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Brain metastasis is a devastating complication of cancer with unmet therapeutic needs.
The incidence of brain metastasis has been rising in cancer patients and its response to
treatment is limited due to the singular characteristics of brain metastasis (i.e., blood—-
brain-barrier, immune system, stroma). Despite improvements in the treatment and con-
trol of extracranial disease, the outcomes of patients with brain metastasis remain dismal.
The mechanisms that allow tumor cells to promulgate metastases to the brain remain
poorly understood. Further work is required to identify the molecular alterations inherent
to brain metastasis in order to identify novel therapeutic targets and explicate the mech-
anisms of resistance to systemic therapeutics. In this article, we review current knowledge
of the unique characteristics of brain metastasis, implications in therapeutic resistance,
and the possibility of developing biomarkers to rationally guide the use of targeted agents.
© 2014 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights

reserved.

1. Introduction

cases per 100,000 persons (Smedby et al., 2009). The rise in
the incidence may be in part as a consequence of improved

Brain metastasis is a dismal disease with still few therapeutic
options. It is estimated that brain metastasis occurs in 20%—
40% of advanced stage cancers (Barnholtz-Sloan et al., 2004;
Gavrilovic and Posner, 2005) and surpasses primary brain tu-
mors in frequency (Maher et al., 2009). The annual incidence
of brain metastasis in the United States is estimated to be
around 200,000 cases (Barnholtz-Sloan et al, 2004,
Gavrilovic and Posner, 2005) and population-based studies
have predicted the diagnosis of 7—14 new brain metastases

control of primary cancers and superior imaging methods
(Frisk et al., 2012; Tabouret et al., 2012). Brain metastasis
mainly occurs in patients with lung cancer, breast cancer
and melanoma with frequencies of 40-50%, 20% and
10—20%, respectively (Barnholtz-Sloan et al., 2004;
Gavrilovic and Posner, 2005). Other primary solid tumors
(e.g., colorectal cancer, bladder cancer, prostate cancer) do
not tend to disseminate to the brain and maintain low
frequencies.
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The development of brain metastasis is an important clin-
ical challenge associated with poor prognosis, neurological
deterioration, and reduced quality of life (Gavrilovic and
Posner, 2005; Stelzer, 2013). Despite the recent success of
some therapies in the treatment of extracranial diseases, the
outcome of patients developing brain metastasis has not
been altered. Treatment of this fatal complication relies on
palliative measures involving tumor resection and radio-
therapy (i.e., stereotactic radiosurgery or whole brain radio-
therapy) and survival is usually less than 12 months even
with aggressive treatment (Gavrilovic and Posner, 2005;
Stelzer, 2013).

Brain metastasis differs in many aspects from metastatic
deposits originating from other organs. Several characteristics
of the brain metastatic process (i.e., blood—brain barrier, im-
mune system, stroma) and drug-associated hurdles (i.e.,
intrinsic or secondary resistance) play important roles in the
complex pathogenesis of brain metastasis and in the sensi-
tivity and resistance to systemic therapeutics. Systemic ther-
apeutic agents (either cytotoxic or targeted therapeutic
agents) with confirmed clinical activity in extracranial disease
may not be efficient against established brain metastases. In
this manuscript, we discuss how understanding the singular-
ities of brain metastases may offer opportunities to tackle
their therapeutic resistance and develop novel biomarkers to
rationally guide the use of targeted agents. The use of surgery
and radiotherapy in the management of brain metastasis, as
well as leptomeningeal disease, which may occur concomi-
tantly with brain metastasis have been reviewed elsewhere
(Ellis et al., 2012; Owonikoko et al., 2014; Scott and Kesari,
2013).

