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Simple Summary: In this review, we present the latest information on the pathophysiology, diag-
nosis, and local and systemic treatment of brain metastases from breast cancer, with a focus on
recent publications. Improving the local treatment and subtype-specific systemic therapies through
advancements in basic and translational research will contribute to better clinical outcomes for
patients with breast cancer brain metastasis.

Abstract: Breast cancer is the second most common origin of brain metastasis after lung cancer.
Brain metastasis in breast cancer is commonly found in patients with advanced course disease
and has a poor prognosis because the blood–brain barrier is thought to be a major obstacle to the
delivery of many drugs in the central nervous system. Therefore, local treatments including surgery,
stereotactic radiation therapy, and whole-brain radiation therapy are currently considered the gold
standard treatments. Meanwhile, new targeted therapies based on subtype have recently been
developed. Some drugs can exceed the blood–brain barrier and enter the central nervous system.
New technology for early detection and personalized medicine for metastasis are warranted. In this
review, we summarize the historical overview of treatment with a focus on local treatment, the latest
drug treatment strategies, and future perspectives using novel therapeutic agents for breast cancer
patients with brain metastasis, including ongoing clinical trials.

Keywords: central nervous system; blood–brain barrier; neurosurgery; stereotactic radiosurgery
(SRS); whole brain radiation therapy (WBRT); molecular-targeted therapy; tyrosine kinase inhibitor;
CDK4/6 inhibitor; immune checkpoint inhibitor; BRCA gene mutation; review

1. Introduction

Breast cancer brain metastasis (BCBM) is one of the most common forms of breast
cancer metastasis [1,2]. Several articles have investigated the incident rate of BCBM so
far. Barnholtz-Sloan et al. reported that the incidence rate of BCBM was 5.1% among
patients with breast cancer. Furthermore, 14.2% developed BCBM during the clinical
course of disease among patients with any distant metastases [1]. Several other articles
have also reported the incidence rates of BCBM [3,4]. The incidence rates for BCBM
depend on the cancer subtype. In particular, HER2-type (hormone receptor (HR)-negative/
human epidermal growth factor receptor 2 (HER2)-positive) and triple-negative breast
cancer (TNBC: HR-negative/HER2-negative) subtypes are more likely to metastasize to
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the brain. Martin et al. reviewed more than 230,000 breast cancer patients and reported
the incidence of brain metastases by cancer subtype as follows: 0.22%, 0.61%, 1.09%, and
0.68% in HR-positive/HER2-negative patients, HR-positive/HER2-positive patients, HER2-
type patients, and TNBC patients, respectively. The respective incidence rates in patients
with systemic metastasis at the time of initial diagnosis were 5.46%, 7.98%, 11.45%, and
11.37% [4]. Several other retrospective analyses have been conducted and reported BCBM
frequencies of 14–38% in HER2-type and TNBC patients and less than 10% in patients with
the luminal-type [5–10]. Especially, HER2-type increased the risk of BCBM when compared
with the other cancer subtypes in the multivariate analysis [5,11].

Some studies have reported various risk factors including cancer subtype associated
with the incidence of BCBM. Recently, Koniali et al. performed a systematic review to
identify the risk factors of BCBM [12]. They found that younger age, estrogen receptor
(ER)-negative status, HER2-positive status, higher tumor stage, higher histologic grade
(HG), large tumor size, and high Ki67 labeling index were independent risk factors for
BCBM. In other reports, the following various risk factors have been reported: ER-negative
status [13,14], younger age [5,14], HER2-positive status [5,11,14,15], basal-like type [11],
triple-negative non-basal type [11], axillary LN metastasis [15], higher HG [14,16], higher
stage [17], number of extracranial metastatic sites [14], and short disease-free survival
(DFS) [14].

The prognosis for BCBM depends on the breast cancer subtype. The median over-
all survival (OS) was 7.1 months for HR-positive/HER2-negative, 18.9 months for HR-
positive/HER2-positive, 13.1 months for HER2-type, and 4.4 months for TNBC [18]. Ni-
ikura et al. reported that the median OS was 8.7 months; when divided by subtype,
luminal-type had an OS of 9.3 months, luminal-HER2 type had an OS of 16.5 months,
HER2 type had an OS of 11.5 months, and TNBC type had an OS of only 4.9 months [19].
Thus, the treatment strategy according to breast cancer subtype should be considered
to improve survival. Some prognostic tools have already been established to evaluate
prognosis for patients with BCBM. The Diagnosis-Specific Graded Prognostic Assessment
(GPA) prognostic model, including Karnofsky Performance Status (KPS) plus age, can
distinguish patients with a two-year median survival versus those with a median survival
of 3.4 months [20–22]. However, modified breast-GPA are more accurate predictive indexes
for BCBM [22].

The prognosis after brain metastasis remains poor as discussed above, because the
blood–brain barrier (BBB) removes drug substances, including chemotherapeutic agents,
targeted agents, and toxins, from the brain [23–25]. The BBB is constructed of specialized
blood vessel structures and is comprised of endothelial cells, astrocytes, pericytes, and
neurovascular units [26]. The endothelial cells include several transporters (P-glycoprotein,
multidrug-resistance proteins, etc.) and act as efflux pumps. Consequently, Pardridge et al.
have mentioned that for drug molecules to cross the BBB, they must be under 400–500 Da
in size and have a high lipid solubility [27]. The BBB is impaired by brain metastasis (BM),
which leads to the creation of the blood–tumor barrier (BTB) [28,29]. Lockman et al. and
Gril et al. demonstrated that the BTB limits the uptake of chemotherapeutic drugs [30,31]
whereas most chemotherapeutic agents could enter central nervous system (CNS) lesions
via the intact BBB. Meanwhile, trastuzumab has been shown to penetrate experimental
BCBMs [32,33]. 89Zr trastuzumab [34], 14C-paclitaxel, 14C-doxorubicin [30], and 14C-
lapatinib [35] had been demonstrated to concentrate in BCBM. Morikawa et al. found that
capecitabine and lapatinib in BCBMs penetrate the BTB in actual patients using a liquid
chromatography tandem mass spectrometry method [36]. These results suggest BBB and
BTB permeability enable some drug agents to access BCBM, therefore those drug agents
are desired for BCBM therapy.

In this review, we present the latest information on the many clinical challenges in
the treatment strategies for BCBM. Local therapies, including surgery and radiotherapy,
have been improved to be less invasive and to allow the patient to retain more cognitive
function. Recently, subtype-specific systemic therapies that have been developed for breast
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cancer and genomic sequencing data for BCBM can contribute to genomically guided
treatment for target mutated genes. Furthermore, the association of microRNA (miRNA)
or circulating tumor DNA (ctDNA) with BCBM has been investigated, and these molecules
have the potential to play roles in future diagnosis and treatment.

2. Local Treatment for Patients with BCBM

Neurosurgical resection, stereotactic radiosurgery (SRS), and whole brain radiation
therapy (WBRT) are the current standard local therapy treatments for BCBM. The local
treatment strategies for BCBM depend on the patients’ performance status and num-
ber/size/location of the brain tumor [37,38]. Table 1 (major clinical trials) and Supplemen-
tary Materials Table S1 (other clinical trials) show main clinical trials in radiation therapy.

Table 1. Major clinical trials in local treatment for BCBM.

Treatment Type Patients’ Population Author Trial Name
(NCT Number) Phase Primary Endpoint

Surgery plus WBRT
vs. WBRT Single BM Patchell et al. [39] III OS

Surgery plus WBRT
vs. Surgery alone Single BM Patchell et al. [40] III Recurrence of

tumor in the brain

Postoperative SRS
vs. WBRT

Single BM (a resected
BM and a resection

cavity less than 5.0 cm)
Brown et al. [41]

NCCTG
N107C/CEC· 3
(NCT01372774)

III
Cognitive-

deterioration-free
survival and OS

Salvage SRS vs.
postoperative WBRT

1 to 4 resected BMs
with only one lesion

> 3 cm
Kayama et al. [42] JCOG0504 III OS

WBRT alone vs. WBRT
followed by SRS 1 to 3 BMs Andrews et al. [43] RTOG9508

(NCT00002708) III OS

SRS or Surgery
with/without WBRT 1 to 3 BMs Kocher et al. [44]

EORTC
22952-26001

(NCT00002899)
III

Time to PS
deterioration more

than 2

SRS alone vs. SRS
plus WBRT 1 to 3 BMs Brown et al. [45] (NCT00377156) III

Cognitive
deterioration at

3 months
SRS plus WBRT vs.

SRS alone
1 to 4 BMs, each under

than 3 cm Aoyama et al. [46] (C000000412) *,1 III OS

SRS for 2–4 BMs vs.
5–10 BMs

Patients with BMs
who received SRS Yamamoto et al. [47] JLGK0901

(UMIN000001812) *,1 III OS

SRS vs WBRT 4–15 untreated
non-melanoma BMs Li et al. [48] (NCT01592968) III

Local control rate
and proportion of

patients with
neurocognitive

decline at 4 months
SRS vs HA-WBRT 5–20 BMs (Recruiting) (NCT03075072) III Quality of life

HA-WBRT
BM outside a 5 mm

margin around either
hippocampus

Gondi et al. [49] RTOG 0933
(NCT01227954) II Cognitive function

Abbreviations: BC, breast cancer; MBC, metastatic breast cancer; BM, brain metastasis; BCBM, breast cancer brain metastasis; WBRT, whole
brain radiation therapy; SRS, stereotactic radiosurgery; HA-WBRT, hippocampal-avoidance whole brain radiation therapy; OS, overall
survival; PFS, progression-free survival; PS, performance status. *,1 UMIN Clinical Trials Registry (UMIN-CTR) identifier. UMIN-CTR is an
authorized clinical trial registry of the International Committee of Medical Journal Editors.

2.1. Patients with Single or Two to Four BMs
2.1.1. Surgery Plus WBRT

Surgery is performed to retrieve metastatic tissue for pathologic confirmation, im-
provement of mass effect and edema [50]. However, surgery alone is considered inadequate
for local control compared with surgery plus radiotherapy [40]. For operable single BCBM,
three randomized trials have demonstrated that surgery plus WBRT contribute to improved
clinical outcomes compared with WBRT alone [39,51,52]. Churilla et al. reported that SRS
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shows similar local control compared with surgery for one to two brain metastases under
4 cm in size (hazard ratio, 1.15; 95% CI, 0.72–1.83) [53].

2.1.2. Postoperative SRS vs. WBRT

Some randomized trials have compared postoperative SRS to the surgical cavity and
WBRT. Kępka et al. compared SRS of the tumor bed with WBRT after resection of a single
BM [54]. However, this trial was underpowered for the detection of noninferiority of SRS
of the tumor bed compared with surgery with WBRT.

