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Abstract

Purpose Breast cancer brain metastases (BCBM) are becoming an increasingly common diagnosis due to improved sys-
temic control and more routine surveillance imaging. Treatment continues to require a multidisciplinary approach managing
systemic and intracranial disease burden. Although, improvements have been made in the diagnosis and management of
BCBM, brain metastasis patients continue to pose a challenge for practitioners.

Methods In this review, a group of medical oncologists, radiation oncologists, radiologists, breast surgeons, and neurosur-
geons specializing in the treatment of breast cancer reviewed the available published literature and compiled a comprehensive
review on the current state of BCBM.

Results We discuss the pathogenesis, epidemiology, diagnosis, treatment options (including systemic, surgical, and radio-
therapy treatment modalities), and treatment response evaluation for BCBM. Furthermore, we discuss the ongoing prospective
trials enrolling BCBM patients and their biologic rationale.

Conclusions BCBM management is an increasing clinical concern. Multidisciplinary management combining the strengths
of surgical, systemic, and radiation treatment modalities with prospective trials incorporating knowledge from the basic and
translational sciences will ultimately lead to improved clinical outcomes for BCBM patients.

Keywords Breast cancer brain metastases - Stereotactic radiation - Immunotherapy - Blood-brain barrier - Blood-tumor
barrier

Introduction

The development of brain metastases from breast cancer
has become an increasingly common occurrence due to
improvements in systemic therapy and advances in imaging
techniques [93]. Breast cancer accounts for roughly 17% of
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brain metastases, the second most common cause after lung
cancer [93, 146]. Approximately 15-30% of breast cancer
patients will develop brain metastases during the course of
their disease [113, 130]. Although a multitude of systemic
treatment options exist for extracranial breast metastases,
brain metastases continue to pose management challenges
due to the myriad of treatment options available, which
require a patient-specific multidisciplinary approach involv-
ing medical oncology, radiation oncology, and neurosurgery
for optimal management. In this review, we discuss the cur-
rent approach to diagnosis, multidisciplinary management,
and future directions for treatment.
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Prognosis

Efforts to ascertain which patients are at an increased risk for
central nervous system (CNS) involvement have identified
human epidermal growth factor receptor 2 (HER2) positiv-
ity, triple-negative (TN) tumors, young age, lymph node
involvement, high grade, and increased tumor size as sig-
nificant risk factors [41, 51, 52]. There is significant hetero-
geneity within the clinical outcomes for patients with breast
cancer brain metastasis (BCBM), as the median overall
survival (OS) ranges from 3 to 26 months [127]. There are
multiple prognostic models for patients who develop brain
metastasis, including the Recursive Partitioning Analysis
(RPA) [42] and the Graded Prognostic Assessment (GPA)
[122], which both identified age, performance status, and
extracranial disease as significant prognostic factors. Stud-
ies have established that receptor status can stratify clinical
outcomes, as TN tumors have relatively poor OS, with a
median of 3—6 months, while HER2-positive tumors had sig-
nificantly improved outcomes due to targeted therapy, with
a median OS of 11-18 months [28, 65, 85, 94, 117, 145].
The most recent breast cancer-specific prognostic model, the
Modified Breast GPA, confirmed that tumor receptor status,
along with age, performance status, and number of brain
metastases, predicted OS [127].

Diagnosis and screening

Current NCCN guidelines recommend brain MRI screening
for recurrent or stage I'V breast cancer patients only if symp-
toms are present [87]. This differs from recommendations
for SCLC, stage > II non-small-cell lung cancer (NSCLC),
as well as stage IIIC-1V melanoma [88-90]. As the CNS
has been an increasing site of failure of breast cancer due to
improved systemic control, particularly in HER2 +and TN
tumors, there may be a role for routine brain MRI screen-
ing in advanced and recurrent breast cancer. A study by
Martin et al. reviewed the experience of breast and NSCLC
brain metastases management and found that breast cancer
patients at initial brain metastases diagnosis were noted to
have larger and more numerous brain metastases compared
to NSCLC brain metastases [77]. In addition, breast cancer
patients were more likely to have symptoms at diagnosis
including seizures, leptomeningeal disease, and brainstem
involvement. Due to more numerous, larger, and sympto-
matic brain metastases, breast cancer patients compared to
NSCLC patients were more likely to receive whole brain
compared to stereotactic radiation. Given these findings,
the role of screening brain MRIs, particularly in higher risk
populations, should be brought into question. Current pro-
spective trials are studying the role of screening MRIs in
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breast cancer of various subtypes (clinicaltrials.gov iden-
tifier: NCT04030507) and in HER2 + and triple-negative
subtypes (NCT03881605).