2. Brain metastasis constitutes a singular challenge

Metastasis is a multistage process in which malignant cells
spread from the tumor of origin to colonize distant organs,
following a sequence of steps (i.e., local invasion, intravasa-
tion, survival in circulation, extravasation and tissue coloniza-
tion)(Chiang and Massague, 2008; Weigelt et al., 2005; Weil
et al., 2005) (Figure 1). The mechanisms that allow tumor cells
to colonize the brain are still not fully understood. Several mo-
lecular mechanisms contributing to brain metastasis have be-
ingrevealed, as well as different classes of 'metastasis-related
genes’ implicated in the development of brain secondary tu-
mors (Bos et al.,, 2009; Grinberg-Rashi et al., 2009; Nguyen
et al.,, 2009; Salhia et al.,, 2014; Valiente et al., 2014). For
example, in lung cancer the expression of HOXB9, LEF1,
BPTF, CDH2, KIFC1 (Bos et al.,, 2009; Grinberg-Rashi et al,
2009; Nguyen et al., 2009; Valiente et al., 2014) are associated
with brain metastasis, and in breast cancer, the Notch
pathway, expression of FOXC1, integrin alpha(v)beta(3)
(xvB3), and IGF1R are related to brain metastasis in preclinical
models (Lorger et al., 2009; Nam et al., 2008; Ray et al., 2010;
Saldana et al., 2013).

Metastasis is an inefficient process. Most of the cancer cells
that escape from solid tumors eventually die in the process of
moving from the primary site to distant organs. The cells that
survive may proliferate in the new microenvironment after
periods of latency (Luzzi et al., 1998). In the case of brain

colonization, cells encounter an additional hurdle since they
have to cross the blood—brain barrier. Moreover, once in the
brain parenchyma, tumor cells have to evade the brain im-
mune system, invade through the brain stroma, degrading
extracellular matrix components, and obtain blood supply
through angiogenesis.

2.1. Blood—brain barrier

Brain metastasis may occur as a result of the hematogenous
dissemination of tumor cells, either from a primary tumor or
a metastatic deposit (Chiang and Massague, 2008). To seed
the brain, tumor cells have to access the arterial circulation
and bypass the blood—brain barrier, which is part of the neu-
rovascular unit (Neuwelt et al., 2011). The blood—brain barrier
forms a dynamic unit with different permeability ranges
controlled by intracellular and intercellular signaling events
(Neuwelt et al., 2011). Once the brain metastasis is established
the blood—brain barrier is usually compromised, as can be
observed by gadolinium enhancement of magnetic resonance
imaging. The extent to which the blood—brain barrier is dis-
rupted influences drug penetration in metastasis (Donelli
et al., 1992). For example, the center of a metastatic lesion
may present a disrupted blood—brain barrier, which is acces-
sible to optimal drug concentration, whereas the periphery of
a metastatic lesion may receive subtherapeutic dose concen-
trations leading to early development of resistance to treat-
ment. Importantly and in addition, evidence suggests that
systemic corticosteroids, which are used to treat peritumoral
edema in patients with brain metastasis, can reestablish a dis-
rupted blood—brain barrier, thereby preventing drug delivery
and response to therapy (Posner, 1995).

The blood—brain barrier contributes to the inefficient pro-
cess of metastasis (Lockman et al., 2010), but also provides a
shelter for metastatic cells, protecting them from the immune
response and systemic treatment (Luzzi et al., 1998). Hence on
the one side the blood—brain barrier prevents the initiation of
metastasis, but when the metastasis is established it facili-
tates the metastatic growth. The blood—brain barrier restricts
delivery of therapeutic compounds (i.e., large molecules and
hydrophilic drugs) to specific areas of the brain (Stewart,
1994); the exact extent to which this influences chemothera-
peutic delivery and therapeutic intratumoral concentrations
is unknown in many cases (Lockman et al., 2010).