In the NCCTG N107C/CEC·3 cooperative group study (NCT01372774), there was
no difference in the median OS between postoperative SRS and WBRT (hazard ratio, 1.07;
95% CI, 0.76–1.50; p = 0.70), but postoperative SRS resulted in superior cognitive function
for patients with one resected BM (up to three unresected metastases were allowed) and
a resection cavity less than 5.0 cm (hazard ratio, 0.47; 95% CI, 0.35–0.63; p < 0.0001) [41].
Recently, Kayama et al. evaluated whether salvage SRS alone within 21 days of surgery
is as effective as postoperative WBRT on the OS of patients with one to four BMs in a
noninferiority, randomized controlled trial (JCOG0504) [42]. They concluded that salvage
SRS, which is noninferior to postoperative WBRT (hazard ratio, 1.05; 90% CI, 0.83–1.33;
one-sided p for noninferiority = 0.027), can be a standard therapy for patients with one to
four BMs.

2.1.3. WBRT Alone versus WBRT Plus SRS

Some studies have investigated the clinical differences between WBRT alone and
WBRT plus SRS for patients with one to three BMs. The RTOG9508 trial compared the
survival between WBRT alone and WBRT followed by SRS in patients with one to three
BMs [43]. They demonstrated that the mean survival time did not differ between those
two groups, but WBRT plus SRS resulted in better survival for patients with a single
unresectable BM (median survival time, 6.5 (WBRT plus SRS) versus 4.9 months (WBRT);
p = 0.0393). Kondziolka et al. reported that there was no difference in OS between those
groups (p = 0.22), but the median time to local failure was longer in the WBRT plus
SRS group compared with the SRS group (36 (WBRT plus SRS) versus 6 (SRS) months;
p = 0.0005) [55]. Meanwhile, Tsao et al. performed a meta-analysis evaluating WBRT versus
WBRT plus SRS for those two studies. There was no difference in OS between those two
groups (p = 0.24), but local control favors WBRT plus SRS (hazard ratio 2.88; 95% CI,
1.63–5.08; p = 0.0003) [56].

2.1.4. SRS Only versus WBRT Plus SRS

Several previous clinical trials have investigated the difference between SRS only and
WBRT plus SRS [44–46]. Aoyama et al. reported that there was significantly decreased
brain tumor recurrence in the WBRT plus SRS group; however, WBRT plus SRS did not
improve the survival for patients with one to four BMs (p = 0.42). Therefore, SRS alone
could be a treatment option, provided that the frequent monitoring of brain tumor status is
conducted [46]. The EORTC22952–26001 study investigated the clinical utility of adjuvant
WBRT after either surgery or SRS for patients with one to three BMs. In this study, the OS
between WBRT and observation did not differ significantly (p = 0.89), but adjuvant WBRT
reduced the relapse rate both at initial sites and at new sites (from 31% to 19%; p = 0.040
(initial sites); from 48% to 33%; p = 0.023 (new sites)) [44]. Brown et al. also reported that
the OS did not differ between SRS alone and SRS plus WBRT for patients with one to three
BMs (hazard ratio, 1.02; 95% CI, 0.75–1.38; p = 0.92), but the time to intracranial failure for
the SRS alone group was significantly shorter compared with the SRS plus WBRT group
(hazard ratio, 3.6; 95% CI 2.2–5.9; p < 0.001) (NCT00377156) [45].

However, some studies have reported problematic findings with WBRT, including
a worsened quality of life [57] and neuro dysfunctions [45,58]. Chang et al. investigated
whether adding WBRT to SRS could be associated with potential neuro-cognitive dysfunc-
tion as a primary endpoint in a randomized controlled trial [58]. They concluded that the
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SRS plus WBRT group displayed significantly decreased learning and memory functions
at four months compared with the SRS alone group (the mean posterior probabilities of
decline were 52% (SRS plus WBRT) and 24% (SRS alone)). Brown et al. also found that
the incidence of cognitive deterioration was lower in the SRS alone group at both 3 and
12 months compared with the SRS plus WBRT group (45.5% (SRS alone) versus 94.1%
(SRS plus WBRT); p = 0.0017 at 3 months; 60% (SRS alone) versus 94.4% (SRS plus WBRT);
p = 0.04 (12 months)) [45]. Therefore, they concluded that SRS alone could be considered a
better treatment strategy for patients with one to three BMs compared with the combination
of WBRT and SRS.

2.2. Patients with Five or More BMs

The differences between WBRT and SRS remain unclear for patients with five or
more BCBMs. Therefore, a phase III randomized controlled trial (NCT01592968) compared
SRS with WBRT for patients with 4–15 untreated non-melanoma BMs [48]. There was no
difference in the median OS between the two groups (10.4 months in the SRS group and
8.4 months in the WBRT group, p = 0.45). Moreover, SRS reduced the risk of neuro-cognitive
deterioration in patients with 4–15 BMs. Therefore, this study suggests that avoiding WBRT
may be possible for patients with more than ten metastases. Yamamoto et al. reported
that there was no difference in the median OS between patients with 2–4 tumors and
5–10 tumors (hazard ratio, 0.97; 95% CI, 0.81–1.18 (less than noninferiority margin); p = 0.78;
p for noninferiority < 0.0001) in the JLGK0901, which evaluated patients who received SRS
for BMs (10% of such patients had breast cancer) [47]. The incidence rate of one or more
treatment-related adverse event did not differ between patients with 2–4 or 5–10 tumors
(p = 0.89). Thus, SRS without WBRT could be an alternative strategy for patients with
five to ten BMs. In a long-term follow-up study, the neuro-cognitive function did not
differ between those two groups [59]. Meanwhile, the NCT03075072 study is ongoing to
investigate quality of life between HA-WBRT (Hippocampal-avoidance WBRT) and SRS
in patients with 5–20 BM tumors. The NCT04061408 study, a phase II trial in China, is
currently investigating the control rate for 1–10 BM lesions in BC patients using fractionated
stereotactic radiotherapy (FSRT).

2.3. Preoperative SRS vs. Postoperative SRS

In a multi-institutional retrospective analysis comparing preoperative SRS with post-
operative SRS [60], there was no difference between the two groups in OS (p = 0.1), local
recurrence (p = 0.24), and distant brain recurrence (p = 0.75) in the multivariable analysis;
however, the incidences of symptomatic radiation necrosis (2 years: 16.6% (postoperative
SRS) vs. 3.2% (preoperative SRS); p = 0.010) and leptomeningeal disease (2 years: 16.4%
(postoperative SRS) vs. 4.9% (preoperative SRS); p = 0.010) were significantly lower in
the pre-SRS groups. Additionally, some clinical trials for preoperative SRS are ongoing
(NCT03741673: preoperative SRS vs. postoperative SRS; NCT03368625: preoperative SRS
phase II trial).

2.4. Hippocampal-Avoidance WBRT (HA-WBRT) for BMs

The effectiveness of hippocampal-avoidance WBRT (HA-WBRT) in protecting against
the neuro-cognitive toxicity of standard WBRT has been investigated recently [49,61].
RTOG0933, a phase II multi-institutional trial, demonstrated that HA-WBRT helps preserve
neuro-cognitive function and quality of life compared with historical controls (p < 0.001)
(NCT01227954) [49]. Additionally, Sun et al. reported that HA-WBRT is considered
appropriate because BCBM has a low risk of metastases and recurrence at the hippocampal
avoidance region [62]. Meanwhile, NRG Oncology CC001, a phase III trial (NCT02360215),
enrolled adult patients with BMs into either HA-WBRT plus memantine or WBRT plus
memantine groups. The study demonstrated a lower risk of neuro-cognitive failure after
HA-WBRT plus memantine compared with WBRT plus memantine (adjusted hazard
ratio, 0.74; 95% CI, 0.58–0.95; p = 0.02). Additionally, there were no differences in OS,
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intracranial progression-free survival (PFS), or toxicity [61]. Therefore, HA-WBRT could
be a better option for preserving neuro-cognitive function. Memantine, an N-methyl-D-
aspartate receptor antagonist, has been considered to reduce neuro-cognitive decline from
WBRT because radiotherapy for cerebral substance could lead to cognitive deterioration
as a result of the radiation-induced accelerated atherosclerosis and microangiopathy and
infarction [63]. Brown et al. reported that memantine was well-tolerated and resulted in
better neuro-cognitive function in patients receiving WBRT (p = 0.0041 at 16 weeks) [64].

3. Systemic Therapy for BCBM

Table 2 (major clinical trials) and Table S2 (other clinical trials) show the main clinical
trials in systemic therapy according to subtype.

Table 2. Major clinical trials in systemic therapy for BCBM according to subtype.

Systemic therapy for HER2-positive BCBM

Treatment Patients’ Population Author Trial Name
(NCT Number) Phase Primary Endpoint

Lapatinib

Progressive
HER2-positive BCBM

after prior trastuzumab,
and cranial radiotherapy

Lin et al. [65] EGF 105084
(NCT00263588) II ORR in CNS

Lapatinib plus
capecitabine

HER2-positive BCBM
not previously treated

with WBRT,
capecitabine,
or lapatinib

Bachelot et al. [66] LANDSCAPE
(NCT00967031) II ORR in CNS

Lapatinib plus
capecitabine vs.

capecitabine alone

HER2-positive, locally
advanced or MBC that
had progressed after

treatment with regimens
that included an

anthracycline, a taxane,
and trastuzumab

Geyer et al. [67] EGF100151
(NCT00078572) III Time to

progression

Lapatinib plus WBRT HER2-positive BCBM Lin et al. [68] (not available) I

Maximum
tolerated dose of

concurrent
lapatinib

with WBRT

Pertuzumab plus
trastuzumab

and docetaxel
vs trastuzumab
plus docetaxel

HER2-positive locally
recurrent, unresectable,
or MBC without prior

chemotherapy or
biologic therapy for their

advanced disease

Swain et al. [69] CLEOPATRA
(NCT00567190) III PFS

T-DM1 vs. lapatinb
plus capecitabine

HER2-positive advanced
breast cancer previously

treated with
trastuzumab and

a taxane

Krop et al. [70]. EMILIA
(NCT00829166) III

Percentage of
participants with

progressive disease
or death, PFS,

OS, et al.

T-DM1

HER2-positive locally
advanced or MBC with

prior HER2-targeted
therapy and

chemotherapy

Montemurro et al. [71] KAMILLA
(NCT01702571) III

Best overall
response rate,

clinical benefit rate

Neratinib plus paclitaxel
vs. trastuzumab
plus paclitaxel

Previously untreated
recurrent

and/or metastatic
HER2-positive BC

Awada et al. [72] NEfERT-T
(NCT00915018) III PFS

Neratinib plus
capecitabine

Measurable, progressive,
HER2-positive BCBM Freedman et al. [73] TBCRC 022

(NCT01494662) II ORR
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Table 2. Cont.

