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Abstract
The inflammatory microenvironment plays an important role in the pathogenesis and progression of tumors and may be
associated with somatic genomic alterations. We examined the association of tumor-infiltrating T-cell density with clinical-
pathologic variables, tumor molecular subtype, and oncologic outcomes in surgically treated primary prostate cancer
occurring in patients of European-American or African-American ancestry. We evaluated 312 primary prostate tumors,
enriched for patients with African-American ancestry and high grade disease. Tissue microarrays were immunostained for
CD3, CD8, and FOXP3 and were previously immunostained for ERG and PTEN using genetically validated protocols.
Image analysis for quantification of T-cell density in tissue microarray tumor spots was performed. Automated quantification
of T-cell densities in tumor-containing regions of tissue microarray spots and standard histologic sections were correlated (r
= 0.73, p < 0.00001) and there was good agreement between visual and automated T-cell density counts on tissue microarray
spots (r= 0.93, p < 0.00001). There was a significant correlation between CD3+, CD8+, and FOXP3+ T-cell densities (p <
0.00001), but these were not associated with most clinical or pathologic variables. Increased T-cell density was significantly
associated with ERG positivity (median 309 vs. 188 CD3+ T cells/mm2; p= 0.0004) and also with PTEN loss (median 317
vs. 192 CD3+ T cells/mm2; p= 0.001) in the combined cohort of matched European-American and African-American
ancestry patients. The same association or a similar trend was present in patients of both ancestries when analyzed
separately. When the African-American patients from the matched race set were combined with a separate high grade set of
African-American cases, there was a weak association of increased FOXP3+ T-cell densities with increased risk of
metastasis in multivariable analysis. Though high T-cell density is associated with specific molecular subclasses of prostate
cancer, we did not find an association of T-cell density with racial ancestry.

Introduction

Elucidating how the immune microenvironment affects
cancer development and progression has been one of the
most challenging questions in immuno-oncology. We now
understand that the immune system likely has dual host-
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protective and tumor-promoting roles: it can suppress tumor
growth by destroying cancer cells, but also promote tumor
progression either by selecting for tumor cells that are more
fit to survive in an immunocompetent host or by estab-
lishing conditions within the tumor microenvironment that
facilitate tumor outgrowth [1]. Given this complexity, it is
not surprising that the association of tumor-infiltrating
lymphocytes with clinical outcome and clinical-pathologic
parameters varies widely across various types of solid
tumors [2–6]. For example, in patients with renal cancer, the
presence of a pronounced lymphocytic infiltration within
the tumor is associated with decreased survival [6, 7]. In
contrast, lymphocytic infiltration has been associated with
improved survival in patients with colorectal cancer [8, 9].
In fact, immune scores (IS) appear to be a better prognostic
indicator than the TNM system in colorectal cancers [2, 10].
The interaction of the immune microenvironment with
tumor progression not only depends on the histologic tumor
type but is likely further complicated by the underlying
molecular subtype of the tumor. In colon cancer, for
example, genetic deficiencies in the DNA mismatch repair
pathway are relatively common compared to other tumor
types, leading to high mutation rates and generation of neo-
epitopes that may facilitate immune recognition and
destruction of tumor cells [11–13] and our group has
demonstrated similar findings for prostate cancer [14].

Aside from these rare cases with mismatch DNA repair
defects, prostate cancer is considered to have a relatively
immunologically “cold” microenvironment compared to
other solid tumor types [15, 16]; however, the relationship
between lymphocytic infiltration and patient outcomes has
varied widely in the literature [17–24]. A few studies have
suggested that low numbers of tumor-infiltrating lympho-
cytes are associated with a higher risk of disease progres-
sion [17, 21], while most other studies have shown the
opposite [18–21, 23, 24]. Underlying these apparent
inconsistencies is the fact that many of these studies have
used differing definitions of tumor-infiltrating lymphocytes,
variable methodologies to detect tumor-infiltrating lym-
phocytes, and most have evaluated disparate outcome
measures. In addition, few studies have integrated tumor
molecular subtyping in the examination of tumor-infiltrating
lymphocytes numbers, a variable that may also affect the
immune microenvironment in prostate cancer. Finally, to
our knowledge, essentially all prior histologic studies of
tumor-infiltrating lymphocytes in prostate cancer have used
predominantly white or Caucasian cohorts with European
ancestry, with limited or no analysis of tumor-infiltrating
lymphocytes with respect to oncologic outcomes or mole-
cular parameters in more racially diverse populations. To
address these knowledge gaps, we studied T-lymphocyte
infiltration in a well-defined clinical cohort with known
molecular subtyping information and diverse racial ancestry

[25]. After validating our method for digital quantification
of T-cell density across tissue microarray cores and in
relation to whole tissue sections, we assessed the associa-
tion of the density of different subsets of T cells (CD3+,
CD8+, and FOXP3+) with clinical-pathological variables,
PTEN/ERG status, and clinical outcome measures in sur-
gically treated prostate cancer occurring in patients of
European-American or African-American descent.

Methods

Patients and tissue samples

With Johns Hopkins institutional review board approval,
three patient sets were included in this study. The first
included a previously described group of 227 patients who
underwent radical prostatectomy at Johns Hopkins,
designed to evaluate the association of self-identified Eur-
opean-American or African-American racial ancestry with
patient outcomes [25]. Tissue microarrays were constructed
from matched prostate tumors collected from 100 self-
identified African-American and 127 self-identified Eur-
opean-American patients who underwent radical prosta-
tectomy from 1995 through 2005 (hereafter referred to as
matched race tissue microarray set). An additional set of 85
African-American patients with high grade (Gleason 4+ 3
= 7 and higher) disease who underwent radical prosta-
tectomy from 2005 to 2010 was also studied to enrich for
adverse oncologic outcomes (hereafter referred to as high-
grade African-American set). We had adequate power to
examine associations with clinical outcomes only among
the combined African-American tumor cohorts (matched
and high grade combined together; hereafter referred to as
combined African-American set). The clinical outcome
measure for this combined cohort was biochemical recur-
rence or time to metastasis and patients had a median of 5
years of follow-up.

