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Immune checkpoint blockade (ICB) has improved outcomes for patients with advanced cancer, but
the determinants of response remain poorly understood. Here we report differential effects of
mutations in the homologous recombination genes BRCA1 and BRCA2 on response to ICB in
mouse and human tumors, and further show that truncating mutations in BRCAZ2 are associated
with superior response compared to those in BRCAL. Mutations in BRCA1 and BRCAZ2 result in
distinct mutational landscapes and differentially modulate the tumor-immune microenvironment,
with gene expression programs related to both adaptive and innate immunity enriched in BRCA2-
deficient tumors. Single-cell RNA sequencing further revealed distinct T cell, natural Killer,
macrophage, and dendritic cell populations enriched in BRCA2-deficient tumors. Taken together,
our findings reveal the divergent effects of BRCA1 and BRCA2-deficiency on ICB outcome, and
have significant implications for elucidating the genetic and microenvironmental determinants of
response to immunotherapy.

Introduction

The initial success of immune checkpoint blockade (ICB) for the treatment of cancer
patients has invigorated interest in harnessing the anti-tumor potential of the immune system
across many cancer types. However, durable responses to ICB are limited to a minority of
patients. Our group and others have demonstrated that tumor cell-intrinsic characteristics
such as high tumor mutational burden (TMB)—a proxy for increased presentation of
immunogenic neoantigens—are associated with improved response to immunotherapy. 14 It
should be noted, however, that high TMB alone does not always predict ICB response.

Recent studies have suggested that alterations in the DNA damage response (DDR) pathway
may influence response to ICB. 35 Notably, mismatch repair (MMR) deficiency, which
results in microsatellite instability (MSI) and elevated mutational load, is an FDA-approved
biomarker for the clinical use of anti-PD1 therapy. © The homologous recombination (HR)
pathway is the next most commonly altered DDR pathway in cancer,  often due to genetic
alterations affecting the core genes BRCA1 or BRCAZ. The HR pathway can be altered by
somatic or germline mutations, 8 which predispose to different cancer types depending on
the mutation. For example, germline mutations in BRCAI are associated with estrogen
receptor (ER)-negative breast and ovarian cancers, whereas those in BRCAZ are associated
with ER-positive breast, ovarian, prostate and pancreatic cancers.

Recent reports have suggested that mutations in DDR and HR pathways may influence
response to ICB. 1.910 |n addition, there is burgeoning evidence suggesting that HR-
deficient cancers—in particular, breast and ovarian cancers—are characterized by
heterogeneous immune landscapes. 1112 However, rates of patient response to ICB in HR-
associated cancer types (breast, prostate, pancreatic, and ovarian) remain low, 1314 [ikely
stemming from an incomplete understanding of the genetic and microenvironmental
determinants of response to ICB in the setting of HR deficiency. Here we sought to explore
the impact of HR deficiency on the immune microenvironment and outcome after ICB
treatment in murine and human tumors.
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RESULTS

Pan-cancer pathway analysis demonstrates an association of homologous recombination
deficiency with improved response to immune checkpoint inhibitors

Using a pan cancer dataset of patients treated with ICB, 1516 we examined the effect of
somatic truncating mutations in genes from KEGG pathways on patient overall survival
(OS) after ICB administration (Fig. 1a). Truncating mutations in DNA repair pathways such
as nucleotide excision repair, mismatch repair and base excision repair were associated with
improved OS after ICB. Notably, mutations in genes of the HR pathway were associated
with improved OS (hazard ratio 0.55, p = 0.005, FDR < 0.10).

Syngeneic murine models of Brca2 deficiency demonstrate improved response to immune
checkpoint inhibitors

Given the association between HR genes and response to ICB and the fact that BRCAI and
BRCAZ are the two most recurrently mutated genes in this pathway, we sought to test the
functional impact of truncating mutations affecting these genes on the immune
microenvironment through multimodal genomic analyses of murine and human tumors (Fig.
1b). We first focused on the impact of mutations in BRCAZ, due to its core function in HR
repair and less pleiotropic role in other pathways. 1718 We used CRISPR-Cas9-nickase
genome editing to generate a murine orthotopic 4T1 breast cancer cell line with BRCA2
deficiency (Extended Data Fig 1). Using this isogenic murine model system, we observed
that Brca2™U!l cells were deficient in their ability to recruit Rad51 to sites of double strand
breaks after irradiation, and markedly more sensitive to the PARP inhibitor olaparib /in vitro
compared to the parental cell line (Fig. 2a—c). Karyotype analysis of Brca2"!!! cells revealed
evidence of increased chromatid breaks and exchanges consistent with genomic instability
(Fig. 2d and Extended Data Fig 2d). Taken together, these findings are consistent with a loss
of competent HR DNA repair in the 4T1 Brca2"!! cells. A similar approach was taken in a
second isogenic syngeneic system, the CT26 colorectal cancer model, to induce BRCA2
deficiency (Extended Data Fig. 2a—c,e—f). Whole-genome sequencing (WGS) of the 4T1
parental and Brca2™!! cells after passaging for 4 months revealed an accumulation of SNVs
and indels consistent with prior analyses of BRCA2-mutant human cancers (Fig. 2e).
Analysis of the mutational signature from these samples, after subtracting background
mutagenesis from parental cell lines, 1° demonstrated modest cosine similarity to previously
described mutational signatures associated with HRD, namely Signature 3 (Extended Data
Fig 3a—b). Importantly, deletions in the Brca2"!!' model were longer than 1bp and enriched
for microhomology at the breakpoints (Fig 2f & Extended Data Fig 3c), both cardinal
features of HRD.20.21

We next evaluated the immunologic consequences of BRCA2 deficiency using this isogenic
system. Flow cytometric analysis of tumor infiltrating lymphocytes in 4T1 mammary fat pad
tumors demonstrated increased proportions of CD4 and CD8 T cells (Fig. 2g). We
subsequently performed bulk RNA-sequencing (RNA-seq) from /in-vivo tumors to further
delineate the immune differences between 4T1 Brca2"!! and 4T1 Brca2WT tumors.
Differential expression analysis of 4T1 Brca2"!! and 4T1 Brca2WT tumors yielded 4,637
significantly differentially expressed genes at FDR < 0.05 (Extended Data Fig. 4a and
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Supplementary Table 1). An unbiased pathway analysis based on the differentially expressed
genes between 4T1 Brca2"!' and 4T1 Brca2WT tumors yielded processes related to T cell
activation and cell-cell adhesion, as well as several significant terms related to innate
immune and antiviral responses (Extended Data Fig. 4b). To further interrogate whether
these pathways were particularly enriched in 4T1 Brca2"U!l and 4T1 Brca2WT tumors, we
performed gene set enrichment analysis (GSEA) of 4T1 Brca2"!! and 4T1 Brca2WT tumors
using known signatures curated from MSigDb (Supplementary Table 1). Terms related to
immune response and T cell activation were strongly enriched in 4T1 Brca2"!l compared to
Brca2WT tumors (Extended Data Fig 4c—d). Extending our earlier pathway analysis, we
observed several terms related to cytokine signaling, IFNA signaling and Natural Killer cell
(NK)-mediated cytotoxicity enriched in Brca2"!!! compared to Brca2WT tumors (Extended
Data Fig. 4f—g). Curiously, terms related to epithelial to mesenchymal transition (EMT) and
angiogenesis were also enriched in this differential analysis (Extended Data Fig. 4b). Taken
together with the other pathways enriched in our differential expression analyses, these data
may suggest immunological consequences of EMT in Brca2"U!! tumors, such as tumor

associated macrophage activity, or even NK-mediated cytotoxicity as suggested by others.
22,23

Subsequently, we sought to investigate whether Brca2 deficiency would affect response to
immune checkpoint inhibitor therapy in this isogenic system. While parental mammary fat
pad tumors showed only limited response, 4T1 Brca2 deficient tumors exhibited significant
growth delay in response to anti-PD1 or combination anti-Pd1/anti-Ctla4 immune
checkpoint blockade treatment (Fig. 2h). A similar difference in response to anti-Pd1
therapy was observed between Brca2™!! tumors and a parental line in a CT26 colorectal
murine model (Fig. 2i). Further, similar results were obtained with additional 4T1 Brca2"u!!
and CT26 Brca2"!! clones (Extended Data Fig 2g-h). Increased T cell infiltration was
observed by immunofluorescence in 4T1 Brca2™!! tumors at baseline or after immune
checkpoint blockade (Figs. 2j and 2k). Taken together, these data demonstrate that in
isogenic murine models, Brca2 deficiency results in an inflamed tumor microenvironment
with improved response to ICB.

Mutations in Brcal and Brca2 mediate distinct mutational landscapes and effects on the
immune microenvironment in isogenic murine tumors

We next sought to determine if mutations in BRCA1 caused a similar effect on the tumor
microenvironment and response to ICB as mutations in BRCAZ. In the context of breast
cancers, BRCA1 germline mutations have been shown to be associated with a more
conspicuous inflammatory infiltrate than sporadic and BRCA2-deficient breast cancers, and
have been assumed to be one of the likeliest subsets of breast cancers to respond to ICB.
24,25 To investigate the role of BRCAL1 deficiency in an isogenic setting, we generated 4T1
Brca1™" cell lines using CRISPR-Cas9-nickase targeting. 4T1 Brcal™!! cells demonstrated
sensitivity to PARP inhibition (Fig. 3a,b). WGS of Brcal™!! cells revealed an accumulation
of SNVs, but a more modest increase in indels compared to Brca2™!! cells (Fig 3c).
Furthermore, the mutational signature of Brcal™u!! cells also demonstrated similarity to
signature 3, similar to Brca2™!! cells (Extended Data Fig 3d). Interestingly, although
deletion length and microhomology were increased in Brcal™!! cells compared to parental
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cells, these differences were more modest compared to Brca2"!!! cells (Fig 3d and Extended
Data Fig. 3e). Contrary to our expectations, 4T1 Brcal"!l tumors did not demonstrate an
increased response to Pd-1 or combination Pd-1/Ctla4 blockade, consistent with a previous
report on a Brcal™!! murine model and response to ICB (Fig. 3e). 26

Given the strikingly different responses to checkpoint blockade immunotherapy observed
between our BRCAL and BRCAZ2-deficient murine tumor models, we hypothesized that
deficiency in BRCA1 and BRCA2 may be associated with distinct tumor-immune
microenvironments. To explore the consequences of BRCAI and BRCAZ mutations on the
immune microenvironment, we performed comparative RNA-seq analyses of 4T1 Brca1!l
and Brca2"!! tumors. Immune deconvolution analysis revealed significant separation
between BRCA1- and BRCAZ2- deficient murine tumors (Fig. 3f, Permanova P = 0.01).
Differential expression analysis yielded 6,881 differentially expressed genes at FDR p < 0.05
(Extended Data Fig. 5a) and unsupervised pathway analysis of these genes identified
multiple terms related to T-cell cytotoxicity and antiviral responses enriched in Brca2!!
tumors relative to Brcal™!! tumors (Extended Data Fig. 5b). GSEA revealed terms related to
TCR signaling and cytotoxic Th1 responses (Fig 3g—h and Supplementary Table 2).
Moreover, direct examination of significantly differentially expressed genes between
Brca2"! and Brcal™! tumors yielded programs related to interferon gamma signaling, T
cell activation and antigen presentation (Extended Data Fig. 5¢c—¢) upregulated in Brca2'!
tumors, suggesting that Brca2 deficiency may drive both adaptive and innate immune
activation. Furthermore, GSEA yielded pathways related to innate immune activity were
enriched in Brca2™!l tumors (Extended Data Fig. 5f~h and Supplementary Table 2).
Furthermore, comparative analysis of RNA-seq from Brca2"!!! and Brca1™!! tumors after
treatment with anti-Pd1 demonstrated similar programs upregulated in Brca2"U!! tumors
(Extended Data Fig. 6).

