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Background and Objective: Brain metastases (BMs) are present in approximately 55% of patients with
HER2-positive breast cancer (HER2+ BC). The introduction of anti-HER?2 agents has radically changed the
prognosis of these patients by prolonging overall survival.

Methods: In this review, we describe the biology of central nervous system (CNS) spreading in patients
with HER2+ BC. We also provide a literature review of current treatment strategies of brain metastatic BC,
focusing on HER2+ disease, and future perspectives.

Key Content and Findings: Treatment of symptomatic BMs includes traditionally neurosurgery and/or
radiotherapy, depending on the number of metastases, performance status and systemic disease control. Local
treatments, such as surgical excision of BM and stereotactic radiosurgery (SRS), when feasible, are preferred
over whole-brain radiotherapy, because of related cognitive impairment. These treatments can lead to a local
control of the disease, however, systemic relapses can affect the prognosis of these patients. Recently, new
anti-HER?2 agents have demonstrated to be effective on BMs, thereby leading to improved survival outcomes
with an acceptable quality of life. Despite the clinical benefit of these approaches, BMs still represent a cause
of death and effective therapeutic strategies are needed.

Conclusions: Different targeted agents have demonstrated significant efficacy with tolerable safety profiles
in HER2+ BC patients with BM, and have already been approved for clinical use in this setting. A better
understanding of the molecular mechanisms underlying the onset of BMs could suggest novel targeted

approaches in order to prevent CNS localization or delay progression to CNS in HER-2 metastatic patients.

Keywords: HER2-positive breast cancer (HER2+ BC); brain metastasis (BM); advanced breast cancer (advanced
BC); integrated treatment; radiotherapy

Submitted Jul 03, 2023. Accepted for publication Oct 08, 2023. Published online Nov 21, 2023.
doi: 10.21037/ter-23-1126
View this article at: https://dx.doi.org/10.21037/ter-23-1126

A ORCID: Maria Ilenia Passalacqua, 0000-0003-4039-8255; Mariacarmela Santarpia, 0000-0003-1942-2134.

© Translational Cancer Research. All rights reserved. Transl Cancer Res 2023;12(11):3179-3197 | https://dx.doi.org/10.21037/tcr-23-1126


https://crossmark.crossref.org/dialog/?doi=10.21037/tcr-23-1126

3180 Passalacqua et al. Treatment landscape of HER2+ BC with CNS spreading

Introduction

Breast cancer (BC) is the most frequent cancer worldwide
among women (1). Approximately 15-20% of patients
have overexpression/amplification of the human epidermal
growth factor receptor 2 (HER?2), identifying a more
aggressive and historically prognostically poorer BC
subtype (2). BC is one of the tumors with the higher
incidence of brain metastases (BMs), with a rate of 10-16%,
second only to lung cancer (3). Patients with HER2-
positive (HER2+) metastatic breast cancer (MBC) develop
BM in up to 55% of cases (4). The median time to onset
of BM in HER2+ patients has been estimated to be 28-36
vs. 47-54 months in luminal subtypes (5). In the setting
of MBC patients, those with BM often have extracranial
metastases; the presence and the number of extracranial
metastases represent a risk factor for the onset of BM (3).
So far, most anticancer drugs for the treatment of BC have
demonstrated to have limited intracranial activity, especially
due to the presence of the blood-brain barrier (BBB),
leading to the definition of the brain as a “sanctuary site” (6).
Most deaths due to BC (about 90%) result from the
presence of metastases rather than from the primary tumor,
therefore the treatment of BM is still a clinical challenge (7).
Despite all the advances in the understanding of BC
biology, the key mechanism of development of BM in BC
patients has not been completely elucidated yet (8). Indeed,
the presence of the BBB restricts the access of cancer cells
to the brain. For this reason, the cells must determine the
modification of the brain extracellular matrix (ECM) to
facilitate their passage and creating metastatic foci (9). As
with other metastatic sites, the development of BMs from
BC is a multi-step process with a cascade mechanism (10).

Table 1 Search strategy summary

We present this article in accordance with the Narrative
Review reporting checklist (available at https://tcr.
amegroups.com/article/view/10.21037/tcr-23-1126/rc).

Methods

In this review we describe the mechanism of onset of brain
and leptomeningeal metastases in patients with HER2+ BC.
We discuss updated data from clinical trials with different
drugs conducted in this setting. Finally, we provide an
overview on ongoing studies and potential strategies to
improve patients’ clinical outcome. For this review, we
performed an updated literature search on the role of HER2
in brain MBC and its treatment on main medical research
databases and on international cancer meetings websites.
For clinical trials, we collected and reviewed data of both
completed and ongoing studies (see Table 1 for the search
strategy summary).

Mechanisms of brain and leptomeningeal
metastases development

The process of BMs development involves a series of steps
through which the BC cells acquire a more aggressive
phenotype and metastasize to different organs. The
first step is a change in cell morphology and adhesion
through the epithelial-mesenchymal transition (EMT).
BC cells acquire typical mesenchymal characteristics
allowing invasion, intravasation and distant metastasis (11).
Preclinical studies investigated several pathways involved
in the metastatic behavior of cancer cells and, in particular,
the role of the X-inactive-specific transcript (XIST), that

ltems Specification

Date of search Up to May 2023
Databases and other sources searched

Search term used

PubMed, Scopus and Web of Science; abstracts from ESMO, ASCO

” o«

“HER2-positive breast cancer”, “HER2 and brain metastasis”, “advanced breast cancer”,

“integrated treatment”, “radiotherapy”, “HER2 target therapy”

Timeframe 1993-2023

Inclusion and exclusion criteria

Only articles in English were considered

Selection process

Selection and collection of data was conducted independently by Passalacqua MI, Ciappina
G, Di Pietro M, Squeri A, Granata B, Muscolino P and Spagnolo CC, data were analyzed and
interpreted by Santarpia M

ESMO, European Society for Medical Oncology; ASCO, American Society of Clinical Oncology.
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was demonstrated significantly downregulated in metastatic
brain tissue. XIST is a long non-coding RNA (IncRNA)
gene which plays a role in silencing X chromosome-linked
genes. In particular, XIST-downregulation in BC seems
to be responsible for the activation of the tyrosine kinase
receptor c-MET] that facilitates the EMT (12). In the The
Cancer Genome Atlas (TCGA) database, about 28% of
HER2+ BCs have a decreased expression of XIST (13).
Based on this evidence, it appears that XIST-expression
suppresses the EMT-phenotype and therefore reduces
metastasis (14).