An additional cohort was utilized only for validation of
digital quantification of CD3+ T-cell density as measured
on tissue microarray vs. standard histologic sections (whole
slide sections). This group of tumors included a previously
published cohort of radical prostatectomies from 2004 to
2014 with primary Gleason pattern 5 (n= 29) [14]. This
cohort was selected for the validation due to the availability
of standard histologic sections from the same paraffin
blocks used to make the tissue microarray and the high rate
of mismatch repair deficient tumors in this group. We have
previously shown that prostate tumors with defects in
mismatch repair are associated with a high tumor-infiltrating
lymphocyte density [14]. Thus this cohort uniquely pro-
vides samples across a wide dynamic range of tumor-
infiltrating lymphocyte densities to evaluate the correlation
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between CD3+ T-cell density measured on standard his-
tologic tissue sections (whole slide sections) vs. tissue
microarray spots. All tissue microarrays described above
included four individual 0.6 mm punches of the dominant
tumor nodule from each case (slightly more than 1 mm2 of
tissue for analysis).

Immunohistochemistry

Immunostaining for CD3 and CD8 were performed in a
CLIA-accredited laboratory utilizing 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, Tuc-
son, AZ). Immunostaining for FOXP3 utilized a rat
monoclonal antibody (FJK-16s, Invitrogen/Thermo Fisher)
on the Ventana Discovery Ultra (Ventana/Roche, Tucson,
AZ). Immunostaining for ERG and PTEN status utilized
previously reported and genetically validated rabbit mono-
clonal antibodies and staining protocols (EPR3864 from
Ventana for ERG and D4.3 from Cell Signaling Technol-
ogies for PTEN) on the Ventana Benchmark or Ventana
Discovery Ultra (Ventana/Roche) [25]. Inter-observer
reproducibility for PTEN and ERG scoring is high. For
PTEN, we have previously published that among patholo-
gists at the same institution (JHU), there was 96.4%
agreement over 2783 cores (κ= 0.905; 95% CI= 0.887
−0.923) [26]. In an additional study of pathologists at one
institution (JHU) on an independent cohort, PTEN scores
were concordant in 98.4% of cores evaluated by both
pathologists (925/940; including a total of 240 with PTEN
loss identified by both reviewers), corresponding to a κ=
0.984 [27]. For ERG, the inter-observer variability is also
low, with agreement across 92% of 58 cases in a study of
pathologists at one institution (JHU), corresponding to a
three-category κ= 0.855 (95%CI= 0.738−0.972) (TLL,
unpublished data). For CD3, CD8, FOXP3 immunostain-
ing, automated image analysis for number of cells per
millimeter squared was performed as below with the Aperio
Digital Pathology software (Leica, Wetzlar, Germany) as
described below [14]. Visual scoring using a dichotomous
and validated scoring system was performed previously for
PTEN and ERG [25].

Image analyses

For image analysis of CD3, CD8, and FOXP3 immunos-
taining, stained standard histologic slides (whole slide sec-
tions) and tissue microarray slides were scanned at ×20
magnification on Nano Zoomer Digital Pathology scanner
(Hamamatsu). The positively stained cells per millimeter
squared tissue were quantitatively scored with the Aperio

Digital Pathology software (Leica) based on the number of
cores evaluable and containing tumor tissue on the tissue
microarray for each case. For each immunostained standard
slide (whole slide section), all tumor tissue present from the
dominant tumor nodule, excluding benign epithelium, areas
of artifactual staining or tissue wrinkling and with minimal
intervening stromal tissue, was circled using the pen tool in
Aperio Image Analysis software and selected for analysis
(Supplementary Figure S1). For the tissue microarray sec-
tions, all four 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 (Supplementary Figure S1) and areas of artifactual
staining were manually excluded as well (Supplementary
Figure S2).

FOXP3+, CD8+ or CD3+ T cells within the selected
tumor area were identified by Aperio software as described
previously [14]. In brief, the number of positive cells was
used by designing a detection mask for brown immunos-
taining using a modified version of the nuclear analysis
parameters in Aperio Image Analysis software. Though
CD3, CD8, and FOXP3 are membranous stains, the low
cytoplastic volume of T-lymphocytes results in staining of
most of the cell’s area; thus nuclear analysis works well to
quantify the number of positively staining cells. Stain color
and scoring theme parameters were set manually in Aperio
Image Analysis software, using a pathologist’s visual esti-
mate of which T cells were positively stained across several
representative images. Parameters used included range of
brown intensity, average cell size and cell shape. The
software identified count was visually checked by pathol-
ogists in at least 50% of tissue microarray spots selected
randomly for evaluation and across all standard sections
(Supplementary Figure S3). Parameters were set separately
for each stain on tissue microarray sections and standard
histologic (whole slide) sections but once set, these para-
meters were uniformly applied across African-American
and European-American samples. The cell count in each
manually circled area was returned by the Aperio software.
The total tumor area analyzed was calculated by Aperio
Image Analysis software for standard histologic sections
and manually for the tissue microarray 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 cal-
culated for each case.

Statistical analysis

To evaluate the correlation between different methods of T-
cell density assessments, we calculated Pearson correlations
for (1) T-cell density assessed on histologic sections (whole
slide sections) and assessed on tissue microarray spots, (2)
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T-cell density assessed visually and assessed with auto-
mated scoring, (3) CD3+ T-cell density assessed on two
different tissue microarray sections, and (4) CD8+ T-cell
density assessed on two different tissue microarray sections.
To evaluate the correlation between lymphocytes of interest
assessed for the matched tissue microarray set, we calcu-
lated Pearson correlations for (1) CD8+ and CD3+ T-cell
densities, (2) FOXP3+ and CD3+ densities, and (3)
FOXP3+ and CD8+ T-cell densities.

