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Editorial on the Research Topic
Mechanisms and Therapy for Cancer Metastasis to the Central Nervous System

Metastasis of malignancies to the brain, including parenchymal and leptomeningeal disease,
represents a common neurological complication in cancer patients (1, 2). Currently, ~10% of
all cancer patients experience involvement of the central nervous system (CNS) (3, 4). Though
~40% of patients with metastatic cancers are affected by brain metastases (1, 5), commonly used
treatment options for brain metastases such as surgery or radiotherapy are associated with only
modest benefits (6).

The study of tumor cell metastasis to the brain or leptomeninges has developed into an intensely
researched area, as it has the potential to provide selective targets for developing therapeutic
strategies for brain metastases. In this Research Topic, we have organized a collection of review
and original research articles that will hopefully help the readers gain insight into different aspects
of cancer metastases to the CNS. In an overview of brain metastasis, Franchino et al. describe
different detection methods, including magnetic resonance imaging (MRI), computed tomography,
positron emission tomography (PET) as well as advanced imaging techniques commonly used in
the diagnosis, treatment planning, and follow-up of patients with brain metastases. The authors also
introduce more sophisticated methods of tumor analysis to detect circulating biomarkers in body
fluids such as blood and cerebrospinal fluid, and their use in monitoring treatment response and
tumor progression. The benefits and impacts on prognosis of different commonly used therapeutic
approaches are discussed, including more recent clinical trials featuring immunotherapies such as
checkpoint inhibitors.

In the era of precision medicine, choice of cancer treatment has been increasingly prescribed
based on the molecular or genomic properties of the individual cancer. Han and Brastianos
describe novel approaches in genomic testing such as the use of cell-free circulating tumor DNA
in the cerebrospinal fluid in the study of brain metastases. The authors focus on recent advances
in genomic profiling of brain metastases and current knowledge of targeted therapies in the
management of brain metastases from cancers of the breast, lung, colorectum, kidneys, and ovaries
as well as melanoma. Identification of genomic alterations found in brain metastases and targeted
therapies against these mutations represent an important research area that could potentially bring
improved outcomes for patients with brain metastases.

Brain metastasis and leptomeningeal spread are process that can be partially recapitulated
through in vitro assays. Despite their extensive use, these assays have limitations in the study
of complex host/tumor cell interactions throughout metastasis. In this respect, animal models
represent a versatile tool to examine anatomical barriers (such as the blood brain barrier),
stromal/environmental factors, genetic factors, and the immune response. Singh et al. discuss the
development of patient-derived xenograft (PDX) models for brain and leptomeningeal metastasis
through injection of patient tumor cells into an appropriate microenvironment. These PDX models
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Cancer Metastasis to the CNS

have been shown to maintain their molecular signatures and
recapitulate the heterogeneous nature of the original patient
tumor, providing some advantages over genetically engineered
mouse models. These models have contributed significantly to
our understanding of CNS metastasis, and will play a pivotal role
in the identification and testing of potential therapeutic agents.

Despite improvements in systemic therapies, brain metastasis
of breast cancer is associated with dismal survival with limited
and non-specific treatment options. Study of breast cancer brain
metastases and preclinical tests have relied mostly on injection
of a few breast cancer cell lines; however, this approach suffers
from a lack of tumor heterogeneity observed clinically and
limited use for therapeutic studies due to their rapid progression
following transplantation. Contreras-Zdrate et al. developed and
characterized a PDX model of breast cancer brain metastasis. The
investigators obtained freshly resected brain metastases from
breast cancer and implanted tumor cells in the mammary fat pad
of female immune-deficient recipients. The xenografts retained
critical clinical markers and gene expression profiles of parental
tumors. Importantly, intra-cardiac injection of dissociated cells
from xenografts led to tumors in the brain parenchyma within
8-12 weeks, suggesting that xenografts derived from brain
metastases maintain the capacity to colonize the brain. These
novel xenografts represent heterogeneous and clinically relevant
models to study the biology of brain metastasis and to test drugs
in therapeutically relevant settings.

Indeed, PDX models recapitulate many characteristics of
breast cancer brain metastases including active angiogenesis and
astroglial activation. Conversely, unlike other sites for tumor
dissemination such as liver or bone, astrocytes represent a
major cell type that come into contact with cancer cells during
brain metastasis. In response to cancer cells that metastasize
to the brain, astrocytes undergo further differentiation and
activation to affect the survival and growth of disseminated
cancer cells within the CNS. Wasilewski et al. discuss our current
understanding of the contribution of reactive astrocytes to

brain metastasis. Emphasis is placed on the signaling pathways
and interactions that play a crucial part in the communication
with metastatic cancer cells (7). In addition to astrocytes, local
macrophages and microglia in the CNS constitute important
components of the immune response to metastatic growth.
Accumulation of microglial cells surrounding metastatic tumors
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has been described for both experimental and human brain
metastases. Andreou et al. examined microglial/macrophage
activation in a mouse model of breast cancer brain metastasis.
Microglia can differentiate along the proinflammatory pathway
to upregulate cytokine levels and acquire the ability to mediate
an immune response against tumor cells. Alternatively,
microglia can develop an anti-inflammatory phenotype that
promotes angiogenesis and tumor growth. The authors
identified populations of both proinflammatory and anti-

inflammatory  microglia/macrophages. ~The investigators
further demonstrated that selective depletion of this
microglia/macrophage  population  significantly  reduced

metastatic tumor burden and increased apoptosis. These findings
suggest that microglia/macrophages are important effectors of
the inflammatory response in brain metastases. Hence targeting
the anti-inflammatory pathway in microglia/macrophages
may offer therapeutic opportunities for patients with
brain metastases.

Treatment options for intracerebral seeding of cancer
cells are limited and lacking specificity. The molecular and
cellular makeup of brain metastases usually differs from that
of the primary tumors, as well as from metastases at other
sites. Molecular detailing of metastatic cancer cell penetration,
seeding, and outgrowth in the brain will contribute to the
discovery of innovative cancer therapies.
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Mechanisms and Therapy for Cancer
Metastasis to the Brain

Federica Franchino*, Roberta Ruda and Riccardo Soffietti

Department of Neuro-Oncology, University and City of Health and Science Hospital, Turin, Italy

Advances in chemotherapy and targeted therapies have improved survival in cancer
patients with an increase of the incidence of newly diagnosed brain metastases (BMs).
Intracranial metastases are symptomatic in 60-70% of patients. Magnetic resonance
imaging (MRI) with gadolinium is more sensitive than computed tomography and
advanced neuroimaging techniques have been increasingly used in the detection, treat-
ment planning, and follow-up of BM. Apart from the morphological analysis, the most
effective tool for characterizing BM is immunohistochemistry. Molecular alterations not
always reflect those of the primary tumor. More sophisticated methods of tumor analysis
detecting circulating biomarkers in fluids (liquid biopsy), including circulating DNA, circu-
lating tumor cells, and extracellular vesicles, containing tumor DNA and macromolecules
(microRNA), have shown promise regarding tumor treatment response and progression.
The choice of therapeutic approaches is guided by prognostic scores (Recursive
Partitioning Analysis and diagnostic-specific Graded Prognostic Assessment-DS-GPA).
The survival benefit of surgical resection seems limited to the subgroup of patients with
controlled systemic disease and good performance status. Leptomeningeal disease
(LMD) can be a complication, especially in posterior fossa metastases undergoing a
“piecemeal” resection. Radiosurgery of the resection cavity may offer comparable sur-
vival and local control as postoperative whole-brain radiotherapy (WBRT). WBRT alone
is now the treatment of choice only for patients with single or multiple BMs not amenable
to surgery or radiosurgery, or with poor prognostic factors. To reduce the neurocognitive
sequelae of WBRT intensity modulated radiotherapy with hippocampal sparing, and
pharmacological approaches (memantine and donepezil) have been investigated. In the
last decade, a multitude of molecular abnormalities have been discovered. Approximately
33% of patients with non-small cell lung cancer (NSCLC) tumors and epidermal growth
factor receptor mutations develop BMs, which are targetable with different generations
of tyrosine kinase inhibitors (TKls: gefitinib, erlotinib, afatinib, icotinib, and osimertinib).
Other “druggable” alterations seen in up to 5% of NSCLC patients are the rearrange-
ments of the “anaplastic lymphoma kinase” gene TKI (crizotinib, ceritinib, alectinib,
brigatinib, and lorlatinib). In human epidermal growth factor receptor 2-positive, breast
cancer targeted therapies have been widely used (trastuzumab, trastuzumab-emtansine,
lapatinib-capecitabine, and neratinib). Novel targeted and immunotherapeutic agents
have also revolutionized the systemic management of melanoma (ipilimumab, nivolumab,
pembrolizumab, and BRAF inhibitors dabrafenib and vemurafenib).

Keywords: brain metastases, chemotherapy, neuroimaging, neuropathology, surgery, stereotactic radiosurgery,
whole-brain radiotherapy, targeted therapy
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Franchino et al.

Cancer Metastasis to the Brain

INTRODUCTION

Recent advances in chemotherapy and targeted therapies have
improved survival in cancer patients. In this context of a better-
controlled systemic disease, brain metastases (BMs) are emerging
as a new challenge for the oncologist.

Brain metastases are the most frequent intracranial tumors: the
incidence of newly diagnosed BMs is 3-10 times the incidence of
newly diagnosed primary malignant brain tumors (1) and is still
increasing. This trend could be explained by improvement in the
quality of neuroimaging [magnetic resonance imaging (MRI)]
and increased survival of patients with solid tumors (2).

In adults, lung (36-64%), breast (15-25%), and skin
(melanoma) (5-20%) are the most frequent sources of BMs. Less
frequent are cancers from colon-rectum, kidney, prostate, testis,
ovary, sarcomas, and unknown tumors (3).

Brain metastases occur more frequently in patients with
advanced disease. However, in some subgroups of patients, such
as HER2+ breast cancer receiving trastuzumab, the brain repre-
sents now the first, often solitary, site of metastatic relapse (4).

The biology of BM remains poorly understood. Interactions
between circulating tumor cells (CTCs) and blood-brain barrier
(BBB) components are required. Some cytokines may act as
CTC attractants and promote BM formation. BM development
involves several steps (extravasation through non-fenestrated
capillaries, local proliferation, and neoangiogenesis). Recently,
clinical studies have detected specific genomic alterations in BMs
but not in the primary tumor or extracranial metastases (5-7).
How and when metastatic cells that spread to the brain evolve in
a divergent way remains elusive: answering these questions could
open the way for novel-specific therapies.

BIOLOGY AND PATHOPHYSIOLOGY
OF BMs

Metastatization from systemic cancer requires several steps and
complex genetic, epigenetic and biological changes in tumor cells,
globally defined as “metastatic cascade,” beginning with detachment
from the primary tumor and invasion of the surrounding tissue,
intravasation into blood vessels and hematogenous dissemination,
arrest in brain capillaries, and extravasation. Ultimately, neoplastic
cells have to colonize surrounding tissue induce angiogenesis and
proliferate in response to local growth factors (8). Those cells that
survive find microenvironments that are conducive to their growth
and development, also known as “niches’(9); they then form
micrometastases that may, in turn, establish clinically significant
lesions after a fairly variable period of dormancy, in which require-
ments for cell division are acquired (10).

Tumor cells have the capacity to evade growth suppressors
and inhibitors of cell proliferation via mechanisms that include
the resistance of apoptosis by overexpression of Bcl-2, Bcl-xL
and downregulation of pro-apoptotic Bax and Bim. Through a
phenomenon called epithelial-mesenchymal transition, acti-
vated by intrinsic (gene mutations) or extrinsic factors (growth
factor signaling), epithelial tumor cells can de-differentiate,
migrate to a distant focus, survive to apoptosis, disseminate, and

then re-differentiate to the original cell (11, 12). Activation of
cells in the adjacent stroma (endothelial cells, cancer-associated
fibroblasts, pericytes, and leukocytes) via paracrine signaling
with pro-tumorigenic factors (transforming growth factor beta,
hepatocyte growth factor, epidermal growth factor, fibroblast
growth factor, and IL-6) sustain tumor growth, enhancing
genomic instability and epigenetic dysregulation (8, 13, 14).

Invading tumor cells show a downregulation of proteins
preserving structural tissue integrity, such as E-cadherins,
integrins, and catenins, lose cell-cell adhesion, secrete proteo-
lytic enzymes that degrade the epithelial basement membrane,
penetrate the endothelial basement membrane of vessels, and
enter the circulation. Tumor cells, which arrest in capillary
beds adhering to the endothelium of target tissue, behave like
macrophages, creating pseudopodia and penetrating the cell-
cell junctions, and then gain access to the tissue parenchyma
by activating angiogenic programs to develop a new vascular
supply. Circulating cancer cells attract platelets because of their
expressed surface tissue proteins, which protect them from the
immune system (15, 16).

The BBB is a functional and anatomic barrier, which plays
a central role in interacting with brain microenvironment and
influencing metastatic colonization. Several components can be
subjected to adaptions by metastatic tumors to breach this barrier.
Studies have found a role of cell-cell adhesion factors, including
cyclo-oxygenase 2, heparan-binding epidermal growth factor,
and alpha-2,6 sialyltransferase (ST6GALNACS). As the tumor
cells adhere to the BBB, infiltrative and transmigratory processes
allow the tumor cells to breach the BBB. Later, the tumor cells
use the inflamed brain microenvironment as a niche. Tumor cells
interact with activated microglia and astrocytes, which provide
support for neuronal function (17). Studies have found that meta-
static tumor cells secrete cytokines involved in the MAP kinase
pathway: the hyperactivation of this pathway permits breast
cancer cells to overexpress MMP2, a proinflammatory enzyme
that helps in tissue remodeling and angiogenesis. Metastatic
lung cancer cells have been found to produce IL-8, macrophage
inhibitory factor, and plasminogen activator inhibitor 1. These
factors activate astrocytes to produce growth factors (IL-6, IL-1B,
and tumor necrosis factor), resulting in a perpetuation of cancer
cell growth in the neural niche (18). Activation of VEGE, Notch
pathways and secretion of BMP-2 (a growth factor that differenti-
ates neuronal stem cells into astrocytes) sustain neoangiogenesis
in BMs and tumor-astrocyte interactions (19).

Tumor-driven activation of the mitogen-activated protein
kinase (MAPK) and AKT pathways promotes endothelin-driven
astrocyticsurvivaland upregulate theantiapoptoticgenesBCL2L1,
GSTA5,and TWIST1 (20). Tumor cells have also been observed to
possess double-stranded DNA repair mechanisms, which protect
from reactive oxidative species that are the primary mechanisms
of microglial killing of tumor cells. Tumor metastatic cells activate
mechanisms in the brain to escape immuno-surveillance [recruit-
ment of myeloid-derived suppressor cells, reduced expression of
transporter associated with antigen processing 1 (TAP1), thereby
reducing the effect of T-cell-mediated cell death] (21).

Metastatic cells can also take advantage of other mechanisms
in the neural niche, such as nerve growth factor-tropomyosin
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receptor kinase B interaction on breast brain metastatic cells
amplifying oncogenic signaling (22). A subset of metastatic
breast cancer tissue has been observed to possess an upregu-
lation of GABA receptors and transporters compared with
their primary tumor tissue counterparts: after transport-
ing synaptic GABA into their own cytosol, it is converted
to NADH in the cellular mitochondria enhancing energy
production, cellular respiration, and finally metastatic cell
function and survival (23).

Understanding the mechanisms of metastatic cell invasion
and survival within the neural niche could elucidate solutions for
metastatic cancer prevention and cure.

DIAGNOSIS: CLINICAL AND
NEUROIMAGING FEATURES

Intracranial metastases are most frequently diagnosed in patients
with an established primary site of malignancy (metachronous
presentation). To a lesser extent, BMs are discovered at the same
time of primary tumor (synchronous presentation in up to 30%)
or may be the initial presentation as an occult malignancy (preco-
cious presentation) in up to 10% of patients (24).

Intracranial metastases are symptomatic in 60-70% of patients
with neurologic symptoms including headache (40-50%), focal
neurological deficits (40%), and seizures (15-20%). Impaired
cognition and altered mental status are frequent in patients
with multiple metastases and/or increased intracranial pressure.
Another 5-10% of patients present with acute “stroke like” symp-
toms due to an intratumoral hemorrhage (especially in melanoma,
kidney cancer, and choriocarcinoma). However, symptoms and
signs at presentation can be subtle. As a general rule, BMs should
be suspected in any patient with known systemic cancer in whom
new neurologic findings develop (25).

In both asymptomatic and symptomatic patients, imaging of
the brain has a primary role in the diagnosis and is important for
subsequent patient management (Table 1).

Computed tomography (CT) can provide information on
intracranial hemorrhage, herniation, mass effect, and hydroceph-
alus. MRI with intravenous contrast is preferable for the greater
sensitivity than CT, particularly for lesions in the posterior fossa
or multiple punctate metastases (26). There are no specific features
on MRI that characterize BMs; however, a peripheral location,
spherical shape, ring enhancement with extensive peritumoral
edema, and multiple lesions suggest a metastatic disease (27).

TABLE 1 | Comparison of neuroimaging techniques in diagnosis of BMs.

Technique Advantages Disadvantages
CT — First-line approach — Low resolution and low sensibility for differential diagnosis
— Fast information on intracranial hemorrhage,
herniation, mass effect, and hydrocephalus
— Useful in non compliant patients
MRI (T1/T2/FLAIR — Major resolution — Difficult resolution of calcifications
sequences) — Better lesion characterization and localization - Longer time for image acquisition and processing
(cortical/subcortical)
MRI with Gad Better characterization — Longer time
— Allergic reactions to Gad
Advanced MRI Spectroscopy Useful in DD glioma vs BM — Longer time
Perfusion Useful in DD HGG vs BM (rCBV value in Longer time
peritumoral FLAIR hyperintense region) Variable target definition for measurement
Unclear rCBV cutoff values in DD HGG vs BM
DTl images — Evaluate the structural organization of white Low specificity

DWI and ADC images

PET-CT 18F-FDG PET

Amino acids PET

matter tracts and spatial relationships with
brain lesions
— Useful in surgical planning

— DD HGG/BM and abscesses (restricted
diffusion with DWI+ is more typical in
abscesses)

— DD HGG/BM edema in peritumoral region
(higher ADC signal in BM)

— DD PCNSL/HGG and BM (DWI + ADC maps)

— Metabolic and functional information

— More useful for the differentiation of tumor
and non-tumoral processes, as tumors have
significantly higher uptake

Longer time

Low specificity in DD with others brain lesions
(inflammatory disease, abscesses, and granulomatous
lesions) and other tumors (HGG)

Increased uptake in acute inflammatory lesions
Not sufficient discrimination from HGG and some non-
neoplastic lesions

CT, computed tomography; MRI, magnetic resonance imaging; Gad, gadolinium; DTI, diffusion tensor imaging; DWI diffusion-weighted imaging; DD, differential diagnosis;
BMs, brain metastases;, HGG, high-grade glioma, rCBV, relative cerebral blood volume; ADC, apparent diffusion coefficient; PET, positron emission tomography; 18F FDG,
18F-fluorodeoxyglucose; FLAIR, fluid attenuated inversion recovery.
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Differential diagnosis (DD) includes primary brain tumors
[high-grade gliomas (HGGs), primary CNS lymphomas] and
non-neoplastic conditions (abscesses, infections, hemorrhages,
subacute infarcts, demyelinating diseases, granulomatous dis-
eases, and radiation necrosis).

Advanced neuroimaging techniques have been increasingly
used in the detection, treatment planning, and follow-up of BMs.
The most frequently used techniques include MR proton spectros-
copy (MRS), MR perfusion, diffusion-weighted imaging (DWI),
and diffusion tensor imaging (DTI). MRS more often shows a
lower choline to creatinine ratio in BMs than in HGGs (28).
When employing MR perfusion (dynamic contrast-enhanced),
although the relative cerebral blood volume (rCBV) ratio may
not be reliable for a differentiation of the enhancing portion of
HGGs from metastases, the evaluation of the peritumoral fluid
attenuated inversion recovery (FLAIR) hyperintensity has shown
lower rCBV in case of metastases compared with HGG: this is
likely due to the presence of infiltrative cells and neoangiogen-
esis in HGGs, while metastatic lesions are surrounded by pure
vasogenic edema. Peritumoural perfusion-weighted imaging
can assist in preoperative differentiation between a glioma and a
solitary metastasis, but to date there is no a definite cutoff value
useful for radiological DD (29). In addition, evaluation of the
DSC (dynamic susceptibility contrast MRI) perfusion signal
changes over time in the contrast-enhancing mass has shown that
metastasis has a vascular permeability or “leakiness” of contrast
which is higher compared with an HGG but lower compared with
PCNSL. DWI evaluates the mean diffusivity of water molecules in
a given region of brain parenchyma: highly cellular tumor results
in a “restricted diffusion” pattern, with hyperintensity on highly
diffusion-weighted DWI sequences and lower signal intensity
on apparent diffusion coefficient (ADC) images. Because of the
various degrees of cellularity in different metastatic tumor types,
DWT s highly variable (30). ADC can be helpful in distinguishing
the peritumoral edema surrounding metastases, which usually
demonstrates higher ADC signal, from the non-enhancing
peritumoral area of HGGs, which demonstrates relatively lower
ADC values (31). Diffusion-weighted MR imaging may be useful
in the diagnosis of ring-enhancing lesions: restricted diffusion is
more typical in abscesses compared with unrestricted diffusion
in necrotic metastases or glioblastomas, but the findings are not
specific (32). DTT is an MRI technique, which is able to evaluate
the structural organization of the brain, particularly white matter
tracts. It is useful in surgical planning to localize the relationships
of a metastasis to the major white matter tracts. DTI has been also
employed to differentiate metastases from HGGs (33, 34).

The capability of 18F-fluorodeoxyglucose (FDG) positron
emission tomography (PET) in differentiating BMs from HGGs
is limited, since a considerable overlap of standardized uptake
values (SUVma) exists. 18F-FDG PET also has limited specificity
for distinguishing metastases from non-neoplastic lesions, such
as brain abscesses, demyelinating tumefactive (“tumor-like”)
lesions, fungal infections, and neurosarcoidosis due to the
increased glucose metabolism in inflammatory tissues (35).

Amino acid PET seems more useful for the differentiation of
tumor and non-tumoral processes, as tumors have significantly
higher uptake than non-neoplastic tissues. However, a moderate
increase of uptake can also be seen in acute inflammatory lesions.

In conclusion, in BMs, both 18F-FDG and amino acid PET do not
provide sufficient discrimination from high-grade glial tumors
and some non-neoplastic lesions (36, 37). Overall, no advanced
imaging techniques can reliably identify the nature of an enhanc-
ing brain lesion, and hence histopathological analysis remains the
gold standard.

A tissue diagnosis by biopsy should then be considered in
patients with either unknown primary tumor or absent well-
controlled systemic cancer, especially if a long interval has
elapsed since the initial cancer diagnosis, or, seldom, in patients
with active systemic cancer when the radiographic appearance is
highly atypical and life expectancy is not too short.

