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The multidisciplinary
management of HER2-positive
breast cancer brain metastases:
from new biological insights to
future therapeutic options
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The advent and success of new drugs for treating HER2-positive metastatic
breast cancer has led to a constant improvement in disease and progression-free
survival as well as overall survival. Despite these advantages, the overall survival
and quality of life of patients with HER2-positive breast cancer brain metastases
are significantly worse than the ones of patients with HER2-positive breast
cancer metastases outside the brain. For this reason, prevention and treatment
of brain metastasis remain a major clinical challenge and the keys to further
improving the clinical and survival outcomes of HER2-positive breast cancer
patients. This review discusses the etiopathogenesis of brain metastasis, the
currently available treatments, and the future perspective on new treatment
strategies and diagnostic tools.
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1 Introduction

One of the most common causes of brain metastases (BM) in oncology is breast cancer
(BC). The incidence of BM in BC patients is reported to be around 10% to 16% (1).

The risk of BM is higher in human epidermal growth factor receptor-2 positive (HER2+)
or triple-negative (TN) BC. These subtypes of BC account for 30-40% of all metastatic breast
cancer (MBC) (2, 3). Retrospective data reveal that almost half of patients with HER2+ or
triple-negative BC develop central nervous system (CNS) disease in their lifetime (3-6). In a
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real-world study of 1012 patients, the median time to first BM
appearance was 13.3 months from HER2+ MBC diagnosis (n=
302) (4).

The incidence of BM in these populations has progressively
increased over time (7). This is mainly due to three factors: 1. the
augmented awareness of BM, 2. more sensitive neuroimaging
techniques that enhanced early detection, and 3. the approval of
more effective systemic treatment that increases the control of
systemic disease and prolongs survival (8).

The management of HER2+ BCBM represents a noteworthy
clinical challenge. It requires the involvement of a multidisciplinary
team to tailor the optimal treatment sequence, which could include
a combination of local interventions, surgical or radiotherapeutic,
and systemic treatments (9, 10). To make this more challenging, the
recent approval of new drugs has demonstrated strong efficacy in
HER2+ BC BM control and has changed the therapeutic algorithm
for this group of patients (11).

This review discusses the activity of the therapeutic strategies
currently available for patients with HER2+ BCBM. In addition, a
specific focus is dedicated to the future directions of research and the
discussion of the open questions on BM early diagnosis (Figure 1).

2 Breast cancer brain
metastases pathogenesis

BC metastasis seeding is a complex multistep process. Different
factors and pathways determine this process. Metastases result from
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the selective growth within and release from the primary tumour of
subpopulations of cells with enriched survival and invasion
characteristics that enable them to survive and complete the
metastatic process (12).

BC can metastasise to different organs and tissues (13).
However, each BC subtype possesses different gene signatures and
relies on various signalling pathways for their growth and
dissemination; this implies that each BC subtype has specific
metastatic site preferences (14).

Specifically, HER2+ BCs have a higher BM risk than luminal BC
(ER+ or PR+).

Organ-specific colonisation is related to the interplay between
cancer cells and the local microenvironment and the consequent
activation of specific molecular pathways that favour cancer cells in
immune evasion and seeding and soiling the organ-specific
microenvironment (15, 16).

The CNS’s microenvironment differs radically from that of
extracranial lesions because of its distinctive anatomy, cell types,
metabolic constraints, and immune environment. A unique cellular
barrier tightly controls this microenvironment: the blood-brain
barrier (BBB), which allows for proper neuronal function (17).

The BBB consists of a highly selective semipermeable layer of
endothelial cells (ECs). The ECs’ tight junctions are responsible for
the BBB’s selectivity.

CNS vessels are continuous, non-fenestrated vessels. They own
specific properties that tightly regulate CNS homeostasis and protect
the brain from external toxic agents and pathogens. This selective BBB
needs to be overcome by cancer cells to enter the brain parenchyma (17).
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BCBM seeding process and currently available treatment options for BCBM. cfDNA, circulating cell-free DNA; ctDNA, circulating tumour DNA; MSC,
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Multiple pieces of evidence suggest that brain metastatic lesions
significantly alter the BBB. The metastatic process to the brain
passes through an alteration of BBB integrity, permeability, and
structural compositionl3 that transforms the BBB into a highly
heterogeneous and variably permeable blood-tumour barrier (BTB)
(18-21).

As initial steps of this transformation process, CD31+
endothelial capillaries enlarge and become less dense (18, 19),
preexisting blood vessels of BBB undergo vascular remodelling,
and local levels of vascular endothelial growth factor increase (20).
Additionally, in endothelial and astrocytic basement membranes,
levels of basement collagen membrane part IV and laminin o2
decrease (21).

Along with this, pericyte coverage is rearranged, with an
increase in the desmin+ pericytes subpopulation and a decrease
in the subpopulation CD13+,15+, and 16+, facilitating metastases’
invasion and progression to the brain (22, 23).

These alterations in the functional properties of the BBB are also
one factor that determines drugs’ reaching BCBM.

A deeper understanding of the tumour cells and tumour
microenvironment interactions in the brain could guide the
development of new preventive and therapeutic approaches for BM.

10.3389/fonc.2024.1447508

3 Therapeutic strategies

The management of patients with BCBM should be
multidisciplinary. Fundamentals include identifying the optimal
treatment type (local vs systemic vs combined), timing, and
sequence. Recently, the treatment of patients with HER2+ has
witnessed a drastic change due to the approval of new drugs
active at the CNS level.

Currently, managing patients with BCBM requires identifying
symptomatic vs. non-symptomatic patients because the most
updated guidelines indicate that treatment differs between the two
groups. The treatment of choice for symptomatic BM is traditionally
local. The number of BM, the performance status (PS), and the
control of no-CNS metastatic disease guide the choice between
neurosurgery and radiotherapy (24). Conversely, systemic
treatments are preferred for asymptomatic disease (Figure 2).

Furthermore, it is crucial to evaluate whether a patient with
active CNS involvement, even if asymptomatic, presents with CNS-
dominant versus extracranial-dominant disease. This distinction
matters as certain therapies have shown considerable efficacy in
reducing extracranial metastases, such as trastuzumab deruxtecan
(T-DXd) (25, 26), which is now also being recognized for its activity

Patient with HER2+ MBC
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at CNS level (25, 26). While agents like Tucatinib have
demonstrated significant efficacy specifically in treating CNS
metastases (27). Consequently, treatment decisions regarding
systemic therapy should be tailored to the individual patient,
taking into account both the specific BC characteristics and the
patient’s overall clinical status.

3.1 Local treatment

A good PS, a small number of BM, or large symptomatic lesions
(>=3cm) make patients the optimal candidates for surgery as
local treatment.

Adjuvant radiation therapy should be evaluated post-BM
resection because it offers advantages in terms of survival
outcomes, symptom control, and reduction of local recurrence
(28-30).

Post-operative stereotactic radiosurgery (SRS) should be the
first choice whenever possible. Compared to the postoperative
observation, SRS significantly reduced BM local recurrence (31-34).

When surgical resection is not feasible and if the patient is
symptomatic, radiotherapy is recommended. Radiotherapy can be
SRS or whole-brain radiotherapy (WBRT). The global volume
mainly determines the choice of one radiotherapeutic approach
over another (34).

SRS is a highly selective radiotherapy in which high-dose
radiation is delivered to focused, restricted areas. In the case of
intracranial (IC) lesions, the target accuracy of this technique is
~1 mm.

SRS is indicated in the case of a limited number (1-4) of BM or if
the cumulative BM volume is less than 15 ml, even in the case of a
higher number (5-10).

Conversely, WBRT is a low-selective way to deliver radiation,
which involves radiotherapy delivered to the whole brain.

A low benefit-risk ratio characterises WBRT; therefore, it
should be reserved only for patients unsuitable for SRS because of
the high number or volume of BM or the specific site of BM (e.g.,
BM with leptomeningeal involvement) (35). Supportive care should
be reserved for patients with poor PS.

3.2 Systematic therapy

Systemic therapy is crucial in the long-term control of BCBM.
Following the approval of Tucatinib and trastuzumab deruxtecan,
the international guidelines have made systemic therapy the first
choice in case of asymptomatic HER2+ BCBM (11).

In the context of managing HER2-positive BCBM, it is crucial
to distinguish between two essential aspects of systemic therapy.
Systemic therapy may function in a dual capacity: first, as a
preventative strategy to mitigate the risk of developing BMs,
particularly when administered as adjuvant therapy or in the
systemic management of MBC outside the CNS. Second, it can be
utilized therapeutically to address established BMs. Interestingly,
the same pharmacological agents may exhibit both prophylactic and
curative properties; however, their efficacy can differ markedly
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depending on the context of use. The following paragraph will
delve into these facets and their clinical repercussions for each
approved agent in the treatment armamentarium for HER2-
positive MBC.

The trials discussed above are summarised in Table 1.

3.2.1 Monoclonal antibodies

Trastuzumab and pertuzumab are FDA-approved HER2-
targeted monoclonal antibodies (mAbs) used to manage
metastatic HER2-positive breast cancer. While a robust body of
evidence supports their efficacy in preventing the development of
brain metastases (BCBM), studies assessing their intracranial
efficacy remain limited.

3.2.1.1 Trastuzumab

Trastuzumab is a humanised recombinant monoclonal antibody
that targets the extracellular domain (subdomain IV) of the HER2
protein and blocks the homodimerisation of the HER2 receptor.

Adding trastuzumab to standard chemotherapy has
significantly improved the survival outcomes of both HER2+
early BC (EBC) and MBC patients and is the standard treatment
in both settings (36-41).

Although trastuzumab has shown positive effects on the
survivals of HER2+ EBC, CNS recurrence still represents a major
health issue (42).

The role of trastuzumab in preventing and improving the
outcomes of patients with BCBM has been evaluated only in post
hoc and retrospective trials.

Two retrospective trials derived the preventive effects of
trastuzumab on BM occurrence. Both demonstrated that patients
with HER2+ BC who underwent trastuzumab treatment
experienced a significantly longer median time to BCBM than
patients who did not, with a gain of 11 months (HR 2.13, 95% CI
1.51-3.00, p = 0.28) (43, 44).

Several studies also demonstrated that trastuzumab prolongs
survival outcomes in patients with BCBM. From these studies, the
median OS (mOS) in patients with HER2+ BCBM who received
trastuzumab-based treatments was higher compared with mOS of
patients who did not receive trastuzumab, ranging respectively from
9.0 to 26 months vs 2.0 months to about 9 months (4, 43, 45-50).

Although the benefits derived from trastuzumab treatment,
patients with BCBM still have the worst clinical outcomes
compared to patients with MBC to organs outside the CNS.
Therefore, other strategies have been tested further to improve
the clinical outcomes of patients with BCBM. One of these strategies
is to increase intracerebral trastuzumab concentration.

Trastuzumab’s dose-dependent activity has been demonstrated
in IC tumour models (51). Therefore, a higher dose of trastuzumab
(6 mg/kg weekly) combined with pertuzumab was tested in the
phase II PATRICIA trial in HER2+ MBC patients with progressive
BM after radiotherapy (52). The CNS lesions disease control rate
was 68%; however, the overall response rate (ORR) was limited.