We calculated proportions (race, stage, grade) and
median (age, prostate-specific antigen levels) values for
demographic and clinico-pathologic factors overall, and
compared by race using the chi-square test for proportions
and the Kruskal−Wallis test for continuous factors. We
calculated median CD3+ T-cell density, CD8+ T-cell
density, FOXP3 density and stratified by race. Within race
strata, we also calculated median densities by stage, by
grade, by ERG presence, and by PTEN loss, by joint
categories of ERG presence and PTEN loss. Median den-
sities were compared by race, and within race strata, by
stage and by grade using the Kruskal−Wallis test. We
calculated a Spearman correlation for each density measure
(CD3, CD8, FOXP3) and age and prostate-specific antigen
levels, overall and within race. For all analyses of African
American men, we evaluated measures by tissue microarray
set (matched race and high grade African-American sets
only) and combined across sets.

We had adequate numbers of adverse oncologic events to
examine the association of tumor-infiltrating T-cell density
with prostate cancer outcomes only in the combined
African-American cohort, since it was highly enriched for
high Gleason score tumors by design [25]. Men were fol-
lowed for biochemical recurrence, metastasis and cancer-
specific survival from date of radical prostatectomy until
2017. Biochemical recurrence was defined as a post-
operative serum prostate-specific antigen level ≥0.2 ng/ml
which was subsequently confirmed on a second test.
Metastatic disease was defined as radiologic evidence of at
least one metastatic lesion of non-regional lymph node,
bone, or other site (≥M1a).

We categorized men by tertiles of CD3+, CD8+,
FOXP3+, and CD8+/FOXP3+ T-cell densities for
African-American men. We performed Kaplan−Meier
analysis and used Cox proportional hazards regression to
estimate the relative hazard (HR) and 95% confidence
interval (CI) of biochemical recurrence and metastases for
each cell density using men classified in the bottom two
tertiles of density as the reference group. All models were
adjusted for age, stage, grade, prostate-specific antigen
levels, and body mass index. All analyses were carried
out using SAS 9.4 (Cary, NC). Statistical tests were two-
sided and p < 0.05 was considered to be statistically
significant.

Results

Validation of automated T-cell quantification on
tissue microarrays

To initially validate the use of tissue microarray spots as a
surrogate for quantification of T-cell density in standard
histologic sections (whole slide sections) of the dominant
tumor nodule, we used a cohort of 29 prostate tumors with
primary Gleason pattern 5 (Supplementary Figure S1). We
chose to use this tissue microarray set for this purpose
because we have previously shown that this subset of
prostate tumors demonstrates a wide dynamic range in
tumor-infiltrating T-cell densities, likely due to the high rate
of mismatch repair genomic defects in these cases [14]. We
compared automated CD3+ T-cell density assessed in four
tissue microarray spots from each dominant tumor nodule
(Fig. 1a, Supplementary Figure S2) with automated CD3+
T-cell density assessed in a single standard histologic sec-
tion of the dominant tumor nodule from the same tissue
block that was punched to make the tissue micro-
array (Supplementary Figure S1). For the histologic sec-
tions, we also compared automated CD3+ T-cell density
with a visual estimation of CD3+ T-cell density. Overall,
there was good correlation between automated CD3+ T-cell
density assessed in tissue microarray spots and automated
CD3+ T-cell density assessed on standard histologic sec-
tions of the dominant tumor nodule (r= 0.73, p < 0.00001)
and qualitative correlation between the visual scoring sys-
tem and the automated density quantification on the stan-
dard sections (Fig. 1b).

Next, we assessed whether automated T-cell density
measurements (Fig. 1a) correlated with visual quantification
of T-cell density in the same tissue microarray spots. Here,
the correlation was very high across 59 cases from the high
grade African-American tissue microarray set (r= 0.93, p <
0.00001), validating the automated quantification metho-
dology (Fig. 1c). Finally, we also evaluated whether CD3+
or CD8+ T-cell density assessed on one level from the
tissue microarray block was correlated with the same mar-
ker assessed on a deeper level (at least 100 µm deeper) of
the tissue microarray block. For CD3+ T-cell density
assessed across 85 cases, there was strong correlation
between the two tissue microarray levels (r= 0.83, p <
0.00001) with a similar correlation for CD8+ T-cell density
assessed across 72 cases from the same cohort (r= 0.79, p
< 0.00001) (Fig. 1d, e).

Association of T-cell density with clinical-pathologic
variables

We first assessed the correlation of clinical-pathologic
parameters with T-cell densities using the matched race set
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Fig. 1 Validation of automated T-cell density measurements on tissue
microarray. a Representative H&E staining and lymphocyte immu-
nostaining in prostate tumor on tissue microarray cores. Immunos-
taining 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). b CD3+ T-cell density (cells/
mm2) on standard histologic sections correlates significantly with CD3
+ T-cell density (cells/mm2) on tissue microarray (TMA) spots, when
assessed by automated digital quantification. (Pearson’s correlation
coefficient r= 0.73, p < 0.00001). c Automated digitally scored T-cell

