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ABSTRACT

Background We hypothesized treatment with nivolumab
and stereotactic radiosurgery (SRS) would be feasible, well
tolerated, and may improve intracranial tumor control over
SRS alone for breast cancer brain metastases (BCBM).
Methods The study is a phase Ib trial of nivolumab and
SRS for BCBM. Clinical trial information: NCT03807765.
Key eligibility criteria include BCBM of all subtypes, age
>18, Eastern Cooperative Oncology Group Performace
Status (ECOG-PS)<2 with <10 brain metastases.
Treatment was initiated with a dose of nivolumab (480 mg
intravenously) that was repeated every 4 weeks. The initial
dose of nivolumab was followed 1 week later by SRS.
Blood was collected at baseline and every 4 weeks for
flow cytometry and cell-free DNA (cfDNA) assessment.
Results A total of 12 patients received SRS to 17 brain
metastases. Breast cancer subtypes included triple
negative (50%), hormone receptor (HR)+/HER2— (33%),
and HR—/HER2+ (17%). Median follow-up from start of
protocol therapy is 56 months. No cases of radionecrosis
were noted. Two lesions were noted to undergo local
failure, both pathologically confirmed, for a 12-month local
control of 94%. Median distant intracranial control was
7.4 months with a 12-month control rate of 33%. Median
systemic progression-free survival was 7.7 months with

a 12-month rate of 42%. Median overall survival (OS) was
24.7 months with a 12-month OS of 75%. Most patients
were noted to have an increase in cfDNA throughout study
treatment, at week 5 compared with baseline (83%),
week 25 compared with baseline (89%), and 100% at first
follow-up. Intracranial control was associated with lower
levels of CD4 regulatory T cells (Treg) (p=0.03) and higher
levels of CD4 T effector memory (p=0.04).

Conclusions Nivolumab and SRS is a safe and feasible
treatment option in BCBM. Long-term follow-up revealed
no cases of radiation necrosis.

Trial registration number NCT03807765.

° Peter A Forsyth,” Hsiang-Hsuan Michael Yu," Hyo S Han®

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Anti-programmed cell death protein-1/programmed
cell death ligand-1 (PD-1/PD-L1) therapy has
demonstrated intracranial responses in non-small
cell lung cancer and melanoma brain metastases.

= Pembrolizumab is approved in the management of
metastatic and high-risk, early-stage triple-negative
breast cancer.

= Retrospective studies have suggested a potentially
increased risk of radiation necrosis with the com-
bination of stereotactic radiosurgery (SRS) and anti-
PD-1/PD-L1 therapy.

WHAT THIS STUDY ADDS

= The study noted combination therapy with nivolum-
ab and SRS to be safe and feasible in the manage-
ment of breast cancer brain metastases.

= No cases of radiation necrosis were noted with long-
term follow-up.

= Improved overall survival and systemic progression-
free survival were noted with increased levels of ef-
fector memory cells and lower levels of lymphocyte
activation gene 3 (LAG3).

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= Further study is required to assess the potential
synergism between SRS and nivolumab to im-
prove intracranial control for breast cancer brain
metastases.

= Circulating systemic biomarkers require further
study in assessing treatment outcomes in breast
cancer brain metastases.
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INTRODUCTION

Breast cancer brain metastases (BCBM) are becoming
an increasingly common diagnosis as patients live longer
due to improved systemic control.' Although numerous
treatment options exist for the management of systemic
disease, once metastases travel to the brain, patients with
BCBM have limited options, particularly those without
HER2+disease. Local approaches including surgical
resection and radiation therapy have a critical role in the
management of BCBM. Standard-of-care treatments for
patients include local treatments, such as surgical resec-
tion, stereotactic radiosurgery (SRS), or whole brain
radiotherapy (WBRT).® Anti-programmed cell death
protein-1 and programmed cell death ligand-1 (anti-
PD-1/PD-L1) therapy has shown promise in the manage-
ment of specific subtypes of metastatic breast cancer and
in the neoadjuvant setting when combined with conven-
tional chemotherapy.>”

The use of pembrolizumab has demonstrated objec-
tive intracranial responses in one-third of patients with
non-small cell lung cancer (NSCLC) BM and a quarter
of patients with melanoma BM.’ Long-term results from
CheckMate 204, with the combination of nivolumab
and ipilimumab alone in patients with melanoma BM
produced an overall response rate of 56%.” However, rates
of control were significantly lower in patients with symp-
tomatic BM. Combining radiation therapy with immune
checkpoint inhibitors may hold promise.® Preclinical data
suggests radiation therapy may upregulate PD-L1 expres-
sion leading to improved responses from immune check-
point inhibitors.” The local control provided by SRS also
has clear benefits. Given the encouraging data in NSCLC
and melanoma BM as well as data revealing systemic
control in the management of breast cancer, particularly
the triple-negative subtype,4 ' we conducted a study of
SRS and nivolumab in the management of BCBM. Early
clinical results were previously reported.ll

We report long-term clinical results as well as a
biomarker analysis of a phase Ib study to evaluate safety
and preliminary activity of nivolumab and SRS in the
management of BCBM.