2.2.  Brain stroma and immune system

The brain has a distinct immune system (Hamilton and
Sibson, 2013). The inflammatory cells of the brain involve peri-
vascular mast cells and macrophages, microglia (which are
believed to be the ‘brain-resident’ macrophages) and astro-
cytes. The inflammatory response to brain metastasis consists
primarily of the activation of microglial cells, which are the
principal immune effectors and the main cell type of the
innate immune system of the central nervous system (CNS)
(Graeber, 2010; Noda et al., 2009). Metastatic tumor cells in
the perivascular area or the brain parenchyma permit differ-
ential recruitment of circulating systemic immune cells to
the metastatic site, though there is no systematic pattern
(Blond et al., 2002; Campbell et al., 2002).
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Figure 1 — The process of brain metastasis formation. Tumor cells spread from the primary tumor or metastatic deposit to colonize the brain

parenchyma, following a sequence of steps: A) local invasion, B) intravasation, C) tumor cells circulate in the bloodstream, D) extravasation into

the brain parenchyma through the blood—brain barrier, E) interaction with stromal cells in the brain microenvironment (microglia, astrocytes).

In response to brain tumors, astrocytes and microglial cells
exert not only anti-neoplastic effects, but also pro-neoplastic
effects on tumor cells invading the brain (Hamilton and
Sibson, 2013). Evidence shows that interactions between tu-
mor cells and cerebral microvascular endothelial cells regu-
late tumor growth and survival, whereas tumor -cell
interactions with astrocytes play a role in tumor response to
therapy. Astrocytes protect tumor cells from the cytotoxic ef-
fects of chemotherapy (Langley and Fidler, 2013) and have
been associated with upregulation of survival genes related
to chemotherapy resistance (Kim et al., 2011). The interactions
of host cells in the brain microenvironment and tumor cells
may contribute to the development of metastasis and thera-
peutic resistance (Wood et al., 2014). The identification of
the mechanisms through which tumor cells co-operate with
the microenvironment may reveal key molecules that might
be used either as biomarkers or potential drug targets.

2.3.  Angiogenesis and other modes of tumor
vascularization

The development of new blood vessels is a hallmark of cancer
and offers attractive opportunities as a therapeutic target in
brain metastasis. The process of angiogenesis itself is an
essential step for the formation and growth of metastatic tu-
mors in the brain (Carmeliet and Jain, 2011). There is evidence
showing differences in vascularization between primary tu-
mors and brain metastasis (Lorger et al., 2009) and this may
lead to diverse responses to antiangiogenic drugs. Besides
angiogenesis, other modes of blood vessel recruitment can
render tumors resistant to vascular endothelial growth factor
(VEGF) inhibitors. These include vasculogenesis, in which a
new vascular system is established; co-option, where by can-
cer cells utilize contiguous existing blood vessels for growth;

vasculogenic mimicry, where invasive and genetically dysre-
gulated cancer cells form vascular networks; and intussuscep-
tion, where intraluminal vessel pillar growth inside the lumen
and the vessel split (Carmeliet and Jain, 2011; Kirschmann
et al., 2012). These structural abnormalities in blood vessels
may result in intra-tumoral hypoxia, and impair perfusion of
therapeutic agents.

Angiogenesis is orchestrated by pro- and anti-angiogenic
factors (Folkman, 2007) and is driven primarily by the VEGF,
one of the most relevant factors in this phenomenon. In addi-
tion, integrins, in particular a,fs, have been associated with
brain metastasis (Brooks et al., 1994). The activation of integ-
rin ayBs is critical for the growth of brain metastasis and the
recruitment of supporting blood vessels within the brain
have been shown to be independent of hypoxia (Lorger
et al.,, 2009). Other angiogenesis-associated growth factors
have been studied in brain metastasis (e.g., placental growth
factor, stromal cell-derived factor 1 alpha, platelet-derived
growth factor, angiopoietin 1 and 2) (Avraham et al., 2014).
Angiopoietin-2, for example, has been shown to be involved
in initial steps of the brain metastasis cascade. It seems to
be correlated with blood—brain barrier disruption and coloni-
zation of cancer cells in the brain of breast cancer mouse
models (Avraham et al., 2014). Collectively, these data point
to angiogenesis as an interesting target in brain metastasis.