Breast cancer and the brain
microenvironment

The importance of the dynamic interactions within the
tumor microenvironment has been established for multi-
ple cancers, and improved understanding of these complex
interactions has the potential to aid the search for effective
BCBM treatment [143]. However, relatively little is known
about the tumor microenvironment within the brain, a setting
with obstacles unique to any other metastatic site. Perhaps
the most distinctive feature of the CNS is the blood—brain
barrier (BBB), a selective diffusion barrier of the cerebral
microvascular endothelium that poses a significant obstacle
to CNS penetration for metastases [110]. However, tumor
cell extravasation in the brain is possible through a vari-
ety of mechanisms [14, 61, 124]. Key mediators of CNS
penetration for BCBM include the cyclooxygenase COX2,
the epidermal growth factor (EGFR) ligand HBEGEF, the
a2,6-sialyltransferase STOGALNACS, and specific matrix
metalloproteinases, among others [14, 124]. The ability
for tumor cells to cross the BBB, along with the significant
delay between the first appearance of circulating tumor cells
and the detection of brain metastasis, suggests that tumor
colonization within the brain is a crucial step of metastasis
formation [134].

Successful colonization depends upon the interactions of
tumor cells with unique supportive glial cells of the CNS,
microglia and astrocytes [39, 107, 134]. Xing et al. dem-
onstrated that brain metastases expressing a high level of
c-Met, a receptor tyrosine kinase, induce a feed-forward
cycle of cytokine release with tumor-associated astrocytes
that created a favorable microenvironment for tumor cells
[147]. Another study found that upregulated c-Met signal-
ing and expression was associated with radioresistance in
BCBM cells [149]. Targeting c-Met alone reduced tumor
growth, and in combination with radiotherapy, prolonged
survival in a murine model [147, 149]. Sikisoon et al. inves-
tigated the role of truncated glioma-associated oncogene
homolog 1 (TGLII), a transcription factor associated with
angiogenesis, migration, and invasion, in BCBM [118]. Two
murine models showed that increased activation of TGLI1
was associated with HER2 + and TNBC, relative radiore-
sistance, and a shortened time to development of BCBM.
Astrocyte activation played a significant role in the role of
TGLI1 in BCBM formation.

Studies have also demonstrated important interac-
tions between brain metastases and neurons [139]. Neman
et al. found that BCBM cells displayed high expression
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of gamma-Aminobutyric acid (GABA) receptors, trans-
porters, and transaminase, similar to neuronal cells [92].
This increased expression allowed metastases to catabo-
lize GABA and form nicotinamide adenine dinucleotide
(NADH), which increased cell proliferation. Zeng et al. dem-
onstrated that triple-negative BCBMs hijack a neuronal sign-
aling pathway by expressing N-methyl-p-aspartate receptors
(NMDARs), which are activated by high amounts of gluta-
mate within neuronal synapses [150]. This NMDAR signal-
ing was shown to promote brain colonization and metastasis
growth.

Treatment response evaluation

The assessment of treatment response for patients with brain
metastasis after radiotherapy may be challenging. Post-radi-
ation effects, such as pseudoprogression, a transient disrup-
tion to myelin synthesis and radiation necrosis, necrotic
lesions that cause mass effect and neurologic dysfunction,
can mimic tumor recurrence upon post-treatment magnetic
resonance imaging (MRI) [100]. There has been recent
interest in functional imaging methods, such as diffusion
weight imaging (DWI), dynamic susceptibility-weighted
contrast-enhanced (DSC) MR imaging, and dynamic con-
trast-enhanced (DCE) MR imaging, to better differentiate
between tumor recurrence and radiation treatment effects
[141]. Quantitative analysis of post-treatment positron emis-
sion tomography (PET) and MRI scans have shown potential
to improve the diagnostic accuracy of brain metastasis recur-
rence as well [71, 72]. However, these methods lack prospec-
tive validation. Post-radiation response evaluation remains
a challenge, and accurate differentiation between radiation
necrosis, pseudoprogression, and true recurrence relies upon
clinical assessment and repeated imaging exams [100, 141].

