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Abstract

The development of brain metastasis (BM) of breast cancer is usually a late event with deleterious effect on
the prognosis. Treatment options for intracerebral seeding of breast cancer are limited and, so far, nonspecific.
Molecular detailing of subsequent events of penetration, seeding, and outgrowth in brain is highly relevant for
developing therapeutic strategies to treat, or prevent, BM.

We scrutinize recent literature for molecules and pathways that are operative in the formation of breast cancer
BM. We also summarize current data on therapeutic efforts to specifically address BM of breast cancer. Data on
molecular pathways underlying the formation of BM of breast cancer are sketchy and to some extent inconsistent.
The molecular makeup of BM differs from that of the primary tumors, as well as from metastases at other sites.
Current efforts to treat breast cancer BM are limited, and drugs used have proven effects on the primary tumors
but lack specificity for the intracerebral tumors.

More basic research is necessary to better characterize BM of breast cancer. Apart from the identification of drug
targets defined by the intracerebral tumors, also targets in the molecular pathways involved in passing the blood-

brain barrier and intracerebral tumor cell growth should be revealed.

Key words

Breast cancer is a histologically and genetically heteroge-
neous disease, categorized by the expression of estrogen
receptor (ER) and progesterone receptor (PR) and human
epidermal growth factor receptor 2 (HER2/neu). There are
6 basic molecular subtypes of breast cancer. Based on
the ER, PR, and HER2/neu status, only 4 categories are
clinically distinguished." Each subtype exhibits a particu-
lar natural history, metastatic potential, and outcome.
Breast cancer tends to metastasize to bone, lung, liver,
and brain. Seeding to brain is usually a late event. Tumor
cell growth in the brain microenvironment is the result
of genetic predisposition and cellular adaptation mecha-
nisms, and is largely dependent on cross-talk between
tumor cells and brain-resident cells. Brain metastasis
(BM) develops more frequently in triple-negative (TN)
(25%-27%) and HER2+ breast cancers (11%-20%), while

the incidence of BM in luminal A and B is much lower
(8%-15% and 11%, respectively).? TN breast cancer BM
tends to develop earlier in the course of disease and is
almost invariably associated with extracranial metasta-
ses.® BM in HER2+ tumors occurs in up to 50% of patients
receiving HER2+ targeted therapies (in particular tras-
tuzumab). The TN subtype displays the worse (3-4 mo)
and luminal B the best (19-20 mo) median survival in
the presence of BM.*This review will focus on the pres-
ently known molecular mechanisms that grant breast cir-
culating tumor cells (CTCs) extravasation into the brain
parenchyma. Discovering specific gene mutations or
expressional profiles in tumor cells prone to disseminate
to brain will open avenues to intervene with the rise of
intracerebral dissemination and offer a great step for-
ward in the treatment of breast cancer.
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Genetic Predictors of Brain Metastasis

Over the last decades improvements of microarray tech-
nology and the capacity to carry out massive parallel gene
expression analyses have provided awareness of the com-
plexity of breast cancer. Data on the breast cancer sub-
clones and molecular pathways involved in metastasis,
in particular to brain, are sketchy and not univocal. Using
next-generation sequencing data of 4 DNA samples col-
lected from one breast cancer patient, it was suggested
that the development of metastases may be triggered by a
minority of cells within the primary tumor,’ and the results
of various studies point to large similarities between the
parent tumors and their metastatic offspring. In a study
where 15 primary breast cancer samples were compared
with their intracerebral metastases by next-generation
sequencing, no significant differences in mutation profiles
were detected, while actionable gene alterations in the
breast cancer BM (such as TP53, PIK3CA, KIT, MLH-1, and
RB1) had been preserved.® Similarly, in a study of 12 pri-
mary breast cancers and their BM in which 19 oncogenes
were scrutinized, all somatic mutations were found in both
primary and metastatic specimens except for one epider-
mal growth factor receptor (EGFR) mutation identified only
in the primary tumor.” However, whole-exome sequenc-
ing of 86 matched primary tumors and BMs from patients
with breast, lung, and renal cancer revealed that 53% of
the BMs harbored at least one clinically actionable altera-
tion that was not detected in the matched primary tumor,
while the BMs had more unique mutations than the pri-
mary and lung metastases combined.® Further assessment
of different intracranial metastatic sites in the same patient
showed that almost all of the potentially clinically informa-
tive driver alterations were shared, suggesting that BM is
homogeneous within an individual.® Clearly, differences in
findings between studies depend on the extent of screen-
ings applied.

