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ABSTRACT

Background

Many breast cancer predisposition genes are involved in DNA damage repair, leading to
genome instability that can impact immunosurveillance, neoantigen formation, and the
composition of the tumor immune microenvironment.

Methods

Here, we explored associations between germline protein truncating variants (PTVs) in
34 (putative) breast cancer predisposition genes, of which 26 involved in DNA damage
repair, with the abundance of four immune cell markers, i.e., CD8+, FOXP3+, CD20+ and
CD163+, across 7,969 invasive breast tumors of women of European ancestry.

Results

The most apparent associations were those of CD163, a marker of M2-like tumor-
associated macrophages, with genes involved in double- and single-strand break DNA
repair, and with the 12 known breast cancer predisposition genes combined. Specifically,
DNA damage repair genes, BRCA1, BRCAZ, PALB2Z, RAD51D, and MSH6 were associated
with a 1.3 to 2-fold abundance of CD163-positive cells. Estrogen receptor status was
found to mediate associations to a limited extent.

Conclusions

Our findings support a role of rare pathogenic germline variants involved in DNA damage
repair, and particularly those predisposing to breast cancer, in the immune landscape of
breast tumors. These insights may help guide the development of immunomodulatory

strategies for breast cancer prevention and treatment.
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BACKGROUND

In breast cancer, the composition of the tumor immune microenvironment,
namely the type and abundance of lymphocytes, monocytes/macrophages and
neutrophils, influences tumor progression (1). A high number of tumor-infiltrating
lymphocytes has been associated with improved responsiveness to neoadjuvant
chemotherapy alone (2) or in combination with immunotherapy (3). However, the
unique activities of individual lymphocytic and monocytic subtypes suggest nuanced
associations with clinical outcomes. For instance, elevated ievels of cytotoxic T-cells
(CD8-positive cells) are associated with improved patient survival (4, 5). Increased levels
of pro-tumorigenic immune cell types such as regulatory T-cells (Treg-cells;
FOXP3-/CD25-positive cells) and MZ tumor-associated macrophages (M2-TAMs;
CD163-/CD206-positive cells) are associated with worse clinical outcomes (6, 7).
Contradictory evidence exists on the association between abundance of B-cells
(CD20-/CD19-positive cells), and breast cancer prognosis (reviewed by (8)). However, a
recent meta-analysis suggests that increased B-lymphocyte abundance correlates with

improved overall and breast cancer-specific survival (9).

The abundance of immune cells is associated with intrinsic tumor characteristics,
particularly the estrogen receptor (ER)-status of the tumor. ER-positive tumors tend to
have a lower number of tumor-infiltrating lymphocytes compared to ER-negative
tumors (10). Among the ER-negative subtype, triple-negative tumors with increased

levels of tumor-infiltrating lymphocytes associate with a more favorable survival



benefit even in the absence of chemotherapy (11-13). Importantly, germline genetic
factors may also influence the abundance of anti- and pro-tumorigenic immune cells (14).
Tumors (specifically triple-negative ones) in carriers of germline pathogenic variants in
BRCA1, exhibit a heightened mutational burden resulting in an increased lymphocytic
infiltration (15). Similarly, an association study has linked BRCA1 germline variants with
increased dendritic cells, interferon-gamma, MHC-I and STAT1 immune features (14).
Additionally, a pre-clinical study has suggested that breast tissue of non-affected
BRCA1/2 pathogenic variant carriers has a higher immune infiltration compared to non-
carriers (16). This evidence agrees with the hypothesis that genomic instability due to
DNA damage repair deficiency, which might be caused by germline variants, leads to
altered tissue immune microenvironment (16, 17). There is also, seemingly contrasting,
evidence that patients with pathogenic variants in BRCA1/2 do not seem to benefit more
from immunotherapy compared to non-carriers patients (18). Another, preclinical, study
showed an association with response to immunotherapy for truncating mutations in

BRCAZ, but found no association for BRCA1 (19).

Understanding the role of germline pathogenic variants that predispose to breast
cancer, specifically those in the DNA damage repair domain, in shaping the immune
microenvironment of tumor development and progression, will contribute to
preventative and treatment strategies for high-risk groups of women. In this analysis, we
used data from the BRIDGES study (20), which characterized and quantified risk
association of rare protein truncating variants (PTVs) and missense variants (MSVs) in
34 (putative) breast cancer predisposition genes, 26 of which are involved in DNA
damage repair. Approximately 8,000 cases from BRIDGES had data on a series of immune

markers obtained from standardized scoring of tumor tissue microarrays. The main



objective of this study was to investigate the association between rare germline variants
in these DNA damage repair genes and the abundance of CD8-, CD20-, FOXP3-and CD163-
positive cells. The extent to which these associations might be mediated by subtype,
based on ER-status, was also investigated. In addition, we assessed associations in the
subgroup of triple-negative breast cancers. A secondary objective was to assess whether
any of the remaining eight genes, unrelated to DNA damage repair but including some
involved in PI3K signaling, cell adhesion and proliferation, were associated with the

composition of the tumor immune microenvironment.

METHODS
Patients

Women diagnosed with breast cancer from 11 studies participating in the
BRIDGES study within the Breast Cancer Association Consortium (BCAC) were included
(20). Analyses were restricted to women of self-reported European ancestry, diagnosed
with primary invasive breast cancer and at least 18 years of age at diagnosis (Additional
file 1: Fig. S1). Demographic data and tumor characteristics were obtained from the
central BCAC database: each individual study collected data that was later centralized,
after quality control and harmonization (BCAC database version 15.01). All women
involved provided written informed consent, and each study met local ethical committee
and/or institutional review board approvals.
Patient and tumor characteristics

Tumor data for a total of 7,969 women were included, of which 7,232 had scores
for CD8, 7,326 for CD20, 7,239 for FOXP3, and 7,213 for CD163 immunohistochemical
staining. A flow diagram describing inclusion and exclusion criteria is shown in

Additional file 1: Fig. S1. The number of cases included for each of the 11 studies are given



in Additional file 2: Table S1, while the baseline characteristics of all participants, and
across immune cell types, are shown in Additional file 1: Table S3. The median age at
diagnosis was 55 years of age [(Min-Max): 18 - 93]; 22% of the tumors were ER-negative,
71% ER-positive tumors and 7% with unknown ER-status (Additional file 1: Table S3).
Subgroup analysis was performed on 765 (approximately 11%) tumors that were triple
negative. The distributions of relevant tumor characteristics were similar across the

slightly different subsets of patients with available data for each immune cell type.

