ONCOIMMUNOLOGY
2022, VOL. 11, NO. 1, €2094133 (11 pages)
https://doi.org/10.1080/2162402X.2022.2094133

Taylor & Francis
Taylor &Francis Group

ORIGINAL RESEARCH

8 OPEN ACCESS ’ W) Check for updates

Homologous recombination repair deficient prostate cancer represents an
immunologically distinct subtype

Sandra van Wilpe®®, Donjeté Simnica<*, Peter Slootbeek®*, Thomas van Ee*?, Samhita Pamidimarri Naga?,
Mark A. J. Gorris®9, Lieke L. van der Woude®9, Shabaz Sultan®, Rutger H. T. Koornstra®, Inge M. van Oort,
Winald R. Gerritsen®?, Leonie I. Kroeze9, Michiel Simons?, Geert J. L. H. van Leenders", Mascha Binder<,

. Jolanda M. de Vries®, and Niven Mehra (®**

2Department of Medical Oncology, Radboud University Medical Center, Nijmegen, The Netherlands; ®Department of Tumor Immunology, Radboud
Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, Netherlands; “Department of Internal Medicine IV, Oncology/
Haematology, Martin-Luther-University Halle-Wittenberg, Halle (Saale), Germany; “Oncode Institute, Utrecht, The Netherlands; ¢Department of
Medical Oncology, Rijnstate Hospital, Arnhem, The Netherlands; ‘Department of Urology, Radboud University Medical Center, Nijmegen, Netherlands;
9Department of Pathology, Radboud Institute for Molecular Life Sciences, Radboud University Medical Center, Nijmegen, Netherlands; "Department of
Pathology, Erasmus MC Cancer Institute, University Medical Center, Rotterdam, The Netherlands

ABSTRACT

Homologous recombination repair deficiency (HRD) is observed in 10% of patients with castrate-resistant
prostate cancer (PCa). Preliminary data suggest that HRD-PCa might be more responsive to immune
checkpoint inhibitors (ICls). In this study, we compare the tumor immune landscape and peripheral T cell
receptor (TCR) repertoire of patients with and without HRD-PCa to gain further insight into the immuno-
genicity of HRD-PCa. Immunohistochemistry was performed on tumor tissue of 81 patients, including 15
patients with HRD-PCa. Peripheral TCR sequencing was performed in a partially overlapping cohort of 48
patients, including 16 patients with HRD-PCa. HRD patients more frequently had intratumoral CD3",
CD3*CD8 FoxP3~ or Foxp3* TILs above median compared to patients without DNA damage repair
alterations (DDRwt; CD3" and Foxp3™*: 77% vs 35%, p = .013; CD3"CD8 FoxP3™: 80% vs 44%, p = .031).
No significant difference in CD8" TILs or PD-L1 expression was observed. In peripheral blood, HRD patients
displayed a more diverse TCR repertoire compared to DDRwt patients (p = .014). Additionally, HRD
patients shared TCR clusters with low generation probability, suggesting patient-overlapping T cell
responses. A pooled analysis of clinical data from 227 patients with molecularly characterized PCa
suggested increased efficacy of ICls in HRD-PCa. In conclusion, patients with HRD-PCa display increased
TIL density and an altered peripheral TCR repertoire. Further research into the efficacy of ICls and the
presence of shared neoantigens in HRD-PCa is warranted.
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Introduction damage repair (DDR) pathways. A commonly altered DDR path-
way is homologous recombination repair (HR), which is involved
in the repair of double-strand DNA breaks. Approximately 13% of
CRPC patients have an HR deficient (HRD) tumor according to
the Classifier of HOmologous Recombination Deficiency
(CHORD) score.'” Deleterious alterations in BRCA2 are respon-
sible for approximately 75% of cases.'’