densities (cells/mm2) correlate significantly with manual visually
scored T-cell densities (cells/mm2) on tissue microarray spots, thus
validating the methodology used in this study (Pearson’s correlation
coefficient r= 0.93, p < 0.00001). d CD3+ T-cell density (cells/mm2)
on tissue microarray spots correlates significantly with CD3+ T-cell
density (cells/mm2) on deeper level of the same tissue microarray spot,
when assessed by automated digital quantification (Pearson’s corre-
lation coefficient r= 0.83, p < 0.00001). e CD8+ T-cell density (cells/
mm2) on tissue microarray spot correlates significantly with CD8+ T-
cell density (cells/mm2) on deeper level of the same tissue microarray
spot, when assessed by automated digital quantification (Pearson’s
correlation coefficient r= 0.79, p < 0.00001)
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of tissue microarrays. These tissue microarrays contained
patients of self-identified European-American or African-
American ancestry matched by most clinical-pathologic
parameters as reported previously [25], with the exception
of prostate-specific antigen levels (slightly higher in
African-American patients) and age (slightly higher in
European-American patients) (Supplementary Table S1). In
addition, to enrich for adverse oncologic outcomes in

subsequent analyses, we also examined a separate group of
85 high-grade African-American cases with Gleason score
4+ 3= 7 or higher, considering these cases on their own or
when combined with the African-American cases from the
matched race tissue microarray sets (Supplementary
Table S1). In the overall matched race tissue microarray set,
quantified CD3+ and CD8+ T-cell densities were corre-
lated (r= 0.66, p < 0.00001) as were CD3+ and FOXP3+
T-cell densities (r= 0.59, p < 0.00001). CD8+ and FOXP3
+ T-cell density were also correlated, though more weakly
(r= 0.44, p < 0.00001) (Fig. 2). CD3+, CD8+ and FOXP3
+ median T-cell densities in the matched race tissue
microarray set did not significantly differ by patient racial
ancestry (Table 1). In addition, there were no statistically
significant differences in median T-cell densities by tumor
stage or Gleason grade in either racial group considered
separately from the matched race tissue microarrays
(Table 1), nor in the high grade African-American set
(Supplementary Table S2) or in the combined African-
American set (Table 1). All median T-cell densities were
comparable when compared overall, by race, and within
strata of race by pathologic stage and grade.

T-cell densities were not significantly correlated with age
overall or among European-American men in the matched
race tissue microarrays (Table 2). CD3+ T-cell density was
negatively correlated with age among African-American
men in the matched race tissue microarray set (r=−0.22, p
= 0.03), but this correlation was not present in the high-
grade African-American set (Supplementary Table S3) and
was attenuated in the combined African-American set
(Table 2). CD3+ and FOXP3+ T-cell densities were not
significantly correlated with prostate-specific antigen levels
overall or by race (Table 2, Supplementary Table S3). CD8
+ T-cell density was negatively correlated with prostate-
specific antigen levels overall in the matched race tissue
microarray set (r=−0.13, p= 0.05; Table 2). Among
European-American men, the correlation coefficient
between CD8+ T-cell density and prostate-specific antigen
levels was comparable, but not statistically significant, and
among African-American men CD8+ T-cell density and
prostate-specific antigen levels were not correlated (Table 2,
Supplementary Table S3).

Association of T-cell density with molecular prostate
cancer subtypes

Next, we tested the association of ERG and PTEN status
with tumor-infiltrating T-cell densities using the combined
matched race tissue microarray set. All T-cell markers
were significantly higher among men with PTEN loss as
compared to men with PTEN intact tumors (CD3: 65%
higher median density, CD8: 38% higher median density,
and FOXP3: 127% higher median density) and

Fig. 2 Correlation of T-cell density measurements across various
subsets in matched race tissue microarray (TMA) cohort. a Density of
CD8+ T cells (cells/mm2) correlates with density of CD3+ T cells
(cells/mm2) in prostate tumor on tissue microarray spots (Pearson’s
correlation coefficient r= 0.66, p < 0.00001). b Density of FOXP3+
T cells (cells/mm2) correlates with density of CD3+ T cells (cells/
mm2) in prostate tumor on tissue microarray spots (Pearson’s corre-
lation coefficient r= 0.59, p < 0.00001). c Density of FOXP3+ T cells
(cells/mm2) correlates with density of CD8+ infiltrating lymphocytes
(cells/mm2) in prostate tumor on tissue microarray spots (Pearson’s
correlation coefficient r= 0.44, p < 0.00001)
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significantly higher among men with ERG expression
positive tumors as compared to tumors without ERG
expression (CD3: 64% higher median density, CD8: 61%
higher median density, and FOXP3: 71% higher median
density; Table 3). Similar patterns were observed for
European-American and African-American men analyzed
separately (Table 3, Supplementary Table S4), though not
all comparisons remained statistically significant.
Although CD8+ T-cell density appeared higher for tumors
with PTEN loss as compared to tumors with PTEN intact,
in race-stratified analyses, the difference was no longer
statistically significant. Similarly, among African-
American men (combined set) CD8+ T-cell density

appeared higher for men with ERG expression as com-
pared to men without ERG expression, but the difference
was not statistically significant. Because PTEN loss is
more common among cases with ERG rearrangement [28–
30], we jointly classified cases by both alterations and
observed that there was a significant difference in median
lymphocyte densities for all markers across categories
overall; and men with both PTEN loss and ERG rearran-
gement had the highest median lymphocyte densities for
all markers. When stratified by race, all patterns were
consistent for European-American men and for African-
American men (combined set), though the difference in
median CD8+ T-cell densities was no longer statistically

Table 1 T-cell density stratified
by race and clinical-pathologic
parameters in matched race
tissue microarrays and combined
African-American set

