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Abstract

Immune checkpoint inhibitors have emerged as a potent new class of anticancer therapy. They 

have changed the treatment landscape for a range of tumors, particularly those with a high 

mutational load. To date, however, modest results have been observed in breast cancer, where 

tumors are rarely hypermutated. Because BRCA1-associated tumors frequently exhibit a triple-

negative phenotype with extensive lymphocyte infiltration, we explored their mutational load, 

immune profile, and response to checkpoint inhibition in a Brca1-deficient tumor model. BRCA1-

mutated triple-negative breast cancers (TNBCs) exhibited an increased somatic mutational load 

and greater numbers of tumor-infiltrating lymphocytes, with increased expression of 

immunomodulatory genes including PDCD1 (PD-1) and CTLA4, when compared to TNBCs from 

BRCA1–wild-type patients. Cisplatin treatment combined with dual anti–programmed death-1 and 

anti–cytotoxic T lymphocyte–associated antigen 4 therapy substantially augmented antitumor 

immunity in Brca1-deficient mice, resulting in an avid systemic and intratumoral immune 

response. This response involved enhanced dendritic cell activation, reduced suppressive FOXP3+ 

regulatory T cells, and concomitant increase in the activation of tumor-infiltrating cytotoxic CD8+ 

and CD4+ T cells, characterized by the induction of polyfunctional cytokine-producing T cells. 

Dual (but not single) checkpoint blockade together with cisplatin profoundly attenuated the growth 

of Brca1-deficient tumors in vivo and improved survival. These findings provide a rationale for 

clinical studies of combined immune checkpoint blockade in BRCA1-associated TNBC.

INTRODUCTION

Breast tumors that arise in BRCA1 mutation carriers typically manifest as high-grade basal-

like breast cancers that carry a poor prognosis (1). Because these tumors frequently exhibit a 

“triple-negative” phenotype with respect to expression of estrogen receptor (ER), 

progesterone receptor (PR), and human epidermal growth factor receptor 2 (HER2), the use 

of endocrine or anti-HER2 therapies is precluded. Chemotherapy remains the mainstay of 

systemic treatment for breast cancer patients harboring a BRCA1 mutation. Platinum agents 

(such as cisplatin and carboplatin) and poly(adenosine diphosphate–ribose)polymerase 

(PARP) inhibitors (such as olaparib and veliparib) have demonstrated efficacy for the 

treatment of BRCA1-mutated breast cancers in clinical trials (2). However, only a subset of 

patients responds to these agents, and a high rate of relapse and drug resistance upon 

prolonged treatment has been observed in preclinical studies (3). Identification of additional 

therapeutic targets and drug combinations for the effective treatment of BRCA1-mutated 

breast cancers therefore remains a pressing area of need.

The critical role of the immune system in limiting cancer progression has been recognized 

for some time (4). The myriad of genetic alterations found in many human cancers likely 

produces an array of tumor-specific neoantigens with the potential to be recognized by the 

immune system. Inhibition of the anticancer immune response has emerged as an important 
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mechanism of tumor resistance to treatment. Through the development of monoclonal 

antibodies that block the immune checkpoint receptors cytotoxic T lymphocyte–associated 

antigen 4 (CTLA4) and programmed death-1 (PD-1) or its ligand PD-L1, it has become 

possible to stimulate and/or magnify a patient’s endogenous antitumor immune response (5). 

These pathways may have distinct roles in immunomodulation, with CTLA4 believed to 

primarily regulate T cell proliferation in lymph nodes, whereas PD-1 primarily suppresses T 

cells in the tumor microenvironment (6). Immune checkpoint blockade has recently 

demonstrated remarkable efficacy across a range of tumor types, particularly melanoma and 

lung carcinoma, where it has swiftly become a standard-of-care therapy for patients (7, 8). 

The clinical responses observed to date with checkpoint blockade in advanced breast cancer, 

however, have been modest in comparison (9, 10). Notably, combination immunotherapy 

(including PD-1 and CTLA4 pathway blockade), delivered with conventional therapy, has 

recently emerged as a promising strategy (11) but has yet to be evaluated in breast cancer.

Checkpoint blockade appears to be most effective against hypermutated tumors, suggesting 

that clinical responses correlate with an increased propensity to produce neoantigens for 

immune activation (12). Given the central role of BRCA1 in homologous recombination–

mediated DNA repair and the maintenance of genomic integrity (2), we hypothesized that 

BRCA1-mutated breast tumors (where lymphocyte infiltration is a hallmark feature) (13) 

would exhibit a greater mutational burden compared to non-BRCA1 tumors and thus may be 

particularly responsive to checkpoint blockade. Certain subtypes of breast cancers, 

particularly triple-negative breast cancer (TNBC), display evidence of lymphocytic 

infiltration, and increased lymphocyte numbers are strongly associated with improved 

survival, suggestive of an antitumor immune response (14). However, this response may be 

exhausted or inhibited, as evidenced by the presence of high amounts of checkpoint and 

inhibitory molecules (15). The tumor-intrinsic factors underlying the immune response in 

breast cancer remain unclear (16). Here, we have examined the somatic mutational diversity 

and composition of tumor-infiltrating lymphocytes (TILs) within TNBCs from BRCA1 
mutation carriers and wild-type (WT) patients. Furthermore, we have assessed the in vivo 

efficacy of immune checkpoint inhibitors, as an adjunct to platinum-based chemotherapy, in 

the treatment of Brca1-deficient mammary tumors.