A critical component in the search for new treatments for
BCBM patients is the establishment of a consistent treat-
ment response evaluation criteria. The Response Assessment
in Neuro-Oncology (RANO) group developed response cri-
teria specifically for brain metastases (RANO-BM), which
considers target and non-target lesion response, steroid use,
and neurologic symptoms (Table 1) [69]. However, there
are important limitations of the RANO-BM in regards to
the assessment of progressive disease in patients receiving
immunotherapy. Studies have demonstrated that early radio-
logic findings of disease progression, including increased
size of the target lesion or the development of new lesion, do
not always accurately predict therapeutic benefit [95]. There-
fore, the immunotherapy Response Assessment in Neuro-
Oncology (iRANO) criteria were developed to increase the
accuracy in identifying true disease progression [96]. For
patients who demonstrate radiologic signs of progressive
disease without clinical decline and within 6 months of

initiating immunotherapy, confirmatory imaging is required
3 months after initial radiologic evidence of progression.
The iRANO criteria does require prospective validation
prior to widescale adoption.

Local management of BCBM

The treatment options for patients with BCBM have tradi-
tionally relied on local approaches including surgery, whole
brain radiation therapy (WBRT), and stereotactic radiosur-
gery (SRS). Surgery can improve survival but is typically
reserved for those patients with symptoms, optimal perfor-
mance status and limited brain metastatic disease [102].
Whether or not they undergo surgical resection, BCBM
patients receive radiotherapy. Patients with acceptable per-
formance status and more localized disease undergo SRS,
while patients with extensive intracranial disease or poor
performance status typically receive WBRT. Traditionally,
the role of systemic therapy for BCBM patients has been
limited due to the challenges posed by the BBB [31, 70].
However, the role of systemic therapy in management of
BCBM patients has rapidly evolved following recent suc-
cesses in studies managing HER2 + BCBM patients [9, 63,
81].

Surgery

Three randomized clinical trials investigated the additional
benefit gained by surgical resection prior to WBRT for
patients with a single brain metastasis [80, 102, 140]. One
trial conducted by Mintz et al. failed to demonstrate a signifi-
cant difference in survival or Karnofsky performance status
(KPS) between those who received WBRT alone compared
to those who received the combination treatment [80]. How-
ever, the other two trials demonstrated that patients who
received surgical resection had improved OS, as well as
more rapid improvement and longer duration of functional
independence improvement [102, 140]. Therefore, patients
with acceptable performance status and limited extracra-
nial disease are advised to undergo resection followed by
radiotherapy, and there’s evidence that those patients with
symptomatic large lesions (>3 cm in diameter) will benefit
most from resection [57, 120].

Several studies have called into question whether prior
surgical resection followed by stereotactic radiation may
raise the risk of nodular leptomeningeal disease. Nodular
or pachymeningeal leptomeningeal disease differs from
classical leptomeningeal disease, which appears as tumor
masses in the extra-axial spaces near the site of surgical
resection. This type of leptomeningeal spread is thought to
arise directly from microscopic tumor spillage from surgery
or in the post-operative period. A change in the practice
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from delivering WBRT rather than focal stereotactic radia-
tion may make this pattern of spread more common [105]. In
a study by Cagney et al., the incidence of nodular leptome-
ningeal disease was noted in 36 (8.4%) of 428 operations,
with a higher incidence noted with resection of previously
irradiated vs unirradiated metastases (p=.008) [21]. Inter-
estingly, pre-operative SRS has been shown to have lower
rates of LMD formation compared to post-SRS (2 years:
16.6% vs 3.2%, p=.010) [103], though further prospective
studies assessing this approach are warranted.