We next sought to isolate tumor intrinsic effects of Brcal and BrcaZ alterations, and thus
conducted differential gene expression analysis between 4T1 Brcal™!! and Brca2n!!! cell
lines in in vitro culture system. We noted differential expression of several genes associated
with regulatory, checkpoint or immunosuppressive activity in Brcal™!! cell lines compared
to Brca2™! cell line, including Arg1, Braf, Cd276, Cxcl5, Hmgbl, Tgfb2, Tofbrl and
Tofbr2at FDR < 0.05 (Extended Data Fig. 5i and Supplementary Table 3). Brca2"!! cell
line upregulated factors previously associated with innate immune cell activation including
Adoral, I/33and Whnt5a. 27-2° (Extended Data Fig. 5i). These differences, coupled with our
murine data suggesting increased immune activation due to BRCAZ2 deficiency, led us to
hypothesize that Brcal deficiency may result in up-regulation of genes with
immunoregulatory or suppressive activity. To evaluate this hypothesis, we constructed a gene
set from the literature comprised of immunoregulatory and immunosuppressive genes
(Supplementary Table 4). 39-34 We evaluated differential enrichment of the gene set between
Brcal™!l Brca2™!! cell lines in culture using GSEA. This analysis revealed enrichment in
Brcal™!! cells when compared to Brca2™!! cells (Fig. 3i and Supplementary Table 3). Genes
in the leading edge of the analysis driving enrichment of the gene set in Brca1™!! cells
included multiple immunoregulatory genes such as Idol, Vitcnl, Cxcl5, Pdgfe, Vsir, Pdedd,
and EntpdI (Supplementary Table 3). These data suggest that tumor-cell intrinsic up-
regulation of genes associated with immunosuppression may occur in BRCAZ1-deficient

Nat Cancer. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Samstein et al.

Page 6

cancers, as previously suggested by others. 34-36 Altogether, these data suggest that in an
isogenic setting, mutations in Brcal and BreaZ lead to distinct immune microenvironments.

Distinct tumor-immune microenvironments in BRCA1 and BRCA2- deficient tumors from

TCGA

To define the differences in the tumor-immune microenvironment between BRCA1-and
BRCA2-deficient tumors observed in our murine data, we analyzed RNA-seq data from
patients with pathogenic biallelic mutations in BRCAI or BRCAZin the Cancer Genome
Atlas (TCGA\) breast cancer dataset 37 We first performed single sample GSEA (ssGSEA)
using gene sets for well-characterized immune populations followed by an exploratory
principle component analysis, which demonstrated that tumors with germline or somatic
biallelic BRCA1 or BRCAZ pathogenic mutations formed two distinct clusters, particularly
with respect to innate immune populations (Fig. 4a and Extended Data Fig. 7a-b).

We next performed GSEA analyses using the immunoregulatory gene set evaluated in our
murine data. To control for previously published immunological differences between
estrogen receptor (ER)+/- tumors, BRCA1 and BRCA2-deficient tumors were compared to
each other (Fig. 4b and Supplementary Table 5) and to their non-mutated histological
counterparts (Figs. 4c and 4d). BRCA1-deficient triple-negative tumors (TNBCs, i.e. lacking
ER, progesterone receptor and HER2 expression) were enriched in the immunoregulatory
gene set when compared to BRCA1 -proficient TNBCs (Supplementary Table 5), whereas
this was not the case for BRCA2-deficient tumors and their histologic controls
(Supplementary Table 5), suggesting a BRCAL-specific immunoregulatory effect. This
difference in enrichment of the immunoregulatory gene set between BRCA1-deficient and
BRCA2-deficient tumors was validated in the METABRIC dataset (Fig. 4e and
Supplementary Table 5). 38 Genes in the leading edge of the GSEA that overlapped between
the TCGA and METABRIC datasets included several regulatory and checkpoint molecules
such as CD47, CTLA4, CXCLS5, ICOS, IDO1, LAG3, PDCD1L G2, SIRPA, TNFRSF9 (4—
1BB) and VEGFA (Supplementary Table 5). These results suggest that the tumor-immune
microenvironmental differences between BRCAL and BRCAZ2-deficient tumors may be
partially driven by tumor-cell intrinsic consequences of BRCAL loss.

Interestingly, BRCA1-and BRCAZ2-deficient breast tumors were recently associated with
distinct patterns of genomic alterations including increased single nucleotide variants
(SNVs) and insertions or deletions (indels) with microhomology in BRCA2 deficient
tumors, whereas BRCA1 deficient tumors had elevated levels of large rearrangements and
tandem duplications. 20:39:40 Indeed, we found that BRCA2 deficient ER+ tumors had higher
numbers of SNVs and indels, and thus, predicted neopeptide counts indicative of heightened
potential immunogenicity, whereas levels of these alterations in BRCA1-deficient TNBCs
were not significantly different from BRCA1/BRCAZ wild-type TNBCs (Extended Data
Fig. 7c—e). Evaluation of single-nucleotide substitutions demonstrated BRCA2 deficient
tumors were more distinct from their histologic controls than BRCA1 deficient tumors,
although differences in signature 3 were minimal between the two (Extended Data Fig. 7f-
h). BRCAZ2 deficient tumors also had a more pronounced difference in the distribution of
indel lengths compared to histologic controls than BRCA1 deficient tumors (Extended Data
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Fig. 7i). These results mirror findings from isogenic Brcal and Brca2 deficient murine
tumor models, and together suggest that differences in the mutational landscape between
BRCAI1and BRCAZ may partly contribute to differences in immunogenicity. Furthermore,
relative to BRCA2-deficient tumors, BRCA1-deficient tumors were associated with
increased levels of copy number alterations across the genome (Extended Data Fig. 7j-I),
which have been linked to worse response to immunotherapy. 4142 These results suggest that
in human tumors, mutations in BRCA1 and BRCAZ differentially modulate the tumor-
immune microenvironment which may be partially due to distinct mutational and copy-
number profiles.

Differential response to ICB in patients with BRCA2 deficiency compared to BRCA1

mutations

Given the improved response to ICB observed in our Brca2™!! murine tumors compared to
our Brcal™!! models and the distinct tumor-immune microenvironments observed between
BRCAZ1-deficient and BRCA2-deficient murine and BRCAI-and BRCAZ-associated human
tumors, we hypothesized that patients with pathogenic mutations in BRCAZI and BRCAZ2
would respond differently to ICB. Accordingly, in an exploratory retrospective analysis, we
analyzed a pan-cancer cohort of patients profiled with the FDA-approved MSK-IMPACT
targeted capture sequencing assay with identifiable somatic or germline truncating mutations
in BRCAZ. 1516 Following manual curation and review of radiographic responses of
identifiable patients, we noted a 44.4% rate of clinical benefit among patients receiving ICB
with truncating BRCAZ germline or somatic mutations across multiple cancer types (n=18,
Figure 4f). As many patients receiving MSK-IMPACT did not have consent for germline
testing, we received IRB approval to call germline variants and perform an anonymized
analysis of overall survival after ICB. On univariable cox regression analysis, we found that
truncating germline or somatic mutations in BRCAZ were associated with improved overall
survival after ICB (N = 67; Hazard ratio 0.48, 95% CI 0.29-0.80, P = 0.004) relative to
truncating mutations in BRCAI (N = 28; Hazard ratio 0.76, 95% CI 0.48-1.54, P = 0.45)
(Fig. 49). Moreover, on multivariable analysis, the effect of BRCAZ mutations on improved
overall survival after ICB also remained significant after controlling for other clinical
covariates (HR 0.50, 95% CI1 0.30-0.83, P = 0.008) (Fig. 4h). Thus, pathogenic mutations in
BRCAIand BRCAZ differentially modulate the tumor-immune microenvironment and
response to ICB, though prospective validation of these findings will be required before they
can be utilized in a clinical setting.

Single cell sequencing reveals enrichment of distinct lymphoid and myeloid
subpopulations in BRCA2 and BRCA1-deficient tumors

To further explore the mechanisms driving improved response to ICB in BRCA2-deficient
tumors and resistance with BRCAZ1-deficiency, we next sought to study the specific immune
cell types that differ between Brca2"!! and Brcal™!! murine tumors. Thus, we performed
single cell RNA-sequencing of all CD45+ cells sorted from ICB-untreated 4T1 Brcalull
Brca2"!l and WT tumors. 53136 cells passed quality control (Methods and Extended Data
Fig. 8a—c), of which 10963, 19691, and 22482 cells were derived from Brcal™!! Brca2nu!l,
and WT murine tumors, respectively. Dimensionality reduction followed by Phenograph
clustering yielded 25 distinct clusters (Fig. 5a), 43indicating marked heterogeneity within the
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immune compartment comprised of various lymphoid and myeloid populations (Fig. 5b) and
consistent with recent reports. 11

We next sought to phenotype the specific T cell clusters within the microenvironment of
Brcal™u!l Brca2!! and WT tumors. Analysis of previous established marker genes yielded
significant heterogeneity in T cell state, with distinct cytotoxic, memory and exhausted
populations infiltrating the microenvironment (Fig. 5¢c—d). Clusters 0 (C0) and C9 were the
two principal Cd8a+T cell clusters, with CO demonstrating hallmarks of naive T cells, i.e.
expression of Tcf7 and Sell. Curiously, this cluster also demonstrated markers typical of an
alternatively activated or innate-like phenotype, characterized by high expression of the
cytotoxic markers Nkg7and Ly6c1/2. C9 resembled conventional Cd8a+exhausted T cells,
demonstrating high expression of Pdcd1, Lag3, and Tnfrsf18. C12 displayed scattered
expression of both Ca8aand Cd4, and also expressed markers of activation and
proliferation, i.e. Mki67, TopZa, and Birc5. Similar to Ca8a+ T cells, we also detected
heterogeneity within the Ca4+ T cell compartment. The Ca4+ T cell clusters C1, 3, and 5
demonstrated similar transcriptional profiles, with subtle differences in marker gene
expression. For example, C1 was distinguished by high expression of arginosuccinate
synthase (Assl), previously implicated in overcoming arginase induced immunosuppression
by Cd4+T cells. 44 C4, another Cd4+T cell cluster, expressed markers of interferon
signaling such as Stat? and /fit1/3while C5 is composed by Ca4+ T cells expressing high
levels of LefZ and 7¢f7, previously characterized as genes defining T cell states associated
with response to ICB in melanoma. 4° Finally, C6 expressed markers of activation and
memory such as K/f6, Gzmb, and Cd44, and scattered expression of Pdcdl.

