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Nivolumab in combination with cabozantinib for metastatic
triple-negative breast cancer: a phase II and biomarker study
Romualdo Barroso-Sousa1,2,3,9, Tanya E. Keenan1,2,9, Tianyu Li4, Nabihah Tayob5, Lorenzo Trippa4, Ricardo G. Pastorello 6,
Edward T. Richardson III6, Deborah Dillon6, Zohreh Amoozgar7, Beth Overmoyer1,2, Stuart J. Schnitt 6, Eric P. Winer 1,2,
Elizabeth A. Mittendorf2,8, Eliezer Van Allen1,5, Dan G. Duda 7,9 and Sara M. Tolaney 1,2,9✉

This single-arm phase II study investigated the efficacy and safety of cabozantinib combined with nivolumab in metastatic triple-
negative breast cancer (mTNBC). The primary endpoint was objective response rate (ORR) by RECIST 1.1. Biopsies at baseline and
after cycle 1 were analyzed for tumor-infiltrating lymphocytes (TILs), PD-L1, and whole-exome and transcriptome sequencing. Only
1/18 patients achieved a partial response (ORR 6%), and the trial was stopped early. Toxicity led to cabozantinib dose reduction in
50% of patients. One patient had a PD-L1-positive tumor, and three patients had TILs > 10%. The responding patient had a PD-L1-
negative tumor with low tumor mutational burden but high TILs and enriched immune gene expression. High pretreatment levels
of plasma immunosuppressive cytokines, chemokines, and immune checkpoint molecules were associated with rapid progression.
Although this study did not meet its primary endpoint, immunostaining, genomic, and proteomic studies indicated a high degree
of tumor immunosuppression in this mTNBC cohort.
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INTRODUCTION
Triple-negative breast cancer (TNBC) accounts for roughly 15% of
invasive breast cancer cases1. Compared to hormone receptor
(HR)-positive and human epidermal growth factor receptor 2
(HER2)-positive breast cancer, TNBC presents a greater risk of
distant recurrence within 3–5 years of diagnosis and has worse
5-year survival outcomes2–4. Due to the lack of targeted therapies,
TNBC is typically treated with systemic chemotherapy5. Notably,
TNBC can be richly lymphocyte infiltrated, and tumors with high
tumor-infiltrating lymphocytes (TILs) have improved prognosis
and higher rates of pathologic complete response following
chemotherapy6.
Recent efforts to develop new therapies for metastatic TNBC

(mTNBC) have focused on directly modulating and enhancing
immune cell function, particularly with the clinical development of
PD-1/PD-L1 inhibitors7,8. However, the efficacy of such agents in
mTNBC has only been modest when administered as mono-
therapy9. More recently, while the IMpassion-13010 and KEYNOTE-
35511 trials showed improvement in progression-free survival
(PFS) with the addition of PD-1/PD-L1 inhibitors to chemotherapy,
the IMpassion-131 trial failed to demonstrate superiority of
atezolizumab plus paclitaxel versus paclitaxel alone. Additionally,
the IMpassion-130 study demonstrated a clinically significant
improvement in overall survival and established the combination
of atezolizumab plus nab-paclitaxel as the new standard first-line
therapy for PD-L1-positive mTNBC12.
Yet, most patients with TNBC are not candidates for immu-

notherapy, and many eligible patients do not derive benefit from
it. In fact, several groups have shown that, compared with primary
tumors, metastatic breast cancers are “immunologically” cold
tumors, phenotypically characterized by low TILs and a marked

reduction of interferon gamma13,14, which may contribute to the
limited benefit of immunotherapy in this setting. Therefore, new
therapeutic strategies that increase effector lymphocyte infiltra-
tion and reduce intratumoral immunosuppression are required to
enhance the efficacy of immune checkpoint inhibitors in mTNBC.
One mechanism that may contribute to immunosuppression in

mTNBC is VEGF, a key molecule in tumor angiogenesis. High levels
of circulating VEGF and its receptors indicate a poor prognosis for
breast cancer patients15, and VEGF has been identified as a critical
mediator of tumor immunosuppression, by increasing the
expression of immune checkpoints that mediate effector CD8+
T-cell exhaustion16–19. Thus, targeting the VEGF pathway may be
one strategy to increase the efficacy of T-cell-directed immu-
notherapy, including immune checkpoint inhibitors, and this
strategy has now been validated in other advanced cancers20–23.
Bevacizumab, a monoclonal antibody against circulating VEGF, has
been studied in metastatic breast cancer, and while it achieved an
initial FDA approval in 2008 based on a significant improvement in
PFS when added to paclitaxel, this decision was reversed in 2010
as it was felt the risks did not outweigh the small benefits seen
with its addition24,25. In addition to VEGF, the MET receptor
tyrosine kinase may also contribute to an immunosuppressive
tumor microenvironment in mTNBC. MET activation has been
linked to increased PD-L1 expression26,27, and MET overexpression
is associated with poor prognosis in TNBC28.
Cabozantinib is an oral small molecule inhibitor of VEGFR2 and

MET among other tyrosine kinases29, and is FDA-approved for
several indications: medullary thyroid cancer30, renal cell carci-
noma (RCC)31, and advanced hepatocellular carcinoma (HCC)32.
We previously conducted a phase II trial of cabozantinib in
mTNBC, which demonstrated a clinical benefit rate of 34%33.
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However, the objective response rate (ORR) was only 9%,
indicating limited single-agent activity of cabozantinib33. Interest-
ingly, this study demonstrated that cabozantinib treatment was
associated with increased circulating CD8+ T cells and decreased
CD14+ monocytes33. Preclinical studies have demonstrated that
cabozantinib can reprogram the tumor immune microenviron-
ment, increase T-cell infiltration in tumors, and synergize with
immunotherapy to inhibit tumor growth34,35. Moreover, a study
evaluating cabozantinib with nivolumab, with or without addi-
tional ipilimumab, in patients with genitourinary tumors showed
encouraging clinical benefit with manageable toxicity36. A
subsequent study investigating cabozantinib and atezolizumab
in castration-resistant prostate cancer demonstrated an ORR of
32% and a median response duration of 8.3 months37. Based on
these prior findings, in the present study, we evaluated the safety
and efficacy of cabozantinib combined with nivolumab in mTNBC
patients previously treated with 0–3 lines of chemotherapy. We
also explored molecular mediators of response to this combina-
tion regimen using immunohistochemical, genomic, and proteo-
mic studies.

RESULTS
Patient characteristics
From 12/15/2017 to 1/24/2019, 18 patients were enrolled into the
first stage of the trial. Baseline clinical characteristics are displayed
in Table 1. The median age was 58 years (range 41–71), and all
patients had an ECOG performance status of 0. The most common
sites of metastatic disease were lymph nodes (61%), bone (44%),
liver (39%), and chest wall (39%). The median number of prior
cytotoxic therapies for mTNBC was 1 (range 0–3). A total of 16
(83%) patients had tumors with 0% ER expression, and 2 patients
had tumors with <10% ER expression.