When a brain mass is discovered on MRI and there is no prior
history of cancer, in most cases the primary tumor is located in
the lung (38, 39): thus, chest CT is recommended, while CT of
the abdomen only occasionally shows an unsuspected cancer.
Further search for a primary tumor is almost never fruitful in
asymptomatic patients (40). Whole-body FDG PET is a sensi-
tive tool for detecting a “probable” primary tumor by visualizing
foci of abnormal uptake, more often in the lung (41, 42), but the
specificity in differentiating malignant tumors from benign or
inflammatory lesions is relatively low.

Regarding BMs from an undetected primary site after the first
investigations, serial CT scans of the thorax during follow-up
in asymptomatic patients can discover the primary tumor (a
non-small cell lung carcinoma in the majority), but few patients
only benefit in terms of survival from early detection and treat-
ment (43). However, there are no data dealing with this issue in
molecular subgroups with available targeted therapies [i.e., EGFR
mutated or anaplastic lymphoma kinase (ALK)-rearranged
tumors].

In patients with BMs, a CSF examination is notindicated, unless
there are coexistent symptoms or signs or neuroimaging findings
that suggest an associated leptomeningeal carcinomatosis.

DIAGNOSIS: NEUROPATHOLOGY

Routine hematoxylin-eosin stain of biopsy specimens usu-
ally allows the distinction of metastases from malignant
gliomas, meningiomas, lymphomas, and more rare entities.
Immunohistochemical markers may be useful for a further
characterization of the tumor type.

The immunohistochemical expression of glial cell markers,
such as glial fibrillary acidic protein or oligodendrocyte tran-
scription factor (OLIG2), suggests a glial tumor.

Usually, BMs mimic the histological appearance of the pri-
mary tumor, but sometimes with a lesser degree of differentiation.
Overall, the vast majority of BMs are adenocarcinomas. The pres-
ence of glandular architecture and mucous allows the distinction
of an adenocarcinoma from a small or non-small cell carcinoma
with neuroendocrine differentiation, squamous carcinoma,
or unspecified non-small cell carcinoma (44). Apart from the
morphological analysis, the most effective tool for characterizing
a BM is immunohistochemistry (45).

Lung cancers are the most common cause of BM. The brain
tropism of non-small cell lung cancer (NSCLC) is higher for
adenocarcinoma (54.8%) and poorly differentiated carcinoma
(31.7%) than for squamous cell carcinoma (46). Pulmonary
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adenocarcinomas express cytokeratin 7 in the absence of expres-
sion of cytokeratin 20 (CK7+/CK20— phenotype). However, most
adenocarcinomas from breast or other origins behave similarly,
thus other markers are needed (47). Thyroid transcription factor
(TTF1) is a marker of lung and thyroid origin, and is expressed in
80% of primary non-mucinous lung adenocarcinomas. TTFI is
also expressed in 90% of small cell and 50% of non-small cell neu-
roendocrine pulmonary carcinomas, thus the pathologist should
search for the expression of neuroendocrine markers (CD56,
chromogranin A, and synaptophysin) and pancytokeratin AE1/
AE3. Focal expression of TTF1 has been described in breast car-
cinoma, while 20% of primary pulmonary adenocarcinomas do
not express TTF1. Anti-Napsin A expression may help to identify
a small fraction of these TTF1-negative adenocarcinomas (48).
A molecular analysis searching for molecular abnormalities
should include mutations of epidermal growth factor receptor
(EGFR), Kirsten rat sarcoma viral oncogene homolog (KRAS),
BRAF, human epidermal growth factor receptor 2 (HER2),
c-MET abnormalities, translocations of ALK, rearranged during
transfection (RET), or repressor of silencing 1 (ROS1).

When a breast cancer metastasis is suspected, the expression
of hormonal receptors [estrogen receptors (ERs) and proges-
terone receptors (PgR)] must be investigated, although their
expression is not specific as observed in ovarian, endometrial
adenocarcinomas, and bronchopulmonary adenocarcinomas
(47, 49). Furthermore, breast cancers frequently express mam-
maglobin, gross cystic disease fluid protein-15 (GCDFP15), and
trans-acting T-cell-specific transcription factor (GATA3) (50).
An immunohistochemical overexpression of HER2 has prog-
nostic and therapeutic significance (51). “Triple negative” breast
cancers (absence of expression of HER2, ER, and PR) have the
highest risk of BM and a poor prognosis.

The diagnosis of BM from colorectal (CRC) adenocarcinoma
is often done based on the morphological appearance and is
supported by the immunohistochemical profile (CK20+/CK7-).
The expression of CDX2, a transcription factor expressed in the
nuclei of intestinal epithelial cells, also favors the diagnosis, such
as the finding of an activating mutation of the RAS genes. In CRC
adenocarcinoma KRAS mutations are found in approximately
40% of patients, resulting in the activation of the RAS/RAF/ERK
pathway, rendering EGFR inhibitors ineffective (52-54). KRAS
and neuroblastoma RAS viral oncogene homolog (NRAS) are
closely related, and mutations tend to be mutually exclusive. Few
data are available on the molecular subsets of BM from CRC
adenocarcinoma. In addition to RAS, activating mutations in
the BRAF gene have been found in 8-10% of CRC cancers, and
they are almost always mutually exclusive with KRAS mutations
(55-57). They are typically associated with right-sided tumors,
high-grade mucinous histology, high frequency of lymph node
and peritoneal metastasis, and microsatellite instability (58, 59).

The diagnosis of squamous cell carcinoma is based on conven-
tional histology (presence of intercellular bridges and keratiniza-
tion). The immunohistochemical expression of cytokeratins 5/6
or p40 (more specific than p63 which is expressed in 26-65%
of adenocarcinomas) can confirm the epidermoid differentia-
tion (50, 60): however, no marker can specifically determine the
primary site.

Other markers of squamous differentiation are CK34bE12 and
desmocollin-3, while TTF1 is not expressed. The coexistence of
morphological and immunohistochemical features of carcinoma
and adenocarcinoma suggests the possibility of an adenosqua-
mous carcinoma of pulmonary or gynecological origin.

Most of the patients with BM from an unknown primary site
can be diagnosed by searching for mucins and TTF1 and p40.
When a primary breast cancer is suspected, TTF1 and GATA3 are
the most relevant markers (50). CK7 and CK20 are less helpful,
since many cancers with brain tropism, such as NSCLC or breast
cancer, have a CK74/CK20— phenotype.

MOLECULAR BIOLOGY

In BM, molecular alterations do not always reflect those of the
primary tumor (Table 2). In BM of NSCLC, fibroblast growth
factor receptor 1 (FGFR1) amplifications are found in 19% of
squamous cell carcinomas, and in 15% of adenocarcinomas. A
positive correlation of ALK and FGFR1 gene amplification status
exists in BMs (61). Discoidin domain-containing receptor 2
(DDR2) mutation was reported in 1-4% of Sq-NSCLC, and its
sensitivity to dasatinib inhibition was demonstrated both in vitro
and in vivo (62).

With regard to EGFR status, lung adenocarcinomas carrying
EGFR mutations have a higher risk of developing BM (64%),
probably as a consequence of the prolonged survival due to
treatment with EGFR-tyrosine kinase inhibitors (TKIs) (63, 64).
In BM, EGEFR status was evaluated in few studies. Porta et al.
evaluated EGFR mutation status in 69 NSCLC-BM patients
treated with erlotinib: 17 had EGFR mutation with an intracranial
response rate of 82.4% (65, 66). ALK rearrangements occur in
3-7% of patients with NSCLC, but no data are available about
the incidence in BM (67). Approximately 1.4% of NSCLCs harbor
ROS1 rearrangements. ROS is strongly homologous to ALK, so
that ALK inhibitors can be efficacious against ROSI-positive
tumors (68). In NSCLC, multiple mechanisms of c-MET activa-
tion have been reported, including gene amplifications and exon
14 skip mutations (69).

In melanoma, BRAF mutations (mainly BRAF V600E) are
found in 50% of melanoma BM, leading to a constitutive activa-
tion of the MAPK signaling pathway, promoting cellular growth,
invasion, and metastasis (70).

The identification of BRAF mutations is relevant for thera-
peutic management, but it is not a diagnostic tool, given the fact
that it is observed in numerous CNS tumors, notably in 10% of
glioblastomas (in 50% of epithelioid glioblastomas), in over 60%
of gangliogliomas and pleiomorphic xanthoastrocytomas, in 5%
of BM of colon cancers, and in 1-4% of BM of NSCLC (71).

In breast cancer, 62-75% of patients maintain the same recep-
tor status between the primary tumor and the brain metastasis,
whereas discordance rates of 25-37.5% have been found. The rate
of ER and PgR expression was 41.6% in the primary tumors and
decreased to 12.5 and 16.6% in the BMs. By contrast, the rate for
Her2+ tumors increased from 41.6% in primary breast cancer to
65.2%, respectively, in the BMs. All anti-estrogen treated breast
tumors lost the ER expression in the BMs, whereas a Her2/neu
conversion did not occur after treatment with trastuzumab.
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TABLE 2 | Neuropathological and molecular markers of brain metastases.

Morphology

Histochemistry and IHC

Molecular biology

Standard detection method

Targeted therapy

Undifferentiated tumor

Adenocarcinoma
(glandular + mucosecretion)

Squamous cell carcinoma

Neuroendocrine carcinoma

Desmin Sarcoma

HMB45 MelanA  Melanoma

CKAE1AE3

Mucins, TTF1,
p40, CK7, CK20

Undifferentiated carcinoma

Unknown primary
TTF1—, CK 7+4/—, CK20—

Broncopulmonary
adenocarcinoma (NSCLC)
TTF1+, CK 7+, CK20—

Breast adenocarcinoma
TTF1—, RE/

RP+/— (GATA3+,
mammaglobin+), CK 7+,
CK20- (triple negative:
CK5/6/14+)

Colorectal
adenocarcinoma
CK 7—, CK20+, CDX2+

Renal adenocarcinoma
CK 7—, CK20—, vim+,
CD10+

Rare cancers
PSA, CA125, TG, PLAP,
alpha-fetoprotein, p HCG

Keratinization, intercellular
bridges, p40+, CK5/6+,

TTF1
CK+, TTF14+/=,  Small cell lung carcinoma
chromogranin+,  (SCLC)
synapthophysin+ Large cell neuroendocrine
tumor

BRAF/NRAS
mutations

cKIT mutations

EGFR, KRAS, BRAF,
HER2, ALK, ROST,
RET, c-MET

EGFR-activating
mutations

EGFR resistant
mutation: T790M

ALK translocation

ROS1 translocation

RET translocation

c-MET amplification

c-MET splice-
mutation (exon 14
skip mutation)

BRAF V600E or
V600K mutations

HER2 amplifications

KRAS, NRAS
mutations

FGFR1 amplification
DDR2 mutations

TTF1+

TTF1+/-

ARMS-PCR/targeted NGS
Real-time allele-specific PCR

Targeted NGS

ARMS-PCR/targeted NGS
Real-time allele-specific PCR,
IHC, FISH or RNA seq

Targeted NGS or real-time allele-
specific PCR (FDA-approved
COBAS®© EGFR mutation test
v2, ARMS-PCR)

COBAS© EGFR mutation test v2
(tumor tissue and plasma)
Dropet digital PCR (plasma),
targeted NGS

IHC, FISH, or RNA seq (for IHC+)
IHC, FISH, or RNA seq (for IHC+)

FISH or RNA seq

FISH or targeted NGS

Targeted NGS

Targeted NGS
Real-time allele-specific PCR
IHC (V60OE)

FISH, IHC

ARMS-PCR/targeted NGS
Allele-specific PCR-COBAS©
KRAS mutation test

FISH
Targeted NGS

Dabrafenib + trametinib
Vemurafenib + cobimetinib

Imatinib (not registered in this
indication)

Gefitinib, erlotinib, afatinib

Osimertinib

Crizotinib

Crizotinib, ceritinib, brigatinib,
lorlatinib (not registered)

Cabozantinib, vandetanib (not
registered in this indication)

Crizotinib (not registered in this
indication)

Crizotinib

Dabrafenib + trametinib
Vemurafenib + cobimetinib

Trastuzumab, pertuzumab,
lapatinib, trastuzumab-
emtansine (TDM1)

EGFR mADb (cetuximab,
panitumumab) resistance

Not registered drugs

Dasatinib (not registered in this
indication)

Not registered drugs

CK, cytokeratins; TTF1, thyroid transcription factor; IHC, immunohistochemistry; ARMS-PCR, amplification refractory mutation system-polymerase chain reaction; FISH, fluorescent
in situ hybridization, NGS, next-generation sequencing;, RNA seq, RNA sequencing; EGFR, epidermal growth factor; KRAS, Kirsten rat sarcoma viral oncogene homolog; BRAF, v-raf
murine sarcoma viral oncogene homolog B; NRAS, rat sarcoma oncogene; HER2, human epidermal growth factor receptor 2; ALK, anaplastic lymphoma kinase; ROS1, repressor
of silencing 1; RET, rearranged during transfection,; c-MET, tyrosine-protein kinase Met or hepatocyte growth factor receptor; cKIT, tyrosine-protein kinase Kit or CD117; FGFR1,
fibroblast growth factor receptor 1, DDR2, discoidin domain-containing receptor 2.
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Therefore, the receptor status of the primary tumor is invalid for
planning a targeted therapy against BMs, especially after hormone
therapy. In these cases, new tissue collection by biopsy or resec-
tion should be required for more accurate decision-making (72).

BIOMARKERS AND LIQUID BIOPSY

The diagnosis and management of BMs still rely on histopathol-
ogy and neuroimaging. However, considering tumor complex
genetic profiles, more sophisticated methods of tumor analysis
are under investigations in fluids (so-called liquid biopsy).
Circulating biomarkers, including tumor nucleic acids, tumor
cells (CTCs), and extracellular vesicles, which contain tumor
DNA as well as other macromolecules, such as microRNA, have
shown promise to provide information regarding tumor evolu-
tion over time, specifically for monitoring treatment response
and disease progression (73, 74).

Although the technical aspects of biomarker detection still
require optimization, these tools have already demonstrated
their diagnostic, prognostic, and predictive value in several
tumor types, including breast, CRC, non-small cell lung, prostate
cancers, and melanoma. In addition, they can be used in the
laboratory to probe mechanisms of acquired drug resistance and
tumor invasion and dissemination (75, 76).

Genomic alterations can be detected in the CSF by micro-
arrays, digital or real-time polymerase chain reaction (QPCR) and
targeted amplicon sequencing, and whole exome sequencing (77,
78). Although alumbar punctureisamoreinvasive procedure than
a blood draw, the possible lack of representative tumor DNA in
the plasma may lead to inconclusive results. CSF likely represents
a preferable source of liquid biopsy in brain metastatic lesions
featuring meningeal carcinomatosis, at least when no extra-CNS
localizations are evident (79). It remains unclear in patients with
metastatic solid tumors diagnosed with leptomeningeal carcino-
matosis whether tumor DNA detection in the CSF compartment
always reflects the local presence of cells or whether this DNA
may be derived from tumor cells circulating in the blood or even
from distant extracerebral metastases (80-82). Yang and col-
leagues have evaluated EGFR gene status in tumor-derived free
DNA in CSF to test correspondence with the molecular pattern
of the primary tumor and to guide the clinical use of EGFR-TKI.
Indeed, between the paired primary tumor and tumor-derived
DNA in CSE 75% of samples had a concordant EGFR status
(83). Findings on two patients by Marchio and colleagues cor-
roborate the notion that CSF represents a preferable source for
liquid biopsy in brain metastatic lesions featuring meningeal
carcinomatosis, at least when no extra-CNS localizations are
evident (72). Liquoral liquid biopsy can allow the identification
of either actionable genetic alterations or a mutation correlated to
resistance to targeted therapies leading to crucial changes in the
treatment decision.

THERAPY

The choice of therapeutic approaches, both in clinical trials and
daily practice, is guided by the knowledge of the natural prognos-
tic factors. Karnofsky performance status (KPS), age, primary/

systemic tumor activity, neurocognitive function, number of
BMs, primary tumor type, and time from primary tumor diag-
nosis to the brain lesion all have shown an individual prognostic
significance in patients with BMs (84, 85). Of these, the KPS is
the major determinant of survival. On the basis of most powerful
factors, prognostic indices have been developed to distinguish
subgroups of patients with different outcomes. The first prog-
nostic categorization [Recursive Partitioning Analysis (RPA)],
developed in 1997 by the Radiation Therapy Oncology Group
(RTOG) (84), subdivided patients treated with whole-brain
radiotherapy (WBRT) into three classes: class I including patients
with a KPS greater than 70, controlled primary tumor/number of
extracranial metastases and age below 65 years (median survival
7.7 months); class III including patients with KPS less than 70
(median survival 2.3 months); and class II including the rest of
patients (median survival 4.5 months).

A new prognostic index, the diagnostic-specific Graded
Prognostic Assessment (DS-GPA), derived from an updated
RTOG database, has been proposed more recently, considered
as prognostic as the RPA, less subjective and more quantitative
(86). A further analysis has shown that the prognostic factors vary
according to the tumor type (87). The DS-GPA uses four factors
(age, KPS, status of extracranial disease, and number of BMs) to
subdivide patients into one of four categories with median surviv-
als ranging from 2.6 to 11 months. A new updated GPA, including
molecular markers, has been proposed to better estimate survival
in patients with BM: lung-mol-GPA is an update of the DS-GPA,
which incorporates EGFR and/or ALK mutation status in addition
to the well-known prognostic factors such as KPS, age, presence of
extracranial metastases, and number of BMs (88). For melanoma
there are five significant prognostic factors: age, KPS, extracranial
metastases, number of BMs, and BRAF status (89). Conversely,
significant prognostic factors for breast cancer are KPS, age and
tumor subtype (classified HER2, ER, and PgR status) (90), but not
the number of BMs and extracranial metastases.

SURGERY

Three randomized trials have compared surgical resection fol-
lowed by WBRT with WBRT alone (91-93). The American and
European trials have shown a survival advantage for patients
receiving the combined treatment (median survival 9-10 vs
3-6 months). In the American study, patients who received
surgery displayed a lower rate of local relapses (20 vs 52%) and
a longer time of functional independence. The Canadian study,
which included more patients with an active systemic disease
and a low performance status, did not show any benefit with
the addition of surgery to WBRT. Therefore, the survival benefit
of surgical resection seems limited to the subgroup of patients
with controlled systemic disease and good performance status.
Surgical resection allows a relief of symptoms of intracranial
hypertension, a reduction of neurological deficits and seizures,
and a rapid steroid taper.

Gross total resection of a brain metastasis can be achieved with
lower morbidity using advanced image-guided systems, such as
preoperative functional MRI and DT, intraoperative neuronavi-
gation and cortical mapping (94, 95).
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Leptomeningeal disease (LMD) can be a complication, espe-
cially for patients with posterior fossa metastases undergoing a
“piecemeal” resection (13.8%) compared with “en-bloc” resection
(5-6%) (96).

Surgery may be considered for patients with two to three
surgically accessible BMs in good neurological condition and
controlled systemic disease: a complete resection yields results
comparable to those obtained in single lesions (97).

The use of carmustine wafers in the resection cavity in newly
diagnosed brain metastasis has not been tested in prospective
trials (98).

Another technique is the GliaSite Radiation Therapy System,
an intracavitary high-activity 125-1 brachytherapy, performed
with a balloon placed in surgical cavity and filled with a radio-
active solution, delivering highly localized doses of radiation
to the resection margins (60 Gy to 1 cm depth). However, this
technique has not been further developed after some interesting
preliminary results (99).

STEREOTACTIC RADIOSURGERY (SRS)

Stereotactic radiosurgery is a single, high-dose radiation treat-
ment with precise localization of a target of 3-3.5 cm of maximum
diameter by using gamma-knife (multiple cobalt sources) or
linear accelerator (Linac) through a stereotactic device. The steep
dose fall-off minimizes the risk of damage to the normal nervous
tissue. Most BMs are an ideal target for SRS, owing to the small
size, spherical shape, and distinct radiographic and pathologic
margins (100). The dose is inversely related to tumor diameter and
volume (101). In general local tumor control decreases as the size
of metastasis increases and the dose that could be given decreases.
Following SRS for newly diagnosed BMs a decrease of symptoms
and a local tumor control (shrinkage or arrest of growth) at 1 year
of 80-90% and a median survival of 6-12 months have been
reported (102). Metastases from radioresistant tumors, such as
melanoma and renal cell carcinoma, respond to SRS as well as
do metastases from radiosensitive tumors (103). Radiosurgery
allows the treatment of BMs in almost any location, including
brainstem (104). The type of radiosurgical procedure, gamma-
knife or Linac-based, does not have an impact on the outcome.
SRS combined with WBRT (radiosurgical boost) is superior to
WBRT alone in terms of survival (105) in patients with single
lesions only. Survival following radiosurgery is comparable to
that achieved with surgery (106). SRS is less invasive and can be
performed in an outpatient setting, and offers cost effectiveness
advantages over surgery; on the other hand, patients with larger
lesions may require chronic steroid administration.

Acute (early) and chronic (late) complications following radio-
surgery are reported in 10-40% of patients (107). Acute reactions
(due to edema) occur more often within 2 weeks of treatment, and
include headache, nausea and vomiting, seizures, and worsening
of preexistent neurological deficits. These reactions are generally
reversible with corticosteroids. Chronic complications consist
of hemorrhages and radionecrosis (1-17%). Radiographically, a
transient increase in the size of the irradiated lesion, with increas-
ing edema and mass effect, with or without radionecrosis, cannot
be distinguished from a tumor progression: MR spectroscopy and

perfusion and PET techniques can give additional information
(108, 109).

Hypofractionated radiosurgery is used for larger metastases
(two to five fractions of smaller doses) to decrease the risk of
radionecrosis and other neurological complications (110-112).

Most studies comparing SRS with surgical resection have
reported similar outcomes in terms of survival for patients with
oligometastases (113, 114). However, these are retrospective
studies and are likely to be affected by selection bias.

Overall, the choice between surgery and SRS should be made
considering many factors, such as number, location and size of BMs,
neurologic symptoms, patient preference and physician expertise.

WBRT FOLLOWING SURGERY OR
RADIOSURGERY

The rationale of WBRT in conjunction with surgery or SRS is that
of destroying microscopic disease at the original tumor site or at
distant intracranial locations: however, it has been questioned by
recent trials (115). Three phase III trials (116-118) in patients with
single brain metastasis have reported that the addition of WBRT to
either surgery or SRS reduces the risk of local and distant relapses
in the brain but does not improve overall survival. The American
(116) and the Japanese (117) trials included patients with pro-
gressive systemic disease, while the EORTC 22952-26001 trial
recruited patients with stable systemic disease, i.e., only those who
could maximally benefit from the addition of early WBRT (118).

An individual patient data meta-analysis of three randomized
trials assessing SRS with or without WBRT has challenged our
current understanding of the effect of adding WBRT (119). The
investigators reported a survival advantage for SRS alone in those
patients presenting with one to four metastases, KPS of 70 or higher
and age of 50 years or younger. Moreover, in the subgroup of patients
with <50 years, a reduction in the risk of new BMs with adjuvant
WBRT was not noted, while, in older patients (aged >50 years),
WBRT decreased the risk of new BMs, but did not affect survival.

A secondary analysis of the Japanese trial has stratified
patients by GPA score and suggested that a subgroup of patients
with NSCLC with higher GPA scores (2.5-4.0) have a survival
benefit from SRS + WBRT compared with SRS alone (median
survival 16.7 vs 10.7 months) (120). However, a similar secondary
analysis of the EORTC trial has not confirmed this finding (121).