HRD prostate cancer (PCa) displays distinct clinical beha-
vior compared to HR-proficient PCa™'""'* and might repre-
sent a subgroup with altered immunogenicity and higher
susceptibility to immunotherapy. This may be partly explained
by the higher TMB in HRD-PCa.'” Additionally, the genomic

Although the treatment arsenal for castrate-resistant prostate
cancer (CRPC) has steadily grown in the last years, CRPC
remains a lethal disease. An increased understanding of tumor
immunology has led to the development of effective immunolo-
gical anti-cancer treatments that have the potential to achieve
durable responses, i.e., checkpoint inhibitors (ICIs)." Although
ICIs do not prolong median survival in unselected CRPC
patients, durable responses are observed in some patients.*™
Molecular characterization may help to identify CRPC
patients that benefit from ICIs. High tumor mutational burden

(TMB) is associated with favorable outcomes of ICIs.””®
Additionally, tumors with microsatellite instability (MSI) due
to defective DNA mismatch repair are responsive to ICIs,
independent of tumor type.” Additional subgroups that may
benefit from ICIs are those with alterations in other DNA

instability that results from HRD leads to activation of the
STimulator of INterferon Genes pathway (STING), which
may increase tumor immunogenicity.'® Exploratory biomarker
analyses within clinical trials have suggested higher response
rates to ICIs in patients with HRD-PCa.>'”'®
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Previous studies in PCa indicate that MSI patients have
higher tumor-infiltrating lymphocyte (TIL) density, higher
PD-L1 expression, and a richer peripheral T cell receptor
(TCR) repertoire compared to patients with microsatellite
stable tumors.'” ' Some studies in breast and ovarian cancer
suggest that BRCA-mutated tumors also contain denser
immune infiltrates,*? but data on the immunological landscape
or TCR repertoire in patients with HRD-PCa is limited.*>**

The primary goal of this study was to compare the tumor-
immune microenvironment and peripheral TCR repertoire of
PCa patients with and without HRD. We hypothesized that
HRD tumors would show increased TIL density and a distinct
TCR repertoire if more responsive to ICIs. Additionally, clin-
ical data from literature and patients treated in our center were
pooled to compare the efficacy of ICIs between patients with
and without HRD-PCa.

Methods

Patients and samples for immunohistochemistry (IHC) and
TCR sequencing

In this translational study, immunohistochemistry (IHC) and
peripheral TCR sequencing was performed to gain insight
into the immunogenicity of patients with HRD-PCa. Tumor
tissue of 81 PCa patients was used for IHC. Peripheral TCR
sequencing was performed in a partially overlapping cohort of
48 patients (Figure 1). Patients were treated at the
Radboudumc between 2016 and 2020 and were selected
based on the availability of next-generation sequencing data
and tissue and/or peripheral blood mononuclear cells
(PBMCs). When available, multiple samples per patient
were used for IHC, including tissue obtained at first diagnosis
and tissue of metachronous metastases. PBMCs were col-
lected in the CRPC setting.

Blood was collected after written informed consent. Patients
also provided written informed consent to scientific use of
leftover tissue, unless deceased. This research was approved
by the local Radboudumc medical ethical committee (local
ethics numbers 2016-3060 and 2017-3934).

Next generation sequencing data

Tumor samples were molecularly characterized prior to
inclusion in this study. Patients had undergone whole gen-
ome sequencing (WGS) in the context of the CPCT-02
study," except for a few patients with BRCA1/2 inactiva-
tion or MSI. In one patient with MSI, a 33-gene panel with
5 MSI markers had been used to detect MSI (BAT25,
BAT26, NR21, NR24 and NR27, PATHv2D, version 2).
Other patients had been sequenced using a large next gen-
eration sequencing panel: the FoundationOne CDx assay
(Foundation Medicine, Cambridge, MA, USA; 315 genes)
or the TruSight Oncology 500 (TSO500; Illumina, San
Diego, CA; 523 genes).

In patients that had undergone WGS, the CHORD score
was used to identify those with an HRD signature. The
CHORD score was considered high if the sum of the BRCA1
and BRCA?2 deficiency probabilities was 20.5, in line with
previous literature.'® In addition, the presence of alterations
in the following DDR genes was assessed: ATM, ATR, ATRX,
BRCA1, BRCA2, BARDI, BLM, BRIPI, CDKI12, CHEKI,
CHEK?2, CTNNBI, ERCC genes (2-6), FANC genes (A,B,C,D2,
EF,GL), MDC1, MREI1A, MUTYH, NBN, PALB2, POLE,
POLQ, RAD50, RAD51 genes (B,C,D), RAD52, RAD54L,
RECQL, WRN and XRCC2-6. WGS data was analyzed using
a ‘tumor-first approach’: the presence of germline variants was
assessed only in case of a high CHORD score or a somatic
alteration in a DDR gene.