RESULTS

BRCA1-mutated TNBCs are associated with a prominent lymphocytic infiltrate and high 
mutational burden

A TNBC cohort was identified from The Cancer Genome Atlas (TCGA) data set, and the 

germline mutation status for BRCA1 was determined. The presence of TILs within the 

stroma of primary TNBCs from either BRCA1 mutation carriers or WT patients was scored 

using our previously published method on diagnostic full-face hematoxylin and eosin 

(H&E)–stained slides (17). Notably, BRCA1-mutated TNBCs (n = 29) contained a markedly 

higher number of TILs compared to WT TNBCs (n = 64) (Fig. 1A). This finding is 

compatible with previous reports of prominent lymphocytic infiltrate in BRCA1-mutated 

breast cancer (13). The number of stromal TILs and the expression of critical immune genes 

including CD8, PDCD1 (PD-1), and CTLA4 were next determined, revealing a significant 
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correlation for BRCA1-mutated tumors (Fig. 1, B and C; P < 0.05). We next examined the 

mutational burden within the two TNBC groups and detected a marked enrichment for 

nonsilent mutations (missense mutations and indels) in BRCA1-mutated tumors compared 

to WT TNBCs (Fig. 1D). Together, these findings are consistent with the requirement for 

BRCA1 function in high-fidelity DNA repair, and suggest a robust T cell response in 

BRCA1-mutated TNBCs that is associated with increased expression of checkpoint 

molecules and higher TIL infiltrate, when compared to WT TNBCs.

To further characterize the composition of the immune cell population, we performed 

multiplexed immunofluorescence staining on archival specimens of TNBCs from BRCA1 
mutation carriers using the OPAL method (see Materials and Methods), scoring the 

expression of CD3, CD4, CD8, FOXP3, and PD-L1. Stromal TILs observed in H&E 

sections from BRCA1-mutated TNBCs correlated with the high frequency of TILs identified 

using OPAL (Fig. 2, A to C). These were predominantly FOXP3−CD3+ T cells that included 

CD4+ and CD8+ T cells, with a low frequency of FOXP3+ regulatory T (Treg) cells (Fig. 2, 

D and E, and fig. S1, A and B).

Abundant PD-L1 expression was frequently observed on tumor-associated stromal immune 

cells (Fig. 2, B, C, E, and F). Notably, PD-L1 was also expressed on tumor cells (Fig. 2, C, 

E, and F). Consistent with the engagement of this immune checkpoint pathway, flow 

cytometric analysis of fresh TILs extracted from a newly diagnosed primary TNBC in a 

BRCA1 germline mutation carrier confirmed the presence of CD3+ TILs that comprised a 

large fraction of PD-1–positive CD8+ (67%) and CD4+ (50%) cells (Fig. 2G and fig. S1C). 

A similar high frequency of stromal TILs was also observed in TNBCs from BRCA2 
mutation carriers, where a small percentage of tumor and stromal cells also expressed PD-L1 

(fig. S1, D and E).

Collectively, these findings raise the possibility that BRCA1-mutated tumors have a higher 

burden of tumor-specific neoantigens that stimulate recruitment of large numbers of effector 

T cells to the tumor microenvironment. The efficacy of the antitumor immune response, 

however, may be offset by the expression of PD-L1 and activation of immune checkpoints 

that restrain T cell activity. These features provide a rationale for exploring the utility of 

checkpoint inhibitors in activating effector T cells in BRCA1-mutated breast tumors.

Checkpoint blockade attenuates tumor growth in Brca1-deficient mice

To examine the efficacy of immune checkpoint inhibitors in vivo, we performed studies 

using the MMTV-cre/Brca1fl/flp53+/− mouse model, which develops triple-negative 

mammary tumors that recapitulate hallmark features of human BRCA1-mutated breast 

cancers (18). Notably, flow cytometry revealed that MMTV-cre/Brca1fl/flp53+/− tumors were 

substantially enriched for PD-L1 expression (analogous to human BRCA1-associated 

TNBC), with about 29% of tumor cells expressing PD-L1 compared to <5% of tumor cells 

from MMTV-Neu and MMTV-PyMT tumors, and about 15% of tumor cells from MMTV-
Wnt1 and p53+/− tumor models (Fig. 3A). Similar to human BRCA1-mutated breast cancer, 

MMTV-cre/Brca1fl/flp53+/− tumors also contained PD-L1–expressing stromal immune cells 

(Fig. 3B). Whole-exome sequencing of two mammary tumors revealed more than 200 

missense mutations and a large number of frameshift indels, in keeping with a high tumor 
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neoantigen load. Their mutational signature was similar to that previously reported for 

BRCA1-related tumors (fig. S2, A to C) (19). Thus, the MMTV-cre/Brca1fl/flp53+/− model 

appears to be a suitable preclinical model to study the efficacy of immune checkpoint 

inhibitor therapy.

To perform preclinical studies, we generated a single-cell suspension from freshly harvested 

MMTV-cre/Brca1fl/flp53+/− tumors and trans planted those cells into the mammary fat pads 

of syngeneic F1 (BALB/c × FVB/N) recipient mice (Fig. 3C). The tumors reached a 

sufficient size to commence treatment about 3 weeks later, at which point the mice were 

randomized to one of six treatment arms: (i) vehicle, (ii) anti–PD-1 and anti-CTLA4, (iii) 

chemotherapy (cisplatin), (iv) cisplatin + anti–PD-1, (v) cisplatin + anti-CTLA4, or (vi) 

cisplatin + anti–PD-1 + anti-CTLA4 (Fig. 3C). Checkpoint inhibitor treatment was delivered 

three times per 21-day cycle. Although cisplatin alone initially induced tumor regression, 

tumors were not completely eradicated and eventually regrew (Fig. 3, D and E), consistent 

with previous reports using Brca1-deficient mice (20). Single-agent checkpoint inhibition 

with either anti–PD-1 or anti-CTLA4 failed to improve the tumor response to cisplatin. By 

contrast, a marked attenuation in tumor growth was observed in mice treated with anti–PD-1 

and anti-CTLA4 in combination with cisplatin (Fig. 3D). Most of the tumors regressed, and 

tumor growth was negligible throughout the treatment period. Significant improvement in 

survival was observed compared to all other groups (P = 0.008; Fig. 3, D and E). No 

increase in toxicity was observed in mice treated with the combination compared to 

chemotherapy alone, as determined by parameters that included mouse weight, condition, 

full blood analysis, and serum creatinine and liver enzymes (fig. S3, A and B).

