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Abstract
Purpose  Triple-negative breast cancer (TNBC) patients with brain metastases have a poor prognosis and limited treat-
ment options. Preclinical and clinical evidence suggests that radiotherapy may act synergistically with immune checkpoint 
inhibitors.
Methods  We conducted an open-label, single-arm, phase II study of atezolizumab plus stereotactic radiosurgery (SRS) in 
metastatic TNBC patients with brain metastases. The primary endpoint was progression-free survival (PFS) according to the 
Response Assessment in Neuro-Oncology Brain Metastases (RANO-BM) bi-compartmental model. Secondary endpoints 
included extracranial objective response rate, overall survival (OS), and safety and tolerability. A safety run-in analysis for 
dose-limiting toxicity (DLT) was performed after the first 6 patients were enrolled and completed the assessment period.
Results  Six patients were enrolled into the safety run-in phase between May 11, 2018 and October 24, 2019. No DLTs were 
observed, but the study was closed early due to slow accrual. Patients received a median of 2 atezolizumab cycles (range: 
2—16), and SRS was administered to all 6 patients. Treatment-related adverse events (TRAEs) occurred in 4 participants 
(66.7%); all events were grade 2. The median bi-compartmental PFS was 1.3 months (95% confidence interval (CI): 0.95 – 
NA) and the median OS was 9.7 months (95% CI: 3.6 – NA). The best observed response by RECIST 1.1 criteria was stable 
disease ≥ 24 weeks in one participant (16.7%).
Conclusions  Concurrent SRS with atezolizumab was feasible in TNBC patients with brain metastases. However, disease 
outcomes were poor, and the development of effective therapies for these patients remains a significant unmet medical need.
Clinical Trial Registry Number  https://​www.​clini​caltr​ials.​gov NCT03483012.
Trial Open to Accrual: 05/01/2018.

Keywords  Triple-negative breast cancer (TNBC) · Brain metastases · Stereotactic radiosurgery (SRS) · Atezolizumab

Introduction

Triple-negative breast cancer (TNBC), which is negative for 
estrogen receptor, progesterone receptor and human epider-
mal growth factor receptor 2 (HER2), accounts for roughly 
15% of breast cancer cases [1]. Compared to patients with 
other breast cancer subtypes, patients with early-stage TNBC 
have a heightened risk of distant recurrence and death within 
five years of diagnosis [2, 3]. Overall survival (OS) among 
TNBC patients undergoing systemic therapy for metastatic 
disease ranges from 13–23 months [4, 5].

The central nervous system (CNS) is a common site of 
metastasis for TNBC patients. Approximately 25% to 46% 
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of patients with metastatic TNBC develop CNS metastases 
[2, 6–8], which can occur in the brain parenchyma or along 
the leptomeninges. Brain metastases are typically treated 
with surgery and/or radiation therapy, which can consist 
of whole-brain radiation therapy (WBRT) or stereotactic 
radiosurgery (SRS) [9]. Despite optimal CNS-directed local 
therapy, survival outcomes remain poor, with median OS 
ranging from 3–7 months from the date of diagnosis of brain 
metastases [10–13].

Preclinical and clinical evidence suggests that radiation 
therapy (RT) may enhance the efficacy of immune check-
point inhibitors (ICIs) in solid tumor patients with brain 
metastases. In mouse models of breast cancer, RT and ICIs 
act synergistically to upregulate tumor-associated antigen-
MHC complexes, enhance antigen cross-presentation, upreg-
ulate programmed death ligand 1 (PD-L1) expression, pro-
mote the infiltration of antigen-specific T cells, and reduce 
the accumulation of myeloid-derived suppressor cells [14, 
15]. Retrospective studies in melanoma patients with brain 
metastases have shown that concurrent treatment with SRS 
and ipilimumab or nivolumab is well-tolerated and associ-
ated with improved survival [16–18]. The available data also 
suggest that concurrent use of ICIs and SRS for brain metas-
tases from non-small cell lung cancer (NSCLC) is tolerable 
and may be more effective than sequential treatment with 
radiotherapy and ICI [19–21]. As a result of this synergy, 
reports of an effect at distant disease sites, known as the 
abscopal effect, have been reported [22]. However, when 
this study was designed, the combination of SRS with an 
ICI had not been evaluated prospectively in TNBC patients 
with brain metastases.