Other techniques to increase IC trastuzumab concentration
include an intrathecal or a super-selective intra-arterial cerebral
infusion of trastuzumab.

frontiersin.org
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TABLE 1 CNS outcomes in main clinical trials with anti-HER2 agents.

10.3389/fonc.2024.1447508

CLEOPATRA  PATRICIA LANDSCAPE EMILIA TH3RESA  KAMILLA NALA (621) CEREBEL
(n=808) (n=40) (n=45) (n=991)  (n=602) (n=2002) (n=540)
Trial design = TII R I I IR IR 1IIb IR IR
Active D+T+P Thd +P C+L T-DM1 T-DM1 T-DM1 C+N C+T
Treatment
Comparator D+T - - C+L - - C+L C+L
PTS with 0 100 100 9.6% 11.1% 19.9% (6.3% 16.3% 0
BM (%) measurable
BM)
BM Not included Progressed Untreated, Stable, Stable, Stable, treated Stable, Not included
inclusion to previous asymptomatic asymptomatic =~ asymptomatic, | with previous asymptomatic
criteria or symptomatic previous RT RT or
untreated,
asymptomatic
Outcome Time to BMs as ORR: 11.1% Objective CNS Median PFS: Median PFS: Median PFS: Cumulative CNS
first site of 6mo- response:65.9% 59 vs 5.7 5.8 vs 2.9 5.5 months incidence of metastases at
progression: CBR: 51% Objective CNS months months Median OS: any first site of
15.0 vs 11.9 response (RECIST): HR: 1.00 HR: 0.47 18.9 months intervention for = relapse 5% vs
month; HR 0.58 57% Improvement of 95% CI: 95% CI: 0.24— ORR (all sites): CNS disease: 3%
95% CI 0.39-0.85, symptoms: 58% 0.54-1.84 0.89 21.4% CBR (all 22.8% vs 29.2% | Incidence of
P =0.0049. TTP: 5.5 months 6- P=1.00 P=NA sites): 42.9% HR: 0.78 CNS
OS in pts with BM months OS: 90.9% Median OS ORR (on CNS 95% CI: 0.60- progression=
as first site of Median OS: 26.8 vs 12.9 disease): 42.9% 1.01 6% vs 7%
progression: 34.4 17.0 months months P =0.043 Median time
vs 26.3 months; HR 0.3 to CNS
HR 0.66 progression=
95% CI 0.39-1.11 4.4 vs
P =0.1139 5.7 months

BMs, Brain metastases; C, Capecitabine; CNS, Central Nervous System; CBR, Clinical Benefit Rate; D, Docetaxel; hd, high-dose; HR, Hazard Ratio; L, Lapatinib; N, Neratinib; NA, not Applicable;
ORR, Overall Response Rate; OS, Overall Survival; P, Pertuzumab; Pbo, Placebo, PFS, Progression Free Survival; pts, patients; R, randomized; RT, radiotherapy; T, Trastuzumab; T-DM1,
Trastuzumab emtansine; T-DXd, Trastuzumab deruxtecan; TPC, Treatment of Physician Choice; TTP, Time to Progression; Tuc, Tucatinib.

The bold values were inserted for graphical reasons.

The safety and activity of intrathecal trastuzumab for
leptomeningeal metastases have been reported in phase I/II trials,
numerous case reports, and retrospective cohort studies. In all these
reports, intrathecal trastuzumab showed a good safety profile and a
discrete benefit (53, 54).

A trial investigating intra-arterial cerebral trastuzumab infusion
is ongoing in patients with HER2+ BCBM (NCT02571530).

3.2.1.2 Pertuzumab

Pertuzumab is a recombinant human monoclonal antibody that
prevents HER2 from merging with other HER family receptors by
binding HER?2 extracellular subdomain II (55).

Therefore, pertuzumab acts synergistically with trastuzumab.

The CLEOPATRA phase III trial results made pertuzumab to be
approved as the first-line treatment of HER2+ MBC. In this study, the
addition of pertuzumab to the standard first-line treatment, trastuzumab
and taxanes, showed a significant improvement in progression-free
survival (PES) (HR 0.68, P <0.001) and OS (HR: 0.68, P < 0.001) (56).

In the CLEOPATRA study, the presence of BM was an
exclusion criterion. However, an exploratory analysis showed that
pertuzumab prolonged by 3.1 months the median time to CNS
metastases HR 0.58, 95% CI 0.39-0.85, p=0.0049) (27).

These results suggest the role of pertuzumab in BM prevention.

Data concerning the intracranial efficacy of Pertuzumab
predominantly stem from a retrospective trial assessing the

Frontiers in Oncology

intracranial response in HER2-positive patients with brain
metastases (BCBM) treated with concomitant trastuzumab and
pertuzumab. Notably, this cohort’s intracranial overall response
rate (IC-ORR) reached 92.9%. However, it’s important to note that
88.5% of these patients also received local treatments either
concurrently or prior to initiation of the pertuzumab/trastuzumab
regimen. This suggests that the reported efficacy may reflect a
synergistic effect rather than isolating the intrinsic intracranial
activity of Pertuzumab alone (57).

3.2.2 Antibody-drug conjugates

Antibody-drug conjugates (ADCs) are sophisticated therapeutic
agents composed of mAbs linked covalently to cytotoxic agents
through a chemical linker. This design harnesses the specificity of
mAbs for targeted delivery to neoplastic cells while simultaneously
utilising the drug’s potent cytotoxicity. This dual mechanism
facilitates the precise and effective eradication of cancer cells,
positioning ADCs at the forefront of anticancer drug
development and research.

Ado-Trastuzumab Emtansine (T-DM1) and Trastuzumab
deruxtecan (T-DXd) are currently the two FDA-approved anti-
HER2 monoclonal antibodies for managing HER2-positive
metastatic breast cancer (MBC). Among these, T-DXd has the
most extensive clinical evidence demonstrating its efficacy not
only in the prevention but also in the treatment of BMs.

frontiersin.org
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3.2.2.1 Ado-trastuzumab emtansine

Trastuzumab emtansine (T-DM1) was the first antibody-drug
conjugate (ADC) approved for HER2+ BC. T-DMI consists of
trastuzumab covalently linked via a stable thioether linker with the
antimicrotubule agent DMI1. Therefore, the DMI1 is precisely
delivered to the HER2-expressing cells (58).

Based on the randomised phase III EMILIA trial results, T-
DM1 has been approved as second-line treatment after the failure of
trastuzumab and pertuzumab in HER2+MBC (59). This study
compared T-DMI and the combination of lapatinib-capecitabine
in HER2+ MBC metastatic patients who progressed after taxane
and trastuzumab treatment.

T-DML1 significantly prolonged median PFS (9.6 months versus
6.4 months; HR 0.65, P<0.001) and OS (HR = 0,68, P < 0,001) over
lapatinib and capecitabine.

In a secondary analysis of the EMILIA trial, the efficacy of T-
DM1 vs. lapatinib-capecitabine was evaluated in patients with BM.
Retrospectively, 95 patients enrolled in the EMILIA trial had
asymptomatic CNS metastases. T-DM1 achieved a significantly
longer OS in this subpopulation than lapatinib and capecitabine
(26.8 vs. 12.9 months, HR = 0.38, P =0.008) (60).

A subgroup analysis of the KAMILLA trial further
demonstrated the efficacy and safety of T-DM1 in patients with
HER2+ BCBM. T-DM1 achieved a BM response rate of 21% in the
398 patients with BM enrolled in the trial, making register 6 months
and 19 months of mPFS and mOS (61).

Several retrospective studies confirmed the efficacy of T-DM1
on BM treatment, with documented BM response rates up to
44% (62).

3.2.2.2 Trastuzumab deruxtecan (DS8201)

Trastuzumab deruxtecan (T-DXd) is a second-generation ADC
composed of trastuzumab linked by a cleavable linker with DXd, a
cytotoxic topoisomerase I inhibitor. The higher antibody: cytotoxic
ratio (1:8) of T-DXd compared to T-DM1 and the highly
membrane-permeable payload make T-DXd more efficient in the
presence of lower HER2 expression.

In the DESTINY-Breast01 trial, T-DXd demonstrated a durable
antitumor activity in a pretreated patient population with HER2
+-MBC. Trastuzumab deruxtecan achieved an RR of 60.9% (95%
CI, 53.4-68.0), with 6.0% of patients having a complete response
(CR) and 54.9% a partial response (PR). The median time to
progression (TTP) was 16.4 months (95% CI, 12.7 to not
reached). A good TTP of 18.1 months (95% CI, 6.7 to 18.1) was
also achieved in the 24 enrolled patients with treated and
asymptomatic BM at baseline (25).

DESTINY-Breast03 (DBO03) trial results made T-DXd to be
approved as second-line treatment for MBC patients after one anti-
HER2-based regimen failure. In this trial, T-DXd obtained a
significantly longer mPFS (28.8 months) compared to T-DM1
(6.8 months) (HR= 0-33; 95% CI 0-26-0-43; p<0-0001) in HER2+
MBC progressed on a first-line therapy with trastuzumab and
taxane. The same superiority was also registered in terms of mOS
(HR=0-64; 95% CI 0-47-0-87; p=0-0037) (26). In the DBO3 trial, 82
patients with stable BMBC were included. Data from this subgroup
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was presented at the San Antonio Breast Cancer (SABCS) meeting.
In patients with BM at baseline (n=82), median PFS was 15 months
with T-DXd vs 3 months with T-DM1: a 75% improvement
favouring T-DXd. Among these patients, the confirmed ORR for
T-DXd was 67.4% vs 20.5% for T-DM1 (25, 26).

At the European Society for Medical Oncology Congress 2023, a
pooled analysis of DESTINY-Breast01, -02 and -03 was presented to
assess the efficacy of T-DXd in patients with BCBM. One-hundred-
forty-eight patients who received T-DXd had BMs at baseline; 104
(70.3%) had treated BMs, and 44 (29.7%) had untreated BMs; 16.3%
of patients with treated/stable BMs had a CR. 15.9% of patients with
untreated/active BMs had a CR. IC- ORR was 45.2% in the treated/
stable BMs group and 45.5% in the untreated/active BMs group.

Other trials evaluated the role of T-DXd in treating active BMs.
The TUXEDO-1 trial was a single-arm prospective trial in patients with
pre-treated trastuzumab and pertuzumab and newly diagnosed
untreated BM or active BM progressing after previous local therapy,
with no indication of immediate local treatment. T-DXd achieved a RR
of 73.3% (11/15). The median PFS was 14 months (95% CI 11.0
months-NA). The median PFS was maintained in all patient subgroups
(previous BM treatment, T-DM1 therapy, hormone receptors positive
vs negative and ECOG). Only three dead were registered at the 12-
month data cut-off. Therefore, the median OS was not reached (63).

A TJapanese real-world study (UMIN000044995) consolidated the
role of T-DXd in patients with HER2+ BC with BM or leptomeningeal
carcinomatosis. The trial demonstrated an IC-ORR of 62.7% (95% CI,
48.1%-75.9%), an intracranial stability rate of 31.4%, and intracranial
progressive disease rates of 5.9% among the 59 patients with IC disease.
The overall 6-month IC clinical benefit rate (CBR) in this
subpopulation was 70.6% (95% CI, 56.2%-82.5%) (64).