Cisplatin was required for a treatment response to checkpoint blockade, because no 

attenuation in tumor growth was observed with combined anti–PD-1 and anti-CTLA4 

therapy alone (Fig. 3, D and E). This finding is consistent with reports suggesting that 

chemotherapy can act as an immunological adjuvant in the tumor microenvironment by 

promoting the release of tumor antigens via immunogenic cell death, thus priming de novo T 

cell responses and improving the efficacy of checkpoint blockade (21). Cisplatin treatment 

increased the expression of human leukocyte antigen (HLA) antigens and calreticulin on 

BRCA1-deficient HCC1937 breast cancer cells [which were further augmented by 

interferon-g (IFN-γ)], as well as the checkpoint ligands PD-L1 (for PD-1) and both CD80 

and CD86 (for CTLA4) (fig. S4). These findings are consistent with the notion that cisplatin 

may prime breast tumors and synergize with immunotherapy through up-regulation of 

immunogenic signals (22). Collectively, these findings reveal that anti–PD-1 and anti-

CTLA4 treatment, when combined with platinum chemotherapy, produces a favorable 

antitumor response and confers an improved outcome.

Combination therapy induces an avid immune response in Brca1-deficient tumors

To elucidate the mechanism underlying the superior response of Brca1-deficient tumors to 

combination therapy, we performed short-term in vivo experiments. MMTV-cre/
Brca1f l/flp53+/− tumor cells were transplanted into the mammary fat pads of syngeneic 

recipients, and mice were sacrificed at baseline (untreated) and 14 days after treatment with 

cisplatin alone or cisplatin with anti–PD-1 and/or anti-CTLA4 (Fig. 4A). We used flow 
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cytometry to characterize the composition and activation status of immune cell populations 

in lymphoid tissues or infiltrating the tumor microenvironment. Compared to chemotherapy 

alone, checkpoint inhibition and chemotherapy together provoked a marked increase in the 

proportion of tumor-infiltrating cytotoxic CD8+ T cells, coincident with a decrease in the 

proportion of FOXP3+ Treg cells (Fig. 4, B and C, and fig. S5, A to C). This effect was most 

pronounced in tumors from mice receiving dual checkpoint inhibitor therapy (cisplatin, anti–

PD-1, and anti-CTLA4), with a sevenfold increase in the mean CD8+/FOXP3+ cell ratio 

compared to cisplatin treatment alone (Fig. 4, B and C, fig. S5A). These data suggest that 

the combination of chemotherapy and checkpoint blockade induced changes in the tumor 

microenvironment that favor a cytotoxic, rather than suppressive, immune response. Notably, 

a high CD8+/FOXP3+ ratio in breast cancer patients has previously been shown to correlate 

with an improved tumor response, progression-free survival, and overall survival in patients 

receiving neoadjuvant chemotherapy (23). To confirm the T cell dependence of the 

augmented tumor response, MMTV-cre/Brca1fl/flp53+/− tumors were transplanted into 

immunodeficient RAG mice. As expected, the addition of dual anti–PD-1/anti-CTLA4 

therapy failed to improve tumor response to cisplatin (fig. S6, A and B).

We next determined the conventional T cell activation status after treatment by assaying the 

expression of the activation markers ICOS, CD44, NRP1, and PD-1. ICOS, CD44, and 

NRP1 were substantially up-regulated on CD8+ cytotoxic T cells and CD4+ T helper (TH) 

cells within tumors treated with the combination therapy compared to cisplatin alone (Fig. 

4D). PD-1 expression is induced upon activation of T cells and inhibits their effector 

function upon ligation (such as by PD-L1) concomitant with T cell receptor (TCR) and 

costimulatory signals (24). The proportion of activated PD-1+CD8+ T cells infiltrating 

tumors was markedly increased by cisplatin and dual checkpoint blockade, when compared 

to cisplatin alone or together with individual checkpoint blockade (Fig. 4, E to G). The 

overall increase in TILs (fig. S5C), coupled with the up-regulation of PD-1 on nearly all 

CD4+ and CD8+ TILs in mice treated with cisplatin, anti-CTLA4, and anti–PD-1, provides 

strong evidence of an enhanced immune response within the tumor microenvironment.

Dual anti–PD-1/anti-CTLA4 therapy with cisplatin also resulted in an increase in 

intratumoral MHCII+CD11c+ dendritic cells, compared to cisplatin alone (fig. S7, A and B). 

These dendritic cells exhibited increased expression of the costimulatory molecule, CD80, 

consistent with their activation (fig. S7C). Flow cytometric analysis of cytokine production 

by tumor-infiltrating CD4+ T cells revealed that checkpoint inhibitor therapy augmented the 

production of IFN-γ and tumor necrosis factor (TNF). This TH1-type response was most 

notable in tumors treated with dual anti–PD-1/anti-CTLA4 therapy, which appeared to 

trigger the activation of effector T cells that produced both IFN-γ and TNF (fig. S7, D and 

E). This polyfunctional effector T cell phenotype has previously been shown to elicit a 

potent antitumor response (25).

To examine the impact of the checkpoint inhibitors beyond the tumor microenvironment, we 

assayed the immune cells residing in the tumor-draining (sentinel) lymph nodes and spleens 

of recipient mice. The tumor-adjacent axillary lymph node was identified as the draining 

node after the injection of Evans blue dye directly into the tumor injection site to track the 

lymphatic drainage patterns (fig. S8A). We observed an increase in the percentage of 
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activated PD-1+CD8+ T cells in the draining lymph node after combination immune 

checkpoint inhibitor therapy compared to mice receiving either blocking antibody with 

cisplatin (Fig. 4H). Similar effects were seen in the CD4+ compartment (fig. S8, B and C) 

and in the spleen (fig. S8, D and E). Combination therapy also resulted in augmented 

CTLA4 expression on CD4+ cells in the spleen (fig. S8F). Together, these findings indicate 

that the combined use of both anti–PD-1 and anti-CTLA4 checkpoint blockade provoked 

increased activation of both tumor infiltrating and lymphoid CD8+ and CD4+ T cells, 

evidence of a potent antitumor immune response.