The BBB is an anatomical-functional structure made
up of three elements: endothelial cells (ECs), pericytes and
astrocytes. Under physiological conditions, the BBB has
the function of protecting the brain tissue from potentially
harmful agents present in the blood, while allowing the
passage of the substances necessary for the metabolic
functions of the brain (15). Preclinical and clinical studies
provided a precise characterization of the anatomical
structure of the BBB, made up by the capillaries of the
neuroparenchyma, where ECs with a series of physical,
transport, and metabolic properties that regulating central
nervous system (CNS) homeostasis are connected to each
other by tight junctions (TJ) and surrounded by a basal
lamina shared with the pericytes and with the astrocyte
endfeet (16). The endothelium of the BBB and the cells
of the brain parenchyma constitute the neurovascular unit
(NVU) which acts as a “gatekeeper” that accurately selects
the crossing of molecules and cells within the CNS (17).
Regarding its functional role, the BBB is surrounded by the
basal lamina, an ECM enriched in glycoproteins that can be
cleaved by specific proteases to regulate the function of the
BBB, both in physiological and pathological conditions. All
three components of the BBB (ECs, pericytes and astrocytes)
contribute to the formation of the basal lamina, which in
turn provides for the release of ligands that can activate
multiple pathways in the NVU (18,19). The BBB can be
damaged as a result of the development of new, aberrant
blood arteries during tumor progression, and this is known
as the blood-tumor barrier (BTB). BTB is characterized by
an aberrant distribution of pericytes and loss of astrocyte
endfeet connections (20). Moreover, ECs lose T] in BTB
and consequently the intratumoral vascularization does not
allow to re-establish the normal structure of the BBB in
the presence of BMs. However, the BTB seems to maintain
some of the fundamental functions of the BBB, including
the presence of intracellular transporters both at the level
of ECs and tumor cells (21). Furthermore, it appears that
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BTB takes on different characteristics depending on the
type of supporting tumor. In particular, BMs from HER2+
breast tumors overexpress GLUT1 and BRCP transporters
if compared to other subtypes (22). Drugs are distributed
unevenly in BMs in mice models because the BTB is
more porous and heterogeneous than the BBB, including
in its permeability (23). In preclinical models, systemic
injection in mice of low molecular weight molecules
showed a higher distribution in BMs (24). The lipophilic,
low molecular weight molecule lapatinib has been shown
in preclinical studies to have an increased level distribution
in BC BMs if compared to the surrounding healthy brain
parenchyma (25). In the case of cancer cells, after
extravasation into the blood circulation, these must
penetrate through the BBB to determine BMs. Preclinical
models have demonstrated the expression of membrane
molecules on neoplastic cells, which allow them to
breach the BBB and colonize the brain parenchyma
through facilitated transcellular transport (26). For
example, the expression of the 2,6-sialyltransferase
molecule STO6GALNACS in circulating BC cells has been
demonstrated (27). At least two other factors have been
identified as facilitators of BBB passage by cancer cells:
cyclooxygenase 2 (COX2) and heparin-binding epidermal
growth factor (EGF)-like growth factor (HBEGF). COX2
is a prostaglandin capable of increasing the permeability
of the BBB in inflammatory conditions. Preclinical studies
have shown that the reduction of COX2 values resulted in
a lower tendency to BM (28). HBEGEF is a ligand of the
epidermal growth factor receptor (EGFR) that promotes
tumor cell motility and invasiveness (29). High levels of
both COX2 and HBEGF could be responsible for the
extravasation of BC cells into the brain (14). Another
potential factor able to facilitate the formation of BMs,
particularly in patients with HER2+ BC, is B-integrin. In
fact, it seems that B-integrin interacts with HER2, causing
a greater production of vascular endothelial growth factor
(VEGF), which in turn is responsible for the alteration
of the vascular endothelium, in particular of the loss of
tight junctions, thereby favoring the increasing of the
permeability of the BBB and favoring the formation of
the BM (30). Once the BBB is crossed, tumor cells must
interact with the local microenvironment, in particular with
microglia cells, i.e., the innate brain immunity. When the
microglia is activated, it triggers the release of inflammatory
factors and cytokines aimed at fighting the potential
pathogen. However, microglia can act both as an inhibitor
of tumor development (M1 microglia) and as a tumor
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promoter (M2 microglia). Tumor cells escape the protective
function of microglia through two mechanisms: the first is
the inhibition of cytokine release by M1, and the second is
facilitating a switch from the M1 to M2 phenotype (31).

Cancer stem-like cells (CSCs) play a fundamental role in
the development of BMs. These represent a small fraction
of primary tumor cells that exhibit characteristics typical of
stem cells and have a high replication potential (32). These
cells are also endowed with high motility and invasiveness
and have also been found in HER2+ BC with BM (33).

Several pathways have been identified as responsible
for the activity of CSCs, but one in particular seems to
have a key role in the formation of BMs from HER2+ BC,
that is the truncated glioma-associated oncogene homolog
1 (TGLI1). TGLI1 is a transcription factor involved in
angiogenesis, cell migration, and invasion. Preclinical
studies have demonstrated that high levels of TGLI1
appear to be related to a higher incidence of BM and a
lower BM-free survival. Furthermore, CSCs deriving from
radioresistant BMBCs show elevated levels of TGLI1 (34).

Also, the alterations of the TP53 gene seem to be
implicated in the pathogenesis of BMs from HER2+ BC.
The TP53 gene encodes the p53 tumor suppressor which
has an important regulatory function of the cell cycle,
apoptosis and DNA repair mechanisms (35).

In a study by Koboldt er 4/., alterations of TP53 gene
have been identified in approximately 72% HER2+ primary
tumors (compared with 12% of luminal A and 29% of
luminal B tumors) (36), suggesting that it has a key role
in these tumors, although the molecular mechanism that
directly correlates the TP53 mutations with the onset of
BM is not yet well known (14).