Systemic therapy for HER2-positive BCBM

Treatment Patients’ Population Author Trial Name
(NCT Number) Phase Primary Endpoint

Neratinib plus
capecitabine vs.
lapatinib plus
capecitabine

HER2-positive MBC
with 2 or more previous

HER2-directed
MBC regimens.

Saura et al. [74] NALA trial
(NCT01808573) III PFS, OS

Afatinib alone vs.
afatinib plus vinorelbine
vs. investigator’s choice

HER2-positive BCBM with
recurrence or progression
during or after treatment

with trastuzumab,
lapatinib, or both

Cortés et al. [75] LUX-Breast 3
(NCT01441596) II Patient benefit at

12 weeks

Tucatinib

HER2-positive MBC
previously treated with

trastuzumab,
pertuzumab, and

trastuzumab emtansine

Murthy et al. [76] HER2CLIMB
(NCT02614794) II PFS

Tucatinib plus T-DM1
vs. T-DM1

HER2-positive MBC
previously treated with

a taxane and/or
trastuzumab

(Ongoing) HER2CLIMB-02
(NCT03975647) III PFS

Trastuzumab
Deruxtecan

HER2-positive
metastatic breast cancer

who had received
previous treatment with
trastuzumab emtansine

Jerusalem et al. [77] DESTINY-Breast01
(NCT03248492) II ORR

Taselisib plus fulvestrant
vs. fulvestrant alone

ER-positive and
HER2-negative locally
advanced BC or MBC

with recurrence or
progression after

aromatase inhibitor
therapy

Dent et al. [78] SANDPIPER
(NCT02340221) III PFS

Alpelisib plus
fulvestrant vs.

fulvestrant alone

HR-positive,
HER2-negative,

advanced BC with
progression after

aromatase
inhibitor therapy

André et al. [79] SOLAR-1
(NCT02437318) III PFS

Buparlisib plus
fulvestrant vs.

fulvestrant alone

HR-positive,
HER2-negative, locally
advanced or metastatic
breast cancer, who had

relapsed on or after
endocrine therapy and

mTOR inhibitors

Di Leo et al. [80] BELLE-3
(NCT01633060) III PFS

Palbociclib Measurable progressive
luminal-type BCBM (Ongoing) (NCT02896335) II Clinical benefit

rate at 8 weeks

Abemaciclib
BM from luminal-type

BC, NSCLC,
or melanoma

(Ongoing) (NCT02308020) II ORR in CNS

Palbociclib plus
trastuzumab plus

lapatinib
plus fulvestrant

ER-positive/HER2-
positive BCBM (Ongoing) (NCT04334330) ORR

Abemaciblib plus SRS
vs. palbociclib plus SRS
vs. ribociclib plus SRS

ER-positive/HER-2
negative BCBM (Ongoing) (NCT04585724) I

Incidence of grade
3+ radiation

therapy oncology
central nervous
system toxicity
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Table 2. Cont.

Systemic therapy for HER2-positive BCBM

Treatment Patients’ Population Author Trial Name
(NCT Number) Phase Primary Endpoint

Pembrolizumab

Advance TNBC,
advanced head and neck

cancer, advanced
urothelial cancer, or

advanced gastric cancer

Nanda et al. [81] KEYNOTE-012
(NCT01848834) I

Adverse events
and overall

response rate

Atezolizumab plus
nab-paclitaxel vs.

nab-paclitaxel

unresectable locally
advanced or

metastatic TNBC
Schmid et al. [82] IMpassion130

(NCT02425891) III PFS and OS

Carboplatin and
bevacizumab

New or
progressive BCBM Leone et al. [83] (NCT01004172) II ORR in CNS

Bevacizumab, etoposide,
cisplatin

Breast cancer brain
and/or leptomeningeal

metastasis
Wu et al. [84] (NCT01281696) II ORR in CNS

Talazoparib vs. single
agent chemotherapy
investigator’s choice

Advanced and/or MBC
patients with BRCA

mutation, which
received no more than

3 prior
chemotherapy-inclusive

regimens for locally
advanced and/or
metastatic disease

Litton et al. [85] EMBRACA
(NCT01945775) III PFS

Olaparib vs. single
agent chemotherapy
investigator’s choice

MBC who had received
no more than two

previous chemotherapy
regimens for

metastatic disease

Robson et al. [86] OlympiAD
(NCT02000622) III PFS

Veliparib plus
carboplatin plus

paclitaxel vs. carboplatin
plus paclitaxel

Advanced
HER2-negative breast
cancer with BRCA1 or

BRCA2 mutation

Diéras et al. [87] BROCADE3
(NCT02163694) III PFS

Abbreviations: BC, breast cancer; MBC, metastatic breast cancer; BM, brain metastasis; BCBM, breast cancer brain metastasis; WBRT,
whole brain radiation therapy; SRS, stereotactic radiosurgery; HER2, human epidermal growth factor receptor 2; TNBC, triple-negative
breast cancer; OS, overall survival; PFS, Progression-Free Survival; ORR, objective response rate; PS, performance status; CNS, central
nervous system; T-DM1, trastuzumab emtansine; NSCLC, non-small cell lung cancer; BRCA, breast cancer gene.

3.1. Systemic Therapy for HER2-Positive BCBM
3.1.1. Trastuzumab for BCBM

Trastuzumab is a monoclonal antibody with a large molecular weight that makes
it difficult to cross the BBB, and normal intravenous administration is not considered
effective for BCBM. Trastuzumab has not been considered crossing the intact BBB. However,
Lewis et al. showed the uptake of 89Zr-trastuzumab in HER2-positive brain tumors of
mouse models [32]. Meanwhile, Tamura et al. showed that trastuzumab accumulates
in BCBMs by using 64Cu-DOTA-trastuzumab with positron emission tomography (PET)
imaging to visualize and quantify HER2-positive lesions in patients with HER2-positive
breast cancer [88].

Park et al. investigated the role of trastuzumab for patients with HER2-positive BCBM.
In this study, patients receiving trastuzumab for BCBM had a significantly longer time
to death after BCBM [89]. A multicenter prospective study (registHER) revealed that
trastuzumab treatment after the first CNS diagnosis significantly decreased the risk of
death [7]. In a study using data from the HERA trial, there were no differences between
the group given one year of adjuvant trastuzumab and the observational group in the
frequency of CNS metastases in patients with HER2-positive breast cancer [90].

Intrathecal trastuzumab was administered in several studies in breast cancer patients
with leptomeningeal disease [91]. In a case report, Bousquet et al. observed the efficacy of
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intrathecal trastuzumab injections for HER2-positive breast cancer with leptomeningeal
metastasis [92]. The NCT02571530 study aims to evaluate the safety of super-selective
intra-arterial cerebral infusions of trastuzumab. This method is a promising treatment
for patients with leptomeningeal dissemination of HER2-positive breast cancer, but it
will be some time before it is applied in clinical practice because the study population
is small, enrollment in the ongoing clinical trials is poor, and the safety has not been
sufficiently reported.

3.1.2. Lapatinib for BCBM

Lapatinib, which is a small molecule dual tyrosine kinase inhibitor of the EGFR
and HER2 tyrosine kinases, can cross the BBB because of its very low molecular weight
(581 Da) [30,35]. Therefore, it may be effective for BM. Taskar et al. investigated the dis-
tribution of lapatinib in CNS lesions using 14C-lapatinib administration. They concluded
that BTB permeability is crucial for the distribution of lapatinib [35]. In a phase II trial,
Lin et al. demonstrated a CNS objective response (defined as complete response (CR) plus
partial response (PR)) rate of 6% in the lapatinib monotherapy group [65]. The additional
response rate was confirmed in the group receiving lapatinib and capecitabine.

The usefulness of lapatinib in combination with capecitabine has been reported in
several trials. In a phase III trial (the EGF100151 trial), lapatinib plus capecitabine was com-
pared with capecitabine alone in advanced breast cancer treated with chemotherapy and
trastuzumab-containing regimens. The addition of lapatinib significantly prolonged the
time to progression and was associated with fewer cases of CNS metastasis as the first pro-
gression [67,93]. A multicenter phase II study of lapatinib in patients with HER2-positive
BCBM (the EGF105084 trial) showed the effect of lapatinib and capecitabine combination
therapy for patients resistant to lapatinib monotherapy. The response rate was 20%, and
volumetric reduction was observed in the CNS lesions of the patients treated with the com-
bination of lapatinib and capecitabine [65]. The single-arm phase II LANDSCAPE trial in-
vestigated the efficacy of the combination therapy of lapatinib and capecitabine for patients
with an initial recurrence of BMs not previously treated with WBRT (NCT00967031) [66]. In
that study, the CNS response rate was 65.9% (29 of the 44 assessable patients). The phase III
randomized CEREBEL study was designed to investigate the incidence of CNS as the first
progression in patients treated with lapatinib plus capecitabine (NCT00820222) [94]. In that
study, lapatinib plus capecitabine was compared with trastuzumab plus capecitabine in pa-
tients with HER2-positive metastatic breast cancer (MBC). Trastuzumab plus capecitabine
had a longer PFS (hazard ratio, 1.30; 95% CI, 1.04–1.64; significant) and OS (HR, 1.34; 95%
CI, 0.95–1.64; not significant). However, the CEREBEL study did not meet its primary
endpoint because of insufficient CNS events. Kaplan et al. reported the effects of lapatinib
plus capecitabine in patients with HER2-positive BCBM. The clinical benefit rate (PR or
stable disease (SD)) was 68.4%, and this regimen was an independent predictor for better
survival in the multivariate analysis [95].

The usefulness of lapatinib in combination with trastuzumab has also been investi-
gated. In a retrospective analysis of HER2-positive metastatic or recurrent breast cancer
with brain metastasis, patients treated with both trastuzumab and lapatinib after develop-
ing metastasis had a significantly longer survival than patients treated with trastuzumab
alone, lapatinib alone, or no HER2-targeting agent (p < 0.001) [96]. Conversely, in the results
of the NCIC CTG MA.31 phase II trial investigating taxane plus lapatinib or trastuzumab
as the first-line treatment for HER2-positive breast cancer, the lapatinib plus taxane group
had a significantly shorter PFS (hazard ratio, 1.48; 95% CI, 1.20–1.83; p < 0.001) and more
toxicity than the trastuzumab plus taxane group (NCT00667251) [97].