Interestingly, between 16% and 22% of Erb-B2 receptor
tyrosine kinase 2 (ERBB2)/HER2-negative breast cancers
have been reported to acquire ERBB2/HER2 amplifications
and/or mutations in the BM. The discordance between pri-
mary tumors and their BM could be even greater regarding
the ER status. Similarly, EGFR expression was increased
in the brain-seeking, but not the bone-seeking, subline of
an MDA-MB-231 model system.? The induction of HER2 in
this cell line resulted in a 3-fold increase of brain macrome-
tastasis in a xenograft model.® A significant gain of EGFR
copy number status was found in breast cancer BM com-
pared with the primary breast cases. EGFR amplification is
also more frequently found in brain metastatic adenocar-
cinomas from the lung compared with corresponding pri-
mary tumors. Furthermore, EGFR amplified primary lung
tumors are significantly correlated with shorter time to BM
development.'®The identification of exclusive mutations in
tumor cells at different sites is suggestive of a metastatic
cascade-dependent evolution influenced by, or dependent
on, the cross-talk between CTCs and their variable micro-
environments. Some of these mutations may be necessary
for the establishment of the initial metastatic seeding in
the brain, but not for its continued growth or maintenance.
While phosphatase and tensin homolog (PTEN) mutations

are rarely found in primary breast" or lung'? cancers,
21% of the brain metastatic breast tumors were reported
to carry PTEN mutations and 31% were determined with
loss of PTEN protein expression.” Results of compara-
tive genetic hybridization of arrays of breast tumors and
BM emphasized the relevance of PTEN loss and the role
of the EGFR gene in BM formation.' In a study of 119 pri-
mary TN breast tumors it was shown that analysis of gene
transcripts in the primary tumors is insufficient to predict
the development of BM.™ It is clear that BM of breast can-
cer does differ from the primary tumors in terms of muta-
tions and expression. Importantly, some data indicate that
therapeutic actionable mutations can be present in BM
while not in the primary tumors.This difference has conse-
quences for choosing the right therapy for BM, and there-
fore intensified research aiming at the characterization of
primary breast tumors and their BM is important for the
development of targeted therapies.

Although Wnt/p-catenin signaling activation is associ-
ated with breast cancer BM, the significance of this path-
way to predict BM remains unclear. Two potential Wnt
ligands, Wnt5A and Wnt5B and their respective recep-
tors, ROR1 and ROR2, were identified as signal media-
tors and potential therapeutic targets,’® and it has been
suggested that Wnt signaling in breast tumor progres-
sion occurs independently of $-catenin. Microglia report-
edly promotes colonization of brain tissue by breast
cancer cells in a Wnt-dependent way. Moreover, the Wnt
ligand WntbA was found to be constitutively expressed
in microglia and is a critical mediator of CXCR4-induced
T-cell migration.'®

Influence of the Immune System

In a recent study in which gene expressions of breast can-
cer from women with metastasized disease with and with-
out cerebral metastases were compared, T-cell response to
the primary tumors appeared crucial for the rise of BM."
The T cells appeared to change the tumor cell proteome,
and the expression of some of these crucial proteins was
confirmed in those primary tumors that gave rise to BM.
The findings could be confirmed in a blood-brain barrier
(BBB) cell culture model in which breast cancer cell lines
were incubated withT cells. Moreover, injecting breast can-
cer cells that were co-cultured with T cells in mice gave a
brain phenotype as well. The results need further explora-
tions in order to scrutinize current anticancer T-cell thera-
pies and to find targets for therapeutic interference with
the T-cell response and the resulting upregulated proteins.
The influence of the immune system on the formation of
BM needs further scrutiny in order to find ways to prevent
the formation of BM in breast cancer patients.

Stages of Metastasizing to Brain
Passage Through the BBB

Tumor cells (TCs) mimic mechanisms used by immune
cells, but the adhesion molecules and ligands they use for