To evaluate the safety and potential synergy between 
RT and ICI in TNBC, we conducted a phase II study of 
atezolizumab in combination with SRS in TNBC patients 
with brain metastases.

Methods

Study design and patient population

This was a single-institution, open-label, single-arm, phase 
II study of atezolizumab with concurrent SRS in patients 
with metastatic TNBC with brain metastases. Eligible 
patients had histologically or cytologically confirmed stage 
IV TNBC, defined as estrogen receptor < 1%, progesterone 
receptor < 1%, and HER2-negative per American Society 
of Clinical Oncology/College of American Pathologists 
(ASCO/CAP) guidelines [23]. Participants had radiologi-
cally confirmed brain metastases, consisting of ≤ 5 new or 
progressive lesions in the brain (each ≤ 3 cm in diameter in 
any direction) requiring SRS. Patients may have had more 

than 5 total brain lesions, as long as no more than 5 required 
SRS treatment. To evaluate for potential abscopal effect, par-
ticipants also had measurable extracranial disease as defined 
by RECIST 1.1 criteria [24].

Participants must not have received prior treatment with 
any anti-PD-1, PD-L1, or PD-L2 agent. There was no limit 
to the number of prior lines of systemic therapy, and par-
ticipants who had not received any prior systemic therapy 
were also eligible. All participants were at least 18 years old 
with an Eastern Cooperative Oncology Group (ECOG) per-
formance status of ≤ 2 and normal organ and bone marrow 
function as defined by institutional standards.

Patients with known leptomeningeal or brainstem metas-
tases were ineligible. In addition, participants must not have 
had CNS complications for which urgent neurosurgical 
intervention was indicated (such as resection or shunt place-
ment). Treatment with high dose systemic corticosteroids 
(defined as dexamethasone > 2 mg/day or bioequivalent) 
within 7 days of initiating therapy was not allowed. Addi-
tional exclusion criteria included pregnancy or breastfeed-
ing, known infection with human immunodeficiency virus, 
hepatitis B virus, or hepatitis C virus, uncontrolled intercur-
rent illness, or history of different malignancy (except for 
participants who remained disease-free for at least 3 years 
or had a low risk of recurrence as deemed by the principal 
investigator).

Treatment and procedures

Participants received SRS in combination with atezolizumab 
1200 mg IV on day 1 of each 21-day (3-week) cycle. No 
additional concurrent anti-cancer therapy, including chemo-
therapy, was allowed. The first dose of atezolizumab was 
administered 2–7 days before initiating SRS. SRS was typi-
cally initiated within 14 days of the planning brain magnetic 
resonance imaging and delivered framelessly using a linear 
accelerator with a limited number of isocenters. The stand-
ard SRS dose was 20 Gy; however, dose reductions were 
permitted for larger tumors to limit the volume of normal 
brain receiving ≥ 12 Gy to ≤ 10 cc, as well as for disease in 
or near the brainstem or optics. If this constraint could not 
be met at 16 Gy, treatment was converted for intact tumors 
to hypofractionated SRT using 30 Gy in five fractions. RT 
was delivered at Brigham and Women’s Hospital or Dana-
Farber Cancer Institute.

Atezolizumab treatment was administered for an indefi-
nite number of cycles until a participant experienced dis-
ease progression by Immunotherapy Response Assessment 
in Neuro-Oncology (iRANO) [25] and/or Immune-Related 
Response Criteria (irRC) [26], unacceptable adverse 
event(s), intercurrent illness that precluded further treat-
ment, or any changes to the participant’s condition that 
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rendered them unsuitable to continue receiving atezolizumab 
in the opinion of the treating investigator.

Participants were required to undergo a research biopsy at 
baseline (before the initiation of study therapy) and at Cycle 
2, Day 1 if extracranial metastases were safely accessible. 
Participants without biopsy-accessible disease were required 
to submit an archival primary and/or metastatic specimen. 
The research biopsies could be waived with principal inves-
tigator approval for the first 6 participants enrolled to the 
safety run-in phase of the study.

Assessments

Participants removed from study therapy for unacceptable 
adverse event(s) were followed until resolution or stabili-
zation of the event(s). Participants removed from study 
therapy for extracranial progression in the setting of intrac-
ranial response or stable disease were followed for CNS pro-
gression and survival after removal from protocol therapy. 
Participants removed from protocol therapy for intracranial 
disease progression were followed until death.