In an in vivo experiment, Sambade et al. reported that lapatinib leads to radiosensitiv-
ity [98]. In that study, the inhibition of ERK1/2 and AKT was correlated with lapatinib-
mediated radio sensitization. The combination of lapatinib and WBRT has also been
evaluated in some clinical studies [68]. In that study, lapatinib with WBRT had a higher ob-
jective response rate (79%) compared with historical controls of WBRT alone. Therefore, the
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RTOG group performed a phase II trial to investigate the effect of lapatinib with radiation
therapy (WBRT or SRS) in patients with HER2-positive BCBM (NCT01622868). Another
phase II trial is also being performed to evaluate the response rate of BMs to WBRT and
lapatinib (NCT01218529).

3.1.3. Pertuzumab for BCBM

Pertuzumab is a humanized monoclonal antibody that inhibits the dimerization of
HER2 with other HER receptors. Pertuzumab is also considered a systemic treatment
for CNS metastases. The CLEOPATRA trial is a phase III study to compare pertuzumab,
trastuzumab, and docetaxel with placebo, trastuzumab, and docetaxel (NCT00567190) [99].
In the exploratory analyses for this trial, Swain et al. have investigated the incidence and
time to development of CNS metastases [69]. The incidence of CNS disease was delayed in
the groups with the addition of pertuzumab compared with placebo, trastuzumab, and
docetaxel (hazard ratio, 0.58; 95% CI, 0.39–0.85; p = 0.0049). However, the incidence of
BCBM was similar between the pertuzumab and placebo groups (13.7% (pertuzumab) vs.
12.6% (placebo)).

The PATRICIA study (phase II study: NCT02536339) is a currently ongoing study ex-
amining the safety and efficacy of pertuzumab in combination with high-dose trastuzumab
in patients with HER2-positive CNS metastases who have CNS progression following
radiation therapy. An interim analysis of this study was recently reported [100].

In the NCT02598427 phase I clinical trial, the evaluation of intrathecal pertuzumab and
trastuzumab was planned; however, the trial was terminated because of inadequate enrollment.

3.1.4. Trastuzumab Emtansine (T-DM1) for BCBM

T-DM1 is an antibody drug conjugate composed of the monoclonal antibody trastuzumab
linked to the cytotoxic agent DM1 (maytansine derivative). Some articles have reported
case series that administered T-DM1 to patients with HER2-positive BCBM [101,102] and
reported that T-DM1 was a well-tolerated treatment strategy for patients with HER2-
positive BCBM. In the exploratory analysis of the phase III EMILIA trial, which compared
T-DM1 with capecitabine and lapatinib, the rate of CNS progression was similar between
T-DM1 and capecitabine plus lapatinib. In patients with treated, asymptomatic CNS
metastasis at baseline, OS was improved in the T-DM1 group compared with lapatinib plus
capecitabine (hazard ratio, 0.38; p = 0.008; median 26.8 versus 12.9 months) [70].

The KAMILLA trial, a single-arm phase IIIb study of T-DM1 in patients with HER2-
positive locally advanced/metastatic breast cancer with prior HER2-targeted therapy and
chemotherapy, showed the efficacy and safety of T-DM1 in HER2-positive BCBM. This trial
showed an overall response rate of 21.4%, a PFS of 5.5 months, and an OS of 18.9 months
in patients with BCBM (NCT01702571) [71].

The exploratory analysis of the KATHERINE trial, a phase III trial, compared adjuvant
T-DM1 and trastuzumab for patients who had residual invasive disease after the completion
of neoadjuvant therapy; the incidence of CNS recurrence as the first invasive-disease event
at the follow-up of 3 years was 4.3% in the trastuzumab arm and 5.9 % in the T-DM1 arm,
respectively [103].

3.1.5. Neratinib for BCBM

Neratinib is an oral small molecule irreversible inhibitor of tyrosine kinase activity
including that of EGFR, HER1, HER2, and HER4 [104,105]. This agent demonstrated
clinical utility as both a single agent [105] and in combination with paclitaxel [106].

In the randomized phase III trial, ExteNET, demonstrated that 1 year of adjuvant
neratinib after chemotherapy plus trastuzumab contributes to significant better PFS in op-
erable breast cancer (hazard ratio, 0.73; 95% CI 0.57–0.92, p = 0.0083) [107]. The cumulative
incidence of CNS recurrences was fewer in the neratinib group (0.7% with neratinib, 2.1%
with placebo, respectively) in the HR-positive patients who initiated the study treatment
within 1 year of prior trastuzumab [108].
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The NEfERT-T phase II randomized trial investigated the efficacy and safety of
neratinib plus paclitaxel compared with trastuzumab–paclitaxel in HER2-positive MBC
(NCT00915018) [72]. In this study, the incidence of CNS metastases was lower (relative risk,
0.48; 95% CI, 0.29–0.79; p = 0.002) and the time to CNS metastases was delayed (hazard
ratio, 0.45; 95% CI, 0.26–0.78; p = 0.004) in the group receiving neratinib plus paclitaxel.

In the TBCRC 022 trial, the combination of neratinib plus capecitabine showed a CNS
response rate of 49% in the lapatinib-naïve group against 33% for the lapatinib-treated
group (NCT01494662) [73]. The NALA trial (NCT01808573) [74], which explored the effect
of adding neratinib or lapatinib to capecitabine (including 16.6% of patients with stable
BM), demonstrated better survival in the neratinib group than in the lapatinib group. The
hazard ratio for PFS was 0.76 (95% CI, 0.63 to 0.93; stratified log rank p = 0.0059), and the
hazard ratio for OS was 0.88 (95% CI, 0.72 to 1.07; p = 0.2098). In the NALA trial, the overall
cumulative incidence of intervention for CNS disease was 22.8% (95% CI, 15.5–30.9%) for
neratinib versus 29.2% (95% CI, 22.5–36.1%) for lapatinib (p = 0.043), respectively.

3.1.6. Tucatinib for BCBM

Tucatinib is a highly specific HER2-targeted tyrosine kinase inhibitor with minimal in-
hibition of the epidermal growth factor receptor [76]. Tucatinib combined with trastuzumab
and capecitabine showed increased CNS response rates and better PFS rates. In the
HER2CLIMB phase III trial (NCT02614794), which explored the impact of tucatinib com-
bined with trastuzumab and capecitabine on intracranial efficacy and survival in patients
with HER2-positive MBC with BMs, tucatinib showed a statistically significant improve-
ment in PFS (hazard ratio for disease progression or death, 0.54; 95% confidence interval
(CI), 0.42 to 0.71; p < 0.001) [76]. The addition of tucatinib to trastuzumab and capecitabine
doubled the intracranial objective response rate (40.6% versus 22.8%; p < 0.001), and re-
duced the risk of intracranial progression or death (hazard ratio, 0.48; 95% CI, 0.34–0.69;
p < 0.001). Meanwhile, the NCT03975647 study (HER2CLIMB-02) is evaluating the efficacy
and safety of tucatinib in combination with T-DM1 in patients with HER2-positive MBC.

3.1.7. Trastuzumab Deruxtecan for BCBM

Trastuzumab deruxtecan is an antibody–drug conjugate containing trastuzumab
and exatecan derivative (topoisomerase I inhibitor). A phase II trial DESTINY-Breast01
investigated the efficacy and safety of trastuzumab deruxtecan for HER2-positive MBC
previously treated with T-DM1 (NCT03248492). The objective response rate was 60.9% and
the median PFS was 16.4 months [109].

3.2. Systemic Therapy for Luminal-Type BCBM
3.2.1. Endocrine Therapy

CNS metastases occur less frequently for luminal-types compared with other sub-
types [1,21]. Only case reports of successful cases have been reported regarding the effects of
endocrine therapy (tamoxifen, megesterol acetate, letrozole, fulvestrant) on BM for ER-positive
and HER2-negative breast cancer, and efficacy has not been confirmed in clinical trials [110].

3.2.2. PI3K Inhibitor for BCBM

Approximately 40% of HR-positive, HER2-negative breast cancer displays PIK3CA
mutations. Phosphatidylinositol 3-kinase (PI3K) inhibition has shown antitumor activ-
ity [111]. Le Rhun et al. reported that the PI3KR1-rs706716 gene may be associated with
CNS metastasis (NCT00959556) [112]. Chen et al. reported that PI3K inhibition with
buparlisib and alpelisib sensitized ER-positive breast cancer cell lines to tamoxifen [113].

The phase III SOLAR-1 clinical trial of alpelisib plus fulvestrant in HR-positive/HER2-
negative MBC showed better PFS in the alpelisib–fulvestrant group in the cohort of
patients with PIK3CA-mutated cancer (hazard ratio, 0.65; 95% CI, 0.50–0.85; p < 0.001)
(NCT02437318) [79]. Even in patients with BMs, four cases of reduced size or SD have been
reported with the use of alpelisib in combination with hormone therapy [114].
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The phase III clinical trial SANDPIPER (NCT02340221) comparing taselisib or placebo for
ER-positive/PIK3CA-mutant MBC showed significantly longer investigator-assessed median
PFS with taselisib (7.4 versus 5.4 months; hazard ratio, 0.70; p = 0.0037) (NCT02340221) [78]

Buparlisib, a pan-PI3K inhibitor, displayed a better PFS (hazard ratio, 0.67; 95% CI,
0.53–0.84; one-sided p = 0.0003); however, increased toxicity has also been demonstrated in
the subsequent phase III BELLE-3 trial (NCT01633060) of buparlisib plus fulvestrant for
MBC patients [80].

Recent studies evaluating metastatic organs by gene transfer to cell lines have shown
that PIK3CA is an important gene mutation associated with BM [115]. Thus, the develop-
ment of therapy for PIK3CA mutations may directly lead to the development of therapy
for BM.

3.2.3. CDK4/6 Inhibitors for BCBM

CDK4/6 inhibitors block the aberrantly accelerated cell cycle transition from the G1
to S phase. This transition is regulated by a complex consisting of CDK4/6 and cyclin
D, which phosphorylates Rb and introduces E2F release; therefore, CDK4/6 inhibitors
suppress cell cycle dysregulation.

Many articles have evaluated the CDK4/6 inhibitors palbociclib, ribociclib, and abe-
maciclib in advanced breast cancer [116–118]. An open-label phase II trial of abemaciclib
has been reported (NCT02308020) [119]. This trial divided patients into four groups:
cohorts A (HR-positive, HER-negative MBC), B (HR-positive, HER2-positive MBC), C
(HR-positive MBC with leptomeningeal metastases), and D (BM treated with surgical
resection). In cohort A, the objective response rate of intracranial lesions was 5.2%, and
the intracranial clinical benefit rate was 24% with a median PFS of 4.9 months with some
long responses. In cohort D, abemaciclib achieved therapeutic concentrations in BM tissue;
therefore, abemaciclib and its metabolites can cross the BBB.