Matched race tissue microarrays CD3 density CD8 density FOXP3 density

N Median pa N Median pa N Median pa

Overall 224 232.1 227 55.7 227 15.9

European-American 127 241.4 0.5 127 61.9 0.2 127 15.0 0.8

African-American 97 220.2 100 52.2 100 15.9

European-American

T2N0 59 236.1 0.6 59 63.7 0.9 59 16.5 0.7

T3N0 55 246.7 55 59.2 55 13.3

N1 12 215.3 12 56.1 12 19.0

Gleason= 6 26 235.6 0.3 26 57.0 0.6 26 15.8 0.7

Gleason= 3+ 4 35 311.2 35 69.0 35 17.7

Gleason= 4+ 3 32 227.2 32 55.7 32 10.2

Gleason= 8 21 157.4 21 56.6 21 9.7

Gleason= 9 13 191.9 13 67.2 13 15.0

African-American

T2N0 40 233.9 0.1 41 55.7 0.1 41 13.3 0.1

T3N0 41 176.8 42 33.2 42 14.1

N1 9 352.8 10 64.5 10 31.4

Gleason= 6 25 233.4 0.4 25 66.3 0.3 25 16.5 0.9

Gleason= 3+4 28 190.1 30 53.1 30 16.8

Gleason= 4+ 3 24 179.5 24 35.8 24 15.9

Gleason= 8 16 202.0 16 32.3 16 8.4

Gleason= 9 4 477.9 5 39.8 5 27.4

Combined African-Americanb

Overall 181 246.8 182 60.1 185 15.9

T2N0 78 241.9 0.3 79 60.1 0.4 79 14.1 0.1

T3N0 81 242.4 81 54.8 83 15.9

N1 13 352.8 14 81.1 14 31.4

Gleason= 6 25 233.4 0.5 25 66.3 0.5 25 16.5 0.7

Gleason= 3+ 4 28 190.1 30 53.1 30 16.8

Gleason= 4+ 3 84 248.6 82 68.1 84 15.9

Gleason= 8 27 242.4 27 46.0 27 15.9

Gleason= 9 17 382.0 18 84.5 19 15.9

aKruskal−Wallis test
bAfrican-Americans from matched race tissue microarrays (above) and high-grade African-American tissue
microarray (see Supplementary Table S2)
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significant for either race considered individually (Table 3
and Supplementary Table S4).

Association of T-cell density with prostate cancer
outcomes among African-American men (combined
set)

We had adequate numbers of adverse oncologic events to
examine the association of tumor-infiltrating T-cell density
with prostate cancer outcomes only in the combined
African-American set, since it was highly enriched for high
Gleason score tumors by design [25]. We utilized bio-
chemical recurrence and metastasis-free survival as the
primary clinical endpoints because the number of events for
cancer-specific survival was low in this cohort (Supple-
mentary Table S5, Supplementary Figure S4) and because
metastasis-free survival is now recognized as a reasonable
surrogate endpoint for overall survival in localized prostate
cancer [31]. We dichotomized T-cell densities into the top
tertile compared to the bottom two tertiles for each marker
(Fig. 3). On Kaplan−Meier and univariable Cox regression
models, there was a trend towards higher risk of biochem-
ical recurrence or metastasis for patients in the top tertile of
lymphocyte densities compared to lower two tertiles,
though statistical significance was not reached for all mar-
kers and all endpoints and p values differed slightly
depending on whether log-rank test (for Kaplan−Meier) or
Cox regression models (for univariable analysis) were used
(Table 4, Fig. 3). On multivariable analysis, we generally
did not observe significant associations between biochem-
ical recurrence and being in the highest tertile of lympho-
cyte density as compared to being in the lower two tertiles

of lymphocyte density for any T-cell markers, adjusting for
patient age, prostate-specific antigen levels and body mass
index (BMI) as well as pathologic stage and grade. How-
ever, men in the highest tertile of CD3+ T-cell density had
a suggestive, though not statistically significant, higher risk
of biochemical recurrence as compared to men in the lowest
two tertiles on multivariable analysis (hazard ratio: 1.63;
95% confidence interval: 0.84–3.03, Table 4). We did not
observe significant associations between risk of metastases
and being in the highest tertile of CD8 or CD3+ T-cell
density as compared to being in the lower two tertiles of
CD8+ or CD3+ T-cell density, respectively. However, men
in the highest tertile of FOXP3 density had a significantly
higher risk of metastases as compared to men in the lower
two tertiles of FOXP3 (hazard ratio: 12.89; 95% confidence
interval:1.59–104.4). Given the imprecision of this estimate
based on the width of the confidence interval, we interpret
this finding with caution, and as possibly hypothesis-
generating for future studies.

Discussion

Our study is the first to correlate different subsets of tumor-
infiltrating T cells with clinical outcome and molecular
features across prostate cancer patients of varying racial
ancestry. One strength of this work is that we carefully
validated our automated T-cell density measurements,
ensuring that our results on tissue microarray spots—which
sample only a small area of the tumor (~1 mm2)—were
correlated with the measurements on standard tissue sec-
tions and manually counted T-cell densities. Importantly,

Table 2 Correlation of T-cell
density with age and prostate-
specific antigen (PSA) in
matched race tissue microarrays
and combined African-American
set

Matched race tissue microarrays CD3 density CD8 density FOXP3 density

N ra p N ra p N ra p

Overall

Age 224 −0.07 0.3 227 −0.10 0.1 227 −0.07 0.3

PSA 224 −0.02 0.8 227 −0.13 0.05 227 −0.01 0.9

European-American

Age 127 0.02 0.8 127 −0.08 0.3 127 0.004 0.9

PSA 127 −0.08 0.4 127 −0.13 0.2 127 0.0001 0.9

African-American

Age 97 −0.22 0.03 100 −0.15 0.1 100 −0.17 0.1

PSA 97 0.09 0.4 100 −0.09 0.4 100 0.01 0.9

Combined African-Americanb

Overall

Age 181 −0.08 0.3 182 −0.08 0.3 185 −0.05 0.5

PSA 181 0.01 0.9 182 −0.03 0.7 185 −0.02 −.8

aSpearman correlation coefficient
bAfrican-Americans from matched race tissue microarrays (above) and high-grade African-American tissue
microarray (see Supplementary Table S3)
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we did not find any evidence of differences in intratumoral
T-cell densities when comparing tumors from patients of
African-American or European-American ancestry, mat-
ched by most pathologic and clinical parameters. There
were also only a few differences in T-cell densities when
stratified by most clinical-pathologic parameters in both
racial groups, with T-cell densities negatively correlated
with patient age and prostate-specific antigen levels in some

comparisons for some races. Intriguingly, we did observe a
statistically significant association between ERG expression
or PTEN loss with higher intratumoral lymphocyte infil-
tration, irrespective of racial ancestry. Among African-
Americans, where we had adequate power to examine
associations between T-cell densities and outcomes, we
observed that higher FOXP3+ cell density was associated
with an increased propensity for metastasis (HR= 12.89, p

