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Breast cancer brain metastasis: insight into molecular
mechanisms and therapeutic strategies
Yajie Wang1, Fangzhou Ye1, Yiran Liang1 and Qifeng Yang 1,2,3

Breast cancer is one of the most prevalent malignancies in women worldwide. Early-stage breast cancer is considered a curable
disease; however, once distant metastasis occurs, the 5-year overall survival rate of patients becomes significantly reduced. There
are four distinct metastatic patterns in breast cancer: bone, lung, liver and brain. Among these, breast cancer brain metastasis
(BCBM) is the leading cause of death; it is highly associated with impaired quality of life and poor prognosis due to the limited
permeability of the blood–brain barrier and consequent lack of effective treatments. Although the sequence of events in BCBM is
universally accepted, the underlying mechanisms have not yet been fully elucidated. In this review, we outline progress
surrounding the molecular mechanisms involved in BCBM as well as experimental methods and research models to better
understand the process. We further discuss the challenges in the management of brain metastases, as well as providing an
overview of current therapies and highlighting innovative research towards developing novel efficacious targeted therapies.
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BACKGROUND
Breast cancer (BC) is the most prevalent malignancy and the second
leading cause of cancer-related death among the female population
worldwide. According to published cancer statistics, ~2.7 million
estimated new cases of BC arose in 2020, alongside 42,170 estimated
deaths, accounting for 30% of all newly diagnosed cancer cases and
15% of cancer-related deaths.1 Despite improvements in early
diagnosis and effective treatment, recurrence and metastasis remain
considerable threats to the survival of BC patients.2

Bone, lung, liver and brain are four common metastatic sites of
BC. Breast cancer brain metastasis (BCBM), which accounts for
10–30% of cases of all metastatic breast cancer (MBC), is
associated with poor prognosis and impairs both the cognitive
and sensory functions of patients, leading to a seriously limited
quality of life (QoL).3 Several modes of therapy are currently
available for BCBM patients, including surgery, whole-brain
radiation therapy (WBRT), stereotactic radiosurgery (SRS) and
chemotherapy or a combination of these therapies.4 However, the
life expectancy of patients with BCBM remains unsatisfactory,
owing to the presence of the blood–brain barrier (BBB), which
limits penetrability, and chemoresistance.5 There is therefore an
urgent need to elucidate the molecular mechanisms that underlie
BCBM in order to find novel therapeutic targets, enhance
treatment efficacy and improve BCBM patient prognosis.
In this review, we outline the current knowledge regarding the

molecular mechanisms that underlie BCBM provide an overview of
the research models current used to study the process, particularly
the relevance of the BBB in extravasation. Moreover, advances in
targeted treatments, immunotherapy and novel drug carrier
nanosystems, which might help to improve the outcomes of BC
patients with brain metastasis, are also discussed in depth.

METASTATIC DISSEMINATION OF BREAST CANCER TO THE
BRAIN
Metastasising breast cancer cells have been reported to give
rise to three types of brain metastasis, depending on the
anatomic features of the brain in which the secondary tumour
arises: parenchymal metastasis, leptomeningeal metastasis and
choroid plexus metastasis. The different microenvironments
provide different conditions for the metastatic cancer cells and
ultimately lead to distinct epidemiologies, and biologies, and
possibly also different therapies. Metastases in the choroid
plexus are rare,6 metastasis to leptomeninges accounts for 8%
of cases, and parenchymal metastasis is the most common
form, consisting of multiple metastases (78%) and solitary
metastases (14%).7

Following detachment from the primary tumour, the metastatic
process comprises a sequence of steps, including cell invasion
through the basement membrane into surrounding tissue,
intravasation into blood vessels, survival and arrest in the
circulatory system, extravasation through transendothelial migra-
tion, colonisation and the eventual formation of distant metastatic
lesions (Fig. 1). Invasion and intravasation are common initial steps
in distant metastasis, and involve the process of epithelial-to-
mesenchymal transition (EMT), components of the tumour
microenvironment and angiogenesis. Intravasation, based on the
breakdown of endothelial junction proteins, can be promoted by
perivascular macrophages and interactions between tumour cells
and endothelial cells (ECs).8 As for extravasation, metastatic cells in
circulation cross through the cell junctions between the distant
endothelial cells, under the support of specific factors. Eventually,
survival metastatic cells escaping from dormancy stage form
micrometastatic foci along blood vessels and grow up under the
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interaction with local cells. Herein, we mainly discuss the specific
events involved in BCBM.

SURVIVAL, MIGRATION AND ADHESION OF CANCER CELLS IN
BCBM
The presence of circulating tumour cells (CTCs)—cells derived
from a primary tumour that have entered the bloodstream—
signifies that the tumour is no longer localised. Before they reach
the circulation, invasive cancer cells, already obtaining mesench-
ymal features from EMT, remodel their surrounding extracellular
matrix (ECM) and release tumour-promoting factors that enable
them to infiltrate the surrounding tissue and then cross the blood
vessel endothelium in the form of single cells or clusters.9Whether
these changes of CTCs are related to a specific subtype like HER2+

or triple-negative breast cancer (TNBC) needs further exploration.

Survival
Once in the bloodstream, only a small percentage of CTCs can
successfully survive the shear stress generated by the blood flow,
surveillance by immune cells and anoikis (cell death owing to
detachment from the ECM) (Fig. 2). CTCs that are clustered by
platelets in the bloodstream are more resistant to shear stress and
are protected from immune attack by the platelet-induced release
of transforming growth factor-β (TGF-β), which can neutralise
natural killer (NK) granule mobilisation, cytotoxicity and interferon-γ
(IFN-γ) secretion.10 Furthermore, CTCs can express CD47 to evade
host cell phagocytosis,11 and can also educate NK cells, the main
protagonists of anti-tumour immunity, towards a metastasis-
promoting state that shows a reduction in cytotoxic ability and
favours the immune escape of CTCs.12 Although EMT endows CTCs
with partial resistance to anoikis, the overexpression of TrkB, a
neurotrophic tyrosine kinase receptor, also contributes to protec-
tion from apoptosis by activating the phosphatidylinositol 3-kinase
(PI3K)–AKT survival pathway.13