To assess for potential delayed radiation toxicity, a 
6-month safety visit was performed. Patients who discon-
tinued protocol therapy before the 6-month SRS treatment 
visit were evaluated by phone and had records reviewed to 
achieve complete ascertainment of this endpoint.

Investigators evaluated the participants’ neurological 
function using the Neurologic Assessment in Neuro-Oncol-
ogy (NANO) scale [27]. Patient-reported outcomes (PROs) 
were measured by the M.D. Anderson Symptom Inventory-
Brain Tumor (MDASI-BT) assessment [28] and the EQ-5D 
evaluation [29]. PROs were completed at baseline, on Day 
1 of Cycles 3, 5, 9, and once participants were off treatment.

Statistical considerations

A safety run-in analysis was planned after the first 6 
patients were enrolled and completed the assessment 
period for dose-limiting toxicity (DLT), which was the 
period from the first dose of atezolizumab until Cycle 
3, Day 1. DLT included any of the following events: 
death; grade ≥ 3 treatment-emergent neurological tox-
icity; asymptomatic grade 4 hematologic toxicity last-
ing ≥ 14 days (unless deemed by the investigator to be 
clinically insignificant); grade ≥ 4 thrombocytopenia 
(any duration) or grade ≥ 3 thrombocytopenia (if associ-
ated with bleeding); grade ≥ 3 febrile neutropenia; grade 
3 aspartate aminotransferase (AST) or alanine ami-
notransferase (ALT) elevation associated with grade 2 
bilirubin elevation at least possibly related to study drug 
(Hy’s Law); grade 3 non-hematologic toxicity that either 
required medical intervention, led to hospitalization, or 
persisted for > 7 days (excluding alkaline phosphatase 

(ALP) ≤ 10 × upper limit of normal [ULN] in a patient with 
baseline grade ≥ 2 ALP elevation from bone metastasis, or 
any other laboratory values the investigator deemed clini-
cally insignificant); grade ≥ 3 pneumonitis (any duration); 
grade ≥ 3 fatigue (> five days); and any other grade ≥ 3 
non-laboratory toxicity lasting ≥ three days despite opti-
mal supportive care (excluding alopecia of any grade). If 
fewer than 3 DLTs were observed within the first 6 patients 
enrolled, the study would proceed to full accrual. If 3 or 
more DLTs were observed in the first 6 patients assessed, 
the study would be closed to further enrollment. With this 
strategy, there was a 90% probability of continuing enroll-
ment if the true DLT rate was 20%, and a 34% probability 
of continuing enrollment if the true rate was 50%.

All participants who received at least one dose of study 
therapy were included in the efficacy analyses. The pri-
mary endpoint was bi-compartmental progression-free 
survival (PFS), defined as time from first dose of atezoli-
zumab (Cycle 1, Day 1) to progression or death from 
any cause. Progression was defined according to the bi-
compartmental model proposed by the Response Assess-
ment in Neuro-Oncology Brain Metastases (RANO-BM) 
working group, and defined as the first detection of radio-
logic progression of intracranial disease (per RANO-BM 
criteria), extracranial disease (per RECIST 1.1 criteria), 
or both; or unequivocal progression of non-measurable 
disease in the treating physician’s opinion, with each com-
partment (CNS and non-CNS) assessed separately [30]. 
A sample size of 45 participants was chosen to achieve 
80% power to detect a difference between a median PFS of 
2 months (null hypothesis) [31, 32] and 3.5 months (alter-
native hypothesis) at a one-sided type I error of 0.05.

Key secondary endpoints included OS, defined as the 
time from the first dose of atezolizumab to death from any 
cause; and extracranial objective response rate (abscopal 
response), defined as an extracranial complete response (CR) 
or partial response (PR) according to RECIST 1.1 criteria. 
Because of the strong interest in exploring a potential absco-
pal effect, evaluable extracranial disease was required. Based 
on prior studies evaluating ICI in metastatic TNBC (which 
excluded patients with active CNS metastases) [33, 34], the 
null hypothesis was that the extra-CNS response rate is 10% 
or lower. With the sample size of 45 patients required for the 
primary endpoint, there would be 82% power to reject the 
null hypothesis if the true extra-CNS response rate is 25%. 
Based on a high CNS response rate previously reported with 
SRS alone [35], we did not anticipate a detectable increase 
in the CNS response rate for SRS given in combination with 
immune checkpoint therapy.