Table 3 T-cell density stratified
by race and molecular
classification in matched race
tissue microarrays and combined
African-American set

CD3 density CD8 density FOXP3 density

Matched race tissue microarrays N Median pa N Median pa N Median pa

Overall 224 232.1 227 55.7 227 15.9

PTEN intact 168 192.3 0.001 171 49.5 0.04 171 11.5 0.0004

PTEN loss 56 317.4 56 68.5 56 26.1

ERG negative 137 188.3 0.0004 140 43.3 0.001 140 11.9 0.001

ERG positive 87 308.6 87 69.9 87 20.3

PTEN intact & ERG negative 118 184.8 0.0001 121 42.4 0.01 121 10.6 <0.0001

PTEN Intact & ERG positive 50 229.5 50 74.7 50 12.8

PTEN loss & ERG negative 19 244.0 19 59.2 19 20.3

PTEN loss & ERG positive 37 365.2 37 69.0 37 30.9

European-American

PTEN intact 91 192.8 0.005 91 50.4 0.2 91 12.4 0.01

PTEN loss 36 305.8 36 69.4 36 25.2

ERG negative 64 190.1 0.005 64 42.4 0.01 64 10.2 0.01

ERG positive 63 299.5 63 69.9 63 19.5

PTEN intact & ERG negative 54 181.7 0.004 54 42.0 0.1 54 9.3 0.004

PTEN intact & ERG positive 37 224.6 37 77.8 37 13.3

PTEN loss & ERG negative 10 237.0 10 68.1 10 20.3

PTEN loss & ERG positive 26 379.8 26 69.4 26 31.8

African-American

PTEN intact 77 191.9 0.1 80 46.0 0.1 80 11.5 0.03

PTEN loss 20 337.8 20 59.2 20 29.2

ERG negative 73 188.3 0.04 76 44.2 0.1 76 12.8 0.03

ERG positive 24 311.2 24 70.3 24 28.7

PTEN intact & ERG negative 64 187.0 0.1 67 43.3 0.3 67 11.5 0.02

PTEN intact & ERG positive 13 234.3 13 71.6 13 9.7

PTEN loss & ERG negative 9 306.8 9 53.9 9 16.5

PTEN loss & ERG positive 11 352.8 11 69.0 11 30.9

Combined African-Americanb

PTEN intact 149 234.3 0.03 150 54.8 0.1 153 14.2 0.05

PTEN loss 32 355.9 32 71.6 32 28.3

ERG negative 144 235.6 0.01 147 53.9 0.1 148 15.0 0.04

ERG positive 37 313.9 35 78.7 37 28.3

PTEN intact & ERG negative 127 230.0 0.03 130 50.9 0.2 131 14.2 0.1

PTEN intact & ERG positive 22 287.1 20 87.1 22 14.2

PTEN loss & ERG negative 17 306.8 17 93.8 17 16.8

PTEN loss & ERG positive 15 359.0 15 69.0 15 30.1

aKruskal−Wallis test
bAfrican-Americans from matched race tissue microarrays (above) and high-grade African-American tissue
microarray (see Supplementary Table S4)
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= 0.02) in multivariable analysis; however, a similar asso-
ciation was not observed for CD3+ and CD8+ T-cell
density. In addition, the confidence intervals on this hazard
ratio estimate were quite wide indicating that it is imprecise

and requires independent validation in additional cohorts of
African-American tumors.

A number of previous studies have examined the corre-
lation between tumor-infiltrating lymphocytes and clinical-

Fig. 3 Kaplan−Meier analysis stratified by T-cell density for com-
bined African-American set. Kaplan–Meier analysis for a biochemical
recurrence (BCR)-free survival and b metastasis-free survival stratified
by T-cell density for CD3, CD8, FOXP3. Patients in the top tertile of

T-cell densities are shown by the hashed line, while those in the
bottom two tertiles are shown by the unbroken line. P values by log-
rank test

Table 4 Association of T-cell density with oncologic outcomes in combined African-American set by Cox Analysis

Biochemical Recurrence Metastasis

N(case/
control)

Univariable Analysis Multivariable
Analysisa

N(case/
control)

Univariable Analysis Multivariable Analysisa

HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value HR (95% CI) p value

CD3 density

Group1b 36/74 Ref Ref 11/99 Ref Ref

Group2b 23/23 1.68
(0.996–2.84)

0.05 1.63
(0.84–3.03)

0.15 4/42 0.72
(0.20–2.61)

0.61 1.15(0.18–7.29) 0.88

CD8 density

Group1b 38/74 Ref Ref 12/100 Ref Ref

Group2b 23/23 1.65
(0.98–2.79)

0.06 1.21
(0.64–2.26)

0.56 4/42 1.18
(0.37–3.81)

0.78 0.89(0.18–4.33) 0.88

FOXP3 density

Group1b 36/73 Ref Ref 7/102 Ref Ref

Group2b 25/26 1.57
(0.94–2.63)