Efficacy
Table 2 shows the best responses to treatment by RECIST 1.1. Only
one of the first 18 patients had a partial response (ORR 6%, 95% CI:
0–27); the study therefore did not meet the prespecified criteria to
proceed to the second stage of the trial, and it was closed to
further accrual. Fourteen patients (78%) had stable disease and
two (11%) had progressive disease as the best response (Fig. 1).
The clinical benefit rate was 17% (95% CI: 4–41%). Median PFS was
3.6 months (95% CI: 1.9–6.9) (Fig. 2). The single patient with a
partial response had an ongoing durable response lasting over 2
years and remained on nivolumab alone at the time of data cutoff
on 8/16/2019.

Safety
The combination of nivolumab with cabozantinib was not
associated with any unexpected adverse events. All-cause adverse
events of any grade occurred in 100% of patients, whereas grade
3–4 adverse events occurred in 83% of patients (Table 3). The
most frequent adverse events of any grade were increased
aspartate aminotransferase in 50% of patients and palmar-plantar
erythrodysesthesia, anorexia, fatigue, hypothyroidism, and
increased alanine aminotransferase, each in 39% of patients. The
most common grade 3–4 adverse events were palmar-plantar
erythrodysesthesia, back pain, and increased aspartate amino-
transferase, each in 17% of patients, as well as thromboembolic
events, hypertension, fatigue, and increased alanine aminotrans-
ferase, each in 11% of patients. Adverse events leading to
cabozantinib dose holding occurred in 17 (94.4%) patients;
nivolumab was held due to adverse events in 5 (27.8%) patients.
Additionally, cabozantinib needed to be dose reduced in 9
patients and permanently discontinued due to toxicity in five
patients (Supplementary Table 1).

Molecular studies
PD-L1 was successfully evaluated in 15 patients (8 primary and 7
metastatic samples) (Table 1). Only one patient had a PD-L1-
positive tumor. The test was performed on the primary tumor,
and this patient had stable disease as best response. TILs were
successfully evaluated in 16 patients (5 primary and 11

Table 1. Baseline characteristics.

Characteristic Number of patients (%)

Age, years

Median (range) 58 (41–71)

Sex

Female 18 (100)

Race

White 15 (83)

Black 1 (6)

Other 2 (11)

ECOG PS at baseline

0 18 (100)

Sites of disease

Lung pleural 6 (33)

Liver 7 (39)

Bone 8 (44)

Breast/chest wall 7 (39)

Lymph node 11 (61)

Soft tissue 3 (17)

Adjuvant or neoadjuvant treatment

Adjuvant or neoadjuvant hormonal
therapy

1 (6)

Adjuvant or or neoadjuvant anthracycline 12 (67)

Adjuvant or neoadjuvant taxane 12 (67)

Lines of chemotherapy for metastasis or
recurrence

Median (range) 1 (0–3)

0 5 (28)

1 6 (33)

2 5 (28)

3 2 (11)

Prior metastatic chemotherapy

Anthracycline 4 (22)

Taxane 5 (28)

Platinum 11 (61)

Capecitabine 2 (11)

Eribulin 2 (11)

Other chemotherapy 6 (33)

ER, PR, and HER2 status at study entry

ER and/or PR-positive (≤10%), HER2-
negative

2 (11)

ER and PR negative, HER2-negative 16 (89)

PD-L1-positive cellsa 1 (7)

TILs in metastatic samplesb 3 (27)

ECOG PS Eastern Cooperative Oncology Group Performance Status, ER
estrogen receptor, HER2 human epidermal growth factor receptor 2, PR
progesterone receptor, TIL tumor-infiltrating lymphocytes.
aPD-L1 was successfully evaluated in 15 patients (8 primary and 7
metastatic samples).
bTILs analysis was available in metastatic samples from 11 patients.
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metastatic samples). The median TIL level was 10% (range 1–50)
in primary samples and 5% (range 1–50) in metastatic samples.
Three metastatic samples had TILs > 10, one from the sole
patient with a partial response and two from patients with best
responses of stable disease, including one with a clinical benefit
rate (CBR) (Table 1).
Among the 14 patients (78%) who underwent targeted panel

sequencing, no somatic nucleotide variant or copy number
alteration was associated with PFS (Supplementary Fig. 1;
Supplementary Data 1). The most frequently mutated gene was
TP53 in 86% of sequenced tumors. Six tumors had alterations in
PTEN, defined as nonsynonymous mutations and/or copy number
loss (Supplementary Fig. 1; Supplementary Data 1). PTEN altera-
tions were not associated with PFS (Supplementary Fig. 2a;

Supplementary Data 1). Three tumors had nonsynonymous
mutations in PIK3CA (two H1047R missense alterations and one
in-frame deletion G106_E109del) (Supplementary Fig. 1; Supple-
mentary Data 1). PIK3CA mutations were also not associated
with PFS (Supplementary Fig. 2b; Supplementary Data 1).
Immunotherapy-related genes had few mutations overall and no
copy number alterations associated with PFS (Supplementary Fig.
3; Supplementary Data 1). Median TMB was 4.7 mutations/Mb
(range 2.3–10.6), and the single patient with TMB > 10 had
progressive disease as the best response to treatment.
Whole-exome sequencing of tumor and plasma samples

revealed similar results as the targeted panel sequencing with
no alteration clearly associated with PFS (Fig. 3a, Supplementary
Fig. 4, Supplementary Data 1). As expected, low tumor purity
samples showed fewer alterations, specifically the on-treatment
tumor biopsy of the patient with partial response and the baseline
tumor biopsy of the patient with progressive disease (Fig. 3a,
Supplementary Fig. 4; Supplementary Data 1). Blood biopsies
compared to tissue biopsies at the same timepoint showed
additional alterations, for instance, the ATR alteration present in
the pretreatment blood but not the tumor biopsy sample of
patient 6 (Fig. 3a; Supplementary Data 1), consistent with prior
studies finding that blood biopsies better capture tumor hetero-
geneity across multiple sites38. To elucidate therapy resistance,
post-treatment biopsies were compared to baseline biopsies.
Some post-treatment biopsies exhibited mutations not
detected in the pretreatment tumor, such as the ASXL1 alteration
in patient 6 and the CCND1 alteration in patient 14 (Fig. 3a,
Supplementary Data 1). In other post-treatment biopsies, we did
not observe mutations that were detected in baseline biopsies,
such as the SMAD4 alteration in patient 7, perhaps related to
inadequate tumor sampling as suggested by the lower tumor
purity of the post-treatment blood sample compared to the

Table 2. Best response by RECIST 1.1.

Response Number of patients (%)

Confirmed PR 1 (6)

SD 14 (78)

PD 2 (11)

Not evaluable 1 (6)

CBR (CR+ PR+ SD ≥ 24 weeks) 3 (17)

CBR clinical benefit rate= CR+ PR+ SD ≥ 24 weeks, CR complete response,
PR partial response, SD stable disease.

Fig. 1 Waterfall plot for best response in metastatic TNBC
patients treated with cabozantinib and nivolumab. *Subject 15
had a 10% decrease in the target lesion. However, she had a new
lesion. Therefore, her response was classified as PD.

Fig. 2 PFS for the included population are shown in months.
Kaplan–Meier distributions for progression-free survival in meta-
static TNBC patients treated with cabozantinib and nivolumab.

Table 3. All-cause adverse eventsa.