Radiotherapy

Historically, WBRT has been the standard treatment for
patients with brain metastasis. Patchel et al. demonstrated
the addition of WBRT to surgery improved rates of intracra-
nial recurrence, and while OS was not significantly different
between the two arms, WBRT decreased the rates of neuro-
logic death [101]. The role of WBRT has decreased in recent
years due to treatment-related toxicities, including somno-
lence and impairments to short-term memory, and therefore,
WBRT is more often utilized for patients with numerous
brain metastases and poor performance status. However,
there have been attempts to reduce the rates of neurocogni-
tive toxicity. A placebo-controlled trial found that patients
treated with WBRT who received memantine, an N-methyl-
D-aspartate glutamate receptor blocker typically utilized in
dementia, had delayed time to cognitive decline and reduced
rates of impairments to memory, executive function, and
processing speed [18]. RTOG 0933, a single-arm phase II
study, found that intensity-modulated radiotherapy (IMRT)
techniques to avoid the hippocampus significantly decreased
rates of cognitive decline when compared to historical con-
trols of standard WBRT [47]. Preliminary results from the
phase III NRG Oncology CCO001 trial reveal improved neu-
rocognitive function in the arm randomized to hippocampal
avoidance WBRT compared to standard WBRT [46].

The role of SRS for patients with brain metastasis has
been expanding due to its highly conformal nature that
spares a significant volume of healthy brain tissue com-
bined with high local control rates. A phase III trial found
that when compared to observation, post-operative SRS
improved local control for patients with 1-3 brain metasta-
ses, similar to WBRT [76]. When compared to WBRT, two
additional trials demonstrated no significant differences in
OS after SRS [16, 59]. While WBRT was associated with
improved intracranial progression free survival (PFS), SRS
was associated with a lower risk of cognitive decline. SRS
may be an option for patients with up to 10 brain metastases,
as a prospective observational study conducted across 23
Japanese institutions in over 1100 patients with 1-10 brain
metastases treated with SRS demonstrated that OS did not
differ between patients with 2 to 4 metastases and those with

5-10 (median OS 10.8 months in both groups) [148]. There
were similar rates of toxicity, local control, neurologic death,
leptomeningeal dissemination, and use of salvage radiother-
apy between the two groups.

There have been multiple trials investigating the utility
of treating patients with both WBRT and SRS. In a phase
III trial, Andrews et al. demonstrated the addition of SRS to
WBRT significantly improved OS for patients with 1-3 brain
metastases and good prognosis (GPA 3.5-4.0) [5, 123]. Mul-
tiple trials have established that for patients with 4 or fewer
brain metastases, the addition of WBRT to SRS improves
both local failure and distant brain failure rates [6, 17, 23,
62]. However, when compared to SRS alone, the addition of
WBRT increases the risk of neurocognitive toxicity without
conferring a benefit to OS [17]. Interestingly, a combined
analysis of three prospective trials found that for patients
50 years or younger, the addition of WBRT to SRS did not
impact distant brain relapse rates, and patients who received
SRS alone had improved OS [114]. Due to these results, the
most recent consensus guidelines recommend against adju-
vant WBRT following complete resection or SRS in favor of
close monitoring for patients with a limited number of brain
metastases [120].

Systemic therapy
Drug conjugates

Historically, the focus of BCBM treatment has been local
treatment via surgery and/or radiation therapy due to the
challenges posed by the BBB [31, 70]. After a metastasis
forms, the BBB remnants, called the blood-tumor barrier
(BTB), exhibit increased permeability [91]. While BTB per-
meability is increased with WBRT and surgery, systemic
drug penetration is highly variable and rarely reaches cyto-
toxic concentrations [70, 81].