Quantification of immune cell abundance

Each study collected formalin-fixed, paraffin-embedded tissue blocks containing
primary breast tumor tissue. Whole tumor slides were obtained from the tumor blocks
and representative tumor areas were manually identified after staining with hematoxylin
and eosin. Tissue microarrays were constructed from the tumors by collecting tissue
cylinders with a diameter ranging from 0.6 to 2 millimeter at each study site (Additional
file 2: Table S1). Tumor tissues were from surgical resections, prior to commencement of
adjuvant therapy; except potentially from 3.2% of the cases that were noted in the
database to have received neo-adjuvant chemotherapy. Each study sent unstained tissue
microarray slides for central immunohistochemical staining of CD8, FOXP3, CD20 and
CD163 at the Cancer Research UK Cambridge Institute (Additional file 2: Table S2;
Additional file 1: Table S3). Tissue microarray sections that were successfully stained
using cytoplasm monoclonal antibodies for CD8, CD20 or CD163; and nuclear monoclonal
antibody for FOXP3 were scanned using Leica Aperio AT2 at the Cancer Research UK
Cambridge Institute (Additional file 1: Fig. S2). Digitized slides were quality controlled

and linked to data in the central BCAC database.



Quantification of positively stained areas of core images from de-arrayed tissue
microarrays was performed using a custom HALO algorithm (21). The abundance of
immune cells was quantified across the entire core, by combining stromal and intra-
tumoral regions. The abundance of immune cells in each core was assessed as the
percentage of the total tissue area occupied by positively stained cells. This score was
defined as the ratio of the area covered by positive staining out of the total area
composing the tumor core. Tumor area was composed by positively stained regions, non-
stained areas and artifact regions that were attributed to overstaining, non-specific
staining, widespread debris, or tissue folding. Any image that contained more than 40%
of the total region detected as artifact was excluded. For each patient, a single score on
each immune marker was obtained by averaging across 2li cores for that patient. Only a
fraction of tumors (n = 755 of 7,969 tumors) had a single image available, and for these
tumors scores from the single score was used. The distributions of percentages of
positively stained area for the four irmmuaie cell types are shown in Additional file 1: Fig.

S3.

Genotype and quality control

Details of sequencing, variant calling and quality control have been described
previously (20). Briefly, genotype data for PTVs and rare MSVs were obtained for 34
(putative and established) breast cancer predisposition genes, using a targeted panel. Of
these, 12 were considered definitively associated with breast cancer risk in the BRIDGES
study and/or analyses based on the ClinGen clinical validity framework: ATM, BARD1,
BRCA1, BRCA2, CDH1, CHEK2, PALB2, PTEN, RAD51C, RAD51D, STK11, TP53 (22). The
CHEKZ2 c.1100delC PTV was also analyzed separately because of its abundance and earlier

reports of strong associations with breast cancer risk (23).
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MSVs that were described as deleterious by having a Phred-like Combined
Annotation-Dependent Depletion (phred-CADD; version 1.4) score higher than 20 were
included (24). This score predicts how much more deleterious a MSV is compared to the
remaining human genome. A score higher than 20 suggests that a MSV is likely to be
among the top 1% of deleterious substitutions (25). In a previous study involving
BRIDGES genotype data (26), the best method to classify missense variants differed per
gene, but Phred-CADD showed good overall performance. In line with the previous
BRIDGES studies published, for BRCA1, BRCAZ, and TP53 MSV classification we used the
more reliable ClinGen/ENIGMA guidelines (20), and for ATM and CHEK2 MSV

classification we combined multiple in-silico algorithms (26).

Classification criteria for DNA damage repair genes

Among the 34 genes included in the BRIDGES gene panel, 26 are associated with
DNA damage repair either directly or indirectly. Among these genes, 16 genes are
involved in double-strand break repair as part of the homologous recombination
pathway, seven genes are involved in single-strand break repair (i.e, Fanconi
anemia/DNA crosslinking, mismatch repair or base excision repair) and three genes are
indirectly involved in DNA damage repair, either as DNA damage sensors (ATM and
CHEK?) or as downstream targets (TP53). The remaining eight genes are involved in
proliferation (NF1 and STK11), PI3K signaling (AKT1, PIK3CA and PTEN), epigenetic
regulation (MEN1) or cell adhesion (CDH1 and EPCAM). A detailed annotation of the
function of each of the 34 genes included in the analyses and a grouping in terms of four

DNA repair types are available in Additional file 1: Table S4.
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Statistical analyses

In the primary analyses we evaluated the association between each immune
marker and PTVs of each gene. We also included analyses of MSVs. As individual variants
are rare, we performed burden analyses in which the genotype of each gene was defined
as 1 or 0 according to whether the individual carried a germline variant in the gene. Non-
carriers were defined as women without pathogenic germline variants in the gene of
interest, irrespective of germline variants in other genes. For illustration purposes, raw
immune cell abundances grouped by germline genotype for the 12 breast cancer
predisposition genes are shown in Additional file 1: Fig. S4. A sensitivity analysis was
conducted in which the non-carriers were only women with no other pathogenic
germline mutation, either PTV or MSV, in any other geiie to investigate whether
individual gene effects were attenuated if the non-carrier group included individuals with
PTVs or MSVs in other genes. We also performed analyses based on the burden of variants
across a set of genes, grouped by the mechanisms of DNA damage repair in which they
are involved. This approach aimed to identify associations that might be missed due to a
low number of cases for each individual gene. Similarly, we also grouped the 12 known
breast cancer predisposition genes together to identify their association with immune

abundance.

The percentage of immune cells was transformed to a proportion by scaling it to a
non-inclusive unit interval score (0,1). For samples where the score was either 0 or 1,
107 was added or subtracted, accordingly. Associations between the percentage of
immune cells and germline genotypes were assessed using beta regression with a logit

link (27). Beta regression was chosen as it accurately models outcomes bounded by the

12



unit interval. The regression coefficients can be interpreted as the change in the log(odds)

of the proportion of stained cells, per unit increase in the covariate (28, 29).

The primary analyses included study and age at breast cancer diagnosis as
covariates (reported here as unadjusted models). To assess the extent to which the
association between germline variants and immune cell abundance is mediated by the
ER-status of the tumor, an adjusted model including ER-status of the tumor as an
additional covariate was included. This model will highlight which associations are
influenced by ER subtype. If an association from the unadjusted model remains largely
unchanged and statistically significant in the adjustment model, it indicates that the
observed effect is irrespective of the ER-status. Subgroup analysis was performed for
women with triple-negative breast cancer (defined as ER-negative, progesterone
receptor (PR)-negative, and HER2-negativej. We did not perform subgroup analysis on
ER-positive samples because of the low abundance of immune cells in these tumors, often
referred to as “cold tumors” (30), coupled with the low variability of the immune
abundance in our data (Additional file 1: Fig. S3). Given the low prevalence of the PTVs,
we report statistical significance at a nominal level of 0.05; though to account for the
many comparisons and small numbers in some analyses we focused our discussion on
those with p < 0.01 and with more than 10 cases. All analyses were performed in R v.3.6

(31) using the betareg v.3.1.4 R package (32).