Adverse event Any grade Grade 3–4

n % n %

Adverse event of any relatedness 18 100 15 83

AST increased 9 50 3 17

ALT increased 7 39 2 11

Anorexia 7 39 – –

Fatigue 7 39 2 11

Hypothyroidism 7 39 – –

Palmar-plantar erythrodysesthesia 7 39 3 17

Myalgia 6 33 – –

Back pain 5 28 3 17

Diarrhea 5 28 – –

Hypertension 5 28 2 11

Cough 4 22 – –

Dysgeusia 4 22 – –

Dyspnea 4 22 1 6

Edema (limbs) 4 22 – –

Neutropenia 4 22 – –

Voice alteration 4 22 – –

Dry mouth 3 17 – –

Hyperthyroidism 3 17 – –

Mucositis (oral) 3 17 – –

Thromboembolic event 3 17 2 11

ALT alanine transaminase, AST aspartate aminotransferase.
aAll events that occurred in ≥15% of study participants.
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baseline blood sample (Fig. 3a, Supplementary Data 1). Mutation
clustering analyses indicated that the cancer cell fraction of
canonical breast cancer gene mutations, including TP53, ARID1B,
and FGFR3, decreased with treatment in tumor biopsies from the
partial response patient (Supplementary Fig. 5; Supplementary
Data 1), consistent with oncogenic tumor clone regression.
Geneset enrichment analyses revealed higher immune geneset

expression in baseline and on-treatment tumor biopsies from the
partial response patient (Fig. 3b), specifically the allograft rejection,
TNF-α, inflammatory response, IL-6/JAK/STAT3 signaling, and
interferon gamma (IFN-γ) response pathways of the cancer hallmark
genesets39. Geneset enrichment analyses comparing two respond-
ing patients (durable partial response and stable disease >
6 months) to two nonresponding patients (progressive disease
and stable disease < 6 months) found that these five immune-
related genesets were the top five genesets enriched in responders
at baseline (FDR q < 0.05, Supplementary Table 2) and that four of
these five immune-related genesets were enriched in responders
on-treatment (FDR q < 0.01, Supplementary Table 3). Additional
geneset enrichment analyses of the tumor biopsies from these four
patients showed that the same five immune-related genesets were
upregulated in on-treatment compared to baseline samples (FDR q
< 0.01, Supplementary Table 4). Interestingly, low tumor purity did
not always correlate with increased immune pathway expression as
demonstrated by the low purity baseline biopsy sample of the
progressive disease patient 7 (Fig. 3a-b). Immune cell deconvolution
from RNA sequencing data revealed no significant differences in
TILs or absolute immune infiltrate by response category in baseline
and on-treatment biopsies (Supplementary Fig. 6; Supplementary
Data 1), as well as no consistent change with treatment in either
response group (Supplementary Fig. 7; Supplementary Data 1).
Research blood samples were evaluated for circulating levels of

angiogenic and inflammatory molecules previously identified as
correlates of response to anti-VEGF therapy in TNBC33. As expected
with anti-VEGFR2 tyrosine kinase inhibitors, treatment was
associated with increased plasma VEGF and PlGF and decreased

sVEGFR2 concentrations (Supplementary Data 1). Interestingly,
combined treatment was associated with substantial and sustained
increases in plasma PD-1 concentration in all patients, but no
changes in PD-L1 levels. Moreover, treatment was linked to
increased plasma CA-IX, IFN-γ, CRTAM, ADA, CXCL9, CXCL10,
GZMH, FASL, and HO-1 and reduced plasma IL-12 and TNFRSF12A,
but did not affect plasma PD-L1. High baseline plasma levels of
multiple markers, including growth factors (VEGF-A, HGF, PlGF, and
ANG2), chemokines (CX3CL1, MCP1, MCP2, MCP3, MCP4, CCL4,
CCL19, CXCL9, and CXCL10), cytokines (IL-5, IL-6, IL-10, and TNF-α),
and immune checkpoint molecules (LAG3, CD27, and CD70) were
all associated with shorter PFS (Supplementary Data 1). A longer
PFS was associated only with a greater decrease in circulating
sVEGFR2 and TNFRSF12A levels between baseline and cycle 2
(Supplementary Data 1).

DISCUSSION
Combining VEGF inhibitors with immune checkpoint inhibitors is
an emerging and validated strategy to enhance response in
advanced non-small cell lung carcinoma, HCC and RCC20–23. This
includes the recent success of cabozantinib with nivolumab versus
sunitinib (doubled PFS) in first-line treatment for advanced RCC in
the randomized phase III CheckMate 9ER trial (NCT03141177), as
well as an ongoing phase III trial of cabozantinib with atezolizumab
in advanced HCC (COSMIC-312 study, NCT03755791).
In the present study, we investigated the efficacy and safety of

the multi-kinase inhibitor cabozantinib combined with the anti-
PD-1 antibody nivolumab in patients with mTNBC. The first stage
of the study yielded an ORR of 6% among 18 patients; the study
did not meet criteria to proceed to the second stage and therefore
was closed early. There were no unexpected or grade 5 adverse
events. However, cabozantinib dose reductions and discontinua-
tions were frequent.
We previously reported that cabozantinib increased the fraction

of circulating CD8+ T cells and NK cells but that these changes did

Fig. 3 Genomic and transcriptomic analyses of tissues from metastatic TNBC to detect associations with durable responses after
nivolumab with cabozantinib. a Whole-exome sequencing breast cancer gene alterations in baseline, on-treatment, and post-treatment
tissue and blood biopsies from six patients showed no clear association with response: each column represents a tumor or blood biopsy with
samples grouped by patient ordered from longest to shortest progression-free survival. b Hallmark geneset enrichment analyses of gene
expression data revealed immune geneset enrichment in patient with durable response that increased on-treatment, as shown in first two
columns. Muts/Mb mutations per megabase, Nonsyn nonsynonymous, PD progressive disease, PR partial response, Pt patient, SD stable disease,
Tx treatment.
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not correlate with clinical benefit in mTNBC patients33. Here, we
found that combination of cabozantinib with PD-1 blockade was
insufficient to activate anti-tumor immunity in all but one patient.
Tumor molecular analyses indicated that the lack of observed

benefit may have been related to the high degree of tumor
immunosuppression in the study population: only one patient
had PD-L1 breast cancer and few patients had high TILs (3/11).
Interestingly, among the 3 with baseline metastatic TILs > 10%,
one developed a durable and sustained partial response and
another had clinical benefit (stable disease > 24 weeks). In early
stage TNBC, the association of TILs and prognosis6 as well as its
association with increased pathologic complete response follow-
ing neoadjuvant chemotherapy have been shown40. Studies
evaluating whether TILs can be used as a predictive biomarker of
benefit to immunotherapy have also been performed. Explora-
tory analysis from KEYNOTE-086 demonstrated that patients who
respond to pembrolizumab monotherapy have higher TILs
compared to nonresponders41. In KEYNOTE-119, high TILs were
significantly associated with better PFS and OS among patients
treated in the pembrolizumab but not for those treated with
chemotherapy42. More research on the utilization of TILs as a
predictive biomarker to immunotherapy in breast cancer should
be pursued.
In our present study, only 1/14 patients with targeted panel