METHODS AND MATERIALS
Study design and participants
Study methodology has been previously described."
Briefly, the study was designed as a prospective, single-arm,
phase Ib trial of nivolumab and SRS among patients with
metastatic BCBM, online supplemental file 2. All proce-
dures were performed in compliance with relevant laws
and institutional guidelines and were approved by the
Moftitt Cancer Center Central Institutional Review Board
(Advarra IRB #00000971). Clinical trial information:
NCT03807765. Informed consent was obtained from all
patients.

Key eligibility criteria included patients with BCBM
of all subtypes, <10 BM with an Eastern Cooperative
Oncology Group Performance Status (ECOG-PS) <2and

a maximum diameter of the largest intact BM<4cm.
There was no limit on lines of previous systemic therapies.
A 2-week wash-out period for investigational systemic
treatments was required before starting study treatment.

Exclusion criteria included receipt of prior WBRT,
presence of leptomeningeal disease (LMD), or prior
treatment with immune checkpoint therapy.

Procedures

Nivolumab (480mg intravenously) was given every 4
weeks, starting 1-week prior to SRS. For continued systemic
disease control, patients were allowed to continue prior
systemic therapies per treating physicians’ discretion if
BM progression was noted on these agents for continued
systemic disease control. SRS was given to sites of BM or
postoperative cavities.

Imaging, including a brain MRI and CT thorax,
abdomen, and pelvis, was obtained every 8 weeks for the
first year followed by every 12 weeks thereafter to assess
intracranial and systemic responses, respectively. BM
response was assessed via Response Assessment in Neuro-
Oncology (RANO) and extracranial disease was assessed
via immune-related Response Evaluation Criteria in Solid
Tumors (irRECIST) criteria.'* "

Flow cytometry, cytokine, and cell-free DNA analysis

For analysis of the immune phenotype of the periph-
eral blood mononuclear cells (PBMCs), cryopreserved
human PBMC samples collected at week 1, week 5, week
9, and week 17 were assessed. Cells were thawed in media
and subsequently stained in phosphate-buffered saline
containing 5% fetal bovine serum (vol/vol, fluorescence-
activated cell sorting (FACS) buffer) with CD3 (BUV496),
CD4 (BUV737), CD8 (BUV395), CD14 (BV605), and
CD19 (BV605) from BD Biosciences. Dead cells were
excluded using the Zombie NIR Fixable Viability Kit
from BioLegend, incubated at 4°C for 1hour, washed
twice with FACS buffer, and finally fixed in phosphate-
buffered saline containing 1% paraformaldehyde before
undergoing flow cytometry. Cells were acquired on a BD
FACSymphony Ab, and data were analyzed with FlowJo
V.10.0 software. All cell gates were drawn uniformly for
analysis across patients and time points. Collected plasma
was analyzed for Thl, Th2 and Thl7 cytokines and
chemokines using the Luminex Multiplex System at week
1, week 5, week 9, and week 17.

Yields of circulating tumor DNA (ctDNA) extracted
from plasma specimens were estimated using the Agilent
TapeStation 4200 with the Agilent Cellfree DNA Scre-
enTape Assay (Agilent Technologies, California, USA).
Cell-free DNA (cfDNA) samples were analyzed on this
instrument and the yields of mononucleosome, dinucle-
osomes, and trinucleosomes appearing in the 50-700 bp
region of the electropherogram have been estimated and
expressed as %cfDNA. This approach subtracts the mass
of any carryover high molecular weight genomic DNA,
which appears as a peak larger than 700 bp.
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Statistical analysis