RESULTS

The number of cases, OR and 95% CI for all associations between germline genotype and

abundance of immune cell types are provided in Additional file 1: Tables S5-S12.
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Double-strand break repair genes

Compared to non-carriers, carriers of germline PTVs in four individual double-
strand break repair genes, BRCA1, BRCAZ2, PALB2, and RAD51D, were found to be
associated with breast cancer immune cell abundance (Fig. 1; Additional file 1: Fig. S3 and
Fig. S5; Additional file 1: Tables S5-S12). PTVs in BRCA1 were associated with higher
FOXP3-positive and CD163-positive cells [OR (95%CI): 1.25 (1.04-1.5) p=0.017 and 1.66
(1.41-1.95) p<0.001, respectively]. PTVs in BRCA2 were associated with CD8-positive
and CD163-positive cells [OR (95% CI): 1.27 (1.09-1.49) p=0.003 and 1.29 (1.11-1.5)
p=0.001, respectively]. PTVs in PALBZ and RAD51D were associated with CD163-positive
cells [OR (95% CI): 1.36 (1.08-1.73) p=0.01 and 1.71 (1.05-2.79) p=0.031, respectively].
MSVs in MRE11 were also associated with CD163-positive cells. There was no evidence
of consistent or strong associations between PTVs or MSVs in other genes with any of the
immune cell types when considering all tumors together. In analyses adjusting for ER-
status of the tumor (Additional file 1: Fig. S5; Tables S5-S12), albeit slightly attenuated,
most of the observed associations between rare germline variants and breast cancer

immune cell abundance remained statistically significant.

When pooling all genes involved in double-strand break repair, carriers of PTVs
had a 1.2- and 1.3-fold mean increase in the abundance of CD8-positive and CD163-
positive cells [OR (95% CI): 1.16 (1.06-1.26) p=0.001 and 1.29 (1.19-1.4) p<0.001,
respectively; Fig. 2, Additional file 1: Tables S13-S16]. Sensitivity analyses comparing
carriers to non-carriers of any PTVs or MSVs in these genes, did not change associations

(Additional file 1: Tables S17-S20).
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Figure 1. Associations of protein truncating variants with the abundance of four
immune cell types in breast cancer grouped by DNA damage repair mechanism.
0dds ratios and 95% confidence intervals (95%ClIs) were derived from beta-regression
models adjusted for study and age at breast cancer diagnosis. The four panels represent

four immune cell types: CD8-, CD20-, FOXP3- and CD163-positive. The dotted lines
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separate the 34 genes according to the corresponding mechanisms of DNA damage
repair. The dots and lines represent the odds ratio and 95% ClIs. Estimates for MLH1,
AKT1, PIK3CA, and STK11 are missing because no PTVs were observed for those genes.
The arrows at the extremes of the lines represent a confidence interval that goes
outside the plot boundaries (0.3 - 5). Statistically significant genes (p-value < 0.05) for
at least one of the immune cell types have an asterisk (*) and are highlighted in bold.
For each gene the exact values and number of women included in the analyses are

available in Additional file 1: Tables S5-S12. Abbreviations: CI, confidence intervals.

@ CD8-positive CD20-positive
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@ FOXP3-positive & CD163-positive

Double-strand o
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break repair | i
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DNA damage repair s
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DNA damage repair ¢
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Figure 2. Associations of protein truncating variants with the abundance of four
immune cell types in breast cancer. Forest plot pooled together across the four
mechanisms of DNA damage repair. Odds ratios and 95% confidence intervals

(95%ClIs) were derived from beta-regression models adjusted for study and age at breast

16



cancer diagnosis. Anti-tumorigenic immune cell types: CD8-positive and CD20-positive
cells are presented in blue and light blue, respectively. Pro-tumorigenic immune cell
types: FOXP3-positive and CD163-positive cells are presented in red and pink,
respectively. The dots and lines represent the odds ratio and 95% confidence intervals.
Statistically significant mechanisms (p-value < 0.05) for at least one of the immune cell
types are highlighted in bold. For each mechanism the exact values and number of women
included in the analysis are available in Additional file 1: Tables S13 - S16. Abbreviations:

C], confidence intervals.

The triple-negative subgroup analysis showed that carriers of germline PTVs
and/or MSVs in three double-strand break repair genes compared to non-carriers were
associated with breast cancer immune cell abundance only in triple-negative breast
cancer (Additional file 1: Fig. S6, Tables S21-SZ24), but numbers of carriers were small in
those analyses. With the exception ¢f RAD51D, the significant associations found in the

overall analysis were not significant in the triple-negative subgroup.

Other DNA damage repair genes

Carriers of germline PTVs and/or MSVs in mismatch repair or single-strand break
repair genes compared to non-carriers were to a more limited extent found to be
associated with breast cancer immune cell abundance with some evidence for MLH1 and

MSH6, but not for MSHZ and PMSZ (Fig. 1; Additional file 1: Tables S5-524).

Established breast cancer predisposition genes in aggregate
When aggregating germline PTVs in any of the 12 known breast cancer

predisposition genes, i.e., ATM, BARD1, BRCA1, BRCA2, CDH1, CHEK2, PALB2, PTEN,
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RAD51C, RAD51D, NF1 and TP53, carriers were associated with breast cancer immune cell
abundance compared to non-carriers (Fig. 3). PTV carriers had a 1.15-fold mean increase
in the abundance of CD163-positive immune cells (OR (95%CI) 1.15 (1.07-1.25). There
was no evidence of association between aggregated PTVs (or MSVs) with the abundance

of CD8-, CD20- or FOXP3-positive immune cell abundance (Additional file 1: Table S25).

CD8-positive CD20-positive FOXP3-positive CD163-positive

1 1 1 1
Established ! ' ' ]
. Ba 1 1 1 1

predisposition —+—— —— — 1 ——
1 1 1 1
genes i i ; i
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0.8 1.0 1.2 0.8 1.0 1.2 0.8 1.0 1.2 0.8 1.0 1.2

Odds Ratio (95% CI)

Figure 3. Forest plot showing the association of protein truncating variants
grouping 12 genes that are associated with breast cancer risk together with the
abundance of four immune cell types in breast cancer. Odds ratios and 95%
confidence intervals were derived from beta regression models adjusted for study and
age at breast cancer diagnosis. The four panels represent four immune cell types: CD8-,
CD20-, FOXP3- and CD163-positive. The dots and lines represent the odds ratio and 95%
confidence intervals. Analyses included protein truncating variants in ATM, BARDI,

BRCA1, BRCAZ, CDH1, CHEKZ, PALBZ, PTEN, RAD51C, RAD51D, NF1 and TP53.