sequencing had a TMB > 10 mutations/Mb, which has been
associated with longer PFS following immune checkpoint
inhibitors in prior studies of mTNBC43–45. Additionally, six tumors
had PTEN alterations, which have been associated with immu-
notherapy resistance in mTNBC and other tumors43,46,47. Alto-
gether, these findings are consistent with prior work showing that
mTNBC is immunologically “cold”, characterized by low TILs and
reduced IFN-γ signature expression13,14.
Plasma proteomic studies further highlighted the profound

level of immunosuppression in this study population. High plasma
levels of immunosuppressive cytokines, chemokines, and immune
checkpoints correlated with rapid progression. In addition,
treatment was associated with increases in the hypoxia markers
CA-IX, VEGF, and PlGF, which may indicate excessive vascular
pruning. Finally, combination therapy was linked with substantial
increases in plasma PD-1, which requires further investigation as a
potential pharmacodynamic marker for this combination and
potentially for PD-1 inhibitors alone.
Overall, the small sample sizes of the genomic sequencing

cohorts and the low ORR prevented the evaluation of previously
observed genomic correlates of response to immunotherapy in
mTNBC, including TMB and PTEN alterations43. The single patient
with targeted panel TMB > 10 in an earlier metastatic tumor also
underwent subsequent whole-exome sequencing, which
revealed TMB < 10 in the baseline, on-treatment, and post-
treatment timepoints. This change in TMB may reflect tumor
evolution or the tendency of targeted sequencing panels to
overestimate TMB48. Furthermore, the one copy PTEN deletion in
the baseline tumor biopsy of the patient with a durable partial
response was not consistent with a previous study reporting that
PTEN alterations were associated with worse response to
checkpoint inhibitors in metastatic TNBC43. This discrepancy
could be explained by the different sequencing methods, i.e.,
panel versus whole-exome sequencing, or the high immune
pathway expression found in this tumor, which matches prior
work showing improved immunotherapy responses in immune
infiltrated mTNBC42,49,50.
The lack of benefit observed with this combination regimen

may be explained by the safety and tolerability profile of
cabozantinib in this population. Although this agent is currently
approved for RCC and HCC at a dose of 60 mg oral daily, a
previous trial from our group showed high rates of dose reduction
in patients with breast cancer, and most patients were dose
reduced to 40mg33. The current trial therefore treated patients

with the 40mg dose of cabozantinib upfront. Even with this lower
dose, the safety data remarkably showed that toxicities were
frequent, leading to cabozantinib dose holds in all but one patient
and dose reductions in half of patients. These dose modifications
may have prevented cabozantinib from reaching adequate
pharmacologic levels to exert a therapeutic effect. Therefore,
other antiangiogenic agents may still have a synergistic role with
immune checkpoint inhibitors in mTNBC.
This study has several limitations. First, patients were not

selected according to PD-L1 status and most were previously
treated for metastatic disease, whereas it is now recognized that
intervention in earlier lines of treatment increases the likelihood of
response to immune checkpoint inhibitors51–53. Second, only four
patients had paired baseline and on-treatment biopsies, which
precluded more robust analyses about the immunological
consequences of this combination regimen. Finally, circulating
biomarker data, while largely consistent with prior experience,
remain hypothesis-generating and it should be considered as
descriptive, as significance tests were not corrected for multiple
hypotheses. Nevertheless, the finding related to the changes in
circulating PD-1 is intriguing and warrants further validation as a
potential pharmacodynamic marker of anti-PD-1-based therapies.
In conclusion, the combination of cabozantinib with nivolumab

did not demonstrate clinical activity in this group of unselected
patients with pretreated mTNBC. This is in contrast to the
promising efficacy results seen with anti-VEGF/R and anti-PD-1/
L1 combination therapies in other cancers20–23. This discrepancy
may in part be due to high rates of toxicity leading to frequent
cabozantinib dose modifications. Molecular studies suggest a
profound level of immunosuppression in these advanced mTNBC
tumors and highlight the critical need to overcome immune
resistance in this aggressive malignancy.

METHODS
Study design and patient population
We conducted an open-label, single-arm, single center phase II study of
cabozantinib with nivolumab in patients with mTNBC. Eligible patients had
histologically or cytologically confirmed invasive breast cancer with
metastatic disease that was measurable per RECIST 1.154. Tumors were
required to be estrogen receptor (ER)-negative and progesterone receptor-
negative, defined as <10% expression by immunohistochemistry, and
HER2-negative per the current American Society of Clinical Oncology/
College of American Pathologists guidelines55. Research biopsies at
baseline and on-treatment during days 15–28 of cycle 2 were mandatory
for patients with safely accessible disease. Participants may have received
0–3 prior lines of chemotherapy for metastatic breast cancer. Additional
inclusion criteria included age ≥18 years and Eastern Cooperative
Oncology Group (ECOG) performance status ≤ 1. Exclusion criteria included
prior treatment with a MET inhibitor or immune checkpoint inhibitor and
evidence of cardiovascular or gastrointestinal tumor invasion.

Study procedures
Nivolumab 480mg was administered intravenously on day 1 of every 28-
day cycle, and cabozantinib 40 mg was administered orally once daily for
28-day cycles. The first phase of the study included a safety run-in of the
combination regimen. If ≥2 of the first six patients enrolled experienced a
dose-limiting toxicity, the trial would have closed for further enrollment.
Biopsies were performed at screening and during days 15–28 of cycle 2.
Tissue from each biopsy was used for exploratory biomarker studies. In
addition, research blood samples were collected from each patient at
baseline, on day 1 of cycle 2 and each subsequent cycle, at each
restaging visit, and once off treatment for progressive disease. All
patients adhered to the protocol schedule for follow-up visits. The Dana-
Farber Cancer Institute institutional review board approved the study
(see protocol in Supplemental Materials), and written informed consent
from all the trial participants was provided before study entry. The study
was monitored by the Data Safety Monitoring Board of the Dana-Farber/
Harvard Cancer Center.
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Statistical considerations
The primary endpoint was ORR according to RECIST 1.1. The study
followed a Simon’s optimal two-stage design56. In the first stage, 18
patients were enrolled. If at least 3/18 patients achieved a complete or
partial response, then an additional 17 patients would be enrolled. If at
least 7/35 patients achieved a complete response or partial response, the
combination regimen would be considered worthy of further study. Based
on this design, a true ORR of 10% or less would not be of clinical interest
and was the null hypothesis, while a true ORR of 30% would be
considered a clinically meaningful level of response. The sample size had
90% power to declare the combination effective at this rate with a one-
sided type I error rate of 5% under the null hypothesis. Secondary
objectives included CBR, defined as the proportion of patients with a
complete response, partial response or with stable disease at week 24,
PFS, and adverse event frequency.