Migration
Increasing evidence indicates that metastatic cancer cells possess
organotropism at many metastatic stages, which has not been
fully elucidated yet. During migration stage, circulating tumour-
secreted exosomes function in the communication between
cancer cells and distant organs.14 The co-expression of SEMA4D
and MYC on CTCs can also help themselves to build brain
metastasis in following metastasis stages (extravasation and
colonisation), which will be discussed in detail later, indicating
that CTC-derived markers can be early prognostic factors owing to
organotropic metastases.15 Moreover, cancer-associated fibro-
blasts (CAFs) derived from the stroma of brain metastasis express
increased levels of the chemokine ligand CXCL12, thereby
enhancing the migration of breast cancer cells, which express its
receptor, CXCR4, to the brain (Fig. 2).16

Attachment
The attachment of CTCs to ECs constitutes the first step before the
subsequent extravasation process (Fig. 2). CTCs that are carried
passively by the flow of blood within cerebral microvessels, begin
to slow down and then arrest in small capillaries that have a
similar diameter to CTCs, especially at vascular branch points,17

thereby forming an initial site of weak adhesion. The interaction
between selectins and their ligands induces tethering and rolling
of tumour cells along the vascular endothelium. E-selectin, the
expression of which on the surface of ECs, is induced by tumour
necrosis factor α (TNFα) under an inflammatory stimulation, which
is present at high levels in brain metastases, and preferentially
contributes to shear-resistant adhesion and transendothelial
migration by binding the transmembrane glycoprotein CD44 on
BC cells to establish heterogenous adhesion.18 MUC1, another
transmembrane glycoprotein expressed by almost all BC cells, can
also function as a ligand for E-selectin as well as for intercellular
adhesion molecule (ICAM)-1 to establish firmer adhesion between
cancer cells and the endothelium.19 Further interactions between
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Fig. 1 Breast cancer cell metastatic dissemination to brain. a small population of cells at the primary site acquired invasive properties before
gaining stem-cell-like properties and losing cell polarity through epithelial-to-mesenchymal transition (EMT). Invasive cancer cells then
infiltrate the surrounding tissue by ECM remodelling, and the become circulating tumour cells (CTCs) with the help of perivascular
macrophages and interaction with blood vessel endothelial cells (ECs). By virtue of the bloodstream, cancer cells then spread throughout the
body and cross the blood–brain barrier (BBB) through extravasation after their adhesion with ECs in the brain. Subsequently, most cells die or
enter a state of dormancy, few proliferate within this new microenvironment. Vascular co-option can be regarded as the first step of
colonisation and then micrometastases forms. After metabolic reprogramming, tumour cells establish a more stable colonisation and then
form brain metastasis. Besides, dormant cells tend to be reawakened in certain condition and participate in colonisation and cause tumour
recurrence.
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ECs and tumour cells mediated by cell adhesion molecules,
including integrin α4β1/vascular cell adhesion molecule (VCAM-1)
and activated leukocyte cell adhesion molecule (ALCAM)/ALCAM,
reinforce the adhesion of BC cells to ECs.20

EXTRAVASATION AND THE BBB
Unlike other sites of metastasis, BCBM shows a much longer
latency after the initial diagnosis of BC, which can be explained by
the presence of the BBB. The BBB is a highly specialised structure
that comprises ECs, tight junctions (TJs), basement membrane,
pericytes, astrocytes, microglia, enzymes and transporters. It
controls the permeability of the brain to macromolecules as well
as being involved in transmitting signals and maintaining central
nervous system homeostasis.21 Thus, exploration of the biological
pathways and regulatory molecules involved in movement across
the BBB are pivotal for BCBM prevention.

Increasing the permeability of the BBB
The specific route by which tumour cells cross the BBB remains
unclear. Most cancer cells seem to use a paracellular mode, just as
BC cells crossing BBB, whereby they squeeze through ECs by
disrupting their intercellular junctions. Before or during the
process of extravasation, elongated metastatic cells round up
and form cytoplasmic protrusions to expand the surrounding
vascular wall; this process occurs exclusively in capillaries and/or
post-capillary venules that lack smooth muscle cells.22 Interest-
ingly, the disruption to EC junctions seems to be repaired after
paracellular extravasation, without significant damage to the
BBB.23 As BC cells gather along brain endothelial cells, the
previously intact BBB transforms into a permeable blood–tumour
barrier (BTB) via vascular remodelling of pre-existing brain vessels,
including downregulation of basement collagen membrane part
IV and laminin α2. Meanwhile, a change in pericyte phenotype
involving the altered expression of desmin and CD13, which affect
the permeability of the barrier, have been observed in BCBM.
These changes enable MBC cells to more easily cross the BBB.24,25

Components of the BBB can also be directly targeted by several
factors during the process of BCBM. The highly selective
permeability of the BBB largely depends on the presence of
continuous TJs that connect ECs, and so it follows that
dysregulation of the expression of TJ proteins, such as occludin,
claudin-5 and ZO-1, can critically influence BBB permeability.
Vascular endothelial growth factor (VEGF) functions as a strong
promotor of angiogenesis. Under the stimulation of integrins like

αvβ3 and β4, elevated VEGF derived from BC cells increases
vascular permeability by disrupting TJs and adherens junctions in
endothelial monolayers.26 As a result, VEGF acts as an accomplice
in penetration of BC cells through BBB, and the new vessels
support the growth of metastatic foci. Matrix metalloproteinases
(MMPs) secreted by BC cells, such as MMP-1, MMP-2 and MMP-9,
also contribute to disruption of the BBB by mediating the
degradation of TJ proteins, such as claudin-5.27 Angiopoietin-2,
the expression of which is elevated in brain microvascular
endothelial cells (BMECs) under the stimulation of VEGF secreted
by not only BC cells, but also their brain-seeking variants, also
increases BBB permeability by disrupting TJ proteins such as
zonula, occludin-1 and claudin-5 in BCBM.28 This process can be
enhanced by substance P secreted from BC cells.29 Moreover,
cathepsin S generated by tumour cells and macrophages
mediates BBB transmigration through proteolytic processing of
the junctional adhesion molecule, JAM-B, providing a rationale for
the use of the cathepsin S-specific inhibitor VBY-999 in reducing
experimental brain metastasis.30 A role for non-coding RNAs in
metastasis has attracted attention, with MBC cells being demon-
strated to secrete exosomes containing miR-105, which increases
the permeability of ECs by disrupting ZO-1.31 Similarly, BCBM-cell-
derived exosomes bearing lncRNA GS1–600G8.5 were shown to
enhance the permeability of BBB by downregulating the levels of
ZO-1, claudin-5 and N-cadherin in BMECs.32