The ongoing DEBBRAH trial (NCT04420598) evaluates T-DXd
efficacy in patients with HER2+ and HER2-low BC CNS metastases.

Patients with stable, untreated, or progressing BMs from HER2
+ or HER2-low pre-treated MBC could be enrolled in this five-
cohort phase II study. Preliminary results showed that T-DXd
achieved a 16-week PFS rate of 87.5%; the IC-ORR of HER2+ BC
patients with asymptomatic untreated BM was 50.0% and 44.4% for
patients with progressive BM. The overall IC-RR was 46.2%
(asymptomatic untreated + progressing BMs) (65).

Lastly, at ESMO 2024 were presented the data on patients with
HER2-positive BCBM treated with T-DXd in the context of the
ongoing DESTINY B12 (NCT04739761) phase 3b/4 multicenter
trial. These patients could have received up to 2 lines of therapy in
the metastatic setting, and have stable or active BMs. In patients
with BMs, the 12-month PFS rate was 61.6% (95% CI, 54.9%-
67.6%) and the 12-month central nervous system PFS was 58.9%
(95% CI, 51.9%-65.3%). The rates were similar in patients with
stable (57.8%; 95% CI, 48.2%-66.1%) and active (60.1%; 95% CI,
49.2%-69.4%) BMs. These results demonstrated significant
intracranial activity of T-DXd (66).

3.2.3 Tyrosine kinase inhibitors

TKIs, as small molecules, have shown significant success in
treating HER2+ BCBM due to their ability to potentially penetrate
the blood-brain barrier (BTB) and simultaneously inhibit multiple
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receptors within the ErbB2 family. Currently, three TKIs are
approved for HER2+ MBC: lapatinib, neratinib, and tucatinib. Of
them, tucatinib demonstrated better outcomes.

3.2.3.1 Lapatinib

Lapatinib is an oral reversible inhibitor of epidermal growth
factor receptor (EGFR) and HER2 TKs (67).

In a phase II trial, Lapatinib plus capecitabine achieved an IC-
ORR of 30% in patients with WBRT-pre-treated BM (68, 69).

In the LANDSCARPE trial (single-arm phase II), the efficacy of
lapatinib plus capecitabine was further confirmed in the first-line
setting. The combination achieved a 65.9% CNS ORR, 5.5 months
of median time to CNS progression and 8.5 months to WBRT in 45
patients with untreated low-volume BM (70).

Despite these results, a subgroup analysis of the EMILIA trial
did not demonstrate the superiority of lapatinib and capecitabine
over T-DMI in treating established BM. 52.

Furthermore, in terms of BM prevention, first-line or second-
line treatment with lapatinib and capecitabine was not superior to
trastuzumab plus capecitabine (3% vs 5%, P = 0.36) as for the results
of the CEREBEL trial (71).

3.2.3.2 Neratinib

Neratinib is an oral, irreversible pan HER TKI (72).

Neratinib plus capecitabine demonstrated an ORR of 49% (18
patients) and a 6-month DCR of 19% (7 patients) in lapatinib naive
(n = 37) patients with HER2+ BCBM enrolled in the phase II
TBCRC 022 trial. In this population, the median PFS was 5.5
months, and the median OS was 13.3 months (73).

In the NALA study, neratinib plus capecitabine reduced the’ overall
cumulative incidence’ of intervention for BM (mostly RT) by 7% (from
29.2% to 22.8%; p = 0.043) compared to lapatinib plus capecitabine in
130 patients with HER2+ BMBC in the second/third line of
treatment (74).

In the open-label NEfERT-T trial, neratinib plus paclitaxel was
compared with trastuzumab plus [paclitaxel as first-line treatment
for recurrent or metastatic HER2+; in these trials, patients with
asymptomatic CNS metastases were allowed to enroll (75). Median
PFS was the same in both arms (12.9 months vs 12.9 months).
However, neratinib-paclitaxel was superior in reducing the
incidence (HR: 0.48; 95% CI, 0.29-0.79; p = 0.002) and delaying
time to CNS metastases (HR, 0.45; 95% CI, 0.26-0.78; p = 0.004).

A phase II trial for HER2+ BCBM patients (NCT01494662) is
evaluating the treatment with neratinib plus T-DM1 patients.

3.2.3.3 Tucatinib

Tucatinib is an oral TKI that reversibly inhibits HER2. In 2020,
the FDA approved the combination of tucatinib, capecitabine, and
trastuzumab as > a second-line treatment in patients with
inoperable or metastatic HER2+ BC.

Tucatinib is the only anti-HER2 treatment that has
demonstrated a benefit in HER2+ BCBM outcomes in a study
with specific BM endpoints (28).

In light of the results of a phase I trial, which demonstrated a
notable efficacy of tucatinib + capecitabine + trastuzumab in BCBM
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control (76), the HER2CLIMB trial has been designed to assess the
effectiveness of tucatinib added to trastuzumab and capecitabine in
patients with HER2+MBC. Of the 291 patients with HER2+ BMBC
enrolled in the trial, 174 had active BM, and 117 had stable BM after
a previous treatment.

The addition of Tucatinib achieved a higher CNS ORR than the
control arm (47% vs 20%, p = 0.03), a 3.8months longer median
duration of response, and a 5.7 months gain in median CNS PES
(p <.00001). The risk of progression or death in patients with BM
was significantly reduced by 68% in the tucatinib arm (HR 0.32,
P <0.00001), with a significant prolongation of mOS in the
subgroup of patients with BM (18.1 versus 12.0 months). The
registered advantages were similar in both patients with active
and stable BM populations (28).

The HER2CLIMBO2 trial compared T-DM1 alone to T-DM1
plus Tucatinib. Preliminary results were presented at the SABCS
meeting in December 2023 (77).

Two hundred four patients with BM were enrolled in this trial,
107 with active BM and 97 with treated and stable BM. Adding
tucatinib to T-DM1 improved the median PES in this population
(7.8 months vs 5.7 months; HR 0.64). mOS was not yet
reached (77).

4 Future perspective

The management of brain metastases is poised to evolve by
integrating new therapeutic algorithms, driven by the recent approval
of and the advent of new CNS-active pharmacotherapies, and the
development of enhanced diagnostic modalities, which will facilitate
earlier detection of brain metastases and, ideally, allow for the proactive
identification of patients at risk for developing these metastases.

Many trials are ongoing to evaluate new drugs in association
with already approved anti-HER2 treatment and to identify new
strategies for prevention and early diagnosis (Table 2).

4.1 New drugs

4.1.1 TKls under development

Afatinib, an HER2 and EGFR inhibitor, is under investigation
in phase I of the dose-finding trial (NCT02423525) in HER2+ BM.
Furthermore, it is under evaluation in a phase II trial
(NCT02768337) that will assess whether or not the Afatinib
penetrance into BM combined with low-dose targeted radiation
post-BM surgery. The HER2BAT phase I/II trial tests T-DMI1
mono-therapy vs T-DMI1 combined with afatinib (NCT04158947).

The combination of Pyrotinib, a HERI1-2-4 inhibitor, and
vinorelbine is under evaluation in a phase II trial for HER2+ BM
patients (NCT03933982).

4.1.2 Targeted therapy

Numerous studies are ongoing to evaluate targeted therapies
beyond TKIs further. Among the drugs studied are CDK4/6, PI3K,
and ATM inhibitors.
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TABLE 2 Ongoing trials in HER2-positive BCBM.
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NCT Identifier Phase Treatment Biomarkers
NCT04030507 I Preventive: Screening MRI of the brain in MBCs All subtypes
NCT05115474 I Screening brain MRIs in stage IV breast cancer All subtypes
NCT03994796 I Genetic testing in guiding treatment for patients with BMs All subtypes
NCT03617341 I Brain Monitoring for High Risk of Brain Metastases in Metastatic Breast Cancer All subtypes
NCT03933982 I Pyrotinib + vinorelbine HER2+
NCT04639271 I Pyrotinib + trastuzumab + Nab paclitaxel HER2+
NCT01494662 I Preoperative neratinib with or without capecitabine or T-DM1 HER2+
NCT04760431 11 Taxanes + Trastuzumab + Pertuzumab vs Taxanes + Trastuzumab + TKI (neratinib or HER2+
tucatinib; HER2BRAIN)
NCT05323955 1I HP or T-DMI1 + tucatinib HER2+
NCT04512261 I Tucatinib + trastuzumab + pembrolizumab (TOPAZ) HER2+
NCT04739761 111 T-DXd HER2+
NCT04760431 1I Taxanes + Trastuzumab + Pertuzumab vs Taxanes + Trastuzumab + pyrotinib HER2+
NCT05018702 11 ARX788 HER2+
NCT04539938 1I T-DXd, tucatinib HER2+
NCT03190967 /11 Metronomic temozolomide and T-DM1 HER2+
NCT03765983 11 Paxalisib (GDC-0084) + trastuzumab HER2+
NCT04348747 11 Anti-HER2/HER3 dendritic cell vaccine ID, celecoxib, interferon alfa-2b followed HER2+
by pembrolizumab

NCT04158947 1I Afatinib, T-DM1 HER2+
NCT04509596 I DZD1516 with capecitabine or T-DM1 HER2+
NCT05593094 I ZN-A-1041 or ZN-A-1041 combination HER2+
NCT03714243 NA HIFU (ExAblate BBBD) HER2+

MBCs, Metastatic Breast Cancers; MRI, Magnetic Resonance Imaging; BMs, Brain metastases; T-DM1, Trastuzumab emtansine; T-DXd, Trastuzumab deruxtecan.

The bold values were inserted for graphical reasons.

CDK4/6 inhibitors have generated much interest for their
capacity to cross the BBB. The primary endpoint of the phase II
study NCT02308020 was to assess IC-ORR in patients receiving
abemaciclib with brain or leptomeningeal metastases (LM)
secondary to HR+mBC. However, this study did not reach its
goal; therefore, further studies are warranted.

Palbociclib is being investigated as monotherapy or in
combination with trastuzumab, lapatinib, and fulvestrant in two
single-arm phase II trials in patients with HER2+ BCBM
(NCT02774681, NCT04334330).

A PI3K inhibitor, GDC-0084, is currently under investigation in
a phase II trial enrolling patients with HER2+ BCBM
(NCT03765983) in combination with trastuzumab.

4.1.3 Immunotherapy

BC has traditionally been regarded as immunologically silent.
Several pieces of evidence have recently supported that a subsection
of BCs can stimulate the immune system, and some breast tumours
have a considerable lymphocytic infiltration (78). This lymphocytic
infiltration is found within the tumour and is characterised by a
high density of tumour-infiltrating immune (TILs) cells that occupy
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> 50% of the tumour bed. The proportion of TILs is known to be
directly correlated with the prognosis (79).

Several trials are investigating the efficacy and safety of adding
immune checkpoint inhibitors to anti-HER2 treatment.

Pembrolizumab plus trastuzumab are currently being
investigated in a phase Ib/II trial (PANACEA-trial). The trial is
enrolling patients with trastuzumab-resistant PD-L1+ HER2+
MBC (80).