Exploratory objectives
We explored the association of PD-L1 status, TILs, and tumor mutational
burden (TMB) with outcomes. A total of 17 (94%) patients had PD-L1
testing assessed by the VENTANA assay using the SP142 antibody. PD-L1
positivity was defined as PD-L1–stained immune cells (IC) ≥ 1% of the
tumor area10. Additionally, 16 (89%) patients had a hematoxylin and eosin
stained section available to assess stromal TILs according to the
International TILs Working Group guidelines57. Briefly, stromal TILs were
quantified as the percentage of stroma within the invasive area covered by
mononuclear cells over total intratumoral stromal area (0, 1, 5, 10, 15, 20, or
>20 in 10% increments). All mononuclear cells, including lymphocytes and
plasma cells, were scored, while granulocytes and polymorphonuclear
leucocytes were excluded. The TIL level was evaluated as a continuous
measure and as two ordinal levels (≤10% and >10%). TIL analysis was
performed on archival or fresh tumor samples: 8 (53%) from primary
tumors or local recurrences and 7 (43%) from metastatic tumors.
A total of 14 (78%) patients had genomic profiling using the next

generation sequencing panel OncoPanel and had TMB assessed from these
results. OncoPanel is run-in a Clinical Laboratory Improvement Amendments-
certified laboratory environment and uses targeted exome sequencing to
detect copy number alterations, single-nucleotide variants, and translocations
across the full coding regions and selected intronic regions of a predefined
subset of cancer-related genes using tumor-derived DNA58,59. The majority of
patients (13) included in this study had testing done using OncoPanel version
3.1, which targets the full coding regions or selected intronic regions of 507
genes (exomic coverage region of 1.3 megabases [Mb])59. TMB was
calculated as the number of nonsynonymous somatic mutations per
megabase of exonic sequence data covered by the panel. High TMB was
defined as ≥10 mutations per Mb and was used as a discrete variable in the
analysis. OncoPanel was performed on archival tumor samples: 3 (21%) from
primary tumors and 11 (79%) from metastatic tumors.
We also evaluated immunogenomic changes in the tumor immune

microenvironment across the course of treatment. In paired tumor biopsies,
whole-exome and transcriptome sequencing was performed on baseline and
on-treatment samples from four patients, except for one on-treatment sample
that contained insufficient DNA for whole-exome sequencing. In plasma
samples, whole-exome sequencing was performed on circulating tumor DNA
in baseline and post progression samples from three patients, as well as post
progression samples from an additional two patients whose baseline plasma
samples contained insufficient DNA for whole-exome sequencing. A total of
three patients had both tissue and plasma whole-exome sequencing. Using
the Olink platform (A probe—part # 84065, lot # A91713, exp 10/28/2021; B
probe—part # 84066, lot # A91714, exp 10/28/2021), baseline and on-
treatment plasma samples from all 18 patients were evaluated for 110
circulating angiogenic and inflammatory proteins and their correlation with
response to combination therapy. Significance tests were not corrected for
multiple hypotheses in this exploratory analysis of proteomic data.
Whole-exome sequencing was performed at the Broad Institute on seven

RNAlater tumor samples and eight plasma samples using Illumina’s ICE
hybrid-capture bait set as previously described60–62. Germline DNA was
obtained from peripheral blood mononuclear cells. Exome sequencing data
alignment and initial processing was performed using the Broad Institute
Picard pipeline. BAM files uploaded into FireCloud (https://software.
broadinstitute.org/firecloud/). Sequencing data were passed through addi-
tional quality-control and processing methods in FireCloud. Quality-control
cutoffs were mean target coverage > 50× (tumor) and >20× (matched
normal; GATK Depth of Coverage63), cross-contamination of samples

estimation (ContEst64) < 5%, tumor purity (ABSOLUTE65, FACETS66) ≥ 9%,
and tumor-in-normal contamination (deTIN67) < 30%.
We used an adaptation of the Getz Lab Cancer Genome Analysis WES

pipeline (https://docs.google.com/document/d/1VO2kX_fgfUd0x3mBS9N
jLUWGZu794WbTepBel3cBg08) developed at the Broad Institute to call,
filter and annotate somatic mutations with modifications to enhance variant
classification. For variant calling, the MuTect method68 was employed to
identify somatic single-nucleotide variants with computational filtering of
artifacts introduced by DNA fixation procedures63 and DNA oxidation during
sequencing69. Strelka was used to identify small insertions or deletions70,
and panel of normal filtering was utilized for rare artifacts specific to the bait
set used68. Oncotator was applied to annotate identified alterations71.
Only nonsynonymous mutations (i.e., missense, nonsense, indel, and

splice site) were included to enrich for functional genomic effects. Tumor
mutation burden was defined as the nonsynonymous mutational burden
normalized by megabases covered at adequate depth to detect variants
with 80% power using MuTect given estimated tumor purity by
ABSOLUTE61. The number of bases covered at a given depth threshold
in the tumor was determined using the GATK DepthOfCoverage method63.
Tumor purity and ploidy were estimated using ABSOLUTE65 and FACETS66.
Clustering and clonal evolutionary analyses on samples from the same
patient were performed with PhylogicNDT72.
The total number of copy number alterations for each tumor was

calculated using an adapted binary segmentation method (CapSeg)73, and
genes were annotated with Oncotator71. Allelic copy number alterations
were identified by incorporating heterozygous single-nucleotide poly-
morphisms into the binary segmentation method (Allelic CapSeg). Allelic
segments were then adjusted for tumor purity and ploidy. Allelic
amplifications and deletions were then called with previously described
methods integrating segment focality and the purity- and ploidy-corrected
allelic copy number61,74.
Whole-transcriptome sequencing was performed at the Broad Institute

on paired baseline and on-treatment RNAlater tumor samples from four
patients using established methods60,62. RNA sequencing results were
aligned using STAR and then quantified with RSEM to yield gene-level
expression in transcripts per million (TPM)75,76. Samples were clustered
across quality-control metrics using principal-component analysis, which
revealed no outlier samples.
For whole-transcriptome sequencing analyses, differential gene pathway

expression was evaluated with geneset enrichment analysis using the cancer
hallmark genesets from the Molecular Signatures Database (MSigDB; https://
www.gsea-msigdb.org/gsea/msigdb/collections.jsp)77, and tumor immune
cell composition was assessed with the immune deconvolution algorithm
CIBERSORTx using the LM22 signature matrix78. Tumor-infiltrating lympho-
cytes were defined as T cells, NK cells, B cells, and plasma cells identified by
CIBERSORTx78. The false discovery rate (FDR) for geneset enrichment
analyses was controlled with the Benjamini–Hochberg method with a
threshold of q < 0.05. Additional formal statistical tests for significance were
not performed given the power limitations of the small sample numbers in
each cohort. Statistical analyses were run-in R studio version 1.2.5001.

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

DATA AVAILABILITY
The data generated and analysed during this study are described in the following
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map(v1.0.12), ggplot(v3.0.4), ggplot2(v3.3.2)Websites: CIBERSORTx (http://cibersortx.
stanford.edu); GSEA (https://cloud.genepattern.org).

Received: 2 November 2020; Accepted: 27 May 2021;

REFERENCES
1. Foulkes, W. D., Smith, I. E. & Reis-Filho, J. S. Triple-negative breast cancer. N. Engl.

J. Med. 363, 1938–1948 (2010).
2. Haffty, B. G. et al. Locoregional relapse and distant metastasis in conservatively

managed triple negative early-stage breast cancer. J. Clin. Oncol. 24, 5652–5657
(2006).

3. Dent, R. et al. Triple-negative breast cancer: clinical features and patterns of
recurrence. Clin. Cancer Res. 13, 4429–4434 (2007).