CNS involvement in patients with HER2+ BC could also
be represented by leptomeningeal metastases in the absence
of brain parenchymal involvement, although this is a rarer
event (37). Regarding the leptomeningeal localization, the
pathogenetic mechanisms are not yet clear. The meninges
are represented by the dura mater, arachnoid and pia mater.
Pia mater and arachnoid constitute the leptomeninges.
The space below the arachnoid, known as the subarachnoid
space, is filled with blood vessels, cerebrospinal fluid (CSF),
and connective tissue rich in trabeculae, functioning as a
gateway for cancer cells (38). On the basis of preclinical
studies, at least three different mechanisms have been
proposed for the pathogenesis of leptomeningeal disease: (I)
direct invasion through surrounding structures such as the
dura mater, bone or nerves, (II) diffusion by hematogenous
way, and finally (III) diffusion through the pores present on

© Translational Cancer Research. All rights reserved.

the choroidal plexus (39). From a molecular point of view,
it seems that in the CSF of patients with leptomeningeal
metastases there is an increase in the expression of the C3
fraction of complement proteins. This C3 protein would be
able to interact with C3a receptors present at the level of
the choroid plexus, causing an increase in permeability even
in the presence of an intact BBB (40).

In conclusion, a better knowledge of the molecular and
pathogenetic mechanisms underlying the formation of brain
and leptomeningeal metastases in patients with HER2+
BC is necessary to address specific therapeutic strategies to
improve objective responses and long-term clinical benefit

(Figure I).

Therapeutic strategies for BC with BM

The prevalence of HER2+ BC patients with BMs has
increased in the last years as a consequence of the improved
survival rates in this subgroup of BC and thanks to the
increased detection of metastatic brain localization through
advanced imaging techniques. The prognosis of patients
with BMs is generally poor, but the optimization of care with
integrated treatments and the development of new drugs are
slowly improving the outcomes. In particular, better survival
outcomes were demonstrated in patients with HER2+ BC
BMs than HER2- BC (41). The definition of subgroups by
well-recognized prognostic factors is essential to address
the correct therapeutic strategy for each patient. In fact,
independently of biological features of the tumor, the most
important favorable prognostic factors in patients with BM,
and in general in those with advanced stages of disease, are
referable to a good Eastern Cooperative Oncology Group
(ECOQG) Performance Status, age <60 years old (42), the
presence of single BM, the absence of extracranial disease,
a good control of the systemic disease and a long time from
initial diagnosis to metastatic disease (43,44).

Therapeutic strategies for BMs are currently based on
both local treatments, such as surgery and radiotherapy,
and on systemic treatments. The combination of different
strategies, as a result of multidisciplinary management, can
be selected on the basis of specific characteristics, including
the number of BM, their localization, and the biologic
features of primary tumor (45).

Local treatments of BM

Local therapeutic strategies for BM have been largely
evaluated in all subgroups of BC patients, including
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Figure 1 Molecular mechanisms and tumor-related events involved in the development of brain metastasis. COX2, cyclooxygenase
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HER2+ BC.

Neurosurgical resection of BM can be a therapeutic
option in patients with few lesions or large symptomatic
lesions (=3 cm), when well-controlled systemic disease
coexists. In patients with low performance status or in
imminent life threatening, surgery can also be used to
contrast the central mass effect and neurological related
symptoms, thus obtaining a quick clinical benefit (46).

The combination of surgery and radiotherapy have
also been explored. In a randomized, multicentric study
including 48 patients, surgery followed by whole-brain
radiotherapy (WBRT) was compared with WBRT alone.
WBRT following complete surgical resection showed to
decrease the recurrence rate both in the initial metastatic
site (10% vs. 46%, P<0.001) and in other brain sites (14%
vs. 37%, P<0.01) as well as death caused from intracranial
progression (14% vs. 44%, P=0.003). However, overall
survival (OS) was comparable in the two groups (47).
Another multicentric randomized trial, including 64
patients, compared surgery followed by WBRT and
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radiotherapy (RT) alone. A prolonged OS was observed
with surgery followed by radiotherapy compared to
radiotherapy (10 vs. 6 months; P=0.04) (48).

WBRT after surgery is burdened by both short- and
long-term toxicities regarding to the global health status,
physical functioning, cognitive functioning, and fatigue.
Generally, most of these effects are transitory, but negatively
impact on the quality of life of treated patients (49).

Post-operative stereotactic radiosurgery (SRS) was
compared with post-operative WBRT in two phase 3
randomized clinical trials. Data deriving from these
studies led to the recommendation of SRS after surgery
when feasible. In fact, although no differences in terms
of OS were demonstrated between the two radiotherapy
techniques, a reduced risk of cognitive impairment was
achieved with SRS, and local control was slightly better
with SRS in both studies (50,51).

Radiotherapy with stereotactic methods (e.g., gamma-
knife, cyber-knife, volumetric modulated arc therapy
(VMAT) or linear accelerator) consists in the administration
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of a single dose or hypo-fractionated RT with a high
dose radiation on a limited volume target (52). To date,
no clinical trials have been designed to establish whether
stereotactic radiotherapy, in patients with a single BM,
can replace surgery. There are no randomized trials
directly comparing stereotactic RT to surgery, so they are
considered a comparable treatment in terms of efficacy for
patients with few or small brain lesions.

However, surgery is not always feasible, even in presence
of few BMs or small lesions, so SRS alone can be considered
the choice option. It was demonstrated that in patients with
<10 BM, SRS alone give an excellent local control (around
90%), even if in the group of patients with 5-10 BM the
risk of leptomeningeal dissemination was higher compared
to patients with only 2-4 BM. However, two-years outcome
in terms of neurological death, new brain-lesion incidence
and neurocognitive abilities were similar (53). Another
study demonstrated that SRS alone in patients with >10 BM
achieved a median OS of only 4 months, although an initial
local control was obtained (54). An exploratory analysis of a
retrospective study evaluating the neurocognitive outcome
in the same cohort of patients, demonstrates that, although
a stereotactic treatment is feasible in patients with more
than four BMs, the overall volume of the intracerebral
disease is a factor that has a statistically significant impact
on the treatment efficacy and must be less than 15 cm’ (55).