Local brain metastasis failure was defined by RANO-
brain metastases (BM) criteria in which there was a
>20% increase that remained consistent or demonstrated
continued progression on subsequent imaging.'* Distant
intracranial control (DIC) was defined as freedom from
the development of new BM outside of the irradiated
field and freedom from the development of LMD. Intra-
cranial control was defined as freedom from local and
distant failure. Systemic progression-free survival (PFS)
was defined by extracranial progression by irRECIST
criteria’® or death. The rate of local control (LC) and
DIC of brain lesions, as well as biomarker assessments,
was calculated using the Kaplan-Meier curve method with
differences assessed via log-rank. The association between
cfDNA and outcomes was explored by identifying a clini-
cally relevant cfDNA cutpoint using the MaxStat method,
which maximizes the difference in outcomes between the
resulting two groups.'*

Flow cytometry assessments were completed with a
split at the median. Events were summarized descrip-
tively using frequencies and percentages. Demographics
and baseline laboratory results were summarized using
descriptive statistics for all participants.

RESULTS
Patient and treatment characteristics
Between February 2019 and July 2020, a total of 12 patients
treated to 17 BM were enrolled, figure 1. Data from the
study was assessed in January 2024. Patient and treat-
ment characteristics are detailed in table 1. The median
age of patients was 58 (range: 26-67) and the majority
of patients had triple-negative disease (n=6; 50%). Six
patients (50%) underwent prior central nervous system-
directed local therapy and the majority of patients had a
singular lesion treated (n=8; 67%).

Of the 17 lesions treated on the study, the majority were
treated with single fraction radiosurgery (n=15; 88%) to
a median dose of 21 Gy (range: 16-24 Gy) while 2 lesions

22 patients screened

8 excluded
4 did not meet inclusion criteria
4 patients did not consent

14 signed consent

2 unevaluable
1 patient progressed prior to study start
1 patient progressed prior to RT

12 patients evaluable

Figure 1 Consolidated Standards of Reporting Trials flow
diagram. RT, Radiation therapy.

Table 1 Patient and treatment characteristics
Variable n %
No. of patients 12
Number of lesions Irradiated 17
Age, median (range) 58 (26-67)
ECOG performance status
0 8 67
1 4 33
Receptors
HR+/HER2- 4 33
HR-/HER2+ 2 17
TN 6 50
Number of previous systemic therapy regimens
1 8 67
2 2 17
>4 2 17
Previous CNS therapy
None 6 50
Surgical resection+stereotactic 1 8
radiation therapy
Stereotactic radiation therapy 2 17
Surgery 3 25
Number of lesions irradiated
1 8 67
2 3 25
3 1 8

CNS, central nervous system; ECOG, Eastern Cooperative
Oncology Group ; HR, hormone receptor; TN, triple negative.

were treated to a dose of 30 Gy in five fractions. Four post-
operative cavities were treated.

Toxicity

Study therapy was well tolerated with no dose limiting
toxicities (DLTs) noted in our patient population, table 2.
No cases of radionecrosis have been noted with extended
follow-up. Neurologic toxicities unrelated to study therapy
included grade 4 encephalopathy and grade 3 seizures in
the same patient noted in follow-up due to leptomenin-
geal disease progression noted on MRI. Another patient
experienced an episode of grade 3 ataxia, paresthesia, and
headache unrelated to study treatment in follow-up after
intracranial leptomeningeal progression was noted and
Ommaya reservoir placement had occurred. One patient
experienced grade 3 cerebral edema leading to word-
finding difficulties, lethargy, and decreased oral intake
thought to be possibly related to study treatment during
week 9 of treatment, which resolved 2 days later with oral
steroids. Another patient experienced grade 3 cerebral
edema due to disease progression in follow-up that was
unrelated to study treatment. The most common neuro-
logic toxicity was grade 1-2 headaches in eight patients
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Table 2 Adverse events in all treated patients

Grade 1-2 Grade 3 Grade 4

Neurological adverse events, regardless of attribution

Ataxia
Stroke

Muscle weakness right-
sided

Memory impairment
Headache

Dizziness

Seizure

Peripheral sensory
neuropathy

Paresthesia
Nystagmus
Dysgeusia
Syncope
Cerebral edema
Encephalopathy

1 (8%)
1 (8%)

1(8%)
8 (66%)
6 (50%)

2 (17%)

1(8%)
1(8%)
1(8%)

1 (8%)

1(8%)

1(8%)

1(8%)

1(8%)

1 (8%)
2 (17%)

Non-neurological adverse events, treatment related

Hypotension

Decreased lymphocyte
count

Weight loss
Thromboembolic event
Pneumonitis

Adrenal insufficiency

Alanine aminotransferase
increased

Anemia

Aspartate aminotransferase
increased

Blood lactate
dehydrogenase increased

Diarrhea

Dyspnea

Fatigue

Hyperglycemia
Hypothyroidism

Nausea

Platelet count decreased

Alkaline phosphatase
increased

Arthralgia
Hypercalcemia
Neutrophil count decreased

4 (33%)