Enhancing the penetration of BC cells
Not only can the permeability of the BBB be increased, but a
number of mediators can also enhance the ability of BC cells to
penetrate the BBB. The interaction between CXCL12, a chemokine
secreted by CAFs and epithelial BC cells, and its receptor CXCR4 on
MDA-MB-231 breast cancer cells promotes the penetration by
MDA-MB-231 cells of a monolayer of human brain microvascular
endothelial cells (HBMECs), as well as increasing the permeability
of these cells.33 The expression by BC cells of cyclo-oxygenase-2
(COX-2), the epidermal growth factor receptor (EGFR) ligand
HBEGF, and α2,6-sialyltransferase (ST6GALNAC5) has been shown
to mediate passage across the BBB;34 unlike COX-2 and HBEGF,
however, ST6GALNAC5 is regarded as a specific mediator that
contributes to metastasis towards the brain rather than to any
other organ.34 Other genes overexpressed in BCBM cells, such as
ADAM8 and SEMA4D, have also been shown to be regulators of
BBB transmigration. ADAM8 upregulates MMP-9,35 while SEMA4D
interacts with overexpressed Plexin-B1 in brain ECs, which
contributes to the increased penetration of CTCs.15
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Fig. 2 Survival, migration and adhesion of CTCs in breast cancer brain metastasis. In the bloodstream, a number of circulating tumours
cells (CTCs) can successfully survive by upregulating AKT and CD47 to resist shear stress and escape clearance by immune cells such as natural
killer (NK) cells and macrophages. The interaction of CXCR4 on CTCs with CXCL12 secreted by endothelial cells (ECs) facilitates chemotactic
migration to the brain. CTCs undergo shear-resistant adhesion to the inside of blood vessel walls by expressing CD44 and MUC1, which
interact with E-selectin on ECs. To achieve stronger adhesion, further cell adhesion molecules, such as ICAM-1, VCAM-1, ALCAM and integrin,
will be expressed on CTCs and ECs.
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Additional cell types involved in BBB transmigration
As well as the interaction of tumour cells with brain ECs, additional
cell types are also likely to be involved during migration across the
BBB. For example, T lymphocytes upregulates the expression of
guanylate-binding protein 1 in BC cells to facilitate the BBB
transmigration.36 CAFs were proved to enhance the BBB perme-
ability.37 In addition, novel pathways such as
endothelial–mesenchymal transition (EndEMT) are involved in
BBB transmigration.38 These provide additional perspectives on
the mechanism of extravasation during BCBM.

COLONISATION OF BCBM CELLS IN THE BRAIN
Once the cancer cells have exited the bloodstream, they begin the
process of founding a metastatic colony. The colonisation of BCBM
cells includes a series of steps, including reawakening from
dormancy state, vascular co-option for micrometastases forma-
tion, and metabolic reprogramming. After extravasation, a
considerable proportion of metastatic cells are likely to die owing
to the body’s active anti-tumour response; others enter dormancy,
with the risk of recurrence, and a few enter a proliferative state.

Dormancy and reawakening
Metastatic dormancy is likely to be induced when extracellular
signal-regulated kinase (ERK) is inhibited by activation of
p38 signalling, and to end when the ratio of ERK-to-p38
increases.39 It has been shown in a hydrogel model that the
cyclin-dependent kinase (CDK) inhibitors p21 and p27, which are
dormancy-associated markers that are regulated by ERK activity,
tend to cluster in the cell nucleus in dormant cells as opposed to
in the cytoplasm in proliferative BCBM cells.40 Several stimuli, such
as VCAM, TGF-β1 and periostin, are required to awake dormant
cells, and ECM stiffness can also contribute to the escape from
dormancy.41 Active metastatic cells tend to form micrometastases
along blood vessels through vascular co-option, preparing for
continuous growth of metastatic lesions.17

Vascular co-option
Vascular co-option, during which BC cells maintain physical
contact with the abluminal side of pre-existing blood vessels, is
regarded as the first step of colonisation after extravasation. The
successful growth of tumour cells in the brain has been shown to

require adhesion to the surface of capillaries and stretching to
form elongated clusters around the vessels along with capillary
loop formation. The absence of vascular co-option can cause a
failure of metastasis;17,22 thus, interfering with this step is an
attractive therapeutic strategy.
Various key molecules and cells that are involved in promoting

vascular co-option have been identified. For instance, BCBM cells
secrete CCL2 to recruit macrophages, which subsequently
produce oncostatin M (OSM) and interleukin (IL)-6 as promoting
factors to activate lncRNA associated with BCBM (known as lnc-
BM). This long non-coding RNA enhances vascular co-option
through the Janus kinase 2 (JAK2)–signal transducer and activator
of transcription 3 (STAT3)–ICAM pathway as well as antagonising
apoptosis pathways in metastatic cells.5 The nervous system
development-related factor L1 cell adhesion molecule (L1CAM),
which is expressed in neurons and tumour cells, has been proven
to facilitate the spread of BCBM cells to the parenchymal side of
capillaries and eventually to establish metastatic outgrowth by
activating downstream neuroserpin, which prevents the produc-
tion of brain-metastasis-suppressing plasmin by astrocytes (see
later).42 β1 Integrin on tumour cells can also enhance vascular co-
option by mediating adhesion to the vascular basement
membrane (BM).43