extravasation are different. It is unclear whether attach-
ment characteristics of leukocytes are a precondition for
transendothelial migration (TEM)."® Migration into the
brain occurs foremost by opening tight junctions (TJs)."®
In an in vitro experiment, melanoma cells disrupted the
intercellular junctions and adherens junctions of the
endothelial cells,” and their sizes are more important for
the initial arrest than the capacity to adhere to vascular
walls.? It is not yet clear how and whether CTCs affect
the function of the BBB. So far, apoptosis or hypoxia has
not been recorded in the endothelial cells at the site of
extravasation, suggesting that extravasation events do
not directly correlate with damage of the vessel walls.
To enter the brain parenchyma, cancer cells must pass
through microcapillary walls that constitute the BBB.?'
The TJs and the absence of extensive pinocytosis and
fenestrae account for protecting the brain from cellular
and molecular intruders. The extravasation strategy of
TCs comprises arrest and adherence to the endothelium
(docking), establishment of intercellular contacts (locking),
TEM, adhesion to the subendothelial matrix (foothold),
and subsequent modification of the surrounding host tis-
sue microenvironment (colonization) (Fig. 1). Reciprocal
interaction with stromal cells grants the successful forma-
tion of macrometastasis.?? Initial investigations showed
that the production of cytokines resulting from inflamma-
tion increases the ability of CTCs to adhere to the vascular
endothelium, while the endothelium itself was thought
to be a mere passive participant. However, later studies
revealed that the attachment of TCs to brain endothelial
cells is mediated by bilateral cell surface receptors and
adhesion molecules, such as integrins, selectins, and
chemokines. Therefore, endothelial cells actively influence
TC extravasation and proliferation?® (Fig. 1;Table 1). Only a
minority of TCs, known as tumorigenic cells or cancer-initi-
ating cells, trigger tumor proliferation and self-renewal.?
Only a small proportion of breast cancer cells display a
CD44high/CD24'w antigenic phenotype, contrasting with
the predominant CD44'9%/CD24"9h phenotype.?* Breast
cancer cells with a CD44+/CD24- phenotype display highly
invasive properties, and levels of pro-invasive genes, like
interleukin (IL)-1a, IL-6, IL-8, and urokinase plasminogen
activator (uPA) are elevated.?® Stromal uPA and matrix
metalloproteinase 2 (MMP-2) are produced as nonactive
precursors and become responsive on the surface of the
TCs, allowing the neoplastic cells to break through the
basement membrane.?® uPA converts plasminogen into
plasmin. Suppression of plasmin is caused by overexpres-
sion of neuroserpin and serpin B2, which in turn enable
the infiltration of metastatic breast cancer cells through
the BBB. This mechanism is mediated by L1 cell adhe-
sion molecule (L1CAM), which will empower the meta-
static process.?’ Through stimulation of the nuclear factor
kappa-light-chain enhancer of activated B cells (NF-xB)
pathway, uPA activates MMPs, endopeptidases that can
cleave any component of the extracellular matrix (ECM).28

In a mouse model of breast cancer metastasis, upreg-
ulation of a B, integrin in TCs appeared to interact with
platelets, resulting in thrombus formation that facilitates
the arrest of TCs within the vasculature.? Activation of o, 3,
integrins also assists in the intracerebral growth of TCs
through continued upregulation of vascular endothelial
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growth factor (VEGF).*® Enhanced f, integrin signaling
induces HER2-dependent expression of VEGF which is
responsible for the disruption of the interendothelial junc-
tions.3' VEGF is highly expressed in breast cancer cells
and is known as a vascular permeability factor and major
regulator of angiogenesis during tumor development.
The interaction between TCs and blood vessels relies on
B1 integrin-mediated adhesion, and it has been suggested
that antagonisms of the 1 integrin subunit expressed in
the vascular basal membrane would reduce the forma-
tion of CNS metastases.?? Another role in the interaction
between endothelial cells and TCs is played by the selec-
tins. E-selectin is expressed on activated endothelial cells
and P-selectin is found on both endothelial cells and acti-
vated platelets.®® P-selectin may directly assist the meta-
static process through communication with arrested TCs,
masking and protecting TCs from the immune response.®*
Other soluble factors affecting the formation of metas-
tases are chemokines and their specific receptors. The
chemokine stromal cell-derived factor 1o (SDF-10 or
CXCL12) and its receptor CXCR4 play a role in such mul-
tiple biological functions as homing, motility, and pro-
gression of metastases.’® CXCL12/CXCR4 signaling is
involved in the migration of breast cancer cells through
the BBB. SDF-1a induces blood vessel instability and is
significantly more highly expressed in breast cancer cells
compared with normal breast tissue.3® CXCL12 appeared
to be overexpressed in BM from breast and lung cancer.%®
CXCR4 is among the chemokine receptors that are most
commonly expressed in cancer. SDF-1a expression is fre-
quently observed at common metastatic sites of breast
cancer.?” The stimulation of SDF-1a increases adhesion
and activatesTEM by activating the phosphatidylinositol-3
kinase pathway (PI3K/Akt).3¢ NF-xB signaling, mediated by
CXCRA4, plays a role in organ-specific metastasis of breast
cancer, migration, and tumor growth.3® These data taken
together suggest that the expression of chemokine recep-
tors in primary breast cancers correlates with the appear-
ance of BM. Whether any of these receptors will become
useful as a biomarker predictive of the appearance of BM
is an unanswered question.