There have been multiple recent efforts to overcome the
barriers posed by the BTB. ANG1005, a peptide-drug con-
jugate treatment including Angiopep-2 covalently linked
to paclitaxel, utilized the low-density lipoprotein receptor-
related protein 1 (LRP-1) to cross the BBB [136]. A phase 2
study of patients with metastatic breast cancer and recurrent
brain metastasis found that ANG1005 demonstrated clinical
activity, with 14% and 57% of patients with partial response
and stable disease, respectively [64]. Patients with lep-
tomeningeal carcinomatosis who received ANG1005 had a
median OS of 8 months, longer than the historical median of
4 months following traditional treatment. An ongoing phase
3 clinical trial is further investigating the role of ANG1005
in treating patients with HER2-negative breast cancer and
newly diagnosed leptomeningeal carcinomatosis and previ-
ously treated brain metastasis (NCT03613181).
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Etirinotecan pegol (NKTR 102), a next generation
topoisomerase- 1 inhibitor-polymer conjugate, also enables
BBB penetration and allows for the delivery of SN38, the
active metabolite of irinotecan. The BEACON phase 3 trial
randomized treatment with NKTR-102 compared physi-
cian’s choice treatment for women with advanced breast
cancer previously treated with an anthracycline, a taxane,
and capecitabine [104]. Unfortunately, NKTR-102 did
not significantly improve OS. However, a subgroup analy-
sis demonstrated NKTR-102 drastically improved OS for
patients with BCBM within the trial, with a median OS of
10 months compared to 4.8 months [26]. An ongoing phase
3 trial, ATTAIN, is underway to further study the efficacy
of NKTR-102 for patients with metastatic breast cancer with
stable brain metastases. (NCT02915744).

HER2-positive BCBM

HER?2 is a member of the EGFR family and a membrane
tyrosine kinase. This oncogene is overexpressed in approxi-
mately 14% of breast cancers and is associated with higher
risk of brain metastasis, as roughly 44% of resected brain
metastases are HER2-positive [60, 117, 121]. While this
remains an aggressive subset of breast cancer, HER2 tar-
geted therapies have significantly improved rates of OS;
however, anti-HER2 therapy has limited CNS penetration.
HER?2 + positive patients have among the highest rates of
brain metastasis failure [7]. Studies show that the CSF con-
centration of trastuzumab is 1:420 without pretreatment and
improves to 1:79 after being treated with radiation or surgery
[35, 131]. To circumvent these low concentrations, in the
setting of LMD, intrathecal delivery of trastuzumab has been
utilized which has shown improvement in OS compared to
historical controls in retrospective analyses and in a phase
I/II prospective trial [12, 37, 64].

A phase III trial demonstrated that treatment with both
trastuzumab and pertuzumab, two HER2-targeted monoclo-
nal antibodies, combined with docetaxel improved both OS
and PFS when compared with trastuzumab and docetaxel
alone for patients with metastatic HER2-positive breast
cancer [129]. While this trial excluded patients with brain
metastasis, an exploratory analysis found the addition of
pertuzumab delayed the development of CNS metastasis
as the first site of progression [128]. A prospective obser-
vational study of the registHER, a database of over 1000
patients with HER2-positive breast cancer, found that tras-
tuzumab and chemotherapy both significantly improved OS
for patients with CNS metastasis [19]. This improvement
in survival is likely due to improvement in extracranial dis-
ease control rather than a direct effect on brain metastases
[99]. However, there has been recent interest in the utili-
zation of radiotherapy or ultrasound techniques to increase
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the permeability of the BTB to trastuzumab that warrant
continued investigation [98, 125].

There has been promising data for the treatment of
metastatic HER2 + breast cancer patients with trastuzumab
emtansine (T-DM1), an antibody—drug conjugate with the
HER2-targeted antitumor properties of trastuzumab and
the cytotoxic activity of DM1, a potent microtubule inhibi-
tor. The EMILIA phase III trial randomized 991 patients
with HER2-positive advanced breast cancer to either treat-
ment with either T-DM1 or lapatinib and capecitabine
[142]. Patients treated with T-DM1 had superior PFS
(median 9.6 months vs 6.4 months, p <0.001), OS (median
30.9 months vs 25.1 months, p <0.001), and objective
response rate (ORR) (43.6% vs 30.8%, p <0.001). This trial
excluded patients with CNS metastases that were sympto-
matic or recently treated. However, an exploratory analy-
sis of the 95 patients who had CNS metastasis at baseline
demonstrated that, while there were similar rates of CNS
progression between the treatment arms, patients treated
with T-DM1 had improved OS (median 26.8 months vs
12.9 months, p=0.008), likely via superior extracranial dis-
ease control [63]. A recent analysis has questioned whether
stereotactic radiation combined with T-DM1 may increase
the risk of radionecrosis through T-DM1 targeting reactive
astrocytes and increasing radiation-induced cytotoxicity and
astrocytic swelling via upregulation of Aquaporin-4 (Aqp4)
[126].

