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ABSTRACT
Background  Aberrations in homologous recombination 
repair (HRR) genes are emerging as important biomarkers 
for personalized treatment in prostate cancer (PCa). 
HRR deficiency (HRD) could affect the tumor immune 
microenvironment (TIME), potentially contributing to 
differential responses to poly ADP-ribose polymerase 
(PARP) inhibitors and immune checkpoint inhibitors. Spatial 
distribution of immune cells in a range of cancers identifies 
novel disease subtypes and is related to prognosis. In this 
study we aimed to determine the differences in the TIME of 
PCa with and without germline (g) HRR mutations.
Methods  We performed gene expression analysis, 
multiplex immunohistochemistry of T and B cells and 
quantitative spatial analysis of PCa samples from 36 
patients with gHRD and 26 patients with sporadic 
PCa. Samples were archival tumor tissue from radical 
prostatectomies with the exception of one biopsy. Results 
were validated in several independent cohorts.
Results  Although the composition of the T cell and B 
cells was similar in the tumor areas of gHRD-mutated 
and sporadic tumors, the spatial profiles differed between 
these cohorts. We describe two T-cell spatial profiles 
across primary PCa, a clustered immune spatial (CIS) 
profile characterized by dense clusters of CD4+ T cells 
closely interacting with PD-L1+ cells, and a free immune 
spatial (FIS) profile of CD8+ cells in close proximity to 
tumor cells. gHRD tumors had a more T-cell inflamed 
microenvironment than sporadic tumors. The CIS profile 
was mainly observed in sporadic tumors, whereas a FIS 
profile was enriched in gHRD tumors. A FIS profile was 
associated with lower Gleason scores, smaller tumors and 
longer time to biochemical recurrence and metastasis.
Conclusions  gHRD-mutated tumors have a distinct 
immune microenvironment compared with sporadic 
tumors. Spatial profiling of T-cells provides additional 
information beyond T-cell density and is associated with 
time to biochemical recurrence, time to metastasis, tumor 
size and Gleason scores.

BACKGROUND
Homologous recombination repair deficiency 
(HRD), predominantly caused by BRCA1/2 
alterations, are enriched in metastatic castra-
tion resistant prostate cancer (mCRPC) and 
serve as important biomarkers for personal-
ized therapy. The PROfound phase III trial 
established a survival advantage for the poly 
ADP-ribose polymerase (PARP) inhibitor 
olaparib in mCRPC with HRD leading to 
regulatory approval and implementation of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Prostate cancer (PCa) is generally an immunologi-
cally cold tumor. Patients with PCa with homologous 
recombination repair deficiency (HRD) have shown 
improved responses to immune checkpoint inhibi-
tion (ICI) compared with non-HRD cancers, but to 
date, the molecular basis of this difference has not 
been elucidated.

WHAT THIS STUDY ADDS
	⇒ We profiled the tumor immune microenvironment 
of PCas with germline mutations in homologous 
recombination repair genes for the first time, and 
show that these cancers have a more T-cell in-
flamed microenvironment than sporadic tumors. 
Further, our gene expression signature was associ-
ated with longer time to biochemical recurrence and 
metastasis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE, OR POLICY

	⇒ Immune spatial profiling of the microenvironment in 
PCa may provide prognostic information and define 
a subset of patients that may benefit from ICI. Our 
findings warrant further validation in prospective 
studies.
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mainstream molecular testing and personalized treat-
ment in a subset of mCRPC patients. Notably, the response 
rate for PARP inhibitors in BRCA1/2 altered tumors was 
consistently 40%–50% across multiple trials,1–3 implying 
the presence of genomic alterations in the homolo-
gous recombination repair (HRR) pathway alone may 
be insufficient to predict responses. Biallelic deletions, 
loss of heterozygosity of the wild type allele,4 functional 
implications of the specific variant, co-occurring genomic 
alterations and other factors such as the tumor immune 
microenvironment (TIME) may potentially contribute to 
the differential responses observed. In breast and ovarian 
cancer, response to programmed death 1 (PD-1/PD-li-
gand 1 (PD-L1)) inhibition is enriched in tumors with 
germline (g) BRCA1/2 mutations and these tumors have 
been shown to harbor higher tumor mutational load, 
lymphocyte infiltration and tumor-specific neoantigens 
for immune activation.5–8 In the KEYNOTE-199 and 
Checkmate 650 trials, HRD in prostate cancer (PCa) were 
also associated with higher and more durable responses 
to immune checkpoint inhibitors (ICI)9 10 although the 
biological basis for this observation is poorly understood. 
Currently, we lack an understanding of the TIME of PCa 
in patients with gHRD mutations, and how this differs 
from that of sporadic tumors.

PCa is generally considered an immunologically cold 
tumor.11 While a higher tumor immune infiltration has 
been associated with better immune control and prog-
nosis in other cancers,12 studies in PCa have revealed 
conflicting results, with higher T-cell levels in tumor areas 
associated with better prognosis in some studies,13 14 but 
worse in others.15–19 Possible explanations include hetero-
geneity between cohorts, the complexity of the spatial 
interactions between immune and tumor cells and gener-
ally low levels of immune infiltration that make the appli-
cation of the classical definitions of immune infiltrated 
or excluded tumors challenging. In melanoma, sarcoma 
and breast cancer, complex spatial patterns of distinct 
immune subsets in the stroma and tumor-immune inter-
actions have been linked to overall survival and response 
to immunotherapy.20–26 Further studies of the interface 
between tumor genomics and the TIME are warranted to 
understand how best to personalize therapies. Herein we 
profiled the density and spatial distribution of T and B 
cells in primary PCa with and without gHRD in tumor and 
surrounding stroma using gene expression and quantita-
tive spatial analysis.