DISCUSSION

Tumor recurrence and resistance to therapy remains a challenging problem in breast cancer. 

For patients with TNBC, disease-free survival and overall survival are much worse than for 

patients with ER-positive tumors due to a high relapse rate (1). Patients with advanced 

TNBC, including those harboring germline BRCA1 mutations, often respond well to 

chemotherapy initially, but the duration of the response can be short-lived and followed by 

recurrence and death (26). Patients with germline BRCA1 (and BRCA2) mutations exhibit 

high response rates to PARP inhibitors and platinum agents; however, resistance invariably 

occurs (2, 3, 9). New therapies or drug combinations that achieve an effective and durable 

treatment response are needed. Increasing evidence suggests that it may be necessary to 

efficiently kill tumor cells with an optimal chemotherapy regimen as well as to stimulate an 

immune response to keep residual tumor cells in check, with immune checkpoint blockade 

recently demonstrating impressive and durable tumor control in many tumor types (21). 

Here, we report that BRCA1-mutated TNBCs are immunogenic and actively engaged by the 

immune system; however, antitumor immunity is likely to be restrained by tumor/stromal 

cell up-regulation of PD-L1 and other ligands for checkpoint receptors expressed by TILs. 

Through the combined use of the immune checkpoint inhibitors anti–PD-1 and anti-CTLA4, 

together with platinum-based chemotherapy, we demonstrated a marked attenuation in 

growth of Brca1-deficient mammary tumors and a substantial improvement in survival. 

Combined checkpoint inhibitors and cisplatin induced an avid intratumoral and systemic 

immune response, with evidence for dendritic cell activation and a switch from a suppressive 

to a cytotoxic immune phenotype in TILs. The marked increase in activated tumor-

infiltrating cytotoxic CD8+ T cells and CD4+ T cells was accompanied by the induction of 

polyfunctional effector CD4+ T cells.

Our results indicate that BRCA1-mutated TNBCs may be particularly sensitive to combined 

checkpoint blockade with chemotherapy. Although previous studies have reported a high 

incidence of TILs within primary TNBCs and HER2-positive breast cancers and strong 

correlations with decreased distant recurrence and improved overall survival (14), two recent 

trials of checkpoint blockade have demonstrated only modest efficacy of either anti–PD-1 or 

anti–PD-L1 antibodies in patients with metastatic TNBC (10, 27). These outcomes suggest 

that combined treatment with chemotherapy (which could have pleiotropic roles in 

modulating the immune system) or other immunotherapy agents may be required for 

patients with TNBC to effectively stimulate an effective antitumor immune response. There 

are many clinical trials under way to establish the efficacy of checkpoint inhibitors either 
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alone or as an adjunct to chemotherapy or PARP inhibitors in patients with TNBC 

unselected for BRCA1 status (9).

The concept of double checkpoint blockade has already been established in patients with 

advanced melanoma and non–small cell lung cancer (NSCLC), where a longer progression-

free survival and higher objective response rates were reported in patients receiving dual 

anti–PD-1 and anti-CTLA4 therapy compared to monotherapy (28, 29). This may also be 

highly relevant for breast cancer patients, because, in general, breast cancer is considered a 

less immunogenic solid tumor type, where on average the mutational load and the extent of 

immune infiltrates are far lower than for melanoma and NSCLC. As a drawback, however, 

an increase in the incidence of grade ≥3 immune adverse events was observed with the 

combination treatment, although many side effects could be managed. Even for single-agent 

therapy, toxicity may be higher with CTLA4 blockade than PD-1 blockade, likely due to the 

differing distribution of ligands on immune cell subsets. Although we targeted PD-1, PD-L1 

inhibitors may produce a similar response but have a more favorable toxicity profile than 

PD-1 inhibitors, because the latter prevent binding of both PD-L1 and PD-L2 ligands (6, 

11).

We have provided evidence that BRCA1-mutated tumors harbor an increased number of 

TILs and a higher mutational burden than TNBCs from WT patients, suggesting that they 

produce more neoantigens to incite a T cell response within the tumor microenvironment. 

Moreover, prominent PD-L1 expression was observed on BRCA1-mutated tumor cells and 

in tumors from Brca1-deficient mice compared to other mammary tumor models. PD-L1 up-

regulation is frequently observed in human tumors associated with a prominent immune 

infiltrate (30), and likely arises as an adaptive resistance mechanism by tumor cells under 

immune pressure and/or as an intrinsic resistance mechanism resulting from the activation of 

signaling pathways that normally regulate PD-L1 expression within tumor cells (5).

Although we have not directly demonstrated a causal link between a high mutational burden, 

neoantigens, and TILs, our observations are consistent with those recently reported for high-

grade serous ovarian cancer, where a higher neoantigen load, TILs, and increased expression 

of PD-1 and PD-L1 on tumor-associated immune cells were observed in BRCA1/2-mutated 

tumors compared to DNA repair–proficient tumors (31). A similar phenotype has also been 

observed in microsatellite-unstable colorectal cancer (32, 33). It may be possible to delineate 

the relationship between neoantigens and their corresponding reactive T cells in BRCA1-

mutated TNBC in future studies, although this is currently limited by existing neoantigen 

prediction algorithms and low sensitivity of in vitro assays to determine the corresponding 

reactive T cells. Such studies could provide important mechanistic insights relevant for 

targeted immunotherapy (34).

Our study focused on BRCA1-mutated tumors, where lymphocytic infiltrates and basal-like 

TNBCs are hallmark features. One limitation of our study is the lack of information for 

BRCA2-mutated tumors, where genomic instability is also an important feature. Notably, 

increased numbers of TILs were present in all the BRCA2-mutated TNBCs examined in our 

study. Further work will be required to establish whether dual checkpoint inhibitor blockade 
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with chemotherapy could be effective for this subset of patients, who are primarily 

predisposed to ER-positive breast cancer.