MSI
10 patients
(7 HSPC / 12 CRPC)

HRD/BRCA
15 patients
(8 HSPC / 11 CRPC)

Non-BRCA DDRD
9 patients
(83 HSPC /9 CRPC)

DDRwt
47 patients
(27 HSPC / 35 CRPC)
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Figure 1. Overview of the IHC and PBMC cohorts. In this study, tumor samples of 81 prostate cancer patients were used for IHC. If available, multiple tumor samples per
patients were analyzed, including tissue of the hormone-sensitive and castrate-resistant setting. For TCR sequencing, PBMCs of 48 patients were used. Patients were
classified into four genomic subgroups as depicted in the figure. There were 15 HRD patients in the IHC cohort and 16 in the PBMC cohort.



The pathogenicity of the identified alterations was analyzed
based on guidelines from the American College of Medical
Genetics and Genomics and the Association for Molecular
Pathology.”>*® In patients that had undergone WGS or sequen-
cing with the TSO500 panel, the zygosity status of the identified
alterations was manually assessed. In patients sequenced by the
FoundationOne CDx assay zygosity could not be confirmed.

Next-generation sequencing was performed in the CRPC set-
ting in most patients. As aberrations in DDR pathway genes have
been described to occur as early oncogenic events, we assumed
these DDR alterations to be present in the HSPC tissues.””**

Genomic subgroups

Four genomic subgroups were distinguished: HRD/BRCA,
MSI, non-BRCA DDRD and DDRwt. HRD/BRCA was defined
as a high CHORD score,' a (likely) pathogenic mutation in
BRCA1/2 or loss of BRCA1/2. BRCA2 alteration with unknown
zygosity status were assumed to be homozygous, based on
literature describing biallelic inactivation in over 75% of
cases.”” Patients with MSI and non-BRCA DDRD were
included as examples of highly immunogenic tumors and for
exploratory purposes, respectively. MSI was defined as the
presence of instable microsatellites or an absolute frequency
of indels within repeat regions >14.000."° Non-BRCA DDRD
was defined as biallelic inactivation of any of 43 non-BRCA
DDR genes mentioned above. Finally, patients without any of
these alterations were considered to have a DDRwt tumor.

Immunohistochemistry staining

Consecutive 4 um thick tissue sections, cut from formalin-fixed
paraffin-embedded tissue blocks, were used for hematoxylin and
eosin (H&E), 7-color multiplex IHC (mIHC), and PD-L1
staining.

The automated BOND-RX ITHC stainer (Leica Biosystems)
was used for mIHC. Primary antibodies included anti-CD3,
anti-CD8, anti-FoxP3, anti-CD56 and anti-CD45RO.
Additionally, an antibody mix consisting of anti-pan cytoker-
atin, anti-EPCAM, and anti-PSMA was used to differentiate
between tumor and surrounding stroma. Antibody details are
presented in supplementary table 1.

Slides were first deparaffinized using Bond Dewax Solution
(AR9222, Leica). Subsequently, antigen retrieval was performed
in Bond Epitope Retrieval 2 (AR9640, Leica) at 95°C for 20 min-
utes. To reduce nonspecific background staining, slides were
then incubated in Opal antibody diluent (ARDI1001EA,
PerkinElmer) for 10 minutes. After incubation with the primary
antibody for 1 hour at room temperature, the slides were washed
three times with Bond Wash Solution (AR9590, Leica). Then,
Opal Polymer anti-mouse/anti-rabbit HRP secondary antibodies
(NEL801001KT, PerkinElmer) were applied for 10 minutes.
Slides were washed again three times, Opal TSA substrate was
applied in a 1:50 dilution (Opal520, 540, 570, 620 and 690) or
a 1:200 dilution (Opal650) for 10 minutes and the slides were
washed again (NEL801001KT, PerkinElmer). This process was
repeated for all six markers. Finally, DAPI nuclear counterstain,
diluted in TBST, was applied manually for 5 minutes
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(NEL801001KT, PerkinElmer) and slides were embedded in
Fluoromount-G (0100-01, ITK). Methods for panel optimiza-
tion and validation have previously been published.”

PD-L1 staining was performed on the automated
VENTANA Benchmark ULTRA platform using the SP263
assay, according to manufacturer’s protocol (Ventana
Medical Systems, Tucson, AZ, USA).