Metabolic reprogramming
For stable colonisation to occur, tumour cells need to alter their
metabolic pattern to better adapt to the new microenvironments
in which they find themselves. An increased level of fatty-acid-
binding protein 7 (FABP7) in BCBM cells enables them to thrive in
hostile environments through an enhanced “Warburg effect” and
fatty-acid utilisation.44 In the event of glucose deprivation, the
overexpression of GRP94 in BCBM cells leads to upregulation of
the anti-apoptotic proteins B-cell lymphoma 2 (BCL2) and inhibitor
of apoptosis proteins (IAPs) and engagement of autophagy to
promote cancer cell survival.45 In parallel, gluconeogenesis is
enhanced through the use of glutamine and branched chain
amino acids for energy production.46 To counteract potentially
abnormal oxygen metabolism and the consequent generation of
reactive oxygen species (ROS), the transcription factor lymphoid
enhancer-binding factor-1 (LEF1) supports brain metastatic
colonisation by boosting the levels of glutathione to hinder
ROS-mediated destruction in epithelial BC cells.47
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INTERACTIONS BETWEEN CANCER CELLS AND RESIDENT
CELLS
As the survival and growth of metastases depend on adaptation to
distant organ microenvironments, the interactions between BC
cells and host cells merits further investigation (Fig. 3)—they could
be considered as potential therapy targets for improving
treatment efficacy.

Neurons
Neurons are regarded as the fundamental structural and
functional units of the central nervous system (CNS). Neman
et al.48 reported that BCBM cells and tissue derived from patients
undergoing neurosurgical resection acquired brain-like properties,
displaying a GABAergic phenotype similar to that of resident
neurons, with high levels of the GABAA receptor and GABA
transporter. The enhanced uptake and catabolism of GABA in
BCBM cells promote the formation of NADH as a biosynthetic
source and thus can confer a proliferative advantage on these
cells. In another report, Zeng et al. observed that BC cells can take
up glutamate for activation of N-methyl-D-aspartate (NMDA)
receptors—required for metastatic colonisation of the brain and
associated with poor prognosis—without destroying intrinsic
connections between neurons through the formation of pseudo-
tripartite synapses between cancer cells and glutamatergic
neurons.49

Astrocytes
Astrocytes are the most abundant glial cells in the brain and are
integral cells of the BBB. They ensheath the entire surface of
microvessels and neuronal processes by extending polarised end-
feet that contain a set of functional proteins, such as dystroglycan,
dystrophin and aquaporin-4, and maintain BBB function by
producing laminin α1 and α2 as well as secreting retinoic acid
and sonic hedgehog.50 Interestingly, astrocytes initially seem to
attack metastatic cells as a defensive mechanism; plasmin derived
from the reactive brain stroma cleaves Fas ligand (FasL) on the
surface of astrocytes, mobilising it to interact with its receptor, Fas,
to induce apoptosis in tumour cells. However, plasminogen
activator (PA) inhibitory serpins (e.g. neuroserpin and serpin B2),
which are highly expressed on BCBM cells, subvert this process.42

The surviving BC cells can then exploit astrocytes through
communication via gap junctions composed of connexin 43
(Cx43) and protocadherin 7 (PCDH7) to gain benefits in terms of
growth, chemoresistance, stemness and autophagy.51 For
instance, the movement of the second messenger cGAMP from
tumour cells to astrocytes activates the STING pathway, triggering
the secretion of interferon-α (IFN-α) and TNF-α by astrocytes; IFN-α

and TNF-α then activate the STAT1 and nuclear factor κB (NF-κB)
pathways in brain metastatic cells to promote tumour growth and
chemoresistance.52 Gap-junction-mediated signalling between
astrocytes and MDA-MB-231 cells also upregulates the expression
of IL-6 and IL-8, leading to an increase in the production of
endothelin-1 (ET-1) from astrocytes and the expression of the ET
receptor on the tumour cells. The ET-1–ET receptor interaction
activates the AKT–mitogen-activated protein kinase (MAPK) path-
way in cancer cells to confer survival against taxol.53 Through gap-
junction-mediated intercellular contact, astrocytes are also able to
induce the upregulation of certain pro-survival genes, such as
GSTA5, BCL2L1 and TWIST1, in BC cells to enhance chemoresis-
tance.54 As well as gap junctions, exosome-mediated secretion by
astrocytes has been proven to facilitate brain metastasis. Zhang
et al.55 reported that exosomes derived from astrocytes transfer
microRNAs that target the tumour suppressor phosphatase and
tensin homologue (PTEN) into brain metastatic tumour cells.
Furthermore, astrocytes can release polyunsaturated fatty acids to
activate peroxisome proliferator-activated receptor γ (PPARγ) in
BCBM cells and thereby promote proliferation.56 Moreover,
astrocytes can alter the morphology of BCBM cells by remodelling
their cytoskeleton, enhancing actin stress fibre organisation and
inducing cell elongation to increase the migration potential.57

And, finally, in response to oestrogens in the brain, oestrogen-
receptor (ER)+ astrocytes upregulate the production and secretion
of EGFR ligands to promote EGFR activation in BMBC cells,
increasing their proliferation, migration and invasion.58

Microglia
Microglia are unique resident macrophages in the brain parenchyma
that play a vital role in various CNS diseases such as stroke, cancer
and Alzheimer’s disease. Microglia have two activation states that
have opposing roles in brain metastases; an M1-like phenotype,
which promotes BBB opening to facilitate leukocyte extravasation;
and an M2-like phenotype, which participates in angiogenesis and
immunosuppression to promote tumour progression.59 When
activated after physical contact with tumour cells, microglia promote
the accumulation in these cells of ROS, leading to ROS-induced
apoptosis or other oxidative damage as an immune defence;
however, these effects can be mitigated by the expression in CTCs of
high levels of MYC, which induces the expression of the antioxidant
glutathione peroxidase 1 (GPX1).15 Similar to other immune cells,
microglia also carry out cytotoxic functions; however, the elevated
secretion of neurotrophin-3 (NT-3) from brain metastatic cells can
protect them from this attack, as well as promoting reversion of EMT
to mesenchymal-to-epithelial transition (MET) to enable metastatic
growth by upregulating E-cadherin at intercellular junctions.60 On

Table 1. Models in BCBM research.