Theimpact ofadjuvant WBRT on cognitive functions and qual-
ity oflife (QoL) hasbeen analyzed in few studies (Table 3). Aoyama
et al. compared, by using the Mini-Mental State Evaluation, the
neurocognitive function of patients who underwent SRS alone
or SRS + WBRT and showed a deterioration of neurocognitive
function in long-term survivors (up to 36 months) after WBRT
(120). Chang et al. in a small randomized trial have shown that
patients treated with SRS plus WBRT were at greater risk of a
decline in learning and memory function at 4 months after treat-
ment compared with those receiving SRS alone (122).

A randomized phase I1I trial (Alliance trial) has compared SRS
alone vs SRS + WBRT in patients with one to three BMs using a
primary neurocognitive endpoint, defined as decline from baseline
in any six cognitive tests at 3 months. The decline was significantly
more frequent after SRS + WBRT vs SRS alone (88 vs 61.9%) (class
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TABLE 3 | Phase lll trials of SRS + whole brain radiotherapy for brain metastases (BMs) with cognitive endpoints.

Reference Inclusion Number of Pts Primary endpoint OS (months) Outcome Distant brain metastases
criteria and secondary endpoint

Chang et al. (122) 1-3 BMs 58 5-point drop on HVLT-R total recallat SRS + WBRT: 5.7 Neurocognitive decline at 4 months: SRS + WBRT: 73%

(MDACC) 4 months SRS alone: 15.2 SRS + WBRT 52% SRS alone: 45% (p = 0.02)
(o =0.003) SRS alone: 24% (at 1 year)

Brown et al. (287) 1-3 BMs 213 >1 8D in any of the six cognitive tests SRS + WBRT: 7.5 Neurocognitive decline at 4 months: SRS + WBRT: 85%

(Alliance) at 3 months SRS alone: 10.7 (p = NS) SRS + WBRT 88% (p = 0.02) SRS alone: 51% (p < 0.01)

SRS alone: 62% (at 1 year)
Brown et al. (123) Pts with 1-3BM  213: Primary endpoint: cognitive m OS: Cognitive deterioration at 3 months: - Time to intracranial

Brown et al. (126)

(NCCTG N107C/CEC-3)

1 resected BM
and a resection
cavity <56 cm

SRS alone, n = 111
SRS plus WBRT, n = 102

194

SRS alone 98 Pts
WBRT 96 Pts

deterioration (decline >1 SD from
baseline on at least 1 cognitive test at
3 months)

Secondary endpoint: time to
intracranial failure, QoL, Fl, long-term
cognitive status, OS

Cognitive-deterioration-free survival
and OS

— 10.4 ms for SRS alone
— 7.4 months for
SRS + WBRT (p = 0.92)

SRS: 12.3 months
WBRT: 11.6 months

— After SRS alone: 40/63 Pts
(63.5%)
— SRS + WBRT: 44/48 Pts
(91.7%)

Less deterioration with SRS alone
(p < 0.001)

Median cognitive-deterioration-free
survival:
— SRS: 3.7 months
- WBRT: 3 months
— Cognitive deterioration at
6 months: SRS: 52% (28/54
Pts); WBRT: 85% (41/48 Pts)

failure shorter for
SRS alone compared
with SRS + WBRT
(o < 0.001)

— For long-term survivors,
cognitive deterioration
was less after SRS alone
at 3 months (45.5 vs
94%, p = 0.07) and at
12 months (60 vs 94%;
p =0.04)

— QoL was higher at
3 months with SRS alone

MDACC, M.D. Anderson Cancer Center; Alliance, alliance for clinical trials in Oncology; Pts, patients; HVLT-R, Hopkins verbal learning test-Recall; SRS, stereotactic radiosurgery; WBRT, whole-brain radiotherapy; NS, not significant;
OS, overall survival; BMs, brain metastases; QoL, quality of life; Fl, functional independence.
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I) with more deterioration in immediate recall (31 vs 8%), delayed
recall (51 vs 20%), and verbal fluency (19 vs 2%) (123).

A QoL analysis of the European Organisation for Research and
Treatment of Cancer (EORTC) 22952-26001 trial has shown over
1 year of follow-up that patients receiving adjuvant WBRT had
transient lower physical functioning and cognitive functioning
scores and more fatigue (124). Based on the results of these tri-
als, the American Society for Radiation Oncology (ASTRO) has
recommended in its Choose Wisely campaign not to routinely
add adjuvant WBRT to SRS for patients with a limited number of
BMs, and the same has been done in the European Association
of Neuro-Oncology guidelines (25). Importantly, in case of omis-
sion of WBRT, following either SRS or surgery, close monitoring
with MRI is mandatory.

SRS FOLLOWING SURGERY

Surgery alone in brain metastasis is associated with a high risk
of local recurrence (118). Postoperative SRS is an approach to
decrease local relapse and avoid the cognitive sequelae of WBRT.
SRS has other advantages over WBRT, such as reduced number of
fractions and a shorter break for chemotherapy during radiation,
thus reducing the risk of systemic recurrences. Based on retrospec-
tive cohort studies, the results of a meta-analysis by Lamba and
colleagues (125), suggest that SRS of the resection cavity may offer
comparable survival and similar local and distant control as adju-
vant WBRT. A phase III randomized trial has been conducted to
evaluate postoperatively SRS vs WBRT in brain metastasis patients
(126). The co-primary endpoints were cognitive-deterioration-
free survival and overall survival; secondary endpoints were QoL,
adverse events, and functional independence. This trial concluded
that SRS to the surgical cavity results in improved cognitive out-
comes, better preservation of QoL and functional independence
compared with WBRT. Despite worse intracranial control, there
was no difference in overall survival. In conclusion, after resection
of a brain metastasis, SRS should be considered one of the standard
of care, as a less toxic alternative to WBRT (123, 127, 128).
However, postoperative SRS can be associated with a higher
risk of developing leptomeningeal disease (LMD). Some recent
studies have reported an incidence of LMD in patients receiving
SRS to the resection cavity around 12-14% and breast cancer
patients can have a particularly high rate of LMD (129-131).
Several questions remain regarding SRS after surgery, such as
major risk of radionecrosis, the optimal dose and fractionation
schedule, especially for large metastases (>3 cm). The risk of
radionecrosis following postoperative SRS is higher (between 9
and 15%) than that reported in an EORTC study with WBRT
following surgery or SRS alone (2.6%) and could be reduced by
modifying the treatment schedule with multifraction SRS (132).
The actual incidence over time is 5.2% at 6 months, 17.2% at
12 months and 34.0% at 24 months (133). Preoperative SRS could
be an alternative to reduce the risk of radionecrosis (134).
Overall, the true incidence of biopsy proven radionecrosis is
unknown, as many studies have reported a combination of patho-
logically proven and MRI suspected radionecrosis. Advanced
neuroimaging techniques (MRI perfusion, MR spectroscopy, and
PET with amino acids) may help diagnosis (109, 135). Treatment

options for radionecrosis include corticosteroids and bevaci-
zumab that could reduce edema and symptoms (136).

There are still few data regarding the impact of postoperative
SRS on health related quality of life. Caveats of available studies
comparing postoperative SRS and WBRT for BMs include the
heterogeneity regarding primary tumor histology (with varying
proportion of melanoma, colon, renal, breast, and unknown
histologies), numbers of BMs and treatment modalities, which
were not always clearly reported (125). Some studies described
outcomes of intraoperative radiotherapy instead of SRS (137).

WBRT ALONE

Whole-brain radiotherapy alone is now the treatment of choice
for patients with single or multiple BMs not amenable to surgery
or radiosurgery, or, more in general, patients with poor prognos-
tic factors and limited life expectancy. Tumor volume reduction
after WBRT seems to be associated with better neurocognitive
function preservation and prolonged survival (138). Median
survival following WBRT alone ranges from 3 to 6 months,
with 10-15% of patients alive at 1 year. A meta-analysis of 39
trials, involving 10.835 patients, concluded that altered WBRT
dose fractionation schemes are not superior in terms of overall
survival, neurologic function or symptom control as compared
with standard fractionation (30 Gy in 10 fractions or 20 Gy in
5 fractions) (139). Currently, radiosensitizers, such as motexafin
gadolinium (Gad) or efaproxiral, have not provided any addi-
tional benefit over conventional treatment in BMs from NSCLC
or breast cancer (140, 141). Recently a phase III randomized trial
(QUARTZ) randomly assigned 538 NSCLC patients with BMs,
unsuitable for surgical resection or stereotactic radiotherapy,
either to optimal supportive care (OSC) plus WBRT (20 Gy in
five daily fractions) or OSC alone. The primary outcome measure
was quality-adjusted life-years (QALYs): QALYs was generated
combining overall survival and patients’ weekly completion of the
EQ-5D questionnaire. An absence of a difference in QALYs and
overall survival between the two groups was reported, suggesting
that WBRT provides little additional benefit, over supportive care
(i.e., dexamethasone), for this patient group (142).

The cognitive decline following WBRT has been linked to leu-
koencephalopathy, whose incidence is higher after WBRT vs SRS
(143, 144). A study, evaluating 59 patients treated with primary
SRS, found that even after multiple courses of SRS, QoL, measured
with the EQ-5D instrument, was preserved in 77% of patients at
12 month follow-up (145). Thus SRS seems to be a valid treatment
option that can help maintain neurocognition and QOL.

BRAIN DAMAGE FOLLOWING WBRT

Radiation-induced brain injury can be categorized as acute, early-
delayed or late-delayed reactions (146). Acute injury is very rare
and occurs hours to weeks after radiation therapy and consists
of somnolence, drowsiness, and headache. Early delayed injury
occurs from 1 to 6 months post-irradiation and is characterized
by drowsiness and transient demyelination. Both acute and early-
delayed reactions are normally reversible with corticosteroids.
Late delayed effects, characterized by demyelination, vascular
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abnormalities and ultimately white matter necrosis, are generally
observed with a latency of 6 months or more post-irradiation,
and are irreversible and progressive (147). Giving the prolonged
survival of many cancer patients, long-term complications of
WBRT could negatively impact the QoL of survivors. Currently,
no treatments to prevent or reverse these effects are available.

Radiation-induced dementia with ataxia and urinary inconti-
nence developed in up to 30% of patients by 1 year after receiving
unconventional large size fractions of WBRT (6-8.5 Gy) (148).
A diffuse hyperintensity of the periventricular white matter on
T2-weighted and FLAIR images with associated hydrocephalus
was observed on MRI. When using more conventional size
fractions (up to 3 or 4 Gy per fraction) the risk is that of milder
cognitive dysfunction, consisting of learning and memory
impairment with changes in the white matter and cortical atrophy
on MRI. Patients with advanced age and vascular disease (such as
arterial hypertension) are at higher risk of developing cognitive
dysfunction. The pathogenesis of this radiation-damage consists
of an injury of the endothelium of microvessels, which leads to
atherosclerosis and chronic ischemia: the clinical-radiological
pictures are similar to those of small vessel disease.

To reduce the neurocognitive sequelaec of WBRT pharmaco-
logical approaches have been investigated. The RTOG 0614 was a
phase III trial investigating memantine, an N-methyl-p-aspartate
receptor blocker, shown to be effective in vascular dementia, and
included 508 patients with BM who were randomized to either
WBRT plus placebo vs WBRT plus daily memantine for 6 months
(149). Memantine has the potential to block excessive NMDA
stimulation following ischemia, which causes damage of the nor-
mal brain. The study narrowly missed statistical significance for the
primary endpoint of a lesser decline in delayed recall at 6 months.
However, the memantine arm showed a longer time to cognitive
decline, with probability of cognitive decline at 6 months being
54% in the memantine arm and 65% in the placebo arm. Other
treatments, including donepezil and cognitive rehabilitation, have
been tested in the population at risk for dementia, although they
have not been adequately studied in patients with BM, following
cranial radiotherapy (150). An innovative approach could be the
use of intranasal metabolic stimulants, such as low dose insulin,
which could be valuable in improving cognition and memory, by
reversing impaired brain metabolic activity (151).

Radiation-induced cognitive deficits may result, at least in part,
from a radiation injury to the neuronal stem cells in the subgranular
zone of the hippocampus (152, 153), that are responsible for main-
taining neurogenesis, and preserving memory functions. Preclinical
and clinical studies have shown that radiation-induced injury to
the hippocampus correlates with neurocognitive decline following
WBRT. Hippocampal sparing WBRT uses intensity modulated
radiotherapy (IMRT) to conformally reduce the radiation dose to
the hippocampus, while applying the usual higher dose to the whole
brain (154). A potential concern is whether hippocampal avoidance
could lead to loss of control of metastases in the limbic structures:
however, the hippocampus does not seem to be frequently involved
in the metastatic process (155, 156). The single-arm phase II
RTOG 0933 study has suggested that conformal avoidance of the
hippocampus during WBRT is associated with some sparing of
memory and QoL: performance on standardized memory tests

declined 7% from baseline to 4 months in patients treated with
HS-WBRT, as compared with 30% in historical control group (157).

The potential combined neuroprotective effects of hippocam-
pal avoidance in addition to memantine during WBRT for BMs
are being investigated in a phase III trial (158).

TREATMENT OF RECURRENT BRAIN
METASTASIS

Treatment of recurrent BMs with salvage surgery or SRS is used in
an increasing number of patients. Reoperation can afford a neu-
rological improvement and prolongation of survival in patients
with a local accessible brain lesion, high performance status,
stable extracranial disease and relatively long time to recurrence
(>6 months) (159, 160). Arbit et al. analyzed 109 patients with
recurrent BMs of NSCLC. Thirty-two patients, who underwent
surgery at relapse, had significantly longer median survival
(15 months) than 77 patients in whom surgical intervention was
omitted (10 months, p < 0.001) (161).

Salvage SRS after WBRT has been widely used during the
initial development of SRS: several retrospective studies have
reported reasonable local control and survival rates (162-165). A
population-based study has suggested similar survival outcomes
following either salvage SRS or boost SRS (166). Reirradiation
with SRS after local recurrence of an initial SRS has been
employed in a limited number of patients thus far, and the risk of
long-term radionecrosis should be considered against the benefit
(167). Multiple courses of SRS for new BMs after an initial course
of SRS to defer WBRT could yield high rates of local control, low
risk of toxicity, and favorable duration of overall and neurologic
progression-free survival (PFS) (168, 169). When using multiple
courses of SRS the aggregate volume, but not the cumulative
number of BMs, and the GPA score, as recalculated at the second
course of SRS, are seen as critical for survival (170). Salvage
WBRT following previous WBRT or SRS is rarely employed.

CHEMOTHERAPY AND TARGETED
THERAPIES

Unfortunately, few clinical trials of systemic agents have been
conducted to date in patients with BM, and this population has
frequently been excluded from clinical trials of emerging inves-
tigational drugs (171). Historically, the use of systemic therapy in
patients with BMs has been limited by the presence of the BBB,
which limits the access of hydrophilic and/or large agents into the
CNS. However, the BBB is disrupted in macroscopic BMs result-
ing in an increased exposure to systemic drugs. An additional
increase in BBB permeability can be induced by radiotherapy,
even if unpredictably. The sensitivity of tumor cells to cytotoxic
chemotherapy appears to be as important as the BBB: response
rates are high in BMs from small cell lung cancer (30-80%), inter-
mediate in breast cancer (30-50%) and NSCLC (10-30%), and low
in melanoma (10-15%), and responses in the brain do not always
parallel that of the systemic disease (172, 173). Because active BMs
often coexist with active systemic disease, antitumor agents that
can control both intracranial and extracranial disease are needed.
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The combination of radiotherapy and chemotherapy may
improve response rate, but not survival (174). Various chemo-
therapeutic agents have been employed to treat BM, often used
in a combination of two to three agents along with WBRT.
Temozolomide alone has a modest therapeutic effect with some
improvement when used in conjunction with WBRT and/or
other anticancer agents (175).

Brain metastases differ from metastases to other organs from
a biologic and clinical perspective. The brain has a unique micro
environment and an immune system distinct from other organs
(176). Other considerations, which could explain the disappoint-
ing results of chemotherapy in BM, are the fact that metastatic cells
in the brain often develop after multiple rounds of prior chemo-
therapies for the systemic disease, allowing for the development
of resistance through the accumulation of different mutations.
Second, the breakdown of BBB is heterogeneous in BM, prevent-
ing an optimal drug distribution. Finally, BM patients may develop
neurologic deficits and seizures, which could require the use of
medications (i.e., enzyme-inducing anticonvulsants, corticoster-
oids), that accelerate the metabolism of antitumor agents (177).

Recentadvancesin understanding the molecular basis of tumor
growth in many solid tumors have allowed the development of
agents targeting molecular pathways both in the extracranial and
intracranial disease (172, 178-180). Encouraging results have
emerged for tyrosine kinase inhibitors and monoclonal antibod-
ies in subgroups of patients with BM (Table 4). As CNS immune-
accessibility has become accepted, and immunotherapy (IT) gains
greater understanding within trials for primary brain tumors,
there is an increasing interest in immunotherapeutic approaches
to BMs with immune checkpoint inhibitors (181-183) (Table 5).

Overall, the response rate to targeted agents in specific molecu-
lar subtypes of BMs seems now higher than those observed after
conventional chemotherapy. However, even if the majority of
targeted agents are small molecules, still the passage across the
BBB is critical, as most of these new compounds, similar to the
old chemotherapeutics, have been shown to be a substrate of one
or more active efflux transporters (i.e., PgP signaling).

BMs From NSCLC

The survival of the general metastatic NSCLC population is
approximately 12 months, with a median PFS ranging from 3
to 6 months. BMs are associated with poor prognosis, and the
median survival ranges from 2.4 to 4.8 months for patients who
receive palliative radiotherapy.

Platinum compounds (cisplatin and carboplatin) and pem-
etrexed, alone or in association (etoposide, vinorelbine, and
radiotherapy) are the most commonly used chemotherapeutics
against BMs from NSCLC (184). Temozolomide has shown some
activity.

In the last decades, a multitude of molecular abnormalities
have been discovered in NSCLC.

Approximately 33% of patients with NSCLC tumors and
EGFR-TKI-sensitizing mutations develop BM (185). A pooled
analysis including 464 patients from 16 trials to study the efficacy
of first generation EGFR-TKIs (gefitinib, erlotinib) in NSCLC
patients with BM showed significant beneficial effects, with a
higher response rate (85 vs 45.1%) for EGFR mutated vs wild-type

tumors and a median PFS of 7.4 months, and OS of 11.9 months
in the EGFR mutation group (186). These data suggest that
EGFR-TKIs are an effective treatment for NSCLC patients with
BMs harboring activating EGFR mutations. However, even in
EGFR wild-type patients, EGFR-TKIs seem to represent a poten-
tial second-line therapy with a response rate of about 10% (187).
Evidence suggests that first generation EGFR-TKIs have limited
BBB penetration (188, 189).

Afatinib is a second-generation irreversible covalent inhibi-
tor of the EGFR tyrosine kinase including ErbB-2 (HER2) and
ErbB-4. Subgroup analysis from LUX-LUNG 3 and LUX-LUNG
6 studies demonstrated a significant overall survival benefit for
afatinib compared with chemotherapy in stage IIIB/IV lung
adenocarcinoma patients with 19del-EGFR mutation (190). In a
combined post hoc analysis of both studies, PFS was significantly
improved with afatinib vs chemotherapy in patients with BM
(8.2 vs 5.4 months; p = 0.0297) (191). Afatinib has reported good
results in some cases of LM in stage IV exon 19-del-EGFR-mutant
lung adenocarcinoma in association with WBRT, resulting in an
almost complete regression of neurological symptoms as well
as good, durable radiological responses (192). A good brain
response in a patient with EGFR-mutant lung adenocarcinoma
and multiple BMs who switched from erlotinib to afatinib due to
hepatotoxicity, has been reported (193).

Based on the high intracranial response rates, TKIs have been
hypothesized to be used alone as initial treatment in patients har-
boring activating EGFR mutations and asymptomatic small BMs
(64, 194, 195). The main advantages of using TKIs alone are that
patients can potentially avoid the adverse effects of WBRT as long
as the intracranial disease is well controlled. The disadvantages
could be that the discordance rate of EGFR mutations between
the primary tumor and BMs can be as high as 32%, and the CSF
penetration rate of gefitinib (1-10%) and erlotinib (2.5-13%) is
limited. A meta-analysis has suggested that cranial radiotherapy
(SRS or WBRT) associated with TKIs is more effective in improv-
ing response rate and disease control rate than radiotherapy alone
or chemotherapy. Moreover, radiotherapy plus EGFR-TKIs sig-
nificantly prolonged the median overall survival but significantly
increased adverse events of any grade, especially rash and dry
skin (196).

On the other hand, clinical trials offering a combination
of erlotinib with radiation therapy (SRS or WBRT), in patient
cohorts not specifically selected for target expression (197-199),
has failed to demonstrate a superiority over radiotherapy alone.
The use of up-front icotinib was recently evaluated in untreated
patients in comparison with first-line chemotherapy (cisplatin
plus pemetrexed) (200) or WBRT followed by chemotherapy
(201). PFS was significantly longer for icotinib in both trials:
PES of 11.2 months in the icotinib group vs 7.9 in the chemo-
therapy group, an intracranial PFS of 10 months with icotinib vs
4.8 months with WBRT and CT.

Osimertinib, a third-generation EGFR-TKI, that targets
activating mutations (EGFRm) and resistance mutations
(T790M), has demonstrated robust systemic activity and a bet-
ter CNS penetration with sustained tumor regression of BM. In
the phase I BLOOM study, two third-generation EGFR-TKIs,
osimertinib and AZD3759, were studied in patients with EGFR
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TABLE 4 | Targeted agents in brain metastases (BMs).