A single-arm phase II trial (NCT02774681) has evaluated palbociclib plus trastuzumab
for patients with HR-positive, HER2-positive BCBM [120]. A phase II trial to evaluate
the efficacy and safety of palbociclib in recurrent BCBM is ongoing (NCT02896335). The
NCT04334330 study has evaluated the efficacy of palbociclib, trastuzumab, and lapatinib
with fulvestrant in patients with ER-positive/HER2-positive BCBMs. Additionally, a phase
I trial has been conducted to study the side effects of SRS with abemaciclib, ribociclib, or
palbociclib in patients with HR-positive BCBM (NCT04585724).

3.3. Systemic Therapy for Triple-Negative BCBM
3.3.1. Immune Checkpoint Inhibitors for BCBM

The programmed cell death protein 1 receptor (PD-1), its ligand (PD-L1), and cytotoxic
T lymphocyte antigen 4 (CTLA-4) are inhibitory immune checkpoint receptors expressed
on the surface of T cells, NK (natural killer) cells, B cells, macrophages, and dendritic
cells. Several of these inhibitor agents have been investigated for targeting in breast can-
cer (PD-1 inhibitors: pembrolizumab and nivolumab; PD-L1 inhibitors: atezolizumab,
avelumab, and durvalumab; CTLA-4 inhibitor: ipilimumab and tremelimumab). Duch-
nowska et al. showed that PD-L1 expression on tumor-infiltrating lymphocytes (TILs) was
an independent favorable factor [121]. They suggest that this factor could be a potential
therapeutic target of immune checkpoint inhibitors in BCBM. PD-L1 expression and tu-
mor mutational burden are more frequently found in HER2-positive subtypes compared
with luminal subtypes [122,123]. Narloch et al. compared the TIL rate between matched
primary breast cancer (PBC) and BCBM. The percentage of TILs was lower in metastasis
compared with PBC, especially TNBC showed the most decrease (5% in BCBM, 20% in
PBC; p = 0.022) [124]. Li et al. reported a higher prevalence of PD-L1 expression on immune
cells in the brain compared to the liver and bone (50.0% in the brain, 26.9% in the liver, and
25.0% in bone) [125], however, the number of patients with BMs is limited to four and it is
not a definitive.
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In several trials, PD-L1 inhibitors have been considered as targeted treatments for
advanced breast cancer. The KEYNOTE-012 trial (NCT01848834) demonstrated that pem-
brolizumab had acceptable safety and activity for advanced TNBC [81]. The IMpassion130
trial (NCT02425891) aimed to evaluate the efficacy and safety of atezolizumab plus nab-
paclitaxel compared with nab-paclitaxel for patients with locally advanced or metastatic
TNBC [82]. The JAVELIN Solid Tumor study, a phase I trial, demonstrated clinical activity
of avelumab in MBC [126]. A new anti-PD-L1 antibody (SHR-1316) in combination with
cisplatin/carboplatin and bevacizumab was investigated in patients with HER2-type and
triple-negative BCBM (NCT04303988).

Moreover, immune checkpoint inhibitors have been investigated in combination with
radiotherapy. An atezolizumab phase II trial evaluated the combination of SRS with
atezolizumab for TNBC with BCBM (NCT03483012). A phase I/II trial to investigate
the efficacy and safety of pembrolizumab and SRS of patients with BCBM is ongoing
(NCT03449238). In a phase I (NCT03807765) study, SRS after nivolumab was evaluated
in patients with BCBM. Furthermore, a randomized phase II trial to explore the efficacy
of nivolumab and ipilimumab for previously untreated, surgically-resectable, solid tumor
BMs is planned (NCT04434560).

3.3.2. Bevacizumab for BCBM

Bevacizumab is a monoclonal antibody against vascular endothelial growth fac-
tor. In a phase II trial evaluating the efficacy of carboplatin and bevacizumab for pa-
tients with BCBM (29 HER2-positive and 9 HER2-negative), the objective response rate
was 63% (95% CI, 46–78%), the median PFS was 5.62 months, and the median OS was
14.10 months [83]. Furthermore, a phase II trial (NCT01281696) is investigating the efficacy
of bevacizumab, cisplatin, and etoposide in patients with CNS metastasis.

3.4. New Targeted Agents for BCBM
PARP Inhibitors for BCBM

PARP inhibitors induce cell apoptosis by inhibiting the enzyme PARP from repairing
single-strand breaks, which is the only mechanism to avoid cell death from double-strand
DNA breaks, in BRCA-mutated patients who cannot repair DNA by homologous recombi-
national repair. Talazoparib, olaparib, and veliparib have been investigated for targeting in
breast cancer.

The phase III EMBRACA trial (NCT01945775) explored the efficacy of talazoparib
treatment in patients with BRCA-mutated advanced and/or MBC [85]. This study asserted
the significantly higher PFS of the patients with BM. The phase III OlympiAD trial evaluated
the use of olaparib for MBC with the BRCA mutation and demonstrated a significantly
longer PFS in the olaparib group than in the standard therapy group (7.0 vs. 4.2 months;
hazard ratio for disease progression or death, 0.58; 95% CI, 0.43–0.80; p < 0.001) [86].

A phase II trial (including patients with BCBM) compared cisplatin plus veliparib
with cisplatin alone in BRCA-mutated BCBM (NCT02595905). The phase III BROCADE3
trial compared veliparib plus carboplatin plus paclitaxel versus placebo combined with
carboplatin and paclitaxel in patients with HER2-negative advanced breast cancer and a
germline BRCA1 or BRCA2 mutation (NCT02163694) [87]. In that study, of which 5% of
patients had BCBM, the addition of veliparib to carboplatin–paclitaxel improved PFS in
patients with germline BRCA mutation advanced breast cancer (hazard ratio, 0.71, 95% CI,
0.57–0.88, p = 0.0016).

Meanwhile, a phase I trial evaluated the safety and antitumor activity of veliparib in
combination with WBRT for patients with BMs (NCT00649207) [127]. The phase II SWOG
S1416 trial (NCT02595905), which explores the efficacy of veliparib plus cisplatin to treat
patients with recurrent or metastatic triple-negative and/or BRCA mutation associated
breast cancer with or without BMs, is ongoing.
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4. Receptor Status/Genomic Profiling Differences between PBC and BCBM

Some studies have reported genomic sequencing data for BCBM. Recently, Mor-
gan et al. provided a systematic review of genomic sequencing data for BCBM [128]. This
review selected 13 articles on BCBM sequencing data. Twenty-two genes (TP53, PIK3CA,
KMT2C, RB1, ZFHX3, BRCA2, HER2, KMT2D, MLH1, PTEN, ATR, BRCA1, CDH1, COL6A3,
FAT1, FLT3, IGFN1, ARID1A, ATM, CHEK2, MAP3K1, and MET) were mutated in the
BCBMs of five or more patients. Moreover, 15 (68%) of those 22 genes were actionable drug
targets according to an actionability analysis.

Meanwhile, differences in receptor status/genomic profiling data between primary
and BCBM have been reported in several studies. Duchnoswka et al. reported that HR
conversion, particularly the loss of HR and HER2, results in changes in BCBM [129].
Schrijver et al. reported the rates of receptor discordance using a meta-analytic approach.
ER conversion in the CNS was significantly higher (20.8%; 95% CI, 15.0–28.0%; p = 0.008)
compared with liver metastasis (14.3%; 95% CI, 11.3–18.1%), but progesterone receptor
conversion in the CNS (23.3%; 95% CI, 16.0–32.6%) was significantly lower than in bone
metastases (42.7%, 95%CI, 35.1–50.6%, p < 0.001) and liver metastases (47.0%, 95%CI,
41.0–53.0%, p < 0.001) [130]. Hulsbergen et al. also evaluated the receptor discordance
between PBC and BCBM in a large number of studies. The loss of receptor expression was
associated with worse survival [131]. Interestingly, HER2 mRNA levels in BCBM were
increased up to five-fold over those of PBC, and transfection of HER2 into 231-BR cells
resulted in a three-fold increase in large (>50 µm2) BCBMs [132]. HER3 overexpression and
activation of the downstream MAPK pathway were increased in BCBM compared with
PBC [133]. Thomson et al. reported that 20% of patients displayed a change in ER or HER2
status in BCBM. p27kip1 and cyclin D1 and a fall in vascular endothelial growth factor A
was significantly rises in BCBM [134].

The genomic profiling differences between PBC and BCBM have been analyzed in sev-
eral studies. Priedigkeit et al. reported the intrinsic subtype differences between PBC and
matched BCBM. Seventeen of 20 BCBMs displayed expression changes showing increases
in the expressions of FGFR4, FLT1, and AURKA and the loss of ESR1 expression [135].
Brastianos et al. reported that 53% of cases have clinically informative alterations in BCBM
that are not detected in PBC [136]. Lo Nigro et al. also reported that mutations in TP53 were
commonly found in CNS MBC [137]. Lee et al. reported that TP53, PIK3CA, KIT, LH1, and
RB1 were found in both PBC and BCBM but that the mutation frequency of TP53 was higher
in BCBM than in PBC (59.5% versus 38.9%, respectively) [138]. Tyran et al. reported similar
results about the concordance of DNA copy-number alterations, mutations, and actionable
genetic alterations (AGAs) between PBC and BCBM for 14 clinical pairs. Additionally, 50%
of BCBM cases showed additional therapeutical AGAs not found in PBC [139]. Sato et al.
reported the RNA sequencing analysis of both PBC and matched BCBM. CXCR4, PLLP,
TNFSF4, VCAM1, SLC8A2, and SLC7A11 were specifically up-regulated in BCBM cancer
cells [140].

Those results suggest that the phenotype of BCBM is very different from that of PBC
and thus clinicians must consider the appropriate treatment for BCBM. Based on those
findings, a phase II clinical trial evaluating genomically guided treatment was established
that investigated the use of medications targeting mutated genes in the BCBM such as
abemaciclib, GDC-0084, and entrectinib (NCT03994796).

5. Role of Long Noncoding RNA with BCBM

The role of noncoding RNA in BCBM has also been investigated. The dysregulation of
long noncoding RNAs (lncRNAs) was found to lead to the abnormal distribution of actin,
thereby inducing functional changes in the BBB that were associated with cancer-derived
extracellular vesicles in cell lines derived from BCBM [141]. Lnc-BM (LncRNA associated
with BM) and XIST (X-inactive-specific transcript) have been reported to be associated
with BCBM [142,143]. Xing et al. reported that XIST was downregulated in BCBM tissues,
which led to the stimulation of the epithelial–mesenchymal transition (EMT) and promoted
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stemness in the tumor cells [143]. Those results suggest that this XIST-mediated pathway
might be an effective targeted agent for the treatment of BCBM.