Name Type Derivation Phenotype Reference

TBCP-1 Cell model Mouse HER2+ Nagpal et al. (2019)63

BT474BR Cell model Human HER2+ Contreras-Zarate et al. (2017)64

4T1BR4 Cell model Mouse TN Kim et al. (2018)65

MDA-MB-231-BR Cell model Human TN Bos et al. (2009)34

435-BR1 Cell model Human TN Sierra et al. (1997)122

BRV5 Cell model Human TN Martinez-Aranda et al. (2013)67

Orthotopic fat pad injection model Murine model — — Avraham et al. (2014)28

Orthotopic intramammary injection model Murine model — — Malin et al. (2014)68

Intracardiac injection model Murine model — — De Meulenaere et al. (2018)123

Intracarotid injection model Murine model — — Martinez-Aranda et al. (2013)67

Stereotactic injections model Murine model — — Contreras-Zarate et al. (2017)64

Ectopic PDX PDX Patients — Contreras-Zarate et al. (2017)64

Orthotopic PDX PDX Patients — Oshi et al. (2020)72
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the other hand, microglia can promote BCBM invasion and
colonisation in a Wnt-dependent manner.61 Moreover, significant
downregulation of the brain metastatic lncRNA suppressor X-
inactive-specific transcript (XIST) in metastatic tumour cells leads to
augmented secretion by these cells of exosomal miRNA-503, which
triggers M2 polarisation and the accumulation in microglia of
immune-suppressive cytokines, subsequently inhibiting T-cell
proliferation.62

RESEARCH MODELS FOR BCBM
The paucity of optimal and clinically relevant models presents a
huge obstacle to the study of the mechanisms underlying BCBM
and thus the development of possible treatments. However,
several models, including cell, murine and PDX models (sum-
marised in Table 1), have been widely implemented, providing a
theoretical basis and methodological guides for further BCBM
studies.

Cell models
HER2+ breast cancer and TNBC (ER−PR−HER2−) phenotypes are
prone to metastasis to the brain; thus, cell models with these
phenotypes have been widely used in BCBM research. TBCP-1
cells, derived from a spontaneous BALB/c mouse mammary
tumour, naturally overexpress HER2; these cells maintain HER2+

status in vivo, and show a high tendency toward spontaneous and
experimental brain metastasis in a mouse model.63 The human
HER2+ BT474 (BT474BR) cell lines is also been widely used.64 In
terms of TNBC cell lines, 4T1Br4 is a mouse-derived cell line that
displays a higher selective and spontaneous brain-metastasis
tendency compared to parental 4T1 cell lines.65 The human-
derived TNBC brain-metastasis cell line, MDA-MB-231-BR, was
constructed via repeated rounds of intraarterial injection and
in vivo selection.34 A new brain metastatic cell model, known as
BR-eGFP-CMV/Luc-V5 (BRV5), based on a human-derived 435-Br1
model, which uses a brain-metastasis nude mouse inoculated with
MDA-MB-435 cells,66 was developed by passing 435-Br1 cells
expressing the enhanced green fluorescent protein (eGFP) gene
and Photinus luciferase (PLuc) gene through five rounds of in vivo
and in vitro selection. These cells have been shown to undergo
brain metastasis within 60.8 ± 13.8 days after intracarotid injection
in all mice.67

Murine models
Three main types of BCBM murine models exist: orthotopic
models, intracarotid/intraventricular models and stereotactic
intracranial injection models.

Orthotopic models. Orthotopic models, created by the orthotopic
injection of breast cancer cell lines into the mammary fat pad or
mammary gland, can imitate the natural course of BCBM.28,68

However, spontaneous brain metastasis in these models is often
accompanied by multiorgan metastases. Therefore, intracarotid/
intraventricular models are now commonly used in the study of
BCBM study.

Intracarotid/intraventricular models. Intracarotid/intraventricular
models are constructed by injecting mammary carcinoma cell
lines into the carotid artery or left cardiac ventricle of 6–8-week-
old BALB/c nude or CB17/SCID female mice, images of isolated
whole brains are obtained or samples are harvested from the brain
at different time points after inoculation.68–70 However, intracar-
diac injection can also cause cancer cells to systemically spread to
other organs, whereas injection to the intracarotid artery can
reduce systematic distribution.

Stereotactic intracranial injection models. In 2019, Delaney et al.
reported the generation of a novel murine model in which cancer

cells are seeded into different sites of nude mouse brains, such as
the hemisphere or cortex, by stereotactic injection.71 The
advantage of this model is that the phenotypes and biologic
features of the metastatic foci are consistent with those of the
injected cells. However, strong microsurgery skills and experience
are required for this approach.

PDX models
Patient-derived xenograft (PDX) models, which can better mimic
the heterogeneity of human tumours, have been successfully used
in BCBM research. These PDX models, which can be orthotopic or
ectopic, depending on the transplant site, can retain the genetic,
transcriptional and phenotypic properties of primary tumours
even after long-term continuous passage in vivo.72 Oshi et al.
reported three approaches for constructing orthotopic PDX
models: the forceps method, the needle method and the pipette
method. The pipette method, in which a gently crushed tumour
fragment is implanted through a burr hole using a 10 μl plastic tip
connected to a pipette, appears to be the more favoured among
the three.72 Generating ectopic PDX models is relatively simple:
freshly resected brain metastases from consenting donors are
partitioned into small pieces and implanted into the mammary fat
pads of immunocompromised mice.73

CURRENT THERAPEUTIC STRATEGIES AND CHALLENGES IN
THE MANAGEMENT OF BCBM
Traditional therapeutic strategies for BCBM involve multimodality
approaches, such as whole-brain radiotherapy (WBRT), stereotactic
radiosurgery (SRS), surgery, chemotherapy and palliative ther-
apy,4,74 while treatment options for intra-cerebrospinal fluid (CSF)
administration for leptomeningeal metastases are limited to
methotrexate, cytarabine and thio-TEPA; these agents show poor
efficacy, and survival after diagnosis is disappointingly short
(2–3 months).75 Multidisciplinary comprehensive therapy has
become the current preferred treatment. For example, results
from a randomised open-label Phase 3 study (NCT01645839)
suggested that intrathecal liposomal cytarabine plus systemic
therapy significantly decreased the risk of leptomeningeal
metastases progression or death, and prolonged progression free
survival (PFS) from 2.2 to 3.8 months and median overall survival
(OS) from 4 to 7.3 months.76 However, the prognosis of patients
with BCBM is far from satisfactory. This frustrating outcome can be
partly attributed to our incomplete understanding of the brain
structure as well as difficulties in generating research models
during BCBM investigation. Several additional challenges also limit
the success of current BCBM treatment approaches.