4. Lin, N. U. et al. Clinicopathologic features, patterns of recurrence, and survival
among women with triple-negative breast cancer in the National Comprehensive
Cancer Network. Cancer 118, 5463–5472 (2012).

5. Denkert, C., Liedtke, C., Tutt, A. & von Minckwitz, G. Molecular alterations in triple-
negative breast cancer-the road to new treatment strategies. Lancet 389,
2430–2442 (2017).

6. Adams, S. et al. Prognostic value of tumor-infiltrating lymphocytes in triple-
negative breast cancers from two phase III randomized adjuvant breast cancer
trials: ECOG 2197 and ECOG 1199. J. Clin. Oncol. 32, 2959–2966 (2014).

7. Dushyanthen, S. et al. Relevance of tumor-infiltrating lymphocytes in breast
cancer. BMC Med. 13, 202 (2015).

8. Barroso-Sousa, R. & Tolaney, S. M. Clinical development of PD-1/PD-L1 inhibitors
in breast cancer: still a long way to go. Curr. Treat. Options Oncol. 21, 59 (2020).

9. Keenan, T. E. & Tolaney, S. M. Role of immunotherapy in triple-negative breast
cancer. J. Natl Compr. Canc Netw. 18, 479–489 (2020).

10. Schmid, P. et al. Atezolizumab and Nab-Paclitaxel in advanced triple-negative
breast cancer. N. Engl. J. Med. 379, 2108–2121 (2018).

11. Cortes, J. et al. KEYNOTE-355: Randomized, double-blind, phase III study of
pembrolizumab + chemotherapy versus placebo + chemotherapy for previously
untreated locally recurrent inoperable or metastatic triple-negative breast cancer
[abstract]. J. Clin. Oncol. 38, 1000–1000 (2020).

12. Schmid, P. et al. Atezolizumab plus nab-paclitaxel as first-line treatment for
unresectable, locally advanced or metastatic triple-negative breast cancer
(IMpassion130): updated efficacy results from a randomised, double-blind, pla-
cebo-controlled, phase 3 trial. Lancet Oncol. 21, 44–59 (2020).

13. Hutchinson, K. E. et al. Comprehensive profiling of poor-risk paired primary and
recurrent triple-negative breast cancers reveals immune phenotype shifts. Clin.
Cancer Res. 26, 657–668 (2020).

14. Szekely, B. et al. Immunological differences between primary and metastatic
breast cancer. Ann. Oncol. 29, 2232–2239 (2018).

15. Ghosh, S. et al. High levels of vascular endothelial growth factor and its receptors
(VEGFR-1, VEGFR-2, neuropilin-1) are associated with worse outcome in breast
cancer. Hum. Pathol. 39, 1835–1843 (2008).

16. Ott, P. A., Hodi, F. S. & Buchbinder, E. I. Inhibition of immune checkpoints and
vascular endothelial growth factor as combination therapy for metastatic mela-
noma: an overview of rationale, preclinical evidence, and initial clinical data.
Front. Oncol. 5, 202 (2015).

17. Ohm, J. E. & Carbone, D. P. VEGF as a mediator of tumor-associated immuno-
deficiency. Immunol. Res. 23, 263–272 (2001).

18. Hato, T., Zhu, A. X. & Duda, D. G. Rationally combining anti-VEGF therapy with
checkpoint inhibitors in hepatocellular carcinoma. Immunotherapy 8, 299–313
(2016).

19. Voron, T. et al. VEGF-A modulates expression of inhibitory checkpoints on CD8+
T cells in tumors. J. Exp. Med. 212, 139–148 (2015).

20. Finn, R. S. et al. Atezolizumab plus bevacizumab in unresectable hepatocellular
carcinoma. N. Engl. J. Med. 382, 1894–1905 (2020).

21. Socinski, M. A. et al. Atezolizumab for first-line treatment of metastatic non-
squamous NSCLC. N. Engl. J. Med. 378, 2288–2301 (2018).

22. Rini, B. I. et al. Pembrolizumab plus axitinib versus sunitinib for advanced renal-
cell carcinoma. N. Engl. J. Med. 380, 1116–1127 (2019).

23. Motzer, R. J. et al. Avelumab plus axitinib versus sunitinib for advanced renal-cell
carcinoma. N. Engl. J. Med. 380, 1103–1115 (2019).

24. Cobleigh, M. A. et al. A phase I/II dose-escalation trial of bevacizumab in pre-
viously treated metastatic breast cancer. Semin. Oncol. 30, 117–124 (2003).

25. Cohen, M. H., Gootenberg, J., Keegan, P. & Pazdur, R. FDA drug approval sum-
mary: bevacizumab (Avastin) plus Carboplatin and Paclitaxel as first-line

treatment of advanced/metastatic recurrent nonsquamous non-small cell lung
cancer. Oncologist 12, 713–718 (2007).

26. Saigi, M. et al. MET-oncogenic and JAK2-inactivating alterations are independent
factors that affect regulation of PD-L1 expression in lung cancer. Clin. Cancer Res.
24, 4579–4587 (2018).

27. Albitar, M. et al. Correlation of MET gene amplification and TP53 mutation with
PD-L1 expression in non-small cell lung cancer. Oncotarget 9, 13682–13693 (2018).

28. Zagouri, F. et al. High MET expression is an adverse prognostic factor in patients
with triple-negative breast cancer. Br. J. Cancer 108, 1100–1105 (2013).

29. Yakes, F. M. et al. Cabozantinib (XL184), a novel MET and VEGFR2 inhibitor,
simultaneously suppresses metastasis, angiogenesis, and tumor growth. Mol.
Cancer Ther. 10, 2298–2308 (2011).

30. Elisei, R. et al. Cabozantinib in progressive medullary thyroid cancer. J. Clin. Oncol.
31, 3639–3646 (2013).

31. Choueiri, T. K. et al. Cabozantinib versus everolimus in advanced renal-cell car-
cinoma. N. Engl. J. Med. 373, 1814–1823 (2015).

32. Abou-Alfa, G. K. et al. Cabozantinib in patients with advanced and progressing
hepatocellular carcinoma. N. Engl. J. Med. 379, 54–63 (2018).

33. Tolaney, S. M. et al. Phase II and biomarker study of cabozantinib in metastatic
triple-negative breast cancer patients. Oncologist 22, 25–32 (2017).

34. Kwilas, A. R., Ardiani, A., Donahue, R. N., Aftab, D. T. & Hodge, J. W. Dual effects of
a targeted small-molecule inhibitor (cabozantinib) on immune-mediated killing
of tumor cells and immune tumor microenvironment permissiveness when
combined with a cancer vaccine. J. Transl. Med. 12, 294 (2014).

35. Lu, X. et al. Effective combinatorial immunotherapy for castration-resistant
prostate cancer. Nature 543, 728–732 (2017).

36. Nadal, R. M. et al. Results of phase I plus expansion cohorts of cabozantinib
(Cabo) plus nivolumab (Nivo) and CaboNivo plus ipilimumab (Ipi) in patients (pts)
with with metastatic urothelial carcinoma (mUC) and other genitourinary (GU)
malignancies. J. Clin. Oncol. 36, 515–515 (2018).