Our results reveal that BRCA1-mutated tumors represent a subgroup of TNBC that could 

achieve enhanced response rates with checkpoint inhibitors in the clinic and suggest that 

BRCA1 status in current immunotherapy clinical trials for TNBC could be an important 

biomarker of tumor response. We speculate that clinical trials that select for breast cancer 

patients with germline (and possibly somatic) mutations in BRCA1 using combined immune 

checkpoint blockade will produce superior tumor response rates compared to studies in 

unselected patients. In conclusion, our proof-of-principle findings provide a rationale for 

clinical studies to assess the efficacy of dual checkpoint blockade with chemotherapy for the 

treatment of BRCA1-mutated TNBCs and possibly other hypermutated breast tumors.

MATERIALS AND METHODS

Study design

The overall study was designed to compare the mutational load, immune profile, and 

response to checkpoint inhibition in a Brca1-deficient mouse mammary tumor model. 

Further experiments were designed to evaluate mechanisms of tumor response to cisplatin 

with dual checkpoint inhibitor therapy. As outlined below, all mouse studies included 

randomization and blinding. The numbers of replicates performed for each experiment are 

included in the figure legends.

TIL quantification and profiling

Tumor samples were obtained from kConFab with approval from the Peter MacCallum 

Cancer Centre and Walter and Eliza Hall Institute Institutional Review Boards. 

Quantification of stromal TILs was performed via light microscopy on H&E slides 

according to our published method (17). Reported value represents the fractional area of 

stroma infiltrated with lymphocytes, expressed as a percentage. For TCGA samples, slides 

were obtained from the Cancer Digital Slide Archive (http://cancer.digitalslidearchive.net). 

A mixture of H&E slides prepared from frozen and formalin-fixed paraffin-embedded 

(FFPE) tissue was available.

Somatic mutation analysis and gene expression analyses of the TCGA data set

Variants from whole-exome sequencing, RNA sequencing quantification, and clinical data 

for TCGA cases were obtained from gdac.broadinstitute.org. Curated variants supplied by 

TCGA pipeline were used to generate mutation burden (these are prefiltered to have an allele 

frequency of >0.1). The “scaled_estimate” values in the RNASeqV2 data were used for gene 

expression analyses, representing TPM calculated by RSEM (35). Cases were characterized 

as triple negative based on negative ER status on immunohistochemistry and 

nonamplification of HER2, according to American Society of Clinical Oncology/College of 

American Pathologists (ASCO-CAP) guidelines. The tumors were from untreated primary 

breast cancers. BRCA1 germline mutational status was obtained from the data released with 

the TCGA breast cancer primary publication (https://tcga-data.nci.nih.gov/docs/publications/

brca_2012/). For the institutional cohort, BRCA1 carrier status was determined using Sanger 
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sequencing and multiplex ligation–dependent probe amplification, with results reviewed by 

a clinical geneticist. All statistical tests were two-sided.

Box plots were constructed with the unmodified default plotting routine in the ggplot2 R 

package (36), with a cross bar at the median and upper and lower margins of the box at first 

and third quartiles. Whiskers extend from the respective quartile to the highest value within 

1.5 times the interquartile range (the distance between first and third quartiles). Data beyond 

the whiskers are plotted as points.

Gene expression correlations between TILs and various immune markers and checkpoints 

were performed. We have previously characterized TILs on the TCGA data set using our 

published method using publicly available H&E-stained slides (16).

Somatic mutational analysis of mouse mammary tumors

Whole-exome sequencing was performed on two MMTV-cre/Brca1fl/flp53+/− tumors 

harvested at the ethical end point (600 mm3). Exome capture was performed using the 

Agilent SureSelectXT Mouse All Exon, and libraries passing quality control were sequenced 

on an Illumina HiSeq 4000, to a mean fold coverage of 97. After alignment to the mouse 

reference genome GRCm38 with Burrows-Wheeler Aligner (BWA) (37), variants were 

called with VarDict in unpaired mode (38). Only variants passing VarDict filters were 

analyzed. Variants were annotated with the Ensembl Variant Effect Predictor (39). Because 

the tumor model has been developed in several mouse backgrounds, there is no true matched 

normal sample, and the following strategy was used to remove germline variants: (i) removal 

of all known germline mouse variants using the current single-nucleotide polymorphism and 

indel calls provided by the Mouse Genomes Project (40) [to avoid missing germline variants 

due to inconsistent representation between call sets, RTG Tools “vcfeval” was used (Real 

Time Genomics)], (ii) removal of variants that occur in the Ensembl databases, and (iii) 

variants with an allele frequency of <0.15 or >0.85 were filtered out after examination of 

allele frequency histograms. Missense mutations were used to determine mutation burden. 

Mutation rate was calculated with the size of the Agilent capture as the denominator (about 

51.5 Mb). Because the appropriate denominator depends on various aspects of the variant 

filtering pipeline, to calculate mutation rate for TCGA data, we used a capture size of 28.8 

Mb, as suggested by the mutation rate analysis available at gdac.broadinstitute.org. TCGA 

used earlier versions of human exome capture kits with smaller capture regions than more 

modern human and mouse kits. Mutational signature detection was performed with the R 

package deconstructSigs (41) on missense mutations from the two MMTV-cre/
Brca1fl/flp53+/− tumors, using the COSMIC signatures available at http://

cancer.sanger.ac.uk/cosmic/signatures (19).

OPAL immunohistochemistry studies

TILs were interrogated to visualize the expression of CD3, CD4, CD8, FOXP3, PD-L1, and 

CK18 in TNBC patient biopsy samples, using the OPAL serial immunostaining protocol 

(42). Briefly, FFPE tissue sections were cut at a thickness of 4 mm and melted at 60°C for 

45 min, followed by dewaxing in three changes of histolene for 11 min and three changes of 

100% ethanol for 1 min each and 70% alcohol for 1 min. Heat-induced antigen retrieval was 

Nolan et al. Page 10

Sci Transl Med. Author manuscript; available in PMC 2018 June 07.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

http://cancer.sanger.ac.uk/cosmic/signatures
http://cancer.sanger.ac.uk/cosmic/signatures


achieved using a microwave. Tissue sections were placed in a plastic Hellendahl jar (Trajan 

Scientific Australia) in EDTA (pH 8) antigen retrieval buffer for CD4, CD8, CK18, FOXP3, 

and PD-L1 and in citrate (pH 6) antigen retrieval buffer for CD3 staining and brought to a 

boil at 100% power followed by 10% power for 15 min. Tissue sections were then left to 

cool for 30 min and washed in 0.02% tris-buffered saline–Tween 20 (TBST) three times at 7 

min each with gentle agitation. Sections were blocked in blocking buffer (Dako, X0909) for 

10 min at room temperature before incubation with primary antibodies or isotype controls. 