Main studies on targeted therapies in BMs Results
Reference Agent tested Number of Pts Clinical trial characteristics
NSCLC
Sperduto et al. Erlotinib 126 e Phase Ill multicenter trial (RTOG 0320) ® MST: arm 1 (44 Pts): 13.4 months; arm 2 (40
(199) e Three arms: arm 1: WBRT + SRS; patients): 6.3 months; arm 3 (41 Pts): 6.1 months

arm 2: WBRT + SRS + TMZ; arm 3:
WBRT + SRS + erlotinib
e EGFR mutation not tested

Welsh et al. (197) Erlotinib 40 Phase Il study of erlotinib plus WBRT
e Erlotinib started 1 week before WBRT

Rosell et al. (288)  Erlotinib + bevacizumab 109 Phase Il trial, single-arm, multicentre
Ceresoli et al. Gefitinib 41 e Phase Il single-arm study
(289) ¢ No concurrent local therapy for BM
* Both squamous and adenocarcinoma
included

e EGFR mutation not tested

Costa et al. (205)  Crizotinib Retrospective analysis of trials

Gadgeel et al. Alectinib 50 Pooled analysis of two phase Il studies

(290) * 136 patients had BM, 50 had measur-
able disease

e ALK-positive NSCLC, previously treated
with crizotinib

Shaw et al. (291)  Ceritinib 122 Phase | study in advanced ALK-positive
NSCLC

Crino et al. (292)  Ceritinib 140 (100 with BM) Phase |

Gettinger et al. Brigatinib (dual inhibitor 137 Phase I/l single-arm, open-label,

(293) of ALK and EGFR) multicenter study in patient Pts with

advanced NSCLC

Yang et al. (294)  Osimertinib Phase Il AURA trial

e CNS mPFS: arm 1: 8.1 months; arm 2:
4.6 months; arm 3: 4.8 months

e ORR 86% (n = 36)

e MST 11.8 months

e 9 of 17 patients tested for EGFR mutation were
positive

e MST in EGFR mutant: 19.1 months

e MST in EGFR wild-type 9.3 months

¢ Overall median PFS: 13.2 months in T790M-
positive group

¢ Median PFS: 16.0 months in the T790M-positive
group while it was 10.5 months in T790M-negative

e ODC 27%

e mPFS 3 months

e Disease control better in patients who received
prior WBRT and who had adenocarcinoma
histology

Poor activity against CNS metastasis in NSCLC as
evidenced by low concentrations detected in CNS
samples

* CNS ORR 64%
e CNS DOR 10.8 months

e The ORR was 58%

e Among the 80 patients who failed crizotinib, the
response rate was 56%

e NSCLC who received ceritinib with doses 400 mg
or higher, the mPFS was 7.0 months

® Intracranial overall response rate: 45.0% (95% Cl,
23.1-68.5%)

e Ceritinib treatment provided clinically meaningful
and durable responses with manageable tolerability
in chemotherapy- and crizotinib-pretreated
patients, including those with brain metastases

e 50 Pts with BM

e Eight (53%) of 15 assessable patients with
measurable BM had an intracranial response

e 11 (35%) of 31 assessable patients with only non-
measurable BM had complete disappearance of
lesions on imaging

e Median intracranial PFS for these Pts is 97 weeks

e Activity in patients with CNS metastases: 16 (64%)
of 25 evaluable Pts had an objective response,
including 4 complete responses

¢ Median PFS in Pts with CNS metastases was
encouraging, although it was shorter than in those
without (7.1 vs 13.7 months, respectively)

e Benefit was observed across all predefined
subgroups, including patients with asymptomatic
CNS metastases at baseline (PFS: 8.5 vs
4.2 months)

(Continued)
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TABLE 4 | Continued

Main studies on targeted therapies in BMs Results
Reference Agent tested Number of Pts Clinical trial characteristics
Planchard et al.  Dabrafenib and 57 total (only Phase Il, multicentre, non-randomized, Dabrafenib plus trametinib is a promising new therapy
(295) trametinib one patient with open-label study for patients with BRAFV600E-mutant NSCLC,
asymptomatic with high overall response, a prolonged duration of
BM) response, and manageable toxicity. Few data on

efficacy on BM

Breast cancer (HER2-positive)
Bachelot et al. Lapatinib + capecitabine 45 e Single-arm phase Il study CNS ORR 65.9%

(231) e No prior WBRT, or lapatinib or e CNS mPFS 5.5 months

capecitabine e mOS 17 months
Lin et al. (230) Lapatinib + capecitabine 50 Phase Il trial CNS response of 20%PFS not reported
Cortes et al. Afatinib 121 Phase Il, multicenter, randomized trial, e Arm A: PB = 30%
(296) open-label, three-arm study e Arm B: PB =34.2%

. — 0,
e Arm A: afatinib, arm B: * Am C: PB =41.9%

afatinib +vinorelbine, arm C:

investigator choice
Freedman etal.  Neratinib 40 ¢ Multicenter, open-label phase Il study e CNS ORR: 8%
(232) e Patients who had progressed after e mPFS 1.9 months
one or e mOS 8.7 months

e More lines of CNS directed therapy

Melanoma
Long et al. (243)  Dabrafenib 172 e Multicenter, open-label phase Il study e Cohort A, VB0OE (74 patients)
e VB0OE or V600K BRAF-mutant patients — CNS ORR 39.2%
® Two cohorts: cohort A: BM treatment — CNS PFS 16.1 weeks
naive, cohort B: previously treated BM — OS 33.1 weeks

e Cohort A, VB0OK (15 patients)
— CNS ORR 6.7%
— CNS PFS 8.1 weeks
— OS 31.4 weeks

e Cohort B, V60OE (65 patients)
— CNS ORR 30.8%
— CNS PFS 16.6 weeks
- 0OS 16.3 weeks

e Cohort B, V600K (18 patients)

— CNS ORR 22.2%
— ONS PFS 15.9 weeks
— 0OS 21.9 weeks

McArthur et al. Vemurafenib 146 e Open-label, phase Il study e Cohort-1:
(245) e Two cohorts: — CNS ORR 18%
— Cohort-1: previously untreated — CNS PFS 3.7 months
(90 Pts) — OS 8.9 months

— Cohort-2: previously treated (56 Pts) . Cohort-2:

— CNS ORR 23%
— CONS PFS 4.0 months
— 0S8 9.6 months

WBRT, whole-brain radiation therapy; SRS, stereotactic radiation; TMZ, temozolomide; Pts, patients; mPFS, median progression-free survival; EGFR, epidermal growth factor
receptor; MIST, median survival times; CNS, central nervous system; ODC, overall disease control; ORR, overall response rate; DOR, duration of response; mOS, median overall
survival; PB, patient benefit (defined as intracranial or extracranial progression-free survival, no new neurologic signs or symptoms related to tumor, increase corticosteroid use) at
12 weeks; BM brain metastases; CT, chemotherapy.

mutation-positive advanced NSCLC with BM and LM, showing ALK translocations have been found in 3% of BMs from NSCLC
improved BBB penetration and preliminary interesting results ~ and seem to be maintained in brain metastasis (204). NSCLC with

(202, 203). ALK activating translocations are sensitive to the ALK inhibitor
Other “druggable” alterations seen in up to 5% of NSCLC  crizotinib. A recent study on BMs from ALK-rearranged NSCLC
patients are the rearrangements of the ALK gene. In particular, (205) has reported that crizotinib was associated with more than
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TABLE 5 | Immunotherapy (IT) in BMs.

Main studies on IT (checkpoint inhibitors) in BMs

Reference Agent tested

Primary tumor

Number of pts

Clinical trial
characteristics

Results

Margolin et al.
(244)

Ipilimumab

Di Giacomo et al.
(252)

Ipilimumab and
fotemustine

SRS vs
SRS + ipilimumab

Patel et al. (297)

Weber et al. (298)  Ipilimumab/
budesonide

(asymptomatic BM)

Knisely et al. (261) SRS vs

SRS + ipilimumab

Silk et al. (299) SRS vs

SRS + ipilimumab
Mathew et al. SRS vs
(300) SRS + ipilimumab
Ahmed et al. (265) SRS/nivolumab
Goldberg et al. Pembrolizumab
(221)

Schachter et al. Pembrolizumab

(301)

Nivolumab and
pembrolizumab

Parakh et al. (302)

Melanoma BM

Melanoma BM

Melanoma BM

Melanoma BM

Melanoma BM

Melanoma BM

Melanoma BM

Melanoma BM

NSCLC,
melanoma BM

Melanoma BM

Melanoma BM

72

20/83 with
asymptomatic BM

SRS: 34
SRS + ipilimumab: 20

12

SRS: 17
SRS + ipilimumab: 11

SRS: 37
SRS + ipilimumab: 33

SRS: 33
SRS + ipilimumab: 25

26

36 (18 NSCLC, 18
melanoma)

834

66

Single-agent, open-label
phase Il study

Open-label, single-arm,
phase Il trial

Restrospective comparative
analysis

Retrospective analysis of
phase Il trial

Retrospective comparative
analysis

Retrospective comparative
analysis

Retrospective comparative
analysis

Retrospective analysis

Phase Il trial

Retrospective analysis

e Cohort A: 51 asymptomatic Pts with active
BM who were not on corticosteroids;
cohort B: 21 Pts with symptomatic
melanoma-derived BM taking a
corticosteroid

e |mmune-related response criteria: the RR
of 25% (13 Pts) and 10% (2 Pts) in cohorts
A and B, respectively

e mOS: 7.0 months in cohort A and
3.7 months in cohort B

e The mPFS in Pts with BM was 3.0 months
e 3-year follow-up of group with BM: mOS of
12.7 months

e SRS: 1 year LC 91%; 12 months OS: 38%
e SRS + ipilimumab: 1 year LC 71%;
12 months OS 37%

e |ntracranial RR: 41.6%
e mOS: 14

e SRS: OS 4 months
e SRS + ipilimumab: OS 21.3 months

e SRS: PFS 3.3 months; OS 5.3 months
e SRS + ipilimumab: PFS 2.7 months; OS
8.3 months

e SRS: 6-month OS 56%
e SRS + ipilimumab: 6-month OS 45%

e OS 11.8 months

e Brain metastasis response was achieved
in 4 (22%) of 18 Pts with melanoma and 6
(83%) of 34 Pts with NSCLC. Responses
were durable

¢ Median follow-up was 22.9 months

e Median overall survival was not reached in
either pembrolizumab group and was 16
months with ipilimumab

e Pembrolizumab continued to provide
superior overall survival vs ipilimumab

e The IC overall RR was 21% and disease
control rate 56%. Responses occurred
in 21% of Pts with symptomatic BM.
The median OS was 9.9 months (95%
Cl 6.93-17.74). Pts with symptomatic
BM had shorter PFS than those without
symptoms (2.7 vs 7.4 months, p = 0.035)
and numerically shorter OS (5.7 vs
13.0 months, p = 0.068). Pts requiring
corticosteroids also had a numerically
shorter PFS (3.2 vs 7.4 months, p = 0.081)
and OS (4.8 vs 13.1 months, p = 0.039)

Pts, patients;, BMs, brain metastases; NSCLC, non-small-cell lung cancer; RR, response rate; mOS, median overall survival; mPFS, median progression-free survival; 1 year LC,

local control; IC RR, intracranial response rate.

55% disease control within the CNS at 3 months of therapy in
both RT-naive and RT-pretreated patients; moreover, crizotinib
was associated with a moderate (18-33%) RECIST-confirmed

response rate. However, the CNS is a common site of progression
in NSCLC receiving crizotinib (206). Crizotinib, in addition of
blocking ALK and ROS1, is also a potent c-MET inhibitor: clinical
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trials using crizotinib are ongoing in patients with NSCLC and
c-MET mutations (207).

The US Food and Drug Administration approval of ceritinib
and alectinib (second-generation of ALK inhibitors) for patients
failing crizotinib means that ALK TKIs with improved CNS
penetration are now available. The recently reported ASCEND-4
study (208) compared ceritinib with chemotherapy for treatment-
naive patients with advanced ALK-positive NSCLC; this trial
allowed both untreated as well as symptomatic BM to be accrued.
Ceritinib achieved superior PFS and RR, with a similar trend seen
in the subset of patients with BM. In the 22 patients with measur-
able CNS disease, ceritinib achieved a 73% CNS RR, with 86% of
patients without CNS progression at 24 weeks. The J-ALEX study
compared alectinib with crizotinib in patients with TKI-naive
advanced ALK-positive NSCLC and demonstrated an overall PFS
improvement: while only 21% of the patients had BM, the PFS
benefit in these patients was dramatic (hazard ratio, 0.08) (209).

Third-generation ALK inhibitors, such as brigatinib and lor-
latinib (a selective brain-penetrant ALK/ROS1TKI active against
most known resistance mutations) have shown efficacy on BM in
initial studies (210-212).

Another compound investigated in association with WBRT
in BMs from breast and NSCLC is veliparib, a PARP 1-2 inhibi-
tor. Despite preliminary encouraging safety and efficacy results
(213); a phase II, randomized study evaluating the efficacy and
safety of veliparib in combination with WBRT vs WBRT plus
placebo in patients with BMs from NSCLC did not show sig-
nificant differences in OS, intracranial response rate, and time to
progression (214).

c-MET is an oncogenic driver and is implicated in the
resistance to targeted therapies, including EGFR and VEGFR
inhibitors. Increased c-MET expression may predict response
to c-MET-targeted drugs (215, 216). Since c-MET amplification
can contribute to acquired resistance to EGFR-TKI therapy, com-
bined inhibition of EGFR and c-MET is being investigated (217).

Nivolumab, a checkpoint inhibitor, is a human IgG4 anti-
PD-1 monoclonal antibody active in the second-line treatment
of metastatic NSCLC after progression on a platinum-based
chemotherapy (218). Intracranial activity and responses to
nivolumab in a small cohort of five patients with NSCLC and
untreated/progressive BMs suggested a role for this molecule in
brain disease control. Importantly, no grade 3/4 adverse events
were seen. Systemic responses and intracranial responses were
largely concordant. However, no firm conclusions can be drawn
due to the small sample size of the cohort (219).

Ananalysis presented at American Society of Clinical Oncology
(ASCO) 2016 pooled data of patients with advanced NSCLC and
pretreated asymptomatic CNS metastases from CheckMate 063
(phase II), 017 (phase III), and 057 (phase III). The best response
in the nivolumab arm with CNS metastases arm was CR/PR in
28%, SD in 33%, and PD in 39% compared with CR/PR in 19%,
SD in 31%, and PD in 43% in the docetaxel arm. Among patients
with pretreated CNS metastases (74% had prior radiotherapy and
85% had >2 extra-CNS sites of metastases), median OS was a
little longer in the nivolumab group (8.4 months) compared with
the docetaxel group (6.2 months). Nivolumab was well tolerated,
with low-grade toxicities. One-third of patients had no evidence

of CNS progression at time of PD/last assessment. Additional
results (including OS and CNS progression rates in patients
with/without pretreated CNS metastases and safety/efficacy
of nivolumab in patients with untreated CNS metastases from
CheckMate 012) will be presented shortly (220). Overall, these
results support further investigation of nivolumab monotherapy
in patients with NSCLC and asymptomatic CNS metastases.

Pembrolizumab, a fully human anti-PD-1 monoclonal anti-
body, is approved in first- and second-line treatment of metastatic
NSCLC. Early data in NSCLC demonstrated that there is a
response in BMs similar to that of the systemic disease (221). The
median OS was 7.7 months to date. The available data for the use
of anti-PD-1 agents in the treatment of BM do not yet include
information on PD-L1 status.

BMs From SCLC

Various combinations of etoposide, teniposide, cisplatinum, or
carboplatinum are active against BMs (173). So far, no targeted
agents are available.

BMs From Breast Cancer

Chemotherapy regimens that combine cyclophosphamide, 5-FU,
methotrexate, vincristine, cisplatin, and etoposide are active
in patients with BMs from breast cancer (173). Capecitabine,
belonging to the class of fluoropyrimidines, is an active drug
(222). Likewise, high-dose methotrexate is effective in recur-
rent BMs (223), but a risk of leukoencephalopathy exists when
administered after WBRT.

In HER2-positive, breast cancer targeted therapies have been
widely used. Trastuzumab, which crosses a disrupted BBB within
established BMs, could be active (224). Several case reports and
small patients’ series indicate an activity of the antibody-drug
conjugate T-DM1 (trastuzumab-emtansine) (225, 226). Few data
are available on the combination of different anti-HER2 agents.
The use of pertuzumab, a monoclonal antibody, that binds HER2
on another epitope than trastuzumab, in combination with tras-
tuzumab and docetaxel, leads to a substantial improvement in
progression-free and overall survival and may delay CNS disease
onset (227, 228).

The dual EGFR and HER?2 tyrosine kinase inhibitor lapatinib
has shown moderate antitumor activity in HER2-positive BM
(229). In a phase II study in HER 2+ breast cancer patients with
BMs, following trastuzumab-based systemic chemotherapy and
WBRT (230), CNS objective responses to lapatinib were observed
in 6% of patients, and 21% experienced >20% volumetric reduc-
tion. Arecent phaseIlsingle-armstudy (LANDSCAPE) hasshown
that the association of lapatinib and capecitabine in patients with
previously untreated BMs from HER-positive metastatic breast
cancer yields durable responses in up to 65% of patients (231).
Based on these results a randomized trial comparing lapatinib
and capecitabine vs WBRT has been launched.

A single-arm phase II trial on neratinib, an irreversible TKI of
HER 2, has shown a response rate of 8% with an OS of 8.7 months
in patients with BMs, pretreated either with WBRT or SRS (232).
Despite the advances in treating HER2-positive breast cancer,
many questions remain unanswered, such as how to impact
prior resistance or affect a sanctuary site, and the optimal use of
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these novel compounds with regard to disease setting, treatment
sequence, and combination regimens (233).

There are no available data on the efficacy on BM of endocrine
therapies. Another druggable pathway in breast BM is the phos-
phatidylinositol 3 kinase/Akt/mammalian target of rapamycin
(mTOR) pathway, which is dysregulated in a significant number
of HR-positive breast cancers (234).

Everolimus, an mTOR inhibitor, approved for the manage-
ment of HR-positive, postmenopausal breast cancer patients, in
combination with an aromatase inhibitor (235) has also shown
CNS penetration with activity against subependymal giant-cell
astrocytomas associated with tuberous sclerosis (236), and ongo-
ing studies are testing the activity of everolimus in BM. Other
small-molecule inhibitors, like abemaciclib (CDK 4/6 inhibitor),
are being evaluated in breast cancer BM (237). PARP inhibitors
are being investigated in BMs from triple negative breast cancer.

BMs From Melanoma

Approximately half of advanced melanoma patients will develop
BM (MBMs). The median OS for patients with MBMs is
4-5 months (87, 238).

Fotemustine (response rate of 5-25%) and temozolomide
(response rate 6-10%), either as single agents or in combination
with WBRT, are the most active chemotherapeutics against BMs
from melanoma (173, 239). Novel targeted and immunothera-
peutic agents have revolutionized the systemic management of
melanoma. A number of prospective clinical trials have dem-
onstrated that these agents, either alone or in combination, can
prolong PFS and OS (240-242). Several studies have assessed the
impact of these agents in patients with MBMs in a prospective
setting (243-245).

The immune checkpoint inhibitors ipilimumab [targeting the
cytotoxic T-lymphocyte antigen 4 (CTLA-4)] and nivolumab
have led to astonishing results and unexpected long-term survival
gains in advanced/unresectable melanoma (246, 247). It is of rel-
evance that both compounds interfere with T-cell signals (248).

Ipilimumab showed activity in melanoma BMs, particularly if
asymptomatic, and improved OS (244, 249, 250). An open-label
phase II multicenter US trial (244) has shown that ipilimumab
has activity in those patients with melanoma BMs, who do not
need corticosteroids: disease control (CR + PR + SD) after
12 weeks of treatment was 16% in the cohort of asymptomatic
patients without corticosteroids compared with 5% in the cohort
of symptomatic patients receiving corticosteroids. Importantly,
the investigators did not report any neurological adverse event as
an effect of an inflammatory response to treatment in the CNS,
even in patients who received prior radiation therapy. The pos-
sibility remains that steroid treatment at initiation of ipilimumab
could abrogate or downmodulate the immune response. One of
the larger studies to investigate ipilimumab evaluated 127 patients
and demonstrated an OS benefit (93 vs 42 weeks, p < 0.0028) for
patients who received concomitant IT and RT (251).

A single-arm phase II trial of ipilimumab in combination
with fotemustine in patients with melanoma and asymptomatic
BMs showed intracranial disease control in 50% of patients
and a median OS of 13.4 months (252). A phase III trial of this
combination is currently ongoing. A triple-arm phase III clinical

trial will compare the OS at 2 years of fotemustine monotherapy,
ipilimumab and fotemustine, and ipilimumab and nivolumab
in patients with metastatic melanoma with BMs. This study
(NCT02460068) is currently recruiting participants and is not
expected to reach completion until 2020.

The anti-PD-1 antibodies nivolumab and pembrolizumab
have demonstrated highly durable response rates (41 and 38%,
respectively) in large phase I trials (253, 254), that were confirmed
in subsequent phase III trials (255) and in the second-line setting
after failure of anti-CTLA-4 therapy (240, 256). These agents
in combination with ipilimumab are currently investigated in
several ongoing phase II trials in advanced melanoma patients
with BM (257, 258).

Barker and colleagues reviewed the clinical outcomes of the
combination of ipilimumab and RT in melanoma, including BM
(259). Radiographically, it was noted that an increase of brain
metastasis size >150% occurred in 40% of the tumors treated
with SRS before or during ipilimumab, while this occurred in 10%
of metastases treated with SRS after ipilimumab. Hemorrhage was
also noted after SRS during ipilimumab in 42% of treated BMs.
Preliminary results, that need further study, suggest an interac-
tion between IT and RT. Also the reported “abscopal effect” in
melanoma patients, in whom radiotherapy for one lesion induced
a shrinkage of non-irradiated lesions, probably depending on
the activation of an antitumor immune response, supports the
potential of combining radiotherapy and IT in the treatment of
melanoma (260).

Other several small, retrospective series have evaluated
patients with melanoma BMs treated with IT and SRS report-
ing successful outcomes in terms of OS (261, 262). Qian et al.
investigated melanoma BM patients treated concurrently (within
4 weeks of IT) with immune checkpoint inhibitors and SRS
(defining “concurrent” when SRS was administered): the median
percentage of the reduction in lesion volume was significantly
greater for the concurrent group without hemorrhagic compli-
cations (263). In contrast to this report, the preliminary data
reported by Shen et al. showed an increase in lesion size in 13 of
26 lesions treated concurrently (defined as IT starting “prior to or
with SRS”) (264). A recent phase I prospective study explored the
maximum tolerable dose and safety of ipilimumab with SRS or
WBRT in patients with BMs from melanoma, demonstrating the
safety of combining SRS with either ipilimumab 3 or 10 mg/kg.

The higher rate of increasing lesions as well as radionecrosis
among patients receiving SRS or WBRT in combination with
immune checkpoints inhibitors is a matter of debate, but many
authors believe that these findings could be an expression of a
greater local immune reactions. Ahmed et al. retrospectively
analyzed data from two prospective nivolumab trials in patients
with advanced disease treated at a single institution, selecting
patients with BMs who were treated with SRS within 6 months
of receiving nivolumab. Local brain control rate was 91 and 85%,
respectively, at 6 and 12 months, with a median survival time of
12 months and a distant BM control rate of 53%. These prelimi-
nary results suggest a better intracranial control with nivolumab
compared with ipilimumab, probably related to a higher clinical
activity and a lower toxicity profile; however, these initial findings
should be confirmed in prospective trials (265). Combinations of
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ipilimumab and new molecular agents, such as trametinib (MEK
inhibitor), are under investigation (266).

Dabrafenib and vemurafenib are potent kinase inhibitors of
BRAF V600E-mutated melanoma cells, with substantial activity
in BRAF-mutated melanoma BM (267). The activity of dabrafenib
in BMs was demonstrated in a large multicenter, open-label, phase
II trial which enrolled V600E-V600K-mutated-BRAF metastatic
melanoma patients and at least one measurable brain lesion. An
overall intracranial objective response rate of 31%, with little
difference between patients who progressed after prior CNS
therapy and patients who were treatment naive (243). Dabrafenib
was well tolerated, and the number of spontaneous intracranial
hemorrhages was lower than those reported after ipilimumab.

The activity of vemurafenib is also meaningful, as both
retrospective (268) and phase II trials (269) have reported an
intracranial response rate of 16-50%, even if the improvement
of OS was disappointing. Acquired resistance to single-agent
BRAF inhibitors develops within 6-7 months of therapy (270)
and is mainly driven by MAPK reactivation. The combination of
a BRAF inhibitor and a MEK inhibitor, in comparison with BRAF
inhibitor alone, significantly improved response rates, median
PES/OS in phases I/II (dabrafenib/trametinib vs dabrafenib)
(241, 271) and in phase III studies (vemurafenib/cobimetinib vs
vemurafenib) (272).