A similar trial, the PembroMab (phase Ib/II) trial
(NCT02318901), evaluates pembrolizumab plus trastuzumab or
T-DM1 safety and efficacy. Patients with HER2+ MBC are
enrolled in this trial irrespective of PDL1 status.

The safety and effectiveness of the combination atezolizumab,
paclitaxel, trastuzumab, and pertuzumab are currently under
investigation in a single-arm phase II trial in patients with HER2
+ locally advanced, unresectable or metastatic BC (NCT03125928).

Several other combinational strategies, including PD-1/PD-L1
inhibitor treatment, are under evaluation. Specifically, regarding
patients with BM, the combination of immuno-therapy with SRS is
under investigation in three clinical trials: a phase I trial with
nivolumab (NCT03807765), a phase II trial with atezolizumab

frontiersin.org


https://www.clinicaltrials.gov/ct2/show/NCT04030507
https://www.clinicaltrials.gov/ct2/show/NCT05115474
https://www.clinicaltrials.gov/ct2/show/NCT03994796
https://www.clinicaltrials.gov/study/NCT03617341?cond=NCT03617341&rank=1
https://www.clinicaltrials.gov/ct2/show/NCT03933982
https://www.clinicaltrials.gov/ct2/show/NCT04639271
https://www.clinicaltrials.gov/ct2/show/NCT01494662
https://www.clinicaltrials.gov/ct2/show/NCT04760431
https://www.clinicaltrials.gov/ct2/show/NCT05323955
https://www.clinicaltrials.gov/ct2/show/NCT04512261
https://www.clinicaltrials.gov/ct2/show/NCT04739761
https://www.clinicaltrials.gov/ct2/show/NCT04760431
https://www.clinicaltrials.gov/ct2/show/NCT05018702
https://www.clinicaltrials.gov/ct2/show/NCT04539938
https://www.clinicaltrials.gov/ct2/show/NCT03190967
https://www.clinicaltrials.gov/ct2/show/NCT03765983
https://www.clinicaltrials.gov/ct2/show/NCT04348747
https://www.clinicaltrials.gov/ct2/show/NCT04158947
https://www.clinicaltrials.gov/ct2/show/NCT04509596
https://www.clinicaltrials.gov/ct2/show/NCT05593094
https://www.clinicaltrials.gov/ct2/show/NCT03714243
https://doi.org/10.3389/fonc.2024.1447508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

von Arx et al.

(NCT03483012) and a phase I/II trial with pembrolizumab
(NCT03449238). These trials evaluate whether combining
immunotherapy and radiotherapy could increase the abscopal effect.

4.2 New diagnostic tools

An essential clinical goal is the prevention or early detection of
BM in addition to treating patients with BM. However,
international guidelines do not recommend brain screening for
BC patients because of contrasting data on its potential benefit. Four
studies (NCT03881605, NCT04030507, NCT0361734 and
NCT00398437) are investigating the potential benefits of
systematic radiological screening for early detection.

In addition, the approval of new drugs significantly active at the
CNS level that can delay the WBRT has made the early identification
and diagnosis of BM crucial. Thanks to the advances in neuroimaging
techniques, the identification of BM is becoming more sensitive, even
in the case of low BM dimensions (81). However, it does not add
molecular and biomarker-specific information that can be only
obtained by the histopathological analysis of tumour tissue. The
availability of BM tissue requires brain surgery, which is complex and
risky. Since genomic characterisation of tumour tissue is essential to
cancer diagnosis and treatment, liquid biopsy (LB) is extremely
interesting, especially in gaining information on metastasis in
complex access sites (82-84).

LB is a non-invasive and simple procedure that allows dynamic
observation of tumour characteristics and drivers through the
detection of circulating tumour cells (CTCs), circulating tumour
DNA (ctDNA), circulating cell-free DNA (cfDNA), and free
circulating nucleic acids (NAs) (mRNA and non-coding RNA) in
the blood or cerebrospinal fluid (CSF) (82, 83).

cfDNA includes various forms of DNA freely circulating in
body fluids. It can derive from cancer cells but is not limited to that.
Although cfDNA levels increase in tumours, other conditions or the
presence of mutations-derived clonal haematopoiesis of
indeterminate potential could be confounding (85).

Conversely, ctDNA, a subset of cfDNA, derives specifically from
the tumour, particularly from CTCs undergoing apoptosis and CNS
tumour NAs entering biofluids by crossing the BBB (86).

Because of cancer derivation, the concentration of ctDNA in
biofluids is generally low. In plasma samples, ctDNA is estimated to
be <1% of all cfDNA, and this is even lower in EBC, where disease
burden is typically lower (87). This low concentration represents a
limit in ctDNA detection and makes methods for that detection
highly specific but poorly sensitive. Another limitation is the
unequal release of ctDNA/cfDNA from the primary tumour and
metastases, raising uncertainty about whether the alterations
detected in ctDNA accurately reflect tumour heterogeneity.
Despite these limitations, ctDNA detection methods are
constantly improving, increasing the detection sensitivity (88).

Currently, ctDNA is used to identify genomic alterations and
epigenetic signatures that may anticipate prognosis, monitor
response to treatment and identify therapeutic targets in CNS
tumours. Still, it has not yet been used to obtain the same
information in BMs.
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CTCs are a rare subgroup of cancer cells that enter biofluids
from solid tumours (89, 90).

CTCs circulation time is almost 1-2.5 hours before degradation
by the immune system; however, a small fraction of CTCs can
survive and lead to cancer progression by seeding and growing in
distant metastatic sites (91). Being precursors of cancer progression,
CTCs detection can allow early detection and the identification of
progressive disease. This is particularly useful in malignancies, such
as CNS tumours, for which re-biopsy is risky (92).

A study of CTCs in MBC evaluated the correlation between the
number of CTCs and clinical outcomes, demonstrating that a high
number of CTCs (>5 per 7.5 ml of whole blood) before treatment is
an independent predictor of shorter PFS and OS (93). In addition,
monitoring CTCs levels during treatment allows early evidence of
resistance to therapy (94).

Despite the promising prognostic role of CTCs, their clinical
application is limited by the challenges of the isolation process. To
standardise this expensive and challenging sequencing process, the
CellSearch system was granted FDA approval as a clinical method
to be used in MBC patients. As for ctDNA, another challenging
issue is whether CTCs are indicative of full tumour heterogeneity
since there is uncertainty about the equal and uniform shedding of
primary tumours and metastases (95).

Besides evaluating CTCs levels, which do not have a
fundamental role in detecting BCBM, CTCs can provide DNA,
RNA and protein that can conversely give information on
metastasis localised in sites challenging to reach with biopsy. In
addition, CTCs can be cultured and studied to predict the pathway
of metastasis dissemination and, in the case of specific gene
signatures, enable early detection of metastatic disease with a
specific tropism for the brain (96). This is because BM could
derive from primary tumours by disseminating CTCs with
particular characteristics into the blood.

Zhang et al. identified a specific BM molecular signature in
CTCs isolated from 38 BC patients, comprising HER2+/EGFR
+/HPSE+/Notchl+ pathways markers. Suggesting the use of these
markers for the specific targeting of BM-initiating CTCs (97). They
also demonstrated that CTCs associated with BMs are characterised
by increased activity of Notch signalling pathways, pro-
inflammatory chemokines, immunomodulatory networks and
mitogenic growth factors (98).

Molecular profiling of CTC lines derived from BC patients
showed an overexpression of MYC and a copy-number gain of
SEMA4D, a BBB transmigration mediator in these CTCs.
Therefore, these are identified as novel markers for BM (96).

The recent research on CTCs in BM and the identification of
specific biomarkers could push forward the role of CTCs as
anticipators of BM and, therefore, the role of their targeting in
reducing the risk of BM development (96).

Another diagnostic tool that could be essential in characterising
BM without tissue biopsy is the isolation of EVs. EVs are
membrane-bound vehicles released by almost all types of cells.
They regulate the mediation of intercellular communication,
remodelling of membranes, recycling, and elimination of cellular
components (83, 84, 99, 100). A diverse array of particles sourced
from parental cells can be enclosed inside the EVs. These include
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proteins, mRNA, circRNA, miRNA, IncRNA, lipids and DNA;
among these, the macromolecules of higher interest when EVs are
used as liquid biopsy biomarkers are RNA, proteins, and microRNA
(miRNA) are (101).

EVs have recently gained popularity as liquid biopsy
biomarkers because they offer numerous advantages compared to
other liquid biopsy molecules. First, EVs exist in nearly all body
fluids. Secondly, EVs have good biological stability, enabling storage
at various temperatures (101).

Moreover, EVs could mirror genuine biological mechanisms of
metastatic dissemination since EV contents originate from viable
parent cancer cells, unlike circulating tumour DNA (ctDNA) (102).
These EVs can express surface proteins unique to their originating
cells, facilitating the identification of organ- or tumour-specific
exosomes and the anticipation of organ-specific metastases (103).
Additionally, exosomal DNA exhibits superior sensitivity and
specificity compared to ctDNA in detecting mutational frequencies,
potentially serving as a prognostic biomarker (104-106).

LB are crucial instruments for continuous sampling throughout
a patient’s treatment, offering real-time insights into the tumour-
evolving mutation profile. Furthermore, they can act as predictive
indicators for precision medicine. NGS methods can be used to
construct cancer mutation profiles and develop patient-specific
panels for tailoring treatment.

5 Conclusions

BMs represent a devasting event for patients with HER2+ MBC
and remain an unsolved requirement, given that all these patients
will inevitably necessitate local treatments, which could lead to
potentially distressing and debilitating consequences.

HER2+ MBC patient treatment is rapidly evolving, with the
approval of new drugs that can delay invalidating treatment, such as
WBRT. However, further studies are required to understand the
resistance mechanisms to these therapies better and to allow
treatment-sequencing optimisation.

One of the ongoing debates is whether clinicians should persist
with the current treatment approach in the event of oligo
progression at the cerebral level following locoregional therapy.
Alternatively, the introduction of highly effective agents that not
only treat but also prevent further intracranial progression raises
the question of whether a therapeutic switch to these agents
is warranted.

On the one hand, the progress in systemic therapy has
facilitated the postponement of local treatment for BM.
Conversely, it has also introduced a new viewpoint regarding
radiation-induced necrosis (RN), which may be influenced by the
timing of these systemic treatment regimens with RT.

Recent findings highlight an elevated risk of severe radiation
necrosis (RN) associated with antibody-drug conjugates (ADCs)
such as T-DM1 and T-DXd when given concurrently with cranial
radiotherapy (CNS-RT), defined as administration within a 4-week
window prior to or following radiation. Data from a recent trial
indicated that symptomatic RN occurred in 27% of patients in the
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concurrent treatment cohort, compared to just 7% in the non-
concurrent cohort (p = 0.014) (107). In contrast, the DESTINY-
Breast03 trial did not categorize RN as an adverse event of special
interest, largely due to the prohibition of radiotherapy during the
study period and the absence of information on prescribed
treatment following CNS progression (25, 26).

