set, and
the African American subset of the matched-race TMA set. The median FOXP3+ T-cell
density was significantly higher among men with p53 nuclear accumulation in the
intermediate- and high-risk patients set (51 versus 29 FOXP3+ T cells/mm?, P=.04) and the
African American subset of the matched race TMA set (34 versus 16 FOXP3+ T cells/mm?2,
P=.04), although it did not reach statistical significance in the primary Gleason pattern 5 set
(7 versus 4 FOXP3+ T cells/mm2, P=3).

To determine whether T-cell density was associated with p53 status independent of
clinicopathological factors, we pooled T-cell counts across all sets and modeled the
association between T-cell density and p53 status using negative-binomial regression with a
natural logarithmic offset term for tissue area at risk, and adjusting for age, race, stage,
grade, PSA, and TMA set. When pooled across sets, adjusted CD3 + T-cell density was
significantly higher among tumors with p53 nuclear accumulation (adjusted density, 551.1
cells/mm?) than in those without nuclear accumulation (adjusted density, 352.8 cells/mm?; P
=.003). When pooled across sets, adjusted CD8+ T-cell density was significantly higher
among tumors with p53 nuclear accumulation (adjusted density, 136.7 cells/mm2) than in
those without nuclear accumulation (adjusted density, 98.5 cells/mm?2; P=.04). Although
the trend was similar, when pooled across sets, adjusted FOXP3+ T-cell density was
nonsignificantly higher among tumors with p53 nuclear accumulation (adjusted density, 22.5
cells/mm?) than in tumors without p53 nuclear accumulation (adjusted density, 17.2
cells/mm?; P=.08).

4. Discussion

Accumulating evidence suggests that differing tumor molecular subtypes are associated with
distinct tumor immune microenvironments in prostate cancer. We and others have previously
reported that £RG gene rearrangements are associated with higher levels of tumor-
infiltrating T cells in primary prostate tumors, and our group recently found a similar
association with PTEN loss [6,24]. These findings are supported by preclinical studies that
have established differing immune microenvironments in transgenic mouse models of
prostate cancer with different genomic driver alterations [7]. Importantly, many of these
associations between genomic drivers and immune microenvironment are likely highly
context specific. For example, in contrast to our recent findings in prostate cancer, a study of
melanoma suggested that PTEN loss was associated with fewer tumor-infiltrating CD8+ T
cells and a reduced response to checkpoint blockade [25].

To our knowledge, our study is the first to correlate the density of subsets of tumor-
infiltrating T cells with presence or absence of 7P53 missense mutation, across prostate
cancer patients of varying clinical grade and racial ancestry. We found that p53 nuclear
accumulation, a biomarker of underlying 7P53 missense mutation, is associated with
increased tumor-infiltrating lymphocytes independent of clinicopathological factors and
racial ancestry. Across 3 independent TMA sets, tumors with p53 nuclear accumulation had
higher median CD3+, CD8+, and FOXP3+ T-cell densities, although not all differences were
statistically significant. Importantly, this association was significant for CD3+ and CD8+ T
cells when all TMA sets were pooled and associations were adjusted for clinicopathological
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variables including tumor grade and stage. A similar trend, although not statistically
significant, was seen for FOXP3+ T cells. Notably, this association remained independent of
racial ancestry in the matched-race TMA sets, despite the fact that the prevalence of p53
nuclear accumulation was lower in African American tumors compared with European
American tumors. A previous study by Lindquist et al also observed significantly lower
TP53 mutation rates by sequencing in patients with African ancestry when compared with
the TCGA cohort [26]. These findings in prostate cancer are particularly interesting in light
of the fact that 7P53 mutations were overall /more common in African American patients
compared with European American patients when examined across other tumor types [27].

These data are perhaps not surprising given that 7253 mutation is associated with increased
genomic instability [28], which may be associated with greater immunogenicity in cancer.
Studies in other tumor types have also found greater numbers of immune cells in 7P53
mutated tumors, although these studies have largely been conducted by examining
transcriptomic immune signatures in silico. In breast cancer, significantly higher levels of
regulatory T cells (T-reg) were seen by RNA profiling in 7P53mutated tumors compared
with those with wild-type 7P53, although this association was not seen in other tumor types
included in the TCGA [29]. These data are consistent with independent findings in the same
TCGA cohort showing that 7253 mutations were enriched in a subset of breast tumors with
upregulation of immune-regulatory transcripts, including PDL1, PD1, and FOXP3 [30].
There has been subsequent confirmation of these findings using PD-1 IHC in breast cancers
with 7P53 mutation [31]. Similar findings have been seen in ovarian and gastric carcinoma
as well [32,33].