SRS-treated lesions could be designated as target lesions 
if they were reproducibly measurable and at least 1 cm in 
the longest dimension. If a patient entered the study with 
previously treated and stable CNS lesions, they were not 
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retreated as part of the study. These lesions were designated 
as non-target lesions for the purpose of this study.

Results

Patient and treatment characteristics

A total of 6 patients were enrolled into the safety run-in 
phase of the study between May 2018 and October 2019 
(Supplementary Table 1). All 6 participants were women, 
with a median age of 46 years (range: 32–69). Most had 
initially been diagnosed with stage I (16.7%) or II disease 
(66.7%), and most had a disease-free interval greater than 
two years (66.7%). All participants had received neoadju-
vant or adjuvant anthracycline and taxane chemotherapy, 
though most had received 0 (33.3%) or 1 (50%) prior line of 
chemotherapy for metastatic disease.  Among the 6 patients, 
1 patient was on dexamethasone 2 mg per day (allowed by 
protocol) (Table 1). Two subjects (cases 3 and 6) had CNS 
target lesions, and the overall median size at baseline was 
10.8 mm.

DLT were observed in 0/6 participants in the safety run-
in. The study was closed to further accrual after enrolling 
the first 6 participants.

Treatment details

The median number of atezolizumab cycles administered 
per patient was 2 (range: 2—16). No patients required dose 
hold or dose reduction (Supplementary Table 2). SRS was 
administered to all 6 patients; one patient had one metastasis 
irradiated (16.7%), 2 patients had 2 metastases irradiated 
(33.3%), 1 patient had 4 metastases irradiated (16.7%), and 
2 patients had 5 metastases irradiated (33.3%). All 6 patients 
who received SRS received 20 Gy of radiation in a single 
fraction (Supplementary Table 3). The median time from 
first atezolizumab infusion to SRS was 5.5 days (mean 5.2, 
range 1–10 days).

Safety

TRAEs (all grade 2) occurred in 4 participants (66.7%) 
(Table 2). Adverse events regardless of attribution to study 
treatment (or treatment emergent adverse events, TEAEs) 
occurred in five participants (83.3%), and included one 
instance each (16.7%) of grade 3 fatigue, ataxia, dyspnea, 
and pleural effusion (Supplementary Table  4). Neither 
immune-related adverse events nor radiation necrosis were 
observed in this study.

Efficacy

The median bi-compartmental PFS was 1.3 months (95% 
confidence interval [CI]: 0.95 – NA) (Fig. 1) and the median 
OS was 9.7 months (95% CI: 3.6 – NA) (Fig. 2). The best 
observed CNS response by RANO-BM criteria was non-CR/
non-progressive disease (PD) in 2 participants (33.3%), of 
25- and 6-weeks duration, respectively. One of these patients 
had an unconfirmed CR (brain magnetic resonance imag-
ing (MRI) confirmed RANO-BM CR 5 months after ending 
protocol treatment; however, the patient had already started 
subsequent non-protocol therapy for extracranial progres-
sion) (Table 3). The best observed extracranial response 
by RECIST 1.1 criteria was clinical benefit (stable disease 
[SD] ≥ 24) weeks in 1 participant (16.7%). No extracranial 
CR or PR were observed.

Among 6 patients enrolled, 5 were taken off treatment 
before or at the first restaging evaluation. Reasons for treat-
ment discontinuation included PD based on RANO-BM 
and RECIST 1.1 criteria (2 patients; 33.3%), PD based on 
RANO-BM and clinical evaluation (1 patient, 16.7%), PD 
based on RANO-BM only (1 patient, 16.7%), and PD based 
on RECIST 1.1 only (2 patients, 33.3%). Only one patient 
(case number 1) remained on treatment beyond the first 
restaging, for a total of 47 weeks (Fig. 3).

For case number 1, investigator-assessed neurological 
evaluation by NANO score appeared to correspond to pro-
longed stable disease and worsened at time of disease pro-
gression (Supplementary Fig. 1). Likewise, cancer-related 
symptom severity and interference with daily activities 
(MDASI-BT) and general health status (EQ-5D) reported 
by the patient seemed to correlate with treatment duration 
(Supplementary Figs. 2–4). In the other patients, due to the 
limited duration of treatment and collected timepoints, no 
additional PRO analyses could be performed (Supplemen-
tary Table 5).