Heterogeneity between primary BC and BCBM
Heterogeneity between the primary tumour and the brain
metastasis is a major obstacle for effective treatment. Traditionally,
various aspects of the heterogeneity of BC, such as histological
subtype, treatment sensitivity and clinical outcome, have been
documented, as have aspects of the heterogeneity of their
resulting brain metastases. BCBM also has its own hormone
receptor (HR) and HER2 expression statuses that are not
completely consistent with those of the primary tumour. More-
over, molecular subtype discordances and changes, as well as
genetic heterogeneity between the primary BC and BCBM, can
significantly influence treatment and prognosis,77 limiting the
potential efficacy of targeted therapies that are based on the
analysis of the primary tumour. HR switching rates—whether
positive-to-negative or negative-to-positive—were reported to be
higher than HER2 switching rates. ER discordance is statistically
more prevalent, while progesterone receptor discordance is less
common in CNS metastases than other sites. By contrast, HR−/
HER2+ primary tumours have the lowest probability of subtype
switching, probably owing to their strong neurotropic
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properties,78 since HER2+ phenotype itself is reported to retain
high brain-metastasis tendency. Genetic mutations—mostly in
cancer-related genes such as TP53, FGFR2, MAP2K4, ATR and
PIK3CA—can be specific to or enriched in BCBM. Furthermore,
amplifications of clinically actionable target genes such as ERBB2
and myeloid leukaemia cell differentiation protein (MCL1) are also
common in brain-tropic metastatic cells. These molecular features
make the cells sensitive to corresponding inhibitors, and
preclinical research on the application of HER2/EGFR inhibitors,
CDK inhibitors, and MAPK inhibitors in suppressing brain
metastatic cells is underway.79,80 The heterogeneity of genomic
alterations can therefore be clinically targetable.

Presence of the BBB and additional barriers
Another critical limitation in BCBM treatment is largely attributable
to the existence of the BBB, which selectively inhibits agents of
high molecular weight, strong negative charge and low lipid
solubility.81 In parallel, the expression of ATP-binding cassette
(ABC) transporters, especially P-gp (ABCB1), MRP1 (ABCC1) and
BCRP (ABCG2), expressed both on tumour cells and in the BBB, as
drug efflux pumps has been proven to play a crucial role in
multidrug-resistance.82 Along with the BBB, the blood-CSF (BCSFB)
is another gatekeeper of the CNS system; its function is principally
a result of the properties of the choroidal epithelial cells.83 The
BCSFB has been reported to express P-gp and MRP1, which thus
brings challenges in anti-metastatic therapy.83,84 The BTB also,
presents a challenge for BCBM treatment, displaying non-uniform
permeability and active efflux of molecules.85 The aforementioned
factors account for the limited curative effect of current
therapeutic agents for BCBM compared to metastases of
peripheral organs. Below, we discuss novel therapeutic strategies
such as targeted therapies, immunotherapy and nanotherapy, and
the prospects of these strategies in treating BCBM.

Novel therapies and prospects for BCBM
An urgent need exists for novel therapeutic options for BCBM
patients due to their poor QoL and prognosis. Our increasing
understanding of the molecular mechanisms underlying BCBM is

providing potential opportunities for targeted therapies. Several
key molecules and pathways identified as potential new targets
have entered into clinical trials with the aim of achieving
translation from basic study to clinical practice (Fig. 4). Moreover,
the emergence of novel strategies such as immunotherapy and
nanotherapy has changed the treatment approach and the
formulation of existing compounds, respectively, leading to
clinical improvements in the treatment of BCBM.

Targeted therapy
HER2/ERBB2 inhibitors. As noted above, HER2+ BC patients are at
great risk of BCBM. Numerous anti-HER2 drugs have been
explored for clinical use: monoclonal antibodies (e.g. trastuzumab,
pertuzumab); antibody–drug conjugates (e.g. T-DM1); or small
molecule tyrosine kinase inhibitors (e.g. lapatinib, neratinib,
tucatinib, pyrotinib). The advantages of trastuzumab, a standard
therapeutic option in clinical practice, in improving HER2+ BCBM
outcomes have been widely verified, although it is unclear
whether or not the benefits are due to the improvement in
extracranial disease control rather than a direct effect on brain
metastases.86 Pertuzumab has also been approved for the
treatment of patients with advanced HER2+ BC. Significant
efficacy of the combination of pertuzumab, trastuzumab and the
antimitotic drug docetaxel has been reported in the CLEOPATRA
study group, although neutropenia occurred in 49% of the
experimental group as a common serious adverse event.87 Studies
on novel HER2-targeted therapies have reported promising
outcomes. Trastuzumab emtansine (T-DM1) performed better
than capecitabine plus lapatinib in terms of efficacy and safety, in
a Phase 3 study of 991 patients with previously treated HER2+

MBC,88 leading to the FDA approval of T-DM1 in 2013. A single-
arm Phase 3b clinical trial (NCT01702571) evaluating T-DM1 in
patients with HER2+ MBC and brain metastases revealed that T-
DM1 is efficacious and well-tolerated.89

With regard to small molecule tyrosine kinase inhibitors, several
agents are under exploration or in use in clinical application.
Lapatinib seems to inhibit efflux transporters on BBB,90 which
makes it more efficient when combined with chemotherapy
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agents. A Phase 1b/2 single-arm trial verified the efficacy of a
combination of lapatinib and capecitabine as a first-line therapy
for untreated HER2+ BCBM, although nearly half of patients in the
experimental treatment group experienced grade 3–4 adverse
events such as diarrhoea and hand-foot syndrome, and 31%
suffered severe side effects.91 Neratinib plus capecitabine has
recently shown efficacy against refractory HER2+ BCBM in a Phase
2 trial.92 Moreover, tucatinib, an oral HER2-specific tyrosine kinase
inhibitor, conferred favourable effects on the treatment of brain
metastases when combined with trastuzumab and capecitabine;93

adverse effects included nausea, diarrhoea, fatigue and elevated
aminotransferase levels. Pyrotinib, an oral irreversible pan-ERBB
inhibitor targeting HER1, HER2 and HER4, has emerged as a
promising agent for the treatment of HER2+ MBC, following a
series of clinical trials. A first-in-patient study (NCT01937689) of 38
HER2+ MBC patients determined the maximum tolerated dose of
pyrotinib to be 400mg once per day; the overall response rate
was higher (87.5%) for the 400-mg dose cohort than other low-
dose cohorts, and the median PFS was also longer (59.4 weeks) for
the 400-mg dose cohort compared with other, lower-dose
groups.94 In a Phase 3 trial, the median PFS for the pyrotinib
plus capecitabine group was 11.1 months, which was significantly
longer than that of only 4.1 months for the placebo group.95