In the context of Tucatinib in combination with RT, the
HER2CLIMB trial required a minimum interval for the inclusion
of patients with prior CNS-RT and permitted treatment
interruptions of up to 6 weeks to facilitate local therapy for CNS
progression. The regimen utilized in HER2CLIMB (Tucatinib,
Capecitabine, and trastuzumab) can be re-administered a
minimum of 7 days post-SRS or 21 days after WBRT (28).

Looking ahead, further research is needed to conduct a
comprehensive analysis of salvage CNS-RT and its association
with RN incidence, aiming to optimize radiotherapy strategies for
CNS progression in the context of ADC treatment.

In this evolving therapeutic scenario, early detection of BM has
a fundamental role. Enhanced comprehension of the mechanisms
underlying BM and thorough molecular characterisation of BM
could offer valuable assistance in finding more selective and effective
strategies for early detection and treatment of BM.

Such objectives could benefit from the new and more
sophisticated tumour analysis methods and circulating
biomarkers detection.

Circulating biomarkers such as tumour nucleic acids, CTCs,
and EVs offer insights into tumour evolution, particularly for
tracking treatment response and disease advancement. While
further refinement in biomarker detection techniques is necessary,
these tools have already proven their diagnostic, prognostic, and
predictive significance across various tumour types, including
breast cancer. Additionally, they could be utilised in preclinical
settings to explore mechanisms of acquired drug resistance, tumour
invasion, and spread.

Author contributions

Cv: Conceptualization, Funding acquisition, Methodology,
Writing - original draft, Writing - review & editing, Formal
analysis. CC: Data curation, Writing - original draft. AC: Data
curation, Formal analysis, Writing - review & editing. BM:
Software, Visualization, Writing — original draft. CM: Validation,
Writing - review & editing. VD: Validation, Writing - review &
editing. IC: Validation, Writing — review & editing. DC: Validation,
Writing - review & editing. MD: Supervision, Writing - review
& editing.

Funding

The author(s) declare financial support was received for the
research, authorship, and/or publication of this article. This work
was supported by the Italian Ministry of Health research 5x1000
funds 2020.

frontiersin.org


https://doi.org/10.3389/fonc.2024.1447508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

von Arx et al.

Acknowledgments

We thank the Italian Ministry of Health.

Conflict of interest

CvA: honoraria or travel grants from Daiichi Sankyo, Gilead, Ipsen,
Takeda, Sanofi and AstraZeneca. VDL: honoraria or travel grants from
Amgen, Seagen, Veracyte, Pfizer, Roche, Genetic and Exact Sciences.
MDL: honoraria or speaker’s fee from AstraZeneca, Daiichi Sankyo,
Exact Sciences, Eisai Eli Lilly, Gilead, Genetic, GSK, Genzyme, MSD,
Menarini, Novartis, Pfizer, Pierre Fabre, Seagen, Tomalab, Sanofi, Roche.

References

1. Barnholtz-Sloan JS, Sloan AE, Davis FG, Vigneau FD, Lai P, Sawaya RE. Incidence
proportions of brain metastases in patients diagnosed (1973 to 2001) in the
Metropolitan Detroit Cancer Surveillance System. J Clin Oncol. (2004) 22:2865-72.
doi: 10.1200/JCO.2004.12.149

2. Arvold ND, Oh KS, Niemierko A, Taghian AG, Lin NU, Abi-Raad RF, et al. Brain
metastases after breast-conserving therapy and systemic therapy: incidence and
characteristics by biologic subtype. Breast Cancer Res Treat. (2012) 136:153-60.
doi: 10.1007/s10549-012-2243-x

3. Altaha R, Crowell E, Hobbs G, Higa G, Abraham J. Increased risk of brain
metastases in patients with HER-2/neu-positive breast carcinoma. Cancer. (2005)
103:442-3. doi: 10.1002/cncr.20813

4. Brufsky AM, Mayer M, Rugo HS, Kaufman PA, Tan-Chiu E, Tripathy D, 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) 17:4834-43. doi: 10.1158/1078-0432.CCR-10-2962

5. Lin NU, Claus E, Sohl J, Razzak AR, Arnaout A, Winer EP. Sites of distant
recurrence and clinical outcomes in patients with metastatic triple-negative breast
cancer: high incidence of central nervous system metastases. Cancer. (2008) 113:2638-
45. doi: 10.1002/cncr.23930

6. Olson EM, Najita JS, Sohl J, Arnaout A, Burstein HJ, Winer EP, et al. Clinical
outcomes and treatment practice patterns of patients with HER2-positive metastatic
breast cancer in the post-trastuzumab era. Breast. (2013) 22:525-31. doi: 10.1016/
j.breast.2012.12.006

7. Lee SS, Ahn JH, Kim MK, Sym SJ, Gong G, Ahn SD, et al. Brain metastases in
breast cancer: prognostic factors and management. Breast Cancer Res Treat. (2008)
111:523-30. doi: 10.1007/s10549-007-9806-2

8. Lin NU, Winer EP. Brain metastases: the HER2 paradigm. Clin Cancer Res. (2007)
13:1648-55. doi: 10.1158/1078-0432.CCR-06-2478

9. Cardoso F, Paluch-Shimon S, Senkus E, Curigliano G, Aapro MS, André F, et al.
5th ESO-ESMO international consensus guidelines for advanced breast cancer (ABC
5). Ann Oncol. (2020) 31:1623-49. doi: 10.1016/j.annonc.2020.09.010

10. Ramakrishna N, Temin S, Chandarlapaty S, Crews JR, Davidson NE, Esteva FJ,
et al. Recommendations on disease management for patients with advanced human
epidermal growth factor receptor 2-positive breast cancer and brain metastases: ASCO
clinical practice guideline update. J Clin Oncol. (2018) 36:2804-7. doi: 10.1200/
JCO.2018.79.2713

11. Gennari A, Andreé F, Barrios CH, Cortes ], de Azambuja E, DeMichele A, et al.
ESMO Clinical Practice Guideline for the diagnosis, staging and treatment of patients
with metastatic breast cancer. Ann Oncol. (2021) 32:1475-95. doi: 10.1016/
j.annonc.2021.09.019

12. Seyfried TN, Huysentruyt LC. On the origin of cancer metastasis. Crit Rev
Oncog. (2013) 18:43-73. doi: 10.1615/critrevoncog.v18.i1-2.40

13. Kennecke H, Yerushalmi R, Woods R, Cheang MC, Voduc D, Speers CH, et al.
Metastatic behavior of breast cancer subtypes. J Clin Oncol. (2010) 28:3271-7.
doi: 10.1200/JC0O.2009.25.9820

14. Bode AM, Dong Z. Recent advances in precision oncology research. NPJ Precis
Oncol. (2018) 2:11. doi: 10.1038/541698-018-0055-0

15. Achrol AS, Rennert RC, Anders C, Soffietti R, Ahluwalia MS, Nayak L, et al.
Brain metastases. Nat Rev Dis Primers. (2019) 5:5. doi: 10.1038/s41572-018-0055-y

16. Quail DF, Joyce JA. The microenvironmental landscape of brain tumors. Cancer
Cell. (2017) 31:326-41. doi: 10.1016/j.ccell.2017.02.009

Frontiers in Oncology

11

10.3389/fonc.2024.1447508

The remaining authors declare that the research was conducted
in the absence of any commercial or financial relationships that
could be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

17. Arvanitis CD, Ferraro GB, Jain RK. The blood-brain barrier and blood-tumour
barrier in brain tumours and metastases. Nat Rev Cancer. (2020) 20:26-41.
doi: 10.1038/541568-019-0205-x

18. Lockman PR, Mittapalli RK, Taskar KS, Rudraraju V, Gril B, Bohn KA, et al.
Heterogeneous blood-tumor barrier permeability determines drug efficacy in
experimental brain metastases of breast cancer. Clin Cancer Res. (2010) 16:5664-78.
doi: 10.1158/1078-0432.CCR-10-1564

19. Lyle LT, Lockman PR, Adkins CE, Mohammad AS, Sechrest E, Hua E, et al.
Alterations in pericyte subpopulations are associated with elevated blood-tumor barrier
permeability in experimental brain metastasis of breast cancer. Clin Cancer Res. (2016)
22:5287-99. doi: 10.1158/1078-0432.CCR-15-1836

20. Kim LS, Huang S, Lu W, Lev DC, Price JE. Vascular endothelial growth factor
expression promotes the growth of breast cancer brain metastases in nude mice. Clin
Exp Metastasis. (2004) 21:107-18. doi: 10.1023/b:clin.0000024761.00373.55

21. Carbonell WS, Ansorge O, Sibson N, Muschel R. The vascular basement
membrane as “soil” in brain metastasis. PloS One. (2009) 4:¢5857. doi: 10.1371/
journal.pone.0005857

22. Pieterse Z, Sinha D, Kaur P. Pericytes in metastasis. Adv Exp Med Biol. (2019)
1147:125-35. doi: 10.1007/978-3-030-16908-4_5

23. Paiva AE, Lousado L, Guerra DAP, Azevedo PO, Sena IFG, Andreotti JP, et al.
Pericytes in the premetastatic niche. Cancer Res. (2018) 78:2779-86. doi: 10.1158/0008-
5472.CAN-17-3883

24. Le Rhun E, Guckenberger M, Smits M, Dummer R, Bachelot T, Sahm F, et al.
EANO-ESMO Clinical Practice Guidelines for diagnosis, treatment and follow-up of
patients with brain metastasis from solid tumours. Ann Oncol. (2021) 32:1332-47.
doi: 10.1016/j.annonc.2021.07.016

25. Jerusalem G, Park YH, Yamashita T, Hurvitz SA, Modi S, Andre F, et al.
Trastuzumab deruxtecan in HER2-positive metastatic breast cancer patients with brain
metastases: A DESTINY-breast01 subgroup analysis. Cancer Discovery. (2022)
12:2754-62. doi: 10.1158/2159-8290.CD-22-0837

26. Modi S, Saura C, Yamashita T, Park YH, Kim SB, Tamura K, et al. Trastuzumab
deruxtecan in previously treated HER2-positive breast cancer. N Engl ] Med. (2020)
382:610-21. doi: 10.1056/NEJMo0al914510

27. Lin NU, Borges V, Anders C, Murthy RK, Paplomata E, Hamilton E, et al.
Intracranial efficacy and survival with tucatinib plus trastuzumab and capecitabine for
previously treated HER2-positive breast cancer with brain metastases in the
HER2CLIMB trial. J Clin Oncol. (2020) 38:2610-9. doi: 10.1200/JC0.20.00775

28. Patchell RA, Tibbs PA, Walsh JW, Dempsey R], Maruyama Y, Kryscio R], et al. A
randomized trial of surgery in the treatment of single metastases to the brain. N Engl J
Med. (1990) 322:494-500. doi: 10.1056/NEJM199002223220802

29. Hatiboglu MA, Wildrick DM, Sawaya R. The role of surgical resection in patients with
brain metastases. Ecancermedicalscience. (2013) 7:308. doi: 10.3332/ecancer.2013.308

30. Salvati M, Tropeano MP, Maiola V, Lavalle L, Brogna C, Colonnese C, et al.
Multiple brain metastases: a surgical series and neurosurgical perspective. Neurol Sci.
(2018) 39:671-7. doi: 10.1007/s10072-017-3220-2