METHODS
Sample cohort
Our cohort consisted of 62 primary PCa samples. Twen-
ty-six samples were from patients with gBRCA2 mutations, 
five from patients with gBRCA1 mutations, a double 
gBRCA2+gMSH2 carrier and four with other gDNA repair 
mutations (ATM, FANCI, PALB2, CHEK2, n=1 of each) 
(figure 1, online supplemental methods). We refer to the 
cohort with germline alterations in HRR genes hereafter 

as the HRD cohort/tumors. An additional 26 were 
primary PCa samples from patients without gDNA repair 
mutations based on germline testing using an established 
targeted DNA repair panel of 26 genes and are referred 
hereafter as ‘sporadic’. All samples were radical prostatec-
tomies, except for the gFANCI sample which was a pros-
tate biopsy, thereby enabling a comprehensive evaluation 
of the TIME in whole prostates. Clinical characteristics of 
the cohort and germline variants are outlined in online 
supplemental tables S1 and S2.

Gene expression
We used the NanoString nCounter PanCancer Immune 
Profiling Panel comprizing of 730 immune-related genes 
and 40 housekeeping genes. RNA was extracted from 
formalin fixed paraffin embedded (FFPE) sections using 
the RNAeasy FFPE kit (Qiagen). Fifty-nine samples were 
evaluable. One gBRCA1 and two gBRCA2 samples were 
excluded from the gene expression analyses due to poor 
RNA quality. We performed differential expression anal-
yses and investigated the expression of specific signatures 
such as the tumor inflammation signature (TIS)27 which 
measures a T-cell inflamed tumor microenvironment that 
has previously been shown to correlate with response to 
PD-1/L1 blockade. We also evaluated the tissue-resident 
memory (TRM) T-cell signature which is implicated in 
maintaining immunity.28

Sporadic 
(n=26)

Mutations:
gBRCA2 (n = 26), gBRCA1 (n=5),

gBRCA2+gMSH2 (n=1), 
gATM (n=1), gCHEK2 (n=1), 
gFANCI (n=1), gPALB2 (n=1)

OPAL multiplex immunohistochemistry
15 tumor areas, 

5 normal stromal areas per sample NanoString gene expression
730 immune-related genes and 40 

housekeeping genes

gHRD (n=36), Sporadic (n=26)

gBRCA2 (n = 24), gBRCA1 (n=4),
gBRCA2+gMSH2 (n=1),

gATM (n=1), gCHEK2 (n=1),
gFANCI (n=1), gPALB2 (n=1),

Sporadic (n=26)

Radical prostatectomies (n=26)Radical prostatectomies (n=35), 
biopsies (n=1, gFANCI)

Germline mutations in HRR genes 
(n=36)

CD20 IHC staining
15 tumor areas, 

5 normal stromal areas per sample
gBRCA2 (n=26), gBRCA1 (n=2),

gBRCA2+gMSH2 (n=1),
gATM (n=1), gCHEK2 (n=1),

gFANCI (n=1), gPALB2 (n=1),
Sporadic (n=25)

Figure 1  Study flow chart. Our study includes 36 samples 
from primary PCa with germline mutations in HRR genes and 
26 from patients with sporadic PCa. All samples underwent 
OPAL mIHC. Thirty-three HRD and 26 sporadic samples 
passed quality control for NanoString gene expression 
analysis. HRD, homologous recombination repair deficiency; 
HRR, homologous recombination repair; g, germline; n, 
number of samples; mIHC, multiplex immunohistochemistry; 
PCa, prostate cancer.
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Multiplex immunohistochemistry
Given the prevalence of TIS and TRM signatures in the 
HRD cohort, seven-color OPAL multiplex immunohisto-
chemistry (mIHC) was used to quantify CD3+CD4+ (helper 
T cells), CD3+CD8+ (cytotoxic T cells), CD3+CD4+FOXP3+ 
(regulatory T cells (Tregs)), tumor cells (AMACR+) and 
PD-L1+ cells (online supplemental methods). Tumor 
areas were marked by a pathologist. Fifteen representa-
tive multispectral images of the tumor area and five of 
normal stromal tissue outside of the tumor area (adjacent 
to the tumor and distant from the tumor) were obtained 
to gain a comprehensive representation of the tumor and 
stroma within whole prostatectomy (n=62) and tumor 
biopsy (n=1) samples. These selected regions are referred 
to as regions of interest (ROI).

CD20 immunohistochemistry
To better understand the spatial distribution of B cells 
and the formation of tertiary lymphoid structures (TLS), 
we performed 3,3'-diaminobenzidine (DAB)-staining 
of B-cells with CD20 (Clone L26, Agilent Technologies) 
and dendritic cells with CD21 (Clone 1G9, Novocastra 
antibody, Leica) in serial sections of the same sample set 
used for OPAL mIHC. Slides were scanned on the VS120 
slide scanner (Olympus) and analyzed for the presence of 
DAB-positive cells using the CellSens Dimension Desktop 
software (Olympus). After co-registering the DAB-stained 
and OPAL-stained images, we matched the 15 fields in 
the tumor area and 5 in the normal stromal tissue to 
those selected in the OPAL T cell panel. The presence 
and number of B cells per ROI was then indexed to the 
mIHC data. Identification of TLS was carried out with the 
aid of an expert hematopathologist based on morphology 
and size (an area of at least 2000 µm²) of the B cell aggre-
gates and the CD21 staining to define the follicular 
architecture.