Patients with one to three BMs were enrolled in a
clinical study and randomly assigned to receive WBRT or
WBRT followed by stereotactic radiosurgery boost. It was
demonstrated that WBRT and stereotactic boost therapy
increased functional autonomy in all patients and survival in
those with a single unresectable BM (56).

WBRT is recommended both for patients who
are ineligible for surgery or stereotactic RT and as a
consolidation therapy after SRS, in presence of high-volume
BM or high number of BMs (57). The median overall
survival after WBRT was detected around 3-6 months when
administered as initial treatment to patients with multiple
BMs, with a 10-15% of BM patients still alive at 1 year (58).
The WBRT regimen generally involves the administration
of a total radiant dose of 30-40 Gy in 10-15 daily fractions.
It is not proven if higher doses can enhance survival or local
control. Moreover, fractions per day greater than 3 Gy can
increase the risk of neurotoxicity (59).

For patients with asymptomatic BMs, systemic therapies
can be administered first to control systemic disease. The
WBRT should be reserved to treat worsening cerebral and
neurological symptoms. In selected cases, systemic therapy

© Translational Cancer Research. All rights reserved.

has a favorable prognosis on BMs and spares patients from
long-term toxicities deriving from WBRT (44).

At last, best supportive care may be considered for
patients with a very poor prognosis (60).

Systemic therapy

Systemic treatment can be considered the first choice
in newly diagnosed patients with CNS localization by
HER2+ BC if BMs are small, numerous, asymptomatic
or barely symptomatic. Various treatment options and
drug combinations have proven to be effective in the
management of BM-positive BC (61).

Trastuzumab-pertuzumab

Results obtained from the phase 3 CLEOPATRA trial, led to
the approval of pertuzumab plus trastuzumab plus a taxane as
first-line treatment in patdents with advanced HER2+ BC. This
combination showed to be more effective than trastuzumab
plus taxane in terms of both progression-free survival (PFS)
and OS [HR for PFS 0.68, P=0.001; hazard ratio (HR) for OS:
0.68, P=0.001]. Patients with BMs at diagnosis were excluded
from this study, nevertheless, BMs were the first recurrence
in 13% of enrolled population (62). An exploratory analysis
of the CLEOPATRA trial showed a longer median time to
the development of CNS metastases as first site of disease
progression in the pertuzumab arm (15.0 vs. 11.9 months,
HR 0.58). These data support the efficacy of the combination
of these monoclonal antibodies in advanced BC with BM,
despite their low BBB permeability (63). The efficacy of
the combination was evaluated in HER2+ BC patients with
pretreated BMs in PATRICIA trial, exploring high dose of
trastuzumab to enhance the effect at CNS level (Results are
described below, in “New perspective section”) (64).

Antibody-drug conjugates (ADCs)

Based on the positive results from EMILIA trial,
trastuzumab emtansine (T-DM1) was previously considered
the gold standard for second-line therapy in HER2+
metastatic BC. In fact, T-DM1 showed a significant
improvement in PFS and OS compared to lapatinib and
capecitabine in this setting, with a median PFS as assessed
by independent review of 9.6 months with T-DMI wvs.
6.4 months with lapatinib plus capecitabine [HR 0.65;
95% confidence interval (CI): 0.55 to 0.77; P<0.001], and
median OS of 30.9 vs. 25.1 months (HR 0.68; 95% CI:
0.55 to 0.85; P<0.001) (65). In an exploratory, retrospective
analysis of the EMILIA trial, among the 95 patients
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with asymptomatic BMs included in the trial, OS was
better in patients receiving T-DM1 compared to those
receiving lapatinib and capecitabine (median OS, 26.8 vs.
12.9 months) (66). The intracranial activity of T-DM1
in HER2+ BC patients was examined by Bartsch er al.
T-DM1 was administered as a main systemic therapy for
BM or upon documented CNS progression following
initial local treatment. At 8.5 months of median follow-
up, the median OS was not reached, while the intracranial
PFS was 5 months (67). The efficacy and safety of
T-DM1 in this clinical scenario were further confirmed
by a subgroup analysis of 398 BM-positive patients who
were enrolled in the phase 3 KAMILLA trial, a single-
arm, open-label study. The BM response rate was 21%,
and the median PFS and OS were 5.5 and 18.9 months,
respectively (68). In the earlier setting, data from the
KATHERINE trial showed a significant survival benefit
with adjuvant T-DM1 when administered after failure
to achieve pathological complete response (pCR) with
neoadjuvant therapy, but the incidence of CNS recurrence
as a first site of metastasis was numerically higher in
T-DM1 group compared to trastuzumab (5.9% vs. 4.3%,
respectively) (69).

Recently, new agents have been developed, including
the ADCs and tyrosine kinase inhibitors (TKIs), some
of which have already been approved for HER2+ BC,
based on meaningful clinical benefit, also in patients with
BMs. These drugs include the trastuzumab deruxtecan
(T-DXd) (70) and tucatinib (71). Tucatinib activity will be
described in TKIs section.

T-DXd is an ADC currently approved for the second-line
treatment of advanced HER2+ BC due to the outstanding
outcomes of DESTINY-Breast03 trial. DESTINY-Breast03
is a phase 3, multicentric, open-label, randomised trial that
compared efficacy and safety of the T-DXd to T-DMLI in
patients with HER2+ MBC who have previously received
trastuzumab and a taxane (70). The last update, with a
median duration of study follow-up of 28.4 months with
T-DXd and 26.5 months with T-DMI, reported a median
PFS by blinded independent central review of 28.8 months
with T-DXd and 6.8 months with T-DM1 (HR 0.33;
P<0.0001). Median OS was not reached, with 72 (28%)
overall survival events reported in the T-DXd group and
97 (37%) overall survival events in the T-DM1 group (HR
0.64; P=0.0037). All prespecified subgroups, including
patients with stable BM, experienced the same benefit. A
manageable safety profile of T-DXd was confirmed with
longer treatment duration. Grade 3 or worse adverse events
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were numerically similar in both groups, but the exposure
adjusted incidence rates were lower in T-DXd group (grade
3 or worse: 0.36 in T-DXd wvs. 0.65 in T-DM1 group). The
most common drug-related adverse events were neutrophil
and platelet count decreased and anemia in both arm and, in
addition, transaminases increasing in T-DMI group. Adverse
events that led to discontinuations with T-DXd were
pneumonitis (6% of patients), interstitial lung disease (5%),
and pneumonia (2%), and with T-DM1 were platelet count
decreased (2%), pneumonitis (1%), and thrombocytopenia
(1%). Adjudicated drug-related interstitial lung disease or
pneumonitis that occurred in the T-DXd group were 4%
of grade 1, 10% of grade 2, <1% of grade 3 and no grade
4-5 adverse events, with a median time to first onset of
8.1 months [interquartile range (IQR): 4.2-15.0 months] (72).