Intracerebral Progression

Astrocytes are confronted by breast cancer cells that have
breached the endothelial side of the BBB. Astrocytes have
a pivotal role in the maintenance of the BBB, contributing
to cerebral and extracellular homeostasis.®® Direct con-
tact between astrocytes and TCs induces calcium seques-
tration.*® The production of IL-1f, tumor necrosis factor
alpha (TNF-a), tumor growth factor beta (TGF-$), and IL-6
by astrocytes was shown to induce proliferation of breast
and lung cancer cells.*' TCs use astrocyte gap junctions
to transfer cyclic guanosine monophosphate-adenosine
monophosphate (cGAMP) to astrocytes, boosting the pro-
duction of inflammatory cytokines such as interferon alpha
(INFa) and TNF (Fig. 1). In turn, these factors activate the
signal transducer and activator of transcription 1 (STAT1)
and NF-xB pathways in brain metastatic cells, promot-
ing tumor growth and chemoresistance.*? Direct contact
between astrocytes and TCs induces activation of the Akt/
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Schematic representation of the stages of the formation of cerebral metastasis. From left to right, the processes of vascular adhesion,

transgression through the BBB, extravasation, interaction with the brain microenvironment of the tumor cells and involved molecules are pre-
sented. MMP, matrix metalloproteinase; 31, beta 1 integrin subunit; PTGS2/C0OX-2, prostaglandin-endoperoxide synthase 2/cyclooxygenase-2;
ADAMS, a disintegrin and metalloproteinase domain-containing protein 8; 34, beta 4 integrin subunit; CRYAB, af3-crystallin; INFa, interferon
alpha; STING, stimulator of interferon genes; LICAM, L1 cell adhesion molecule; JAG1, jagged 1; GSTA5, glutathione S-transferase alpha 5;

BCL2L1, BCL2 like 1; TWIST1, twist family BHLH transcription factor 1.

mitogen-activated protein kinase (MAPK) pathways, lead-
ing to the upregulation of anti-apoptotic genes (GSTA5,
BCL2L1, and TWIST1) in TCs that mediate resistance
against cytotoxic drugs.*® In addition, IL-1p, secreted by
the breast cancer cells, specifically upregulates the Notch
ligand JAG1 on primary rat astrocytes, which in turn pro-
mote Notch signaling in CTCs.**

Matrix metalloproteinases are produced by TCs or their
environment and play a role in growth, angiogenesis, and
migration in multiple stages of tumor progression. MMPs
are characterized according to the specificity of the degrad-
ing substrate; MMP-2 and MMP-9 degrade type IV collagen,
which is the main component of the vascular basement
membrane.*® In a rat model, MMP-2, MMP-9, and MMP-3
have been proposed to play a role in the establishment of
breast cancer BM.#¢ MMP-2 is initially secreted in a proac-
tive form and is activated through interaction with MMP-14
(or MT1-MMP) on the cell surface at the target site, which
expression is increased by cyclooxygenase-2 (COX-2, also
known as PTGS2).” MMP-1, secreted by 231BrM cells,
degrades occludin and claudin-5, which are major com-
ponents of the TJs of the BBB. MMP-1 expression strongly
correlates with COX-2 expression, indicating its active role
in BM of breast cancer patients.*® COX-2, the EGFR ligand
HBEGF, and the a2,6-sialyltransferase STEGALNAC5 genes
were identified as mediators of breast cancer cell passage

through the BBB. COX-2 changes the permeability of the
BBB,*® and its overexpression is observed in about 40%
of breast tumors. While COX-2 and HBEGF expression
in primary tumors enhances tumor cell extravasation
into both brain and lungs, STEGALNAC5 was found as
a specific mediator of BM of breast cancer.?° In contrast,
upregulation of STE6GALNAC5 in brain-seeking breast
cancer cells (MDA-MB-231 BrM2) decreased their adhe-
sion to the endothelial component of a well-characterized
human BBB in vitro model.%" Various other genes involved
in transcription, translation, and metabolism were associ-
ated with BM.52 Heparanase (HPSE) is a pro-tumorigenic,
pro-angiogenic, and pro-metastatic endoglycosidase over-
expressed in brain metastatic breast cancer.3 This down-
stream target of EGFR/HER2 signaling is also produced
by brain endothelial and glial cells, promoting tumor cell
invasion.® The expression of heparanase-1 (HPR1) report-
edly is inversely correlated with deposition of heparin sul-
fate (HS), a component of proteoglycans and constituent
of the ECM and basement membrane, correlated with the
metastatic potential of breast cancer.?® The coordinated
action of MMP-9 and HPSE contributes to breast cancer
cell carcinogenesis and progression.®® Angiogenesis and
MMP activity are enhanced by cathepsin B (CTSB).5” This
cysteine protease is often overexpressed in breast cancer,
increasing matrix degradation, invasiveness, and tumor
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Table1 Molecular mechanisms and potential therapeutic targets in breast cancer brain metastasis