Spatial analysis
Spatial analysis of the immune microenvironment 
was carried out using the SPIAT R package, which was 
developed inhouse for the spatial image analysis of cells 
in tissues.29 Only images with at least 100 tumor cells 
were considered for the tumor area analyses. Clusters 
of CD3+CD4+, CD3+CD8+, CD3+CD4+FOXP3+, CD3+C-
D4−CD8− and AMACR−PD-L1+ cells were defined using a 
previously described custom algorithm.29 To identify clus-
ters, first we calculated the distance between all T and 
AMACR−PD-L1+ cells in all images. The top 0.5% pairs of 
closest cells were regarded as being neighbors. Groups of 
neighboring cells within the same image were defined as 
aggregates. Visual inspection confirmed such aggregates 
were clearly evident. Each of these individual aggregates 
were considered ‘clusters’ in our analysis if comprised of 
at least 50 cells. Cells not in clusters or in aggregates of 
less than 50 cells were considered ‘free’. A cut-off of 50 
was selected based on the distribution of the composi-
tion of cell types, where cells in aggregates of less than 
50 cells had a similar composition to those that were not 

in aggregates, whereas those of more than 50 cells had 
a composition more consistent with those in larger clus-
ters. Visual inspection also supported that intuitively 50 
cells corresponded to a clearly identifiable cluster of cells. 
Mann-Whitney tests were used to test for statistical signifi-
cance. One-sided tests were used to test for differences in 
a specified direction.

Validation cohorts
The association between gene expression signatures, 
tumor size, Gleason score and Kaplan-Meier analysis for 
time to biochemical recurrence and metastasis were vali-
dated in four large independent cohorts of primary PCas 
with gene expression data: 497 samples from The Cancer 
Genome Atlas (TCGA),30 73 from the Fraser et al cohort,31 
8635 from the Decipher GRID database,32 including 
855 from a meta-analysis of radical prostatectomy (RP) 
patients from the Spratt et al cohort,33 545 of RP patients 
from the Erho et al cohort34 (both with available survival 
outcomes data) and 7235 from RP patients obtained from 
clinical use of the Decipher test ordered by physicians 
between 2013 and 2017 (with baseline pathology infor-
mation) as previously described.32

RESULTS
HRD tumors have a more inflamed TIME than sporadic tumors
We performed differential expression analysis between 
HRD and sporadic tumors to understand differences in 
the TIME profile. We obtained 190 differentially expressed 
genes (adjusted p value <0.05) (figure  2A). Upregu-
lated genes in the HRD cohort included B-cell markers 
(CD79A, CD79B, MS4A1), the immune checkpoint CD96, 
as well as cytokines and chemokines (CXCL13, CXCL9, 
CXCL10) (online supplemental table S3). The most 
highly differentially expressed gene in the HRD cohort 
was the Major Histocompatibilty Complex (MHC) Class 
I molecule Human Leukocyte Antigen (HLA)-A, which 
is required for immune recognition by cytotoxic effector 
T cells (fold change=2.60, p value adjusted for multiple 
testing using Benjamini-Hochberg Procedure=3.66×10–8) 
(figure 2A,B). To investigate whether there was a T-cell–
inflamed TIME in the HRD cohort, we used the TIS, 
which has previously been shown to measure tumor 
inflammation and enhanced responses to ICI.27 HRD 
samples had higher TIS levels than sporadic tumors (one-
sided Mann-Whitney test p value=8.12×10–5) (figure 2C, 
online supplemental figure S1A). HRD samples also 
had higher levels of a TRM T-cell signature28 (one-sided 
Mann-Whitney test p value=0.00051) (figure 2D, online 
supplemental figure S1B), which is linked to immunosur-
veillance, improved prognosis and ICI modulation.28 35 
Overall, the HRD tumors had a more T-cell–inflamed 
TIME than sporadic tumors.

T-cell densities in the TIME of HRD and sporadic tumors
To investigate the composition of T cells within tumors, 
we used seven-color OPAL mIHC to characterize helper 
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(CD3+CD4+), cytotoxic (CD3+CD8+), regulatory (CD3+C-
D4+FOXP3+) and double negative (CD3+CD4–CD8–) 
T-cell populations (figure 3A). T-cell density of the tumor 
area was heterogeneous across cohorts (figure 3B,C and 
online supplemental figure S2) (43.93 to 1089.01 cells/
mm2 in HRD samples and 48.06 cells/mm2 to 2,161.14 
cells/mm2 in sporadic samples) (figure 3D). The tumor 
area of HRD samples had lower T-cell densities (median 
of 303.91 cells/mm2) compared with those of sporadic 
samples (433.99 cells/mm2), although this difference 
was not statistically significant (Mann-Whitney test p 
value=0.14). There was enrichment of T cells in the 
tumor area compared with non-tumor areas in 18/26 
gBRCA2 samples, 20/26 sporadic, 4/5 gBRCA1 and in 
the gATM, gCHEK2, gFANCI, gPALB2, gBRCA2+gMSH2 
samples (figure 3E).