3. Treating brain metastasis systemically: old and
novel approaches

Surgery and radiotherapy-based approaches are the founda-
tions for treatment of symptomatic brain metastasis (Ellis
etal., 2012; Owonikoko et al., 2014; Scott and Kesari, 2013). De-
velopments in imaging techniques are improving surgical
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Table 1 — Systemic therapy with activity in brain metastasis from solid tumors.

Tumor type References Cytotoxic Targeted therapy
Antiangiogenic Tyrosine Others
kinase
inhibitor
Breast (Rivera et al., 2006; Trudeau et al.,  Cyclophosphamide, fluorouracil, Bevacizumab Lapatinib
2006; Lin, 2013) methotrexate, doxorubicin,
capecitabine, temozolomide,
etoposide, and platinum agents
Lung (Chiu et al., 2005; De Bragancaetal.,,  Cisplatin, etoposide, topotecan, Bevacizumab Erlotinib, getifinib,
2010; Jamal-Hanjani and Spicer, temozolamide, pemetrexed, crizotinib
2012; Kim et al., 2009; Wu et al., patupilone
2007; Wu et al., 2013)
Melanoma (Azer et al., 2014; Falchook et al,, Temozolomide, fotemustine - Dabrafenib, Ipilimumab,
2012; Long et al., 2012; Margolin vemurafenib interleukin-2
et al., 2012; Rochet et al., 2011; van
den Brom et al., 2013; Weber et al.,
2011)
performances in order to maximize tumor resection and spare 3.1. Anti-angiogenic agents

normal brain tissue. On the other hand, the refinement of
radiosurgery is likely to allow the reduction of CNS toxicity
associated with whole brain radiotherapy.

The role of systemic therapy for the treatment of brain
metastasis remains controversial. Historically, few systemic
chemotherapeutic agents have shown activity in brain metas-
tasis of solid tumors (Avril et al., 2004; Boogerd et al., 1992;
Cortes et al., 2003; Dziadziuszko et al.,, 2003; Ebert et al.,
2003; Franciosi et al., 1999; Fujita et al., 2000; Giorgio et al.,
2005; Lin et al., 2004; Siena et al., 2010; Wong and Berkenblit,
2004). Currently, other chemotherapeutic and targeted agents
have been investigated in the treatment of brain metastases,
some of them in association with radiotherapy (Sperduto
et al.,, 2013; Welsh et al., 2013).

The intrinsic therapeutic sensitivity of a given brain metas-
tasis (as compared to that of extracranial disease) represents
an important challenge for the care of cancer patients
(Lesser, 1996). Some tumors are highly sensitive to chemo-
therapy (i.e., testicular germ cell tumor, gestational tropho-
blastic neoplasia). In these cases, chemotherapy is effective
even when brain metastases are present. Thus far, the clinical
experience with the use of cytotoxic and targeted systemic
therapies for the treatment of brain metastases of lung can-
cers, breast cancers and melanoma, which are the most com-
mon cancers associated with brain metastasis, have shown
little evidence of activity in response to a number of regimens
(Table 1).

The use of novel targeted agents in brain metastasis from
solid tumors is a promising approach, and can be explored
either in the prevention setting or in already established brain
metastasis (Steeg et al., 2011). Improvements in the loco-
regional control of brain metastasis has encouraged enroll-
ment of patients with brain metastasis in early phase clinical
trials (Marko and Weil, 2011). Currently, a growing number of
clinical trials are targeting this patient population. Table 2
summarizes ongoing clinical trials for patients with solid can-
cers and brain metastasis receiving novel chemotherapy and
targeted therapies.

Several anti-angiogenic therapeutic agents have been
approved for clinical use in cancer. They comprise mono-
clonal antibodies (Banerjee and Kaye, 2012; Hurwitz et al,,
2004; Johnson et al., 2013) or tyrosine kinase inhibitors
(Motzer et al.,, 2013), most notably inhibiting the VEGF pro-
angiogenic signalling pathway. Treatment with VEGF inhibi-
tors has demonstrated low objective response rates and has
restricted increases in the time to progression and survival
to a few months in the approved indications in cancer
(Banerjee and Kaye, 2012; Hurwitz et al., 2004; Johnson et al,,
2013; Motzer et al., 2013).