We next asked whether particular subpopulations were differentially enriched in Brca2"u!! or
Brcal™! tumors. Indeed, we observed significant differences in cluster proportions between
Brca1™!l Brca2ull and parental tumors (Fig. 5e and Extended Data Fig 8d). Critically, we
observed enrichment of the conventionally activated/exhausted Cad8a+ Pdcd1+ cluster C9, as
well as Cd4+ clusters C5 and C6, in Brca2"U!! cells relative to Brecal™!lcells (Fig. 5e).
Notably, we noted significant enrichment of NK cells (C24) in Brca2"U!! tumors relative to
Brcal™! tumors (Fig. 5e). These data suggest that Brcal and Brca2 loss differentially affect
the lymphoid compartment of the tumor-immune microenvironment, and reveal that both
Cd4+and Cd8a+ subsets, along with NK cells, may differ in proportion between Brca1"ull
and Brca2"!! tumors. Importantly, the prevalence of cytotoxic and exhausted Cd4+and
Cd8a+ populations in Brca2"U!l tumors may suggest that these cell types may also underlie
differential responses to ICB. Moreover, these results are consistent with and extend those
observed in our bulk RNA-seq analyses, in which terms related to Ca8a+and Cd4+T cell
activation, as well as innate immunity were also observed.

Given the enrichment of innate immune genes revealed by bulk RNA-seq analysis coupled
with increased NK infiltration in Brca2™!l tumors observed in single cell analysis of
lymphoid populations, we next sought to assess the diversity of myeloid populations in
Brcal"u!l and Brca2"U!! tumors. Re-clustering of all Cd3-/Ca14+ populations yielded 11
clusters (Fig. 6a), composed of predominantly of tumor-associated macrophage (TAM) and
dendritic cell populations. Broadly, TAMs within the breast microenvironment expressed
combinations of pro-inflammatory and suppressive markers such as Argl, Nos2, Vegfa,
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Apoe, and TremZ2 (Fig. 6¢—d). In addition, some TAM populations were characterized by
high expression of interferon signaling genes, such as /fitm1/3, and /sg15.

Recent reports have described extensive macrophage infiltration in breast tumors, 46 and
others have described remodeling of the myeloid compartment after ICB. 47 Consistent with
and extending these data, we found that TAMSs were differentially enriched in Brca1™!! and
Brca2™!l tumors, such as TAM C3 enriched in Brca2"!! tumors relative to Breal™!! tumors,
which displayed high expression of pro-inflammatory signaling markers /sg15and T/r4, as
well as Cc/3 (Fig. 6d—e). A similar effect was observed for C6, which expressed the pro-
inflammatory markers //122and Ccr9 (Fig. 6d—e) and was enriched in Brca2™/ cells.
Interestingly, we also observed enrichment of plasmacytoid dendritic cell populations (C8)
in Brca2"!!! cells relative to Brcal™!! cells (Fig. 6e and Extended Data Fig. 8b). In contrast,
several TAM populations (e.g. C4) expressing immunosuppressive markers such as Pal1,
Vegfa, Anxal and Mmp8, as well as the pro-inflammatory marker AosZ, were enriched in
Brca1™ cells (Fig. 6e). Further, flow cytometry analysis demonstrated enrichment of
cytotoxic T cell populations and dendritic cells in Brca2™!l tumors relative to Brca1™!!
tumors (Extended Data Fig. 9a-b), and immunosuppressive TAM populations in Brca1™!!
tumors relative to Brca2™!! tumors (Extended Data Fig. 9a-b).

Finally, we sought to clarify the cellular states differentially enriched in these Brcal and
Brca2-deficient tumors after ICB administration (Fig 7a—b, Extended Data Fig 10a—d). We
first examined the enrichment of multiple T cell populations in Brca2"u!! tumors treated with
Pd-1/Ctla4 blockade (Extended Data Fig 10d). Two of these clusters were Cd8a+, with one
expressing high levels of 7cf7and Lef1 (Fig 7a,c), previously reported to be important for
ICB response. 4° Importantly, the other T cell cluster expressed high levels of the cytotoxic
markers Gzmb/k, as well as Pdcdl (Fig 7a,c). Consistent with our untreated analysis, we
found a Ca4+ cluster expressing high levels of //7rand 7cf7also enriched in Brca2nu!l
tumors (Fig. 7a,c). Within the myeloid compartment, both pro-inflammatory TAMs and
cDC1s were enriched in Brca2™u! relative to Brcal™!! tumors, consistent with our untreated
analyses.

Taken together, our single cell analyses support the notion that the improved response to ICB
observed in Brca2"!!l models and tumors may rely not only on T cells, but also on
components of the innate immune system, and are observed in both the ICB-naive and
treated settings.

Discussion

Using human tumors and isogenic murine models, we show that BRCA1 and BRCAZ2 loss
differentially modulate the tumor-immune microenvironment and response to checkpoint
blockade immunotherapy. Prior data have described BRCA-mediated effects on the tumor-
immune microenvironment. 40:48.49 However, to our knowledge, our study is the first to
directly compare the effect of BRCAL and BRCA2 loss on the microenvironment, and to
provide evidence that they may have distinct consequences on tumor immunity and response
to ICB.
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Our results demonstrating lack of response to ICB in our Brcal™!! pre-clinical ICB models,
coupled with transcriptomic analysis, may help explain this important emergent paradox:
although Brca1™!! tumors have been classically described as harboring increased
lymphocyte and T cell infiltration, 26:48.50-52 responses to ICB in patients with triple-
negative breast cancer and BRCAI germline mutations have remained low. 3:54 These data
imply that the increased T cell infiltration in Brca1™!! tumors alone may not be enough to
facilitate response to ICB and suggests pleiotropic effects of BRCAL-deficiency may drive
immunoregulatory processes that limit response. 3°

Our analyses also suggest that BRCAZ2 deficiency is associated with increased
immunogenicity, and improved response to ICB. The data suggest that there may be
previously uncharacterized interactions between BRCA2 and the innate immune system
mediated by NK, macrophage and dendritic cell populations. While several recent studies
highlighted potential effects of BRCA deficiency on pro-inflammatory responses
particularly with PARP inhibition, 5-58 here we make the observation that gene expression
programs and immune cell populations related to innate immunity are specifically enriched
in Brca2"!!l tumors relative to Brcal™!! tumors. Although the exact mechanism of
differential 1CI sensitivity in BRCA mutant tumors are the subject of further investigation,
our work highlights several potential mechanisms that may contribute. In particular, analysis
of bulk and single cell RNA-sequencing from murine tumors revealed distinct immune
landscapes. Multiple T cell phenotypes--including cytotoxic, memory, and exhausted
populations--were enriched in Brca2"u!l tumors relative to Brcal™!! tumors. In comparison,
Brcal™! tumors were further associated with immunosuppressive myeloid populations that
may inhibit cytotoxic T cell responses. These findings were detected in both the ICB-naive
and treated settings. Consistent with these data from mouse models, in human tumors,
Brcal™! tumors were associated with up-regulation of an immuno-regulatory expression
program including alternative checkpoints, that may result in additional ICI resistance
mechanisms. Moreover, we found expression of multiple genes in immune-deficient tumor
cell lines that may drive the differences in immune infiltration tumors, suggesting tumor-cell
intrinsic differences between BRCAland BRCAZ2 deficiency. Lastly, the differential
mutational landscape associated with BRCA1- and BRCA2-deficient tumors on murine
WGS and human WES may be associated with more immunogenic indel alterations and
resulting potential neoantigens as well as decreased copy number changes associated with
immunosuppression in BRCAZ2-mutant tumors. Our study warrants further exploration of the
exact mechanisms by which BRCAI and BRCAZ mutations may bring about different
immune microenvironments and their respective interactions with the immune system more
generally.

Furthermore, using a large pan-cancer cohort with germline and somatic targeted
sequencing, we demonstrate an association between truncating mutations in BRCAZ, but not
BRCA1, and improved outcomes after ICB. While our clinical analysis remains exploratory,
the data are consistent with multiple previous reports of improved response in BRCA2-
deficient tumors and limited response with BRCA1-deficiency, 1:3:10:26.53,54,59.60 gome
studies have considered BRCAI and BRCAZtogether or as part of a larger panel of DDR-
related genes. ® While definitive evidence will require prospective evaluation of ICB
response in cohorts of patients with BRCAI and BRCAZ mutations, our results have
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significant implications for the design of future clinical trials and highlight a possible
fundamental difference in the mechanism by which these two canonical tumor suppressors
mediate anti-tumor immunity.

Description of Patient Cohorts

As previously described, 16 after receiving institutional review board approval from the
Memorial Sloan Kettering Cancer Center, institutional pharmacy records were used to
identify patients who received at least one dose of immunotherapy (atezolizumab, avelumab,
durvalumab, ipilimumab, nivolumab, pembrolizumab, or tremelimumab) and then cross-
referenced with patients who had MSK-IMPACT testing done in the context of routine
clinical care. MSK- IMPACT is a targeted panel that contains either 341, 410 or 468 genes
depending on when the testing was performed although the majority of the patients in the
analysis treated with immunotherapy were sequenced with the most recent 468 gene panel.
The majority of patients who received MSK-IMPACT testing on tumor tissue are enrolled on
an institutional IRB-approved research protocol (NCT01775072) with the remaining patients
receiving testing as part of routine clinical care. Details of tissue processing and next
generation sequencing and analysis have been previously described. 162 For the analyses
presented in this study, we obtained next-generation sequencing data and associated clinical
data for 24,459 patients available on the cBioportal. Identifiable germline data is available
on patients consented to an optional part of the institutional protocol permitting germline
analysis (N = 5,745). In order to comprehensively analyze the role of germline and somatic
mutations in the entire cohort of patients treated with ICB, original sequencing files and
relevant clinical data (overall survival from ICB administration) were anonymized by a third
party without investigator access to the original patient identification. We analyzed 2185
patients treated with anti-CTLAA4, anti-PD1, anti-PDL1, or a combination of all three drugs
between 8/19/2010 and 4/4/2017. For assessment of treatment response only, patients in the
germline consented cohort or patients with somatic mutations were used for analysis and
MSI tumors were excluded. Patients who were deceased prior to receiving a diagnostic scan
on ICB therapy (10 patients) or who did not have evaluable disease for response assessment
(22 patients) were excluded from response analysis. Remaining patients had their responses
independently assessed by three physicians, including 18 patients with truncating BRCAZ2
mutations. Clinical benefit was defined as complete response, partial response or stable
disease for greater than 6 months). Response assessment was performed by clinician review
and independently validated. Due to small numbers of identifiable patients with BRCAI-
mutations (n=9), responses for patients with BRCAI mutations were not analyzed. For
TCGA analysis, patients with biallelic pathogenic germline mutations and somatic mutations
from the breast cancer cohort were obtained as described previously. 37

Somatic and Germline Mutation Assessment

For patients receiving MSK-IMPACT testing, those with and without truncating somatic
mutations (defined as frameshift, intragenic, and nonsense mutations) in KEGG pathways
were input into a Kaplan-Meier survival analysis. Mutations for analysis in Figure 1a were
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obtained using the previously described CLIA-certified MSK-IMPACT mutation pipeline
based on Mutect.