37. Agarwal, N. et al. Cabozantinib in combination with atezolizumab in patients with
metastatic castration-resistant prostate cancer: results of cohort 6 of the COSMIC-
021 study [abstract]. J. Clin. Oncol. 38, 139–139 (2020).

38. Parikh, A. R. et al. Liquid versus tissue biopsy for detecting acquired resistance and
tumor heterogeneity in gastrointestinal cancers. Nat. Med. 25, 1415–1421 (2019).

39. Liberzon, A. et al. The Molecular Signatures Database (MSigDB) hallmark gene set
collection. Cell Syst. 1, 417–425 (2015).

40. Denkert, C. et al. Tumour-infiltrating lymphocytes and prognosis in different
subtypes of breast cancer: a pooled analysis of 3771 patients treated with
neoadjuvant therapy. Lancet Oncol. 19, 40–50 (2018).

41. Loi, S. et al. Relationship between tumor infiltrating lymphocyte (TIL) levels and
response to pembrolizumab (pembro) in metastatic triple-negative breast cancer
(mTNBC): results from KEYNOTE-086 [abstract]. Ann. Oncol. 28, v608 (2017).

42. Loi, S. et al. Relationship between tumor-infiltrating lymphocytes (TILs) and
outcomes in the KEYNOTE-119 study of pembrolizumab vs chemotherapy for
previously treated metastatic triple-negative breast cancer (mTNBC) [abstract].
Cancer Res. 80, Abstract nr PD5-03 (2020).

43. Barroso-Sousa, R. et al. Tumor mutational burden and PTEN alterations as
molecular correlates of response to PD-1/L1 blockade in metastatic triple-
negative breast cancer. Clin. Cancer Res. 26, 2565–2572 (2020).

44. Barroso-Sousa, R. et al. Prevalence and mutational determinants of high tumor
mutation burden in breast cancer. Ann. Oncol. 31, 387–394 (2020).

45. Winer, E. P. et al. Association of tumor mutational burden (TMB) and clinical
outcomes with pembrolizumab (pembro) versus chemotherapy (chemo) in
patients with metastatic triple-negative breast cancer (mTNBC) from KEYNOTE-
119 [abstract]. J. Clin. Oncol. 38, 1013–1013 (2020).

46. Peng, W. et al. Loss of PTEN promotes resistance to T cell-mediated immu-
notherapy. Cancer Discov. 6, 202–216 (2016).

47. George, S. et al. Loss of PTEN is associated with resistance to anti-PD-1 check-
point blockade therapy in metastatic uterine leiomyosarcoma. Immunity 46,
197–204 (2017).

48. Vokes, N. I. et al. Harmonization of tumor mutational burden quantification and
association with response to immune checkpoint blockade in non-small-cell lung
cancer. JCO Precis. Oncol. https://doi.org/10.1200/PO.19.00171 (2019).

49. Schmid, P. et al. Atezolizumab in metastatic TNBC (mTNBC): Long-term clinical
outcomes and biomarker analyses [abstract]. Cancer Res. 77, Abstract nr 2986
(2017).

50. Emens, L. A. et al. IMpassion130: Efficacy in immune biomarker subgroups from
the global, randomized, double-blind, placebo-controlled, phase III study of
atezolizumab + nab-paclitaxel in patients with treatment-naïve, locally advanced
or metastatic triple-negative breast cancer [abstract]. Cancer Res. 79, Abstract nr
GS1-04 (2019).

51. Adams, S. et al. Pembrolizumab monotherapy for previously untreated, PD-L1-
positive, metastatic triple-negative breast cancer: cohort B of the phase II
KEYNOTE-086 study. Ann. Oncol. 30, 405–411 (2019).

R. Barroso-Sousa et al.

7

Published in partnership with the Breast Cancer Research Foundation npj Breast Cancer (2021)   110 

https://software.broadinstitute.org/cancer/cga/
https://github.com/broadinstitute/PhylogicNDT
https://github.com/broadinstitute/PhylogicNDT
http://cibersortx.stanford.edu
http://cibersortx.stanford.edu
https://cloud.genepattern.org
https://doi.org/10.1200/PO.19.00171


52. Adams, S. et al. Pembrolizumab monotherapy for previously treated metastatic
triple-negative breast cancer: cohort A of the phase II KEYNOTE-086 study. Ann.
Oncol. 30, 397–404 (2019).

53. Nanda, R. et al. Pembrolizumab plus standard neoadjuvant therapy for high-risk
breast cancer (BC): results from I-SPY 2. J. Clin. Oncol. 35, 506–506 (2017).

54. Eisenhauer, E. A. et al. New response evaluation criteria in solid tumours: revised
RECIST guideline (version 1.1). Eur. J. Cancer 45, 228–247 (2009).

55. Wolff, A. C. et al. Human epidermal growth factor receptor 2 testing in breast
cancer: American Society of Clinical Oncology/College of American Pathologists
Clinical Practice Guideline Focused Update. J. Clin. Oncol. 36, 2105–2122 (2018).

56. Simon, R. Optimal two-stage designs for phase II clinical trials. Control Clin. Trials
10, 1–10 (1989).

57. Salgado, R. et al. The evaluation of tumor-infiltrating lymphocytes (TILs) in breast
cancer: recommendations by an International TILs Working Group 2014. Ann.
Oncol. 26, 259–271 (2014).

58. Hanna, G. J. et al. Frameshift events predict anti-PD-1/L1 response in head and
neck cancer. JCI Insight https://doi.org/10.1172/jci.insight.98811 (2018).

59. The AACR Project GENIE Consortium. AACR Project GENIE: Powering Precision
Medicine through an International Consortium. Cancer Discov. 7, 818–831 (2017).

60. Liu, D. et al. Integrative molecular and clinical modeling of clinical outcomes to PD1
blockade in patients with metastatic melanoma. Nat. Med. 25, 1916–1927 (2019).

61. Miao, D. et al. Genomic correlates of response to immune checkpoint blockade in
microsatellite-stable solid tumors. Nat. Genet. 50, 1271–1281 (2018).

62. Miao, D. et al. Genomic correlates of response to immune checkpoint therapies in
clear cell renal cell carcinoma. Science 359, 801–806 (2018).

63. Van der Auwera, G. A. et al. From FastQ data to high confidence variant calls: the
Genome Analysis Toolkit best practices pipeline. Curr. Protoc. Bioinformatics 43,
11 10 11–11 10 33 (2013).

64. Cibulskis, K. et al. ContEst: estimating cross-contamination of human samples in
next-generation sequencing data. Bioinformatics 27, 2601–2602 (2011).

65. Carter, S. L. et al. Absolute quantification of somatic DNA alterations in human
cancer. Nat. Biotechnol. 30, 413–421 (2012).

66. Shen, R. & Seshan, V. E. FACETS: allele-specific copy number and clonal hetero-
geneity analysis tool for high-throughput DNA sequencing. Nucleic Acids Res. 44,
e131 (2016).

67. Taylor-Weiner, A. et al. DeTiN: overcoming tumor-in-normal contamination. Nat.
Methods 15, 531–534 (2018).

68. Cibulskis, K. et al. Sensitive detection of somatic point mutations in impure and
heterogeneous cancer samples. Nat. Biotechnol. 31, 213–219 (2013).