Bevacizumab (Avastin; Genentech/Roche, Basel,
Switzerland) is a humanized monoclonal antibody that in-
hibits tumor angiogenesis by neutralizing the VEGF. It is part
of standard therapy in non-small cell lung cancer (NSCLC),
colorectal cancer, gliomas and renal cell cancer and has
been investigated in combination with chemotherapy in
various solid tumors. In the last decade, patients with brain
metastases were excluded from clinical trials testing bevaci-
zumab because of hemorrhagic risk (Gordon et al., 2001). How-
ever, data from primary brain tumors have recently
demonstrated that the use of bevacizumab has clinical activ-
ity and is safe in terms of CNS hemorrhage (Besse et al., 2010;
Khasraw et al.,, 2012; Socinski et al., 2009; YS et al., 2012).
Currently, there are data supporting the safety of bevacizu-
mab in brain metastases from solid cancers (Cohen et al.,
2009). In breast and lung cancers, case reports and retrospec-
tive analysis have suggested that bevacizumab might benefit
patients with progressive brain metastases (De Braganca
etal., 2010; Yamamoto et al., 2012). The results of ongoing clin-
ical trials testing bevacizumab and novel anti-angiogenic
agents are eagerly awaited.

3.2.  Small molecule tyrosine kinase inhibitors

Tyrosine kinase inhibitors may reach brain metastases more
readily due to their low molecular weight and consequent
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Table 2 — Ongoing clinical trials testing novel therapeutic approaches for brain metastasis.

Systemic therapy

ClinicalTrials.gov  Phase

Class of targeted

Patient population with

identifier of trial therapy brain metastasis
Antiangiogenic
Bevacizumab + WBRT NCT01332929 1 VEGF inhibitor Solid tumors
Cilengitide + WBRT NCTO00884598 1 Anti-angiogenic Lung cancer (NSCLC or SCLC)
small molecule
targeting the
integrins avp3, avp5
and a5p1
Bevacizumab + carboplatin NCT01004172 2 VEGF inhibitor Breast cancer
Bevacizumab -+ cisplatin + etoposide NCT01281696 2 VEGF inhibitor Breast cancer
Radiotherapy +/- Endostar Infusion NCT01410370 2 Antiangiogenic Solid tumors
Tyrosine kinase inhibitors
Erlotinib + pemetrexed + cisplatin NCT01578668 2 EGEFR inhibitor NSCLC
WBRT +/- erlotinib NCT01518621 2 EGFR inhibitor NSCLC
Gefitinib + WBRT NCT01363557 2 EGFR inhibitor EGFR-mutant NSCLC
Icotinib + WBRT NCT01516983 1/2. EGFR inhibitor EGFR-mutant NSCLC
Icotinib + WBRT NCT01514877 2 EGEFR inhibitor EGFR-mutant and non-mutant NSCLC
1) Neratinib or 2) neratinib + resection NCT01494662 2 HER2/EGFR inhibitor HER2-positive breast cancer
(candidates for surgery), 3) a.
neratinib + capecitabine (no prior
lapatinib treatment) or b.
neratinib + capecitabine (prior lapatinib
treatment)
1) Afatinib or 2) afatinib + vinorelbine or 3) NCT01441596 2 HER2/EGFR inhibitor HER2-positive breast cancer
investigator’s choice of treatment
Lapatinib + WBRT NCT01218529 2 HER2/EGFR inhibitor Lung or breast cancer
Vemurafenib single arm NCT01378975 2 BRAF inhibitor Melanoma BRAFV600 mutant
Dabrafenib + trametinib NCT01978236 2 BRAF inhibitor/MEK Melanoma BRAFV600E or
inhibitor V600K mutant
Dabrafenib + trametinib NCT02039947 2 BRAF inhibitor/MEK Melanoma V600E, K, D or R mutant
inhibitor
Multikinase tyrosine kinase inhibitors/antiangiogenic
Sunitinib + stereotactic Radiosurgery NCT00981890 1 Multikinase TKI/ Solid tumors
Antiangiogenic
Capecitabine + WBRT — NCT00570908 2 Multikinase TKI/ Breast cancer
capecitabine + sunitinib™ Antiangiogenic
Sorafenib and radiation NCT00639262 1 Multikinase TKI/ Solid tumors
therapy + temozolomide Antiangiogenic
Sorafenib and stereotactic Radiosurgery NCT01276210 1 Multikinase TKI/ Solid tumors
Antiangiogenic
Miscellaneous
Iniparib + WBRT NCT01551680 1 PARP inhibitor Solid tumors
Iniparib + irinotecan NCT01173497 2 PARP inhibitor Triple negative breast cancer
ABT-888 + WBRT NCT00649207 2 PARP inhibitor Solid tumors
TPI-287 NCT01332630 2 Taxane Breast cancer
Everolimus + trastuzumab + vinorelbine NCT01305941 2 mTOR inhibitor HER2-positive breast cancer
BKM120 + capecitabine NCT02000882 2 PI3K inhibitor Triple negative breast cancer
BKM120 + trastuzumab NCT01132664 1 PI3K inhibitor HER2-positive breast cancer with or
without PIK3 signaling pathway
alteration, previously failed trastuzumab
1) GRN1005 or 2) GRN1005 + trastuzumab NCT01480583 2 Taxane-peptide HER2-negative and positive breast cancer
(if HER2+) conjugate
Trastuzumab + WBRT NCT01363986 2 Anti-HER2 HER2-positive breast cancer
monoclonal
antibody