Small molecular tyrosine kinase inhibitors that inhibit the
HER?2 receptor have shown the potential to improve out-
comes for HER2-positive breast cancer. One such tyrosine
kinase inhibitor (TKI), lapatinib, targets both HER2 and
EGFR. Three phase 3 clinical trials have demonstrated that
lapatinib-based regimens, especially when combined with
trastuzumab, can improve OS and PFS for HER2-positive
locally advanced or metastatic breast cancer patients [11,
34, 43]. Lapatinib has the ability to cross the BTB, as con-
centrations are significantly higher within brain metastases
compared to healthy brain tissue [132]. However, the pen-
etration of the BTB is highly variable, and only about 17% of
brain metastases demonstrated a lapatinib concentration that
approached that of systemic metastases [132]. The LAND-
SCAPE trial investigated the treatment combination of lapa-
tinib and capecitabine for 45 patients with HER2-positive
BCBM not previously treated with WBRT, capecitabine, or
lapatinib [9]. The trial demonstrated encouraging results,
as 65.9% of patients had a partial CNS response defined as
a>50% response to treatment with a median time to pro-
gression of 5.5 months. A phase I trial of HER2 + BCBM
patients demonstrated that concurrent WBRT and lapatinib
followed by adjuvant lapatinib and trastuzumab can achieve
a CNS ORR of 79% and 6-month PFS of 46% [68].

Pooled analysis of two phase 1b studies of tucatinib,
another small molecule TKI, in the treatment of metastatic
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HER?2-positive breast cancer patients identified a subgroup
of patients that achieved extended disease control, with a
PFS of at least 16 months [48]. Within this subgroup, half
of the patients had brain metastasis. Another pooled analy-
sis of the two phase 1b studies demonstrated comparable
PFS for patients with and without brain metastasis [83].
Further analysis investigated the outcomes for patients who
developed isolated brain progression and received CNS-
directed therapy [84]. Those patients that continued on the
tucatinib-based regimen, compared to those who discontin-
ued the study, had superior preserved performance status,
reduced risk of neurologic adverse events, and a median of
8.3 months to any second event.

The phase 3 ExteNET trial established an additional year
of adjuvant neratinib, an irreversible TKI with inhibition of
HERI1, HER2, and HER4, administered after chemotherapy
and trastuzumab, improved invasive disease-free survival
for patients with HER2-positive early stage breast cancer
[78]. The NEfERT-T phase 3 trial randomized 479 women
with previously untreated and/or recurrent or metastatic
HER2-positive breast cancer to received neratinib or tras-
tuzumab, each combined with paclitaxel [8]. While there
was no significant difference in PFS, the neratinib group
did have a lower incidence of CNS recurrence (RR 0.48,
p=0.002), as well as a longer time to CNS metastasis (HR
0.45, p=0.004). A phase 2 trial of neratinib and capecit-
abine for patients with HER2 + BCBM demonstrated further
evidence of CNS activity, as patients who were lapatinib-
naive achieved a CNS ORR of 49% and a median PFS of
5.5 months [40]. The phase 3 NALA trial, which rand-
omized patients with stage 4 HER2-positive breast cancer to
receive neratinib and capecitabine or lapatinib and capecit-
abine, demonstrated that patients treated in the neratinib arm
had a significant improvement in PFS. Interestingly, patients
treated with neratinib had decreased rates of CNS disease
(22.8% vs 29.2%, p=0.043) and delayed time to intervention
for symptomatic CNS disease [27].