31. Mahajan A, Ahmed S, McAleer MF, Weinberg JS, Li J, Brown P, et al. Post-
operative stereotactic radiosurgery versus observation for completely resected brain
metastases: a single-centre, randomised, controlled, phase 3 trial. Lancet Oncol. (2017)
18:1040-8. doi: 10.1016/S1470-2045(17)30414-X

32. Brown PD, Ballman KV, Cerhan JH, Anderson SK, Carrero XW, Whitton AC,
et al. Postoperative stereotactic radiosurgery compared with whole brain radiotherapy

frontiersin.org


https://doi.org/10.1200/JCO.2004.12.149
https://doi.org/10.1007/s10549-012-2243-x
https://doi.org/10.1002/cncr.20813
https://doi.org/10.1158/1078-0432.CCR-10-2962
https://doi.org/10.1002/cncr.23930
https://doi.org/10.1016/j.breast.2012.12.006
https://doi.org/10.1016/j.breast.2012.12.006
https://doi.org/10.1007/s10549-007-9806-2
https://doi.org/10.1158/1078-0432.CCR-06-2478
https://doi.org/10.1016/j.annonc.2020.09.010
https://doi.org/10.1200/JCO.2018.79.2713
https://doi.org/10.1200/JCO.2018.79.2713
https://doi.org/10.1016/j.annonc.2021.09.019
https://doi.org/10.1016/j.annonc.2021.09.019
https://doi.org/10.1615/critrevoncog.v18.i1-2.40
https://doi.org/10.1200/JCO.2009.25.9820
https://doi.org/10.1038/s41698-018-0055-0
https://doi.org/10.1038/s41572-018-0055-y
https://doi.org/10.1016/j.ccell.2017.02.009
https://doi.org/10.1038/s41568-019-0205-x
https://doi.org/10.1158/1078-0432.CCR-10-1564
https://doi.org/10.1158/1078-0432.CCR-15-1836
https://doi.org/10.1023/b:clin.0000024761.00373.55
https://doi.org/10.1371/journal.pone.0005857
https://doi.org/10.1371/journal.pone.0005857
https://doi.org/10.1007/978-3-030-16908-4_5
https://doi.org/10.1158/0008-5472.CAN-17-3883
https://doi.org/10.1158/0008-5472.CAN-17-3883
https://doi.org/10.1016/j.annonc.2021.07.016
https://doi.org/10.1158/2159-8290.CD-22-0837
https://doi.org/10.1056/NEJMoa1914510
https://doi.org/10.1200/JCO.20.00775
https://doi.org/10.1056/NEJM199002223220802
https://doi.org/10.3332/ecancer.2013.308
https://doi.org/10.1007/s10072-017-3220-2
https://doi.org/10.1016/S1470-2045(17)30414-X
https://doi.org/10.3389/fonc.2024.1447508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

von Arx et al.

for resected metastatic brain disease (NCCTG N107C/CEC-3): a multicentre,
randomised, controlled, phase 3 trial. Lancet Oncol. (2017) 18:1049-60. doi: 10.1016/
S$1470-2045(17)30441-2

33. Kayama T, Sato S, Sakurada K, Mizusawa ], Nishikawa R, Narita 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-
89. doi: 10.1200/JC0O.2018.78.6186

34. Yamamoto M, Serizawa T, Shuto T, Akabane A, Higuchi Y, Kawagishi J, et al.
Stereotactic radiosurgery for patients with multiple brain metastases (JLGK0901): a
multi-institutional prospective observational study. Lancet Oncol. (2014) 15:387-95.
doi: 10.1016/S1470-2045(14)70061-0

35. Vogelbaum MA, Brown PD, Messersmith H, Brastianos PK, Burri S, Cahill D,
et al. Treatment for brain metastases: ASCO-SNO-ASTRO guideline. J Clin Oncol.
(2022) 40:492-516. doi: 10.1200/JCO.21.02314

36. Slamon DJ, Leyland-Jones B, Shak S, Fuchs H, Paton V, Bajamonde A, et al. Use
of chemotherapy plus a monoclonal antibody against HER2 for metastatic breast
cancer that overexpresses HER2. N Engl ] Med. (2001) 344:783-92. doi: 10.1056/
NEJM200103153441101

37. Smith I, Procter M, Gelber RD, Guillaume S, Feyereislova A, Dowsett M, et al. 2-
year follow-up of trastuzumab after adjuvant chemotherapy in HER2-positive breast
cancer: a randomised controlled trial. Lancet. (2007) 369:29-36. doi: 10.1016/S0140-
6736(07)60028-2

38. Romond EH, Perez EA, Bryant J, Suman VJ, Geyer CE Jr, Davidson NE, et al.
Trastuzumab plus adjuvant chemotherapy for operable HER2-positive breast cancer. N
Engl ] Med. (2005) 353:1673-84. doi: 10.1056/NEJMo0a052122

39. Marty M, Cognetti F, Maraninchi D, Snyder R, Mauriac L, Tubiana-Hulin M,
et al. Randomized phase II trial of the efficacy and safety of trastuzumab combined with
docetaxel in patients with human epidermal growth factor receptor 2-positive
metastatic breast cancer administered as first-line treatment: the M77001 study
group. J Clin Oncol. (2005) 23:4265-74. doi: 10.1200/JC0O.2005.04.173

40. Perez EA, Romond EH, Suman VJ, Jeong JH, Sledge G, Geyer CE Jr, et al.
Trastuzumab plus adjuvant chemotherapy for human epidermal growth factor
receptor 2-positive breast cancer: planned joint analysis of overall survival from
NSABP B-31 and NCCTG N9831. J Clin Oncol. (2014) 32:3744-52. doi: 10.1200/
JCO.2014.55.5730

41. Slamon D, Eiermann W, Robert N, Pienkowski T, Martin M, Rolski ], et al. Phase
III randomized trial comparing doxorubicin and cyclophosphamide followed by
docetaxel (AC—T) with doxorubicin and cyclophosphamide followed by docetaxel
and trastuzumab (AC—TH) with docetaxel, carboplatin and trastuzumab (TCH) in
Her2neu positive early BC patients: BCIRG 006 Study. Cancer Res. (2009) 69:500s.
doi: 10.1158/0008-5472.SABCS-09-62

42. Dawood S, Broglio K, Esteva FJ, Ibrahim NK, Kau SW, Islam R, et al. Defining
prognosis for women with breast cancer and CNS metastases by HER2 status. Ann
Oncol. (2008) 19:1242-8. doi: 10.1093/annonc/mdn036

43. Park YH, Park MJ, Ji SH, Yi SY, Lim DH, Nam DH, et al. Trastuzumab treatment
improves brain metastasis outcomes through control and durable prolongation of
systemic extracranial disease in HER2-overexpressing breast cancer patients. Br |
Cancer. (2009) 100:894-900. doi: 10.1038/sj.bjc.6604941

44. Bartsch R, Rottenfusser A, Wenzel C, Dieckmann K, Pluschnig U, Altorjai G,
et al. Trastuzumab prolongs overall survival in patients with brain metastases from
Her2 positive breast cancer. J Neurooncol. (2007) 85:311-7. doi: 10.1007/s11060-007-
9420-5

45. Bartsch R, Berghoff A, Pluschnig U, Bago-Horvath Z, Dubsky P, Rottenfusser A,
et al. Impact of anti-HER2 therapy on overall survival in HER2-overexpressing breast
cancer patients with brain metastases. Br J Cancer. (2012) 106:25-31. doi: 10.1038/
bjc.2011.531

46. Church DN, Modgil R, Guglani S, Bahl A, Hopkins K, Braybrooke JP, et al.
Extended survival in women with brain metastases from HER2 overexpressing breast
cancer. Am ] Clin Oncol. (2008) 31:250-4. doi: 10.1097/COC.0b013e31815a43c4

47. Kirsch DG, Ledezma CJ, Mathews CS, Bhan AK, Ancukiewicz M, Hochberg FH,
et al. Survival after brain metastases from breast cancer in the trastuzumab era. J Clin
Oncol. (2005) 23:2114-7. doi: 10.1200/JC0O.2005.05.249

48. Le Scodan R, Jouanneau L, Massard C, Gutierrez M, Kirova Y, Cherel P, et al.
Brain metastases from breast cancer: prognostic significance of HER-2 overexpression,
effect of trastuzumab and cause of death. BMC Cancer. (2011) 11:395. doi: 10.1186/
1471-2407-11-395

49. Park IH, Ro J, Lee KS, Nam BH, Kwon Y, Shin KH. Trastuzumab treatment

beyond brain progression in HER2-positive metastatic breast cancer. Ann Oncol.
(2009) 20:56-62. doi: 10.1093/annonc/mdn539

50. Rostami R, Mittal S, Rostami P, Tavassoli F, Jabbari B. Brain metastasis in breast
cancer: a comprehensive literature review. J Neurooncol. (2016) 127:407-14.
doi: 10.1007/s11060-016-2075-3

51. Lewis Phillips GD, Nishimura MC, Lacap JA, Kharbanda S, Mai E, Tien J, et al.
Trastuzumab uptake and its relation to efficacy in an animal model of HER2-positive
breast cancer brain metastasis. Breast Cancer Res Treat. (2017) 164:581-91.
doi: 10.1007/s10549-017-4279-4

52. Lin NU, Pegram M, Sahebjam S, Ibrahim N, Fung A, Cheng A, et al. Pertuzumab
plus high-dose trastuzumab in patients with progressive brain metastases and HER2-

Frontiers in Oncology

12

10.3389/fonc.2024.1447508

positive metastatic breast cancer: primary analysis of a phase II study. J Clin Oncol.
(2021) 39:2667-75. doi: 10.1200/JC0O.20.02822

53. Figura NB, Rizk VT, Armaghani AJ, Arrington JA, Etame AB, Han HS, et al.
Breast leptomeningeal disease: a review of current practices and updates on
management. Breast Cancer Res Treat. (2019) 177:277-94. doi: 10.1007/s10549-019-
05317-6

54. Stemmler HJ, Mengele K, Schmitt M, Harbeck N, Laessig D, Herrmann KA, et al.
Intrathecal trastuzumab (Herceptin) and methotrexate for meningeal carcinomatosis
in HER2-overexpressing metastatic breast cancer: a case report. Anticancer Drugs.
(2008) 19:832-6. doi: 10.1097/CAD.0b013e32830b58b0

55. Agus DB, Akita RW, Fox WD, Lewis GD, Higgins B, Pisacane PI, et al. Targeting
ligand-activated ErbB2 signaling inhibits breast and prostate tumor growth. Cancer
Cell. (2002) 2:127-37. doi: 10.1016/s1535-6108(02)00097-1

56. Swain SM, Baselga J, Kim SB, Ro J, Semiglazov V, Campone M, et al.
Pertuzumab, trastuzumab, and docetaxel in HER2-positive metastatic breast cancer.
N Engl ] Med. (2015) 372:724-34. doi: 10.1056/NEJMoal413513

57. Swain SM, Baselga J, Miles D, Im YH, Quah C, Lee LF, et al. Incidence of central
nervous system metastases in patients with HER2-positive metastatic breast cancer
treated with pertuzumab, trastuzumab, and docetaxel: results from the randomized
phase III study CLEOPATRA. Ann Oncol. (2014) 25:1116-21. doi: 10.1093/annonc/
mdul33