Abbreviation: EGFR, epidermal growth factor receptor; HER2, human epidermal growth factor receptor 2; PARP, poly ADP ribose polymerase;
TKI, tyrosine kinase inhibitor; VEGF, vascular endothelial growth factor; WBRT, whole brain radiotherapy.
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ability to bypass the blood—brain barrier. A number of tyrosine
kinase inhibitors have shown activity as a systemic therapeu-
tic strategy for treating brain metastasis. In human epidermal
growth factor receptor (HER2)-positive breast cancer patients
with established brain metastases, trastuzumab, a mono-
clonal antibody, apparently does not efficiently permeate the
intact blood—brain barrier (Roy and Perez, 2009). Lapatinib-
based therapy (i.e., an orally active small molecule tyrosine ki-
nase inhibitor of the epidermal growth factor receptor (EGFR)
and HER2) has shown promising activity in association with
capecitabine. Brain response rates were observed in as many
as 40% of cases in previously treated patients (Lin et al,
2008, 2009) and reached 65% for patients with untreated brain
metastases (Bachelot et al., 2013).

The EGFR tyrosine kinase inhibitors gefitinib and erlotinib
have shown activity in brain metastases from NSCLC with
activating EGFR mutations as reported in small retrospective
studies (Eichler et al., 2010; Grommes et al., 2011; Porta et al.,
2011) and preliminary evidence from clinical trials (Welsh
etal., 2013; Wu et al., 2013). Objective responses in intracranial
disease in these studies varied from 10% to 80%. Notably, erlo-
tinib seems to reach higher cerebral spinal fluid concentra-
tions compared to getifinib (Masuda et al., 2011). Data from a
retrospective study have suggested that EGFR-mutant pa-
tients who received erlotinib or getifinib had lower rates of
brain metastasis progression, potentially indicating a ‘profi-
latic’ role for these targeted agents in the NSCLC setting
(Heon et al., 2012). In NSCLC cancer treated with EGFR inhibi-
tors, nearly all patients will develop secondary (‘acquired’)
resistance to the EGFR inhibitor (Jackman et al., 2010) and in
50% of the cases, resistance will be attributed to a second-
site mutation in the threonine gatekeeper residue at position
790 (T790M) (Kobayashi et al., 2005). A clinical trial suggested
that a new schedule of administration may overcome ac-
quired resistance to erlotinib. Pulsatile high-dose erlotinib
was found to be effective against brain metastasis in patients
who had progressed while on treatment with standard-dose
erlotinib (Grommes et al., 2011). In addition, crizotinib, an
oral c-MET/ALK/ROS1 tyrosine kinase inhibitor, is approved
for ALK-positive NSCLC (3—5% of all NSCLC). Of note, crizoti-
nib has shown some clinical response in patients with brain
metastasis (Shaw et al., 2013), although there is evidence
that crizotinib does not easily penetrate the blood—brain bar-
rier (Costa et al., 2011).