61.63 Mean coverage in target genes was 1,304X. To identify somatic single nucleotide
variants (SNVs) in MSK-IMPACT data from raw data, we used a pipeline that integrates
mutation calls from four different callers: MuTect 1.1.4, Strelka 1.0.3, SomaticSniper 1.0.4,
and Varscan 2.3.7. 64

All tools are used with parameters recommended by the authors and the union of all called
mutations was used. Germline variants were determined using HaplotypeCaller, %° and those
with normal allele frequency <= 0.01 were filtered out of further analyses. Insertions and
deletions were determined using Varscan and Strelka 1.0.3 with default settings. SNVs with
an allele read count of less than 4 or with corresponding normal coverage of less than 7
reads were filtered out. Mutations are annotated using SnpEffect and SnpSift Version 4.3. 66
Indels with tumor allele frequency less than 0.04 were filtered out. The total number of
somatic mutations identified was normalized to the exonic coverage of the respective MSK-
IMPACT panel in megabases to calculate the TMB. Mutations in driver oncogenes were not
excluded from the analysis. As a significant portion of patients who received ICB in the
study did not consent to evaluation of germ-line DNA, we anonymized a subset of clinical
data and BAM files and recalled somatic and germline variants using our standard mutation
pipeline. For analysis of ICB-treated patients, we considered mutations to be likely
pathogenic if they met one of the following three criteria: (1) a germline truncating or frame-
shift mutation (2) germline variants curated by our institutional clinical genetics service as
pathogenic (3) somatic mutations that are truncating or frame-shift. Detection of loss of
heterozygosity (LOH) on MSK-IMPACT data was not performed due to reduced sensitivity
secondary to limited heterozygous SNPs on the targeted panel. For all TCGA analysis,
biallelic pathogenic mutations were identified as described previously. 37 Briefly, somatic
mutations for each individual cancer were determined from mutation annotation files (MAF)
obtained from Broad firehose (1/28/16). Germline variant in TCGA samples were detected
with HaplotypeCaller from the Genome Analysis Toolkit (GATK v.3/3) in the gvcf mode
with default settings, and only those detected both in tumor and normal tissue were retained.
Additional details on germline pipeline analysis are available at https://github.com/rj67/
germVar2. Allele specific copy number information was generated using ASCAT. Deletions
were examined for microhomology along the deletion sites as calculated by counting the
maximum number of matched sequences along the deleted site, compared with the deleted
sequences. The following script (https://github.com/ipstone/modules/blob/master/summary/
calc_delmh.py) with the respective human genome reference is used to calculate the
microhomology sequences. The proportion of deletions with microhomology is obtained by
dividing the number of deletions with microhomology sequences with the total number of
deletions in the sample.

Gene Set Selection for IMPACT pathway analysis

For pathway analysis shown, KEGG gene sets (excluding cancer and disease genesets)
obtained from MsigDB were filtered on genes contained within the MSK-IMPACT panel.
Of note, 52 pathways out of 186 are represented by at least 2 genes in the pathway and

Nat Cancer. Author manuscript; available in PMC 2021 December 01.


https://github.com/rj67/germVar2
https://github.com/rj67/germVar2
https://github.com/ipstone/modules/blob/master/summary/calc_delmh.py
https://github.com/ipstone/modules/blob/master/summary/calc_delmh.py

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Samstein et al.

Page 13

characterized biological processes (rather than pathological states) and were used for
analysis. Any patient with a truncating (stop gained or frameshift) mutation in any gene
within the pathway was considered altered and log rank overall survival analysis was
conducted from time of ICB administration between patients with a truncating alteration in
the pathway vs. no alteration in the pathway.

Generation of Mouse cell lines

All cell lines were obtained directly from ATCC prior to experimentation. CRISPR-Cas9-
nickase editing was performed according to a published protocol. 87 pSpCas9n(BB)-2A-
GFP (PX461) was a gift from Feng Zhang (Addgene plasmid # 48140). Briefly, optimize
guide RNAs were designed and clones into the PX461 plasmid (Brca2:
GATACAATTCTGAACCTCCGG and GAAAGCTCCTCAAACCAATTG, Brcal:
GACTCCTTCCCAGGACAACT and GTTCATGAATACTGCCCGAGC). Transient
transfection was performed using GenJet (SignaGen) reagent according to manufacturer
instructions and individual GFP positive cell were sorted into single wells containing culture
medium. Single cell derived colonies were gradually expanded and screened for frameshift
mutations in all alleles using targeted PCR of the locus followed by TOPO-TA cloning
(Invitrogen) and sequencing of up to 20 colonies. Cells were maintained in culture for 3
additional months (4 months total) to allow phenotypic accumulation of mutations prior to
sequencing and /in vivo experiments.

Immunofluorescence and Quantification

Cells were plated at 50% confluence in chamber well slide overnight and sham treated (0
Gy) or irradiated using a Shepherd Mark-1 137Cesium irradiator to a dose of 10 Gy. After 4
hour incubation, cells were fixed in 2% paraformaldehyde and 0.1% Triton X-100 in PBS
for 30 minutes at room temperature. Cells were washed with PBS and permeabilized with
0.5% Triton-X 100 in PBS for 10 minutes at room temperature followed by blocking with
10% calf serum for 1 hour at room temperature. rabbit anti Rad51 1gG (Calbiochem PC-130,
1:400 dilution), mouse anti-gH2AX IgG (Millipore Cat# 05-636, 1:500 dilutions) in
humidified chamber 2 h at room temperature. Slides were washed 3 times and incubated
with Alexa-fluor 488 conjugated goat anti-rabbit IgG ( Molecular Probes/invitrogen,
Carlsbad, CA 1.7 ug/ml, 1:1000), Alexa-fluor 594-conjugated goat anti-mouse 1gG
(Molecular Probes/invitrogen, Carlsbad, CA 1.7 ug/ml, 1:1000) for 1 hr at room temp
followed by washing 3x and mounting with DAPI (ProLong Gold, Life Technology)
according to manufacturer’s instructions. Images were obtained using a Zeiss LSM 510
confocal microscope. Quantification was performed using CellProfiler to estimate the
number of foci per nucleus and the percent of nuclei with greater than 5 foci were
considered positive.

In vitro PARP sensitivity assay

Number of cells were quantified using Vi-cell (Beckman) and 500 4T1 parental or Brca2"ul!
cells were plated in a 96 well plate with increasing concentrations of olaparib (AstraZeneca).
After 96 hours the number of viable cells were quantified using CellTiter-Glo luminescent
cell viability assay (Promega).
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Karyotyping analysis

Cultures were treated with colcemid at a final concentration of 0.1 ug ml~1 for 45 min at 37
°C. The cultures were then trypsinized and resuspended in pre-warmed 0.075 M KClI
followed by incubation for an additional 10 min at 37 °C and fixation in methanol:acetic
acid (3:1). The fixed cell suspension was then dropped onto slides, stained in 0.08 ug ml=2
DAPI in 2xSSC for 5 min and mounted in antifade solution (Vectashield, Vector Labs).
Metaphase spreads were captured using a Nikon Eclipse E800 epifluorescence microscope
equipped with GenASI Cytogenetic suite (Applied Spectral Imaging). Chromatid breaks
were counted as single break events, exchanges resulting in tri-radials/quadri-radials as two
break events, and other complex exchanges were converted into the minimum number of
breaks required for their theoretical reconstruction. Since the baseline karyotype in the
parental lines were highly abnormal and heterogenous, chromosome-type aberrations were
not scored.

Whole genome sequencing of murine tumor cell lines

For isogenic mouse models (4T1-parental, 4T1- Brca2™!l 4T1- Brca1"u!l), samples were
cultured for four months followed by isolation of individual single-cell clones and expansion
for sequencing. DNA was extracted and sequenced at 74 — 106x (median 80x) coverage.
FASTQ files were aligned to MM10 mouse reference with bwamem v0.7.15. Somatic
mutations were called with VarScan v2.4.3, Strelka v2.9.10, Platypus 0.8.1, Mutect2 (part of
GATK 4.1.4.1) and SomaticSniper 1.0.5.0 (for SNVs only). DNA from a 4T1 parental
single-cell clone at time 0 was used as normal. For SNVs, the following filtering parameters
were applied: called by at least 2 callers, covered by more than 50 reads in tumors and more
than 7 reads in normals, with >10 reads supporting the mutation, mutant allele fraction
(MAF) 210%, and less than 1% reads supporting the mutation in the normal (Tcov > 50 &
Tac > 10 & Taf >= 0.1 & Ncov > 7 & Naf <= 0.01). Indels were filtered firstly in the same
way as SNVs, and then further filtered by those identified by at least 3 callers. Indels reside
in the blacklisted regions (https://www.encodeproject.org/annotations/ENCSR636HFF/), and
low mappability regions (such as repeat maskers) are excluded. Mouse isogenic samples’ 96
base substitution profiles were calculated with the trinucleotideMatrix function from the
maftools package. Background mutation profiles (average from the 4T1-parental controls)
were subtracted from Brcal™!l and Brca2"U!l samples’ profiles. 19 After background
subtraction, the resulting mutation profiles were further adjusted by multiplying the
trinucleotide context ratio between the human genome (hg19) and mouse genome (MM10).
The resulting SNV 96 channel mutation profiles were finally compared within subclones or
COSMIC Signature-3 by calculating the cosine similarity using the cos_sim_matrix function
from the mutationalPatterns package. 58 Deletions were examined for microhomology along
the deletion sites as calculated by counting the maximum number of matched sequences
along the deleted site, compared with the deleted sequences. The following script (https://
github.com/ipstone/modules/blob/master/summary/calc_delmh.py) with the respective
mouse genome reference is used to calculate the microhomology sequences. The proportion
of deletions with microhomology is obtained by dividing the number of deletions with
microhomology sequences with the total number of deletions in the sample.
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Mouse experiments

For the breast cancer model, 1 x 10° 4T1 cells in 50 ul of PBS were injected into the
mammary fat pad of 67 week old female Balbc/J mice (Jackson Laboratories) under
isofluorane or ketamine anesthetic along with analgesics. For the colorectal cancer model, 2
x 10° CT26 cells in 100 pl of PBS were injected into the left flanks subcutaneously of 6-7
week old female Balbc/J mice (Jackson Laboratories). Mice with clinically palpable tumors
(2 mm in diameter) were randomized into indicated treatment arms. 1gG (2A3, Bioxcel,
100ug), anti-Pd-1 (RMP1-14, Bioxcel 100ug), or anti-Ctla4 (9H10, Bioxcel 250ug),
antibodies were administered intraperitoneally in 100 ul of PBS twice weekly (q3—4 days).
Tumor volumes were measured twice weekly using calipers and calculated by the formula:
2

w. All mouse experiments shown were repeated at least twice to ensure

reproducibility. Mice were euthanized by carbon dioxide prior to necropsy.