Based on these positive results, pyrotinib received conditional
approval in combination with capecitabine in 2018 in China for
the treatment of HER2+ MBC patients who previously received
anthracycline or taxane chemotherapy.96 Adverse events such as
gastrointestinal reactions, skin reaction, blood system diseases
and hepatobiliary diseases were also observed in these clinical
trials.94 In 2020, investigators reported that the novel biparatopic
anti-HER2 antibody–tubulysin conjugate (bHER2-ATC) inhibited
tumour growth in a murine BCBM model; increased uptake of the
agent was shown to be mediated by endocytosis, suggesting a
potential new mechanism of brain penetration.97

Overall, the combination of HER2-targeted inhibitors and
chemotherapeutic cytotoxic agents has achieved some success
in clinical studies. However, the instability of drug effects and
frequent adverse events are a reminder that more attention and
efforts are needed to improve drug efficacy and reduce toxicity.

EGFR inhibitors. There are two main groups of EGFR-targeted
drugs—EGFR-targeted monoclonal antibodies (e.g. cetuximab,
panitumumab) and tyrosine kinase inhibitors (e.g. erlotinib,
gefitinib, afatinib). However, EGFR-targeted treatment has not
shown a clear clinical benefit for BC and much less so for BCBM;
this lack of clinical benefit might be explained by the presence of
alternate mechanisms for EGFR pathway activation. A randomised
Phase 2 study suggested that treatment with afatinib does not
confer therapeutic benefits, and resulted in even more frequent
adverse events than the investigator’s choice of treatment for
HER2+ BCBM patients.98

PARP inhibitors. Poly (ADP-ribose) polymerase (PARP) inhibitors,
including olaparib, rucaparib, niraparib, veliparib and talazoparib,
have been approved for the treatment of BRCA-mutated BC, and
several clinical trials (Phase 1: NCT01853306; Phase 2:
NCT01506609; Phase 3: NCT02032277) have shown the efficacious
anti-tumour effect of PARP inhibitors on BC.99–101 A study
analysing 21 brain metastases and their matched primary breast
cancer showed that BCBM tends to have high genomic-
aberration-based-homologous recombination deficiency (HRD)
scores compared with their primary tumour counterparts, which
indicates that brain metastases might be more sensitive to PARP
inhibitors than their corresponding primary tumours.69

VEGF pathway inhibitors. VEGF and its receptors (VEGFR-1 and
VEGFR-2) are highly relevant owing to the involvement of
angiogenesis in primary BC and BCBM. The expression level of

VEGF has been associated with poor prognosis of BC and poor
response to endocrine therapy and chemotherapy,102 indicating the
potential use of VEGF inhibitors. However, the efficacy and usage of
bevacizumab, a humanised monoclonal antibody against VEGF-A, in
BCBM is controversial. Despite the removal of Food and Drug
Administration (FDA) approval of bevacizumab for the treatment of
MBC in November 2011, the Centers for Medicare and Medicaid
Services still indicate the use of bevacizumab as a first-line treatment
for metastatic BC patients, on the basis of controversial results of
clinical trials.103 Hence, more appropriately designed research
strategies are needed to prove the effectiveness of bevacizumab.
Ramucirumab, a human immunoglobulin G1 antibody that binds to
VEGFR-2, is used to treat some advanced digestive malignancies.
However, it did not confer significant benefit when added to
docetaxel in the treatment of advanced MBC in a Phase 3 trial.104

Interestingly, variants of the antibody herceptin that can bind not
only to HER2 but also to VEGF have been isolated, providing new
opportunities for antibody-based therapy;105 a ‘four-in-one’ antibody
approach targeting EGFR, HER2, HER3 and VEGF106 has also proven
efficacious in inhibiting the growth of anti-HER-resistant cancer cells.
These experiments indicate that further preclinical explorations and
clinical trials are needed to find more effective and safe strategies for
anti-VEGF therapy in BCBM treatment.

PI3K–Akt–mTOR pathway inhibitors. Activation of the PI3K path-
way is the most common aberration during BC development and
occurs in ~70% of BCBM cases, indicating that inhibition of this
pathway could be a promising therapeutic option for BCBM
patients.107 Accordingly, the mammalian target of rapamycin
(mTOR) inhibitor everolimus in combination with the PI3K
inhibitor buparlisib is being evaluated in the clinical management
of BCBM.108 GDC-0084, a dual PI3K–mTOR inhibitor that can
penetrate the BBB, showed a potential role in BCBM treatment
when evaluated in in vitro and in vivo experiments.107 Another
preclinical study of a pan-Akt inhibitor, GDC-0068, showed
encouraging efficacy results in BCBM treatment.109 Moreover, a
Phase 1b/2 multicentre clinical trial (NCT01783756) supported the
anti-tumour effect of the combination of everolimus, lapatinib and
capecitabine in HER2+ BCBM patients.99 These promising data
reflect the requirement for further future clinical trials investigat-
ing PI3K–Akt–mTOR pathway inhibitors in BCBM.