Tissue imaging and analysis

The mIHC stainings were analyzed using an automated
approach. Stained slides were scanned wusing the
PerkinElmer Vectra® 3 Automated Quantitative Pathology
Imaging System (version 3.0.4). Single stainings were used
to set the exposure times. Slides were first scanned at 4x
magnification. Using the PerkinElmer Phenochart software
(version 1.0.9), tumor regions plus one surrounding region
of stroma (669 x 500 um) were selected for imaging at 20X
magnification. Selection of tumor regions was performed
using an epithelial marker (pan cytokeratin, EPCAM and
PSMA) and annotated H&Es. H&E were used to differenti-
ate between benign epithelial cells and tumor cells, which
are both positive for the epithelial marker (supplementary
figure 1A/B).

PerkinElmer inForm® image-analysis (version 2.4.2) was
used for spectral unmixing, removal of autofluorescence
signal and tumor segmentation (supplementary figure 1C).
For tissue segmentation, an algorithm was trained based on
the expression of the epithelial marker, DAPI and auto-
fluorescence to discriminate between tumor, stroma, and
background (supplementary figure 1D). After tissue seg-
mentation, images and tissue segmentation data were
exported from inForm for cell identification and phenotyp-
ing by an in-house developed neural network (ImmuNet).>'
Shortly, the neural network identifies TILs based on the
expression of the seven IHC markers and predicts for each
identified cell which of the markers is expressed (supple-
mentary figure 1E-F). The data generated by the neural
network were exported in Flow Cytometry Standard (FCS)
files. Subsequently, cell populations were gated in FlowJo
(version 10, Tree Star Inc., Ashland, OR, USA) using the
predicted marker expression of the neural network (supple-
mentary figure 2). Four TIL subsets were distinguished:
total T cells (CD3"), cytotoxic T cells (CD8"), helper
T cells (CD3"CD8 FoxP37), and regulatory T cells
(FoxP3™). Unfortunately, CD56" NK cells and CD45RO"
T cells could not be accurately identified (supplementary
figure 2). TIL density was dichotomized by median split
using the tissue site-specific median to compare TIL density
across tissue sites.

PD-L1 expression on tumor and immune cells was manually
assessed and considered positive if expressed on more than 1% of
tumor cells or in more than 1% of tumor area, respectively, in
line with previous literature.”* >

Of all 112 samples, two were non-evaluable for PD-L1 expres-
sion and two for TIL density due to inadequate tissue quality.
Additionally, in six samples, the stromal cell density could not be
assessed due to a stromal surface of less than 0.10 mm?,
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PBMC isolation

For peripheral TCR sequencing, PBMCs were isolated using
Ficoll gradient centrifugation. After adding Ficoll
(Lymphoprep™, Axis-Shield, Dundee, UK), samples were
centrifuged at 750 g for 20 minutes at room temperature
without brake. The PBMC layer was transferred to a new
tube and washed with phosphate-buffered saline (PBS).
Viable cells were counted using a LUNA FL dual fluores-
cence cell-counter (Logos Biosystems). Cells were resus-
pended in freezing medium (10% DMSO, 90% fetal
bovine serum) at a concentration of 5 x 10° viable cells
per ml and stored in liquid nitrogen.

Peripheral TCR repertoire

Sequencing of the TCR P locus was performed on 250-500
ng of DNA as previously described.”' Sequence alignment
and clonotype quantitation was performed using MiXCR
(version 3.0.5).%° Clonotypes with a read count > 2 were
included. To account for differences in sequencing depth,
TCR repertoires were normalized to 30.000 reads.
Descriptive repertoire metrics (Shannon diversity and
clonality) were calculated as described elsewhere.”” The
Shannon index is a measure for TCR diversity, with higher
values indicate higher diversity (i.e., a higher number of
TCR clones and/or a more evenly distributed repertoire).
The clonality (inverse measure of evenness) describes the
abundance of the clones within the repertoire and ranges
from 0 to 1, with 1 being a completely clonal repertoire (1
clone). TCR repertoires of 32 age- and sex-matched
healthy donors (HD) were used as controls. Analyses
were carried out using R (version 3.4.4) and the tcR
package.’®

Identification of TCR clusters using GLIPH2 (Grouping of
Lymphocyte Interaction using Paratope Hotspots)

To identify TCR sequences that share similarity (=clusters
of TCRs), GLIPH2 was used.*® GLIPH2 groups T cell
clones based on similar antigen recognition inferred from
the global and local similarity of the complementarity-
determining-region 3 amino acid sequence. Only T cell
clusters with at least 4 unique clonotypes that are shared
by at least 3 individuals were counted. Generation prob-
ability (pGen) of each cluster was calculated using OLGA
with default parameters (low pGen: <1/ 10°).%° T cell clus-
ters with low pGen are presumed to be expanded by anti-
gen pressure, whereas clusters exhibiting a high pGen may
be a result of random V(D)J recombination.