The RAS-RAF-MAPK signaling pathway has been identified
as a target for melanoma patients. The specific small molecule
inhibitors of BRAFV600E mutations, dabrafenib and vemurafe-
nib, have shown activity in patients with brain metastases
from melanoma (Falchook et al., 2012; Long et al., 2012;
Rochet et al,, 2011). In a phase 1 study with dabrafenib, nine
of ten patients with melanoma and untreated brain metasta-
ses had reductions in the size of brain lesions (Falchook et al.,
2012). A phase 2 trial reported 39% and 31% of intracranial re-
sponses in BRAFV600E mutant melanoma with either no pre-
vious brain treatment or with brain treatment, respectively
(Long et al., 2012). Vemurafenib has shown evidence of activ-
ity in case reports (Rochet et al., 2011) and also in ongoing clin-
ical trials enrolling previously treated metastatic melanoma
patients with brain metastases (NCT01378975). In melanoma
patients pre-treated with vemurafenib, MEK1 mutation is a

possible mechanism of secondary (‘acquired’) resistance
(Wagle et al., 2011). Clinical trials are already testing agents
simultaneously targeting multiple components of the BRAF/
MAPK pathway for melanoma patients who develop brain
metastasis (Table 2, NCT01978236, NCT02039947).

3.3. Immunomodulators

Ipilimumab is a monoclonal antibody that blocks the cytotoxic
T-lymphocyte antigen-4 to increase anti-tumor T-cell re-
sponses. It has shown activity in patients with melanoma
that has metastasized to the brain with no increase in the
occurrence of CNS-related toxicities (Hodi et al., 2008;
Margolin et al., 2012; Schartz et al., 2010). Clinical activity in
terms of long-term stable disease or complete response has
come from case reports or retrospective analyses of small
clinical trials that did not exclude patients with small asymp-
tomatic brain metastases (Schartz et al., 2010; Weber et al.,
2011). This evidence has opened the ground for prospective
studies using ipilimumab in the context of brain metastasis
from melanoma (Di Giacomo et al.,, 2012; Margolin et al.,
2012) and has led the U.S.-expanded access program for ipili-
mumab to include melanoma patients with brain metastases.

4. Challenges for tackling brain metastasis
4.1. Tumor heterogeneity

Intra-tumor spatial and temporal heterogeneity has been
documented in metastatic brain tumors (Ding et al., 2010;
Gerlinger et al., 2012; Navin et al., 2011; Shah et al.,, 2012;
Sottoriva et al., 2013; Wu et al., 2012). The genomic and epige-
nomic basis for the development of metastasis to the brain
from the primary tumor and the extent to which brain metas-
tasis shares the genetic profile of the primary tumor remains
largely unknown (Chiang and Massague, 2008; Weil et al.,
2005).

Tumors are composed of assortments of cells (Navin et al.,
2011; Shah et al., 2012), with subclones of cells harboring
unique genomic alterations together with ubiquitous ones
(i.e., genomic alterations common to all tumour cells).
Genomic analyses have shown that many advanced tumors
follow a branched, Darwinian evolutionary trajectory
(Swanton, 2014). However, little is known about how intra-
tumor and inter-tumor heterogeneity influence the develop-
ment and progression of brain tumors. Understanding the
contribution of spatial and temporal genetic heterogeneity
and the role of subpopulations of cells that initiate brain
metastasis is essential to deciphering the process of metasta-
tic progression and identifying the subclones that will give rise
to therapeutic resistance (Seoane and De Mattos-Arruda,
2014).