6. The Association between BCBM and miRNA Expression

miRNAs are small noncoding RNAs that regulate the activities of multiple genes by
binding to the 3′ untranslated region of a specific gene. Extracellular vesicles contain miR-
NAs and may be associated with the BCBM environment [144,145]. The role of miRNAs in
the metastasis processes of BCBM has been investigated in many studies. miR-7 specifically
blocked BCBM in a mouse model by modulating KLF4 expression [146]. Zhang et al.
reported that miR-1258 is a candidate miRNA that suppresses BCBM by targeting hep-
aranase [147]. miR509 can modulate the genes of RhoC and TNF-α, which affect cancer cell
invasion and BBB permeability, respectively; this results in the suppression of BCBM [148].
miR-20b expression was significantly associated with BCBM compared with PBC without
BCBM [149]. Zhang et al. found that miR-19a in the miR-17–92 cluster from brain ascites
downregulates PTEN expression in the brain environment [150].

Recently, some reports have suggested that miRNAs could play a critical role in
the integrity of the BBB. miR-125a-5p has the ability to maintain the integrity of the
BBB [151]. miR-181c promotes the destruction of the BBB by downregulating its target
gene, PDPK1 [152]. Bai et al. reported that miR-143 increased the permeability of human
brain endothelial cells and led to the decreased expression of tight junction proteins [153].

Debeb et al. have suggested that miR-141 regulates BCBM and could be examined
as a biomarker and potential target for BCBM [154]. miRNA expression has also been
investigated in the cerebrospinal fluid (CSF). The levels of miR-10b and miR-21 increased
significantly in the CSF of patients with BCBM. Moreover, the miR-200 family could be
useful for distinguishing between types of brain cancer, such as glioblastoma and BMs [155].

Additionally, the role of miRNA could be associated with the epithelial mesenchymal
transition (EMT), crosstalk between cancer cells and the brain microenvironment, metabolic
reprogramming, and metastatic colonization in BCBM [144]. These results suggest that
miRNAs have the potential to serve as therapeutic candidates for biomarkers or therapeutic
targets for BCBM in the future.

7. The Relationship between the BRCA1/2 Mutations and BCBM

The BRCA1 and BRCA2 mutations are characterized by lacking an important error-
free DNA repair process of homologous recombinational repair for repairing single-strand
breaks; therefore, these mutations significantly increase the risks of breast cancer and
ovarian cancer. Some articles have investigated the relationship between the frequency of
CNS metastases and BRCA mutations. Lee et al. reported that there were no significant
differences in CNS metastases between BRCA1 mutation carriers and noncarriers (p = 0.06);
however, such metastases tend to occur more frequently in those with BRCA1 mutations
(58% vs. 24%) [156]. Albiges et al. reported that patients with BRCA1 mutations had the
highest rate (67%, 10/15) of BCBM. In the same cohort, no BRCA2 mutations were found
in any of the 15 patients [157]. In a recent article, the overall rates of CNS metastasis were
remarkably higher in patients with both BRCA1 and BRCA2 mutations than in noncarriers
(BRCA1: 53% and BRCA2: 50% vs. noncarriers: 25%, respectively) [158]. Therefore, they
suggest that future trials including PARP inhibitors for patients with BRCA-associated
MBC should take the high incidence rate of CNS metastasis into account. Zavitsanos et al.
evaluated the frequency rate of BCBM between groups with and without BRCA mutations
in a matched-pair analysis [159]. They found that three-year freedom from BM was
significantly shorter for group with BRCA mutation than group with no BRCA mutation
(84% vs. 97%, p = 0.049).

8. Clinical Utility of Liquid Biopsy for BCBM

Liquid biopsy has been considered a potential screening tool for the earlier detection
of metastasis. Determining the receptor status when screening for breast cancer metastasis
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is recommended according to the National Comprehensive Cancer Network (NCCN)
Guidelines in Oncology for Breast Cancer [160] and the 5th ESO-ESMO (European School
of Oncology-European Society for Medical Oncology) international consensus guidelines
for advanced breast cancer [161]. It would be clinically important to perform a biopsy
or resection based on the differences of receptor status and genomic profiling between
PBC and BCBM. However, performing a biopsy or resection is difficult for some BCBM
sites. Thus, a liquid biopsy might be an option for the phenotypic or genomic profiling of
BCBM. Bettegowda et al. reported that ctDNA was detectable in >75% of patients with
advanced breast cancer [162]. Smerage et al. investigated the effectiveness of circulating
tumor cells (CTCs) for response monitoring to chemotherapy in the SWOG S0500 trial
(NCT00382018) [163]. They reported the clinical significance of CTCs in patients with MBC.

De Mattos-Arruda et al. reported that ctDNA from CNS tumors including BCBM
is more abundant in the CSF than ctDNA in the plasma [164]. Siravegna et al. have
reported that analyzing ctDNA from the CSF is useful for optimizing the management of
HER2-positive BCBM [165]. Thus, a liquid biopsy might be an option for the phenotypic of
genomic profiling of BCBM [166].

9. Conclusions

The incidence of brain metastasis (BM) is associated with a poor prognosis, and
it remains a life-threatening condition during the course of breast cancer. However, as
discussed in our review, there is no doubt that the clinical challenges in the treatment
of BCBM have led to a better prognosis than ever. Treatment strategies in local therapy,
including surgery and radiotherapy, are becoming less invasive and are enabling the
retention of cognitive function and quality of life, which are the key clinical benefits.
Meanwhile, cancer subtype-specific systemic therapies have been well-developed for
breast cancer with systemic metastases other than BMs. Furthermore, novel targeted
therapies have been established for BCBMs. Various clinical trials are ongoing and are
expected to contribute to the better survival of patients with BCBMs in the future.

We also discussed that receptor status and genomic profiling vary between PBC and
BCBM. Collecting data on these differences would be helpful in considering the potential
novel therapeutic targets for patients with treatment-resistant BCBMs and would enable
personalized treatment. Thus, further analysis on these differences is required more than
ever. Meanwhile, various molecular mechanisms, including lncRNA, miRNA, and ctDNA
have been elucidated recently. Especially, miRNAs could play potential roles in future
diagnosis and treatment because they are closely associated with BCBM environment.

In our review, we focused on the latest treatment options, especially local and systemic
treatments, for patients with BCBMs. Furthermore, ongoing trials and future perspectives
are likely to enhance the outcomes for BCBM patients.

Supplementary Materials: The following are available online at https://www.mdpi.com/2072-6
694/13/5/1078/s1, Table S1: Clinical trials in local treatment for BCBM, Table S2: Clinical trials in
systemic therapy for BCBM.

Author Contributions: Conceptualization, C.W., S.S., Y.Y., S.T., and A.S.; methodology, C.W. and
S.S., and A.S.; investigation, C.W. and S.S.; resources, C.W. and S.S.; data curation, C.W. and S.S.;
writing—original draft preparation, C.W. and S.S.; writing—review and editing, C.W., S.S., T.S., E.N.,
and T.K.; visualization, C.W. and S.S.; supervision, K.Y., and A.S.; project administration, A.S. All
authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Ethical review and approval were waived for this study, due
to a review article.

Informed Consent Statement: Patient consent was waived due to a review article.

Data Availability Statement: The data presented in this study are available in Tables S1 and S2.

https://www.mdpi.com/2072-6694/13/5/1078/s1
https://www.mdpi.com/2072-6694/13/5/1078/s1


Cancers 2021, 13, 1078 17 of 24

Acknowledgments: The graphical abstract was created with BioRender.com (accessed on 1 February 2021).

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Barnholtz-Sloan, J.S.; Sloan, A.E.; Davis, F.G.; Vigneau, F.D.; Lai, P.; Sawaya, R.E. Incidence Proportions of Brain Metastases in

Patients Diagnosed (1973 to 2001) in the Metropolitan Detroit Cancer Surveillance System. J. Clin. Oncol. 2004, 22, 2865–2872.
[CrossRef]

2. Weil, R.J.; Palmieri, D.C.; Bronder, J.L.; Stark, A.M.; Steeg, P.S. Breast Cancer Metastasis to the Central Nervous System. Am. J.
Pathol. 2005, 167, 913–920. [CrossRef]

3. Pelletier, E.M.; Shim, B.; Goodman, S.; Amonkar, M.M. Epidemiology and economic burden of brain metastases among patients
with primary breast cancer: Results from a US claims data analysis. Breast Cancer Res. Treat. 2008, 108, 297–305. [CrossRef]

4. Martin, A.M.; Cagney, D.N.; Catalano, P.J.; Warren, L.E.; Bellon, J.R.; Punglia, R.S.; Claus, E.B.; Lee, E.Q.; Wen, P.Y.; Haas-Kogan,
D.A.; et al. Brain Metastases in Newly Diagnosed Breast Cancer. JAMA Oncol. 2017, 3, 1069. [CrossRef]

5. Heitz, F.; Rochon, J.; Harter, P.; Lueck, H.J.; Fisseler-Eckhoff, A.; Barinoff, J.; Traut, A.; Lorenz-Salehi, F.; Du Bois, A. Cerebral
metastases in metastatic breast cancer: Disease-specific risk factors and survival. Ann. Oncol. 2011, 22, 1571–1581. [CrossRef]
[PubMed]

6. Yonemori, K.; Tsuta, K.; Shimizu, C.; Hatanaka, Y.; Hashizume, K.; Ono, M.; Nakanishi, Y.; Hasegawa, T.; Miyakita, Y.; Narita,
Y.; et al. Immunohistochemical profiles of brain metastases from breast cancer. J. Neurooncol. 2008, 90, 223–228. [CrossRef]
[PubMed]

7. Brufsky, A.M.; Mayer, M.; Rugo, H.S.; Kaufman, P.A.; Tan-Chiu, E.; Tripathy, D.; Tudor, I.C.; Wang, L.I.; Brammer, M.G.; Shing,
M.; et al. Central Nervous System Metastases in Patients with HER2-Positive Metastatic Breast Cancer: Incidence, Treatment, and
Survival in Patients from registHER. Clin. Cancer Res. 2011, 17, 4834–4843. [CrossRef]

8. Ono, M.; Ando, M.; Yunokawa, M.; Nakano, E.; Yonemori, K.; Matsumoto, K.; Kouno, T.; Shimizu, C.; Tamura, K.; Katsumata,
N.; et al. Brain metastases in patients who receive trastuzumab-containing chemotherapy for HER2-overexpressing metastatic
breast cancer. Int. J. Clin. Oncol. 2009, 14, 48–52. [CrossRef]