Sections were incubated for 30 min at room temperature with rabbit anti-human CD4 (clone 

SP35, 1:100), rabbit anti-human FOXP3 (polyclonal, 1:200), rabbit anti-human PD-L1 

(clone SP142, 1:1000), and rabbit anti-human CD3 (clone SP7, 1:1000) obtained from 

Spring Bioscience; mouse anti-human CD8 (clone 4B11, 1:500) obtained from Thermo 

Fisher; and mouse anti-human CK18 (clone DC10, 1:1000) obtained from Dako. Isotype 

controls were used on serial tissue sections for CD4 [rabbit immuno-globulin G (IgG), 

1:1000], CD3 (rabbit IgG, 1:20,000), PD-L1 (rabbit IgG, 1:6500), FOXP3 (rabbit IgG, 

1:400), CD8 (mouse IgG2b, 1:80), and CK18 (mouse IgG1, 1:740) obtained from Thermo 

Fisher. After primary incubation, sections were washed in 0.02% TBST five times for 5 min 

each, followed by a 10-min incubation in 0.3% H2O2. All sections were then washed in 

0.02% TBST three times for 3 min and incubated with secondary horseradish peroxidase–

conjugated antibodies at a dilution of 1:1000 for 10 min at room temperature. Sections were 

washed three times for 5 min each in 0.02% TBST followed by signal amplification using 

100 ml of TSA Plus working solution per slide at a dilution of 1:50 in 1× amplification 

diluent, incubated at room temperature for 10 min as specified by the manufacturer 

(PerkinElmer). All sections were washed in 0.02% TBST five times for 5 min each followed 

by DAPI staining (Life Technologies) for 2 min at room temperature. Sections were 

mounted in Vectashield hard set medium (Vector) and left to dry flat for 20 min in the 

absence of light. Multispectral imaging of sections was undertaken using the Vectra 3.0 

(PerkinElmer) at ×20 magnification. Image analysis and phenotyping was undertaken using 

the inForm Advanced Image Analysis Software (PerkinElmer), and cell quantitation was 

undertaken using Spotfire (TIBCO). For PD-L1 immunohistochemistry, anti–PD-L1 rabbit 

monoclonal antibody was used (Ventana, SP263).

Mouse strains

All mouse strains were maintained in the Walter and Eliza Hall Institute animal facility 

according to institutional guidelines. MMTV-cre mice (Cre-A strain) were provided by K. U. 

Wagner, Brca1f l/fl mice were from the U.S. National Cancer Institute (NCI), and BALB/c-
p53+/− (BALB/c background) and RAG1 knockout mice (B6.129S7-Rag1tm1Mom) were 

from the Jackson Laboratory. MMTV-cre;Brca1fl/fl mice were on a FVB/N background. All 

experiments were performed with Animal Ethics Approval and conformed to regulatory 

standards set by the Walter and Eliza Hall Institute Animal Ethics Committee.

Preparations of mouse cell suspensions

Mice bearing mammary tumors up to 600 mm3 were euthanized, and the tumor was excised. 

Tumors were minced with a razor blade and digested at 37°C for 1 hour with collagenase 

(300 U/ml) (Sigma), hyal-uronidase (100 U/ml) (Sigma), and deoxyribonuclease (DNase) 

(100 U/ml) (Worthington) in Dulbecco’s modified Eagle’s medium/F-12 + Glutamax 
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(Gibco) supplemented with 1% fetal calf serum (FCS), hydrocortisone (250 ng/ml), insulin 

(5 μg/ml), and epidermal growth factor (10 ng/ml). A single-cell suspension was generated 

after filtration through a 100-μm cell strainer (BD Falcon). Dissected spleens or lymph 

nodes were ground between frosted glass slides, suspensions were filtered through 100-μm 

mesh, and samples were taken for flow cytometry.

Flow cytometry

To assess PD-L1 expression on mammary tumors, cells were blocked in phosphate-buffered 

saline (PBS) containing 2% FCS, 10% DNase, rat immunoglobulin (Jackson Immunolabs), 

and an antibody to CD16 and CD32 Fcγ II and III receptors (WEHI Monoclonal Antibody 

Facility) for 10 min at 4°C. Cells were then incubated with the following primary antibodies 

(from BioLegend unless otherwise stated) for 25 min at 4°C: allophycocyanin (APC)–

conjugated anti-mouse CD31 (clone MEC13.3), APC anti-mouse CD45 (clone 30-F11), 

APC anti-mouse Ter119 (clone Ter-119), Pacific Blue–conjugated anti-mouse CD24 (clone 

M1/69), fluorescein isothiocyanate–conjugated anti-mouse CD29 (clone HMβ1-1), and 

biotin-conjugated anti-mouse CD274 (PD-L1, eBioscience). Cells were then washed with 

PBS/2% FCS and incubated with APC-Cy7–conjugated streptavidin (BD Pharmingen) to 

detect biotin for 15 min at 4°C and then resuspended in propidium iodide (0.5 μg/ml) for 

live-cell discrimination. Cells were analyzed on an LSRFortessa X-20 (BD Biosciences). 