Preliminary clinical reports evaluated the efficacy and safety
of RT plus vemurafenib and dabrafenib in patients with BRAF
V600E-mutated melanoma BMs (273, 274). These studies indi-
cated a potential synergistic effect, resulting in 75% response rate,
65% of symptomatic relief, and median survival of 13.7 months.
Ahmed et al. also showed good local control rates after vemu-
rafenib and SRS with low toxicity (273).

Activating mutations in cKIT have been identified in up to
6% of some cutaneous melanomas subtypes. BRAF wild-type
patients, which harbor ¢KIT mutations, could benefit from TKI
inhibitors such as imatinib, an oral cKIT inhibitor that has dem-
onstrated dramatic clinical responses (275, 276).

Dasatinib, a second-generation drug developed for CML
(chronic myeloid leukemia) that also acts on cKIT, has better CNS
penetration and perhaps more toxicity than imatinib.

Supportive Care

Corticosteroids

Corticosteroids are used to control cerebral edema and mass
effect. Two evidence-based guidelines on the role of steroids have
been published in Europe (277) and US (278). Dexamethasone
is recommended for patients who are symptomatic, with a start-
ing dose of 4-8 mg/day up to higher doses of 16-32 mg/day in
patients with severe symptoms. Dexamethasone is the steroid
of choice because of its minimal mineral corticoid effect and
long half-life, although any other corticosteroid can be effec-
tive if given in equipotent doses. A neurological improvement
within 24-72 h after beginning of treatment is seen in up to
75% of patients. When used as the sole form of treatment, dexa-
methasone produces about 1 month’s remission of symptoms and
slightly increases the 4- to 6-week median survival of patients
who receive no treatment at all (278). To minimize side effects
from chronic dexamethasone administration, including proximal

myopathy, tapering of steroid dosing within 1 week of starting
therapy and discontinuation within 2 weeks is encouraged. By
contrast, asymptomatic patients do not need corticosteroids, even
during radiotherapy.

The need for anticonvulsant medication is clear in patients
who have experienced a seizure by the time their brain tumor
is diagnosed. The evidence does not support prophylaxis with
antiepileptic drugs (AEDs) in patients with brain tumors, includ-
ing metastases. Twelve studies, either randomized trials or cohort
studies, investigating the ability of prophylactic AEDs (phenytoin,
phenobarbital, and valproic acid) to prevent first seizures, have
been examined, and none have demonstrated efficacy (279).
Subtherapeutic levels of anticonvulsants were extremely common
and the severity of side effects appeared to be higher (20-40%)
in brain tumor patients than in the general population receiving
anticonvulsants, probably because of drug interactions. Phenytoin,
carbamazepine, phenobarbital and to alesser extent oxcarbazepine
stimulate the cytochrome P450 system and accelerate the metabo-
lism of corticosteroids and chemotherapeutic or targeted agents,
such as nitrosoureas, paclitaxel, cyclophosphamide, topotecan, iri-
notecan, thiotepa, adriamycin, methotrexate, imatinib, erlotinib,
and other TKIs, and thus reduce their efficacy. The role of prophy-
lactic anticonvulsants remains to be addressed in some subgroups
of patients, who have a higher risk of developing seizures, such
as those with metastatic melanoma, hemorrhagic lesions, and
multiple metastases (277, 280). A recent meta-analysis in patients
with BM concluded that primary prevention with AEDs might
not reduce the risk of seizures, and it is associated with frequent
adverse effects (281). For patients who underwent a neurosurgical
procedure the efficacy of prophylaxis has not been proven. The
efficacy of newer AEDs (levetiracetam, topiramate, gabapentin,
lamotrigine, lacosamide, and perampanel) has not been exten-
sively investigated but in some retrospective studies their use in
patients with seizures related to BMs, significantly reduce seizure
frequency (independently of systemic treatment), produce few
side effects and appear not to affect life expectancy (282).

Anticoagulation

Anticoagulation is the standard treatment for acute venous
thromboembolism (VTE) in cancer patients. The ASCO pub-
lished updated evidence-based guidelines for the treatment and
prevention of VTE in patients with cancer based on a systematic
review of the literature. These guidelines address the treatment
and prevention of VTE in hospitalized medical and surgical
cancer patients and in ambulatory patients receiving cancer
therapy. They also concern immediate and extended secondary
prophylaxis in patients with established VTE, the potential role of
anticoagulation in the treatment of patients with cancer without
other recognized indication, and the importance of VTE risk
assessment in cancer patients [(283), https://www.asco.org/sites/
new-www.asco.org/files/content-files/practice-and-guidelines/
documents/VTE-Summary-of-Recs.pdf].

LMWH is preferred over UFH for the initial 5-10 days of anti-
coagulation for the cancer patient with a newly diagnosed VTE
who does not have severe renal impairment (defined as creatinine
clearance <30 mL/min). For long-term anticoagulation, LMWH
for at least 6 months is preferred due to improved efficacy over
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vitamin K antagonists. Prolongation of anticoagulation over
6 months has to be considered for select patients with active can-
cer, such as metastatic disease or those receiving chemotherapy.
The insertion of an inferior vena cava filter is only indicated for
patients with contraindications to anticoagulant therapy or as
an adjunct to anticoagulation in patients with progression of
thrombosis (recurrent VTE or extension of existing thrombus)
despite optimal therapy with LMWH (284).

In patients with CNS malignancies and VTE anticoagulation
is recommended as described for other patients with cancer.
Careful monitoring is necessary to evaluate the risk of intrac-
erebral hemorrhage on one side and, on the other, the effect of
anticoagulation on survival. These patients merit individualized
discussions of the risk and benefit of anticoagulation therapy
(284, 285).

Use of novel oral anticoagulants for either prevention or treat-
ment of VTE in cancer patients is not recommended at this time.
An open-label, non-inferiority trial, randomly assigned patients
with cancer and acute symptomatic or incidental VTE to receive
either low-molecular-weight heparin followed by oral edoxaban
at a dose of 60 mg once daily (edoxaban group) or subcutaneous
dalteparin at a dose of 200 IU/kg of body weight once daily for
1 month followed by dalteparin at a dose of 150 IU/kg once daily
(dalteparin group) for 6-12 months. This study concluded that
oral edoxaban was non-inferior to subcutaneous dalteparin with
respect to the composite outcome of recurrent VITE or major
bleeding. The rate of recurrent VTE was lower but the rate of major
bleeding was higher with edoxaban than with dalteparin (286).

Although several new studies are ongoing, some important
questions remain regarding the relationship between thrombosis
and cancer and the optimal care of patients at risk for VTE, in
particular with CNS malignancies.

EXECUTIVE SUMMARY

o Advances in chemotherapy and targeted therapies have
improved survival in cancer patients with an increase of the
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Brain metastasis, the secondary growth of malignant cells within the central nervous
system (CNS), exceeds the incidence of primary brain tumors (i.e., gliomas) by tenfold
and are seemingly on the rise owing to the emergence of novel targeted therapies that
are more effective in controlling extracranial disease relatively to intracranial lesions.
Despite the fact that metastasis to the brain poses a unmet clinical problem, with afflicted
patients carrying significant morbidity and a fatal prognosis, our knowledge as to how
metastatic cells manage to adapt to the tissue environment of the CNS remains limited.
Answering this question could pave the way for novel and more specific therapeutic
modalities in brain metastasis by targeting the specific makeup of the brain metastatic
niche. In regard to this, astrocytes have emerged as the major host cell type that cancer
cells encounter and interact with during brain metastasis formation. Similarly to other
CNS disorders, astrocytes become reactive and respond to the presence of cancer cells
by changing their phenotype and significantly influencing the outcome of disseminated
cancer cells within the CNS. Here, we summarize the current knowledge on the contri-
bution of reactive astrocytes in brain metastasis by focusing on the signaling pathways
and types of interactions that play a crucial part in the communication with cancer cells
and how these could be translated into innovative therapies.

Keywords: brain metastasis, reactive astrocytes, metastases therapy, microenvironment heterogeneity, astrocyte
signaling

INTRODUCTION

Brain metastasis defines the secondary tumor formation within the brain and typically results from
metastases of lung cancer, breast cancer and melanoma together with other primary tumors that
less frequently metastasize in the brain, such as colorectal cancer (1). We will focus on metastatic
cells invading the brain parenchyma in contrast to the less frequent invasion of the leptomeninges
by cancer cells, which has a very different biology derived from its location (meningeal space filled
with cerebrospinal fluid) and cellular components of the microenvironment (2). Brain metastasis
accounts for the major part of intracranial malignancies (3) and its incidence has been suggested
to be on the rise owing to: improved imaging modalities as well as a generally lower threshold to
schedule MRI imaging by physicians nowadays, extension of overall survival time of patients being
treated with targeted antibody-based therapies (e.g., trastuzumab) or small molecule inhibitors
(e.g., the small molecule ALK kinase inhibitor crizotinib), thus increasing likelihood for recur-
rence with central nervous system (CNS) lesions accounting for a main part of relapses, “sanctu-
ary site levels” of pharmacological agents because of poor drug penetration as demonstrated for
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trastuzumab (4-7). Upon diagnosis of brain metastasis, affected
patients suffer from significantly increased overall morbidity and
mortality (1). Aside from being recognized as a serious obstacle
to the care of cancer patients, only recently new insights into
the molecular mechanisms accounting for metastatic spread to
and growth within the brain have been made and new trials for
assessing treatments in brain metastasis have been initiated to
avoid traditional exclusion of this patient collective (8). Over
the past decade, metastasis research with regard to the use of
experimental mouse models of brain metastasis shed some light
into the molecular and cellular events inherent to cancer cell
dissemination and growth in the brain, which likely depends on
the evolution of a series of cancer cell traits that are not neces-
sarily required and exploited in other extracranial locations and
that continue to be characterized (9-18). Though metastatic
organotropism (site-specific metastasis) to different organs
seems to employ some shared molecular mechanisms involved in
cancer cell-host cell interactions across different tumor entities,
metastasis to the brain as such is unprecedented in that the brain
microenvironment harbors unique cellular and non-cellular
elements and a higher degree of isolation and protection medi-
ated by the blood-brain barrier (BBB) from both circulating
molecules and cells found in the systemic circulation. Therefore,
it is conceivable that cancer cells that are able to trespass the BBB
and extravasate from brain capillaries face a complete different
and unfamiliar tissue microenvironment subjecting cancer cells
to strong selective forces (10, 19). Accordingly, cancer cells
that are able to generate macrometastasis correspond to those
seeds with the highest ability to integrate in such a demanding
microenvironment, arguing against the BBB as the solely impedi-
ment to colonize and initiate outgrowth in the brain. The brain
includes not only neurons but also glia. The glial compartment
is involved in responding to any type of brain injury, such as
astrocytes and microglia, the two main glial cell types together
with oligodendrocytes, have been reported surround brain
metastases (10, 20). Although the role of oligodendrocytes and,
to a less extent, microglia has been poorly studied (21-23) in
the context of brain metastasis, relatively abundant bibliography
have considered brain metastasis-associated astrocytes. In this
regard, recent discoveries provide compelling evidence that
astrocytes, the major glial cell in the CNS, play an intricate role in
brain metastasis by engaging different modes of interactions with
incoming cancer cells. Although our knowledge on the crosstalk
between astrocytes and cancer cells is still insufficient, recent
seminal findings indicate that interactions with astrocytes occur
at both early and late stages of the colonization process. Given
that these interactions could provide both anti- and prometa-
static stimuli to cancer cells characterizing them might aid in dis-
secting the molecular machinery in order to explore innovative
targeted therapeutics in brain metastasis. Here, we summarize
them to expose the importance of astrocytes in the biology of
brain metastasis. We envision that understanding the impact of
astrocytes, as one of the key host cell type in the pathogenesis
of brain metastasis, may serve not only to understand the func-
tional importance of the microenvironment in the development
of this secondary tumor growth in the brain, but also to explore
additional implications related to biomarkers and therapies.

WHAT ARE REACTIVE ASTROCYTES
(RAs) AND HOW HAVE THEY BEEN
STUDIED?

Reactive astrocytes are ubiquitously present in any brain injury
(24, 25). As such they have been extensively described surround-
ing brain tumors including brain metastasis (10, 12, 20, 26, 27).
Usually they are identified by their profound alterations including
the gain of a hypertrophic phenotype as well as the upregulation
of the cytoskeletal intermediate filament protein glial fibrillary
acidic protein (GFAP) (24, 25). However, the word reactive indi-
cates a more extensive number of changes (24) to be able to face
a situation in which homeostasis has been compromised. There
are many stimuli that could be informative to astrocytes of such a
situation and which are commonly classified as danger-associated
molecular patterns (DAMPs) and pathogen-associated molecular
patterns (PAMPs) (28). PAMPs are generated by microbial infec-
tions (e.g., LPS) and usually provoke a primary immune response
in the CNS through microglial cells and perivascular macrophages.
In contrast, the exact identity and origin of DAMPs responsible to
activate the reactive program in astrocytes in the context of brain
metastasis remains unknown. The fact that very limited number
of cancer cells, independently of the source of the primary tumor
or oncogenomic profiles, from very early stages of colonization
(i.e., when lodged with the brain capillaries during the process
of extravasation) (10, 20) are able to trigger this response might
indicate that, at least at these initial phases, tissue injury induced
by cancer cells rather than DAMPs produced by cancer cells,
would be responsible for triggering the activation. Throughout
cancer cell evolvement and proliferation in the CNS the stimuli
influencing the reactive state in astrocytes might underlie changes. In
this sense different phases related to the behavior of RAs toward
insults or tissue injuries have been described encompassing an
acute phase and a chronic one, which is usually referred as to glial
scar (24). The acute phase is usually responsible for limiting the
extension of the damage (29), however, if this cannot be achieved
the response becomes chronic, which usually impairs the ability
of the CNS tissue to recover from the damage completely (30, 31).
Additionally, different types of brain injuries have been associated
with different transcriptomic changes in RAs (32, 33), which has
lead to the proposal of a dichotomy similar to the one initially
applied to macrophages and microglia (34). A similar situation
seems to take place in the context of brain metastasis. Early on,
RAs acting as a primary host defense efficiently limit the progres-
sion of incoming metastatic cells (10), whereas later RAs have
been extensively described to promote the growth of cancer cells
(9, 35-38).

A significant proportion of publications considering RAs in
the field of brain metastasis research are based on data generated
in vitro exclusively, using primary mouse astrocytes or an immor-
talized astrocyte cell line (27, 39-43). Techniques for in vitro
culture of astrocytes were described long time ago (44), however,
recent data have demonstrated important considerations that
must be taken into account. Most common protocols use early
postnatal brains to obtain primary cultures of astrocytes (44).
Since young and aged astrocytes could differ molecularly (45, 46)
these astrocytes might not mimic those coexisting with cancer
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cells in the brain. Another caveat of working with astrocytes
in vitro is that under regular culture conditions they instantly
become reactive. In fact, the most widely applied method to
assure the purity of the culture is to evaluate that >90% of the cells
are GFAP+ (47). Since inducers of the reactive state in vitro likely
differ from those present in secondary brain tumors, in vitro
asytrocyte cultures used in these studies unlikely reproduce the
disparity of phenotypes associated with RAs in vivo (48). Thus,
validation of in vitro findings using in vivo approaches is an abso-
lute requirement (a sine qua non condition) to generate reliable
data aimed to develop potential therapeutics to target astrocytes
in disease.

More advanced cultures including the addition of other cell
types from the brain (10, 33), ex vivo brain organotypic cultures
(10, 49) or brain organoids (50) are excellent platforms since
they recapitulate closer the in vivo situation. Importantly, when
applying these more sophisticated in vitro approaches it was
found that the antimetastatic behavior of RAs, occurring during
the early stages of colonization in vivo, was reproduced (10, 49).
Alternatively, novel methodologies based on immunopanning
allow avoiding the default reactive state of this cell type in cul-
ture (45). Interspecies variability and cross-species differences
in cell-cell interactions need to be considered when working
with non-syngeneic in vitro or in vivo systems. Differences have
been reported between murine and human astrocytes regarding
different aspects of their biology including the complexity of
arborization, calcium response properties and transcriptomic
profiles (47). Consequently findings obtained with mouse
astrocytes, require validation in human samples if knowledge
generated is aimed to be translated in a bench-to-bedside
manner.

Up to now, studies involving RAs in situ are based on fixed tis-
sue samples that evaluate GFAP+ cells (9, 10, 20, 37, 51) and none
of them have reported the use of engineered astrocytes in vivo in
the context of brain metastasis. However, as the interest in brain
metastasis-associated RAs is gaining momentum and their exami-
nation will presumably be expanded toward the use of available
and widely validated tools such as genetically engineered mouse
models (GEMMs) that could drive reporters and/or genes of
interest (29, 52, 53) in astrocytes or alternative approaches such as
adeno-associated virus that target astrocytes (54) as well as in vivo
electroporation with Star Track technology (55). Such experi-
mental resources will need to be combined with brain metastasis
models in order to determine the impact of the modifications
introduced in astrocytes in the process of brain colonization by
cancer cells. Spontaneous brain metastases from orthotopic injec-
tions of cancer cells (injection in the organ source of the primary
tumor from which brain metastasis models were established) or
GEMM that develop primary tumors are rare events and difficult
to study (18, 56, 57). In contrast, models in which brain metastases
are induced upon inoculation of metastatic cells in the circulation
(9-12, 58-61) are compatible to study the interaction between
metastatic cells and RAs during brain colonization. In these
models functional experiments to dissect these interactions can
be performed and analyzed using a variety of techniques such as
non-invasive molecular imaging, intravital imaging and detailed
histology. Whether reported differences between mice and human

astrocytes (47) are relevant in the context of brain metastasis will
require specific validation of experimental findings in human
samples. Given the broad diversity of brain metastasis models
including different tumor types, oncogenomic profiles and differ-
ent species of cancer cells (human and mouse), the use of several
available experimental models to confirm potential mediators of
the interaction between cancer cells and astrocytes will be a good
strategy to reach relevant conclusions with higher possibilities to
be translated to patients (Table 1).

Thus, a growing number of resources to study RAs will
certainly help to understand the complexity underlying their
reciprocity with cancer cells in brain metastasis.

ASTROCYTES AS A SOURCE
OF SECRETED MOLECULES

Main findings related to reactive astrocytes in the context of brain
metastasis usually include the secretory nature of this glial cell
type (Table 2). Upon the first encounter with metastatic cells
RAs produce plasminogen activators (PAs), including secreted
tissue PA. PAs have the ability to transform plasminogen into the
protease plasmin which is responsible for the elimination of many
cancer cells that cross the BBB (10). Consequently, the secretory
ability of RAs during the initial stages of colonization limit meta-
static progression (Figure 1). However, few cancer cells produce
anti-PA serpins and consequently block the antitumor program
derived from RAs (10). Cancer cells with the ability to counteract
the innate defense of RAs will continue colonizing the brain.
Conversely, upon the development and growth of metastasis, RAs
have been shown to generate a protumorigenic niche through
various mechanisms involving secreted molecules. For instance,
increased expression of COX2 in brain metastatic cancer cells

TABLE 1 | Research goals for brain metastasis-associated reactive astrocytes.

1 Incorporate novel approaches to manipulate astrocytes in vitro (i.e.,
immunopanning) and in vivo (i.e., GEMM).

2 Apply unbiased genomic and proteomic analysis of reactive astrocytes (single
cell level and population level) associated with brain metastasis from different
primary sources (i.e., lung cancer, breast cancer, melanoma).

3 Comparison of brain metastasis-associated reactive astrocytes with those
present in other brain injuries (i.e., primary brain tumors, neurodegenerative
disorders, ischemia, traumatic brain injury, autoimmune disorders).

4 |dentify and characterize specific subpopulations within brain metastasis-
associated reactive astrocytes and evaluate their potential therapeutic
implications.

5 Dissect the biology behind antimetastatic and prometastatic reactive
astrocytes: Are they different subpopulations? Do they coexist in time?
Could prometastatic reactive astrocytes be transformed into antimetastatic
astrocytes?

6 Does systemic disease (primary tumor and extracranial metastases) influence
the brain microenvironment acting on reactive astrocytes before metastases
are established in the brain?

7 Do brain metastasis-associated reactive astrocytes influence systemic
disease outside the brain and/or organismal homeostasis as shown in other
brain disorders?

8 Could reactive astrocytes associated with brain metastasis be the source of
biomarkers for early diagnosis or response to therapy?
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TABLE 2 | Secreted molecules by brain metastasis-associated reactive astrocytes.

RA secreted molecules  Phenotype in cancer cells Cancer type Reference

ET-1 Induction of cancer cell growth and stemness through activation of MAPK and AKT  Breast and lung cancer Kim et al. (35)
IL-23 Increase invassiveness by inducing MMP2 Melanoma Klein et al. (65)
HGF/SCF Induction of proangiogenic cytokines by activating c-Met Breast cancer Xing et al. (63).
BDNF Induction of cancer cell growth through activation of TrKB-HER2 Breast cancer Choy et al. (36)
CCL7 Induction of tumor initiating potential in cancer cells Breast cancer Wu et al. (62)
MMP2/MMP9 Increase invassiveness of cancer cells Breast cancer Wang et al. (67)
miR-19a Induction of cancer cell growth by targeting PTEN Breast cancer and melanoma  Zhang et al. (37)
Hyaluronic acid Induction of cancer cell growth and stemness through activation of MAPK and AKT  Lung cancer Stevens et al. (38)
IFNo/TNFo Induction of cancer cell growth and chemoresistance by STAT1 and NFkB Breast and lung cancer Chen et al. (9)

PA-Plasmin-FasL

Decrease the viability of non-brain-adapted cancer cells

Breast and lung cancer Valiente et al. (10)

(MDA231BrM) has been linked to astrocyte activation and the
production of CCL7 by this glial cell type (62). Astrocyte-derived
CCL7 was associated with an increase in CD24low-CD44high-
ESAhigh subpopulation of MDA231BrM cells. Additional
paracrine cytokine signaling loops between tumor-associated
astrocytes and cancer cells in breast cancer brain metastasis have
been described (Table 2). Astrocytes secrete hepatocyte growth
factor/scatter factor (HGF/SF) under the influence of cancer
cell-derived IL1p (Figure 1). Targeting this mutual c-Met-HGF
crosstalk between cancer cells and tumor-associated astrocytes by
using the BBB-permeable compound Pterostilbene, a resveratrol
analog, diminished the stem-like cell phenotype dependent upon
this feed-forward signaling loop both in vitro and in vivo (63).
Another growth factor, namely BDNF, was suggested to be linked
to the interplay between astrocytes and breast cancer cells in brain
metastasis. Astrocyte-derived BDNF can favor cancer cell prolif-
eration by engaging heterodimerization of both Her2/NEU and
TrkB receptors in vitro. Importantly, inhibition of this crosstalk
by means of knocking down TrkB in cancer cells abrogated brain
metastasis in vivo (36). In line with these studies, a previous one
reported that brain metastatic cancer cells significantly up regu-
late IL-1p, which again seems to be embedded in a mutual signal-
ing loop between cancer cells and astrocytes. This was associated
with a cancer cell-mediated activation of astrocytes, reflected by
a heightened expression and production of astrocytic Jaggedl
in a NFxp-dependent manner (64) (Figure 1). Accordingly, the
resulting paracrine interaction between Jaggedl + astrocytes
and cancer cells was able to increase the stem-like phenotype in
cancer cells via the Notch-Hes5 pathway (64). In the context of
melanoma-to-brain metastasis evidences exist arguing about the
ability of cancer cells to reprogramme astrocytes (understood as
the induction of transcriptional modifications providing promet-
astatic functions). Cancer cells were able to induce the production
of IL-23 in RAs. This proinflammatory cytokine was shown to be
of importance in the up-regulation of cancer cell-derived MMP2,
which in turn mediates invasiveness of brain metastatic mela-
noma cells in vitro. Blocking this paracrine interaction either by
pharmacological inhibition of IL-23 or by knocking down cancer
cell MMP?2 resulted in inhibition of melanoma invasion in vitro
(65). A recent study further supports a potential role of MMP2
in breast-to-brain metastasis, as it was found to belong to 5-gene
expression signature (together with CXCL12, MMPI11, VCAM],
MME) discriminating between primary breast cancer and breast

r8sTAs5
BOL2L1
TWIST

CANCER
CELL

FIGURE 1 | Crosstalk between cancer cells and reactive astrocytes in brain
metastasis. Cancer cells (in green) and astrocytes (in gray) are depicted with
several of the molecular mechanisms described in their reciprocal crosstalk.
The initial ability of reactive astrocytes to kill cancer cells through the
production of Plasminogen activators is later modified into a supportive niche
that involves secreted molecules, gap junctions, protocadherins, Notch
receptor and ligands, among other components. Such a complex
interactome influences each other cell type at the gene expression level.

cancer brain metastases (66). To sum up, it seems to be evident
that cancer cells get assistance originating from astrocytes after
hijacking those and/or transforming them into passive bystand-
ers sustaining migration and growth as well as tumor-initiating
capabilities of cancer cells (Figure 2).
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Upregulated

Kim et al.