9. Berghoff, A.; Bago-Horvath, Z.; De Vries, C.; Dubsky, P.; Pluschnig, U.; Rudas, M.; Rottenfusser, A.; Knauer, M.; Eiter, H.; Fitzal,
F.; et al. Brain metastases free survival differs between breast cancer subtypes. Br. J. Cancer 2012, 106, 440–446. [CrossRef]

10. Saraf, A.; Grubb, C.S.; Hwang, M.E.; Tai, C.-H.; Wu, C.-C.; Jani, A.; Lapa, M.E.; Andrews, J.I.S.; Vanderkelen, S.; Isaacson,
S.R.; et al. Breast cancer subtype and stage are prognostic of time from breast cancer diagnosis to brain metastasis development. J.
Neurooncol. 2017, 134, 453–463. [CrossRef] [PubMed]

11. Kennecke, H.; Yerushalmi, R.; Woods, R.; Cheang, M.C.U.; Voduc, D.; Speers, C.H.; Nielsen, T.O.; Gelmon, K. Metastatic Behavior
of Breast Cancer Subtypes. J. Clin. Oncol. 2010, 28, 3271–3277. [CrossRef]

12. Koniali, L.; Hadjisavvas, A.; Constantinidou, A.; Christodoulou, K.; Christou, Y.; Demetriou, C.; Panayides, A.S.; Pitris, C.;
Pattichis, C.S.; Zamba-Papanicolaou, E.; et al. Risk factors for breast cancer brain metastases: A systematic review. Oncotarget
2020, 11, 650–669. [CrossRef]

13. Rudat, V.; El-Sweilmeen, H.; Brune-Erber, I.; Nour, A.A.; Almasri, N.; Altuwaijri, S.; Fadel, E. Identification of breast cancer
patients with a high risk of developing brain metastases: A single-institutional retrospective analysis. BMC Cancer 2014, 14, 289.
[CrossRef]

14. Graesslin, O.; Abdulkarim, B.S.; Coutant, C.; Huguet, F.; Gabos, Z.; Hsu, L.; Marpeau, O.; Uzan, S.; Pusztai, L.; Strom, E.A.; et al.
Nomogram to Predict Subsequent Brain Metastasis in Patients With Metastatic Breast Cancer. J. Clin. Oncol. 2010, 28, 2032–2037.
[CrossRef] [PubMed]

15. Tonyali, O.; Coskun, U.; Yuksel, S.; Inanc, M.; Bal, O.; Akman, T.; Yazilitas, D.; Ulas, A.; Kucukoner, M.; Aksoy, A.; et al. Risk
factors for brain metastasis as a first site of disease recurrence in patients with HER2 positive early stage breast cancer treated
with adjuvant trastuzumab. Breast 2016, 25, 22–26. [CrossRef] [PubMed]

16. Azim, H.A.; Abdel-Malek, R.; Kassem, L. Predicting Brain Metastasis in Breast Cancer Patients: Stage Versus Biology. Clin. Breast
Cancer 2018, 18, e187–e195. [CrossRef] [PubMed]

17. Chow, L.; Suen, D.; Ma, K.K.; Kwong, A. Identifying risk factors for brain metastasis in breast cancer patients: Implication for a
vigorous surveillance program. Asian. J. Surg. 2015, 38, 220–223. [CrossRef] [PubMed]

18. Darlix, A.; Louvel, G.; Fraisse, J.; Jacot, W.; Brain, E.; Debled, M.; Mouret-Reynier, M.A.; Goncalves, A.; Dalenc, F.; Delaloge,
S.; et al. Impact of breast cancer molecular subtypes on the incidence, kinetics and prognosis of central nervous system metastases
in a large multicentre real-life cohort. Br. J. Cancer 2019, 121, 991–1000. [CrossRef] [PubMed]

19. Niikura, N.; Hayashi, N.; Masuda, N.; Takashima, S.; Nakamura, R.; Watanabe, K.-I.; Kanbayashi, C.; Ishida, M.; Hozumi, Y.;
Tsuneizumi, M.; et al. Treatment outcomes and prognostic factors for patients with brain metastases from breast cancer of each
subtype: A multicenter retrospective analysis. Breast Cancer Res. Treat. 2014, 147, 103–112. [CrossRef]

20. Sperduto, P.W.; Kased, N.; Roberge, D.; Xu, Z.; Shanley, R.; Luo, X.; Sneed, P.K.; Chao, S.T.; Weil, R.J.; Suh, J.; et al. Effect of Tumor
Subtype on Survival and the Graded Prognostic Assessment for Patients With Breast Cancer and Brain Metastases. Int. J. Radiat.
Oncol. Biol. Phys. 2012, 82, 2111–2117. [CrossRef]

http://doi.org/10.1200/JCO.2004.12.149
http://doi.org/10.1016/S0002-9440(10)61180-7
http://doi.org/10.1007/s10549-007-9601-0
http://doi.org/10.1001/jamaoncol.2017.0001
http://doi.org/10.1093/annonc/mdq625
http://www.ncbi.nlm.nih.gov/pubmed/21059640
http://doi.org/10.1007/s11060-008-9654-x
http://www.ncbi.nlm.nih.gov/pubmed/18648908
http://doi.org/10.1158/1078-0432.CCR-10-2962
http://doi.org/10.1007/s10147-008-0797-8
http://doi.org/10.1038/bjc.2011.597
http://doi.org/10.1007/s11060-017-2549-y
http://www.ncbi.nlm.nih.gov/pubmed/28674973
http://doi.org/10.1200/JCO.2009.25.9820
http://doi.org/10.18632/oncotarget.27453
http://doi.org/10.1186/1471-2407-14-289
http://doi.org/10.1200/JCO.2009.24.6314
http://www.ncbi.nlm.nih.gov/pubmed/20308667
http://doi.org/10.1016/j.breast.2015.11.006
http://www.ncbi.nlm.nih.gov/pubmed/26801412
http://doi.org/10.1016/j.clbc.2017.08.004
http://www.ncbi.nlm.nih.gov/pubmed/28888580
http://doi.org/10.1016/j.asjsur.2015.03.003
http://www.ncbi.nlm.nih.gov/pubmed/26216259
http://doi.org/10.1038/s41416-019-0619-y
http://www.ncbi.nlm.nih.gov/pubmed/31719684
http://doi.org/10.1007/s10549-014-3090-8
http://doi.org/10.1016/j.ijrobp.2011.02.027


Cancers 2021, 13, 1078 18 of 24

21. Sperduto, P.W.; Kased, N.; Roberge, D.; Xu, Z.; Shanley, R.; Luo, X.; Sneed, P.K.; Chao, S.T.; Weil, R.J.; Suh, J.; et al. Summary
Report on the Graded Prognostic Assessment: An Accurate and Facile Diagnosis-Specific Tool to Estimate Survival for Patients
With Brain Metastases. J. Clin. Oncol. 2012, 30, 419–425. [CrossRef] [PubMed]

22. Griguolo, G.; Jacot, W.; Kantelhardt, E.; Dieci, M.V.; Bourgier, C.; Thomssen, C.; Bailleux, C.; Miglietta, F.; Braccini, A.-L.; Conte,
P.; et al. External validation of Modified Breast Graded Prognostic Assessment for breast cancer patients with brain metastases: A
multicentric European experience. Breast 2018, 37, 36–41. [CrossRef] [PubMed]

23. Deeken, J.F.; Löscher, W. The Blood-Brain Barrier and Cancer: Transporters, Treatment, and Trojan Horses. Clin. Cancer Res. 2007,
13, 1663–1674. [CrossRef] [PubMed]

24. Fong, C.W. Permeability of the Blood–Brain Barrier: Molecular Mechanism of Transport of Drugs and Physiologically Important
Compounds. J. Membr. Biol. 2015, 248, 651–669. [CrossRef]

25. Soffietti, R.; Ahluwalia, M.; Lin, N.; Rudà, R. Management of brain metastases according to molecular subtypes. Nat. Rev. Neurol.
2020, 16, 557–574. [CrossRef]

26. Wilhelm, I.; Molnár, J.; Fazakas, C.; Haskó, J.; Krizbai, I. Role of the Blood-Brain Barrier in the Formation of Brain Metastases. Int.
J. Mol. Sci. 2013, 14, 1383–1411. [CrossRef] [PubMed]

27. Pardridge, W.M. The blood-brain barrier: Bottleneck in brain drug development. NeuroRx 2005, 2, 3–14. [CrossRef] [PubMed]
28. Gerstner, E.R.; Fine, R.L. Increased Permeability of the Blood-Brain Barrier to Chemotherapy in Metastatic Brain Tumors:

Establishing a Treatment Paradigm. J. Clin. Oncol. 2007, 25, 2306–2312. [CrossRef] [PubMed]
29. Bailleux, C.; Eberst, L.; Bachelot, T. Treatment strategies for breast cancer brain metastases. Br. J. Cancer 2021, 124, 142–155.

[CrossRef] [PubMed]
30. Lockman, P.R.; Mittapalli, R.K.; Taskar, K.S.; Rudraraju, V.; Gril, B.; Bohn, K.A.; Adkins, C.E.; Roberts, A.; Thorsheim, H.R.;

Gaasch, J.A.; et al. Heterogeneous Blood–Tumor Barrier Permeability Determines Drug Efficacy in Experimental Brain Metastases
of Breast Cancer. Clin. Cancer Res. 2010, 16, 5664–5678. [CrossRef]

31. Gril, B.; Paranjape, A.N.; Woditschka, S.; Hua, E.; Dolan, E.L.; Hanson, J.; Wu, X.; Kloc, W.; Izycka-Swieszewska, E.; Duchnowska,
R.; et al. Reactive astrocytic S1P3 signaling modulates the blood–tumor barrier in brain metastases. Nat. Commun. 2018, 9,
s41467–s42018. [CrossRef]

32. Lewis Phillips, G.D.; Nishimura, M.C.; Lacap, J.A.; Kharbanda, S.; Mai, E.; Tien, J.; Malesky, K.; Williams, S.P.; Marik, J.; Phillips,
H.S. Trastuzumab uptake and its relation to efficacy in an animal model of HER2-positive breast cancer brain metastasis. Breast
Cancer Res. Treat. 2017, 164, 581–591. [CrossRef] [PubMed]

33. Kabraji, S.; Ni, J.; Lin, N.U.; Xie, S.; Winer, E.P.; Zhao, J.J. Drug Resistance in HER2-Positive Breast Cancer Brain Metastases: Blame
the Barrier or the Brain? Clin. Cancer Res. 2018, 24, 1795–1804. [CrossRef] [PubMed]

34. Dijkers, E.C.; Oude Munnink, T.H.; Kosterink, J.G.; Brouwers, A.H.; Jager, P.L.; De Jong, J.R.; Van Dongen, G.A.; Schröder, C.P.;
Lub-De Hooge, M.N.; De Vries, E.G. Biodistribution of 89Zr-trastuzumab and PET Imaging of HER2-Positive Lesions in Patients
With Metastatic Breast Cancer. Clin. Pharm. 2010, 87, 586–592. [CrossRef]