The lineage-negative population was defined as CD31−CD45−Ter119−. Analysis of immune 

cells involved staining single-cell suspensions with antibody conjugates to detect the cell 

surface and intracellular proteins. Conjugates were purchased from BioLegend unless 

otherwise stated: CD4 (clone GK1.5), CD8 (clone 53-6.7), CD25 (PC61.5), TCRβ (clone 

H57-597), CD44 (clone IM7), CD62L (clone MEL-14), CD45 (clone 30-FII), CTLA4 

(clone UCIO-4B9), PD-1 (clone 29F.1A12), CD80 (clone 16-1OA1), CD11c (clone N418), 

and FOXP3 (eBioscience, clone FJK-16). All surface stains were incubated for 20 min at 

4°C. Intracellular staining for FOXP3 and Ki67 was performed after fixation and 

permeabilization using the FOXP3 staining kit (eBioscience). Staining for TNF and IFNγ 
was performed on single-cell suspensions that were stimulated with ionomycin (1 μg/ml) 

and phorbol 12-myristate 13-acetate (50 ng/ml) for 4 hours at 37°C. Unstimulated cells 

incubated at 37°C for 4 hours were used as a negative control. Sample data were acquired on 

a Fortessa flow cytometer (BD Biosciences) and analyzed using FlowJo software (TreeStar).

In vivo transplantation of mammary tumor cells

Single-cell suspensions from freshly harvested MMTV-cre/Brca1fl/fl/p53+/− mammary 

tumors were counted and resuspended in transplantation buffer containing 25% growth 

factor–reduced Matrigel (BD Pharmingen). Cells (40,000 per gland) were injected into the 

right inguinal fat pad (unilateral transplantation) of 4-week-old F1 (FVB/N × BALB/c) 

recipients, as described previously (43).

In vivo drug studies

At 3 weeks after transplantation, when mammary tumors had reached a size of about 100 

mm3, mice were randomly assigned to treatment groups and injected with combinations of 

the following drugs: cisplatin (4 mg/kg, intravenous), anti–PD-1 (200 μg/mouse, 

intraperitoneal), anti-CTLA4 (150 μg/mouse, intraperitoneal), or a vehicle control (PBS, 
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intravenous or intraperitoneal). Cisplatin was injected on day 1, followed by anti–PD-1/anti-

CTLA4 injections on days 2, 5, and 8. This treatment regime was repeated every 21 days, 

for a total of four treatments. Tumors were measured three times per week, and mice were 

euthanized once the ethical end point was reached [tumor volume of 600 mm3, as 

determined by measuring the minimum and maximum tumor diameters using the following 

formula: [(minimum diameter)2 (maximum diameter)/2)]. For short-term in vivo studies, 

tumors were harvested either the day before treatment initiation (day 0) or at days 10 to 14, 

as indicated. All mouse studies were blinded: Animal research technicians performed the 

injections, and investigators were unaware of the group allocation when measuring tumor 

size.

Cell lines

For in vitro analysis of tumor and immunogenic cell death markers, the BRCA1-mutated 

(insertion C at nucleotide 5382) triple-negative human cell line HCC1937 was used. The cell 

line was maintained in RPMI (0.6% human insulin, 10% fetal bovine serum) and 

authenticated using short tandem repeat profiling. Cells were treated with vehicle control 

(PBS), cisplatin (2 μM), recombinant human IFN-γ (BD; 5 ng/ml), or a combination of 

IFN-γ (5 ng/ml) and cisplatin (2 μM) for 72 hours. After this, FACS analysis was 

undertaken for several markers: human HLA-ABC (BD; clone G46-2.6), HLA-DR 

(BioLegend; clone L243), CD80 (BD; clone L307.4), CD86 (BioLegend; clone IT2.2), PD-

L1 (BioLegend; clone 29E.2A3), calreticulin (Abcam; clone EPR3924), and MICA/B 

(BioLegend; clone 6D4). All experiments were conducted in triplicate, and three 

independent experiments were undertaken. All cell surface stains were incubated for 30 min 

at 4°C. Sample data were acquired on a Fortessa flow cytometer (BD Biosciences) and 

analyzed using FlowJo software (TreeStar). Data are presented as mean fluorescence index.

Toxicity data

Blood was collected by cardiac puncture 10 days after the start of treatment in Microcuvette 

(Sarstedt) and Microtainer tubes (BD Pharmingen). Full blood examination was carried out 

on an Advia 2120 blood analysis machine (Siemens), and serum analysis was carried out on 

an Architect auto-analyzer (Abbott) after serum separation according to the manufacturer’s 

instructions.

Lymph node mapping

We identified the mammary tumor–draining lymph node using a protocol adapted from 

Harrell et al. (44). Mice were anesthetized, and 20 μl of Evans blue dye (Sigma, 5% diluted 

in PBS) was injected into the inguinal fat pad of 8-week-old FVB/N female mice (n = 3) 

using a 27-gauge needle. We then visually assessed the lymphoid drainage pattern and 

identified the tumor-adjacent axillary node as the primary drainage site.

Statistical analysis

The statistical analysis used for determining the mutational load is described in a separate 

section. Significance was determined by the Mann-Whitney U test. All statistical tests were 

two-sided. For the in vivo tumor studies, statistical analyses were performed using the 
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GraphPad Prism software version 5.0a. Kaplan-Meier (log-rank test) was used to test for 

significant differences in the survival of mice (using the ethical end point for tumor size as a 

surrogate for death). Unpaired t tests were used to test the significance of differences in 

column means between treatments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. BRCA1-mutated TNBCs are enriched for TILs and have a high mutational burden
(A) Stromal TILs in BRCA1-mutated (n = 29) versus WT primary TNBC (n = 64). P = 

0.037 (Mann-Whitney U test). The combined cohort was from TCGA (n = 71) and a 

kConFab series of BRCA1-mutant tumors (n = 22). (B) Correlogram of stromal TILs and 

expression of key immune genes in BRCA1-mutant primary TNBC (n = 7). Stars indicate P 
< 0.05. Gene expression measured in transcripts per million (TPM). Pearson product-

moment correlation coefficient is displayed. (C) Scatter plots of TILs versus TPM 

(logarithmic scale) for key immune genes [same data as (B)]. (D) Nonsilent mutation 

(missense/nonsense mutations and indels) burden in BRCA1-mutant (n = 7) versus WT 

primary TNBC from TCGA cohort (n = 64). P = 0.05 (Mann-Whitney U test). Refer to 

Materials and Methods for details on box plots.
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Fig. 2. BRCA1-mutated TNBCs exhibit prominent lymphocytic infiltrate and PD-L1 expression
(A) Representative H&E image of a BRCA1-mutated TNBC. Scale bar, 100 μm. (B) 

Analysis of matched BRCA1-positive TNBC patient stromal TIL populations for H&E, 

OPAL staining, stromal, and intratumoral PD-L1 expression (n = 16). (C) BRCA1-mutated 

TNBC. H&E and accompanying section immunostained for PD-L1. Scale bars, 100 mm. 