Exploratory correlative analyses

Next-generation sequencing data were available from 4 par-
ticipants, in three cases from primary breast tissue and in one 
case from a nodal metastasis. The PD-L1 score was available 
for two patients, both of whom were negative. The median 
tumor mutational burden was 5.3 Mb (range, 2.3–6.1 Mb). A 
pathogenic TP53 point mutation, MCL1 amplification, and 
MYC amplification were each found in 3 samples (75%). All 
identified mutations and copy number variants (CNVs) are 
listed in Table 4. Because of the small number of patients 
and lack of responses, correlations between tumor charac-
teristics and outcomes were not analyzed.
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Table 1   Baseline patient, tumor, 
and treatment characteristics

Characteristic, N (%) All patients
(N = 6)

Age at registration, Years
 Median (range) 46 (32—69)
  < 50 4 (66.7%)

  ≥ 50 2 (33.3%)
Sex
 Female 6 (100.0%)

Race
 White 5 (83.3%)
 Other 1 (16.7%)

Ethnicity
 Hispanic or Latino 1 (16.7%)
 Non-Hispanic 5 (83.3%)

ECOG PS at Baseline
 0 5 (83.3%)
 1 1 (16.7%)

Stage at Initial Diagnosis
 I 1 (16.7%)
 II 4 (66.7%)
 Not IV but otherwise unknown 1 (16.7%)

Disease-free intervala

  ≤ 2 years 2 (33.3%)
  ≥ 2 years 4 (66.7%)

Hormone receptor status of primary tumor
 ER-positive/PR-negative 1 (16.7%)
 ER- and PR-negative 5 (83.3%)
 Hormone receptor status of metastatic tumor
 ER- and PR-negative 5 (83.3%)
 Not done 1 (16.7%)

HER2 status of primary tumor (IHC)
 Negative (0,1 +) 4 (66.7%)
 Equivocal (2 +) 1 (16.7%)
 Not Done 1 (16.7%)

HER2 status of primary tumor (ISH)
 Negative (copy number < 4 and HER2/CEP17 ratio < 2.0) 4 (66.7%)
 Not Done 2 (33.3%)

Measurable disease by RECIST 1.1 at baseline
 Yes 6 (100.0%)

Baseline biopsy performed
 No (“PI waived”) 6 (100.0%)

Sites of disease at study entryb

 CNS 6 (100.0%)
 Lung 3 (50.0%)
 Liver 3 (50.0%)
 Bone 2 (33.3%)
 Breast or chest wall 2 (33.3%)
 Other lymph nodes 3 (50.0%)
 Hilar, Mediastinal 1 (33.3%)
 Retroperitoneal Aortocaval 1 (33.3%)
 Mediastinal, Supraclavicular, Hilar, Retroperitoneal 1 (33.3%)
 Other 3 (50.0%)
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Discussion

Patients with metastatic TNBC experience worse survival 
outcomes compared to patients with hormone receptor-pos-
itive (HR +) and HER2-positive (HER2 +) breast cancer. 
This gap is caused both by the aggressive nature of TNBC 
and the relative lack of effective targeted therapies [36]. In 
recent years, the approval of ICIs and antibody–drug conju-
gates (ADCs) for patients with metastatic TNBC has helped 

to mitigate this disparity. However, outcomes for TNBC 
patients with brain metastases have remained dismal [13, 
37].

We conducted a prospective, single-arm study to evaluate 
the combination of atezolizumab and SRS in patients with 
TNBC and brain metastases. When protocol was designed 
and initiated, ICIs were not included as part of standard-of-
care for patients with metastatic TNBC. In the run-in phase 
of the study, we did not identify major excess toxicities 

Table 1   (continued) Characteristic, N (%) All patients
(N = 6)

 Adrenal 1 (33.3%)
 Pleura 2 (66.7%)

Adjuvant or neoadjuvant endocrine therapy
 Yes 3 (50.0%)
 No 3 (50.0%)

Adjuvant or neoadjuvant chemotherapyb

 Anthracycline 6 (100.0%)
 Taxane 6 (100.0%)
 Other 2 (33.3%)

Lines of Chemotherapy for Metastasis or Recurrence
 None 2 (33.3%)
 1 line 3 (50.0%)
 5 lines 1 (16.7%)