Quantitative RT-PCR

cDNA was generated from RNA extracted from cell lines and tumors using Ecodry premix
(Takeda). Conventional QPCR experiments were performed using FastStart Universal SYBR
Green Master mix (Roche). Tagman QPCRs were performed using PrimeTime gPCR master
mix (IDT). For detection of the Brca2 WT allele mRNA by conventional QPCR, the forward
primer was designed to overlap with the common deletion region of all Brca2 KO alleles.
For detection of the Brca2 WT allele mRNA by Tagman QPCR, the primer pair was
designed to flank the deletion region while the probes were designed to overlap with the
common deletion region. Sequences of all QPCR primers and probes are provided in
Supplementary Table 6.

Western blotting

For validation of Brcal knockout, immunoblotting was performed using Bio-Rad Trans-Blot
system according to manufacturer instructions. Briefly, cell lysates were generated from cell
lines using CelLytic M (Sigma) and sonicated in a water bath for 10 minutes. After
centrifugation, supernatant were mixed with loading dye containing 2-mercaptoethanol and
loaded onto precast Novex 4-12% Bis-Tris gels and run for approximately 90 minutes at 180
V. Transfer was performed overnight at 40 V to PVDF membranes and blocked with 5%
milk, followed by overnight incubation with primary antibodies (BRCA1 R&D MAB22101,
Vinculin Sigma V4505) and 1 hour secondary incubation. Full unedited images are available
as Supplementary Figure 1.

Flow cytometry

Tumors were resected at 14 days post-tumor injection and dissociated into single cell
suspensions using a gentle MACS tissue dissociator and mouse Miltenyi Mouse Tumor
Dissociation Kit according to manufacturer instructions (Miltenyi Biotech). Cell suspensions
were stained using murine Live-Dead zombie aqua fixable marker followed by surface
antibodies. Stained single cell suspensions were analyzed using the Fortessa (BD) flow
cytometric analyzer. Quantitative data analysis was performed using Flowjo software
(Treestar). All experiments were repeated at least twice.
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Immunofluorescence

Resected tumors at 14 days were fixed in formalin at room temperature overnight and
transferred to 70% ethanol at 4 °C. Tumors were embedded in paraffin and sectioned onto
glass slides. Staining was performed by the Molecular Cytology Core Facility at MSKCC
using CD3-Alexa647, CD4-Alexa488, CD8-Alexa546 and CD45-Alexa 594. Slides were
subsequently stained using a Mirax scanner for downstream analysis and quantification.
Number of cells per high powered field was quantified by a reviewer blinded to treatment
arm in 5 fields per condition spanning 4-5 tumors.

Bulk RNA-Seq Analysis of murine and human tumors

For mouse tumors, fresh frozen tissue from day 14 tumors were used for isolation of DNA
and RNA and submitted to the Integrated Genomic Core for library preparation and
sequencing. 3-5 replicates per condition were submitted for sequencing depending on RNA
quality. For TCGA BRCA cohort, FASTQ files were downloaded from GDC and aligned
against the hg19 assembly by STAR, and murine data was aligned to the mm10 assembly.
Gene level count values were then computed by the summarizeOverlaps function from the R
package “GenomicAlignments” with UCSC hg19 KnownGene (or mm10, for murine data)
as the base gene model. The Union counting mode was used and only mapped paired reads
were considered. Only genes with count > 1 were considered for downstream analysis.
Differentially Expressed Genes (DEG) analyses were also done by DESeq_2. 5 Briefly,
DESeq utilizes a generalized linear model with the Wald statistical test, with the assumption
that the underlying gene expression count data following a negative binomial distribution. To
correct possible unknown batch effect, surrogate variables were computed by the R “sva”
package and included as covariates in the DEG analysis. /0 Pathway analysis over DEG
genes was conducted using the GOSeq package and Ingenuity Pathway Analysis (IPA)
(QIAGEN Inc., https://www.giagenbioinformatics.com/products/ingenuity-pathway-
analysis ). Immune deconvolution analysis was performed on RNA-seq data (FPKM) from
breast cancer patients using single-sample gene set enrichment (ssGSEA) with previously
defined immune cell subset signatures, using normalized gene-level RNA-seq data from
TCGA. "1 Specifically we determine the ssGSEA values for each of 21 immune cell
populations. Subsequently, principal component analysis on these 21 cell populations was
performed and the first 2 components were graphed. Following principal component
analysis of immune deconvolution scores, we tested for significant separation between
BRCA1 mutant and BRCA2 mutant samples using the permutational multivariate analysis of
variance (PERMANOVA) method. Given an ordination (i.e. PCA) and pre-defined groups
(e.g. BRCA1 mutant and BRCA2 mutant), the PERMANOVA method tests the null
hypothesis that there is no difference between the positions of the centroids of each group. 72
Under the null, any difference between the positions of the centroids of each group (e.g.
BRCA1 mutant or BRCA2 mutant) would be obtained even if each sample were randomly
assigned to a group through permutation. 73

Single-cell RNA-seq analysis

For mouse single cell analysis, orthotopic implanted tumors in the mammary fat pad were
isolated at day 12 after implantation. Single cell suspensions were generated from 2 pooled
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tumors using the Mouse Tumor Dissociation Kit according to manufacturer instructions
(Miltenyi Biotech). Single cell library preparation was performed according to manufacturer
instructions using the mouse single cell RNAseq kit (10X genomics).

For scRNA analysis, we followed the same pre-processing procedure for both ICB-untreated
and ICB-treated tumors. Fastq files for Brcal and BrcaZ-deficient cells as well as parental
cells were aligned and pre-processed to produce a count matrix using 10X Cell Ranger
version 3.0.2. The resulting count matrix was then filtered to exclude all cells with UMI
count in mitochondrial genes > than 20% of all counts as described in Azizi et a/ Cell 2018,
and all ribosomal genes were also removed from the analysis. 11 We further filtered any
genes that had a mean log count <= 2.5 to reduce sparsity in the final count matrix.
Following these initial filtering steps, we used Seurat version 2.4 to scale the UMI counts
and perform log normalization of the data. 747> To mitigate batch effects, we adopted a
stringent approach whereby each replicate in each condition was treated as a separate batch.
Log-normalized counts for each sample were used as input to the mnnCorrect method
Haghverdi er a/2018 from the scran package. 76 The batch-corrected PCA from mnnCorrect
was used as input to Phenograph clustering®? at resolution 1.0 and t-SNE 77 to produce the
plot shown in Fig. 5a. The number of biological replicates for ICB-untreated mice were 2 for
Brecal null (17QQ2/QQ3), 3 for Brca2 null (21E1, 21E2, 21E3), and 3 for wildtype
(parental; PAR1, PAR2, PAR3). The number of biological replicates for ICB-treated mice
were 2 each for Brcal null, Brca2 null, and wildtype. Differential expression analyses were
conducted using the FindMarkers function in Seurat, using the negative binomial likelihood
ratio test. To further discern the range of phenotypes among ICB-untreated myeloid
populations, we reclustered all Cd3- Cd14+ cells from Fig. 5a at a resolution of 0.6. Cluster
proportions were then evaluated as a percentage of all cells or as a percentage of T cells and
myeloid cells separately. Since the cluster enrichment data are compositional, P-values for
enrichments in Brcal null or Brca2 null tumors were calculated using Fisher’s exact test.

Microarray Analysis

Raw data for the METABRIC dataset was obtained from cBioPortal. Differential gene
expression analysis between patients with BRCA1 and BRCA2 mutations was conducted in
R using the Limma package, version 3.36.2.

Copy Number Analysis

Copy number analysis was performed on TCGA exomes using FACETS v0.5.0. 78 The
fraction of the copy number altered genome was defined as the fraction of the genome with
either non-diploid copy-number or evidence of loss of heterozygosity.

In silico Neoantigen Prediction Pipeline

All nonsynonymous point mutations identified were translated into strings of 17 amino acids
with the mutant amino acid situated centrally using a bioinformatic tool called NAseek. 44 A
sliding window method was used to identify the 9 amino acid substrings within the mutant
17mer that had a predicted MHC Class | binding affinity) of the patient-specific HLA alleles
determined by Polysolver. 479 Binding affinity for the mutant and corresponding wild type
nonamer were analyzed using NetMHCpanv4.0 software. &

Nat Cancer. Author manuscript; available in PMC 2021 December 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Samstein et al. Page 18

Statistics and reproducibility

All pairwise group comparisons were performed with the Wilcox-rank sum test. We
performed survival analyses using the Kaplan-Meier estimator. The log-rank test was used to
determine statistical significance of the survival distributions between groups. Hazard ratios
were computed using univariate or multivariable Cox regression. False discovery rates were
adjusted using the Benjamini-Hochberg procedure in R. All survival analyses analysis were
performed using the survival package in R. Single cell RNA-seq cluster proportions were
compared using Fisher’s exact test. Sample size for mouse experiments were chosen to
provide sufficient power given expected tumor size variability based on experience. No
statistical method was used to predetermine sample size. No data were excluded from the
analyses. Randomization was performed in mouse experiments between treatment groups.
Where possible, investigators were blinded to allocation during objective outcome
assessment including tumor size measurement, immunofluorescence quantification, and
clinical immunotherapy response assessment.

Further information on research design is available in the Nature Research Reporting
Summary linked to this article.

Code Availability Statement

No custom code was used for the analysis. Code will be made available upon reasonable
request.

Data Availability Statement

Bulk RNA sequencing from murine tumors and cell lines as well as murine single cell RNA
sequencing data that support the findings of this study have been deposited in the Gene
Expression Omnibus (GEO) and Sequence Read Archive (SRA) under accession codes
GSE137818 (all murine bulk RNA sequencing, and ICB-untreated single cell RNA
sequencing) and PRINA632854 (whole genome sequencing and ICB-treated single cell
RNA sequencing). Previously published somatic genomic data that were re-analyzed here
are available at https://www.chioportal.org/study/summary?id=tmb_mskcc_2018.