Mechanism  Potential Location Regulated by Regulates Reference
TherapeuticTarget
Passage Wnt5A/ROR1; NA Whnt signaling NA t invasion 15
through BBB  Wnt5B/
ROR2
avf3integrin NA NA t tumor-platelet 1 arrestin 2
interaction vasculature
avf3integrin NA NA t VEGF 1 intracerebral 30
growth
B4 integrin NA NA t VEGF 1 disruption of &
signaling inter-
endothelial
junctions
p1integrin NA NA NA 1 adhesion s2
P-selectin endothelial cells NA communication/ 1 metastatic ability 3
and activated protection of arrested TC
platelets
CXCL12/CXCR4 metastatic site/ NA 1 PI3K/Akt 1 adhesion, {TEM 3¢
signaling TC
NF-xB signaling NA CXCR4 organ-specific 1 migration, 1 22
metastasis of breast tumor growth
cancer
Intracerebral CD44+/ breast cancer NA TIL1a, 716, T1L:8, T uPA 1 invasion 5
progression CD24- phenotype cells
uPA breast cancer NF-xB pathway Plasmin production, 1 ECM cleavage 28
cells MMPs
| Plasmin NA 1 neuroserpin, T ser- NA 1TEM a
pin B2, 1 L1CAM
Interaction  IL-1B, TNF-a, TGF-B, Astrocytes NA NA 1 proliferation 41
with IL-6 (breast and lung
astrocytes cancer cells)
cyclic GAMP Astrocytes TCs 1 INFa, 1 TNF ->1STAT1 1 tumor growth, 1 4
and NF-xB pathways chemo-resistance
Akt/MAPK TCs astrocytes-TC 1 GSTAS, 1 BCL2L1, 1 1 resistance, 1 o2
pathways interaction TWIST1 survival
IL-1B (secreted by) BM NA 1 JAG1T 1 Notch signaling ~ *
breast cancer
Interaction ~ MMP-14 (or target site COX-2 (or PTGS2)  MMP-2 1TEM 4
with ECM MT1-MMP)
MMP1 (secreted by) NA degrades tight junctions 1TEM 48
breast cancer of BBB
cells
HPSE BM breast EGFR/Her2 signaling NA TTEM %

cancer, endo-
thelial cells and

glial cells
HPR1 NA LHS NA 1 metastatic ability %°
CTSB breast cancer NA 1 angiogenesis, 1 MMPs 1 ECM cleavage, 7 %
cells invasion, { tumor
growth
CTSS NA NA proteolytic processing of 1TEM 59
JAM-B
Cav-1 NA NA | MMP-9 and MMP-2,| | tumor growth, | 68

STAT3/ (LSS exposure):t invasion /(LSS ex-
PI3K/Akt/mTOR signaling posure):t motility,
1 invadopodia for-
mation, 1 invasion
MEK5 NA STAT3 1 EMT 1 invasion 64
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Table 1

Continued

Mechanism  Potential Location Regulated by Regulates Action Reference
TherapeuticTarget
exo-AnxA2 breast cancer NA 1 p38MAPK, TNF-xB, 1 1 angiogenesis, T
cells stat3 pathways; (secre-  proliferation
tion of):1 IL-6, 1 TNF-a
TUBB3 breast cancer NA NA 1 metastatic ability ©®
BM cell line
Angll vasoactive NA 1T MMP-2, t MMP-9 in 1 adhesion, {TEM, &
peptide breast cancer cells; T motility
T1ICAM-1
CRYAB (independent NA NA 1 adhesion, {TTEM 869
predictor of BM)
Ang-2 activated brain  VEGF secreted by TN impairment of TJ 1TEM Eo

endothelial cells breast cancer cells

structures

Akt, protein kinase B; TEM, transendothelial migration; LICAM, L1 cell adhesion molecule; TNF, tumor necrosis factor; TGF, tumor growth factor;
c¢GAMP, cyclic guanosine monophosphate—adenosine monophosphate; INF, interferon; GSTAS, glutathione S-transferase alpha 5; BCL2L1, BCL2 like
1; TWIST1, twist family BHLH transcription factor 1; JAG1, jagged 1; PTGS2, prostaglandin-endoperoxide synthase 2; JAM-B, junctional adhesion
molecule B; Cav-1, caveolin-1; LSS, low shear stress; MEK5, mitogen extracellular-signal-regulated kinase 5; exo-AnxA2, exosomal-annexin A2;
ICAM-1, intercellular adhesion molecule 1; CRYAB, a-crystallin; TN, triple negative; TJ, tight junction; NA, not available