Afatinib, a novel TKI that targets both EGFR and HER4,
has also been used to treat HER2-positive breast cancer. A
phase II trial of patients with stage III or inflammatory dis-
ease found that for neoadjuvant treatment, afatinib compared
favorably with trastuzumab monotherapy and lapatinib mon-
otherapy [111]. However, further trials have demonstrated a
suboptimal associated risk benefit ratio. The LUX-Breast 3
phase 2 trial randomized 121 patients with HER2-positive
breast cancer and CNS recurrence or progression to treat-
ment with afatinib, afatinib with vinorelbine, or the inves-
tigator’s choice of treatment [25]. The afatinib-containing
regimens had higher rates of toxicity without improvement
in patient benefit. Ongoing prospective clinical trials for
HER?2 + patients are detailed in Table 2.

Hormone-positive BCBM

Endocrine, or hormonal, therapy is an integral component
in the treatment of HR + breast cancer at both the early and
advanced stages of disease; however, the role of hormonal
agents in the treatment of CNS metastases has not been well
studied. While tamoxifen is highly lipophilic and able to
cross the blood-brain barrier achieving therapeutic con-
centrations within the CSF, there is reasonable concern for
hormonal resistance at time of progression [66]. Approxi-
mately 20% of HR + breast cancer patients have a de novo, or
primary, resistance to hormone therapy [79], and nearly half
of patients will ultimately acquire resistance with prolonged
treatment [97]. Furthermore, there is concern whether hor-
monal therapy would be effective for CNS metastases as the
discordance rates of hormone receptor status between the
primary and metastatic intracranial tumors is approximately
40% [53, 56].

One therapeutic approach to combat hormonal resistance
has been to target the downstream pathways by inhibiting
CDK4 and CDK6. CDK4/6 inhibitors, such as abemaciclib,
palbociclib, and ribociclib, have been shown to cause cell
cycle arrest, decreased cell viability, and apoptosis [106].
Several large prospective trials have demonstrated improved
ORR, PFS, and OS in both the endocrine-resistant (MON-
ARCH-2 [119], PALOMA-3 [138]) and the first-line setting
(MONARCH-3 [44], PALOMA-2 [38], and MONALEESA
7 [54]) for HR + advanced breast cancer patients.

The efficacy of CDK4/6 inhibitors on CNS metastases
is currently unknown. Only the PALOMA-2, PALOMA-3,
MONALEESA-3 and MONALEESA?7 trials included
patients with CNS disease. Preclinical and clinical data have
demonstrated the ability of CDK4/6 inhibitors to cross the
BBB with variable efficiency [30, 109, 137]. Given CDK4/6
inhibitor’s potential benefit and minimal side effects, pro-
spective studies are ongoing to assess the efficacy of abe-
maciclib (NCT02308020) and palbociclib (NCT02774681)
in the treatment of BCBM. Early results of NCT02308020,
which were recently published in abstract form, found an
intracranial clinical benefit rate of 25% with abemaciclib and
a median PFS of 4.4 months in a heavily pretreated patient
population [22].

However, preclinical evidence suggests that there may
be a synergistic benefit combining CDK inhibitors with
radiotherapy [49, 144]. As patients survive longer with
improved systemic agents and more frequent imaging iden-
tifies a greater number of asymptomatic brain metastases,
it is essential to ensure that the synergistic combination of
CDK4/6 and RT does not translate to increased toxicities.
Two recently published retrospective studies suggest that
the early clinical experience in combining CDK4/6 inhibi-
tors and radiotherapy is safe and tolerable. Chowdary et al.
reported minimal grade 2 and no grade 3 toxicities in the
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16 patients treated with conventionally fractionated radio-
therapy, including three who received WBRT [24]. Figura
et al. published their single institution experience treating 42
intracranial lesions with stereotactic radiotherapy within 15
patients concurrently taking CDK4/6 inhibitors reporting a
5% rate of radionecrosis, comparable to historical controls
with OS that appeared improved [36].