Prior chemotherapy for MBCb

 Abraxane 1 (16.7%)
 Capecitabine 1 (16.7%)
 Carboplatin 1 (16.7%)
 Eribulin 1 (16.7%)
 Gemcitabine plus carboplatin 1 (16.7%)
 Etirinotecan Pegol 1 (16.7%)
 Pertuzumab/Paclitaxel/Trastuzumab 1 (16.7%)
 Vinorelbine 1 (16.7%)

Prior endocrine therapy for contralateral breast cancer or MBC
 No 6 (100.0%)
 Use of corticosteroids
 No 5 (83.0%)
 Yes 1 (17.0%)
 Prior brain surgery
 No 6 (100.0%)

Prior brain radiationb

 WBRT 1 (16.7%)
 SRS 3 (50.0%)
 None 3 (50.0%)

a Disease-free interval is defined as the time between the diagnosis of primary breast cancer and the diagno-
sis of metastatic recurrence
b Rows are not mutually exclusive; patients may belong to more than one category
ECOG PS Eastern Cooperative Oncology Group Performance Score, ER estrogen receptor, PR progester-
one receptor, HER2 human epidermal growth factor receptor 2, IHC immunohistochemistry, ISH in situ 
hybridization, PI principal investigator, CNS central nervous system, MBC metastatic breast cancer, WBRT 
whole brain radiation therapy, SRS stereotactic radiosurgery
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related to concurrent immunotherapy and SRS. There were 
no grade 3 or higher TRAEs. On the other hand, with the 
limitation of a small number of patients enrolled, we did not 
observe compelling activity, with all but one patient dis-
continuing therapy at the first restaging evaluation due to 
disease progression. Bi-compartmental PFS by RANO-BM 
criteria, the primary endpoint, was only 1.3 months, and the 
median OS was 9.7 months. Our results underscore the poor 
prognosis and aggressive nature of TNBC that metastasizes 
to the brain.

Shortly after the initiation of this trial, the treatment 
landscape for metastatic TNBC began to change rapidly. 
From March 2019 to September 2021, the combination of 

atezolizumab with nab-paclitaxel held accelerated U.S. Food 
and Drug Administration (FDA) approval for the treatment 
of patients with treatment-naïve locally advanced or meta-
static TNBC that was PD-L1-positive according to the com-
panion SP142 assay [38]. Accelerated approval was based 
on the results of the randomized phase III IMpassion130 
trial, which reported that the addition of atezolizumab to 
nab-paclitaxel resulted in significantly improved PFS in the 
intention-to-treat (ITT) and PD-L1-positive population [34]. 
However, in the follow-up IMPassion131 trial, the combi-
nation of atezolizumab plus paclitaxel did not result in sig-
nificant improvement in PFS in the ITT or PD-L1-positive 
population [39], and the indication for atezolizumab in meta-
static TNBC patients was withdrawn.

In 2020, the FDA granted accelerated approval to pem-
brolizumab in combination with chemotherapy for the 
treatment of patients with locally recurrent unresectable or 
metastatic TNBC with a PD-L1 combined positive score 
(CPS) ≥ 10 with the companion 22C3 diagnostic assay [40]. 
Approval was based on the results of the randomized phase 
III KEYNOTE-355 trial, in which patients with treatment-
naïve locally recurrent inoperable or metastatic TNBC were 
randomized 2:1 to receive pembrolizumab or placebo plus 
chemotherapy (nab-paclitaxel, paclitaxel, or gemcitabine 
plus carboplatin). The addition of pembrolizumab to chem-
otherapy produced a significant improvement in median 
PFS [33] and OS [5], but only among patients with a PD-L1 
CPS ≥ 10. Based on these results, pembrolizumab in com-
bination with chemotherapy is currently used as frontline 

Table 2   Grade 2 or higher adverse events possibly, probably, or defi-
nitely related to treatmenta

a Maximum grade per patient per adverse event
b Denominator is the number of patients that received any treatment

N (%b) 
patients with 
event

Event Grade 2
Any Event 4 (66.7%)
Fatigue 2 (33.3%)
Alkaline Phosphatase Increased 1 (16.7%)
Anorexia 1 (16.7%)
Constipation 1 (16.7%)
Headache 1 (16.7%)
Urinary Tract Infection 1 (16.7%)

Fig.1   Bi-compartmental 
progression-free survival



	 Breast Cancer Research and Treatment (2026) 216:2424  Page 8 of 13

therapy for patients with metastatic TNBC whose tumors 
express PD-L1.