Human data that were derived from the TCGA Research Network are available from http://
cancergenome.nih.gov/. Germline data is available via doGAP under accession code
phs000178.v11.p8. Details of which exact TCGA cases were analyzed in the present study
are available in the source data for Figure 4. Processed data based for all datasets include
murine and human variant calls, differentially expressed genes for bulk and single cell RNA
sequencing datasets, and GSEA outputs for bulk RNA sequencing analyses. A detailed
description of the data available in supplementary and source data follows below.

In general, GSEA outputs for all bulk RNA sequencing analyses are included in
Supplementary data, with the exception of differentially expressed genes for Brca2"!!! and
Brcal™!! tumors in culture (analysis in Figure 3 and Extended Data Figure 5), which are
also included in Supplementary Table 3.

Source data are included for Figures 1-7, and Extended Data Figures 3-8, and Extended
Data Fig. 10. SNVs and indels for murine whole genome sequencing data can be found in
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Source Data for Figure 2 and Extended Data Figure 3. Differentially expressed genes
between murine ICB untreated Brca2 null and Brcal null tumors are in Source Data for
Figure 3 and Extended Data Figure 5.

Source Data for Figure 5-6 and Extended Data Figure 8 includes differentially expressed
genes for ICB-untreated single cell RNA seq clusters. Source data for Figure 7 and Extended
Data Figure 10 includes differentially expressed genes for ICB-treated single cell RNA seq
clusters. Source data for Extended Data Figure 4 includes differentially expressed genes
between murine ICB untreated Brca2 null and wildtype (parental) tumors. Source data for
Extended Data Figure 6 includes differentially expressed genes between murine ICB-treated
Brca2 null and Brcal null tumors. Source data for Figure 7 includes mutations and copy
number alterations in TCGA BRCA1/2 mutant samples. All other data supporting the
findings of this study are available from the corresponding author on reasonable request.
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Extended Data
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Extended Data Fig. 1]. Sequence traces of Brca2U!l call lines demonstrating frameshift
mutationsin all alleles.
PCR amplification and TOPO-TA cloning of individual allele copies was performed

surrounding the CRISPR target guide sites to confirm that all alleles contain a frameshift or
truncating mutation in Exon 3 of 4T1 Brca2"U!l 3, and CT26 Brca2"!! b, cell lines. Arrows
indicate primer or probe locations. ¢c-d, qRT-PCR amplication of Brca2 WT-specific allele in
cDNA generated from RNA isolated from cell lines using SYBR green based assay (c) and
TagMan based assay (d), n=3 technical replicates for c and d. Data are presented as mean
values +/- SD
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Extended Data Fig. 2 |. Characterization of the Brca2"U!! cell line.
a-b Representative images of parental (a) and Brca2™!! (b) CT26 cell karyotype analysis

demonstrating increased double strand breaks. ¢, Quantification of karyotype analysis shown
in a representing n=100 metaphases analyzed demonstrating the percent of metaphase nuclei
containing at least 1 of indicated abnormality. d, Quantification of karyotype analysis in 4T1
cells shown in Fig 2D representing n=100 metaphases analyzed demonstrating the percent of
metaphase nuclei containing at least 1 of indicated abnormality. e, Quantification of

immunofluorescent images of parental and Brca2"!! CT26 murine colorectal
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adenocarcinoma cells 4 hours after 10 Gy irradiation stained with DAPI and antibodies to
Rad51 and gamma-H2ax. f, /7 vitro relative viable cell count of parental and Brca2"!!! CT26
cell lines in the presence of PARP inhibitor olaparib at indicated concentrations after 96
hours in three independent assays in technical triplicate. Data are presented as mean values
+/- SEM. g-h, Tumor growth curve of parental and additional Brca2"u!! clones with ICB
treatment in both the 4T1(g) and CT26 models (h). (* p<0.05, ** p<0.005,*** p<0.0005,
**** p<0.00005). All p values represent two-sided unpaired t test at respective timepoint.
Data are presented as mean values +/- SEM
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Extended Data Fig. 3 |. Characterization of the genomic alternation in 4T1 Brca2U!! clones.
a, The 96 base substitution pattern for Brca2"!! and Brca1™!! single-cell clones after

subtraction of background mutagenesis pattern derived from parental clones. Signature 3,
previously associated with HRD (i.e. Signature 3), is provided for reference. b, Cosine
similarity of BRCA2-null experimentally derived mutational signature to previously
described mutational signature related to COSMIC Signature 3. ¢, Proportion of deletions
with microhomology in 4T1 Brca2"!! single-cell clones compared to parental single clones
(two-sided Fisher’s exact test P<0.0001, for all mutant single cell clones compared to
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parental). d, Cosine similarity of Brcal™!! experimentally derived mutational signature to
previously described mutational signature related to COSMIC Signature 3. e, Proportion of
deletions with microhomology Brcal™!! single-cell clones compared to parental single
clones using a two-sided Fisher’s exact test P<0.0001, for all mutant single cell clones
compared to parental).
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Extended Data Fig. 4 |. Bulk RNA-seq analysis between untreated Brca2"!l and WT tumors
yields gene expression programsrelated to adaptive and innate immune activation enriched in
Brca2"U! tumors,
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a, Heatmap displaying all 4,637 genes significantly differentially expressed (FDR < 0.05)
between untreated Brca2™!! and Brca2-WT murine tumors from the 4T1 model. Data show
drastic gene expression changes upon Brca2 inactivation /n-vivo. P-values calculated from
two-sided differential expression analysis using DESeq2 (Wald test) and corrected for
multiple testing using the Benjamini-Hochberg method b, Pathway analysis on genes from a
using GO pathways. Top enriched pathways in either Brca2™!! or Brca2WT tumors are
shown. Color gradient of red to purple indicates decreasing adjusted p-value; circle size
indicates number of genes in pathway. GeneRatio on x-axis indicates number of
significantly differentially expressed genes from RNA-seq overlapping with genes in each
pathway. P-values for overlap between input genes and pathway genesets calculated via two-
sided hypergeometric test and corrected for multiple comparisons using the Benjamini
Hochberg method. c, Heatmap showing significantly differentially expressed genes (FDR P
<= 0.05, two-sided Wald test from DESeq?2) between Brca2"!! and WT tumors from the
Immune Response pathway. d, Heatmap showing significantly differentially expressed genes
(FDR P <= 0.05, two-sided Wald test from DESeq_2) between Brca2™!! and WT tumors from
the T cell activation pathway. e, Heatmap showing significantly differentially expressed
genes (FDR P <= 0.05, two-sided Wald test from DESeq2) between Brca2"U!! and WT
tumors from the Biocarta cytokines pathway. f, Heatmap showing significantly differentially
expressed genes (FDR P <= 0.05, two-sided Wald test from DESeq2) between Brca2"u!l and
WT tumors from the Hallmark IFNA Signaling pathway. g, Heatmap showing significantly
differentially expressed genes (FDR P <= 0.05, two-sided Wald test from DESeq?2) between
Brca2™u!l or Brca2WT tumors from the NK-mediated cytotoxicity pathway. For c-g, P-values
calculated from two-sided differential expression analysis using DESeq2 (Wald test) and
correct for multiple testing using the Benjamini-Hochberg method.
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Extended Data Fig. 5 |. Bulk RNA-seq analysis between untreated Brca2"U!! and Brca1n!!
tumors¥ieldsgene expression programsrelated to adaptive and innateimmunity enriched in
Brca2"!! tumors.

a, Heatmap displaying all 6,881 genes significantly differentially expressed (FDR < 0.05)
between untreated Brca2™!' and Brca1™!! murine tumors from the 4T1 model. Data show
drastic gene expression changes upon Brca2 inactivation. P-values calculated from two-sided
differential expression analysis using DESeq2 (Wald test) and corrected for multiple testing
using the Benjamini-Hochberg method. b, Pathway analysis on genes from a using GO
pathways. Top enriched pathways in either Brca2"!!! or Brca1!! tumors are shown. Color
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gradient of red to purple indicates decreasing adjusted p-value; circle size indicates number
of genes in pathway. GeneRatio on x-axis indicates number of significantly differentially
expressed genes from RNA-seq overlapping with genes in each pathway. P-values for
overlap between input genes and pathway genesets calculated via two-sided hypergeometric
test and corrected for multiple comparisons using the Benjamini Hochberg method. c,
Heatmap for genes significantly differentially expressed in a associated with interferon
gamma signaling between Brca2"U!l and Brcal™!! murine tumors from the 4T1 model. d,
Heatmap displaying for genes significantly differentially expressed in a associated with T
cell activation between Brca2"!! and Brca1™!! murine tumors from the 4T1 model. e,
Heatmap for genes significantly differentially expressed in a associated with antigen
presentation between Brca2"!!! and Brcal™!! murine tumors from the 4T1 model. f,
Heatmap showing significantly differentially expressed genes (FDR P <= 0.05) between
Brca2"! and Brcal™! tumors from the Kurozumi Response to Cytolytic Virus pathway,
evaluated using GSEA (FDR P <= 0.05). g, Heatmap showing significantly differentially
expressed genes (FDR P <= 0.05) between Brca2"u!! and Brca1™!! tumors from the
Reactome chemokines pathway, evaluated using GSEA (FDR P <= 0.05).h, Heatmap
showing significantly differentially expressed genes (FDR P <= 0.05) between Brca2"u!! and
Brcal"! tumors from the NK-mediated cytotoxicity pathway, evaluated using GSEA (FDR
P <=0.05). For c-h, P-values calculated from two-sided differential expression analysis
using DESeq2 (Wald test) and correct for multiple testing using the Benjamini-Hochberg
method. i, Heatmap of mean log-normalized expression of differentially expressed genes for
genes promoting immune activity/evasion in between Brcal™!! and Brca2™!! deficient cell
lines in vitro. For all GSEA analyses, p-values calculated using two-sided pre-ranked
analysis using log fold changes as input.
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Extended Data Fig. 6 |. Bulk RNA-seq analysis between Brca2"U!! and Brca1™!! tumors after
treatment with anti-PD1 yields gene expression programsrelated to adaptive and innate immune
activation enriched in treated Brca2 null tumors.