0.08 1.12
(0.60–2.11)

0.71 9/42 3.10
(1.07–8.97)

0.04 12.89
(1.59–104.40)

0.02

The table shows African-Americans from matched race tissue microarrays and high grade African-American tissue microarray

HR hazard ratio, CI confidence interval
aAdjusted for age, stage, grade, PSA, and body mass index
bGroup1, below the top tertile; group2, in the top tertile
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pathologic parameters and outcomes in prostate cancer
(Supplementary Table S6). Importantly, most of these stu-
dies have been conducted using visual scoring systems and
all in predominantly European or European-American
cohorts, which contrasts with our digital scoring and the
enrichment for African-American ancestry in our cohort.
The results of these previous studies have suggested that
both extremes of intratumoral lymphocyte densities—high
and low—may be associated with worse outcomes, with
more studies finding that high densities are associated with
poor outcomes than low densities. One of the earliest stu-
dies, by Vesalainen et al., used H&E standard histologic
sections visually scored lymphocyte infiltrates in primary
prostate cancers, binning into three groups: rare, moderate
and dense lymphocyte infiltrate [17]. They found that absent
or rare lymphocyte infiltrates were associated with a high
risk of tumor progression and fatal disease (p= 0.016). In
contrast, Irani et al. reported that patients with high-grade
inflammation surrounding malignant glands in radical
prostatectomy specimens had significantly more post-
operative biochemical recurrence than patients with low-
grade inflammation [32].

Since these early investigations, more detailed studies
have been performed using immunohistochemistry to clas-
sify lymphocyte infiltration and to categorize lymphocyte
location as epithelial and stromal. One of the largest studies,
by Flammiger et al., found that high and low levels of
intratumoral T- but not B-lymphocytes were associated with
poor clinical outcomes in primary prostate cancer [21]. In
this study, patients with very low and very high numbers of
CD3+ T cells per tissue microarray spot had a significantly
shorter prostate-specific antigen biochemical recurrence-
free survival compared to patients with intermediate num-
bers of T cells (p= 0.0188). Another study observed that
patients with metastatic primary cancers (either prostatec-
tomies, needle biopsies or transurethral resection of prostate
specimens) showed higher levels of CD3+ lymphocytes
compared with those that did not metastasize [20]. Similar
to our study, this is one of the few prior studies to use digital
image analysis for CD3 quantification. Finally, a recent
study by Ness et al. showed that higher levels of manually
scored CD3+ T cells in tumor epithelial areas on tissue
microarray were associated with a higher risk of biochem-
ical recurrence [24].

One confounder in these prior studies is that all CD3+
T cells or even all lymphocytes were lumped together,
without considering the effects of different T-cell subsets.
However, we found that most T-cell markers were strongly
correlated in primary prostate tissue, and CD8+ and
FOXP3+ cell densities tracked together, similar to other
recent studies examining CD8, CD4, and even CD20 [19].
Consistent with this, at least one prior study showed that
both CD3+ and CD8+ T-cell levels were associated with a

higher risk of biochemical recurrence when measured on
tissue microarray [24]. Only a few studies have examined
regulatory T-cell immune markers and their correlation with
clinical outcome and clinical-pathological variables. In
2013, Flammiger found that a higher number of intratu-
moral FOXP3+ regulatory T cells was associated with a
more advanced tumor stage and higher Ki67 labeling index,
but in multivariable analysis, FOXP3 density was not an
independent predictor of prostate-specific antigen bio-
chemical recurrence [22]. In the same year, Davidsson et al.
found that patients with higher number of regulatory T cells
(CD4+ FOXP3+) had an increased risk of dying of prostate
cancer, with every additional CD4+ FOXP3+ cell asso-
ciated with a 12% increase in the odds of dying of prostate
cancer [23].

Our finding that higher FOXP3+ cell density may be
associated with a higher risk of metastasis among African-
American patients appears generally consistent with these
prior studies but requires validation in a larger independent
cohort. Mechanistically, it remains unclear which immu-
nomodulatory/immunosuppressive pathways may play the
most significant role in prostate cancer. The recent finding
from our group that PD-L1 is only expressed in a small
minority of primary prostate tumors (<8%) is intriguing
[33], though this study was performed in a predominantly
white cohort using tissue microarrays. Recent work from
other groups using standard histologic sections to detect
generally patchy PD-L1 positivity has intriguingly sug-
gested that African-American ancestry may be associated
with higher PD-L1 expression [34]. A number of groups are
actively investigating alternative immune checkpoints that
may be more important than PD-L1 in primary prostate
cancer, such as B7-H3, which is much more highly
expressed in primary prostate cancer [35]. Finally, since
there is a significant correlation between CD3+, CD8+ and
FOXP3+ T-cell densities in primary prostate tissues, it
seems plausible that there is a general association of higher
T-lymphocyte levels with adverse outcomes in prostate
cancer and the association only reaches statistical sig-
nificance for some T-cell subsets in a subset of studies for
stochastic reasons. By this reasoning, there may not be any
particular significance for FOXP3 immunosuppressive T-
cell density in prostate cancer.

We did not find any associations of T-cell densities with
racial ancestry in this study. This is interesting in light of the
fact that there is mounting evidence for differing immune
microenvironments by race in primary prostate tumors. The
incidence of prostatic inflammation may be higher in the
benign prostates and prostate tumors of African-American
men compared to white men, though most studies have not
distinguished between types of inflammatory cells and have
not used digital quantification [36]. There is also some
evidence that inflammation-related gene expression, in
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particular, that of cytokines, may differ in primary prostate
tumors by race [37–39]. Because our study is restricted to
analysis of T cells, it certainly may have missed other
important differences in the inflammatory microenviron-
ment of African-American vs. European-American tumors.
Future studies will examine other immune cell subsets in
this cohort.