Sartorius et al. (MDA231)

Kim et al.
(PC14)

GO terms p value
tissue migration (GO:0090130) 1.08E-05
positive regulation of growth (GO:0045927) 4.15E-05
regeneration (GO:0031099) 3.22E-06
stem cell proliferation (GO:0072089) 2.83E-04
reg. of developmental growth (GO:0048638) 1.98E-03

positive regulation of cell division (GO:0051781) 3.67E-03

shown. Reg, regulation; Extr, extrinsic; Intr, intrinsic; Sign, signaling; Path, pathway.

Downregulated

Kim et al.

Sartorius et al. (MDA231)

Kim Vet al.
(PC14)

GO terms p value
negative regulation of locomotion (GO:0040013)  1.71E-12
negative regulation of growth (GO:0045926) 7.97E-09
cell fate commitment (GO:0045165) 1.29E-08
aging (G0:0007568) 1.31E-16
negative regulation of growth (GO:0045926) 7.97E-09
reg. of extr. apoptotic sign. path. (GO: 2001236)  7.57E-04
reg. of intr. apoptotic sign. path. (GO:2001242) 1.30E-03

FIGURE 2 | Pathway analysis on the influence of astrocytes on cancer cells in vitro. Bioinformatic analysis of available datasets reporting transcriptome of cancer
cells upon coculture with astrocytes (27, 68) allowed us to obtain commonly 264 upregulated and 500 downregulated pathways. Some of these pathways are

CANCER CELL-ASTROCYTE
INTERACTIONS THROUGH GAP
JUNCTIONS

Astrocytes form an interconnected network that allows signal
transduction in a coordinated manner (69). Key players in this
communication are gap junctions. Gap junctions are composed of
connexins (Cxs). Out of the 21 reported Cxs, Cx43 (also referred
to as GJA1) and Cx30 (GJB6) are the most abundant in the adult
brain (69). In physiology, astrocytic gap junctions are required
for proper neuronal activity, synaptic transmission, energy
supply and control of blood flow (69). When astrocytes become
reactive their functional and spatial domains can be altered

which might also modify their connectivity (70). Interestingly,
initially in vitro (27, 40) and later in vivo (9), brain metastatic
cells have been shown to be able to establish gap junctions with
RAs. Why do brain metastatic cells have developed this ability?
The Fidler lab addressed whether besides secreted molecules
from RAs additional interactions involving physical contact
with cancer cells could benefit them (27, 40). Their rationale was
based on the conspicuous proximity between some cancer cells
from established metastasis and RAs in vivo (41). Their series
of articles probed the physical interaction between them, its
dependency on Cxs and the benefit it provided to cancer cells
(27,40). Through this cell-cell interaction, astrocytes induced the
expression of 205 genes in different cancer cell lines from breast
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and lung cancer (27). Although this gene program was expected
to be Cx-dependent, the authors did not clarify this aspect since
replicas including carbenoxolone, a gap junction inhibitor, or
shRNA against Cx43 were not part of the transcriptomic profile.
Hence, the resulting assumptions drawn from this gene list war-
rant further evaluation in respect to the dependency on Cx43.
This concern was further enlarged given their findings by which
calcein (a gap junction permeable molecular dye) is also trans-
ferred between fibroblasts and cancer cells although, in contrast to
astrocytes, this cell type did not potentiate cancer cell survival in
the presence of chemotherapies (27). Consequently, these results
seem to be inconclusive regarding the dependence of the gene
program induced in cancer cells by the influence of astrocytes.
However, this point was partially clarified later when IL-6 and
IL-8 production from cancer cells was shown to be dependent
on the establishment of gap junctions with astrocytes (35). These
cytokines influence both cancer cells and astrocytes, by inducing
the expression of both endothelin receptors (ETAR and ETBR)
on cancer cells and endothelin ligand (ET-1) on astrocytes (35)
(Figure 1). Few of the initially deregulated genes upon cancer cell-
astrocyte interaction were probed to be dependent on ET-1 (35).
Anumberofthesegenes,includingmesenchymalgenes(TWIST1),
inducers of resistance to stress (GSTAS5), and antiapoptotic genes
(BCL2L1), were validated in human brain metastasis (35). Based
on these findings, they provided evidence that chemotherapeutic
drugs including paclitaxel, 5-fluorouracil (5-FU), and cisplatin
killed less cancer cells than when the gap junction inhibitor car-
benoxolone was added to cocultures or Cx43 was knocked down
in astrocytes (27, 40). Yet, there were neither validations of the
roles of these genes in vivo nor a molecular explanation on how
gap junctions were established in the first place between the dif-
ferent cell types. Further, it remains to be seen whether the genes
identified are main players in the brain metastasis phenotype. In
contrast, the molecular mechanisms underlying the establish-
ment of gap junctions between cancer cells and RAs has been
recently reported (9). A gene list initially reported as commonly
deregulated in brain tropic cancer cells from lung and breast
cancer, included the protocadherin 7 (PCDH7) (10). Besides
brain metastatic cells, PCDH7 was also expressed in RAs in vitro
and in vivo but not in other brain cell types (9). When PCDH7
was downregulated from brain tropic cells, gap junction mediated
transfer of calcein to RAs was severely impaired. Detailed analysis
of the PCDH7-dependency of Cx43 mediated gap junction com-
munication probed that the protocadherin is required to establish
gap junctions between cancer cells and astrocytes (Figure 1).
Once the gap junction channel connects both cell types, they
exchange at least two types of molecules that have been described
in brain metastasis: the ion Ca** and the secondary messenger
cGAMP. Calcium is usually exchanged between astrocytes within
the neural network to synchronize their activity and coordinate
their responses under homeostatic conditions (69). Cancer cells
from multiple brain metastastasis models were shown to co-opt
gap junction communication with astrocytes to reduce their
excessive calcium load (Figure 1). Excessive amounts of calcium
could be detrimental for cancer cells since it is a known trigger of
DNA damage and inducer of apoptosis (71). As a consequence, a
decrease in the intracellular concentration of calcium seems to be

a requirement to maintain an aggressive brain colonization pat-
tern with marked resistance to chemotherapy. Intriguingly, use of
gap junctions by cancer cells includes mechanisms reminiscent
to antiviral cellular responses as shown previously (72, 73).
Genomic instability is a frequent finding in advanced metastatic
cancer (74) and as such has been reported in brain metastasis
(75, 76). Although beneficial for cancer cells by boosting the gen-
eration of genetic variants that might be better fitted to colonize
the brain, genomic instability also generates toxic byproducts
such a double-stranded DNA (dsDNA) (77). Cytosolic dsDNA
is sensed by cGAS which upon activation generates the second
messenger cCGAMP, driving an interferon response upon activa-
tion of STING (78). Transfer of cGAMP from cells infected with
viruses to surrounding cells through Cx43 dependent gap junc-
tions was described as a mechanism to prevent viral expansion
(79). Hence, brain metastatic cells have managed to co-opt and
utilize this ancient molecular mechanisms for their own benefit.
Initiated by the transfer of the second messenger to RAs, cGAMP
activates STING at the endoplasmic reticulum, which leads to
TBK1 mediated phosphorylation of IRF3 as described in other
cellular contexts (78). Thereby, phosphorylated IRF3 enters the
nuclei where it induces the expression and secretion of TNFa and
INFa. These two cytokines in turn can activate NFxf and STAT1
in brain metastatic cells, which contributes to an increase in their
proliferative potential and resistance to chemotherapeutic stress
(9) (Figure 1). Interestingly, dsDNA is abundant in exosomes
(80). Given the reported transfer of dSSDNA between cells through
exosomes in which the presence of Cx43 facilitates the entry into
the recipient cell (81), additional mechanisms, which do not
require juxtacrine, direct cell-cell contact, might also play a role
in vivo.

INFLUENCE OF ASTROCYTES
ON NON-CANCER CELLS

As delineated above, astrocytes, as the most abundant cell type
confined to the CNS, will statistically (by means of localization)
account for a majority of the interactions that brain-homing
clones of cancer cells will be exposed to during early but also late
stages of brain metastasis. However, other cell types of the brain
metastasis environment such as endothelial cells, pericytes and
resident microglia as well as incoming myeloid cells (i.e., mac-
rophages) have been shown to interact and respond to the pres-
ence cancer cells (10, 17, 20, 22, 43, 58, 82, 83). Hence, astrocytes
might also influence not only cancer cells but also other adjacent
cell types in brain metastasis in a direct or indirect fashion. For
example, astrocytes transfer exosome-enpacked microRNA-19a
(miR-19a) to cancer cells. miR-19a silences the major tumor
suppressor phosphatase and tensin homolog deleted on chro-
mosome 10 (PTEN) in cancer cells. As a result of this interaction
a more favorable adaptation of cancer cells to the new tissue
environment is achieved by increasing their growth rate but also
by inducing the secretion of the chemokine (C-C motif) ligand
2 (CCL2). Cancer cell secreted CCL2 participates in the genera-
tion of a protumorigenic niche by inducing an influx of brain
metastasis-promoting Ibal4-/CCR2+ myeloid cells. Importantly,
higher CCL2 scores as determined by immunohistochemistry
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were more frequently seen in brain metastatic tissue than in
matched primary tumor tissue and additionally CCL2 expres-
sion correlated with PTEN loss in brain metastatic tissue (37).
These results were corroborated by a more recent study (43).
Although insights into astrocyte-mediated influence on other
cell types in the context of brain metastasis is ill-defined, recent
insights into phenotypic and genotypic signatures of astrocytes
in other neurological diseases and other fields of neuroscience
may aid in elucidating these potential implications in regard to
brain metastasis (33). Emerging evidence has also reported the
influence of RAs beyond the brain (84). Secretion of extracellular
vesicles by RAs, including exosomes, could reach the systemic
circulation in experimental models of inflammatory brain
damage. Astrocyte-derived extracellular vesicles gain access to
different organs (liver, lungs and spleen) where they induce an
acute cytokine response characterized by the secretion of IL-17,
IL-1B, IL-6, TNF-a, and CCL2. This acute cytokine response
leads to the mobilization of Ly6b+ leukocytes that will infiltrate
the brain to resolve the damage (84). Whether a similar mecha-
nism is occurring in brain metastasis remains to be addressed.
Thus, future studies in brain metastasis should consider not only
the local influence of RAs but also their potential contribution to
other symptoms which might contribute to the deterioration of
patient health state during brain metastasis (Table 1).

In contrast to RAs in other disease conditions such as stroke
or traumatic brain injury, brain metastasis is a continuously
progressing insult (i.e., growth and evolution of cancer cells). In
this given context astrocytes are unable to resolve the insult and
over time cancer cells hijack some of their functions and prompt-
ing to astrocytes to work for their own benefit. Thus, astrocytes
convert to a dubious fellow companion to cancer cells aiding
them in remodeling their new habitat, potentially influencing the
behavior of other CNS cell types.

ASTROCYTE HETEROGENEITY IN BRAIN
METASTASIS

The brain is highly complex in respect to its cellular (and acellu-
lar) composition. The main cell type, the neuron, can be classified
in two main classes (excitatory and inhibitory) and within them
multiple subclasses are required to maintain the fine-tuning and
wiring of neural circuits (85, 86). This complexity has remained
exclusive to the neuronal compartment. However, evidence as to
heterogeneity in non-neuronal components is steadily increasing.
Recent findings have probed that subtypes of microglia reside
in specific locations in the brain (87) which might be linked
to subpopulations that emerge in and drive brain disorders of
experimental models and humans (88). Astrocyte heterogeneity
is of emerging interest given the potentially important implica-
tions in homeostasis (89-92) and disease (93-96). In brain
metastasis in particular, a good body of evidence points toward
opposite behaviors of astrocytes, which seem to be dependent on
the disease stage. Initially, astrocytes act as a innate host defense
system limiting the progression of the disease (10), while later on
astrocytes favor it (9). Whether they belong to different subtypes
of astrocytes or whether a consequence of the influence of cancer
cells on them remains an issue of dispute. In view of the findings

reported under homeostatic conditions and other CNS disorders,
astrocytes are likely to include different subpopulations (48).
Although heterogeneity in RAs associated with brain metastasis
has not been formally probed, there are published observations
that might be indicative of this possibility. During the coloniza-
tion of the brain RAs surround brain metastatic cells (9, 10, 12, 20,
26). Besides GFAP other markers identifying this cell type have
been reported in this glial cell type. However, these markers did
not fully colocalize with each other, so that many GFAP+ RAs
were negative for them, as in the case for Nestin. Nestin labels
neural stem cells (97). The finding that Nestin is only present
in a subset of RAs associated with brain metastasis (20) could
suggest that heterogeneity among brain metastasis-associated
astrocytes might have deeper implications at the functional level.
In one study Xing et al. reported that Jagged1+ RAs were actively
inducing Notch activity in brain metastatic cells (64). Again, the
Jaggedl colocalization with GFAP was only partial (64), sug-
gesting that within the population of RAs there could be also a
Jagged1-subset as well. The same applies to endothelin receptor,
which has been shown to be present in a heterogeneous pattern
among RAs in the context of brain metastasis (98). Interestingly,
endothelin receptor and Notch have been reported in reactive
astrocytes in other brain injuries (95, 99). A more unambigu-
ous example of the presence of RAs subpopulations associated
with brain metastasis corresponds to the identification of p751-
PDGFRp+ astrocytes (100). Phosphorylation of Tyr751 was used
to label this subpopulation of RAs associated with brain metas-
tasis, preferentially located close to capillaries. This finding was
expanded to human brain metastasis with breast and lung cancer.
The inhibitor pazopanib, a multityrosine kinase inhibitor, includ-
ing PDGFRp, was used to evaluate the functional implications of
this subpopulation. Pazopanib used in vivo in experimental brain
metastasis models significantly prevented their development. Yet,
given the unspecific inhibitory nature of this inhibitor and the
previous report showing that another pazopanib target present in
cancer cells was required for brain metastasis, makes it difficult
to conclude about the potential involvement of p751-PDGFRp+
RAsin brain metastasis. Authors probed that the phosphorylation
of the PDGFRP receptor in astrocytes was induced upon cocul-
ture with brain metastatic cancer cells, indicating that PDGFRp+
RAs might represent a brain metastasis-specific subpopulation
(Table 1).

Consequently, exploiting the molecular characterization of
brain metastasis-associated RAs is an emerging area of research
that will facilitate the understanding of their biology and which
could also offer innovative ways to target this particular condition.

GENOMICS AND SIGNALING PATHWAYS
IN BRAIN METASTASIS-ASSOCIATED
ASTROCYTES

In contrast to existing examples in cancer cells (9, 40, 68)
(Figure 2), there are no genomic data regarding RAs associ-
ated with brain metastasis. Instead, several publications have
reported specific signaling pathways to be involved in the
crosstalk (Figure 1). A reactive astrocytic phenotype observed
in a melanoma brain metastasis model (51) was linked to an
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earlier proposed gene signature for RAs in stroke or LPS treat-
ment (32). Although the authors did not undertake an unbiased
astrocyte-specific profiling in their experiments gliosis-related
genes such as Gfap, Cxcl10, Lcn-2, Serpina3n, Serpinel, and
Timp-1 were significantly upregulated in the group of mice in
which melanoma cells were coinjected together with astrocytes
as compared to melanoma cells injected alone (51). Besides these
gene expression changes additional signaling pathways have been
reported (Figure 1) including Cx43/cGAS/TBK1/IRF3/IFNa.
TNF (9), IL-6.IL-8/ET-1 (35), ILIB/ILIRA/HGEJAG1 (63, 64).
Increasing numbers of genomic studies on astrocytes are being
performed in other neurological disorders (32, 52, 90) which will
be an extraordinary repository for comparative analyses between
different brain disorders to interrogate common and different
aspects of the underlying biology of RAs in different scenarios
as well as to evaluate the possibility to apply drug repurposing
(Table 1).

ASTROCYTE-BASED THERAPIES

Although limited in number, some studies have tested the
impact of targeting certain aspects of RAs associated with brain
metastasis. Since these therapeutic efforts are aimed to block pro-
metastatic components of the microenvironment, they have been
applied to advanced stages of the disease. All of these preclinical
studies have shown great potential thus opening the possibility of
treating brain metastasis by targeting the microenvironment (9,
98,100). In principle, these innovative therapies might be applied
to a broader number of patients, given that all brain metastases
harbour RAs associated independently of the source of the
primary tumor. Such therapies might also involve less secondary
effects, given that the target will not be attributed to normal brain
tissue.

Macitentan

Macitentan is a FDA-approved BBB permeable inhibitor targeting
endothelin receptor A and B (101) that is being used for treat-
ment of pulmonary arterial hypertension. Macitentan has been
repurposed to evaluate its potential effect in primary and sec-
ondary experimental brain tumor models (98, 102). Treatment of
established experimental brain metastasis from lung (PC-14) and
breast cancer (MDA231) in the preventive (micrometastasis) and
interventional (macrometastasis) settings dramatically reduced
brain metastasis and increased survival in mice, but only when
combined with chemotherapy (Paclitaxel). Since these recep-
tors are also present in cancer cells and endothelial cells, the
therapeutic benefit cannot be assigned to targeting RAs alone.
Nevertheless, given the contribution of astrocytes to endothelin
receptor signaling (35) a part of it might be derived by the inhibi-
tory effect in astrocytes. Although Macitentan alone induced a
massive reduction in pAKT and pMAPK, this did not translate
into a detectable phenotype with non-invasive bioluminescence
monitoring. However, combination with Paclitaxel dramatically
decreased the number of tumor-associated vessels, limiting the
access of nutrients to cancer cells, which suffer from massive
induction in cleaved caspase 3. Interestingly, initially described
genes upregulated in cancer cells upon coculture with astrocytes

(BCL2L1, GSTA5, and TWIST1) (27) were downregulated by
Macitentan alone.

Given the finding of a similar phenotype in glioma models, a
key contribution of the endothelin axis in brain tumors seems to
be probable. The clinical trial initiated in recurrent glioma based
on these findings (NCT01499251) was concluded recently and
results should be publicly available soon. If positive results being
reported, this therapeutic effort should be extended to brain
metastasis patients.

Gap Junction Inhibitors

Gap junction intercellular communication (GJIC) is more and
more seen as a potential target in different disease conditions
such as different heart pathologies, seizures and cancer (103).
There is a good amount of in vitro studies dedicated toward the
characterization of pharmacological modulators of GJIC either
via acute uncoupling or enhancement of signaling or their influ-
ence on gene expression, biosynthesis and turnover (103). Yet,
until recently there have been only a few studies published on the
potential usefulness of inhibition of GJIC in the setting of brain
metastasis (27, 40). Initial work probed the protective effect of
astrocytes against different chemotherapeutic drugs used in the
clinic (paclitaxel, cisplatin, and 5-FU) on different melanoma cell
lines in vitro (40). Inhibition of GJC channels pharmacologically
by using the pan-Cx inhibitor carbenoloxone (CBX) or geneti-
cally by knocking down gap junctions in astrocytes during cocul-
turing of cancer cells with astrocytes was able to render cancer
cells chemosensitive (40). The therapeutic value of targeting gap
junctions in experimental brain metastasis models was recently
reported (9). Instead of CBX the authors used two drugs for
this purpose: the anti-inflammatory compound meclofenamate,
which was previously shown to inhibit Cx43 gap junction gating
(104), and the benzopyrane derivative tonabersat, which was pre-
viously shown to have specific activity for binding to astrocytes
and inhibit gap-junction-mediated processes (105-107). Both
were used in brain-related disorders before (107, 108) and are
FDA approved. The use of either meclofenamate or tonabersat in
breast or lung brain metastasis from human or mouse cancer cells
induced a significant decrease in brain tumor burden even after
metastatic cells have seed and grew in this organ (9). Interestingly,
given the brain specific mechanism targeted, none of the drugs
show any effect when applied to orthotopic injections in the breast
or in the lung (9). Based on these results an ongoing clinical trial
(NCT02429570) has been launched to apply meclofenamate to
recurring or progressing brain metastasis from multiple primary
tumors.

Pazopanib

This orally bioavailable multiple tyrosine kinase inhibitor target-
ing VEGFR1-3, PDGFRa-f, c-kit, and B-Raf was initially found
to target cancer cells in experimental HER2+ brain metastasis
models (109). Later it was found that it also decreases tyrosine
phosphorylation of PDGFRp in RAs present in lung and breast
cancer brain metastasis, as well as from astrocyte primary
cultures obtained from craniotomies of five patients with brain
metastases. As with Macitentan, the specific contribution of
inhibition of astrocyte PDGFRp receptor is not known. Thus, in
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order to conclude about the contribution of this therapy, more
specific genetic strategies targeting PDGFRp in RAs are necessary.
However, the ability of pazopanib to decrease the phosphoryla-
tion of the PDGFRP receptor in astrocytes was correlated with
reduced proliferative capacity of an immortalized astrocyte cell
line (100). In vivo, targeting of Tyr phosphorylation of PDGFRp
did not decrease the GFAP population of RAs suggesting that
pazopanib targets PDGFRP+ RAs without killing them.