2 (17%)
2 (17%)

3 (25%)
3 (25%)

2(17%)

4 (33%)
2 (17%)
7 (58%)
2 (17%)
6 (50%)
6 (50%)
2 (17%)
2 (17%)

2 (17%)
2 (17%)
2 (17%)

1 (8%)
3 (25%)

1(8%)
1(8%)
1(8%)

1(8%)

1(8%)

Adverse events are included if they are grade 3-5 severity or
occurred in at least 10% of patients and were considered at
least possibly related to study therapy. Neurological events are
included regardless of attribution to study therapy.

(66%) and dizziness in 6 (50%). The most common non-
neurologic adverse effects at least possibly attributable
to study therapy included grade 1-2 fatigue (n=7; 58%),
nausea (n=6; 50%), and hypothyroidism (n=6; 50%). No
treatment-related deaths were noted.

Intracranial and systemic response
Median follow-up from start of protocol therapy is 56
months. 2 (12%) of 17 treated lesions have been noted
to undergo local failure both of which were confirmed
by surgical resection for a 12-month local control of 94%.
Median distant intracranial control was 7.4 months with
a 12-month control rate of 33%, figure 2A. A total of 10
patients had distantintracranial failure, of which 6 patients
received additional SRS, 3 received WBRT, and 1 patient
received craniospinal irradiation for LMD progression.
Median intracranial control was 5.8 months (95% CI 2.8
to 14 months) with 6 and 12-month control rates of 42%
and 25%, respectively. Best RANO intracranial responses
on study therapy were categorized as complete response
(CR) in six patients (50%), partial response (PR) in five
patients (42%), and progressive disease (PD) in one
patient (8%); intracranial response (92%).

Median systemic PFS was 7.7 months with a 12-month
rate of 42%. Median overall survival (OS) was 24.7 months
with a 12-month OS of 75%, figure 2B.

Biomarker assessment

In the flow cytometry analysis, improved OS was associated
with higher levels of CD4 T EM effector memory (EM) at
week 17 (p<0.03) and higher levels of CD8 T EM week 1
(p=0.01), week 5 (p<0.01), week 9 (p=0.03). In addition,
smaller changes in CD4 T lymphocyte activation gene 3
(LAG3) from week 9 to baseline during study therapy
were associated with longer OS (p=0.04), figure 3A.
Longer systemic PFS was associated with higher levels of
CD4 T EM at week 9 (p=0.03) and week 17 (p=0.04), CD8
T EM week 1 (p=0.03) and lower levels of CD8 T LAG3 at
week 9 (p=0.04), figure 3B. Intracranial control was asso-
ciated with lower levels of CD4 regulatory T cells (Treg)
atweek 1 (p=0.03) and higher levels of CD4 T EM at week
17 (p=0.04). Assessment of cytokine levels revealed only
mild effects on clinical endpoints.

Most patients were noted to have an increase in cfDNA
throughout study treatment, at week 5 compared with
baseline (83%), week 25 compared with baseline (89%),
and 100% at first follow-up. There were trends towards
higher cfDNA (MaxStat split 86%) at week 25 predicting
shorter OS (p=0.09), online supplemental figure 1A, and
higher levels of cfDNA (MaxStat split 83%) at screening
predicting distant intracranial failure (p=0.08), online
supplemental figure 1B.

DISCUSSION

In this long-term analysis of a prospective phase Ib study
of stereotactic radiation and nivolumab in the manage-
ment of BCBM, we note several findings. First, study
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Figure 2 Kaplan-Meier curves of (A) distant intracranial control and (B) overall survival.

therapy was well tolerated with no cases of radionecrosis  In patients with NSCLC BM, Goldberg et al reported an
noted with extended follow-up. Second, several patients  approximate 30% response rate with pembrolizumab in
were noted to have sustained responses to study therapy. NSCLC BM with PD-L1 expression of >1%.° However, no
Third, we note the association of effector memory cells  responses were noted in patients with a PD-L1 expression

with OS and systemic PFS and the need for further inves-  of <1%. Stereotactic radiation has a well-defined role in
tigation into the role of LAG3 inhibitors to improve the local management of BM and studies have pointed to
responses to study treatment. Trends were also noted in the potential synergy with immune checkpoint inhibition
worse OS and DIC with higher levels of cfDNA. 16-20.” ' Anti-PD-L1 inhibitors are used commonly in