Another important line of inquiry in our study was the
comparison of tumor molecular subtypes with T-cell den-
sities in primary prostate cancers. There is mounting evi-
dence that somatic genomic alterations may be associated
with changes in the immune microenvironment, in prostate
as well as other tumor types. As an extreme example,
genomic defects in the mismatch repair pathway are asso-
ciated with increased immune response in both colorectal
cancers [11–13] and prostate cancer [14], likely due to the
increased mutational load in these tumors facilitating gen-
eration of neoantigens. Similarly, a recent study in mouse
models of prostate cancer demonstrated remarkably diverse
immune responses to tumors with differing somatic altera-
tions, including PTEN deletion [40]. Intriguingly, we found
that tumors with ERG gene rearrangements or PTEN dele-
tion, detected by genetically validated protein expression
assays, are each associated with an increased density of
tumor-infiltrating T cells compared to tumors without these
alterations. That this association is fairly strong was evi-
denced by the fact that it could be observed in tumors from
both African-American and European-American patients,
despite the fact that ERG gene rearrangements are only
about half as common in the former compared to the latter
group [25, 41–45].

At least for ERG, these data appear to be reproducible in
that they are similar to results from two previously published
studies in European or European-American cohorts, both of
which demonstrated a similar association between ERG
expression and CD3+ T-cell density [21, 46], as well as a
separate study reporting a similar association with FOXP3+
cell density [47]. However, the mechanism of this associa-
tion remains unclear. In vitro evidence suggests that ERG
gene fusions—a very early and likely initiating event in
prostatic tumorigenesis—may be caused, at least in part, by
inflammation-induced oxidative stress [48]. Thus, it is con-
ceivable that this association of ERG-positive tumors with
increased inflammation persists during later stages of tumor
progression. This notion is supported, at least in principle,
by recent epidemiologic evidence. In a population-based
case-control study of patients who did or did not use aspirin,
use of aspirin (an anti-inflammatory drug) was associated
with a significant reduction in the relative risk of ERG
fusion-positive prostate cancers, but a similar association
was not detected for ERG-negative prostate tumors [49].

Alternatively, it is possible that ERG expression itself
drives transcriptional programs in tumor cells that increase

the recruitment of inflammatory cells to the tumor micro-
environment. ERG fusions increase NF-κB transcriptional
activity in prostate epithelial cells and human prostate
tumors via toll-like receptor pathways [50], which may in
turn promote T-cell immunosurveillance in the tumor
microenvironment [51]. ERG expression is also associated
with increased expression of HLA-DMB in prostate cancer,
a MHC class II molecule involved in antigen presentation
and T-cell activation [46, 52, 53]. Finally, gene fusions in
prostate cancer can result in the formation of unique chi-
meric amino acid sequences that span the breakpoint of the
two fused gene products and potentially generate fusion
proteins with neoepitopes. In a recent computational study,
type VI TMPRSS2-ERG gene fusions contained high-
affinity HLA-restricted epitopes and were recognized by
CD8+ T cells in vitro [54]. Though these mechanistic
possibilities are intriguing, it is also possible that the asso-
ciation of higher lymphocyte densities with ERG rearran-
gement is due to a confounding additional molecular
alteration, which is itself associated with ERG fusion.

Some limitations of the current study that warrant dis-
cussion. First, all tumor-infiltrating lymphocyte densities
were measured on tissue microarray spots, comprising only
about 1 mm2 of total tissue for analysis per patient. While
we demonstrated a significant correlation between the T-cell
densities measured on tissue microarrays and those mea-
sured on standard histologic sections of the dominant tumor
nodule, lymphocyte infiltrates are quite heterogeneous in
prostate tumors and sampling error could certainly mask
significant differences between groups in this setting. Sec-
ond, we examined only T cells in the current manuscript,
using a single color immunohistochemistry assay rather
than a multiplex assay. Studies of tumor immune micro-
environments are increasingly using multispectral immu-
nofluorescence, which enable more accurate
immunophenotyping and require less tissue input. However,
multispectral immunofluorescence assays have proven
challenging to quantify and many of the digital analysis
platforms for this technology are not easily adaptable to
high throughput analysis of tissue microarrays. Third, we
used a relatively crude definition of tumor-infiltrating lym-
phocytes, as any lymphocyte in a tissue microarray spot
containing tumor epithelium. We did not distinguish
between lymphocytes within the tumor epithelium (quite
rare in prostate, see Fig. 1) and those in the stroma, nor did
we distinguish lymphocytes within the invasive front of the
tumor from those in the middle of tumor nodule. Future
studies may use a more refined definition of tumor-
infiltrating lymphocytes since lymphocyte location, rather
than T-cell density, is increasingly recognized as a potential
biomarker of prognosis [2] and response to immu-
notherapies, supporting the biological relevance of this
measure. Finally, the relatively small size of our cohorts
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matched on racial ancestry is a definite limitation, and all
findings in the current study must be replicated in larger
independent cohorts in the future. In these studies, it may
also be helpful to include genetic definitions of racial
ancestry rather than simple self-identification as we have
done here.

In conclusion, this is among the first studies in primary
prostate cancer to examine associations between digitally
quantified tumor-infiltrating T-cell densities, tumor mole-
cular subtype, and racial ancestry. While we did not find
any variations in T-cell density by racial ancestry, we did
find that T-cell density varies significantly with tumor ERG
and PTEN status, in both patients of European-American
and African-American decent. In addition, we are the first to
find some evidence of potential associations between higher
FOXP3+ T-cell densities and adverse oncologic outcomes
among African-American patients, though this must be
validated in future work. Ultimately, integrating clinical-
pathologic, somatic molecular subtyping and immune
microenvironment data is becoming increasingly important
in the era of precision medicine and many future studies of
this subject are warranted.
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