Compound E

As brain metastatic cancer cells co-opt physiological pathways
to adapt to and to thrive within the CNS, the same applies to
the acquisition of a stemness phenotype (64). RAs are involved
in the regulation of the cancer stem-like cell phenotype in a
Notch-dependent manner (64). Subsequently, Compound E, a
gamma secretase inhibitor, has shown to impair the interaction
between the astrocytic Jaggedl and cancer cells expressing Notch
(64). When Compound E was administered to mice injected
with a triple negative breast cancer model metastatic to the brain
(MDA231-BrM) a significant decrease in the growth of cancer
cells was observed (64).

Lenalidomide

Currently, no predictive biomarkers are clinically available to help
in identifying those cancer patients which likely will experience
brain metastasis during the course of their disease. Ongoing efforts
to identify brain metastasis biomarkers found FN14 as a gene dif-
ferentially expressed in brain metastasis as compared to primary
tumors (110). This finding was later validated in a multicenter
study involving 318 breast cancer patients, in which 138 devel-
oped brain metastases (13). Intriguingly, the presence of FN14,
a TNFR family receptor member, in primary breast tumors was
associated with a 5.24-fold increase in brain metastasis incidence
(13). FN14 ligands include astrocyte growth factors TWEAK
and TNF-alpha, where the former is mainly produced by astro-
cytes and microglial cells in the CNS (13, 111). Tackling FN14/
TWEAK axis by using the thalidomide derivative lenalidomide
(LND) impaired brain metastasis presumably through an effect
on RA reactivity (13). Based on its anti-inflammatory properties
demonstrated in other CNS conditions such as multiple sclerosis
and the relative success of lenalidomide used in the framework
of a first line regimen for multiple myeloma, upcoming studies
should verify the reported beneficial effect in targeting brain
metastasis, possibly in combination with other first line drugs.

DISCUSSION

Whilst brain metastasis remains a major threat to cancer patients,
its annual incidence being on the rise, extracranial disease is
becoming targeted more and more efficiently owing to the
advent of molecular therapeutics as exemplified most recently
by immune checkpoint inhibitors (112). New insights deriving
from in vitro and in vivo preclinical models of brain metastasis
have enabled researchers to have a more precise picture of the
biology of coevolution of brain colonizing cancer cells and
their surrounding microenvironment, per se offering ways for
therapeutic exploitation. By analogy with insights derived from

the field of neuroinflammation and neurodegeneration, where
RAs are increasingly seen as main disease elements by means
of modulating neurotoxic effects via non-cell autonomous
mechanisms, more in-depth and comprehensive characterization
of the RA phenotype on a genomic or proteomic scale in brain
metastasis [employing techniques such as population or single
cell RNA-seq, TRAP, or MS-based proteome analysis (32, 33,
52, 90)] might soon become a reality and enable researchers to
validate potential candidates in brain metastasis models. It would
be interesting to determine whether there is a difference, and if
yes to what extent RAs found in brain metastasis distinguish
from their counterparts seen in other disease conditions (32,
33, 52). Additionally, insights into the role of specific astrocyte
subpopulations, their evolution during disease progression as
well as their manipulation would provide a valuable means of
targeting astrocyte-cancer cell interactions. Importantly, one
must ask whether there is any specific therapeutic window as to
which time point during brain metastasis might represent the
most effective way of modulating and targeting this vicious cross-
talk or even promote the antimetastatic behavior of RAs. Taken
together, insights gained from recent research have undoubtedly
put astrocytes in brain metastasis into perspective turning them
from passive bystanders to active key players in brain metastasis.

In addition to that, new avenues of research will allow studying
RAs in brain metastasis on a more systemic scale, an aspect which
is believed to be underestimated in the context of gliosis in other
CNS diseases such as infectious diseases, where proinflammatory
molecules released from peripheral tissue sites of infection likely
influence far-distant RAs (28). Interestingly, emerging studies
have proposed the influence of the primary tumor on the brain
environment facilitating the colonization of cancer cells (113,
114). The systemic influence of RAs in models of neuroinflamma-
tion has been also reported (84, 115). Given the strong response
of RAs to brain metastasis during the course of brain coloniza-
tion, it is temping to speculate that the identification of secreted
molecules might represent putative biomarkers of early diagnosis
or response to therapy, even more if specific prometastatic sub-
populations of RAs could be identified to be targeted.

In sum, RAs are largely involved in reciprocal interactions
with metastatic cells and govern distinct cancer cell phenotypic
features required during the process of colonization such as
invasive capacity, survival and stemness. The focus of future
studies will likely shift toward the specific makeup of the brain
microenvironment appreciating its complexity and heterogeneity
as well as its role to serve as a putative future therapeutic target
in combating brain metastasis more efficiently and successfully
(Table 1).
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Brain metastases are an increasing burden among breast cancer patients, particularly
for those with HER2* and triple negative (TN) subtypes. Mechanistic insight into the
pathophysiology of brain metastases and preclinical validation of therapies has relied
almost exclusively on intracardiac injection of brain-homing cells derived from highly
aggressive TN MDA-MB-231 and HER2+ BT474 breast cancer cell lines. Yet, these
well characterized models are far from representing the tumor heterogeneity observed
clinically and, due to their fast progression in vivo, their suitability to validate therapies
for established brain metastasis remains limited. The goal of this study was to develop
and characterize novel human brain metastasis breast cancer patient-derived xeno-
grafts (BM-PDXs) to study the biology of brain metastasis and to serve as tools for
testing novel therapeutic approaches. We obtained freshly resected brain metastases
from consenting donors with breast cancer. Tissue was immediately implanted in the
mammary fat pad of female immunocompromised mice and expanded as BM-PDXs.
Brain metastases from 3/4 (75%) TN, 1/1 (100%) estrogen receptor positive (ER*), and
5/9 (65.5%) HER2* clinical subtypes were established as transplantable BM-PDXs.
To facilitate tracking of metastatic dissemination using BM-PDXs, we labeled PDX-
dissociated cells with EGFP-luciferase followed by reimplantation in mice, and gen-
erated a BM-derived cell line (F2-7). Immunohistologic analyses demonstrated that
parental and labeled BM-PDXs retained expression of critical clinical markers such as
ER, progesterone receptor, epidermal growth factor receptor, HER2, and the basal cell
marker cytokeratin 5. Similarly, RNA sequencing analysis showed clustering of parental,
labeled BM-PDXs and their corresponding cell line derivative. Intracardiac injection of
dissociated cells from BM-E22-1, resulted in magnetic resonance imaging-detectable
macrometastases in 4/8 (50%) and micrometastases (8/8) (100%) mice, suggesting
that BM-PDXs remain capable of colonizing the brain at high frequencies. Brain
metastases developed 8-12 weeks after ic injection, located to the brain parenchyma,
grew around blood vessels, and elicited astroglia activation characteristic of breast
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Breast Cancer Brain Metastases PDXs

cancer brain metastasis. These novel BM-PDXs represent heterogeneous and clinically
relevant models to study mechanisms of brain metastatic colonization, with the added
benefit of a slower progression rate that makes them suitable for preclinical testing of

drugs in therapeutic settings.

Keywords: patient-derived xenograft, brain metastases models, breast cancer, brain colonization, triple

negative, HER2*

INTRODUCTION

Brain metastases are the most common form of brain cancer,
exceeding the number of primary brain tumors by at least four
times, and occurring in about 25% of all patients with cancer
(1). Breast cancer is the second most common primary tumor
responsible for brain metastasis (2, 3), especially from women
with HER2* and triple negative [TN, estrogen receptor nega-
tive (ER"), progesterone receptor negative (PR"), and HER2"]
tumors (4-6). Brain metastases remain incurable and more than
80% of patients will die within a year of their brain-metastasis
diagnosis (7, 8). Treating brain metastases has been particularly
challenging due to unique anatomical and functional features
in the brain. Therapies used to treat systemic metastases [e.g.,
trastuzumab for the treatment of breast tumors overexpressing
HER2*, or chemotherapies used to treat triple negative breast
cancers (TNBCs)] have limited ability to cross the blood-brain
barrier (BBB) at effective doses, and often fail to decrease
brain metastatic burden (8, 9). Thus, there is an urgent need
for improved therapeutic approaches for breast cancer brain
metastases.

A critical limitation to achieve better therapeutic strategies
for brain metastasis has been the narrow set of experimental
models to study brain metastasis pathophysiology. Development
of symptomatic brain metastasis requires cancer cells to dis-
seminate from the primary tumor, intravasate into blood vessels,
survive in circulation, extravasate through the BBB, survive
the neuroinflammatory response in the brain, and outgrow
into large metastasis (10-12). Studying this complex process
requires in vivo animal models that mimic early and late stages
of brain metastatic colonization, produce brain metastases at
high frequencies, and demonstrate moderate tumor progres-
sion necessary for the preclinical screening of drugs that could
be used in preventive and therapeutic settings (13, 14). Until
recently, brain metastasis studies relied primarily on intracar-
diac (ic) injection of brain-homing cells derived from murine
4T1 (4T1BR5), human TN MDA-MB-231 (231Br, 231/LM2-4)
(15-17), and HER2*BT474 (BT474BR) cell lines (18). These
models were developed by performing successive rounds of ic
injection of breast cancer cell lines, which were then reisolated,
cultured in vitro and then reinjected into nude mice (19).
Although these brain metastatic cell lines are well characterized
and produce brain metastases at high frequencies (20, 21), the
rapid progression of metastatic burden in these models limits
their usability for therapeutic testing of drugs. More importantly,
these models do not fully represent the heterogeneity observed
in breast tumors and their metastasis, which have emerged as

critical factor in defining populations of patients that are likely
to respond to a particular therapy.

During the past several years, researchers have developed
transplantable models to grow primary breast tumors in the
mammary fat pad of NOD/SCID/ILIIrg™~ (NSG) mice, with the
long-term goal of personalizing medicine (22-24). These PDXs
retain intratumoral heterogeneity and have become a clinically
relevant alternative to cell lines (23, 25, 26). Here, we report
the development and characterization of eight novel human
breast cancer patient-derived xenografts (BM-PDXs) from ER",
HER2%, and TN subtypes and a matching TN cell line, which
retain tumor heterogeneity and brain metastatic potential. We
demonstrate thatic injection of cells dissociated from BM-PDXs
produce brain metastases at high frequencies, with metastases
that elicit astroglia activation and growth around vessels in a
similar fashion to breast cancer brain metastasis. These novel
BM-PDXs represent heterogeneous and clinically relevant
models to study mechanisms of brain metastatic colonization,
with the added benefit of a slower progression rate that makes
them suitable for preclinical testing of drugs in therapeutic
settings.

MATERIALS AND METHODS

Brain Metastases Transplantation and
Establishment of Patient-Derived
Xenografts

De-identified brain metastases and their clinical-pathological
information (age, ER, PR, and HER2 status at the time of metas-
tases resection, prior therapies, and survival) were obtained from
consenting breast cancer patients undergoing neurosurgery.
These samples were collected under approved IRB protocols at
University of Colorado Anschutz Medical Campus. All animal
studies were performed under approved University of Colorado
Institutional Animal Care and Use Committee (IACUC)
protocols.

Freshly removed brain metastasis samples were placed on
sterile ice-cold DMEM and transported to the laboratory for
transplantation into mice. Specimens that could not be immedi-
ately implanted were maintained at 4°C for no longer than 8 h.
Female NSG mice, 6-8 weeks old were purchased from Jackson
laboratories or bred at the UC Denver Center for Comparative
Medicine breeding facility. Brain metastases were partitioned into
5-10 mm?® pieces, dipped into cultrex, and implanted in the fourth
mammary fat pad of anesthesized mice using a 10-gage trochar. In
one case, brain metastatic cells were collected from cerebrospinal
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fluid from a patient diagnosed with meningeal carcinomatosis.
Here, cancer cells were collected by centrifugation and divided
into two aliquots. One mouse was injected ic with cancer cells
suspended in 100 pl PBS, another recipient was injected into the
mammary fat pad with cancer cells resuspended in 50 pl cultrex.
All mice were implanted with a silastic pellet providing slow
release of 17p-estradiol (E2), as prior experience showed that
E2 increases tumor uptake of breast cancer PDXs irrespective
of tumor subtype. Tumors were palpated weekly to assess tumor
take for up to 8 months postimplantation. Once palpable, tumor
size was assessed weekly using caliper and volume estimated as
length x width?/2. When tumors reached ~1.5 cm in any direc-
tion, mice were euthanized and tumors removed. Tumors were
divided into several 10 mm?® pieces and reimplanted in the mam-
mary fat pad of NSG mice, cryopreserved in 10% DMSO/90% FBS
in liquid nitrogen, stored in trizol RNA extraction, and fixed in
10% formalin for paraffin embedding. BM-PDXs were considered
established if they grew over two generations.

Labeling of BM-PDXs

A subset of BM-PDXs were labeled with lentiviral particles
expressing EGFP-luciferase as we described previously (27).
Briefly, >1 cm® tumors were resected from euthanized mice
and digested in Accumax (Stemcell Tech) for 3 h at 30°C.
Human cancer cells were separated from mouse stromal cells
using a lineage cell depletion kit (MACS) and isolated breast
cancer cells were plated in six-well ultralow attachment plates in
DMEM-F12 media. Tumor cells were transduced with 30 MOI
of lentiviral pHAGE-EFlalL-luciferase-UBC-GFP-W and GFP
expression monitored for up to 48 h. Labeled tumor cells were
then collected, washed, resuspended in 100 ul Cultrex basement
membrane extract and injected in the mammary fat pad of NSG
mice. Efficiency of transduction was assessed using luciferase
activity imaging (IVIS) or GFP expression when tumors reached
>1 cm®. Labeled BM-PDX were cryopreserved, fixed for immu-
nohistological analysis, stored in trizol for RNA extraction, or
transplanted into a new recipient.

BM-F2-7 Cell Line Derivation and Culture
A cell line (F2-7) was derived from triple-negative BM-PDX.
For this, tumor cells were dissociated from BM-PDX F2-7 using
Accumax, and dissociated cells were plated in ultralow attach-
ment six-well plates in DMEM-F12 supplemented with 10% of
FBS, 1 ug/ml hydrocortisone, 100 ng/ml of cholera toxin, and
1 nM of insulin. After 4 weeks of growth in suspension, human
cells free of fibroblasts were plated in collagen-I coated dishes,
and purity validated by immunohistochemistry. F2-7 cells were
labeled with GFP-luciferase as described for BM-PDXs. Short-
Tandem Repeat analysis was performed in the established cell
line and deposited at University of Colorado Tissue Culture Core
facility for validation and future reference.

RNA Sequencing of BM-PDX and F2-7

Cell Line

High-throughput RNA sequencing from a cell line derivative
(F2-7) and a selected set of BM-PDXs before and after labeling

with EGFP-luciferase was performed. RNA was isolated from
tumor samples using trizol followed by RNA cleanup using
RNEeasy MinElute Cleanup kit (Qiagen), and RNA concentra-
tion was measured in a Nanodrop 2000 (Thermo Scientific).
The Genomics and Microarray core facility at the University of
Colorado AMC performed RNA quality control using an Agilent
2100 Bioanalyzer, and prepared RNA-seq libraries using the
Ilumina TruSeq Stranded mRNA LT Sample Prep Kit. The result-
ing libraries were sequenced on an Illumina HiSeq 2500 system
(I x 125 bp). After demultiplexing, the resulting reads were
trimmed with cutadapt to remove 3’ adaptor sequences and low
quality 3’ bases (Q < 10). The trimmed reads were then aligned
to both the human (hg19/GRCh37) and mouse (mm10) genomes
using Tophat2 (28). Reads were then assigned to either the human
or mouse genome using disambiguate (29) and ambiguous reads
were discarded. Unambiguous reads were assigned to features
using Rsubread (30) and normalized read counts were produced
using the rlog function in DESeq2 (31). The GEO Accession
number for this data is GSE104020.

Experimental Brain Metastasis Using
BM-PDXs

Two tumors from E22-1 BM-PDXs grown in the mammary
fat pad were excised at necropsy, cut into 2 mm? pieces
and dissociated using Accumax for 3 h. The digestion was
stopped using DMEM/F12 10% FBS, and single cells isolated
by filtering through 100 and 70 um mesh filters. Viable cells
were counted using trypan blue exclusion and 250,000 cells
resuspended in 100 ul PBS were injected in the left cardiac
ventricle of recipient female NSG mice (n = 8). Brain meta-
static burden was assessed using T1/T2 contrast magnetic
resonance imaging (MRI) 8 weeks after ic injection, and mice
were euthanized under CO, asphyxiation at 8 or 12 weeks
after ic injection as mice developed signs of CNS metastatic
burden. In all cases, brains were removed at necropsy and
brain hemispheres embedded in OCT and stored at —80°C
until sectioning. Micrometastases were visualized with H&E
and/or pan cytokeratin (PanCK) staining in six serial sections
(10 pm thick), one every 300 pum in a sagittal plane through
the right hemisphere of the brain.

Magnetic Resonance Imaging

To non-invasively detect and quantify brain metastatic coloni-
zation, brain MR scans were acquired using a Bruker 4.7 T
PharmaScan and a bird-cage radio frequency 36 mm coil
(Bruker Medical, MA, USA). Animals were injected via tail vain
with 0.4 mmol/kg gadolinium contrast Multihance (gadobenate
dimeglumine, Bracco Diagnostic) and anesthetized with 2-2.5%
isoflurane. High-resolution rapid acquisition with relaxation
enhancement (RARE) T2-weighted images with fat suppression
were obtained (TR/TE = 4,000/80 ms) followed by a multislice
multiecho (MSME) T1-weighted sequence (TR/TE =700/11 ms).
All images were obtained in the axial plane, with the field of view
of 3 cm, slice thickness 1 mm, number of slices 16, matrix size
256 X 256. In-plane resolution was 90 um. T1-weighted MSME
images were acquired as well to confirm metastatic lozation. All
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FIGURE 1 | Establishment of brain-metastases-patient-derived xenografts (BM-PDXs) from breast cancer. PDXs were established in NOD/SCID/ILIIrg~~ mice, and
subsequently propagated via direct transplantation of solid tumor pieces into new recipient mice. Tumors were grown under continuous estrogen supplementation.
(A) BM-PDXs established as a function of breast cancer subtypes. Graph depicts the number (bars) and percentage of BM-PDXs established (BM-PDXs*) per tumor
subtype compared to tumors that did not grow after 8 months of implantation. (B) Time in days from initial implantation to outgrowth as measurable tumors
(~62.5 mm®) for all PDXs, colors indicate breast cancer subtypes. (C) Survival (months) after brain metastases diagnosis of patients with breast cancer whose
surgical samples had in vivo tumorigenic potential (n = 6), or not (0 = 7). Log-rank (Mantel-Cox) test P value is shown. (D,E) Tumor growth after implantation (PO,
red lines), and subsequent passaging (P1, P2, P3, black/gray lines) in (D) TN and (E) ER-HER2* BM-PDXs. For PO, 1-2 tumors were implanted in a single recipient.
For P1-P3, data shows average tumor volume from two tumors in 1-2 recipient mice.

images were acquired and analyzed (T2-MRI for lesion numbers
and diameters) using Bruker ParaVision (v4.3) software.

Immunohistochemistry in PDXs and
Experimental Brain Metastasis

Tumors were removed from animals and fixed in 10% buffered
formalin. Tissue was processed, paraffin embedded, and cut
into 5-um sections. After high-temperature antigen retrieval in
citrate buffer, sections were stained with rabbit anti-epidermal
growth factor receptor (anti-EGFR, Cell Signaling), rabbit
monoclonal anti-C-erB-2 (SP3, Neomarkers), mouse mono-
clonal antibody anti-cytokeratin 5 (anti-CK5, Vector), rabbit

polyclonal anti-PR (DAKO, Carpinteria, CA, USA), and rab-
bit polyclonal anti-ERa (SP1, Thermofisher). Sections were
counterstained with hematoxylin and mounted. Representative
photographs were taken under a light microscope at X20
magnification.

Dual immunofluorescence of brain metastasis was
performed 10-pum sections from frozen unfixed-OCT embed-
ded brains. Sections were fixed in acetone and stained with a
mouse monoclonal antibody specific for human cytokeratins
(Pan-CK, MNF116, Dakocytomation, Glostrup Denmark);
in combination with rat anti-GFAP (Invitrogen, CA, USA);
rabbit anti-collagen IV (Millipore). Secondary antibodies were
anti-mouse Alexafluor-488 or anti-rabbit Alexafluor-565 or
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TABLE 1 | Clinical-pathological characteristics of BM-PDXs.

Clinical features of BM-PDXs

At brain metastasis diagnosis

PDX Primary BM-Dx Age ER PR HER2
tumor Dx

E22-1 ™ ™ 58 0 0 0

F2-7 TN ™ 38 0 0 0

BM14-9 ER-HER2+ ERHER2* 43 0 0 95% (3+)

G5-3 TNe ER-HER2+ 63 0 5% (1+) 30% (2+), FISH

G6-9 TNe ER-HER2+ 53 0 0 40% (2+)

G7-1 ER*HER2* ER*HER2* 59 65% (2+) 70% (24) 45% (2+), FISH*

G13-1  ER*HER2- ER*HER2- 63 70% (3+) 0 0

CSF-1° TN ™ ND ND ND ND

Numbers represent % of positive cells followed by intensity score (in brackets). HER2*
is defined as >10% and >(2+). ER* is defined as > 1%.

#Primary tumors with history of TNBC that had converted to HER2+ at brain metastasis.
bSample obtained from cerebrospinal fluid, no pathology report at metastatic site.

All patients had been treated with taxanes by the time of brain metastases.

anti-Rat-Alexafluor-594 (all from Invitrogen/Thermofisher, CA,
USA). Nuclei were stained with 1 ug/ml 4',6-diamidino-2-phe-
nylindole (DAPI) in methanol for 10 min at room temperature.
Photographs were taken under X20 magnification for the same
field using the UV, FITC, and TRITC filters.

RESULTS

Establishment of BM-PDXs in Relation to

Breast Cancer Subtypes

We implanted a total of 14 brain metastases specimens from TN
(n =4), ERTHER2" (n = 1), ERTHER2* (n = 2), and ER"HER2*
(n="7) breast cancer subtypes. From these, 8 (57.2%) successfully
established as BM-PDXs, defined as those tumors that grew as
xenografts in NSG mice at least in one consecutive passage and
maintained expression of clinical markers from original patient
sample. The frequency of BM-PDXs uptake varied among subtypes
with a non-significant trend toward highest take rate in TNBC
(3/4 BM-PDXs, 75%) and lower take rate in ER"HER2* (3/7,
43%) (Figure 1A). The overall clinical-pathological characteris-
tics of the brain metastases successfully established as BM-PDXs
are presented in Table 1. Among HER2*BM-PDXs, two speci-
mens had prior history of TNBC but their brain metastasis were
diagnosed as HER2*; these were classified as HER2*BM-PDXG.
Time to xenograft tumor formation for each BM-PDX at initial
implantation ranked between 28 and 223 days, with an average
of 84 days (Figure 1B). Similar to prior reports, in vivo tumori-
genic potential of explanted brain metastases (tumors that grew
as BM-PDXs) was correlated with decreased survival of their
donor patients (P = 0.0011) (Figure 1C). Tumor progression in
initial PDX (P0) and subsequent in vivo passaging (P1 to P3)
for a TN and HER2*BM-PDXs is shown in Figures 1D,E. In
one case, an ER-HER2* brain metastases was implanted but an
inguinal tumor developed suddenly after 70 days, away from the
implantation site. This tumor lacked HER2, EGFR, or CK5 and
upon transplantation grew into a large mass within 2 weeks (data
not shown). As this suggested either loss of human epithelial

markers or most likely, outgrowth of a murine tumor, we did
not consider this a successful PDX and excluded it from further
analysis.