T-cell density heterogeneity was associated with the 
type of the mutated gene in HRD tumors. gBRCA2 
tumors had a median of 368.90 cells/mm2 (range=52.57–
1089.00 cells/mm2). gBRCA1 tumors clustered towards 
the lower range of the spectrum in the HRD cohort 
(median=184.28 cells/mm2, range=43.93–288.01 cells/
mm2), as did tumors with germline mutations in gFANCI, 
gATM, gPALB2 and gCHEK2 (54.47, 79.80, 151.10 and 
347.17 cells/mm2, respectively). Levels of T cells in 
the gBRCA2+gMSH2 tumor was similar to gBRCA1 and 
gBRCA2 samples (173.35 cells/mm2) (figure 3D).

The composition of the T cell population in the tumor 
areas was similar across both cohorts (figure  3F,G and 
online supplemental figure S3). CD4+ T cells were the 
most common subtype, representing a median of 69.78% 
and 70.08% of the T-cell population in the HRD and 
sporadic cohorts, respectively. This was followed by CD8+ 
T cells (25.47% for HRD, 26.49% for sporadic), double 
negative T cells (3.22% for HRD, 1.65% for sporadic), 
and Tregs (0% for HRD, 0.46% for sporadic). gBRCA2 
had similar percentages of CD8+ T cells to sporadic tumors 
(Mann-Whitney test p value=0.82), and similar CD8+/
CD4+ ratios (Mann-Whitney test p value=0.96). However, 
gBRCA1 tumors had a higher percentage of CD8+ T cells 
than gBRCA2 tumors (one-sided Mann-Whitney test p 
value=0.018), and a higher CD8+/CD4+ ratio (one-sided 
Mann-Whitney test p value=0.013). The double carrier 
gBRCA2+gMSH2 tumor had the highest proportion of 
CD8+ T cells (50.77%), consistent with previous reports 
for tumors with mismatch repair mutations.36

PD-L1+ cells were rare across cohorts
Since tumor PD-L1 expression is currently approved as 
a predictive biomarker for PD-L1 blockade in several 
cancers, and HRD tumors had higher TIS scores, a poten-
tial predictor of response to PD-1/PD-L1 blockade,27 we 
investigated the presence PD-L1+ cells. PD-L1+ tumor and 
non-tumor cells were rare across both cohorts, consistent 
with previous reports.37 Only 1/26 gBRCA2 and 4/26 
sporadic samples had more than 1% PD-L1+ stromal cells 
(online supplemental figure S4A,B). Similarly, only 2/26 
sporadic and 2/26 gBRCA2 samples had more than 1% 
PD-L1+ tumor cells (online supplemental figure S4C,D).

Spatial distribution of tumor-infiltrated T cells
Despite similar T-cell density and composition between 
the two cohorts, T cells displayed distinct spatial profiles 
across tumors. In some tumor areas, T cells were aggre-
gated into clusters (figure 4A), while in others T cells were 
individually scattered across the tumor area (figure 4B). 
We refer to these patterns as the cluster immune spatial 
(CIS) profile characterized by ‘clustered’ T cells largely 
in the stromal area, and the free immune spatial (FIS) 
profile, characterized by ‘free’ T cells largely in the 
tumor regions. To quantify these patterns, we performed 
spatial analysis using SPIAT,29 which allowed identifying 
immune cells forming clusters from those that were freely 
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Figure 2  Gene expression analysis of HRD and sporadic 
tumors. (A) Differential gene expression between HRD 
and sporadic tumor samples. There were 190 differentially 
expressed genes, including 125 upregulated in HRD 
tumors, and 65 upregulated in sporadic tumors. Red dots 
correspond to genes with adjusted p values<0.05. The 
horizontal line corresponds to an adjusted p value of 0.05. 
(B) Gene expression levels of HLA-A in HRD and sporadic 
tumors. HLA-A were higher in HRD tumors, although 
gATM, gFANCI and gPALB2 samples had lower levels 
than gBRCA2 and gBRCA1 tumors (fold change=2.60, 
adjusted p value=3.66×10–8). (C) Tumor inflammation 
signature (TIS) in HRD and sporadic tumors. HRD tumors 
had significantly higher TIS levels (one-sided Mann-Whitney 
test p value=8.12×10–5), indicating a more inflamed T-cell 
microenvironment. (D) Tissue-resident memory T-cell (TRM) 
signature in HRD and sporadic tumors. HRD tumors had 
significantly higher TRM signature levels (one-sided Mann-
Whitney test p value=0.00051), indicating a more inflamed 
T-cell microenvironment. g, germline; HRD, homologous 
recombination repair deficiency; HLA-A, Human Leukocyte 
Antigen A.
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distributed across the tissue (see Methods) and character-
izing their composition.