(D) Representative BRCA1-mutated TNBC patient sample with high stromal TILs. The 

inset indicates an area with a high number of CD3+ (*), CD4+ (**), and CD8+ (***) cells. 

Iso, isotype-matched control antibody. Additional images are shown in fig. S1 (A and B). 
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Scale bars, 100 mm (main image) and 20 μm (inset). (E) BRCA1-mutated TNBCs. The 

OPAL staining panel includes tumor marker CK18 (yellow), CD3 (red), CD4 (white), CD8 

(green), FOXP3 (orange), PD-L1 (cyan), and 4′,6-diamidino-2-phenylindole (DAPI) (blue). 

Scale bars, 100 μm. (F) OPAL staining for PD-L1 and CK18, revealing high intratumoral 

PD-L1 expression. Scale bar, 100 μm. (G) Sankey plot of a fluorescence-activated cell 

sorting (FACS) profile of CD3+ TILs from a BRCA1-mutated tumor, showing percentages 

of CD8+ and CD4+ cells and PD-1 expression within these subsets (see fig. S1C).
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Fig. 3. Combination therapy with checkpoint inhibitors curtails the growth of Brca1-deficient 
tumors
Graph depicting the percentages of PD-L1+ (A) tumor cells and (B) stromal cells (Lin+) 

within mammary tumors harvested from MMTV-cre/Brca1fl/fl/p53+/−, MMTV-Neu, MMTV-
PyMT, MMTV-Wnt1, and p53+/− mice. PD-L1 expression was determined by flow 

cytometry on freshly harvested tumors, and the percentage of positive cells was determined 

by comparing PD-L1 expression to an isotype-matched control antibody. Data are means ± 

SEM; each data point depicts an individual tumor. *P < 0.05, **P < 0.01. (C) Overview of 

treatment strategy: Freshly harvested MMTV-cre/Brca1fl/fl/p53+/− tumor cells were injected 

into the mammary fat pads of syngeneic (F1 FVB × BALB/c) mice. Three weeks after 

transplantation, mice were randomized to one of six treatment arms: (i) vehicle (PBS), (ii) 

anti–PD-1 and anti-CTLA4, (iii) cisplatin, (iv) cisplatin and anti–PD-1, (v) cisplatin and 

anti-CTLA4, and (vi) cisplatin, anti-CTLA4, and anti–PD-1. Mice received cisplatin on day 

1 of each treatment cycle (days 1, 21, 42, and 63) and anti–PD-1 and anti-CTLA4 on days 2, 

5, and 8 of each cycle. (D) Tumor growth curves for individual mice (n = 58). Arrows depict 
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day 1 of a treatment cycle (treatment with cisplatin or vehicle control). (E) Kaplan-Meier 

survival curves depicting the augmented response of MMTV-cre/Brca1fl/fl/p53+/− tumors to 

combination therapy. Log-rank (Mantel-Cox) P value is shown for combination cisplatin, 

anti–PD-1, and anti-CTLA4 therapy versus cisplatin alone.
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Fig. 4. Combination therapy induces an avid immune response in Brca1-deficient tumors
(A) Schematic diagram of the experimental protocol. MMTV-cre/Brca1fl/fl/p53+/− tumor 

cells were transplanted into the fat pads of syngeneic (F1 FVB × BALB/c) mice. Tumors, 

spleens, and draining lymph nodes were either harvested before treatment initiation 

(baseline, day 0) or 14 days after treatment with cisplatin ± anti-CTLA4/anti–PD-1. The 

composition and activation status of immune cells were assessed by flow cytometry. Two 

independent experiments were performed (n = 5 mice per group per experiment). (B) 

Representative FACS plots showing FOXP3 versus CD8 expression on TCRβ+ tumor-
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infiltrating cells in mice receiving the treatments indicated. The percentage of cells bounded 

by each region is shown. (C) Quantification of the ratio of CD8+/FOXP3+ T cells infiltrating 

the tumors of mice receiving the various treatments. UT, untreated. (D) Histograms of ICOS, 

CD44, and NRP1 expression on tumor-infiltrating CD8+ (top panels) or CD4+FOXP3− 

(bottom panels) conventional T cells from untreated mice (gray shaded), mice treated with 

cisplatin (gray line), or mice treated with cisplatin, anti-CTLA4, and anti–PD-1 (black line). 

(E) Representative FACS plots depicting CD8 versus PD-1 expression on TCRβ+ tumor-

infiltrating cells in mice receiving the treatments indicated. The percentage of cells bounded 

by each region is shown. (F) Quantification of the proportion of PD-1+ tumor-infiltrating 

CD8+ T cells. (G) Histograms of PD-1 expression on tumor-infiltrating CD8+ or CD4+ 

conventional T cells from untreated mice(gray shaded), mice treated with cisplatin (gray 

line), or mice treated with cisplatin, anti-CTLA4, and anti–PD-1 (black line). (H) 

Expression of PD-1 versus CD8 on TCRβ+ T cells from the draining lymph nodes of mice 

receiving the indicated treatments (left panels) and quantification of PD-1+CD8+ T cells 

(right panel). Flow cytometric analysis is representative of two experiments with n = 5 mice 

per group. Means ± SEM are shown, with analysis by one-way analysis of variance 

(ANOVA) and Tukey’s post-test. *P < 0.05, **P < 0.001, ***P < 0.0001, ****P < 0.00001.
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