As the HRD/BRCA subgroup contained two times less indi-
viduals than the DDRwt and HD group, we split the DDRwt
and HD cohorts in two and performed two independent
experiments, comparing the same cohort of HRD/BRCA
patients with different cohorts of DDRwt patients and HDs.
We then compared the results of the two experiments to
identify TCR clusters that were exclusive to or enriched in
HRD in both experiments.

Pooled analysis of ICI efficacy

To investigate the efficacy of ICIs in patients with HRD, data of
three published studies™'”'® were pooled with retrospectively
collected data of patients in our center. In this analysis, patients
were classified as HRD or HR-proficient based on the presence
or absence of a (likely) pathogenic alteration in HR-related
genes (supplementary table 2). Because patients with MSI are
known to respond better to ICIs, patients with known MSI
were excluded from the analyses. In all patients treated at our
center, MSI status was known. The KEYNOTE-199 reported
that none of the responders had MSI. The Checkmate-650
reported that MSI was not found in 11 of the 15 patients that
were tested for it. The STARVE-PC did not report on the
presence of MSI. Endpoints for the pooled analyses included
objective response according to RECISTVI1.1, prostate-specific
antigen response of >50% and radiographic or clinical progres-
sion-free survival at twelve months.

Statistical analysis

To compare TIL density between tissue sites, a Kruskal-Wallis
test was performed. A post-hoc Dunn’s test with Bonferroni
correction was applied for pairwise comparisons. A Fisher’s
exact test was used to compare PD-L1 expression between sites.

When comparing HRD/BRCA and DDRwt, a Fisher’s exact
or chi-square test was used for categorical data and a Wilcoxon
test for continuous data. To avoid overrepresentation of
patients with multiple samples, samples were weighted based
on the number of available samples per patient (i.e., each
sample counted as 0.5 observation in categorical analyses if
two samples were available). Statistical analyses were per-
formed in R version 4.0.2 and SPSS. A p-value < 0.05 was
considered significant.

Results
Characteristics of the IHC cohort

IHC was performed on 112 samples of 81 patients (Figure 1).
Forty-five samples were obtained in the hormone-sensitive
(HSPC; 43x primary tumor, 2x metastases) and 67 in the CRPC
setting. CRPC samples were collected from different sites (31x
lymph node, 18x bone, 6x liver, 12x other) at different stages of the
disease (median lines of systemic therapy: 1, range: 0-6).

The THC cohort consisted of 10 patients with MSI, 15 with
HRD/BRCA, 9 with non-BRCA DDRD, and 47 with a DDRwt
tumor. Genomic alterations and patient characteristics are
described in supplementary tables 3, 4, and 5. HRD/BRCA
patients had a higher median TMB than DDRwt or non-
BRCA DDRD patients (5.3 muts/MB vs 2.6 and 2.7 muts/MB,
respectively), but TMB was much lower compared to MSI
patients (56.5 muts/MB).

TIL density differs per tissue site

As tumor samples from different tissue sites were included, TIL
density was first compared between sites. Both in the tumor
compartment and the surrounding stroma, TIL density signif-
icantly differed between sites (Figure 2). Pairwise comparison



revealed that the intratumoral density of all T cell subsets was
higher in prostate tumors compared to bone metastases.
Additionally, CD3" and CD3"CD8 FoxP3™ T cell density was
higher in lymph node compared to bone metastases. There
were no significant differences between bone, liver and other
metastases (Figure 2b). Of note, all but three samples obtained
from the prostate were taken in the HSPC setting. Samples
from other sites were almost exclusively obtained in the CRPC
setting, except for one lymph node and one bone biopsy.