The predominant pattern of CIS and FIS profiles 
differed between HRD and sporadic cohort, implying 
that T-cell density alone may be insufficient to under-
stand the biological implications of T cells in PCa. To 
quantify the CIS profile in each patient, we averaged the 
number of clusters across each of the ROIs selected in 
the tumor area for each patient. HRD tumors had fewer 
clusters, with a median of 0.48 clusters/mm2 compared 
with 1.06 clusters/mm2 in sporadic tumors (one-sided 
Mann-Whitney test p value=0.024) (figure  4C). In 
contrast, HRD tumors had significantly more free T cells 
infiltrating the tumor compared with sporadic tumors. 
The median ratio of the free/clustered cells per mm2 was 
67.71 in HRD tumors compared with 48.34 in sporadic 

tumors (one-sided Mann-Whitney test p value=0.0039). 
This ratio may infer the degree to which T cells are avail-
able to interact with tumor cells (figure  4D). In 13/36 
(36.11%) of HRD tumors (10/26 gBRCA2, 2/5 gBRCA1 
and the gBRCA2+gMSH2 tumor) the free/clustered ratio 
was higher than in any of the sporadic tumors (figure 4D). 
Notably, HRD tumors also had higher percentages of free 
CD8+ T cells compared with sporadic tumors (one-sided 
Mann-Whitney test p value=0.015) (figure  4E), whereas 
sporadic tumors had higher levels of clustered CD8+ 
T cells (one-sided Mann-Whitney test p value=0.015) 
(figure 4F).

Formation of TLS
Given the higher expression of B cell markers in the HRD 
cohort, we next investigated how the T cell spatial profiles 

Figure 3  The T-cell and PD-L1 composition of the microenvironment of primary prostate tumors with and without HRD. 
(A) OPAL mIHC of tissue sections. Tumor and stromal regions were marked by a pathologist. Fifteen representative tumor areas 
(blue squares) and five representative normal stromal areas (red squares) of 1.3 mm2 were selected from each tissue section. 
(B and C) OPAL mIHC of gBRCA2 tumors with high (B) and low levels (C) of T cell, indicating a range of T cell densities in the 
microenvironment. (D) Density of T cells across the cohorts. HRD tumors tended to have lower T-cell densities, although the 
difference was not statistically significant. (E) Enrichment of T cells in the tumor area. Values greater than 0 indicate a higher 
density of T cells in the tumor area, whereas values lower than 0 indicate depletion. The majority of samples in both cohorts 
(77% of sporadic samples and 75% of HRD samples), are enriched in T cells in the tumor area. (F and G) Composition of T-
cell populations in HRD (F) and sporadic cohorts (G). CD3+CD4+ cells were the most common, followed by CD3+CD8+ cells 
and CD3+CD4–CD8– cells. CD3+CD4+FOXP3+ were rare in our cohort. Values depicted are medians±SE. g, germline; HRD, 
homologous recombination repair deficiency; mIHC, multiplex immunohistochemistry.
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(CIS and FIS) associated with B cells and if these B cells 
formed TLS within the tumor and/or stromal regions. 
We performed immunohistochemistry (IHC) staining 
for CD20 to investigate the density of B-cells across HRD 
and sporadic samples. Overall, B cells were significantly 
rarer than T cells in the tumor areas of both cohorts 
(medians of 341.99 T cells/mm2, 32.61 B cells/mm2, 
one-sided Man-Whitney test p=1.16×10–9 in HRD tumors, 
and 416.74 T cells/mm2, 36.99 B cells/mm2, p=5.96×10–8 
in sporadic tumors) (figure 5A,B). There were no statis-
tical differences in the B-cell density in tumor areas of 
gBRCA2 and sporadic samples (median density in gBRCA2 
samples=46.31 cells/mm2, sporadic tumors=36.99 cells/
mm2, Mann-Whitney test p value=0.81) (figure 5C).

There was a higher density of B cells in the tumor area 
of sporadic samples compared with the stroma (one-
sided Man-Whitney paired test p value=0.00065). In 
contrast, the B cell density in the surrounding stroma of 
gBRCA2 samples was similar to that found in its tumor 
areas (median in stroma=36.79 cells/mm2, median in 

tumor area=46.31 cells/mm2, Man-Whitney paired test p 
value=0.56). In fact, the density of B cells in the stroma of 
gBRCA2 samples was higher than that in sporadic samples 
(median density in gBRCA2 samples=36.79 cells/mm2, 
median density in sporadic samples=11.75 cells/mm2, 
one-sided Man-Whitney test p value=0.032) (figure 5D). 
This higher density of B-cells in the stroma of gBRCA2 
samples might account for the overexpression of B cell 
markers in the HRD cohort (figure 2A).

A similar proportion of sporadic and gBRCA2 samples 
displayed no B cells in their tumor area (3/25 sporadic 
and 4/26 gBRCA2 samples), but had no unique clin-
ical characteristics. One of the two profiled gBRCA1 
samples did not display B cells, and the other only had a 
density of 23.56 cells/mm2 in the tumor area and 14.92 
cells/mm2 in the stromal area. The gCHEK2, gFANCI 
and gPALB2 tumors had no B cells, and the gATM and 
gBRCA2+gMSH2 samples had similarly low levels (24.57 
cells/mm2 in the tumor area and 7.46 cells/mm2 in the 
stromal area of the gATM sample, and 21.93 cells/mm2 in 