58. Bergen ES, Binter A, Starzer AM, Heller G, Kiesel B, Tendl-Schulz K, et al.
Favourable outcome of patients with breast cancer brain metastases treated with dual
HER2 blockade of trastuzumab and pertuzumab. Ther Adv Med Oncol. (2021)
13:17588359211009002. doi: 10.1177/17588359211009002

59. Yu TW, Bai L, Clade D, Hoffmann D, Toelzer S, Trinh KQ, et al. The
biosynthetic gene cluster of the maytansinoid antitumor agent ansamitocin from
Actinosynnema pretiosum. Proc Natl Acad Sci U S A. (2002) 99:7968-73.
doi: 10.1073/pnas.092697199

60. Verma S, Miles D, Gianni L, Krop IE, Welslau M, Baselga J, et al. Trastuzumab
emtansine for HER2-positive advanced breast cancer. N Engl ] Med. (2012) 367:1783—
91. doi: 10.1056/NEJMo0al1209124

61. Krop IE, Lin NU, Blackwell K, Guardino E, Huober J, Lu M, et al. Trastuzumab
emtansine (T-DM1) versus lapatinib plus capecitabine in patients with HER2-positive
metastatic breast cancer and central nervous system metastases: a retrospective,
exploratory analysis in EMILIA. Ann Oncol. (2015) 26:113-9. doi: 10.1093/annonc/
mdu486

62. Montemurro F, Delaloge S, Barrios CH, Wuerstlein R, Anton A, Brain E, et al.
Trastuzumab emtansine (T-DM1) in patients with HER2-positive metastatic breast
cancer and brain metastases: exploratory final analysis of cohort 1 from KAMILLA, a
single-arm phase IIIb clinical trial¥r. Ann Oncol. (2020) 31:1350-8. doi: 10.1016/
j-annonc.2020.06.020

63. Jacot W, Pons E, Frenel JS, Guiu S, Levy C, Heudel PE, et al. Efficacy and safety of
trastuzumab emtansine (T-DM1) in patients with HER2-positive breast cancer with
brain metastases. Breast Cancer Res Treat. (2016) 157:307-18. doi: 10.1007/s10549-
016-3828-6

64. Bartsch R, Berghoff AS, Furtner J, Marhold M, Bergen ES, Roider-Schur S, et al.
Trastuzumab deruxtecan in HER2-positive breast cancer with brain metastases: a
single-arm, phase 2 trial. Nat Med. (2022) 28:1840-7. doi: 10.1038/s41591-022-01935-8

65. Niikura N, Yamanaka T, Nomura H, Shiraishi K, Kusama H, Yamamoto M, et al.
Treatment with trastuzumab deruxtecan in patients with HER2-positive breast cancer
and brain metastases and/or leptomeningeal disease (ROSET-BM). NPJ Breast Cancer.
(2023) 9:82. doi: 10.1038/s41523-023-00584-5

66. Pérez-Garcia JM, Vaz Batista M, Cortez P, Ruiz-Borrego M, Cejalvo JM, de la
Haba-Rodriguez J, et al. Trastuzumab deruxtecan in patients with central nervous
system involvement from HER2-positive breast cancer: The DEBBRAH trial. Neuro
Oncol. (2023) 25:157-66. doi: 10.1093/neuonc/noacl44

67. Harbeck N, Ciruelos E, Jerusalem G, Miiller V, Niikura N, Viale G, et al.
Trastuzumab deruxtecan in HER2-positive advanced breast cancer with or without
brain metastases: a phase 3b/4 trial. Nat Med. doi: 10.1038/s41591-024-03261-7

68. Tevaarwerk AJ, Kolesar JM. Lapatinib: a small-molecule inhibitor of epidermal
growth factor receptor and human epidermal growth factor receptor-2 tyrosine kinases
used in the treating breast cancer. Clin Ther. (2009) 31 Pt 2:2332-48. doi: 10.1016/
j.clinthera.2009.11.029

69. Lin NU, Diéras V, Paul D, Lossignol D, Christodoulou C, Stemmler HJ, et al.
Multicenter phase II study of lapatinib in patients with brain metastases from HER2-
positive breast cancer. Clin Cancer Res. (2009) 15:1452-9. doi: 10.1158/1078-
0432.CCR-08-1080

70. Lin NU, Eierman W, Greil R, Campone M, Kaufman B, Steplewski K, et al.
Randomized phase II study of lapatinib plus capecitabine or lapatinib plus topotecan
for patients with HER2-positive breast cancer brain metastases. ] Neurooncol. (2011)
105:613-20. doi: 10.1007/s11060-011-0629-y

71. Bachelot T, Romieu G, Campone M, Diéras V, Cropet C, Dalenc F, et al.
Lapatinib plus capecitabine in patients with previously untreated brain metastases from
HER2-positive metastatic breast cancer (LANDSCAPE): a single-group phase 2 study.
Lancet Oncol. (2013) 14:64-71. doi: 10.1016/S1470-2045(12)70432-1

72. Pivot X, Manikhas A, Zurawski B, Chmielowska E, Karaszewska B, Allerton R,
et al. CEREBEL (EGF111438): A phase III, randomized, open-label study of lapatinib
plus capecitabine versus trastuzumab plus capecitabine in patients with human

frontiersin.org


https://doi.org/10.1016/S1470-2045(17)30441-2
https://doi.org/10.1016/S1470-2045(17)30441-2
https://doi.org/10.1200/JCO.2018.78.6186
https://doi.org/10.1016/S1470-2045(14)70061-0
https://doi.org/10.1200/JCO.21.02314
https://doi.org/10.1056/NEJM200103153441101
https://doi.org/10.1056/NEJM200103153441101
https://doi.org/10.1016/S0140-6736(07)60028-2
https://doi.org/10.1016/S0140-6736(07)60028-2
https://doi.org/10.1056/NEJMoa052122
https://doi.org/10.1200/JCO.2005.04.173
https://doi.org/10.1200/JCO.2014.55.5730
https://doi.org/10.1200/JCO.2014.55.5730
https://doi.org/10.1158/0008-5472.SABCS-09-62
https://doi.org/10.1093/annonc/mdn036
https://doi.org/10.1038/sj.bjc.6604941
https://doi.org/10.1007/s11060-007-9420-5
https://doi.org/10.1007/s11060-007-9420-5
https://doi.org/10.1038/bjc.2011.531
https://doi.org/10.1038/bjc.2011.531
https://doi.org/10.1097/COC.0b013e31815a43c4
https://doi.org/10.1200/JCO.2005.05.249
https://doi.org/10.1186/1471-2407-11-395
https://doi.org/10.1186/1471-2407-11-395
https://doi.org/10.1093/annonc/mdn539
https://doi.org/10.1007/s11060-016-2075-3
https://doi.org/10.1007/s10549-017-4279-4
https://doi.org/10.1200/JCO.20.02822
https://doi.org/10.1007/s10549-019-05317-6
https://doi.org/10.1007/s10549-019-05317-6
https://doi.org/10.1097/CAD.0b013e32830b58b0
https://doi.org/10.1016/s1535-6108(02)00097-1
https://doi.org/10.1056/NEJMoa1413513
https://doi.org/10.1093/annonc/mdu133
https://doi.org/10.1093/annonc/mdu133
https://doi.org/10.1177/17588359211009002
https://doi.org/10.1073/pnas.092697199
https://doi.org/10.1056/NEJMoa1209124
https://doi.org/10.1093/annonc/mdu486
https://doi.org/10.1093/annonc/mdu486
https://doi.org/10.1016/j.annonc.2020.06.020
https://doi.org/10.1016/j.annonc.2020.06.020
https://doi.org/10.1007/s10549-016-3828-6
https://doi.org/10.1007/s10549-016-3828-6
https://doi.org/10.1038/s41591-022-01935-8
https://doi.org/10.1038/s41523-023-00584-5
https://doi.org/10.1093/neuonc/noac144
https://doi.org/10.1038/s41591-024-03261-7
https://doi.org/10.1016/j.clinthera.2009.11.029
https://doi.org/10.1016/j.clinthera.2009.11.029
https://doi.org/10.1158/1078-0432.CCR-08-1080
https://doi.org/10.1158/1078-0432.CCR-08-1080
https://doi.org/10.1007/s11060-011-0629-y
https://doi.org/10.1016/S1470-2045(12)70432-1
https://doi.org/10.3389/fonc.2024.1447508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

von Arx et al.

epidermal growth factor receptor 2-positive metastatic breast cancer. J Clin Oncol.
(2015) 33:1564-73. doi: 10.1200/JCO.2014.57.1794

73. Collins DM, Conlon NT, Kannan S, Verma CS, Eli LD, Lalani AS, et al. Preclinical
characteristics of the irreversible pan-HER kinase inhibitor neratinib compared with
lapatinib: implications for the treatment of HER2-positive and HER2-mutated breast
cancer. Cancers (Basel). (2019) 11:737. doi: 10.3390/cancers11060737

74. Freedman RA, Gelman RS, Anders CK, Melisko ME, Parsons HA, Cropp AM,
et al. TBCRC 022: A phase II trial of neratinib and capecitabine for patients with human
epidermal growth factor receptor 2-positive breast cancer and brain metastases. J Clin
Oncol. (2019) 37:1081-9. doi: 10.1200/JCO.18.01511

75. Saura C, Oliveira M, Feng YH, Dai MS, Chen SW, Hurvitz SA, et al. Neratinib
plus capecitabine versus lapatinib plus capecitabine in HER2-positive metastatic breast
cancer previously treated with > 2 HER2-directed regimens: phase III NALA trial. |
Clin Oncol. (2020) 38:3138-49. doi: 10.1200/JCO.20.00147

76. Awada A, Colomer R, Inoue K, Bondarenko I, Badwe RA, Demetriou G, et al.
Neratinib plus paclitaxel vs trastuzumab plus paclitaxel in previously untreated
metastatic ERBB2-positive breast cancer: the NEfERT-T randomized clinical trial.
JAMA Oncol. (2016) 2:1557-64. doi: 10.1001/jamaoncol.2016.0237

77. Murthy R, Borges VF, Conlin A, Chaves J, Chamberlain M, Gray T, et al.
Tucatinib with capecitabine and trastuzumab in advanced HER2-positive metastatic
breast cancer with and without brain metastases: a non-randomised, open-label, phase
1b study. Lancet Oncol. (2018) 19:880-8. doi: 10.1016/S1470-2045(18)30256-0

78. Hurvitz S, Loi S, O’Shaughnessy J, Okines A, Tolaney S, Sohn JH, et al. HER2-
CLIMB-02: Randomized, double-blind, phase 3 trial of tucatinib and trastuzumab
emtansine for previously treated HER2-positive metastatic breast cancer. San Antonio
Breast Cancer Symposium. (2023). Abstract GS01-10. Presented December 6, 2023.