Encouraging results have been obtained in the phase II
clinical trial TUXEDO-1, where the activity of T-DXd was
explored in HER2+ BC patients with active BMs. Patients
with newly diagnosed, untreated BMs or BMs progressing
after prior local treatment, prior therapy with trastuzumab
and pertuzumab, and no indication for immediate local
therapy, were enrolled in this trial. T-DXd was administered
intravenously once every three weeks at a dose of 5.4 mg/kg.
Intracranial response was the primary endpoint. Among
fifteen patients enrolled, 2 (13.3%) had a complete
intracranial response, nine (60%) had a partial intracranial
response and three (20%) maintained stable disease, with
a best overall intracranial response rate of 73.3%, thus
meeting the predefined primary outcome. Moreover, at
a median follow-up of 12 months, median OS was not
reached and the median PFS was 14 months (73).

In the phase II DEBBRAH trial, T-DXd was assessed
in patients with CNS involvement, showing an interesting
intracranial activity in patients with stable, untreated, or
progressing BMs, achieving all them partial responses, as
well as generally manageable toxicity and maintained quality
of life (74).

In conclusion, ADCs have shown significant activity
on BM, despite their large molecular size, probably, as
previously commented, as a result of a partially disrupted
BBB in advanced disease with CNS localization.

Tyrosine-kinase inhibitors (TKIs)
TKIs are frequently used as later-line therapy options for
HER2+ metastatic BC with CNS involvement.

Lapatinib, a first-generation TKI, is a dual HER1 and
HER? kinase inhibitor. Better outcomes for BM positive
patients have been reported when lapatinib was combined
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with capecitabine, than when used as a monotherapy (75).
The LANDSCAPE trial is a single arm phase 2, open-label,
which enrolled HER2+ advanced BC patients with BM who
had not previously received WBRT or systemic therapy
including capecitabine or lapatinib. With a median follow
up of 21.2 months, out of 45 enrolled patients, 29 had an
objective CNS response (65.9%, 95% CI: 50.1-79.5%);
all were partial responses. The median time to progression
(T'TP) and the median time to brain radiotherapy were 5.5
and 8.3 months, respectively (76). The intracranial response
rates in this study may have been overestimated because
half of the patients had asymptomatic BM. However, these
findings suggest that patients with early-stage intracranial
disease have better prognosis, raising the question of
whether to introduce a routine screening technique in a
high-risk group (3). In the CEREBEL trial, which involved
540 patients without BMs, the preventive effect of the
combination capecitabine-lapatinib on the development of
BMs was analyzed. These patients were randomly assigned
to receive capecitabine plus lapatinib or trastuzumab. The
incidence of CNS events was low and comparable between
the capecitabine-lapatinib arm (3%) and the capecitabine-
trastuzumab arm (5%). Therefore, the combination
of capecitabine-lapatinib is not considered better to
trastuzumab-based therapy to control intracranial disease
or to prevent new CNS localization (77). Moreover, the
combination of lapatinib and SRS (concurrent or sequential)
demonstrated to significantly decrease local failure and to
increased OS in patients with BM, with greater benefit in
local control among patients with smaller lesions (78).
Neratinib is a novel and irreversible pan-HER TKI,
that has been evaluated in combination with capecitabine
in patients with HER2+ BC with BM. The activity of
neratinib plus capecitabine was first evaluated in the
phase II trial TBCRC 022 in this cohort of patients, both
pretreated and untreated with lapatinib. The primary
endpoint was the composite CNS objective response rate
(ORR), that reached 49% in lapatinib-naive cohort and
33% in lapatinib-treated cohort. Median PFS was 5.5 and
3.1 months, respectively, remarking the evidence that the
efficacy of HER2-directed therapy in the brain is enhanced
by chemotherapy (79). The NALA trial is a phase III study
which compared neratinib plus capecitabine to lapatinib
plus capecitabine in patients with metastatic HER2+ BC
who have received two or more prior HER2-directed
regimens. Patients with stable, asymptomatic CNS disease
were included. Neratinib with capecitabine demonstrated
to be superior in terms of PFS (HR 0.76) and showed a
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significant intracranial activity resulting in lower incidence
of BM (22% vs. 29.2% in lapatinib-capecitabine) and less
interventions for symptomatic CNS metastases. Diarrhea,
nausea, palmar-plantar erythrodysesthesia syndrome, and
vomiting were the most common adverse events in both
arms. Grade 3 diarrhea occurred in 74 patients (24.4%)
with neratinib, most prevalent during the first cycle, and 39
patients (12.5%) with lapatinib (80).