Figure 4  Clustered and free immune spatial profiles. (A) mIHC image depicting an example of a CIS profile within the tumor 
region in a sporadic tumor. T cells are aggregated in a cluster away from tumor cells. (B) An example of a FIS profile within the 
tumor region of a gBRCA2 tumor. T cells are freely distributed and interacting with tumor cells. (C) Density of clusters of T cells 
in HRD and sporadic tumors. HRD tumors are depleted of clusters compared with sporadics. (D) Ratio of free to clustered cells 
per mm2. HRD tumors have overall higher levels of the free/clustered cell ratio. The horizontal line indicates the maximum ratio 
in sporadic. (E) Percentage of free CD8+ T cells in HRD and sporadic tumors. The percentage of free CD8+ T cells is higher in 
HRD tumors compared with sporadic tumors (one-sided Mann-Whitney test p value=0.015). (F) Percentage of clustered CD8+ T 
cells in HRD and sporadic tumors. The percentage of clustered CD8+ T cells is higher in sporadic tumors compared with HRD 
tumors (one-sided Mann-Whitney test p value=0.015). FIS, free immune spatial; CIS, clustered immune spatial; g, germline; 
HRD, homologous recombination repair deficiency; mIHC, multiplex immunohistochemistry.
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the tumor area and 23.58 cells/mm2 in the stromal area of 
the gBRCA2+gMSH2 sample). Overall, the tumor areas of 
HRD tumors were not enriched in B cells, although these 
tumors had higher levels of B cells in the surrounding 
stroma compared with sporadic tumors.

We identified TLS based on CD20 staining and used 
CD21 to verify follicular architecture (figure 5E). Despite 
HRD samples displaying a FIS profile, we observed the 
presence of TLS in the tumor area of 65.38% (17/26) of 
gBRCA2 samples and in the gATM and gBRCA2+gMSH2 
tumors. This was similar to the percentage found in 
sporadic samples (76.00%, 19/25). However, the median 

density across the cohorts was low (0.057 TLS/mm2 in 
the tumor area and 0 TLS/mm2 in the stroma area of 
HRD samples, 0.079 TLS/mm2 in the tumor area and 0 
TLS/mm2 in the stroma area of sporadic samples). There 
were no differences in the TLS density of sporadic and 
HRD samples in the tumor area (Mann-Whitney test 
p value=0.40) or stromal areas (Mann-Whitney test p 
value=0.61).

Clusters of T cells associated with a CIS profile were 
significantly more common than TLS (figure 5F) (one-
sided paired Mann-Whitney p value=1.35×10–6 for HRD 
tumors and 9.70×10–6 for sporadic tumors), with the 

Figure 5  B cells and TLS in the HRD and sporadic cohorts. (A) Example multiplex IHC of the OPAL T cell panel (left) and IHC 
of CD20, B cells (right). T cells are more common than B cells. (B) Density of T cells and B cells in HRD and sporadic tumors. B 
cells are rarer than T cells in both cohorts (Mann-Whitney p value=1.16×10–9 in HRD tumors and 5.96×10–8 in sporadic tumors). 
(C) Density of B cells in the tumor area of HRD and sporadic samples. gBRCA2 tumors have similar B cell densities to sporadic 
tumors (two-sided Man-Whitney test p value=0.81). (D) Density of B cells in the stromal area of HRD and sporadic samples. 
gBRCA2 tumors had higher levels of B cells in the stromal area compared with sporadic tumors (one-sided Man-Whitney test 
p value=0.032). (E) Example TLS in a sporadic sample, showing the classical pattern of T cells (left) surrounding dense B-cell 
regions (middle), with a core of dendritic cells (right) forming the follicular structure. (F) Density of T cell clusters and TLS across 
the cohorts. The density of T cell clusters is consistently larger than that of TLS. (G) Clusters of T cells with no accompanying 
B cell staining. g, germline; HRD, homologous recombination repair deficiency; IHC, immunohistochemistry; TLS, tertiary 
lymphoid structures.
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majority of T cell clusters not co-localizasing with B cells 
(figure 5G). T cell clusters were more common than TLS 
in sporadic and HRD tumors with TLS (median of 7.20 
and 4.67 times, respectively). This points towards the 
likely formation of a CIS profile as a distinct process to 
the formation of TLS.

Finally, we investigated whether B cell or TLS density 
were associated with clinical outcome. We found no 
significant association with time to biochemical recur-
rence, time to metastasis, or survival with either density 
of B cells or density of TLSs (p values=0.99, 0.5, 0.97, and 
0.88, 0.78, 0.87, respectively).

The free and clustered T-cell populations
The distribution of T-cell subtypes was distinct between 
the clustered and free populations. As T cell clusters got 
bigger (included more cells), there was a higher propor-
tion of CD4+ T cells (one-sided Jonckheere Telspra (JT) 
test p=3.74×10–4) (figure 6A), whereas the percentage of 
CD8+ T cells decreased (one-sided JT test p=2.25×10–8) 
(figure 6B). In contrast, a higher percentage of free T cells 
within the tumor were CD8+ compared to the clustered 
T cell population (one-sided paired Mann-Whitney test 
p value=7.75×10–10) (figure 6C), and a lower percentage 
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Figure 6  Clustered and free immune spatial profiles. (A) Percentage of CD4+ T cells in immune clusters. Larger clusters have 
higher percentages of CD4+ cells, suggesting functional aggregation of CD4+ T cells. (B) Percentage of CD8+ T cells in immune 
clusters. Larger cluster have lower percentages of CD8+ cells, indicating a depletion of these cells. (C and D) Comparison of 
CD4+ and CD8+ T cells in the clustered and free populations. There are higher levels of CD8+ cells in the free T cell populations, 
but higher levels of CD4+ cells in the clustered population. (E) Ratio of CD8+/CD4+ cells (log2) in free and clustered cells of 
different size. Larger clusters tended to have a lower CD8+/CD4+ ratio. (F) Average minimum distances between CD4+ and CD8+ 
T cells with Tregs and PD-L1+ stromal cells. CD4+ and CD8+ T cells are more closely interacting with Tregs and PD-L1+ stromal 
cells in clusters than when they are freely distributed, pointing towards an inhibitory environment in the immune clusters. 
(G) Percentage of PD-L1+ stromal cells in clusters and in freely distributed cells. Clusters are enriched in PD-L1+ cells compared 
with free cells. (H) The average minimum distance from CD8+ T cells to tumor cells is shorter in the free T cell population 
compared with the clustered population, indicating greater levels of tumor recognition. (I) Association between levels of HLA-A 
and the ratio of free/clustered CD8+ T cells, showing a positive correlation (Spearman correlation=0.42, p value=9.7×10–4). PD-
L1, programmed death ligand 1; Treg, regulatory T cells; HLA-A, Human Leukocyte Antigen A.
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were CD4+ (p value=5×10–8) (figure 6D). The CD8+/CD4+ 
cell ratios were higher in free cells compared with clus-
tered cells (JT one-sided test p<2.2×10–16) (figure  6E). 
Given the established roles of CD4+ T and CD8+ T cells, 
free and clustered T cell populations likely have distinct 
biological implications.