As described above, endocrine resistant HR + breast
cancer may proliferate by utilizing alternative cell signal-
ing pathways. Recurrent HR + breast cancer is oftentimes
associated with constitutionally active PI3K/AKT/mTOR
pathways [1, 15], which may provide a novel therapeutic
target in treating HR + BCBM. The use of PI3K inhibitor
inhibitors, such as taselisib [20] or mTOR inhibitors, such
as everolimus [10], have found to demonstrate a systemic
response in prospective studies. Recent in vitro studies have
demonstrated the ability for pan-Akt inhibitors to cross the
BBB, decreasing tumor cell viability, and inducing apoptosis
in BCBM [55]. Multiple prospective studies are currently
evaluating their use of combining PI3K/AKT/mTOR and
CDK4/6 inhibitors in HR + breast cancer to prevent treatment
resistance (NCT03006172, NCT02684032, NCT02389842,
NCT02732119, NCT02871791, NCT02599714).

Triple-negative BCBM

Patients with TN breast cancer (TNBC) also have a high risk
of CNS failure, and those that do develop CNS metastasis
have poor outcomes, with a median survival of 3—6 months
[29, 65, 85, 94]. Treatment for these patients is limited by
the lack of actionable targets for therapy, as well as the chal-
lenges posed by the BTB. A recent murine model demon-
strated promising results using an amphiphilic polymer-lipid
nanoparticle system to penetrate the BBB and deliver doc-
etaxel to TNBC brain metastases in a murine model [50].
Treatment with the nanoparticle system significantly delayed
tumor growth and prolonged survival. Another preclinical
study demonstrated BBB penetration and improved out-
comes with the combination of carboplatin and veliparib,
a small molecule inhibitor of poly ADP-ribose polymerase
[58]. Bevacizumab, the vascular endothelial growth factor
(VEGEF) inhibitor, has shown potential in the treatment of
BCBM patients. Phase 2 trials, including TNBC, have dem-
onstrated that bevacizumab can improve CNS response [67,
75]. There is an ongoing phase 2 trial of patients with recur-
rent or metastatic BRCA mutation associated and/or TNBC
with or without brain metastases randomized to treatment
with veliparib compared to placebo, both with concurrent
cisplatin (NCT02595905) (Table 3).

@ Springer

Immune therapy

Antibody-directed therapies that alter interactions between
CTLA-4 and PD-1/programmed death ligand 1 (PD-L1)
have proven invaluable in the treatment of multiple cancers,
including NSCLC, melanoma, and renal cell cancer [13, 82,
112]. The activity of the immune checkpoint inhibitors is not
limited to extracranial disease, as trials have demonstrated
significant response in the treatment of brain metastasis
within melanoma and NSCLC [45, 133]. A number of clini-
cal trials have also demonstrated that immune checkpoint
inhibitors, such as pembrolizumab, nivolumab, and atezoli-
zumab, can improve outcomes within breast cancer [2, 73,
86, 115]. Atezolizumab with nab-paclitaxel is now approved
for use in PD-L1 positive locally advanced or metastatic
TNBC not amenable to surgical resection [115]. The abil-
ity for immunotherapy to benefit patients with metastatic
breast cancer, as well as the encouraging data on melanoma
and NSCLC brain metastasis response, has sparked interest
in investigating immune checkpoint inhibitors in the treat-
ment of BCBM. In addition, studies have revealed constant
immune surveillance of the CSF from meningeal lymph
nodes with direct communication to the deep cervical nodes
[74].

There has been significant interest in combining radia-
tion therapy with immune checkpoint inhibition due to an
immune priming effect noted from radiation therapy in pre-
clinical studies noting upregulation of PD-L1 [32, 33] and
enhanced tumor reduction and clinical data which have sug-
gested clinical improvement including in the setting of brain
metastases [3, 4, 108, 116, 135]. There are currently ongoing
phase 2 trials examining the treatment of BCBM via SRS
with concurrent Atezolizumab (NCT03483012), Nivolumab
(NCT03807765), and Pembrolizumab (NCT03449238).

Conclusions

The significant heterogeneity of outcomes within BCBM
implies opportunities to optimize precision treatment for
these patients. While the treatment of BCBM has progressed
greatly in the past decades, there are many ongoing efforts
to improve clinical outcomes. This will continue to require
a multidisciplinary approach improving our methods of
BCBM screening, surgical and radiation delivery techniques
as well as an improved understanding of the underlying biol-
ogy of brain metastases to improve systemic treatment deliv-
ery. As systemic disease treatment continues to improve,
simultaneous improvements in BCBM management will be
required.
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