Tucatinib is an oral tyrosine kinase inhibitor that is highly
selective for the kinase domain of HER2, with minimal
inhibition of HERI. In the HER2CLIMB, a phase III trial,
patients who had received both dual anti-HER2 blockade
and T-DMI1 as prior treatments, were enrolled to receive
tucatinib or placebo in combination with capecitabine and
trastuzumab. Tucatinib showed higher activity compared
to placebo in PFS (7.8 vs. 5.6 months; HR 0.54, 95% CI:
0.42-0.71, P<0.001) and OS (21.9 vs. 17.4 months; HR 0.66,
95% CI: 0.50-0.87, P=0.0048) (71). Active BMs were not
an exclusion criterion, in fact this trial was the first large
randomized study to enroll patients with active BM. If
immediate treatment was required, enrollment was allowed
after the local treatment. Median PFS was 7.6 months
(95% CI: 6.2-9.5) and 5.4 months (95% CI: 4.1-5.7) in
the experimental and control arm, respectively, in patients
with active BMs or previous evidence of CNS involvement
(total =291; 198 in tucatinib group and 93 in control group).
In these 291 patients, the addition of tucatinib improved
intracranial PFS (9.9 vs. 4.2 months; HR 0.48, 95% CI:
0.34-0.69, P<0.00001) and OS (18.1 vs. 12 months; HR
0.58; 95% CI:0.40-0.85, P=0.005), with a 1-year intracranial
PES of 35% vs. 0% in the experimental group and in the
control group, respectively. Moreover, as per protocol, 30
patients with isolated brain progression could continue
treatment after a local intervention and the median time
from randomization to second disease progression or death
was 15.9 months with tucatinib vs. 9.7 months in the control
group (HR 0.33; 95% CI: 0.11-0.02). Adverse events most
frequently detected in the tucatinib-combination group
were diarrhea, palmar-plantar erythrodysesthesia syndrome,
nausea, fatigue, and vomiting, mostly of grade 1 or 2. The
most common adverse events of grade 3 or higher observed
in the tucatinib-combination group were palmar-plantar
erythrodysesthesia syndrome, diarrhea, elevations in alanine
aminotransferase (ALT) and aspartate aminotransferase
(AST) levels, and fatigue. Adverse events led to the
discontinuation of tucatinib in 5.7% of the patients and
of placebo in 3.0% of the patients (81). In addition, the
activity of the combination of tucatinib plus T-DMI is
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under study in the ongoing clinical trials COMPASS-RD
(NCT04457596) and HER2CLIMB-02 (NCT03975647),
which are analyzing the high-risk post-neoadjuvant therapy
and metastatic BC disease, respectively.

Pyrotinib is an oral, irreversible inhibitor of the TK
activity of EGFR, HER2 and HER4 (82). The combination
of pyrotinib and capecitabine has been evaluated in the
subgroup of 31 patients with BMs in the PHENIX phase
III trial, showing a significant benefit on PFS compared
to capecitabine plus placebo (6.9 vs. 4.2 months) (83). The
activity and the safety of pyrotinib plus capecitabine has
been investigated also in the phase II PERMEATE trial,
both in patients who had radiotherapy-naive HER2+ BM
(cohort A) and progressive disease after radiotherapy (cohort
B). At a median follow up of 15.7 months, the intracranial
ORR (primary endpoint) was 74.6% (44 of 59 patients) in
cohort A and 42.1% (8 of 19 patients) in cohort B. The
most common grade 3 adverse effects (AE) was diarrhea in
both cohorts and no treatment-related deaths occurred (84).

Poziotinib is an oral pan-HER kinase inhibitor that
demonstrated a potent activity through irreversible
inhibition of HER1, HER2 and HER4 (85). The phase II
NOV120101-203 trial evaluated the efficacy and safety of
poziotinib monotherapy in patients with HER2+ metastatic
BC who had progressed from more than two HER2-
directed therapies, including patients with BM (86). Long
term analysis showed clinically meaningful OS benefit for
patients with HER2+ metastatic BC (87), but further studies
addressed to HER2+ BC with BM are necessary (1able 2).

New perspectives in treatment of BMs

In patients with BMs and leptomeningeal disease, the
intrathecal administration of drugs is an emergent treatment
strategy under investigation.

The potential activity of intrathecal trastuzumab,
compared to intrathecal administration of chemotherapy
or to WBRT has been underlined in some case reports and
retrospective analysis (88). Intrathecal administration of
trastuzumab in patients with leptomeningeal metastases have
been investigated in phase I/II trial, using different schedule
of treatment and dose. The Phase I trial NCT01373710 has
evaluated weekly intrathecal trastuzumab and established
the maximum tolerated dose at 150 mg. The Phase II
part of the same trial is ongoing. Another phase I/II trial
(NCT01325207) established the maximum tolerated dose at
80 mg, administered for the first month two times in a week
and after, weekly until progression. The primary endpoint
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of the second part (phase II) was the attainment of a 25% of
response rate, but it has not been reached. Clinical benefit
has been observed in 69% of patients (89). The second part
of another phase I/II trial with intrathecal administration of
trastuzumab at 150 mg is ongoing (90).

Leptomeningeal disease in patients with HER2+ BC
is still an open challenge. Despite the recent, significant
advances in the treatment of BM in HER2+ BC, thanks to
DestinyBreast03 (72) and HER2CLIMB (81), more data is
needed about the role of T-DXd and Tucatinib in this setting,
due to the exclusion of these patients from the trials. A recent
retrospective study reported the activity of T-DXd in patients
with HER2+ metastatic BC and leptomeningeal metastases
(LM) progression (91), based on the revised magnetic
resonance imaging (MRI)-scorecard for response assessment
in LM by the European Organization for Research and
Treatment of Cancer (EORTC) Brain Tumor Group and
Response Assessment in Neuro-Oncology (RANO) (92).
Across 8 patients enrolled, seven (87.5%) had prior WBRT
and all were very heavily pretreated with a median of 4.5
prior therapies. Median time on T-DXd was 7.6 months
with a median of 10 cycles. Clinical benefit response was
100%, with 4 patients that achieved a partial response on
MRI as best response, while 4 patients had stable disease. No
patient reported BM progression while on T-DXd and the
median OS was 10.4 months since the start of T-DXd (91).
To validate these data, prospective clinical trials are
necessary.

In the phase II PATRICIA study, including patients with
metastatic HER2 + BC that underwent CNS progression
after radiant treatment, another unconventional strategy
was evaluated: the systemic use of high dose of trastuzumab
(6 mg/kg weekly) in combination with pertuzumab.
The ORR was 11% and the clinical benefit rate (CBR)
[complete response + partial response + stable disease (SD)
of >4 or >6 months] was 68% (SD >4 months) and 51%
(SD =6 months), without new safety signals (64).