DISCUSSION

The risk of developing breast cancer is strongly associated with deleterious
variants in predisposition genes, many of which play a role in DNA damage repair and
related pathways (20, 26). Beyond impacting risk, germline PVs have also been shown to
influence tumor biological behavior, predisposing more strongly to risks of aggressive

(triple-negative and/or high-grade) breast cancers (33). The immune composition of the
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tumor microenvironment has emerged as an important component of breast tumor
biological behavior, but the impact of germline PVs on tumor immune composition is less-
well understood. In this study, we explored the association between rare germline
variants and the abundance of four immune cell types that have been shown to associate
with breast cancer prognosis (4-7, 9). We found most convincing evidence for
associations between germline variants in DNA double-strand break repair in
aggregate, and in particular BRCA1, BRCA2, PALBZ, RAD51D, and CD163-positive cell
abundance in the tumor. When PTVs across all genes involved in homologous
recombination were grouped, we observed an association with CD8-positive and CD163-
positive cells. In alignment with recent evidence (14, 34), these associations suggest that
CD8-positive and CD163-positive cell abundance in breast tumors might be linked to a

heritable genetic component beyond BRCA1 and BRCAZ.

In our study, PTVs in BRCA1 were associated with an increased abundance of
FOXP3-positive and CD163-positive cells, which tend to promote an immunosuppressive
tumor microenvironment. Contrastingly, results from a previous pan-cancer analysis by
Sayaman and colleagues that investigated germline genetic contribution to the immune
landscape of cancer, including breast cancer, showed that BRCA1 germline variants were
associated with elevated interferon and major histocompatibility complex class-I traits,
which play a role in immune activation (14). These apparent contradictions demonstrate
the complex biology of immune mechanisms in mammary carcinogenesis. Conceivably,
our observation of increased abundance of CD163 and FOXP3-positive cells in relation to
PTVs in BRCA1 might reflect tumor promoting chronic inflammatory processes, while the
observations by Sayaman and colleagues might reflect ongoing cancer immunoediting,

processes that might coexist during tumor development and progression (35). The
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association of PTVs in BRCA1 with CD163-positive cells slightly attenuated after adjusting
for the ER-status of the tumor, suggesting that the ER-status might be partially mediating
the association. We also found PTVs in BRCAZ to be associated with increased levels of
CD8-positive and CD163-positive cells. This is consistent with recent evidence that
BRCAZ2-deficiency results in an increase of interferon responses through cGAS/STING
micronuclei accumulation (36), which ultimately can regulate macrophage polarization
and T-cell differentiation (37). Similarly, long-term exposure to BRCAZ abrogation in
cancer-derived human cells was associated with an upregulation of interferon-stimulated
genes (38). Moreover, pre-clinical studies demonstrated that healthy breast lobules of
BRCA1/2 germline carriers have 2.3 times more CD8-positive T-cells compared to non-
carriers (16). The associations of PTVs in BRCAZ with CDS-positive and CD163-positive
cells remained largely unchanged after adjusting for ER-status of the tumor, suggesting
that ER-status might not be a mediator. These associations were not statistically
significant in the triple-negative subgroup analysis, which was expected considering the
low abundance of BRCAZ carriers in that subgroup. Moreover, it is important to note that
other genetic, epigenetic, and non-genetic mechanisms might contribute to the
immunogenicity of triple-negative breast cancer and further studies will be required to
disentangle these. Recent evidence showed that ER-positive tumors display reduced
number of immune cells, low HLA class I expression and favor the recruitment of
lymphoid or myeloid cells other than T-cells (30). The few immune-rich ER-positive
tumors show an increased relative fraction of macrophages compared to immune-low

ER-positive tumors (39).

While the direct effect of some of the genes we studied on breast cancer immune

cell abundance remain largely unknown, evidence in other cancer types might suggest
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potential mechanisms of action. For example, BRCA1-PALBZ deficiency has been
associated with T-lymphocyte infiltration and the activation of cGAS-STING in
macrophages in hepatocellular carcinoma (40). In ovarian cancer, patients with germline
homologous recombination deficiency were enriched for CD68+ tumor associated
macrophages and CD3+ lymphocytes, with the latter associated with longer median
overall survival (41). These findings concur with reports showing that impairment of
homologous recombination increases the rate of DNA defects, potentially leading to an
enhanced immunogenic response against tumors (42) and higher leukocyte fractions
(14). In sum, these results suggest that partial impairment of innate DNA damage repair

can lead to increased immunological signaling and recruitment of CD163-positive cells.

Variants in breast cancer risk genes, especially those involved in homologous
recombination, are more strongly associated with risk for ER-negative and in particular
triple-negative breast cancer (33). These subtypes show both increased immune
infiltration (43) and a higher frequency of homologous recombination deficiency (44). In
our analyses, most associations between germline variants and immune cell abundance
remained significant after adjustment for ER-status. In the triple-negative subgroup
analysis, the association of PTVs in RAD51D with CD163-positive cells remained
significant, but associations for other genes failed to reach significance. Reduced power
due to smaller sample sizes may explain this for some genes, but this will need to be

confirmed in larger datasets of triple-negative breast cancers.

While our study is the largest association analysis of rare MSVs and PTVs in breast
cancer predisposition genes and immune cell abundance, it remains open to further

improvement. For example, to our surprise we did not observe a statistically significant
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association between PTVs in BRCA1 and CD8-positive cells, even though the association
[OR (95% CI): 1.15 (0.96-1.39)] was in the same direction as previously reported (15).
While we observe an association between CD163-positive cells and grouping germline
genetic variants on breast cancer risk genes, the effect is mainly driven by BRCA1, BRCAZ2,
PALB2 and RADS51D. This may be due to limited power for several genes, although our
cohort was large. Another possible explanation for the absence of some expected
associations might be the leftward-skewed distribution of the percentages, where limited
variability in the outcome makes it challenging to detect the effect of rare germline
variants. This might result from utilizing tissue microarrays instead of whole-slide
images to estimate immune cell abundance, as tissue microarrays have been shown to
markedly underestimate immune cell levels compared to the original whole-slide from
which they are derived (45). Other potential l!imitations of using TMAs include
intratumoral heterogeneity and lack of spatial information regarding where the cores
were sampled in the tissues. Notably, however, emerging data, including two studies from
the current analysis, suggest that evaluation of immune cell subsets on TMAs may closely
approximate tumor bisiogy assessed on whole sections (46). However, further studies
might be required to clarify the etiologic relevance of spatial immune localization in
breast tissues. Due to the original data source and study design (aimed to detect novel
breast cancer genes) our analysis focused exclusively on (putative) predisposition genes,
potentially excluding genes with a strong effect on immune response, such as IL7 (47,

48).