4.2. Development of novel biomarkers that capture
tumor dissemination to the brain

Circulating tumor cells (CTCs) that have detached from the
primary tumor or metastases and circulate in the peripheral
blood may constitute seeds for growth of metastases in
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different locations, and may be remarkable biomarkers that
can demonstrate tumor dissemination to the brain (De
Mattos-Arruda et al., 2013; Mego et al.,, 2011). Zhanget al. iden-
tified a potential signature suggestive of the metastatic ability
of CTC to colonize the brain (Zhang et al., 2013). CTCs not
expressing the epithelial cell adhesion molecule marker, and
consequently not captured by the FDA-approved CellSearch
platform, and expressing a signature of selected markers
associated with brain metastasis (i.e., HER2"/EGFR*/HPSE*/
Notch1¥) were highly invasive and capable of generating brain
and lung metastases in patient-derived xenograft mouse
models. The impact of CTC on the outcome of brain metas-
tasis was evaluated in the single-group phase 2 LANDSCAPE
study, which analyzed CTCs from HER2-positive metastatic
breast cancer patients on a lapatinib-based treatment. This
is the first study that showed a correlation between CNS
metastasis response, outcome and early CTC clearance in
the setting of a targeted treatment regimen (Pierga et al., 2013).

Besides CTCs, plasma-derived circulating tumor DNA
(ctDNA) has introduced new modality that can be used to
investigate the metastatic process, mechanisms of therapeu-
tic resistance, and disease monitoring in cancer patients
(Crowley et al., 2013; De Mattos-Arruda et al., 2013). In brain
tumors, however, the presence of ctDNA derived from plasma
is very low mainly due to the location of the tumor and the
presence of the blood—brain barrier (Chen et al., 2013; Lavon
et al.,, 2010). Thus, it is not surprising that ctDNA was found
only in approximately 10% of patients with brain tumors
(Bettegowda et al., 2014).

Other circulating biomarkers such as microRNAs are being
investigated and may add important information in terms of
metastatic potential of cancers to the brain, or serve as diag-
nostic or prognostic tools (Nass et al., 2009; Camacho et al,,
2013; Hwang et al., 2012; Li et al.,, 2012; McDermott et al,,
2013; Zhao et al.,, 2013; Okuda et al., 2013). Interestingly,
some microRNAs have been shown to be involved in the
impairment of the blood—brain barrier facilitating the tumor
colonization of the brain (Zhou et al., 2014).

5. Concluding remarks

The incidence of brain metastasis has been increasing in can-
cer patients and can limit improvements made by the use of
new systemic treatments. The standard treatment for these
patients remains radiotherapy-based approaches or surgery,
although in selected cases systemic therapy can be consid-
ered. Thus far, cytotoxic and specific targeted therapeutic
agents have shown clinical activity against established brain
metastases (e.g., ipilimumab, getifinib, and lapatinib used for
BRAF600 mutant melanoma, EGFR mutant NSCLC and HER2-
positive breast cancer, respectively), but defining the precise
clinical role of these agents needs to be determined.

Further work is also required to fully understand the mech-
anisms involved in the development and progression of brain
metastasis, and in the identification of novel therapeutic tar-
gets that can curtail resistance to current available treat-
ments. Resistance to systemic therapy depends on several
factors, including the molecular and genomic characteristics
of the primary cancer and the extracranial and intracranial

metastatic deposits, the mechanisms that limit drug penetra-
tion into the brain, and the effectiveness of systemic targeted
agents.

A full understanding of the molecular and genetic moieties
and processes involved in brain metastasis may help plan
treatment and counteract therapeutic resistance. Novel pre-
clinical models will need to be generated, such as patient-
derived xenografts or transgenic models. Innovative clinical
trials that investigate targeted therapy combined with ap-
proaches that increase drug delivery to the brain are war-
ranted. Potential molecular biomarkers need to be identified
for future clinical use parallel with new investigational treat-
ment strategies.
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