Across new therapeutic approaches to increase activity
of anticancer agents in CNS, the possibility to temporarily
disrupt BBB to deliver higher concentrations of anti-
HER?2 drugs into the brain has been evaluated. The first
strategy to obtain an increasing permeability was an osmotic
approach by using mannitol to open the cerebral blood
vessels, however this strategy did not provide evidence of
efficacy (NCT00397501). A more promising strategy in
BBB disruption (BBBD) is under study on patients with
BC HER2+ BM (NCT03714243) and consists of combine
the use of focused ultrasound (FUS), that enhances drug
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transport by a microbubble-assisted mechanism, and
the BBBD MRI-guided, that has the advantage of being
localized and temporaneous. The systemic administration of
trastuzumab, in combination with this strategy, has already
demonstrated both antitumor effect in mice with BMs and
early safety results in humans (93,94).

The use of nanoparticles conjugated with anticancer
agents, such as molecular inhibitors of EGFR or HER2,
has been explored in preclinical model, demonstrating
significantly prolonged survival in mice with HER2+ BC
BM (95). It was also observed a strongly inhibition of
tumor progression during the first moments of metastasis
development, hypothesizing a possible preventive role in
development of BM (96). Recent developments led to study
the use of lipid nanoparticulate formulations, characterized
by major surface to mass ratio if compared to other colloidal
particles and by the capability of adsorbing and/or binding
other molecules, such as cancer and immunotherapeutic
agents (97). These compounds have been explored in
preclinical models with HER2+ BC, with several lipid
nanocarrier candidates for immunotherapy. Among these,
for example, are numbered liposomes carrying LAG3-Ig
+ P5 HER2/neuderived peptide (98) or trastuzumab (99),
immunoliposomes carrying anti-Her2/neu monoclonal
antibody (100), virosomes carrying Fab’ fragments of an
antirat Neu (anti-rNeu) monoclonal antibody (101) and
exosomes carrying anti-human CD3 and anti-human HER2
antibodies (102). Further studies in human models are
needed for their clinical validation.

Ongoing trials

A genomic-guided phase 2 trial (Alliance A071701,
NCT03994796) is actually recruiting patients with
progressive parenchymal CNS disease, after biopsy of
intracranial and extracranial lesions, to individuate specific
targetable pathways (neurotrophic tropomyosin receptor
kinase (NTRK), ROS1 fusions, CDK and PI3K pathways).
If present, treatment known to be CNS-permeable (such as
Entrectinib for NTRK and ROS1, Abemaciclib for CDKs,
or GDC-0084 for PI3K) will be allowed.

Novel ADCs are under investigation in phase 2 trials
enrolling patients with HER2+ BM, such as trastuzumab
rezetecan (SHR-A1811) single agent or in combination with
pyrotinib or bevacizumab (NCT05769010) and ARX788
single agents (NCT05018702).

Various combinations of different agents are under
study. The combination of palbociclib, trastuzumab, and
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lapatinib with fulvestrant in ER+/HER2+ BC BM is being
evaluated in a single-arm trial in China (NCT04334330).
Another unique combination of tucatinib, abemaciclib,
and trastuzumab is being evaluated for patients with “triple
positive” MBC, with specific CNS secondary endpoints
(NCT03846583).

Early-phase clinical trials are evaluating the role of
afatinib, a TKI that disrupts HER2 and EGFR kinases,
in BMs from various solid tumors (NCT02423525,
NCT02768337). An ongoing phase I/II study compare
the effects of combination of afatinib and T-DM1 against
T-DMI1 alone in individuals with HER2+ BC and CNS
dissemination (HER2BAT, NCT04158947).

Phase 1 clinical trials are testing the interaction of
WBRT with the anti-angiogenic TKI sorafenib and
the ATM inhibitor AZD1390 (NCT01724606 and
NCT03423628).

Finally, a single-arm Phase 2 trial for HER2+ BM is
testing the safety and effectiveness of combining the PI3K
inhibitor GDC-0084 with trastuzumab (NCT03765983).
More ongoing trials are reported in Table 3.

Conclusions

HER2+ BC is known, historically, to have an aggressive
behavior and poor prognosis and has been identified as
a challenge for the oncologists because of limited valid
therapeutic options for a long time. In the last years, the
advent of new effective anti-HER2 drugs has radically
improved overall survival outcomes of patients with this
specific BC subtype leading to an improved prognosis
compared to other subtypes, such as triple-negative BC
(I'NBC). However, a major incidence of BMs in these
patients has been observed. Hence, the research has mainly
focused on finding effective strategies to treat this subset
of patients. For example, SRS demonstrated a better
local control of disease with a reduced risk of cognitive
impairment and consequently a better quality of life.
Different targeted agents have demonstrated significant
efficacy with tolerable safety profiles in HER2+, BC patients
with BMs, and have already been approved for clinical
use in this setting. In particular, T-DXd demonstrated
promising efficacy, both in patients with untreated BMs or
BMs progressing after prior anti-HER-2 treatment, with
very encouraging intracranial response rates. Tyrosine
kinase inhibitors also represent a fundamental weapon for
the treatment of these patients. The addition of tucatinib,
for example, in combination with capecitabine and
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Table 3 Ongoing trials for therapeutic strategies in BMBCs
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No. of pts Primary