The present study of atezolizumab in combination 
with SRS for metastatic TNBC patients with brain metas-
tases was closed early after atezolizumab and pembroli-
zumab received FDA approval for metastatic TNBC, as 
the approvals resulted in changes in standard of care and 
significantly slowed study accrual.

The efficacy of ICIs has not been thoroughly explored in 
TNBC patients with brain metastases. Patients with active 
CNS metastases were excluded from KEYNOTE-355, 
though patients with previously treated, stable brain 
metastases were eligible. However, the trial only included 
26 participants with stable brain metastases, and the effi-
cacy of each treatment arm in patients with brain metas-
tases was not evaluated [33]. The IMPassion130 trial 
included 61 participants with brain metastases. Among 
these participants, the median PFS was 4.9 months on 
atezolizumab plus chemotherapy versus 4.4 months on 
placebo plus chemotherapy (hazard ratio [HR] = 0.86; 95% 
CI: 0.50–1.49) [34], and the median OS was 14.3 months 
on atezolizumab plus chemotherapy versus 16.2 months 
on placebo plus chemotherapy (HR = 1.16; 95% CI: 
0.66–2.04) [41].

In our cohort of patients, no patient had elevated tumor 
mutational burden (all samples < 10 Mb). In agreement 
with other meta-analyses [42, 43], the two most frequently 
mutated genes, TP53 and PIK3CA, were also identified 
in three and one of four patients, respectively. Regarding 
CNVs, three of four patients presented with MYC and MCL1 

Fig.2   Overall survival

Table 3   Efficacy

CI confidence interval, SD stable disease, PD progressive disease, 
CNS central nervous system, RANO-BM Response Assessment in 
Neuro-Oncology Brain Metastases, CR complete response, PFS pro-
gression-free survival
+ Brain magnetic resonance imaging (MRI) confirmed RANO-BM 
CR 5  months after ending protocol treatment, however, the patient 
had already started subsequent non-protocol therapy for extracranial 
progression

Response by RECIST 1.1 Criteria N (%)

Objective response rate (95% CI) 0% (0.0% – 45.9%)
Best overall response
SD
SD ≥ 24 weeks

2 (33.3%)
1 (50.0%)

PD 3 (50.0%)
Not Evaluable 1 (16.7%)
CNS Response by RANO-BM Criteria
 Objective response rate (95% CI) 0% (0.0% – 45.9%)
  Best overall response
  Non-CR/Non-PD 2 (33.3%)
  Non-CR/Non-PD ≥ 24 weeks 1 (50.0%)
  Unconfirmed+ CR 1 (50.0%)
  PD 4 (66.7%)

Bi-compartmental PFS, months (95% CI) 1.3 (0.95—NA)
Overall survival, months (95% CI) 9.7 (3.6—NA)
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amplifications, respectively. MYC, which is involved in cell 
cycle progression, apoptosis, and cellular transformation, 
and MCL1, which is involved in apoptosis and cell survival, 
are often amplified in brain metastatic samples [44]. Because 
of the sample size, correlations with clinical outcomes were 
not possible.

Our study’s major limitation is the small sample size, 
with only six patients enrolled. Brain metastasis from TNBC 
has been largely unexplored as patients have been actively 
excluded from most clinical trials. It is imperative, based 
on the high rate and mortality of CNS disease in TNBC, 
to continue exploring multi-disciplinary approaches with 
various therapeutic combinations to achieve better results. 

In our study, subjects received single-agent ICI. Several 
studies with immunotherapy in TNBC have subsequently 
demonstrated superior overall response rates of checkpoint 
inhibitors in combination with chemotherapy, rather than as 
single agent [33, 34, 45]. We may speculate that a combina-
tion strategy of chemotherapy plus ICI could have led to bet-
ter results in combination with SRS. Finally, accumulating 
data suggest potential intracranial efficacy of antibody–drug 
conjugates (ADCs) such as sacituzumab govitecan and 
trastuzumab deruxtecan [46–51]. For instance, a phase 0 
window of opportunity trial that included 13 patients with 
breast cancer brain metastases showed that sacituzumab 
govitecan achieves therapeutically relevant concentrations 