growth.%® Cathepsin S (CTSS) was identified as a breast
cancer BM promoter, crucial for metastatic seeding and
outgrowth; CTSS mediates BBB transmigration of breast
CTCs by proteolytic processing of junctional adhesion mol-
ecule B (JAM-B).%® Various studies have shown that caveo-
lin-1 (Cav-1) acts as a tumor suppressor protein in human
breast cancer. Cav-1 also inhibits discharge and expression
of MMP-9 and MMP-2.%° Upregulation of Cav-1 in vitro and
in nude mice was shown to mimic effects of STAT3 activa-
tion, suppressing tumor growth and attenuating the inva-
siveness of breast cancer.?’ Conversely, in another recent
in vivo study, Cav-1 was shown to be mechanosensitive
to low shear stress exposure, and its activation-induced
PI3K/Akt/mammalian target of rapamycin (mTOR) signal-
ing promoted motility, invadopodia formation, and lung
metastasis of breast carcinoma MDA-MB-231 cells.®?
STAT3 controls constitutive and inducible VEGF receptor 2
expression in tumor-associated brain endothelial cells, and
its inhibition suppresses BM of breast cancer cells.?® STAT3
intercedes with the upregulation of mitogen extracellular-
signal-regulated kinase 5 (MEK5), which promotes breast
cancer cell invasion through epithelial to mesenchymal
transition (EMT). Ectopic expression of MEK5 could pro-
vide non-invasive breast cancer cells with invasive capac-
ity.54 Recent work on expressed proteins in tumor-derived
exosomes demonstrated an important role of exosomal-
annexin A2 (exo-AnxA2) in breast cancer pathogenesis.
Moreover, exo-AnxA2, overexpressed in malignant breast
cells, was shown to mediate activation of the p38MAPK,
NF-xB, and STAT3 pathways as well as the secretion of IL-6
andTNF-a, increasing angiogenesis and breast cancer pro-
liferation. Furthermore, in vivo analysis revealed that prim-
ing with AnxA2-depleted exosomes reduced BM formation
~4-fold.®® Altogether, these findings highlight the critical
role of the tumor microenvironment in breast cancer pro-
gression and metastatic behavior.

Several other genes were reported to be upregulated
in breast cancer BM, being potential targets of treatment.

Hexokinase Il and lll-tubulin (TUBB3) expression is sig-
nificantly associated with distant metastases. Knockdown
of TUBB3 in a breast cancer BM cell line compromised
its metastatic ability in vivo, improving survival in a
BM model.?¢ Angiotensin Il (Angll), a potent vasoactive
peptide, was shown to contribute to increased tumor-
endothelial cell adhesion, transendothelial migration,
and motility, accelerating metastatic progression in an
experimental mouse model. Besides upregulating MMP-2
and MMP-9 gene expression in breast cancer cells, Angll
was also reported to upregulate the expression of inter-
cellular adhesion molecule 1 (ICAM-1).97 In the same line,
ap-crystallin (CRYAB) promoted adhesion of TN breast can-
cer cells to human brain microvascular endothelial cells,
enhanced penetration through the BBB in vivo, and was
indicated as an independent predictor for the development
of BM.%88 Using in vivo mouse models for breast cancer
BM, angiopoietin-2 (Ang-2) was observed to be elevated in
activated brain microvascular endothelial cells, due to the
presence of VEGF secreted by TN breast cancer cells and
by their “brain-seeking” variant. Secreted Ang-2 impaired
TJ structures and increased BBB permeability, resulting in
TN breast cancer colonization of the brain.”®

Clinical Perspectives

So far, only a few clinical trials have allowed for the inclu-
sion of patients with breast cancer and CNS metastases.
There is a trend of initiating trials that explore the efficacy
of new targeted therapies with specific focus on BM”'
(Table 2). None of the agents used to treat BM in a clinical
setting are directed against any of the molecules that are
operative in crossing the BBB or the intracerebral propaga-
tion of TCs. Conversely, the available studies have inves-
tigated BM from breast cancer compounds with proven
efficacy in the systemic disease. Their activity has been
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Table2 Overview of actionable targets and clinical studies on targeted therapies in established brain metastasis

Target Targeted Agent  Pretreatment Response Rate
with Radiotherapy
HER2, EGFR Lapatinib Yes 6%
Lapatinib + No 66%
Capecitabine
Her2 Neratinib Yes 8%
Neratinib + Yes 49%
Capecitabine
Tucatinib (ONT-  Yes 33%
380) + (TDM1)
PARP Iniparib © Yes 27%
HER2 Pertuzumab + Yes NA
High-dose
Trastuzumab
(intravenous)
Pertuzumab + No NA
Trastuzumab
(intrathecal)
Tucatinib (ONT-  Yes NA
380) +
Trastuzumab
CDK4/6 Abemaciclib Yes NA
Palbociclib No NA
P13K/Akt Everolimus Yes NA
PARP Veliparib Yes NA

(in association)

Progression-free  Overall Type of Reference or
Survival (mo) Survival  Trial Clinicaltrials.Gov
2.4 6.4 Phasell &
5.5 >70% Phasell 8