Beyond impacting immune composition, it is important to be aware that
perturbations in BRCA1 may also impact the function of immune effector cells. For

example, in-vivo evidence suggests that cytotoxic T-cell antitumor immune activity is

22



impaired in BRCA1-knockout mice (49). Similarly, macrophages with deficiency in
nucleotide excision repair show functional and morphological abnormalities, displaying
heightened glucose intake and pro-inflammatory stimuli (50). Collectively, these prior
results suggest that DNA damage repair deficiencies can compromise immune cell
function and exhibit a bi-directional effect, influencing the activity of immune cell as well
as their interaction with tumor cells, which is something we could not address in our

analyses.

CONCLUSIONS

Our findings underpin a potential driver role of rare pathogenic germline variants
involved in DNA damage repair, and particularly those predisposing to breast cancer, in
the immune landscape of breast tumors, most notably with CD163-positive cells. With
further elucidation, these findings have the potential to improve the selection of patients
that may benefit from immunoniodulatory therapies, especially considering recent
developments pointing towards tumor associated macrophages as potential targets for
PD-1/PD-L1 immunotherapy (51). Our results lend support to the notion that germline
impairment of DNA damage repair machinery interferes with the immunological

component of breast cancer.

ABBREVIATIONS

o MSV - (likely) Deleterious missense variants
o PTV - Protein truncating variants

o ER - Estrogen receptor

(©]

PR - Progesterone receptor

o OR - 0dds ratios
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o CI - Confidence intervals

DECLARATIONS
Ethics approval and consent to participate

All women involved provided written informed consent. Each study met local
approval by the ethical committee and/or institutional review board listed in Additional
file 2: Table S1. All studies conform to the Declaration of Helsinki.
Consent for publication

Not applicable.
Availability of data and materials

The datasets analyzed during the current study are not publicly available due to
patient privacy and legal constraints but are available from the authors on reasonable
request. The tissue-microarray data are a subset of data previously deposited in the
European Genome-Phenome Archive,

https://ega-archive.org/datasets/EGAD50000002125. Requests for individual-level

data (genetic, tissue-microarray immunohistochemistry or immune cell density) must be
submitted for consideration to the BCAC Data Access Co-ordinating Committee

(bcac@medschl.cam.ac.uk). All code supporting the results of this study are publicly

available on GitHub at:

https://github.com/SchmidtGroupNKI/RareGermline ImmuneBC (52).

Competing interests
The authors declare that they have no competing interests.
Funding
The immunological data were generated in the B-CAST study funded through EU

Horizon 2020 grant (633784). The BRIDGES panel sequencing was supported by the

24


https://github.com/SchmidtGroupNKI/RareGermline_ImmuneBC
mailto:bcac@medschl.cam.ac.uk
https://ega-archive.org/datasets/EGAD50000002125

European Union Horizon 2020 research and innovation program BRIDGES (grant
number, 634935) and the Wellcome Trust (v203477/Z/16/Z).

This work was supported by Cancer Research UK grant: PPRPGM-Nov20\100002
and by core funding from the NIHR Cambridge Biomedical Research Centre
(NIHR203312) [*]. *The views expressed are those of the author(s) and not necessarily
those of the NIHR or the Department of Health and Social Care. Additional funding for
BCAC is provided by the Confluence project which is funded with intramural funds from
the National Cancer Institute Intramural Research Program, National Institutes of Health,
the European Union's Horizon 2020 Research and Innovation Programme (grant
numbers 634935 and 633784 for BRIDGES and B-CAST respectively), and the
PERSPECTIVE I&I project, funded by the Government of Canada through Genome Canada
and the Canadian Institutes of Health Research, the Ministére de I'Economie et de
I'Innovation du Québec through Genome Québec, the Quebec Breast Cancer Foundation.
The EU Horizon 2020 Research and Innovation Programme funding source had no role
in study design, data collection, data analysis, data interpretation or writing of the
report.

The ABCS study was supported by the Dutch Cancer Society [grants NKI 2007-3839; 2009
4363] and an institutional grant of the Dutch Cancer Society and of the Dutch Ministry of
Health, Welfare and Sport. The GESBC was supported by the Deutsche Krebshilfe e. V.
[70492] and the German Cancer Research Center (DKFZ). The MARIE study was
supported by the Deutsche Krebshilfe e.V. [70-2892-BR 1, 106332, 108253, 108419,
110826, 110828], the Hamburg Cancer Society, the German Cancer Research Center
(DKFZ) and the Federal Ministry of Education and Research (BMBF) Germany
[01KH0402]. The Ontario Familial Breast Cancer Registry (OFBCR) was supported by

grant U01CA164920 from the USA National Cancer Institute of the National Institutes of

25



Health. The content of this manuscript does not necessarily reflect the views or policies
of the National Cancer Institute or any of the collaborating centers in the Breast Cancer
Family Registry (BCFR), nor does mention of trade names, commercial products, or
organizations imply endorsement by the USA Government or the BCFR. The PBCS was
funded by Intramural Research Funds of the National Cancer Institute, Department of
Health and Human Services, USA. Genotyping for PLCO was supported by the Intramural
Research Program of the National Institutes of Health, NCI, Division of Cancer
Epidemiology and Genetics. The PLCO is supported by the Intramural Research Program
of the Division of Cancer Epidemiology and Genetics and supported by contracts from the
Division of Cancer Prevention, National Cancer Institute, National Institutes of Health.
The RBCS was funded by the Dutch Cancer Society (DDHK 2004-3124, DDHK 2009-
4318). SEARCH is funded by Cancer Research UK [C490/A10124, C490/A16561] and
supported by the UK National Institute for Health Research Biomedical Research Centre
at the University of Cambridge. The University of Cambridge has received salary support
for PDPP from the NHS in the East of England through the Clinical Academic Reserve.
SKKDKFZS is supported by the DKFZ. The SZBCS was supported by Grant
PBZ_KBN_122/P05/2004 and the program of the Minister of Science and Higher
Education under the name "Regional Initiative of Excellence" in 2019-2022 project
number 002/RID/2018/19 amount of financing 12 000 000 PLN. UBCS was supported
by funding from National Cancer Institute (NCI) grant RO1 CA163353 (to N.J. Camp) and
the Women'’s Cancer Center at the Huntsman Cancer Institute (HCI). Data collection for
UBCS was supported by the Utah Population Database (UPDB) and Utah Cancer Registry
(UCR).