Fig.3   Time on study (swimmer plot). Participant #1 met RANO-BM 
CNS progression criteria at 25  weeks. Despite this, the decision to 
continue treatment beyond progression was made due to observed 
clinical benefit, which is a common practice in certain cases where 
the overall condition of the patient remains stable or improves. Over 
time, CNS imaging revealed slight increases in vasogenic edema and 
peripheral enhancement of two lesions. These findings, coupled with 

worsening symptoms, prompted surgical intervention. Pathology 
confirmed that both lesions were consistent with metastatic TNBC, 
leading to the discontinuation of the study drug. This confirmed that 
the event at 25 weeks was indeed progressive disease (PD) related to 
CNS metastases. RANO-BM Response Assessment in Neuro-Oncol-
ogy Brain Metastases, CR complete response PD progressive disease 
CNS central nervous system

Table 4   Mutations identified by 
next generation sequencing

TMB tumor mutational burden, Mb Mega base, n/a not available, PD-L1 programmed cell death ligand 1

Sample ID Tissue TMB (Mb) Tier 1–3 mutations Gene Amplification PD-L1 
status 
(SP142)

1 primary 5.3 PIK3CA, HRAS MCL1, MYC n/a
2 n/a n/a n/a n/a n/a
3 primary 2.3 TP53, ERBB3 MCL1 n/a
4 n/a n/a n/a n/a n/a
5 primary 6.1 BRCA2, TP53, RAD50 MYC  < 1%
6 node 5.3 TP53, CHEK2 MCL1, MYC, CCNE1 0
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of its payload (SN-38) at 150-fold mean IC50s. Among these 
patients, the observed PFS was 8 months (range: 2–26.5) 
and the observed OS was 35.2 months (range: 2.7–37) [49]. 
Ongoing clinical trials are testing combinations of ADCs 
with ICIs, which could be especially appealing for breast 
cancer patients with CNS disease. A single-arm phase II 
trial evaluated adebrelimab (an anti-PD-L1 ICI) in combina-
tion with bevacizumab and cisplatin/carboplatin in TNBC 
patients with active brain metastases. Among 35 enrolled 
participants, the CNS-ORR was 77.1% (confirmed CNS-
ORR 71.4%) and the CNS-PFS was 10 months (95% CI: 
7.4–12.6). In addition, the median PFS was 7.6 months (95% 
CI: 5.7–11.5) and the median OS was 16 months (95% CI: 
11.7 – Not Reached [NR]) [52].

The development of bispecific antibodies also shows 
some potential for the treatment of TNBC patients with 
brain metastases. Pumitamig is a bispecific antibody that 
targets VEGF and PD-L1. In a phase Ib/II trial, 42 patients 
with locally advanced or metastatic TNBC were treated 
with first-line pumitamig in combination with nab-pacli-
taxel. After a median follow-up of 18.1 months, the con-
firmed ORR was 73.8%, the disease control rate was 95.2%, 
and the median PFS was 13.5 months (95% CI: 9.4–18.1). 
Phase II (NCT06449222) and phase III (NCT06419621) tri-
als are underway, and it will be interesting to see if there 
is activity in patients with CNS metastases [53]. In addi-
tion, ivonescimab is a tetrameric bispecific antibody that 
targets VEGF and PD-1. In an open-label phase II trial, 30 
patients with locally advanced unresectable or metastatic 
TNBC received ivonescimab in combination with paclitaxel 
or nab-paclitaxel. After a median follow-up of 7.2 months, 
the investigator-assessed ORR was 72.4%, the disease con-
trol rate was 100%, and the 6-month PFS was 68.4% (95% 
CI: 44.3%—83.8%0. The median PFS and OS were not yet 
mature [54].

In summary, in this small prospective clinical trial, we 
did not identify new safety signals or preliminary evidence 
of synergy between concurrent SRS and atezolizumab in 
TNBC patients with brain metastases. Our results do not 
rule out a potential contribution of ICI therapy in patients 
with brain metastases, but suggest that combination strate-
gies will be needed to maximize their promise. Finally, all 
patients in our study received SRS, yet still experienced poor 
outcomes, with rapid disease progression and short OS. This 
highlights the tremendous unmet medical need to develop 
effective multidisciplinary approaches for the management 
of patients with brain metastases from TNBC.
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