(1y)
1.9 8.7 Phase Il %4
NA 63% Phasell %

(1y) (preliminary results)
6.5 NA Phase!l %7
2.14 NA Phase Il 102
NA NA Phasell NCT02536339
NA NA Phase | NCT02598427
NA NA Phase | NCT019221335
NA NA Phasell NCT02774681
NA NA Phase Il  NCT02308020
NA NA Phasell NCT01305941 @

NCT01783756 ©

NA NA Phasell  NCT00649207

TDMI1, trastuzumab emtansine; CDK4/6, cyclin-dependent kinase 4 and 6; Akt, protein kinase B; NA, not available.
a|n association with trastuzumab and vinorelbine. In association with lapatinib and capecitabine. ¢In association with irinotecan.

evaluated in terms of either intracranial response and/
or progression-free survival (PFS) in patients with estab-
lished BM, or prevention of the development of BM in
patients without or with stable BM following local treat-
ments (chemoprevention). So far, no targeted agents with
the specific indication of BM are registered in the US or
Europe.” Most investigations concern the HER2+ subtype
of breast cancer. Monoclonal antibodies with action against
HER2, such as trastuzumab, pertuzumab, and trastuzumab
emtansine (TDM1), are considered to be too large to cross
an intact BBB for an effective chemoprevention. However,
the BBB may be damaged in case of macrometastases, or
following radiotherapy, resulting in increased CSF levels
of trastuzumab.”37* HER2+ metastatic brain lesions can be
visualized by 64Cu-DOTA-trastuzumab PET.”® Continuing
treatment with trastuzumab beyond the development of
BM may result in a survival benefit,’® and there is now
renewed interest in studying high doses of trastuzumab
as a treatment of HER2+ BM.”” Following treatment with
TDMT1, response rates in the brain are reported to be simi-
lar to those observed in extracranial sites.”®

HER2 receptors enhance EGFR signaling,’® and therefore
simultaneous inhibition of HER2 and EGFR may be supe-
rior to HER2 inhibition alone.® Lapatinib, a small-molecule
tyrosine kinase inhibitor with activity against HER2 and
EGFR, is approved in combination with capecitabine for
the treatment of metastatic breast cancer. The activity of

lapatinib used as a single agent in pretreated BM is mod-
est (response rate of 6%)%" but increases to 66% by adding
capecitabine.828 The potential chemopreventive activ-
ity of lapatinib was suggested by the results of a phase
Il randomized trial, in which the effects of lapatinib plus
capecitabine versus capecitabine alone were compared in
patients with advanced breast cancer who had progressed
on trastuzumab: fewer patients with CNS involvement at
first progression were in the lapatinib-containing arm (2%
vs 6%).85 However, prospective validation of this finding
was inconclusive in the CEREBEL®® and EMILIA® trials.
Recent preclinical studies have shown that lapatinib is a
substrate of ATP-binding cassette (ABC) transporters (in
particular ABCB1), potentially limiting the capacity of the
drug to penetrate an intact BBB.% Therapeutic levels of
lapatinib may be reached in established BM, but concen-
trations are by far lower than those reached for extracra-
nial metastases.®? A dual HER2 inhibition, for instance by
the combined use of pertuzumab and trastuzumab, could
be active in the prevention of BM. A post hoc analysis of
the CLEOPATRA trial suggested that the combination of
pertuzumab, trastuzumab, and docetaxel could delay the
onset of CNS disease compared with docetaxel alone.®
Novel HER2 targeted tyrosine kinase inhibitors that are
potentially active in BM include neratinib and tucatinib
(ONT-380, ARRY 380). Neratinib is an irreversible inhibi-
tor of HER2, Erb1, and ErbB4 and preclinical data suggest

1445




Pedrosa et al. Breast cancer brain metastasis

that it may penetrate an intact BBB. In contrast to lapat-
inib, neratinib reverses ABCB1-mediated chemoresistance,
and is unaltered by the presence of ABCB2 transporter.®!
Neratinib was reported to target activating HER2 muta-
tions in HER2 gene amplification—negative breast cancer,
thereby overcoming resistance to trastuzumab or lapa-
tinib.9298 Thus far, the efficacy of neratinib on established
BM is modest and similar to that observed with lapatinib.
A recent phase Il study on HER2-positive BM in patients
who had progressed on at least one prior CNS-directed
therapy has shown an intracranial response rate of 8% and
a median PFS of 1.9 months.®*The association of neratinib
and capecitabine is being investigated in an ongoing trial
with interesting preliminary results in terms of response
rate (49%) and 12-month survival (63%).%® Neratinib may
be more active in the prevention than in the treatment of
BM. A randomized clinical trial in previously untreated
metastatic HER2-positive breast cancer showed that symp-
tomatic or progressive CNS recurrences occurred in 8.3%
of patients in the neratinib-paclitaxel group versus 17%
of patients in the trastuzumab-paclitaxel group.®® The esti-
mated Kaplan-Meier 2-year incidence of CNS recurrences
was 16.3% in the neratinib-paclitaxel group versus 31.2%
in the trastuzumab-paclitaxel group. ONT-380 selectively
targets HER2, has the potential to cross the BBB, and has
minimal activity against EGFR, leading to a more favorable
toxicity profile. ONT-380 has shown antitumor activity in
heavily pretreated HER2+ metastatic breast cancer patients
in a phase | study.?” In another phase | study in which ONT-
380 was combined with TDM1, a response rate of 33% and
an intracranial PFS of 6.5 months among 26 evaluable
patients with BM were reached.? Another phase | study on
the association of escalation doses of ONT-380 in combina-
tion with trastuzumab is ongoing.%®