CDK4/6 pathway inhibitors. Cyclin D1 is frequently overexpressed
in human BC, and the vital role of the cyclin D–CDK4/
6–retinoblastoma protein pathway in BC cell proliferation provides
a strong rationale for the use of CDK4/6 inhibitors.110 Three CDK4/
6 inhibitors have been used in ER+ MBC treatment, including
palbociclib, ribociclib and abemaciclib. Among these inhibitors,
abemaciclib has shown unique advantages, including single agent
activity in ER+ refractory MBC, efficient ability to cross the BBB,
and capacity for continuous administration due to the low
frequency of myelosuppression.111 A Phase 1 clinical trial
(NCT01394016) revealed no significant differences in the concen-
tration of abemaciclib between the CSF and plasma,112 indicating
effective penetrance of the BBB. Furthermore, Tolaney et al. report
on the results of a Phase 2 clinical trial (NCT02308020) that further
assesses the efficacy of abemaciclib in brain metastasis in patients
who were heavily treated previously. Therapeutic concentrations
of abemaciclib were achieved in the brain and outdistanced those
necessary for CDK4 and CDK6 inhibition. And an intracranial
clinical benefit rate (iCBR) of 24% was observed.113 Far fewer,
clinical trials have assessed the efficacy of palbociclib and
ribociclib in BCBM, indicating that more investigations and further
explorations are needed.

Immunotherapy
Immunotherapy has shown considerable success in a number of
different types of cancer. The immune content of metastases is
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reported to be lower than that of primary tumours, but BCBM with
a higher TIL content show improved prognosis compared with
BCBM with a lower TIL content. Thus, improving the TIL contents
by the use of stereotactic radiosurgery (SRS) has become a new
approach used in conjunction with immune checkpoint inhibi-
tors.4 Several ongoing Phase 2 trials are underway to examine the
efficacy of combining SRS with atezolizumab (NCT03483012),
pembrolizumab (NCT03449238), and nivolumab
(NCT03807765).114 In the meantime, chimeric antigen receptor
(CAR)-modified immune cells and oncolytic viruses are also under
investigation. For example, combinatorial therapy using
EGFR–CAR NK cells and oncolytic herpes simplex virus 1 (oHSV-
1) resulted in efficient killing of BC cells and significantly
lengthened the survival of tumour-bearing mice.115 HER2–CAR
T cells containing the 4–1BB costimulatory domain optimised by
Priceman et al. conferred enhanced tumour targeting with a
reduced T-cell exhaustion phenotype and enhanced proliferative
capacity compared with the CD28 costimulatory domain, and
showed potent anti-tumour activity in BCBM orthotopic xenograft
models.116 As for leptomeningeal metastasis, a single-arm, open-
label Phase 2 trial (NCT02886585) of pembrolizumab demon-
strated the safety and feasibility of this immune checkpoint
inhibitor as well as its prospective activity.117 Although immu-
notherapy has good prospects, this approach is still in its infancy
for treating BCBM and requires further exploration.

Nanotherapy
As mentioned above, systematic treatment for BCBM is not as
efficacious as it is for peripheral metastases owing to the presence
of the BBB. Thus, looking for ways to improve the penetration of
existing medicines has become an area of active research.
Nanotherapy, an emerging approach for intravenous drug delivery
whereby nanoparticles are conjugated to therapeutic agents
targeting overexpressed antigens or receptors, might be an
optimal system with a promising future. Nanocarriers have unique
advantages for drug delivery: they have a high drug-loading
capacity and they can protect the enclosed agents from overly
rapid clearance. Consequently, a concentration gradient is formed,
allowing the drugs to diffuse passively through tumour micro-
vessels—this is called the enhanced permeability and retention
(EPR) effect of nanoparticles. Moreover, nanocarriers help to
circumvent the effect of efflux transporters.118

Five nanoparticles currently exist for brain cancer therapy:
liposomes (60–500 nm), micelles (10–60 nm), dendrimers (5–250
nm), polymers (10–60 nm) and SPIO (iron oxide oleic acid
amphiphilic polymers, 5–30 nm).118 Among them, polymer nano-
particles are commonly used in BCBM research. Chunsheng He and
colleagues developed a polysorbate (PS)-80-based amphiphilic
polymer–lipid nanoparticle system to carry docetaxel to brain
metastatic lesions, and this prolonged median survival in mouse
models of BCBM. These PS-80-coated nanoparticles can mimic low-
density lipoprotein (LDL) particles to participate in LDL-receptor-
mediated transcytosis, a feasible drug delivery approach via the
binding between the antibody–drug conjugates and their respective
receptors. They can facilitate BBB crossing by undergoing endo-
genous lipidation in cooperation with apolipoprotein E.119 In a
preclinical study published in 2020, Zhang et al. synthesised a
shrinkable polymer nanoparticle loaded with lexiscan and con-
jugated with the specific CXCR4 antagonist AMD3100. It efficiently
crossed and pharmacologically disrupted the BBB in tumours
through size alteration as well as lexiscan-mediated autocatalysis.120

Autocatalysis is a nanoparticle delivery strategy in brain tumour
treatment. In this strategy, a small number of nanoparticles primarily
penetrate the BBB via transcytosis or through the BBB gaps, and
then release BBB modulators to enables more nanoparticles to be
transported, creating a positive feedback loop for increased
delivery.121 Loaded with lexiscan, an adenosine receptor agonist,
this nanoparticle can pharmacologically modulate permeability of

the BBB, and it specifically targeted tumour tissues via AMD3100-
mediated recognition of CXCR4 on tumour cells. When this
nanoparticle was used to encapsulate doxorubicin, an improvement
in survival outcome was achieved in BCBM-bearing mice.120

However, no clinical data yet support the idea that nanotherapy is
superior to current treatment regimens, and clinical trials of
nanotherapy in BCBM treatment are rare, so the adverse effects
are unknown—indicating that the journey to find optimal
nanocarriers to facilitate BBB permeability will be arduous.

CONCLUSIONS
In this review, we have comprehensively discussed the current
knowledge of BCBM. This knowledge has grown exponentially over
the past 5 years, benefiting from emerging research experiments
and models. The process of BCBM is very complicated, and includes
CTCs adhesion, BBB crossing, tumour colonisation and proliferation,
as well as involving cellular BBB structures, diverse molecules and
pathways; consequently, a multitude of targets exist for future
therapeutic strategies. However, based on the complexity of the BBB
and the diversity of the molecules involved, combination therapies
and optimal drug carriers, such as nanocarriers, are likely to be
required for the efficacious treatment of BCBM, although further
clinical trials will obviously be needed.
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