Higher TIL density in HRD/BRCA patients

Next, differences between genomic subgroups were evaluated per
tissue site. As the number of bone, liver, and other metastases was
relatively low and TIL density did not significantly differ between
these sites, these sites were combined. For all three sites (prostate,
lymph node and other), numerically higher intratumoral and
stromal CD3*, CD8*, CD3*CD8 FoxP3", and FoxP3" TIL den-
sities were observed in HRD/BRCA compared to DDRwt patients
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b CD3* cells / mm? CD8* cells / mm?

ETT *

Tumor

= CD56
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(Figure 3 a-c, supplementary figure 5). These differences were
most evident in the lymph nodes and other sites (Figure 3 b and
c). There was no clear difference in the ratio of FoxP3" to CD8"
TILs between HRD/BRCA and DDRwt patients (supplementary
figure 6), nor in the ratio between intratumoral and stromal TIL
density (supplementary figure 7). Samples from MSI and non-
BRCA DDRD tumors also had denser intratumoral TIL com-
pared to DDRwt tumors (Figure 3).

When comparing TIL density between HRD/BRCA and
DDRwt patients across tissue sites, HRD/BRCA patients
more frequently had CD3", CD3"CD8 FoxP3~ or Foxp3"
TIL densities above median compared to DDRwt patients
(CD3™: 77% vs 35%, p = .013; CD3"CD8 FoxP3™: 80% vs
44%, p = .031; FoxP3™ 77% vs 35%, p = .013), but CD8"
TILs did not significantly differ (63% vs 38%, p = .15). MSI
and non-BRCA DDRD patients also more frequently had
CD3*, CD8" or FoxP3" TIL above median compared to
DDRwt, but this difference was less pronounced (supple-
mentary table 6).

Liver

11 CD45RO 1 Tumor marker m DAPI

CD8- FoxP3- cells / mm?

EXT)

FoxP3* cells / mm?2

EXT3

p=20x10* p=52x10*
o (=]
5
& ]
1 . : o
p=58x10* p=0.014 p=8.1x10° p=19x10%
Tissue & Prostate &2 Lymph node & Bone = Liver = Other

Figure 2. Tumor-infiltrating lymphocyte density per tissue site. A. Multiplex immunohistochemistry (IHC) images of the four most prevalent tissue sites (= 5 samples
included). The scalebar represents a length of 100 um. Additional representative IHC images are shown in supplementary figure 3. B. CD3*, CD8", CD3*CD8 FoxP3~ and
FoxP3* cell density in the tumor (upper panel) and stroma compartment (lower panel) per tissue site. For all cell subsets, we observed significant differences between
tissue sites, both in the stromal and tumoral compartments (Kruskal-Wallis test, p < .05). Black lines indicate significant differences between pairs (Dunn’s test, * p < .05;
** p <.01; *** p <.001). In some patients, no T cells were present. To enable visualization of cell densities on a log scale, the T cell densities of these patients were
replaced by 0.5 cells/mm? (~lowest value in the plots). Differences between paired samples are displayed in supplementary figure 4.
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Figure 3. Intratumoral TIL density per tissue site. Intratumoral TIL densities in prostate tissue (a), lymph node metastases (b) and other tissue sites (c) are displayed. The
stacked bar plot at the left shows the absolute T cell densities per sample, subdivided into CD8*, CD3*CD8 FoxP3~ and FoxP3" cells. Samples are ordered based on total
CD3* T cell density. The bars below provide information on genomics subgroup, androgen sensitivity and tissue site. At the right, T cell densities per genomic subgroup
as displayed in boxplots. In some patients, no T cells were present. To enable visualization of cell densities on a log scale, the T cell densities of these patients was

replaced by 0.5 cells/mm? (~lowest value in the plots).

PD-L1 expression does not differ between HRD/BRCA
and DDRwt patients

Although PD-L1 expression numerically differed between tis-
sue sites, these differences were not statistically significant
(supplementary figure 8). Nor was there a marked difference
between paired HSPC and CRPC samples (n = 25) (supple-
mentary figure 9). Therefore, all samples were combined in
subsequent analyses.

HRD/BRCA tumors, like MSI tumors, more frequently had
PD-L1" immune cells in 21% of tumor area, but this difference
did not reach statistical significance (53% vs 30%, p = .18). PD-
L1 expression on tumor cells was overall low, but was more
frequent in MSI tumors. HRD/BRCA and DDRwt tumors did
not differ (Figure 4b).