For the treatment of patients with BM in hormone
receptor positive (HR+) breast cancer, CDK4/6 inhibitors
(abemaciclib, palbociclib) are of interest. In particular abe-
maciclib, which has good CNS penetration in preclinical
models, can reach therapeutic levels in human BM."%0 Other
potential therapeutic targets of patients with breast cancer
BM include the PI3K/Akt/mTOR pathway and everolimus, an
mTOR inhibitor currently being investigated in trials on BM.

Given the frequency of BM in patients with TN breast
cancer and the limited efficacy of conventional chemother-
apy, there is urgent need of new molecular approaches.
Poly(ADP-ribose) polymerase (PARP) inhibitors are now
being investigated, and preliminary results from a phase
Il trial (the OlympiAD study) suggest that olaparib, as com-
pared with single-agent standard chemotherapy, could be
an effective option, especially in patients with TN breast
cancer and breast cancer mutations.’”" Other PARP inhibi-
tors under investigation in breast cancer are veliparib
and iniparib'? in ongoing trials allowing the inclusion of
patients with BM. Alternative new avenues of treatments
being investigated in TN breast cancer are inhibitors of the
PI3K/Akt pathway, selective androgen antagonists, and
newer antibody-drug conjugates. VEGF plays an impor-
tant role in angiogenesis of BM. Vascular normalization
induced by bevacizumab, a monoclonal antibody target-
ing VEGF, delivered prior to chemotherapy, could enhance
its efficacy, and trials have been launched to confirm these
preliminary results.'0?

There are several challenges for the development of
new drugs with better activity in BM from breast cancer.
Regarding established BM, there is a need to improve the
quality of results of novel clinical trials by employing spe-
cific inclusion criteria and more homogeneous and well-
defined endpoints adapted for the valuation of targeted
agents, such as the recently proposed criteria of Response
Assessment in Neuro-Oncology.'%% |n particular, prom-
ising new agents should be tested upfront in clinical tri-
als on patients with small and asymptomatic metastatic
lesions, reserving radiotherapy (whole-brain radiotherapy,
stereotactic radiosurgery) as salvage. This is important, as
lesions that emerge after radiotherapy are often resistant
to drugs. On the other hand, new compounds with radio-
potentiating properties should be investigated in clinical
trials in association with radiotherapy with careful moni-
toring of acute/early adverse effects and late cognitive
function deterioration.

Phase 0 trials that investigate the distribution and activ-
ity of molecular compounds, given before neurosurgical
resection of BM, are needed for monitoring potential intra-
and/or interpatient heterogeneity.'® Trials focusing on
chemoprevention are important. In addition to compounds
that are active in preclinical models and able to penetrate
an intact BBB, there is need to identify those patients who
are at high risk of developing BM, particularly those at
higher risk of first or isolated brain relapse, such as HER2+
patients.3The development of biomarkers associated with
the risk of brain colonization in humans is another unmet
need."?’

Concluding Remarks

BM is considered one of the major causes of mortality in
breast cancer patients. TN breast cancer, basal-like sub-
type, and HER2-enriched breast cancers are most associ-
ated with BM. Patients with active BM are often excluded
from clinical trials in part because systemic response and
brain response do not correlate. The divergent therapeu-
tic responses might be due to the molecular alterations
that are specifically present in brain metastatic lesions
while not in the primary tumors. Results so far indicate
that tumor tissue in regional lymph nodes or extracranial
metastasis does not resemble BM. A more comprehen-
sive characterization of the primary lesion might disclose
subclones that more closely feature intracranial disease.
The identification of genomic and expressional alterations
specific to BM is crucial to the development of BM-specific
therapies. In addition, following up on discoveries regard-
ing the molecular pathways of TCs involved in crossing the
BBB and entering the brain will yield targets for BM pre-
ventive strategies.
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