Authors' contributions

26



Conceptualization and design: MKS, AMA, PPP, MGC, SC. Data support: AB, RK.
Statistical analysis: FRR. Data interpretation and writing of first draft: FRR, SC, MKS. Data
contribution: all other authors. All authors read and approved the final manuscript.
Acknowledgements

The authors thank all patients, researchers, clinicians, and administrative
personnel who took part in or took care of the studies that contributed data to this
manuscript. The authors would like to acknowledge the Research High Performance
Computing (RHPC) facility of the Netherlands Cancer Institute (NKI). The authors thank
the staff of the CRUK Cambridge Institute Histology Core for carrying out the staining and
imaging and scanning of the tissue micro-array slides. ABCS thanks the Blood bank
Sanquin, The Netherlands. MARIE thanks Petra Seibold, Nadia Obi, Sabine Behrens,
Ursula Eilber and Muhabbet Celik. The paraffin-embedded tissue blocks collected with
consent from patients in the MARIE study were submitted to the tissue bank of the
National Center for Tumor Diseases (NCT, Heidelberg, Germany) for archiving,
processing and construction of tissue microarrays and the samples were provided in
accordance with the regulations of the tissue bank and the approval of the ethics
committee of Heidelberg University. The OFBCR thanks Teresa Selander, Nayana
Weerasooriya and Steve Gallinger. PBCS thanks Louise Brinton, Mark Sherman, Neonila
Szeszenia-Dabrowska, Beata Peplonska, Witold Zatonski, Pei Chao, Michael Stagner. The
RBCS thanks Jannet Blom, Saskia Pelders, Wendy ].C. Prager - van der Smissen, and the
Erasmus MC Family Cancer Clinic. We thank the SEARCH team. SKKDKFZS thanks all
study participants, clinicians, family doctors, researchers and technicians for their
contributions and commitment to this study. UBCS was supported by funding from
National Cancer Institute (NCI) grant RO1 CA163353 (to N.J. Camp) and the Women’s

Cancer Center at Huntsman Cancer Institute (HCI). Data collection for UBCS was

27



supported by the Utah Population Database (UPDB) and Utah Cancer Registry (UCR). The
UPDB is supported by HCI, the University of Utah, and NCI grant P30 CA2014. The UCR is
additionally funded by the NCI's SEER Program, HHSN261201800016], and the US Center
for Disease Control and Prevention's National Program of Cancer Registries

(NU58DP007131).

SUPPLEMENTAL INFORMATION
All supplemental information was provided by the authors.

20260402_RareGermline_ImmuneAbundance_AdditionalFilel.docx

Additional file 1: Fig. S1. Flow chart detailing the inclusion criteria and number of women
that were included in the study. Fig. S2. Examples of core immages from tissue microarrays
that were used for immune marker quantification. ¥ig. S3. Distribution of the number of
tumors according to the percentage of positive immunohistochemistry-stained area in
the tumor for the four immune cell types. ¥ig. S4. Logit-transformed marker percentages
stratified by PTV carrier status of twelve breast cancer predisposition genes. Fig. S5.
Association of protein tiuncating variants with the abundance of four immune cell types
in breast cancer with and without adjustment for estrogen receptor status of the tumor.
Fig. S6. Associations of protein truncating variants, grouped by DNA damage repair
mechanism, with the abundance of four immune cell types for women diagnosed with
triple-negative breast cancer. Table S3. Patient characteristics for each of the immune
cell type datasets. Table S4. Functional annotation of the 34 genes included in the
BRIDGES panel. Table S5. Associations of protein truncating variants in 34 (putative)
predisposition genes with the abundance of CD8-positive cells in all breast cancers. Table
$6. Associations of (likely) deleterious missense variants in 34 (putative) predisposition

genes with the abundance of CD8-positive cells in all breast cancers. Table S7.

28



Associations of protein truncating variants in 34 (putative) predisposition genes with the
abundance of CD20-positive cells in all breast cancers. Table S$8. Associations of (likely)
deleterious missense variants in 34 (putative) predisposition genes with the abundance
of CD20-positive cells in all breast cancers. Table $9. Associations of protein truncating
variants in 34 (putative) predisposition genes with the abundance of FOXP3-positive cells
in all breast cancers. Table S10. Associations of (likely) deleterious missense variants in
34 (putative) predisposition genes with the abundance of FOXP3-positive cells in all
breast cancers. Table S11. Associations of protein truncating variants in 34 (putative)
predisposition genes with the abundance of CD163-positive cells in all breast cancers.
Table S12. Associations of (likely) deleterious missense variants in 34 (putative)
predisposition genes with the abundance of CD163-positive cells in all breast cancers.
Table S13. Associations of protein truncating variants and (likely) deleterious missense
variants grouped across mechanisms of DNA damage repair with the abundance of CD8-
positive cells in all breast cancers. Table 514. Associations of protein truncating variants
and (likely) deleterious missense variants grouped across mechanisms of DNA damage
repair with the abundaiice of CD20-positive cells in all breast cancers. Table S15.
Associations of protein truncating variants and (likely) deleterious missense variants
grouped across mechanisms of DNA damage repair with the abundance of FOXP3-
positive cells in all breast cancers. Table S16. Associations of protein truncating variants
and (likely) deleterious missense variants grouped across mechanisms of DNA damage
repair with the abundance of CD163-positive cells in all breast cancers. Table S17.
Associations of protein truncating variants and (likely) deleterious missense variants
with the abundance of CD8-positive cells; sensitivity analyses only including non-carriers
without any other germline mutation in any other gene. Table S18. Associations of

protein truncating variants and (likely) deleterious missense variants with the

29



abundance of CD20-positive cells; sensitivity analyses only including non-carriers
without any other germline mutation in any other gene. Table S19. Associations of
protein truncating variants and (likely) deleterious missense variants with the
abundance of FOXP3-positive cells; sensitivity analyses only including non-carriers
without any other germline mutation in any other gene. Table S20. Associations of
protein truncating variants and (likely) deleterious missense variants with the
abundance of CD163-positive cells; sensitivity analyses only including non-carriers
without any other germline mutation in any other gene. Table S21. Associations of
protein truncating variants and (likely) deleterious missense variants with the
abundance of CD8-positive cells in triple-negative breast cancers. Table S22.
Associations of protein truncating variants and (likely) deleterious missense variants
with the abundance of CD20-positive cells in triple-negative breast cancers. Table S23.
Associations of protein truncating variants and (likely) deleterious missense variants
with the abundance of FOXP3-positive cells in triple-negative breast cancers. Table
S$24. Associations of protein truncating variants and (likely) deleterious missense
variants with the abundance of CD163-positive cells in triple-negative breast cancers.
Table S25. Associations of protein truncating variants and (likely) deleterious missense
variants grouped for the 12 known breast cancer predisposition genes with the

abundance of the CD8-, CD20, FOXP3- and CD163-positive cells in all breast cancers.