Immune checkpoint inhibitors have shown efficacy = the upfront management of triple-negative breast cancer
in the management of BM. Long-term follow-up from (TNBC) and metastatic breast cancer. The study was initi-

CheckMate 204 in the management of melanoma BM  ated prior to approvals for pembrolizumab in TNBC to
with nivolumab and ipilimumab revealed a 36-month  assess the safety of SRS and nivolumab and to assess initial
intracranial PFS of 54.1% in asymptomatic patients  intracranial efficacy.

and OS of 71.9%." In patients with symptomatic BM, In a phase II trial of pembrolizumab in the manage-
outcomes were notably less pronounced with a 36-month ~ ment of BM of various histologies assessing 9 patients
intracranial PFS and OS of 18.9% and 36.6%, respectively. ~ with untreated BMs (cohort A) and 48 patients with
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Figure 3 Kaplan-Meier curves of (A) overall survival stratified by CD4 T LAGS3 changes from week 9 to baseline and (B)
systemic progression-free survival stratified by CD8 T LAG3 levels at week 9. High and low levels are stratified at the median.
LAG3, lymphocyte activation gene 3.
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recurrent and progressive BMs (cohort B), median
intracranial PFS was noted to be 1.6 months in cohort
A and 2.2 months in cohort B.'” 4 patients with TNBC
were enrolled in cohort A and 7 patients with TNBC
in cohort B of the 31 patients with breast cancer
enrolled in B. Six patients (50%) in our study had
TNBC. Although cross-trial comparisons are difficult,
intracranial PFS in our study was higher at 5.8 months
which points to the role of SRS in providing local
control of lesions. Local control of lesions in our study
was 94%. SRS was also well tolerated in our study.

One of the concerns for combining SRS with immu-
notherapy has been the risk of radiation necrosis. The
current study was undertaken to assess this risk. There
have been a number of mechanisms proposed for radi-
ation necrosis, including vascular injury and hypoxia,
injury to oligodendrocytes, and chronic inflamma-
tion in response to these inju]ries.18 Retrospective
studies revealed a potential increased risk of radiation
necrosis with the use of immune checkpoint inhibitors
particularly ipilimumab and SRS." However, recent
meta-analyses and retrospective series have failed to
confirm this risk.*” *' Our study is among the first to
assess this risk and now with long-term follow-up we
can confirm no cases of radiation necrosis occurred
in our cohort. Radiation necrosis can often require
pathologic evaluation to differentiate it from local
progression. Both cases of local progression of the
17 lesions treated in this series were confirmed by
pathology without radiation necrosis noted. Our study
supports the data of recent meta-analyses indicating
the risk of radiation necrosis to be low with the use of
anti-PD-1 inhibitors and SRS.

Although the sample size in this study was limited, we
noted several findings in the flow cytometry analysis to
be associated with clinical endpoints. Improved OS was
associated with the presence of CD4 and CD8 effector
memory cells, which correlates to responses seen with
immune-rich breast cancers when treated with immuno-
therapy. This also extended to intracranial control with
higher levels of CD4 T EM associated with improved
intracranial control. In addition, lower levels of LAG3,
the clinical target of the recent Food and Drug Admin-
istration approved drug in melanoma, relatlimab,** were
noted to be associated with OS and improved systemic
PFS. LAG3 may be another target for the immunomodu-
lation of breast cancer® ™ and is currently being assessed
in prospective trials.

Numerous studies have revealed the correlation of
ctDNA in early and metastatic breast cancer to systemic
response rates.””* Data on the correlation of cfDNA
and ctDNA to intracranial disease control remains
limited, particularly in the setting of BCBM. A study of
72 patients with stage IV melanoma with brain metas-
tasis treated with anti-PD-1 therapy found ctDNA to be a
prognostic biomarker with higher levels associated with
worse survival.”” Although our study is limited by patient
numbers, we note trends in cfDNA predicting worse OS

and intracranial control. Further investigation is needed
to determine the optimal approach to use these systemic
tests in tracking intracranial control for BM.

CONCLUSIONS

In summary, long-term data reveals the combination
of stereotactic radiation with nivolumab to be safe and
well tolerated in BCBM. No cases of radionecrosis were
noted with long-term follow-up. Given the exploratory
nature of the study, circulating systemic biomarkers
require further study in assessing treatment outcomes
in BCBM.
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