69. Costello, M. et al. Discovery and characterization of artifactual mutations in deep
coverage targeted capture sequencing data due to oxidative DNA damage
during sample preparation. Nucleic Acids Res. 41, e67 (2013).

70. Saunders, C. T. et al. Strelka: accurate somatic small-variant calling from
sequenced tumor-normal sample pairs. Bioinformatics 28, 1811–1817 (2012).

71. Ramos, A. H. et al. Oncotator: cancer variant annotation tool. Hum. Mutat. 36,
E2423–E2429 (2015).

72. Leshchiner, I. et al. Comprehensive analysis of tumour initiation, spatial and
temporal progression under multiple lines of treatment. bioRxiv https://www.
biorxiv.org/content/10.1101/508127v1 (2018).

73. Olshen, A. B., Venkatraman, E. S., Lucito, R. & Wigler, M. Circular binary seg-
mentation for the analysis of array-based DNA copy number data. Biostatistics 5,
557–572 (2004).

74. Brastianos, P. K. et al. Genomic characterization of brain metastases reveals branched
evolution and potential therapeutic targets. Cancer Discov. 5, 1164–1177 (2015).

75. Li, B. & Dewey, C. N. RSEM: accurate transcript quantification from RNA-Seq data
with or without a reference genome. BMC Bioinformatics 12, 323 (2011).

76. Dobin, A. et al. STAR: ultrafast universal RNA-seq aligner. Bioinformatics 29,
15–21 (2013).

77. Subramanian, A. et al. Gene set enrichment analysis: a knowledge-based
approach for interpreting genome-wide expression profiles. Proc. Natl Acad. Sci.
USA 102, 15545–15550 (2005).

78. Newman, A. M. et al. Determining cell type abundance and expression from bulk
tissues with digital cytometry. Nat. Biotechnol. 37, 773–782 (2019).

79. Barroso-Sousa, R. et al. Metadata record for the manuscript: Nivolumab in combi-
nation with cabozantinib for metastatic triple-negative breast cancer: a phase II and
biomarker study. figshare https://doi.org/10.6084/m9.figshare.14578365 (2021).

80. Van Allen E. dbGaP. https://identifiers.org/dbgap:phs002419.v1.p1. (2021).

ACKNOWLEDGEMENTS
This study was funded by Exelixis and Bristol-Myers Squibb. T.E.K. acknowledges grant
support from the National Institutes of Health (T32CA009172). E.A.M. acknowledges

Rob and Karen Hale Distinguished Chair in Surgical Oncology for support. This study
has been presented in poster format at the 2019 San Antonio Breast Cancer
Symposium in San Antonio, TX.

AUTHOR CONTRIBUTIONS
Conceptualization: R.B.-S., S.M.T. Data curation: R.B.-S., S.M.T., T.K., R.G.P., E.T.R. III, D.D.,
S.J.S. Formal analysis: R.B.-S., T.K., T.L., N.T., L.T., E.V.A., D.G.D., S.M.T. Funding
acquisition: R.B.-S., S.M.T. Investigation: R.B.-S., T.K., B.O., E.P.W., D.G.D., S.M.T.
Methodology: R.B.-S., T.K., E.V.A., D.G.D., S.M.T. Supervision: D.G.D. and S.M.T.
Writing—original draft: R.B.-S., T.E.K., D.G.D., and S.M.T. Writing—review and editing:
all authors. Co-first authors: R.B.-S., T.E.K. Co-senior authors: D.G.D., S.M.T.

COMPETING INTERESTS
R.B-S. has served as an advisor/consultant to Eli Lilly, Merck Sharp and Dohme, Roche,
and Zodiac and has received honoraria from Bard Access, Bristol-Myers Squib, Libbs, Eli
Lilly, Novartis, Pfizer, Roche, and travel, accommodations, or expenses from Roche and
Daiichi-Sankyo. D.D. is on the Advisory Board for Oncology Analytics, Inc, and consults for
Novartis. E.A.M. reports research support for lab from Glaxo Smithkline; honoraria from
Physician Education Resource; compensated service on Scientific Advisory Boards for
AstraZeneca, Exact Sciences (formerly Genomic Health), Merck, Peregrine Pharmaceu-
ticals, Roche/Genentech, Sellas Lifesciences, TapImmune Inc; uncompensated service on
Steering Committees for BMS, Lilly, Roche/Genentech; clinical trial funding (paid to
institution, MD Anderson) from AstraZeneca, EMD Serono, Galena Biopharma, Roche/
Genentech; clinical trial funding (paid to institution, DFCI) from Roche/Genentech (via
SU2C grant); and non-financial interests, non-remunerated activities: Board of Directors
for the American Society of Clinical Oncology; and Scientific Advisor for Susan G Komen
for the Cure Foundation. E.V.A. serves as a consultant/advisor to Tango Therapeutics,
Invitae, Genome Medical, Dynamo, Foresite Capital, and Illumina; holds research support
from Novartis and Bristol-Myers Squibb; and holds equity in Synapse, Genome Medical,
Tango, and Microsoft Corp. D.G.D. received consultant fees from Bayer Pharmaceuticals,
Simcere Pharmaceuticals, Surface Oncology and Bristol-Myers Squibb and research
grants from Bayer Pharmaceuticals, Exelixis Pharmaceuticals and Bristol-Myers Squibb.
S.M.T. receives institutional research funding from Novartis, Genentech, Eli Lilly, Pfizer,
Merck, Exelixis, Eisai, Bristol Meyers Squibb, AstraZeneca, Cyclacel, Immunomedics,
Odonate, Sanofi, and Nektar. S.M.T. has served as an advisor/consultant to Novartis, Eli
Lilly, Pfizer, Merck, AstraZeneca, Eisai, Puma, Genentech, Immunomedics, Nektar,
Paxman, Athenex, Oncopep, Daiichi-Sankyo, G1 Therapeutics, Silverback Therapeutics,
Kyowa Kirin Pharmaceuticals, AbbVie, Sanofi, Seattle Genetics, Celldex, Bristol-Myers
Squibb and Nanostring. The remaining authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41523-021-00287-9.

Correspondence and requests for materials should be addressed to S.M.T.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

© The Author(s) 2021

R. Barroso-Sousa et al.

8

npj Breast Cancer (2021)   110 Published in partnership with the Breast Cancer Research Foundation

https://doi.org/10.1172/jci.insight.98811
https://www.biorxiv.org/content/10.1101/508127v1
https://www.biorxiv.org/content/10.1101/508127v1
https://doi.org/10.6084/m9.figshare.14578365
https://identifiers.org/dbgap:phs002419.v1.p1
https://doi.org/10.1038/s41523-021-00287-9
http://www.nature.com/reprints
http://www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Nivolumab in combination with cabozantinib for metastatic triple-negative breast cancer: a phase II and biomarker study
	Introduction
	Results
	Patient characteristics
	Efficacy
	Safety
	Molecular studies

	Discussion
	Methods
	Study design and patient population
	Study procedures
	Statistical considerations
	Exploratory objectives
	Reporting summary

	DATA AVAILABILITY
	References
	Acknowledgements
	Author contributions
	Competing interests
	ADDITIONAL INFORMATION