20260402_RareGermline_ImmuneAbundance_AdditionalFile2.xIsx
Additional file 2: Table S1. B-CAST study design information. Table S2. Details of staining

for the four immune markers.

REFERENCES

30



1. El Bairi K, Haynes HR, Blackley E, Fineberg S, Shear J, Turner S, et al. The tale of TILs
in breast cancer: A report from The International Immuno-Oncology Biomarker Working
Group. npj Breast Cancer. 2021;7(1):150.

2. Denkert C, von Minckwitz G, Darb-Esfahani S, Lederer B, Heppner Bl, Weber KE, et al.
Tumour-infiltrating lymphocytes and prognosis in different subtypes of breast cancer: a
pooled analysis of 3771 patients treated with neoadjuvant therapy. The Lancet Oncology.
2018;19(1):40-50.

3. Loi S, Schmid P, Aktan G, Karantza V, Salgado R. 40 - Relationship between tumor
infiltrating lymphocytes (TILs) and response to pembrolizumab (pembro)+chemotherapy (CT)
as neoadjuvant treatment (NAT) for triple-negative breast cancer (TNBC): Phase Ib
KEYNOTE-173 trial. Annals of Oncology. 2019;30:iii2.

4. Mahmoud SMA, Paish EC, Powe DG, Macmillan RD, Grainge MJ, Lee AHS, et al.
Tumor-Infiltrating CD8+ Lymphocytes Predict Clinical Outcome in Breast Cancer. Journal of
Clinical Oncology. 2011;29(15):1949-55.

5. Salgado R, Denkert C, Demaria S, Sirtaine N, Klauschen F, Pruneri G, et al. The
evaluation of tumor-infiltrating lymphocytes (TILs) in breast cancer: recommendations by an
International TILs Working Group 2014. Annals of Oncology. 2015;26(2):259-71.

6. Shou J, Zhang Z, Lai Y, Chen Z, Huang J. Worse outcome in breast cancer with higher
tumor-infiltrating FOXP3+ Tregs : a systematic review and meta-analysis. BMC Cancer.
2016;16(1):687.

7. Allison E, Edirimanne S, Matthews J, Fuller SJ. Breast Cancer Survival Outcomes and
Tumor-Associated Macrophage Markers: A Systematic Review and Meta-Analysis. Oncology
and Therapy. 2023;11(1):27-48.

8. Shen M, Wang J, Ren X. New Insights into Tumor-Infiltrating B Lymphocytes in Breast
Cancer: Clinical Impacts and Regulatory Mechanisms. Frontiers in Immunology. 2018;9.
9. Qin Y, Peng F, Ai L, Mu S, Li Y, Yang C, Hu Y. Tumor-infiltrating B cells as a favorable

prognostic biomarker in breast cancer: a systematic review and meta-analysis. Cancer Cell
International. 2021;21(1):310.

10. Stanton SE, Adams S, Disis ML. Variation in the Incidence and Magnitude of Tumor-
Infiltrating Lymphocytes in Breast Cancer Subtypes: A Systematic Review. JAMA Oncol.
2016;2(10):1354-60.

11. Stanton SE, Disis M, L. . Clinical significance of tumor-infiltrating lymphocytes in
breast cancer. Journal for ImmunoTherapy of Cancer. 2016;4(1):59.

12. de Jong VMT, Wang Y, ter Hoeve ND, Opdam M, Stathonikos N, Jéiwiak K, et al.
Prognostic Value of Stromal Tumor-Infiltrating Lymphocytes in Young, Node-Negative, Triple-
Negative Breast Cancer Patients Who Did Not Receive (neo)Adjuvant Systemic Therapy.
Journal of Clinical Oncology. 2022;40(21):2361-74.

13. Schmid P, Cortes J, Dent R, Pusztai L, McArthur H, Kimmel S, et al. Event-free
Survival with Pembrolizumab in Early Triple-Negative Breast Cancer. New England Journal of
Medicine. 2022;386(6):556-67.

14. Sayaman RW, Saad M, Thorsson V, Hu D, Hendrickx W, Roelands J, et al. Germline
genetic contribution to the immune landscape of cancer. Immunity. 2021;54(2):367-86.e8.
15. Nolan E, Savas P, Policheni AN, Darcy PK, Vaillant F, Mintoff CP, et al. Combined
immune checkpoint blockade as a therapeutic strategy for BRCA1-mutated breast cancer. Sci
Transl Med. 2017;9(393).

31



16. Ogony J, Hoskin TL, Stallings-Mann M, Winham S, Brahmbhatt R, Arshad MA, et al.
Immune cells are increased in normal breast tissues of BRCA1/2 mutation carriers. Breast
Cancer Research and Treatment. 2023;197(2):277-85.

17. Loi S. Tumor-infiltrating lymphocytes, breast cancer subtypes and therapeutic
efficacy. Oncoimmunology. 2013;2(7):e24720.
18. Emens L, Molinero L, Loi S, Rugo H, Schneeweiss A, Diéras V, et al. Atezolizumab and

nab-Paclitaxel in Advanced Triple-Negative Breast Cancer: Biomarker Evaluation of the
IMpassion130 Study. Journal of the National Cancer Institute. 2021;113(8):1005-16.

19. Samstein RM, Krishna C, Ma X, Pei X, Lee KW, Makarov V, et al. Mutations in BRCA1
and BRCA2 differentially affect the tumor microenvironment and response to checkpoint
blockade immunotherapy. Nat Cancer. 2021;1(12):1188-203.

20. Breast Cancer Association Consortium, Dorling L, Carvalho S, Allen J, Gonzalez-Neira
A, Luccarini C, et al. Breast Cancer Risk Genes - Association Analysis in More than 113,000
Women. N Engl J Med. 2021;384(5):428-39.

21. Indica Labs, Albuquerque, New Mexico, USA. HALO. v2.2.1870.17 ed.

22. Lee K, Seifert B, Shimelis H, Ghosh R, Crowley S, Carter N, et al. Clinical validity
assessment of genes frequently tested on hereditary breast and ovarian cancer susceptibility
sequencing panels. Genetics in Medicine. 2019;21(7):1497-506.

23. Schmidt M, Hogervorst F, van Hien R, Cornelissen S, Broeks A, Adank M, et al. Age- and
Tumor Subtype-Specific Breast Cancer Risk Estimates for CHEK2*1100delC Carriers. Journal
of Clinical Oncology. 2016;34(23):2750-60.

24. Kircher M, Witten DM, Jain P, O'Roak BJ, Cocper GM, Shendure J. A general
framework for estimating the relative pathogenicity of human genetic variants. Nat Genet.
2014;46(3):310-5.