HRD/BRCA patients have a distinct peripheral TCR
repertoire

Next, the TCR repertoires of 16 HRD/BRCA patients, 32 DDRwt
patients, and 32 HDs were compared. All PBMCs were collected
in the CRPC setting. Specifics on genomic alterations and patient

characteristics are presented in supplementary tables 3 and 7.
HRD/BRCA patients had a more diverse peripheral TCR reper-
toire compared to DDRwt patients (p = .014) and HD (p =.050,
Figure 5a). Additionally, the TCR repertoire in HRD/BRCA
tended to be less clonal (p = .066). These differences did not
appear accountable to dissimilarities in the number of prior
treatments as the same trend was observed in patients receiving
a maximum of one prior therapy (Figure 5b).

To further characterize the peripheral TCR repertoire of
patients with HRD/BRCA and identify TCR clusters that
presumably recognize similar epitopes, a cluster analysis
was performed (Figure 5c). Since low pGen clusters are
only expected to be shared between individuals if selected
for func:‘[ionality,41 shared clusters with low pGen are of
particular interest. HRD/BRCA patients had an average of
2.8 enriched or exclusive low pGen clusters while DDRwt
patients had an average of 1.6. Four low pGen clusters were
enriched or exclusively present in the HRD/BRCA patients
(%SGGAGET, GLAG%SE, S%TSGSFDE, %DSYTDT). All
these clusters were shared between three or four HRD/
BRCA patients. Two clusters were also present in one
DDRwt patient each.
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significant differences were observed between genomic subgroups.

HRD patients appear to benefit more from ICls

Finally, to investigate the efficacy of ICIs in HRD-PCa, a pooled
analysis of published and unpublished clinical data was per-
formed. Nine HRD and six HR-proficient patients were treated
with anti-PD-(L)1 in our center. Objective response rates
(ORR) were observed in 1 out of 8 evaluable HRD patients
(12.5%) and in 0 out of 6 HR-proficient patients (0%); PSA50
responses were observed in 2 out of 9 (22.2%) and 1 out of 6
patients (16.7%; supplementary table 8).

The pooled analyses included 227 patients of which 59 were
treated with ipilimumab plus nivolumab and 168 were treated
with anti-PD-(L)1 monotherapy. Significantly more PSA50
responses were observed in HRD patients (22.0% versus
7.1%, p = .002). There was a trend toward higher ORR
(16.7% vs 8.0%) and better 12-month progression-free survival
(19.0% vs 3.8%) in HRD patients (Table 1). Further details on
responses to anti-PD-(L)1 monotherapy and combination
therapy are provided in supplementary table 9.

Discussion

The goal of this study was to compare the immunogenicity of
HRD/BRCA-PCa and PCa without alterations in DDR pathways.
HRD/BRCA patients had increased TIL density and a more
diverse peripheral TCR repertoire compared to DDRwt patients.
Additionally, HRD/BRCA patients shared T cell clusters with low
pGen suggesting patient-overlapping T-cell responses in this
genomic subgroup. Our data indicate that HRD/BRCA-PCa
represents an immunologically distinct subgroup.

So far, two small studies have examined TIL density in
HRD-PCa.*>** One study reported higher intratumoral CD4"
and FoxP3" TIL density in BRCA2-mutated (n = 8) compared
to BRCA2-wildtype tumors, in line with our findings.*
Another reported no difference in CD8" or FoxP3™ TIL
between tumors with a germline BRCA2 mutation (n = 17)
and tumors without alterations in HR-related genes.** The
latter study, however, used another method of tissue segmen-
tation, including intervening stroma in the tumor compart-
ment. As TIL density is usually higher in stroma and the
amount of intervening stroma may differ between tumors,
this might explain the negative results of this study. Whilst in
our study CD3", CD3"CD8 FoxP3, and FoxP3" but not CD8"
TIL density significantly differed between HRD/BRCA and
DDRwt patients, there was no evidence for a more immune
suppressive tumor microenvironment in HRD/BRCA patients
based on a comparable CD8 to FoxP3 ratio as previously
suggested.”’