Trial Trial design Phase (to date) endpoint(s) Secondary endpoint(s)
Alliance A071701  Exp arm | (CDK gene mutation): abemaciclib PO I 150 ORR in the brain  Systemic response for
(NCT03994796) BID on days 1-28 until disease progression or extracranial disease, clinical
unacceptable toxicity benefit rate for CNS, DOR
Exp arm Il (PI3K gene mutation): PI3K inhibitor for BM, DOR for extracranial
paxalisib PO QD on days 1-28 until disease disease, PFS—llntracranlaI,
progression or unacceptable toxicity PFS-extracranial, OS, safety
Exp arm lll (NTRK/ROS1 gene mutation):
entrectinib PO QD on days 1-28 until disease
progression or unacceptable toxicity
NCT04334330 Palbociclib, trastuzumab, pyrotinib and fulvestrant Il 34 ORRin CNS Safety, OS, PFS, ORR, time
to CNS progression, time to
radiotherapy
NCT04582968 Pyrotinib + capecitabine + SRT/WBRT /1l 39 Safety, ORR ORR intracranial rate with
intracranial SRT/WBRT; PFS intracranial;
PFS extracranial
NCT05042791 Exp arm |: pyrotinib + capecitabine + SRT I 362 ORR in CNS None
Exp arm lI: pyrotinib + capecitabine + WBRT
NCT03933982 Pyrotinib + vinorelbine in pretreated pts I 30 ORRin CNS Time to progression; OS;
time to radiotherapy
NCT04303988 Pyrotinib + temozolomide in pretreated pts I 59 ORR in CNS Clinical benefit rate for CNS;
PFS; OS; first progression
site; safety
NCT03846583 Tucatinib, abemaciclib, trastuzumab, aromatase I 0 MTD ORR in CNS; DOR in CNS;
inhibitor in: extracranial ORR; PFS; OS
® Exp arm: dose escalation
e Arm A: active brain metastases
* Arm B: surgical resection needed
* Arm C: progressive extracranial disease
NCT02423525 Afatinib patients with BMs having failed prior I 24 MTD ORR; PFS; OS
therapy
DESTINY-BREAST T-DXd in combination to: /Il 245 Safety ORR; PFS; PFS2; DOR; OS;

07 (NCT04538742)

e Exp arm 0: none

e Exp arm 1: durvalumab

e Exp arm 2: pertuzumab

® Exp arm 3: paclitaxel

e Exp arm 4: durvalumab + paclitaxel

e Exp arm 5: tucatinib

e Exp arm 6l: tucatinib (in pts with active BM)

e Exp arm 7: none (in pts with active BM)

T-DXd serum concentration;
durvalumab serum
concentration; pertuzumab
serum concentration;
paclitaxel plasma
concentration; tucatinib
plasma concentration;
T-DXd immunogenicity;
durvalumab
immunogenicity;
pertuzumab immunogenicity

Table 3 (continued)
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) ) . N. of pts  Primary )
Trial Trial design Phase (to date) endpoint(s) Secondary endpoint(s)
NCT02768337 Patients undergone neurosurgical resection I/ 70 Ratio of afatinib  Safety of afatinib alone and
of brain metastasis/ses concentration in: combined with targeted
e Exp arm 1: afatinib only at recommended phase (resected brain low-dose radiotherapy —
2 dose (RP2D) metastases)/ assessed by number of
o (plasma) — each  participants with treatment-
° E>.<p arm 2: afatinib RP2D + 2 Gy targeted measured in related adverse events
radiotherapy (ng/mL)
e Exp arm 3: afatinib RP2D + 4 Gy targeted
radiotherapy
HER2BAT Exp arm: T-DM1 + afatinib I 130 Safety; ORR PFS
(NCT04158947) Control arm: T-DM1
NCT01724606 Sorafenib + radiotherapy 21 MTD CNS-PFS
NCT03423628 AZD1390 (ATM inhibitor) + radiation therapy I 120 Incidence DLTs; EFS
o Arm A: 35 Gy of IMRT administered at daily MTD
fractions of 3.5 Gy over 10 fractions (2 weeks)
e Arm B: 30 Gy of WBRT or PBRT administered at
daily fractions of 3 Gy over 10 fractions (2 weeks)
* Arm C: 60 Gy of IMRT administered at daily
fractions of 2 Gy over 30 fractions (6 weeks)
NCT03765983 GDC-0084 (PI3K inhibitor) + trastuzumab I 47 ORR in CNS CBR; DOR; PFS; OS
InTTercePT Tucatinib addition in pts treated with pertuzumab I 55 PFS OS; CNS-PFS; safety
(NCT05041842) and trastuzumab who developed an isolated brain
relapse treated with local treatment (surgery and/
or radiation therapy)
NCT05769010 SHR-A1811 (anti-HER2 antibody-drug conjugate) I 75 ORR in CNS ORR; PFS; safety
in combination to:
e Exp arm 1: none
® Exp arm 2: pyrotinib
e Exp arm 3: bevacizumab
NCT05018702 ARX788 (site-specific anti-HER2 antibody-drug I 32 Clinical benefit PFS; OS; site of first
conjugate) in pts resistant or refractory to TKI rate for CNS progression; safety
NCT04348747 Anti-HER2/HERS dendritic cell vaccine + I 23 ORR in CNS Volumetric quantification

pembrolizumab in pts with asymptomatic BM

of brain metastases; ORR
in no-CNS; CNS-PFS; no-
CNS PFS; PFS; proportion
of patients who have a CNS
PFS; OS; safety; proportion
of patients not requiring
retreatment for their brain
metastasis at 6 months
since the first dose of anti-
HER2/3 vaccine; rate of
failure of irradiated lesions

BMBCs, brain metastatic breast cancers; pts, patients; Exp, experimental; ORR, objective response rate; CNS, central nervous system;
DOR, duration of response; BM, brain metastasis; PFS, progression-free survival; OS, overall survival; MTD, maximum tolerated dose;
IMRT, intensity-modulated radiation therapy; WBRT, whole-brain radiotherapy; PBRT, partial brain radiation therapy; T-DM1, trastuzumab
emtansine; DLTs, dose-limiting toxicities; EFS, event-free survival; CBR, clinical benefit rate; HER2, human epidermal growth factor receptor 2.
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trastuzumab, results in a significant increase in intracranial
PFES and OS. The efficacy of these drugs is radically
changing the therapeutic algorithm of these patients,
leaving loco-regional treatments (neurosurgical and/or
radiotherapy) as later options, with the aims of improving
survival and preserving quality of life of patients. Despite
these advances, clinical challenges still remain for patients
with leptomeningeal metastases and for patients who have
undergone cerebral progression following both loco-
regional treatments and the systemic therapies discussed
above. A deeper understanding of the molecular and
pathogenetic mechanisms underlying BMs development,
especially in HER2+ BC, could suggest novel targets and
be helpful in personalizing treatment strategies. In this
context, the role of CSCs and of BTB should also be further

elucidated.
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