We hypothesized that a CIS profile could be linked to 
a limited immune-tumor cell interaction, whereas FIS 
profile could be linked to higher levels of tumor immune 
recognition. To investigate this, we measured the distance 
of CD4+ and CD8+ T cells to Tregs and PD-L1+ cells, which 
suppress T cell responses. The distances were shorter 
in the clustered compared with free T-cell populations 
(one-sided Mann-Whitney test p values=5.36×10–10 for 
CD4+ to CD4+FOXP3+, 3.02×10–16 for CD4+ to PD-L1+, 
7.23×10–9 for CD8+ to CD4+FOXP3+, 3.05×10–16 for CD8+ 
to PD-L1+ cells) (figure  6F). Furthermore, PD-L1+ cells 
were more commonly found in the clustered T-cell popu-
lation (4.97% of clustered cells) than the free popula-
tion (2.20%) (one-sided paired Mann-Whitney test p 
value=1.51×10–7) (figure 6G). These results may suggest 
that the clustering of T cells which occurs predominantly 
in the stomal regions may be indicative of an immunosup-
pressive microenvironment.

To investigate whether the free T cell population repre-
sented a population of T cells likely involved in tumor 
immune recognition, we calculated the distance of 
free and clustered CD8+ cells to tumor cells. Free CD8+ 
cells were indeed closer to tumor cells than clustered 
CD8+ cells (one-sided Mann-Whitney p value=0.0074) 
(figure 6H). Furthermore, expression of the MHC Class 
I molecule HLA-A required for immune recognition by 
cytotoxic effector T cells was positively correlated with the 
ratio of free to clustered CD8+ T cells (Spearman correla-
tion=0.42, p value=9.7×10–4) (figure 6I), consistent with 
higher immune recognition.

FIS profile gene signatures predict disease aggressiveness 
and survival outcomes
We next hypothesized that a FIS profile might be linked 
to clinical characteristics of tumors. We derived a gene 
expression signature for the FIS profile by calculating the 
Spearman correlation between the ratio of free and clus-
tered CD8+ cells and the genes available in the NanoS-
tring platform and selecting the top five most highly 
correlated genes (IRF7, CEACAM1, ITGAM, LILRA1 
and BAX). There was a positive correlation between the 
levels of this signature and the ratio of free to clustered 
CD8+ T cells in our cohort (online supplemental figure 
S5) (Spearman correlation=0.45, p value=4.07×10–4), 
suggesting it captures a FIS profile.

Consistent with our mIHC analyses, HRD tumors had 
higher FIS profile signatures than sporadic samples (one-
sided Mann-Whitney test p value=3.04×10–4) (figure 7A). 
While the FIS of HRD tumors remained consistent across 
grade groups, there was a decreasing trend in sporadic 
tumors, although not significant in our cohort (decreasing 
JT test=0.42) (online supplemental figure S6). Using data 

from 497 tumors from TCGA,30 we found that FIS profile 
signature levels were higher in smaller tumors (decreasing 
JT p value=0.0037) and tumors with a lower Gleason 
score (p value=0.0046) (figure 7B,C). These trends were 
also found in the Fraser cohort31 of 73 samples (online 
supplemental figure S7) and in the Erho et al cohort34 of 
545 samples (p value=10–5) (figure 7D). In this cohort the 
FIS profile signature was higher in tumors of patients that 
remained free of regional or distant metastasis after RP 
(one-sided Mann-Whitney p value=2.06×10–4) (figure 7E) 
and patients with a FIS profile signature above the 
median had longer time to metastasis (p value=0.02) 
(figure 7F). A similar trend was observed in the Spratt et 
al cohort of 855 patients33 (p value=0.010) (figure 7G). 
Time to biochemical recurrence was longer in patients 
with tumors with a higher FIS profile signature in the 
Fraser cohort31 (log-rank test p value=0.041) (figure 7H). 
Finally, in a cohort of 8635 RP patients we found higher 
FIS profile scores associated with lower Glinsky signature 
scores,38 corresponding to the better prognosis group (JT 
test p<2×10–4) (online supplemental figure S8). These 
results support our hypothesis of better accessibility of 
CD8+ cells to tumor cells in PCas with a FIS profile that 
may translate into better disease control.