35. Taskar, K.S.; Rudraraju, V.; Mittapalli, R.K.; Samala, R.; Thorsheim, H.R.; Lockman, J.; Gril, B.; Hua, E.; Palmieri, D.; Polli,
J.W.; et al. Lapatinib Distribution in HER2 Overexpressing Experimental Brain Metastases of Breast Cancer. Pharm. Res. 2012, 29,
770–781. [CrossRef]

36. Morikawa, A.; Peereboom, D.M.; Thorsheim, H.R.; Samala, R.; Balyan, R.; Murphy, C.G.; Lockman, P.R.; Simmons, A.; Weil, R.J.;
Tabar, V.; et al. Capecitabine and lapatinib uptake in surgically resected brain metastases from metastatic breast cancer patients:
A prospective study. Neuro Oncol. 2015, 17, 289–295. [CrossRef]

37. Tsao, M.N.; Rades, D.; Wirth, A.; Lo, S.S.; Danielson, B.L.; Gaspar, L.E.; Sperduto, P.W.; Vogelbaum, M.A.; Radawski, J.D.;
Wang, J.Z.; et al. Radiotherapeutic and surgical management for newly diagnosed brain metastasis(es): An American Society for
Radiation Oncology evidence-based guideline. Pr. Radiat. Oncol. 2012, 2, 210–225. [CrossRef]

38. Nabors, L.B.; Portnow, J.; Ahluwalia, M.; Baehring, J.; Brem, H.; Brem, S.; Butowski, N.; Campian, J.L.; Clark, S.W.; Fabiano,
A.J.; et al. Central Nervous System Cancers, Version 3.2020, NCCN Clinical Practice Guidelines in Oncology. J. Natl. Compr.
Cancer Netw. 2020, 18, 1537–1570. [CrossRef]

39. Patchell, R.A.; Tibbs, P.A.; Walsh, J.W.; Dempsey, R.J.; Maruyama, Y.; Kryscio, R.J.; Markesbery, W.R.; Macdonald, J.S.; Young, B. A
Randomized Trial of Surgery in the Treatment of Single Metastases to the Brain. N. Engl. J. Med. 1990, 322, 494–500. [CrossRef]

40. Patchell, R.A.; Tibbs, P.A.; Regine, W.F.; Dempsey, R.J.; Mohiuddin, M.; Kryscio, R.J.; Markesbery, W.R.; Foon, K.A.; Young, B.
Postoperative Radiotherapy in the Treatment of Single Metastases to the Brain. JAMA 1998, 280. [CrossRef]

41. Brown, P.D.; Ballman, K.V.; Cerhan, J.H.; Anderson, S.K.; Carrero, X.W.; Whitton, A.C.; Greenspoon, J.; Parney, I.F.; Laack, N.N.I.;
Ashman, J.B.; et al. Postoperative stereotactic radiosurgery compared with whole brain radiotherapy for resected metastatic
brain disease (NCCTG N107C/CEC.3): A multicentre, randomised, controlled, phase 3 trial. Lancet Oncol. 2017, 18, 1049–1060.
[CrossRef]

42. Kayama, T.; Sato, S.; Sakurada, K.; Mizusawa, J.; Nishikawa, R.; Narita, Y.; Sumi, M.; Miyakita, Y.; Kumabe, T.; Sonoda, Y.; et al.
Effects of Surgery with Salvage Stereotactic Radiosurgery Versus Surgery with Whole-Brain Radiation Therapy in Patients with
One to Four Brain Metastases (JCOG0504): A Phase III, Noninferiority, Randomized Controlled Trial. J. Clin. Oncol. 2018, 36,
3282–3289. [CrossRef]

http://doi.org/10.1200/JCO.2011.38.0527
http://www.ncbi.nlm.nih.gov/pubmed/22203767
http://doi.org/10.1016/j.breast.2017.10.006
http://www.ncbi.nlm.nih.gov/pubmed/29073498
http://doi.org/10.1158/1078-0432.CCR-06-2854
http://www.ncbi.nlm.nih.gov/pubmed/17363519
http://doi.org/10.1007/s00232-015-9778-9
http://doi.org/10.1038/s41582-020-0391-x
http://doi.org/10.3390/ijms14011383
http://www.ncbi.nlm.nih.gov/pubmed/23344048
http://doi.org/10.1602/neurorx.2.1.3
http://www.ncbi.nlm.nih.gov/pubmed/15717053
http://doi.org/10.1200/JCO.2006.10.0677
http://www.ncbi.nlm.nih.gov/pubmed/17538177
http://doi.org/10.1038/s41416-020-01175-y
http://www.ncbi.nlm.nih.gov/pubmed/33250512
http://doi.org/10.1158/1078-0432.CCR-10-1564
http://doi.org/10.1038/s41467-018-05030-w
http://doi.org/10.1007/s10549-017-4279-4
http://www.ncbi.nlm.nih.gov/pubmed/28493046
http://doi.org/10.1158/1078-0432.CCR-17-3351
http://www.ncbi.nlm.nih.gov/pubmed/29437794
http://doi.org/10.1038/clpt.2010.12
http://doi.org/10.1007/s11095-011-0601-8
http://doi.org/10.1093/neuonc/nou141
http://doi.org/10.1016/j.prro.2011.12.004
http://doi.org/10.6004/jnccn.2020.0052
http://doi.org/10.1056/NEJM199002223220802
http://doi.org/10.1001/jama.280.17.1485
http://doi.org/10.1016/S1470-2045(17)30441-2
http://doi.org/10.1200/JCO.2018.78.6186


Cancers 2021, 13, 1078 19 of 24

43. Andrews, D.W.; Scott, C.B.; Sperduto, P.W.; Flanders, A.E.; Gaspar, L.E.; Schell, M.C.; Werner-Wasik, M.; Demas, W.; Ryu, J.;
Bahary, J.P.; et al. Whole brain radiation therapy with or without stereotactic radiosurgery boost for patients with one to three
brain metastases: Phase III results of the RTOG 9508 randomised trial. Lancet 2004, 363, 1665–1672. [CrossRef]

44. Kocher, M.; Soffietti, R.; Abacioglu, U.; Villà, S.; Fauchon, F.; Baumert, B.G.; Fariselli, L.; Tzuk-Shina, T.; Kortmann, R.-D.; Carrie,
C.; et al. Adjuvant Whole-Brain Radiotherapy Versus Observation after Radiosurgery or Surgical Resection of One to Three
Cerebral Metastases: Results of the EORTC 22952-26001 Study. J. Clin. Oncol. 2011, 29, 134–141. [CrossRef] [PubMed]

45. Brown, P.D.; Jaeckle, K.; Ballman, K.V.; Farace, E.; Cerhan, J.H.; Anderson, S.K.; Carrero, X.W.; Barker, F.G.; Deming, R.; Burri,
S.H.; et al. Effect of Radiosurgery Alone vs Radiosurgery with Whole Brain Radiation Therapy on Cognitive Function in Patients
with 1 to 3 Brain Metastases. JAMA 2016, 316, 401. [CrossRef] [PubMed]

46. Aoyama, H.; Shirato, H.; Tago, M.; Nakagawa, K.; Toyoda, T.; Hatano, K.; Kenjyo, M.; Oya, N.; Hirota, S.; Shioura, H.; et al.
Stereotactic Radiosurgery Plus Whole-Brain Radiation Therapy vs. Stereotactic Radiosurgery Alone for Treatment of Brain
Metastases. JAMA 2006, 295, 2483. [CrossRef] [PubMed]

47. Yamamoto, M.; Serizawa, T.; Shuto, T.; Akabane, A.; Higuchi, Y.; Kawagishi, J.; Yamanaka, K.; Sato, Y.; Jokura, H.; Yomo, S.; et al.
Stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901): A multi-institutional prospective observational
study. Lancet Oncol. 2014, 15, 387–395. [CrossRef]

48. Li, J.; Ludmir, E.B.; Wang, Y.; Guha-Thakurta, N.; McAleer, M.F.; Settle, S.H.; Yeboa, D.N.; Ghia, A.J.; McGovern, S.L.; Chung,
C.; et al. Stereotactic Radiosurgery versus Whole-brain Radiation Therapy for Patients with 4-15 Brain Metastases: A Phase III
Randomized Controlled Trial. Int. J. Radiat. Oncol. Biol. Phys. 2020, 108, S21–S22. [CrossRef]

49. Gondi, V.; Pugh, S.L.; Tome, W.A.; Caine, C.; Corn, B.; Kanner, A.; Rowley, H.; Kundapur, V.; Denittis, A.; Greenspoon, J.N.; et al.
Preservation of Memory with Conformal Avoidance of the Hippocampal Neural Stem-Cell Compartment during Whole-Brain
Radiotherapy for Brain Metastases (RTOG 0933): A Phase II Multi-Institutional Trial. J. Clin. Oncol. 2014, 32, 3810–3816. [CrossRef]

50. Ewend, M.G.; Morris, D.E.; Carey, L.A.; Ladha, A.M.; Brem, S. Guidelines for the Initial Management of Metastatic Brain Tumors:
Role of Surgery, Radiosurgery, and Radiation Therapy. J. Natl. Compr. Cancer Netw. 2008, 6, 505–514. [CrossRef]

51. Vecht, C.J.; Haaxma-Reiche, H.; Noordijk, E.M.; Padberg, G.W.; Voormolen, J.H.; Hoekstra, F.H.; Tans, J.T.; Lambooij, N.; Metsaars,
J.A.; Wattendorff, A.R.; et al. Treatment of single brain metastasis: Radiotherapy alone or combined with neurosurgery? Ann.
Neurol. 1993, 33, 583–590. [CrossRef] [PubMed]

52. Mintz, A.H.; Kestle, J.; Rathbone, M.P.; Gaspar, L.; Hugenholtz, H.; Fisher, B.; Duncan, G.; Skingley, P.; Foster, G.; Levine, M. A
randomized trial to assess the efficacy of surgery in addition to radiotherapy in patients with a single cerebral metastasis. Cancer
1996, 78, 1470–1476. [CrossRef]

53. Churilla, T.M.; Chowdhury, I.H.; Handorf, E.; Collette, L.; Collette, S.; Dong, Y.; Alexander, B.M.; Kocher, M.; Soffietti, R.; Claus,
E.B.; et al. Comparison of Local Control of Brain Metastases with Stereotactic Radiosurgery vs Surgical Resection. JAMA Oncol.
2019, 5, 243. [CrossRef] [PubMed]
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