Our TCR repertoire data suggest that HRD/BRCA
patients have been exposed to a wider range of antigens
compared to DDRwt patients.*>”** Additionally, HRD/
BRCA patients shared TCR clusters with low pGen, suggest-
ing patient-overlapping T-cell responses in this subgroup.
We have previously identified shared low pGen clusters in
peripheral blood of patients with MSI PCa.*" It has become
clear that MSI patients share strongly immunogenic tumor-
specific antigens derived from shared frameshift
mutations.*> These shared antigens are particularly interest-
ing because they may be used to develop personalized
cancer vaccines. Although it is compelling that we found
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Figure 5. Peripheral T cell receptor (TCR) repertoire. (a) TCR diversity and clonality per genomic subgroup. (b) TCR diversity and clonality in patients who have received
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Table 1. Response to ICls by HR status.

HRP HRD
n, Total n % n % p-value
ORR 192 12/150 8.0 7/42 16.7 0.139
PSA50 220 12/170 7.1 11/50 22.0 0.002
PFS12 74 2/53 3.8 4/21 19.0 0.051

HRD = Homologous recombination repair deficient; HRP = homologous recombi-
nation repair proficient; ORR: objective response rate; PSA50 = decline in PSA
levels of at least 50%; PFS12 = progression-free survival at 12 months.

shared clusters in HRD/BRCA patients, more research is
needed to confirm the presence of shared antigens in HRD/
BRCA-PCa.

To investigate whether the increased TIL density and more
diverse peripheral TCR repertoire translates into better efficacy
of ICIs in HRD, a pooled analysis of available clinical data was
performed. Although the number of patients was limited and
only a significant difference in PSA50 responses was observed,
our analyses support the hypothesis that ICIs might be more
effective in HRD compared to HR-proficient patients.
Nevertheless, we should acknowledge that a recent paper
studying the combination of anti-PD-1 plus docetaxel*® did

not observe better outcomes in patients with alterations in HR-
related genes. It is important to note that we used another
definition for HRD in the clinical efficacy analyses than in the
rest of the paper as published clinical studies defined HRD as
the presence of pathogenic alterations in a broad panel of HR-
related genes and provided little details on the identified altera-
tions. This may have impacted the results as alterations in
BRCA1/2 may have other effects on the HR-pathway (and
tumor immunogenicity) than the other genes.*” This is why,
in our IHC analyses, patients with alteration in non-BRCA HR-
related genes were classified into a separate group than patients
with alterations in BRCA genes. Nevertheless, our IHC data
shows that patients with non-BRCA DDRD also tended to have
higher TIL density compared to DDRwt patients. Prospective
clinical trials studying the efficacy of ICIs in HRD-PCa are
underway (NCT04717154, NCT03040791, NCT03248570).
These studies will hopefully also provide more insight into
the specific impact of BRCA1/2 mutations on immunotherapy
efficacy.

This study has some limitations. Firstly, the group of HRD/
BRCA patients in our analyses was small. Secondly, tissue was
derived from different sites. To correct for this, we used a tissue-
specific cut off to classify tumors into highly or poorly infiltrated



tumors. Besides the differences in biopsy site, there was also
variation in castrate resistance status and in the number of
treatments before the CRPC biopsy. Previous studies have
suggested that androgen-deprivation therapy, which is
started in the HSPC setting, has immunogenic properties
and may lead to an increase in T cell density and PD-L1
expression.”” A recent study by Powles et al,*® on the other
hand, showed that T cell signatures and PD-L1 expression are
relatively stable between HSPC and CRPC samples. Although
castrate resistance status and treatments might influence TIL
density, the same trend was observed in prostate (almost
exclusively obtained in the HSPC setting), lymph node and
other biopsies (mostly obtained in the CRPC setting). In
addition, there was an even distribution of HSPC and
CRPC samples between HRD/BRCA and DDRwt patients,
supporting the presence of a true difference in TIL density
between HRD/BRCA and DDRwt patients. Finally, the zyg-
osity status of the BRCA2 mutations was unknown for some
patients in our cohort. Nevertheless, the high prevalence of
biallelic inactivation®® together with the good responses to
PARP inhibitors and platinum-based chemotherapy in our
HRD/BRCA subgroup (supplementary table 3) supports the
presence of biallelic BRCA2 inactivation in these patients.

Conclusion

HRD/BRCA-PCa represent an immunologically distinct sub-
group with increased TIL density and an altered peripheral
TCR repertoire and might be more susceptible to ICIs.
Prospective clinical trials studying the efficacy of ICIs in HRD-
PCa are underway and will provide further insight into the
efficacy of ICIs in patients with HRD/BRCA-PCa.
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