DISCUSSION
To our knowledge this the first study to deeply profile 
the spatial distribution of the TIME in up to 15 distinct 
areas in whole primary PCas with and without germline 
HRD mutations. Our results reveal several novel findings 
including immune gene expression signatures linked to 
HRD status and a complex spatial structure of the T-cell 
microenvironment linked to prognostic factors.

We identified a more inflamed T-cell immune micro-
environment in PCas with germline HRD mutations, 
including cytokines, chemokines, and higher levels of 
the TIS and TRM gene expression signatures. Despite 
no significant differences in the density or composition 
of the tumor T-cell microenvironment between cohorts, 
spatial analysis revealed higher levels of free CD8+ T 
cells that were closer to tumor cells and higher levels of 
HLA-A expression in the HRD cohort, potentially sugges-
tive of better immune tumor recognition in this subset of 
tumors. Data from several clinical trials (Checkmate 65039 
and KEYNOTE 1999) have shown improved responses to 
immune check point inhibition in the HRD cohort.

To date most immune microenvironment studies in 
PCa have focused on density estimations, with studies 
reporting conflicting results regarding the significance 
of tumor immune infiltration levels,13–19 including in 
tumors with BRCA2 mutations.40 Our quantitative spatial 
analyses reveal a free CD8+ T cell spatial profile in the 
tumor area associated with positive factors for prognosis, 
including smaller tumor size, lower Gleason score, longer 
time to biochemical recurrence and onset of metas-
tasis. This profile was more prominent in gHRD tumors, 
despite gHRD mutations generally being associated with 

https://dx.doi.org/10.1136/jitc-2021-003744
https://dx.doi.org/10.1136/jitc-2021-003744
https://dx.doi.org/10.1136/jitc-2021-003744
https://dx.doi.org/10.1136/jitc-2021-003744
https://dx.doi.org/10.1136/jitc-2021-003744
https://dx.doi.org/10.1136/jitc-2021-003744
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more aggressive disease.41 One potential hypothesis is 
that a FIS profile can emerge from distinct underlying 
biological processes, and these may be distinct in HRD 
and sporadic tumors. For example, we have shown that 
the FIS is consistent across grade groups in HRD tumors, 
whereas it decreases with increasing grade group in 
sporadic tumors.

While we identified TLS in both the HRD and sporadic 
cohort, the densities of B cells and TLS were substantially 
lower than that of T cells and T cell clusters. TLS have 
been associated with better response to immunotherapy 
in multiple cancers, including melanoma,20 21 renal cell 
carcinoma,20 head and neck,42 although this has not been 
described for PCa. In the KEYNOTE-199 and Checkmate 
650 trials, HRD was associated with higher and more 
durable responses to ICI.9 39 We did not find enrichment 
of TLS in the tumor area of the HRD cohort compared 
with the sporadic cohort, although there was higher 

density of B cells in the stroma of HRD samples, thereby 
accounting for the increased B cell markers seen in the 
gene expression data for the HRD cohort.

A major unanswered question is the role of the TIME 
in HRD cancers in mediating durable responses to PARP 
inhibitors and/or ICIs. Exploratory assays such as FIS 
profile may complement established genomic assays and 
warrants further investigation in the context of prospec-
tive trials of ICI.

We acknowledge several inherent limitations of our 
study. We have only analyzed gHRD mutations and have 
not evaluated somatic events in HRR genes that may also 
impact the TIME. Recent reports suggest that most germ-
line BRCA2 events have corresponding heterozygous 
loss of the second allele.4 Second, there were only five 
BRCA1 cases and one case each of ATM, CHECK2, PALB2, 
FANCI, and MSH2, making it impossible to draw defin-
itive conclusions in these smaller subsets. Our findings 

Figure 7  FIS profile gene expression signature is a marker for low grade tumors, longer time to biochemical recurrence 
and metastasis. (A) FIS profile signature scores across our cohort of HRD and sporadic tumors. Consistent with the 
multiplex immunohistochemistry results, HRD tumors have higher FIS profile scores. gBRCA1, gBRCA2 and the gFANCI and 
gBRCA2+gMSH2 tumors have the highest scores. gATM, gCHEK2, gPALB2 have similar levels to those found in sporadic 
tumors. (B, C) Association of the FIS profile signature with tumor size (B) and Gleason score (C) from 497 primary tumors 
of the The Cancer Genome Atlas data set. Smaller tumors and of lower Gleason score had higher FIS profiles scores. 
(D, E) Association of the FIS profile signature with the Gleason score (D) and the development of metastasis after radical 
prostatectomy (E) from 545 samples of the Erho et al cohort. (F, G) Kaplan-Meier curve of time to metastasis in the Erho et al 
cohort of 545 patients (F) and the Spratt et al cohort of 855 patients (G). Patient tumors with a FIS profile signature above the 
median had longer times to metastasis. (H) Time to biochemical recurrence in the data set of 73 non-indolent primary prostate 
cancers from Fraser et al showing that the time to biochemical recurrence was longer for tumors with a stronger FIS profile 
signature. FIS, free immune spatial; g, germline; HRD, homologous recombination repair deficiency.
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should be considered hypothesis-generating and should 
be further validated in larger prospective studies.

CONCLUSIONS
HRD tumors have a more inflamed TIME than sporadic 
tumors. A free spatial profile of CD8+ T cells may be linked 
with better disease control. Spatial profiling and the FIS 
profile signature also provides prognostic information 
that warrants further investigation in prospective studies.
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