79. Loi S, Sirtaine N, Piette F, Salgado R, Viale G, Van Eenoo F, et al. Prognostic and
predictive value of tumor-infiltrating lymphocytes in a phase III randomized adjuvant
breast cancer trial in node-positive breast cancer comparing the addition of docetaxel to
doxorubicin with doxorubicin-based chemotherapy: BIG 02-98. J Clin Oncol. (2013)
31:860-7. doi: 10.1200/JC0O.2011.41.0902

80. Salgado R, Denkert C, Campbell C, Savas P, Nuciforo P, Aura C, et al. Tumor-
infiltrating lymphocytes and associations with pathological complete response and
event-free survival in HER2-positive early-stage breast cancer treated with lapatinib
and trastuzumab: A secondary analysis of the neoALTTO trial. JAMA Oncol. (2015)
1:448-54. doi: 10.1001/jamaoncol.2015.0830

81. Loi S, Andre F, Maibach R, Hui R, Bartsch R, Jerusalem G, et al. Abstract OT3-
01-05: PANACEA (IBCSG 45-13/BIG 4-13): A phase Ib/II trial evaluating the efficacy
of pembrolizumab and trastuzumab in patients with trastuzumab-resistant, HER2-
positive, metastatic BC. Cancer Res. (2016) 76. OT3-01-05-OT3-01-05. doi: 10.1158/
1538-7445.SABCS15-0OT3-01-05

82. Usinskiene J, Ulyte A, Bjornerud A, Venius J, Katsaros VK, Rynkeviciene R, et al.
Optimal differentiation of high- and low-grade glioma and metastasis: a meta-analysis
of perfusion, diffusion, and spectroscopy metrics [published correction appears in
Neuroradiology. Neuroradiology. (2016) 58:339-50:741. doi: 10.1007/s00234-016-
1642-9

83. Poulet G, Massias ], Taly V. Liquid biopsy: general concepts. Acta Cytol. (2019)
63:449-55. doi: 10.1159/000499337

84. Shankar GM, Balaj L, Stott SL, Nahed B, Carter BS. Liquid biopsy for brain
tumors. Expert Rev Mol Diagn. (2017) 17:943-7. doi: 10.1080/14737159.2017.1374854

85. Seoane J, De Mattos-Arruda L, Le Rhun E, Bardelli A, Weller M. Cerebrospinal
fluid cell-free tumour DNA as a liquid biopsy for primary brain tumours and central
nervous system metastases. Ann Oncol. (2019) 30:211-8. doi: 10.1093/annonc/mdy544

86. Okamura R, Piccioni DE, Boichard A, Lee S, Jimenez RE, Sicklick JK, et al. High
prevalence of clonal hematopoiesis-type genomic abnormalities in cell-free DNA in invasive
gliomas after treatment. Int ] Cancer. (2021) 148:2839-47. doi: 10.1002/ijc.33481

87. Bronkhorst AJ, Ungerer V, Holdenrieder S. The emerging role of cell-free DNA
as a molecular marker for cancer management. Biomol Detect Quantif. (2019)
17:100087. doi: 10.1016/j.bdq.2019.100087

Frontiers in Oncology

13

10.3389/fonc.2024.1447508

88. Corcoran RB, Chabner BA. Application of cell-free DNA analysis to cancer
treatment. N Engl ] Med. (2018) 379:1754-65. doi: 10.1056/NEJMral706174

89. Newman AM, Bratman SV, To J, Wynne JF, Eclov NC, Modlin LA, et al. An
ultrasensitive method for quantitating circulating tumor DNA with broad patient
coverage. Nat Med. (2014) 20:548-54. doi: 10.1038/nm.3519

90. Castro-Giner F, Aceto N. Tracking cancer progression: from circulating tumor
cells to metastasis. Genome Med. (2020) 12:31. doi: 10.1186/s13073-020-00728-3

91. Masuda T, Hayashi N, Iguchi T, Ito S, Eguchi H, Mimori K. Clinical and
biological significance of circulating tumor cells in cancer. Mol Oncol. (2016) 10:408—
17. doi: 10.1016/j.molonc.2016.01.010

92. Agashe R, Kurzrock R. Circulating tumor cells: from the laboratory to the cancer
clinic. Cancers (Basel). (2020) 12:2361. doi: 10.3390/cancers12092361

93. Adamczyk LA, Williams H, Frankow A, Ellis HP, Haynes HR, Perks C, et al.
Current understanding of circulating tumor cells - potential value in Malignancies of
the central nervous system. Front Neurol. (2015) 6:174. doi: 10.3389/fneur.2015.00174

94. Cristofanilli M, Budd GT, Ellis MJ, Stopeck A, Matera J, Miller MC, et al.
Circulating tumor cells, disease progression, and survival in metastatic breast cancer. N
Engl ] Med. (2004) 351:781-91. doi: 10.1056/NEJMo0a040766

95. Addanki S, Meas S, Sarli VN, Singh B, Lucci A. Applications of circulating tumor
cells and circulating tumor DNA in precision oncology for breast cancers. Int J Mol Sci.
(2022) 23:7843. doi: 10.3390/ijms23147843

96. Plaks V, Koopman CD, Werb Z. Cancer. Circulating tumor cells. Science. (2013)
341:1186-8. doi: 10.1126/science.1235226

97. Klotz R, Yu M. Insights into brain metastasis: Recent advances in circulating
tumor cell research. Cancer Rep (Hoboken). (2022) 5:¢1239. doi: 10.1002/cnr2.1239

98. Zhang L, Ridgway LD, Wetzel MD, Ngo J, Yin W, Kumar D, et al. The
identification and characterization of breast cancer CTCs competent for brain
metastasis [published correction appears. Sci Transl Med. (2013) 5:180ra48.
doi: 10.1126/scitranslmed.3005109

99. Boral D, Vishnoi M, Liu HN, Yin W, Sprouse ML, Scamardo A, et al. Molecular
characterization of breast cancer CTCs associated with brain metastasis. Nat Commun.
(2017) 8:196. doi: 10.1038/s41467-017-00196-1

100. Akers JC, Ramakrishnan V, Kim R, Skog J, Nakano I, Pingle S, et al. MiR-21 in
the extracellular vesicles (EVs) of cerebrospinal fluid (CSF): a platform for glioblastoma
biomarker development. PloS One. (2013) 8:78115. doi: 10.1371/journal.pone.0078115

101. Akers JC, Gonda D, Kim R, Carter BS, Chen CC. Biogenesis of extracellular
vesicles (EV): exosomes, microvesicles, retrovirus-like vesicles, and apoptotic bodies. J
Neurooncol. (2013) 113:1-11. doi: 10.1007/s11060-013-1084-8

102. Zhou B, Xu K, Zheng X, Chen T, Wang ], Song Y, et al. Application of exosomes
as liquid biopsy in clinical diagnosis. Signal Transduct Target Ther. (2020) 5:144.
doi: 10.1038/s41392-020-00258-9

103. Cai X, Janku F, Zhan Q, Fan JB. Accessing genetic information with liquid
biopsies. Trends Genet. (2015) 31:564-75. doi: 10.1016/j.tig.2015.06.001

104. Hoshino A, Costa-Silva B, Shen TL, Rodrigues G, Hashimoto A, Tesic Mark M,
et al. Tumour exosome integrins determine organotropic metastasis. Nature. (2015)
527:329-35. doi: 10.1038/naturel5756

105. Allenson K, Castillo J, San Lucas FA, Scelo G, Kim DU, Bernard V, et al. High
prevalence of mutant KRAS in circulating exosome-derived DNA from early-stage
pancreatic cancer patients. Ann Oncol. (2017) 28:741-7. doi: 10.1093/annonc/mdx004

106. Méhrmann L, Huang HJ, Hong DS, Tsimberidou AM, Fu S, Piha-Paul SA, et al.
Liquid biopsies using plasma exosomal nucleic acids and plasma cell-free DNA
compared with clinical outcomes of patients with advanced cancers. Clin Cancer Res.
(2018) 24:181-8. doi: 10.1158/1078-0432.CCR-17-2007

107. Koide Y, Nagai N, Adachi S, Ito M, Kawamura M, Ito M, et al. Impact of
concurrent antibody-drug conjugates and radiotherapy on symptomatic radiation
necrosis in breast cancer patients with brain metastases: a multicenter retrospective
study. J Neurooncol. (2024) 168:415-23. doi: 10.1007/s11060-024-04681-8

frontiersin.org


https://doi.org/10.1200/JCO.2014.57.1794
https://doi.org/10.3390/cancers11060737
https://doi.org/10.1200/JCO.18.01511
https://doi.org/10.1200/JCO.20.00147
https://doi.org/10.1001/jamaoncol.2016.0237
https://doi.org/10.1016/S1470-2045(18)30256-0
https://doi.org/10.1200/JCO.2011.41.0902
https://doi.org/10.1001/jamaoncol.2015.0830
https://doi.org/10.1158/1538-7445.SABCS15-OT3-01-05
https://doi.org/10.1158/1538-7445.SABCS15-OT3-01-05
https://doi.org/10.1007/s00234-016-1642-9
https://doi.org/10.1007/s00234-016-1642-9
https://doi.org/10.1159/000499337
https://doi.org/10.1080/14737159.2017.1374854
https://doi.org/10.1093/annonc/mdy544
https://doi.org/10.1002/ijc.33481
https://doi.org/10.1016/j.bdq.2019.100087
https://doi.org/10.1056/NEJMra1706174
https://doi.org/10.1038/nm.3519
https://doi.org/10.1186/s13073-020-00728-3
https://doi.org/10.1016/j.molonc.2016.01.010
https://doi.org/10.3390/cancers12092361
https://doi.org/10.3389/fneur.2015.00174
https://doi.org/10.1056/NEJMoa040766
https://doi.org/10.3390/ijms23147843
https://doi.org/10.1126/science.1235226
https://doi.org/10.1002/cnr2.1239
https://doi.org/10.1126/scitranslmed.3005109
https://doi.org/10.1038/s41467-017-00196-1
https://doi.org/10.1371/journal.pone.0078115
https://doi.org/10.1007/s11060-013-1084-8
https://doi.org/10.1038/s41392-020-00258-9
https://doi.org/10.1016/j.tig.2015.06.001
https://doi.org/10.1038/nature15756
https://doi.org/10.1093/annonc/mdx004
https://doi.org/10.1158/1078-0432.CCR-17-2007
https://doi.org/10.1007/s11060-024-04681-8
https://doi.org/10.3389/fonc.2024.1447508
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	The multidisciplinary management of HER2-positive breast cancer brain metastases: from new biological insights to future therapeutic options
	1 Introduction
	2 Breast cancer brain metastases pathogenesis
	3 Therapeutic strategies
	3.1 Local treatment
	3.2 Systematic therapy
	3.2.1 Monoclonal antibodies
	3.2.1.1 Trastuzumab
	3.2.1.2 Pertuzumab

	3.2.2 Antibody-drug conjugates
	3.2.2.1 Ado-trastuzumab emtansine
	3.2.2.2 Trastuzumab deruxtecan (DS8201)

	3.2.3 Tyrosine kinase inhibitors
	3.2.3.1 Lapatinib
	3.2.3.2 Neratinib
	3.2.3.3 Tucatinib



	4 Future perspective
	4.1 New drugs
	4.1.1 TKIs under development
	4.1.2 Targeted therapy
	4.1.3 Immunotherapy

	4.2 New diagnostic tools

	5 Conclusions
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