In addition to the possibility of increased immunogenicity in 7P53mutated tumors due to
genomic instability, there are a number of alternative mechanisms that might explain why
TP53-mutated prostate cancers have higher levels of tumor-infiltrating T cells. First, it is
formally possible that tumor-specific mutations in the p53 protein itself may alter its
antigenicity, making it a potential neoantigen. Unfortunately, because of the large number of
different p53 hotspot mutations and the distinct potential epitopes for each, vaccines
targeting mutant p53 have not yet gained traction. It is also possible that patients may mount
an immune response that cross-reacts with wild-type p53 because of stabilization and
massive overexpression of p53 with missense mutations in cancer cells. In colorectal cancer
patients, anti-p53 immunoreactive T cells can be detected years after tumor resection, which
may indicate that there is a lack of immunologic tolerance to the p53 auto-antigen in many
patients [34]. Based on this concept, a number of studies have examined the potential of
wild-type p53-based vaccines, and these seem to hold some promise [35-38].

Although some studies suggest that 7253 mutation may be associated with antitumor
immunity, from our data, it is unclear whether 7253 mutation is associated with an increase
in antitumor or protumor immune response. We observed a concomitant increase in total T
cells (by CD3+ density) as well as T-reg (FOXP3+) and cytotoxic (CD8+) T cells in prostate
tumors with 7P53 mutation. This finding seems to be a fairly common one in the prostate.
For example, androgen deprivation results in proportional increases in CD8+ and T-reg cells
[39]. Our previous observations in primary prostate tumors with £RG gene rearrangement
and PTEN loss were similar, where both CD8+ and FOXP3+ T cells increased

Hum Pathol. Author manuscript; available in PMC 2021 June 07.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Kaur et al.

Page 8

proportionally [6]. Although we examined the CD8+/FOXP3+ ratio across all cohorts in the
current study, we did not see any significant associations with clinicopathological factors or
p53 nuclear accumulation (data not shown). Thus, it remains unclear whether the increased
immune response with 7P53 mutation in prostate cancer is more immunosuppressive or
cytotoxic. Given that our group has found that PD-L1 expression is extremely rare in
primary prostate cancer [40], we did not look at PD-L1 or PD-1 expression across all of the
cohorts in the current study. However, correlation of previously published PD-L1
quantification in the primary Gleason pattern 5 cohort [40] with 7P53 status in this cohort
did not yield any significant associations (data not shown). Future work examining
additional immune checkpoint molecules, such as B7-H3, that are more highly expressed in
prostate with underlying molecular subclass may be informative.

The current study has some limitations. First, this study was performed using TMAs, and
although we have previously found that T-cell densities measured on TMA spots correlate
significantly with T-cell densities measured on standard histological sections (the criterion
standard) [6], lymphocyte infiltrates are very heterogeneous in prostate tumors and there can
be a sampling bias with TMAS, which may not reflect the true intratumoral lymphocyte
density. Similarly, heterogeneity of 7253 mutation and subsequent p53 nuclear accumulation
within and between individual tumor foci in primary prostate cancer could be missed in
TMA analysis. Another limitation is that our IHC assay for 7P53 mutation is sensitive only
for missense mutations in 7P53[9,10], comprising approximately two-thirds of the
pathogenic 7P53alterations seen in prostate cancer. Because this assay misses 7P53
truncation mutations (or very rare homozygous deletions at the 7P53locus), our findings are
only representative of the association of 7P53 missense mutation with T-cell infiltrate.
Additional studies examining a similar association with 7P53truncation mutations will be
informative. Finally, and perhaps most importantly, we used a relatively broad definition of
tumor-infiltrating lymphocytes, as any lymphocyte in a TMA spot containing tumor cells.
We did not distinguish between lymphocytes within the tumor epithelium (quite rare in
prostate, see Figure) and those in the stroma. As we continue to learn about the immune
microenvironment in primary prostate cancer, we will develop a more refined spatial
definition of immune cell compartments that are tumor responsive.

In conclusion, this is the first study in primary prostate cancer to examine associations
between digitally quantified tumor-infiltrating T-cell densities and inferred 7253 missense
mutation among patients of varying racial ancestry. We found that T-cell density varies
significantly with 7P53status in both patients of European American and African American
descent. These findings are of particular interest given that our group and others have shown
that prostate tumors with 7253 mutations have generally dismal outcomes, with a high
frequency of hormone-resistant disease [9,10]. Thus, the possibility that immunotherapies
could potentially be efficacious in this aggressive subset is particularly encouraging. More
broadly, our findings support the concept that the molecular characteristics of prostate
cancer may provide an important framework for patient-targeted immunotherapy.
Ultimately, integrating clinical, pathologic, somatic molecular subtyping, and immune
microenvironment data is becoming increasingly important in the era of precision medicine,
and additional studies of this subject are warranted.
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HGE CD3+ CD8+ FOXP3+ P53-

Figure.
Representative E;hematoxylin-eosin staining (A) and lymphocyte immunostaining (B) in

prostate tumor on TMA cores. Immunostaining for CD3, CD8, and FOXP3 identifies
respective specific subsets of tumor-infiltrating lymphocytes in prostate tumor (top). Aperio
image software identifies CD3+ T cells, CD8+ T cells, and FOXP3+ T cells (red) in selected
tumor regions and surrounding tumor and stromal nuclei (blue; bottom). C, Representative
p53 immunostaining on TMA cores. p53 nuclear accumulation (p53+) signifies 7P53
missense mutation. All photo-micrographs are reduced from x200.
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