a, Heatmap displaying all genes significantly differentially expressed (FDR < 0.05) between
Brca2"!! and Brca1™!! murine tumors from the 4T1 model after treatment with anti-PD1.
Data show drastic gene expression changes upon Brca2 inactivation with treatment. P-values
calculated from two-sided differential expression analysis using DESeq?2 (Wald test) and
corrected for multiple testing using the Benjamini-Hochberg method. b, Pathway analysis on
genes from a using GO pathways. Top enriched pathways in either treated Brca2U!! or
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treated Brcal™!! tumors are shown. Color gradient of red to purple indicates decreasing
adjusted p-value; circle size indicates number of genes in pathway. GeneRatio on x-axis
indicates number of significantly differentially expressed genes from RNA-seq overlapping
with genes in each pathway. P-values for overlap between input genes and pathway genesets
calculated via hypergeometric test and corrected for multiple comparisons using the
Benjamini Hochberg method. ¢, Heatmap displaying genes significantly differentially
expressed in a associated with innate immunity between treated Brca2"!!! and Brca1u!!
murine tumors from the 4T1 model. d, Heatmap showing significantly differentially
expressed genes (FDR P <= 0.05) between Brca2"u!l and Brca1™!! tumors from the Bosco
interferon antiviral module pathway, evaluated using GSEA (FDR P <= 0.05). e, Heatmap
showing significantly differentially expressed genes (FDR P <= 0.05) between Brca2"!!! and
Brcal™!! tumors from the Brown myeloid cell development up pathway, evaluated using
GSEA (FDR P <= 0.05). f, Heatmap showing significantly differentially expressed genes
(FDR P <= 0.05) between Brca2"!!! and Brcal™!! tumors from the Hecker IFNB1 targets
pathway, evaluated using GSEA (FDR P <= 0.05). For c-f, p-values calculated from two-
sided differential expression analysis using DESeq2 (Wald test) and correct for multiple
testing using the Benjamini-Hochberg method. For all GSEA analyses, p-values calculated
using two-sided pre-ranked analysis using log fold changes as input.
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Extended Data Fig. 7 |. Whole exome sequencing analysis of BRCA2-mutant and BRCA1-mutant
tumorsfrom the TCGA breast cancer cohort

a, Principal component analysis (PCA) of ssGSEA scores for T cell populations for patients
with either BRCAI or BRCAZ germline or somatic biallelic mutations. P-value computed
on separation between BRCA1 mutant and BRCAZ mutant samples using a two-sided
PERMANOVA test. b, Principal component analysis (PCA) of ssGSEA scores for T cell
populations for patients with either BRCAI or BRCAZ germline or somatic biallelic
mutations. P-value computed on separation between BRCAI mutant and BRCAZ mutant

FCNA
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samples using a two-sided PERMANOVA test. c. Oncoprint for 35 breast cancers with
biallelic BRCA1 or BRCAZ mutations. Mutations in the top 20 most frequently mutated
genes in breast cancer are illustrated, along with the mutational profile of each individual
tumor. d, Comparison of indel, SNV, and neopeptide counts between triple negative
BRCAI-mutant tumors (BRCA1 TN n=15, individual patients) vs all triple negative (All
TN, n=153, individual patients) tumors. Data show no difference in mutation counts between
BRCAI-mutant tumors and histology-matched control tumors. P-values calculated using
two-sided Wilcoxon test, which is also used in e-i and I. For all the boxplot in this figure
pannels d-h and I, the minima, maxima are plotted as the whiskers, 1st and 3rd quartiles are
plotted as the bounds of the boxes, and medians are plotted as the center. e, Comparison of
indel, SNV, and neopeptide counts between non-triple negative BRCAZ2-mutant tumors
(BRCA2 NTN, n=17, individual patients) vs all non-triple negative (All NTN, n=700,
individual patients) tumors. The same groups of patients, All TN (n=153), BRCA1 TN
(n=15), ALL NTN (n=700), BRCA2 NTN (n=17) are used in the figure panel d-h and I.
Data show increased levels of all alterations in BRCAZ-mutant tumors compared to
histology-matched control tumors. P-values calculated using two-sided Wilcoxon test. f,
Comparison of fraction contribution of the six SNV substitutions between triple negative
BRCAI-mutant tumors vs all triple negative tumors. P-values calculated using two-sided
Wilcoxon test g, Comparison of fraction contribution of the six SNV substitutions between
non-triple negative BRCAZ-mutant tumors vs all non-triple negative tumors. The labels for p
values are as the following: ns: p > 0.05, *: p <= 0.05, **: p <= 0.01, ***: p <= 0.001, ****:
p <= 0.0001. h-i, Comparison of fraction contribution of COSMIC signature 3 (h) and
distribution of microhomology mediated deletion (i) between BRCAI-mutated triple
negative tumors or non-triple BRCAI-mutated negative tumors with their histology control.
P-values calculated using two-sided Wilcoxon test j-k, Copy number plots for biallelic
mutated BRCAI(j) and BRCAZ (k) tumors from TCGA breast cancer cohort. (L).
Comparison of fraction copy number altered genome (FCNA) between BRCA1 and
BRCAZ-mutant tumors and histology-matched control tumors. Data show significantly
higher FCNA in BRCAI-mutant tumors relative to histology-matched controls, while no
such effect was observed for BRCAZ2-mutant tumors. P-values calculated using two-sided
Wilcoxon test.
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Extended Data Fig. 8. Single cell library sizes, replicates, and proportions of clustersacross
ICB-untreated Brca2U!! and Brca1™!! tumors and parental tumors.

a, Library size distribution for ICB-untreated single cells b, Library size distribution for
ICB-treated single cells. ¢, Number of cells for each replicate used in SCRNA-seq analyses.
d, Proportion of all cells attributed to each T cell cluster from Fig 5 (ICB-untreated mice)
from Brca2"U!!, Brca1™!! and parental tumors. e, Proportion of all myeloid cells attributed to
each myeloid cell cluster from Fig 5 (ICB-untreated mice) from Brca2™u!l, Brca1nu!, and
parental tumors. Stars represent FDR p-value < 0.05 from two-sided Fisher’s exact test
comparing cluster proportions in Brca2"!!! and Brca1™!! mice.
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Extended Data Fig. 9 |. Experimental validation of sc-RNA-seq and bulk RNA-seq resultson
untreated 4T1 Brcal™!! and Brca2™!! tumors.

a. Flow cytometry validation of several key immune cell populations including the Gmzb+
activated Cd8+ and Cd4+ T cells, CD206+ suppressive TAM, pDC and Cd103+
conventional DC, n=5 independent biological replicates. b. QRT-PCR validation of the most
upregulated inflammation related genes in Brca1"!! vs Brca2!! tumors, n=5 independent
biological replicates. Data are presented as mean values +/— SEM.
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Extended Data Fig. 10 |. Single cell RNA-seq analysisreveals marked heterogeneity within 4T1
murinetumorsand enrichment of distinct T cell populationsin post anti-PD1 antibody therapy
Brcal™! and Brca2U!! tumors.

a, t-SNE plot after dimensionality reduction and Phenograph clustering yields 31 distinct
clusters afrom post-treated Brcal™!l and Brca2™!!! tumors as well as parental tumor. b, t-
SNE plots from a overlaid with log-normalized expression of select markers spanning T cell
and NK cell clusters. ¢, t-SNE plots from a overlaid with log-normalized expression of select
markers spanning myeloid cell clusters. d, Proportion of all cells attributed to each T cell
cluster from a (ICB-untreated mice) from Brcal™!!, Brca2"u!! and parental tumors, for
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clusters with more than 100 cells. e, Proportion of all cells attributed to each T cell cluster
from a (ICB-untreated mice) from Brcal™!!l, Brca2"!!!, and parental tumors, for clusters with
more than 100 cells. Stars represent FDR P < 0.05 from two-sided Fisher’s exact test
comparing cluster proportions in Brca2"!!l mice and Brca1™!! mice.
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Fig 1: Immunogenomic analyses of the association of homologous recombination deficiency with
response to immune checkpoint inhibitors.

a, Association of truncating somatic mutations in genes from 52 KEGG pathways sequenced
by the MSK-IMPACT gene panel and improved survival after immune checkpoint inhibitor
(ICB) administration. Hazard ratios and p values calculated using Cox proportional hazards
model comparing survival for patients with a truncating mutation in each pathway vs. those
without a mutation. Selected pathways are shown in blue. An HR pathway mutation was
associated with an improved OS (hazard ratio 0.55, p = 0.005, FDR < 0.10, two-sided log-
rank test). Analysis was performed on 2195 patients. Plot shows nominal unadjusted p-
values. b, Schematic of experimental design. Whole genome, targeted panel, and bulk and
single cell transcriptomic sequencing from murine and human tumors were used to analyze
the effect of mutations in BRCAI and BRCAZ on the tumor-immune microenvironment and
response to ICB.
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Fig 2: Enhanced response to checkpoint blockade immunotherapy in syngeneic mouse models of
Brca2 deficiency.

a, Representative immunofluorescence images of parental (left) and Brca2™u!! (right) 4T1
murine breast carcinoma cells 4 hours after 10 Gy irradiation stained with DAPI and
antibodies to Rad51 (green) and gamma-H2ax (red). b, Quantification of
immunofluorescence analysis described in a. P value represents two-sided Fisher’s exact test
of the relative proportion of nuclei containing greater than 5 Rad51 foci in parental
compared to Brca2"! cells n=173 and 109 cells analyzed, respectively c, /n vitro relative
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viable cell count in the presence of PARP inhibitor olaparib at indicated concentrations after
96 hours in three independent assays. Data are presented as mean values +/- SEM. d,
Representative images of parental (left) and Brca2"!! (right) 4T1 cell karyotype analysis
demonstrating increased double strand breaks. e, Counts of whole-genome SNVs and indels
in 4T1 Brca2™! and two parental single cell clones after 4 months in culture. f, Distribution
of deletion size of indels in two single cell 4T1 Brca2™! clones and two parental clones.
Both Brca2"U!l clones (n = 1183 and 1344 deletions for SC1 and SC2 respectively) had
significantly larger deletions compared to parental clone SC1 (n = 815 deletions, p < 0.0001
for both, two-sided Wilcoxon test), g, Left: Representative flow cytometry plots
demonstrating percent Cd4* and Cd8a* of Cd45* tumor infiltrating lymphocytes in 4T1
parental and Brca2™!!! mammary fat pad tumors. Right: Quantification of single experiment
data with n=3 animals as shown in g. P value represents one-sided unpaired t test. h, Growth
curves demonstrating tumor volumes at indicated time points from start of treatment in 4T1
parental (left) and Brca2"U!! cells (right) implanted in the mammary fat pad treated with the
indicated antibodies. N=15 mice per group. P values indicate two-sided t tests at respective
time points (* p<0.05, ** p<0.005,*** p<0.0005, **** p<0.00005). Data are presented as
mean values +/- SEM. i, Growth curves demonstrating tumor volumes at indicated time
points from start of treatment in CT26 parental (left) and Brca2"u!! (right) flank tumors
treated with the indicated antibodies. P values indicate two-sided t tests at respective time
points (* p<0.05, ** p<0.005,*** p<0.0005, **** p<0.00005). Error bars represent mean +
standard error. j Representative immunofluorescent images stained with Cd3-Alexa647
(‘YYellow) and DAPI (blue) in the indicated tumors and treatment groups. k, Quantification
right of n=5 high powered fields (HPF, 40X) from independent tumors by observer blinded
to treatment group for Cd3 positive cells as well as Cd3+Cd4+ and Cd3+Cd8a+. P values
represent two-sided t test. Data are presented as mean values +/— SEM.
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Fig 3: Differential response of Brcal"U!! and Brca2"u!! tumors to treatment with immune
checkpoint inhibitorsand modulation of the tumor-immune microenvironment.