25. Rentzsch P, Witten D, Cooper CM, Shendure J, Kircher M. CADD: predicting the
deleteriousness of variants throughout the human genome. Nucleic Acids Research.
2019;47(D1):D886-D94.

26. Dorling L, Carvalho S, Allen J, Parsons MT, Fortuno C, Gonzalez-Neira A, et al. Breast
cancer risks associated with missense variants in breast cancer susceptibility genes. Genome
Medicine. 2022;14(1):51.

27. Ferrari S, Cribari-Neto F. Beta Regression for Modelling Rates and Proportions.
Journal of Applied Statistics. 2004;31(7):799-815.
28. Douma JC, Weedon JT. Analysing continuous proportions in ecology and evolution: A

practical introduction to beta and Dirichlet regression. Methods in Ecology and Evolution.
2019;10(9):1412-30.

29. Geissinger EA, Khoo CLL, Richmond IC, Faulkner SIM, Schneider DC. A case for beta
regression in the natural sciences. Ecosphere. 2022;13(2):e3940.

30. Goldberg J, Pastorello RG, Vallius T, Davis J, Cui YX, Agudo J, et al. The Immunology of
Hormone Receptor Positive Breast Cancer. Front Immunol. 2021;12:674192.

31. R Foundation for Statistical Computing. R: A Language and Environment for
Statistical Computing. 2020.

32. Cribari-Neto F, Zeileis A. Beta Regression in R. Journal of Statistical Software.
2010;34(2):1 - 24.

33. Breast Cancer Association Consortium, Mavaddat N, Dorling L, Carvalho S, Allen J,
Gonzdlez-Neira A, et al. Pathology of Tumors Associated With Pathogenic Germline Variants
in 9 Breast Cancer Susceptibility Genes. JAMA Oncol. 2022;8(3):e216744.

32



34, Pagadala M, Sears TJ, Wu VH, Pérez-Guijarro E, Kim H, Castro A, et al. Germline
modifiers of the tumor immune microenvironment implicate drivers of cancer risk and
immunotherapy response. Nature Communications. 2023;14(1):2744.

35. Schreiber RD, Old LJ, Smyth MJ. Cancer immunoediting: integrating immunity's roles
in cancer suppression and promotion. Science. 2011;331(6024):1565-70.

36. Heijink AM, Talens F, Jae LT, van Gijn SE, Fehrmann RSN, Brummelkamp TR, van Vugt
MATM. BRCA2 deficiency instigates cGAS-mediated inflammatory signaling and confers
sensitivity to tumor necrosis factor-alpha-mediated cytotoxicity. Nature Communications.
2019;10(1):100.

37. Ou L, Zhang A, Cheng Y, Chen Y. The cGAS-STING Pathway: A Promising
Immunotherapy Target. Frontiers in Immunology. 2021;12.

38. Reislander T, Lombardi EP, Groelly FJ, Miar A, Porru M, Di Vito S, et al. BRCA2
abrogation triggers innate immune responses potentiated by treatment with PARP inhibitors.
Nat Commun. 2019;10(1):3143.

39. O’Meara T, Marczyk M, Qing T, Yaghoobi V, Blenman K, Cole K, et al. Imnmunological
Differences Between Immune-Rich Estrogen Receptor—Positive and Immune-Rich Triple-
Negative Breast Cancers. JCO Precision Oncology. 2020(4):767-79.

40. Ma H, Kang Z, Foo TK, Shen Z, Xia B. Disrupted BRCA1-PALB2 interaction induces
tumor immunosuppression and T-lymphocyte infiltration in HCC through cGAS-STING
pathway. Hepatology. 2023;77(1):33-47.

41. Morse CB, Toukatly MN, Kilgore MR, Agnew K!, Bernards SS, Norquist BM, et al.
Tumor infiltrating lymphocytes and homologous recombination deficiency are independently
associated with improved survival in ovarian carcinoma. Gynecologic Oncology.
2019;153(2):217-22.

42. Rizvi NA, Hellmann MD, Snyder A, Kvistborg P, Makarov V, Havel JJ, et al. Cancer
immunology. Mutational landscape deterniines sensitivity to PD-1 blockade in non-small cell
lung cancer. Science. 2015;348(6230):124-8.

43. Leon-Ferre RA, Jonas SF, Salgado R, Loi S, de Jong V, Carter JM, et al. Tumor-
Infiltrating Lymphocytes in Triple-Negative Breast Cancer. JAMA. 2024;331(13):1135-44.

44, Belli C, Duso BA, Ferraro E, Curigliano G. Homologous recombination deficiency in
triple negative breast cancer. Breast. 2019;45:15-21.

45. Sobral-Leite M, Van de Vijver K, Michaut M, van der Linden R, Hooijer GKJ, Horlings
HM, et al. Assessment of PD-L1 expression across breast cancer molecular subtypes, in
relation to mutation rate, BRCA1-like status, tumor-infiltrating immune cells and survival.
Oncoimmunology. 2018;7(12):e1509820.

46. Abubakar M, Duggan MA, Fan S, Pfeiffer RM, Lawrence S, Mutreja K, et al.
Unraveling the role of stromal disruption in aggressive breast cancer etiology and outcomes.
J Natl Cancer Inst. 2025;117(8):1673-88.

47. Groha S, Alaiwi SA, Xu W, Naranbhai V, Nassar AH, Bakouny Z, et al. Germline
variants associated with toxicity to immune checkpoint blockade. Nature Medicine.
2022;28(12):2584-91.

48. Taylor CA, Watson RA, Tong O, Ye W, Nassiri |, Gilchrist JJ, et al. IL7 genetic variation
and toxicity to immune checkpoint blockade in patients with melanoma. Nature Medicine.
2022;28(12):2592-600.

49, Wu B, Qi L, Chiang H-C, Pan H, Zhang X, Greenbaum A, et al. BRCA1 deficiency in
mature CD8&It;sup&gt;+&It;/sup&gt; T lymphocytes impairs antitumor immunity. Journal for
ImmunoTherapy of Cancer. 2023;11(2):e005852.

33



50. Goulielmaki E, loannidou A, Tsekrekou M, Stratigi K, Poutakidou IK, Gkirtzimanaki K,
et al. Tissue-infiltrating macrophages mediate an exosome-based metabolic reprogramming
upon DNA damage. Nature Communications. 2020;11(1):42.

51. Duan Z, Luo Y. Targeting macrophages in cancer immunotherapy. Signal
Transduction and Targeted Therapy. 2021;6(1):127.

52. Rojas-Rodriguez F. RareGermline_ImmuneBC. Github 2026 [Available from:
https://github.com/SchmidtGroupNKIl/RareGermline ImmuneBC.

34


https://github.com/SchmidtGroupNKI/RareGermline_ImmuneBC