a, Western blot of Brcal in 4T1 Parental cell lines as well as two CRISPR-Cas9 edited
subclones deficient in Brcal. Representative blot of 3 experiments performed with similar
results. b, /n vitro relative viable cell count in the presence of PARP inhibitor olaparib at
indicated concentrations after 96 hours in three independent assays. ¢, Counts of SNVs and
indels in two 4T1 Brca1™! and parental single cell clones after 4 months in culture. d,
Distribution of deletion size of indels in two single cell 4T1 Brcal™!! clones and two
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parental clones (n=4 cell lines). Both 4T1 Brcal!! clones (703 and 892 deletions in SC1
and SC2 respectively) have larger deletions compared to parental clone SC1 (815 deletions,
p < 0.0001, two-sided Wilcoxon test) e, Growth curves demonstrating tumor volumes at
indicated time points from start of treatment in 4T1 parental (left) and Brca1™!! cells
(middle and right) implanted in the mammary fat pad treated with the indicated antibodies. n
= 15 mice per group. Data are presented as mean values +/— SEM. f, Principal component
analysis of single sample gene set enrichment analysis (SSGSEA) scores for immune cells
across Brca2"! and Brcal™!' 4T1 mice (N = 5 biological replicates each). g, Heatmap of
significantly differentially expressed genes from the TCR Signaling pathway from MSigDB,
evaluating all differentially expressed genes (FDR P < 0.05, two-sided Wald test from
DESeq2) between Brca2™! (n = 5 biological replicates) and Brcal™!! 4T1 mice (n =5
biological replicates). h, Heatmap of significantly differentially expressed genes from the
Th1 Cytotoxic pathway from MSigDB, evaluating all differentially expressed genes (FDR P
< 0.05, two-sided Wald test from DESeq2) between Brca2™!! (n = 5 biological replicates)
and Brcal™!! (n = 5 biological replicates) 4T1 mice. i, GSEA enrichment plot of the
immunoregulatory gene set evaluating all differentially expressed genes between 4T1
Brca2™u!l and Brcal!! cells in culture, indicating significant enrichment in Brcal™! cells.
P-values calculated via two-sided GSEA pre-ranked analysis with log fold changes as input.
Only one gene set (immunoregulatory gene set) was analyzed, and thus no correction for
multiple testing was performed.

Nat Cancer. Author manuscript; available in PMC 2021 December 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Samstein et al.

TCGA Breast Cancer

Page 45

TCGA Breast Cancer
BRCAT1 Triple Negative vs

a Innate populations b BRCA1 vs BRCA2 (p =0.01) c All Triple Negative (p < 0.001)
© BRCA1 mutation Permanova P = 0.0Q1 . _i i . F
©® BRCA2 mutation £ | 11
. i 8] _
9 o foo ® . § g s z| 1
S ™ 2 : .
=" LLLUCL UL 2 LI
8 . . s | Cil
[$] L 3] <t 1
a > & 14 H 3§ i
o O ] ! &> 1
€ g [ i
. a | = : sgi. e L
= o gz o ot
PC1(32.2%) T W T oF% ———— T
Rank in Ordered Dataset Rank in Ordered Dataset
d TCGA Breast Cancer e g
BRCA2 NonTriple Negative vs All METABRIC
Non Triple Negative (p = 0.64) BRCA1 vs BRCA2 (P < 0.001)
> No N ® 3
- ; 2 i ] No. with mutation No. without P-value
= | E J mutation
2 ! N 3 J
; i NRY E wiil BRCA1 mutation 28 2157 0.45
av I ‘ 3 I | ‘
c § b i BRCA2 mutation 67 2118 0.004 —e—
2 1 O s
- ] o i —r—r—r
< B c i 02 o8 '
c 'y . = 1 asard Rate
el - - a ! " et b e
5 — - > e e
Rank in Ordered Dataset Rank in Ordered Dataset
f & Clinical Benefit: 44.4% h
No. of patients P-value
L BRCA2 mutation 67  0.008 —
6l
"
-
g 5 ™B N/A  <0.001 o
o
9: PON=10 CR
S 4 IPR
- SO
g PO
g 3| Non-HR-associated 2035 N/A (Reference)
z
2
3 .l HR-associated Cancers 150  0.054 e
0° . ~erereerTTrTTm
A A A M Mttt
# 4 &
e < & L 4
of d 0\?
Q) o f
I fa) (_)63‘

Fig 4: BRCAl and BRCA2 mutations differentially modulate the tumor-immune
microenvironment and response to immune checkpoint inhibitorsin the TCGA breast cancer
cohort and MSK-IMPACT.

a, Principal component analysis (PCA) of ssGSEA scores for innate immune cells for
patients with either BRCAI or BRCAZ germline or somatic biallelic mutations. P-value
computed on separation between BRCA1 mutant (n = 17) and BRCAZ mutant (n = 18)
samples using a two-sided PERMANOVA test. b, GSEA enrichment plot of the
immunoregulatory gene set evaluating all differentially expressed genes between BRCAZ2
and BRCAI-mutant tumors, indicating significant enrichment in BRCAI-mutant tumors. c,
GSEA enrichment plot of the immunoregulatory gene set evaluating all differentially
expressed genes between triple negative BRCAI-mutant and wild-type triple negative
tumors, indicating significant enrichment in TN BRCAI-mutant tumors. d, GSEA
enrichment plot of the immunoregulatory gene set evaluating all differentially expressed
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genes between non-triple negative BRCAZ2-mutant and wild-type non-triple negative tumors,
indicating no significant enrichment. e, GSEA enrichment plot of the immunoregulatory
gene set evaluating all differentially expressed genes between BRCAI-mutant and BRCAZ-
mutant tumors in the METABRIC cohort, indicating significant enrichment in BRCAI-
mutant tumors. For b-e, p-values calculated via two-sided GSEA pre-ranked analysis with
log fold changes as input. Only one gene set (immunoregulatory gene set) was analyzed, and
thus no correction for multiple testing was performed. f, Proportion of patients with
pathogenic identifiable BRCAZ mutations deriving clinical benefit from ICI in MSK-
IMPACT. (PR- partial response, SD- stable disease (greater than 6 months), PD-progressive
disease, and CR- complete response) g, Overall survival of patients from anonymized MSK-
IMPACT with pathogenic BRCAZand BRCAI mutations after ICB administration. P-value
calculated using log-rank test. h, Multivariable analysis of the effect of BRCAZ mutations
on response to ICB when controlling for tumor mutation burden (TMB) and cancer type.
Number of patients for TMB listed as N/A since TMB was tested as a continuous variable.
P-value = 5.25e-06 for TMB. HR-associated cancers were defined as breast, prostate,
pancreatic, or ovarian cancers. P-value for Non-HR-associated listed as N/A since it is the
reference level. P-values are unadjusted and calculated from multivariable cox regression.
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myeloid cells (Cd14), B cells (Cd794), and NK cells (Ncr1) are shown. ¢, t-SNE plots from
a overlaid with log-normalized expression of select markers spanning cytotoxic, exhausted,
memory, and proliferative T cell states. d, Heatmap of mean log-normalized expression of
top differentially expressed genes per cluster, for T cell clusters. e, Cluster enrichments for T
cell clusters and the NK cell cluster C24 in untreated tumors. Each replicate is plotted within
each genotype, and barplots show mean proportion across all replicates within a genotype. n
= 3 biologically independent samples for Brca2 null and Parental mice, and n = 2
biologically independent samples for Brcal null mice. P-values calculated via two-sided
Fisher’s exact test comparing T cell/NK cluster proportions in Brca2 null and Brcal null
mice. C9: FDR P = 4.19e-12, C5: FDR P = 1.07e-21, C6: 6.86e-17, C0: 9.97e-10, C24:
5.81e-12. All p-values were adjusted for multiple comparisons using the Benjamini-
Hochberg method.
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Fig 6: Single cell RNA-seq analysisreveals enrichment of distinct myeloid populationsin

Brcal™! and Brca2™! tumors.

a, t-SNE plot after reclustering of all Cd3~ Cd14* cells from Fig.

5a after dimensionality

reduction and Phenograph clustering yields 11 distinct clusters across 5390 cells from
untreated Brcal and Brca2-deficient tumors as well as parental tumors. Top significantly
differentially expressed genes and manual phenotype (or ambiguous, for clusters that could
not be assigned a known phenotype) assignment are shown as annotations for each cluster.
b, Violin plots showing log-normalized expression of lineage-defining immune cell markers
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across all clusters. Markers for monocytes (Cd16), macrophages (CsfZr), and dendritic cells
(F/t3). ¢, t-SNE plots from a overlaid with log-normalized expression of select markers
spanning pro- and anti-inflammatory myeloid cell states. d, Heatmap of mean log-
normalized expression of top differentially expressed genes per cluster, for myeloid cell
clusters C0-C9 e, Cluster enrichments (presented as fraction of all myeloid cells) in
untreated tumors. Each replicate is plotted within each genotype, and barplots show mean
proportion across all replicates within a genotype. n = 3 biologically independent samples
for Brca2 null and Parental mice, and n = 2 biologically independent samples for Brcal null
mice. P-values calculated via two-sided Fisher’s exact test comparing cluster proportions in
Brca2 null and Brcal null mice. C3: FDR P = 9.58e-05, C4: FDR P = 8.76e-47, C5: FDR P
= 9.58e-05, C6: FDR P = 6.47e-05, C8: FDR P = 7.46e-07. All p-values were adjusted for
multiple comparisons using the Benjamini-Hochberg method.
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Fig 7: Single cell RNA-seq analysis reveals enrichment of distinct myeloid populationsin
Brcal"!"and Brca2"U!! tumorstreated with 1CB.

a, Heatmap of mean log-normalized expression of top differentially expressed genes per
cluster for T cell clusters b, Heatmap of mean log-normalized expression of top
differentially expressed genes per cluster for myeloid clusters c, Cluster enrichments in ICB-
treated tumors. Each replicate is plotted within each genotype, and barplots show mean
proportion across all replicates within a genotype. n = 2 biologically independent samples
for Breal null, Brca2 null and Parental mice, P-values calculated via two-sided Fisher’s
exact test comparing cluster proportions in Brca2 null and Brcal null mice. C10: FDR P =
4.24e-25, C8: FDR P = 2.73e-13, C0: FDR P = 1.04e-11, C5: FDR P = 1.60e-05, C20: FDR
P = 2.06e-06. All p-values were adjusted for multiple comparisons using the Benjamini-
Hochberg method.
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