Preservation of Clinical Markers in
BM-PDXs Over Multiple Passaging,
Cell Dissociation, and Viral-Mediated

Transduction

To determine whether outgrowth of BM-PDXs in the mammary
fat pad retained key clinical features of brain metastases donors,
we stained sections of BM-PDXs (P0-P1) for ER, PR, and HER2,
and—when available—we compared them to clinical specimens
at the time of implantation. TNBC brain metastases lack these
markers but frequently express EGFR and CK5 (32). Thus, we
added these to our validation panel. As show in Figure 2A, TN
BM-PDXs expressed EGFR and CKS5. For these samples there
was no matching donor sample to compare, but lacked ER, PR,
and HER2 as expected from TN tumors. ER-HER2*BM-PDXs
retained HER2, EGFR, and CK5 (Figure 2B), and ER"BM-PDXs
retained ER, HER2, EGFR, and CK5 expression similar to the
donor sample (Figure 2C). Surprisingly the two ER*BM-PDXs
(G7-1, G13-1), showed increased PR expression as compared to
the donor samples (Figure 2C), suggesting that ER is functional
in these BM-PDXs and that E2-supplementation in mice upregu-
lates PR in ER"BM-PDXG.

To assess whether GFP and luciferase labeling would allow
in vivo imaging of these BM-PDXs, we dissociated cells from
>1 cm’ xenografts BM-PDXs F2-7, CSF-1, and G5-3 and trans-
duced them with high titer viral particles of a GFP-luciferase vec-
tor as described (27). Labeled cells were regrown in the mammary
fat pad of NSG mice and tumor labeling was assessed by measur-
ing luciferase activity (IVIS) and GFP expression (Figure 3A).
Spontaneous metastases to surrounding areas were detected
in some mice during tumor excision (Figure 3B), but without
spontaneous metastases to brain or other organs. Since tumor
cell dissociation and cell transduction with lentiviral vector might
results in selection of subclones of the original tumor, we assessed
whether labeled PDXs recapitulated the heterogeneity observed
in parental PDXs. IHC staining showed that labeled BM-PDXs
retained expression of EGFR, CK5, and HER2 (Figure 3C), sug-
gesting that dissociated/labeled cells are capable of reconstituting
tumor heterogeneity of BM-PDXGs.

As tumor-dissociated cells survived short-term in vitro
culture during labeling, we sought to determine whether dis-
sociated brain-metastatic cells could be cultured as cell lines. We
cultured dissociated cells from F2-7, E22, and G5-3 BM-PDXs
in plates coated with collagen-I or ultralow attachment plates. In
either condition, only cells from F2-7 BM-PDXs survived
in vitro culture and remained proliferative after multiple pas-
sages of repeated freezing and thawing (Figure 4A). This F2-7
cell line-derivative retained expression of EGFR as its BM-PDXs
counterpart (Figure 4B), and retained tumor initiating capability
in vitro (measured as ability to form colonies in the absence of
extracellular matrix in mammosphere assays, not shown). To
further assess whether BM-PDXs labeling or cell line derivation
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maintained features of parental BM-PDXs, we performed RNA
sequencing followed by hierarchical gene clustering analysis
of BM-PDX before and after GFP-luciferase labeling, and F2-7
BM-PDX and its cell line-derivative (Figure 5). Key genes (EGFR,
KRT5, NTRK2) were expressed at similar levels in parental PDXs
(i.e., E22-1 PDX-P0) compared to its labeled counterpart (E22-1
PDX-P0-11), and in the F2-7 cell line (F2-7 CL) compared to its
BM-PDXs parental (F2-7 P5). Taken together, these data suggests
maintenance of clinical markers through passaging and manipu-
lation of BM-PDXs.

BM-PDXs Retain Their Ability to Colonize

the Brain at High Frequencies

Breast cancer PDXs grown in the mammary fat pad rarely
metastasize to distant organs, but dissociated cells can colonize
lung, bones and brain after ic injection (27). To assess whether
BM-PDXs retain their ability to colonize the brain, we induced
experimental brain metastasis using dissociated cells from TN
E22-1 BM-PDX. For this, 250,000 dissociated cells were injected
in the left ventricle of 8-week-old female NSG mice (n = 8) sup-
plemented with estradiol, and metastases were allowed to grow

A HER2

EGFR
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PDX-P1 CSF-1-PO

F2-7
PDX-P0

G7-1
PDX-PO _Donor

G131
PDX-PO Donor

counterparts. Scale bars, 100 ym.

FIGURE 2 | Retention of estrogen receptor (ER), progesterone receptor (PR), HER2, epidermal growth factor receptor (EGFR), and cytokeratin (CK) expression in
brain-metastases-patient-derived xenografts (BM-PDXs). Sections of BM-PDXs were stained by IHC for ER, PR, HER2, EGFR, and CKb5 at first passage (P0O) and
compared to donor tumor (when available). (A) Expression of EGFR, HER2, and CK5 in triple negative (TN) BM-PDXs (ER, PR, negative, not shown). (B) Expression
of HER2, EGFR, and CK5 in HER2*BM-PDXs in donor and BM-PDXs PO. (C) Expression of ER, PR, HER2, EGFR, and CK5 in ER*HER2*BM-PDXs and their donor
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FIGURE 3 | GFP-Luciferase-labeled brain-metastases-patient-derived
xenografts (BM-PDXs) retain expression of epidermal growth factor receptor
(EGFR), cytokeratin 5 (CK5), and HER2. (A) Luciferase imaging (IVIS) of NSG
mice carrying GFP-luciferase BM-PDXs F2-7, CSF-1, and G5-3 in the
mammary fat pad. (B) Spontaneous metastases to lymph node in G5-3 GFP-
luc carrying mice. (C) Expression of EGFR and CK5 in sections of F2-7,
CSF-1, and G5-3 BM-PDXs before (P1, P2) and after GFP-luciferase labeling
(P2-11, P1-11). Scale bars, 100 pm.

until mice showed >15% weight loss or neurological impairment.
Nine weeks after ic injection mice were imaged using T1/T2 MRI
and mice without symptomatic metastases were left alive for 3
additional weeks. MRI-detectable brain metastases were found
in 4/8 (50%) of injected mice, with metastatic lesions ranking
from 0.29 to 0.62 mm in size (Figure 6A, top). One additional
mouse was injected with E22"BM-PDX dissociated cells but MRI
was performed 14 weeks after ic injection. This mouse showed
multiple large MRI-detectable metastases (Figure 6A, bottom).
Histological analysis showed 8/8 mice (100%) harboring micro-
metastases (defined as >50 pm cancer cell foci counted in six

FIGURE 4 | Characteristics of F2-7 BM-cell line in vitro. (A) F2-7 cells were
labeled in vitro with GFP-luciferase and cultured in collagen-I coated plates.
Left: Brightfield, right: GFP expression of live cells. (B) Immunofluorescence
staining shows epidermal growth factor receptor (EGFR) (red) expression in
F2-7 cells grown in coverslips. 4’,6-diamidino-2-phenylindole (DAPI) labels

nuclei. Scale bars are 100 pm.

sagittal brain sections 300 um apart) with a 10.25 median number
of micrometastasis per mouse (Figure 6B). To determine whether
brain metastases formed by BM-PDXs showed pathophysiological
features similar to those encountered in humans, we performed
double immunofluorescence staining of brain metastatic cells
(pan-cytokeratin®, green) and reactive astrocytes (GFAP*, red)
or blood vessels (Col-1V, red) in brain sections from mice injected
with E22-1 BM-PDXs. Brain metastatic clusters were located to
the brain parenchyma (Figure 6C), were associated with blood
vessels (Figure 6D) and were surrounded by GFAP" reactive
astrocytes (Figure 6E); all of these characteristics of breast cancer
brain metastases. Taken together, these studies demonstrate that
BM-PDXs retain their ability to form large brain metastases and
micro metastases at high frequencies, making them suitable
models for studies of brain metastatic colonization and preclini-
cal testing of drugs in preventive and therapeutic settings.

DISCUSSION

The increased incidence of brain metastasis in breast cancer
patients and its dismal prognosis, has prompted the urgency to
better understand the pathophysiology of brain metastases and
to test novel therapeutic strategies for these patients. PDXs have
emerged as required tools to validate in vitro studies in cells
lines and to decipher the role of tumor heterogeneity in tumor
progression and response to treatments (33-35). Therefore, we
addressed whether PDX derived from brain-metastatic breast
cancer are suitable models to study the pathophysiology of brain
metastasis and to provide clinically relevant platforms for thera-
peutic drug testing. A diagram showing the overall procedure to
achieve this from tumor implantation to ic injection of labeled
cells is presented in Figure 7. By implanting fresh tumor samples
in the mammary fat pad of NSG mice, we developed BM-PDXs
from TN, ER"HER2*, ER*HER2*, and ER*HER2" subtypes.
Consistent with the diverse incidence of brain metastasis among
breast cancers subtypes (36-38), most specimens collected for

Frontiers in Oncology | www.frontiersin.org

November 2017 | Volume 7 | Article 252


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Contreras-Zarate et al.

Breast Cancer Brain Metastases PDXs

A B
ESR1 EGFR PGR
§10 gﬁ §2.5
3 8 M 22.0
£ e 2
56 £ 10 515
o 3 o
o 8 o
[ T, g
s 5 £ T 05
g g E”
2 0 s ZO 0.0
e e g
X @ X o X v I3 v K v X & X o X
T o v o % - 9 <o o O T a 5 uw N
8 5 5% 5 P Y 5= % &
Wy o 8 & 8 = w8 o
w m w
: ERBE2 NTRK2 KRT5
<] = © @ © g% g” g2
o py o = o 3 & 4
D (=] v [0 D =45 = |
% a < &) P4 Color Key 2 Py 215
=) >'< =) ~ n and Histogram 5 &1 £
o o) o ! o o | [ 810 3 3
AN e o o 10
< o < N Nooe g = 2
I\ - [ N8 55 4 L1
YT iy | £ E g
N O o 20 K 2
Ll 8 12 16 g T 8§ 2 g 0 g X 2 =2 8 ’ g T &8 2 8
Value X & X o XX v ° v ® v ) o 3 o
‘_g § 58 %8 B X B X B SR
T a T ouw N - 9 o o o - 9 ° & o
8§ 3 & & ¢ T & " J ¢ T oo v 4
w § o b §- a w o uﬁ: a w
FIGURE 5 | RNA expression profiles of F2-7 cell line and brain-metastases-patient-derived xenografts (BM-PDXs) before and after labeling. RNA sequencing of
BM-PDX E22-1 prior to (E22-1-PDX-PO0) and after GFP-luciferase labeling (E22-1 PDX-P0O-I1), BM-PDX CSF-1 P3, and F2-7 cell-line compared to F2-7 BM-PDX-P5.
(A) Unsupervised hierarchical clustering of samples using the 500 most variable genes across all samples. (B) Normalized expression (log 2) plots of clinically relevant
genes (ESR1, EGFR, PGR, ERBB2, NTRK2, KRT5). Differential expression was calculated using cufflinks (cuffdiff), and hierarchical clustering was performed in R.

implantation originated from TN and HER2* tumors, and 6 of
8 established BM-PDXs were from TN and ER"HER2* subtypes.
Similarly, BM-PDXs from ER* patients (who show the lowest
incidence of BMs) (39) showed the slowest progression when
implanted as xenografts (Figure 1B), despite the fact that mice
were supplemented with estradiol. Of clinical importance, two
specimens had prior history of TNBC but their brain metastasis
were reclassified as HER2* by either immunohistochemistry or
FISH. This is in agreement with recent reports of ERBB3/HER2
amplifications and mutations in breast cancer brain metastasis
that are absent in primary tumors (40). This also highlights how
changes in cancer cells occurring within the brain microenviron-
ment modify tumor progression and impact their therapeutic
alternatives.

Our BM-PDXs share characteristics of PDX models derived
from primary tumors and other cancers. For example, our engraft-
ment rate of 57.3% was similar to rates reported for engraftment
of brain metastases from lung cancer (41). We also observed that
the in vivo tumorigenic potential of patient-derived cancer cells
was correlated with worse clinical outcome of patients. This is
consistent with the idea that more aggressive/proliferating tumors
are more likely to engraft as PDXs (24, 35). Unfortunately, these
data also suggest that the potential use of personalized BM-PDX
to test drug responses and guide clinical treatment, will not be
feasible given the extremely short survival of those brain meta-
static patients whose tumors grew as BM-PDXs (Figure 1C).

Similar to other studies, once established as PDXs, tumor cells
appear to gain the ability to grow in vivo (22, 35), as demonstrated
by the shorter time for BM-PDXs to develop into palpable tumors

(Figures 1D,E). While no apparent gain or loss of critical cell mak-
ers were observed between donor and TN and ER"HER2*BM-
PDXs (Figures 2 and 5), it is possible that the increased growth
rate represents differences in the initial number of cancer cells
that proliferated to give rise to a PDX, rather than the selection of
a subset of rapidly proliferating tumor cells. While we observed
a high proportion of cells expressing the basal marker CK5 (a
marker associated with a stem-like phenotype in breast cancer)
(32,42, 43), we did not observe enrichment of CK5* after passag-
ing or cell dissociation, which could be interpreted as a selection
of a more aggressive tumor clone. However, only genetic tracing
of clonal populations within the tumors would allows to answer
this question definitively. Our RNA sequencing data showing
conserved expression of critical genes after PDX-cell dissociation
(Figure 5) suggests that BM-PDXs can be manipulated in vitro
(i.e., using CRISPR-cas9). This opens the window to use PDXs in
mechanistic studies previously limited to cell line models.
Despite being expanded in the mammary fat pad, our
BM-PDXs remain capable of colonizing the brain at high fre-
quencies, suggesting that passaging tumors in the mouse does
not decrease their brain metastatic potential. While the incidence
of MRI-detectable metastases and micrometastases after ic injec-
tion were only measured in a cohort of mice injected with the
E22-1 BM-PDXs, ongoing experiments in our laboratory suggest
that this finding can be extended to the F2-7 cell line and G3-5
BM-PDXs (not shown). Importantly, brain metastases from
E22-1 BM-PDX elicit astroglia activation (marked by expression
of GFAP* astrocytes) and brain metastatic outgrowth around ves-
sels in the brain parenchyma. Therefore, experimental metastases
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E22-1 were injected intracardially in female NSG mice (n = 8). Representative T2-weigthed rapid acquisition with relaxation enhancement (RARE) magnetic
resonance imaging (MRI) image shows large metastases in 4/10 mice, 8 weeks after injection (top panel). Lower panel shows large and multiple metastases brain
metastases in one mouse at 13 weeks postinjection. The summed diameter of all metastases in this mouse was 3.7 mm. (B) Median number of micrometastases
per mouse, counted in six brain sections, 300 um apart. (C) H&E staining shows micrometastasis in brain section from mice injected with E22-1 BM-PDX.

(D) Double immunofluorescence staining shows metastatic E22-1 cells (Pan-cytokeratin, PanCK, green) surrounded by reactive astrocytes (GFAP+, red) (20x).

(E) Double immunofluorescence staining shows PanCK*E22-1 cells outside of blood vessels (Col-1V) (20x).

with BM-PDXs recapitulate interactions with the brain micro-
environment recognized as critical for brain metastatic success.
Since we can genetically manipulate BM-PDXs dissociated cells
or our F2-7 cell line, these novel models are now available to
mechanistically assess how diverse breast tumors subtypes adapt
to the brain microenvironment. More importantly, since PDXs
show a slower progression rate than cell lines, these models are
better suited for preclinical testing of drugs in a therapeutic
setting, a task difficult to achieve in models where mice become
moribund 3-4 weeks after injection.

It has been shown that breast cancer PDXs from primary
tumors can colonize the brain if injected ic, suggesting that
the intrinsic ability of tumor cells to colonize multiple organs
is present in all PDXs regardless of site of origin. While our

results indicate that BM-PDXs retain brain tropism, we observed
spontaneous metastases of BM-PDXs from the orthotopic site
to nearby vessels (Figure 4B) and in a few cases, metastases to
bone and lungs after ic injection of BM-PDXs dissociated cells
(not shown). This suggests, that similar to brain-homing cell lines
and other PDXs, BM-PDXs maintain their ability to disseminate
and colonize multiple metastatic sites (44). This also implies that
ic injection of BM-PDXs might result in “undesired” metastases
to other organs, which will limit our ability to measure brain-
metastases-associated survival in these models. Recently, brain-
metastatic PDX from lung cancer (41), melanoma (45) and HER2*
breast cancer (46) were developed by direct intracranial injection
of tumor samples in the brains of mouse or rats. Therefore,
direct injection of dissociated cells from BM-PDXs might be an
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FIGURE 7 | Diagram of procedures used to develop brain-metastases-
patient-derived xenografts (BM-PDXs) in this study.

alternative to induce a high frequency of brain metastases while
minimizing the confounding effects of peripheral metastases in
therapeutic studies. However, direct injection of cancer cells in
the brain bypasses critical stages of brain metastastic colonization
(hematogenous dissemination, intravasation, neuroinflamma-
tory response, growth around vessels), which are hallmarks of
breast cancer brain metastases. Intracarotid artery injection of
cancer cells is a suitable alternative to ic injection for the produc-
tion of brain-only metastasis-bearing mice with similar growth
rates and mortality (47). Thus, we propose that intracarotid artery
delivery of F2-7 cell line or BM-PDXs dissociated cells will enable
the use of these heterogeneous models of brain metastatic breast
cancer in mechanistic studies relevant to the pathophysiology of
brain metastases, as well as to testing drug efficacy in preventive
and therapeutic settings.

In conclusion, we developed and characterized eight novel
PDX from breast cancer brain metastases from ER*, HER2*, and
TN subtypes, derived a matching cell line from one TN BM-PDX
and demonstrated their brain metastatic potential. While all
animal models harbor advantages and limitations, these novel
BM-PDXs represent clinically relevant models that can be used to
study how the heterogeneity of cancer cells affects brain coloniza-
tion as well as for validation of therapies.
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Brain metastasis is a common complication of cancer patients and is associated with
poor survival. Histological data from patients with brain metastases suggest that microglia
are the major immune population activated around the metastatic foci. Microglia and mac-
rophages have the ability to polarize to different phenotypes and to exert both tumorigenic
and cytotoxic effects. However, the role of microglia/macrophages during the early stages
of metastatic growth in the brain has not yet been determined. The aim of this study
was to profile microglial/macrophage activation in a mouse model of breast cancer brain
metastasis during the early stages of tumor growth, and to assess the role of the anti-in-
flammatory microglial/macrophage population, specifically, during this phase. Following
intracerebral injection of 5 x 10° 4T1-GFP mammary carcinoma cells into female BALB/c
mice, robust microglial/macrophage activation around the 4T1 metastatic foci was evident
throughout the time-course studied (28 days) and correlated positively with tumor volume
(R?=0.67). Populations of classically (proinflammatory) and alternatively (anti-inflammatory)
activated microglia/macrophages were identified immunohistochemically by expression of
either induced nitric oxide synthase/cyclooxygenase 2 or mannose receptor 1/arginase
1, respectively. Temporally, levels of both pro- and anti-inflammatory cells were broadly
stable across the time-course. Subsequently, selective depletion of the anti-inflammatory
microglia/macrophage population by intracerebral injection of mannosylated clodronate
liposomes significantly reduced metastatic tumor burden (o < 0.01). Moreover, increased
levels of apoptosis were associated with tumors in clodronate liposome treated animals
compared to controls (p < 0.05). These findings suggest that microglia/macrophages are
important effectors of the inflammatory response in the early stages of brain metastasis,
and that targeting the anti-inflammatory microglial/macrophage population may offer an
effective new therapeutic avenue for patients with brain metastases.

Keywords: microglia, macrophages, brain metastasis, anti-inflammatory, mouse models

INTRODUCTION

Brain metastasis is a common complication in cancer. It is estimated that 20-40% of cancer
patients will develop metastases in the brain; this percentage is increasing due to better control
of the systemic disease and improved diagnosis. Current treatment options include radiotherapy
and surgical resection, while conventional chemotherapy is often offered as adjuvant therapy and
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is beneficial when used early in the course of the disease (1, 2).
Nevertheless, brain metastasis is associated with poor survival
even after whole-brain radiotherapy (3). Thus, a better under-
standing of the molecular and cellular mechanisms governing
the early stages of metastasis development within the brain could
provide new targets for therapeutic intervention with the aim of
developing multidisciplinary approaches to better manage the
disease.

The CNS resident macrophages, microglia, appear to be
important components of the immune response to metastatic
growth in the brain. Clustering of microglial cells around
metastatic tumors has been described for both experimental and
human brain metastases (4-6). Moreover, histological analysis
of autopsy samples from patients with brain metastases sug-
gests that microglia are the major immune population activated
around the metastatic foci. HLA-DR* microglia/macrophages
infiltrate the intracranial metastatic lesions in the cases of breast,
melanoma, small cell lung, and non-small cell lung cancers (5).
The histological study of another cohort of patients with breast
cancer brain metastasis revealed the presence and close asso-
ciation of CD68* microglia/macrophages with GFAP expressing
astrocytes between clusters of carcinoma cells (7). In contrast,
low numbers of scattered B and T lymphocytes were associated
with human brain metastases (5), and minimal neutrophil
infiltration of brain metastases in the mouse 4T1 mammary
carcinoma model has been reported (8).

In recent years, it has been established that microglia, such as
macrophages, are versatile cells of the adaptive immune response,
which have the ability to express distinct functional programs
depending on stimuli from the local microenvironment (9).
Microglia can polarize to either a “classical” proinflammatory
phenotype, characterized by increased levels of proinflammatory
cytokines, induced nitric oxide synthase (iNOS), and the ability
to elicit a T cell immune response against neoplastic cells, or to
an “alternative” anti-inflammatory phenotype, which promotes
angiogenesis and tumor growth. It is now recognized, however,
that in fact a spectrum of inflammatory macrophage phenotypes
exist and that the historical bipolar classification is an oversim-
plification (10). Interestingly, glioma-infiltrating microglia have
been shown to acquire a predominantly anti-inflammatory phe-
notype, which possibly accounts for their immunosuppressive
effect (11). In experimental gliomas, tumor infiltrating microglia
and macrophages upregulate their anti-inflammatory molecular
signatures; notably arginase 1 (Argl), transforming growth factor
f, matrix metalloprotease 2, and interleukin 10 (IL-10) (12, 13).
However, the role and phenotype of microglia in the early stages
of metastatic outgrowth within the brain, i.e., once the tumor
cells have already extravasated across the endothelium, has not
yet been determined.

In systemic tumors, the growth promoting properties of
tumor-associated macrophages (TAMs) is now well established,
and recent efforts have focused either on targeting their recruit-
ment and proliferation, or on re-educating them toward tumor
rejection. Notably, small-molecule inhibitors of two important
signaling axes, CSF-1/CSF-1R and CCL2/CCR2, are undergoing
clinical trials for breast and other types of solid cancers (14-16).
Given the emerging functional and phenotypic heterogeneity of

TAMs, novel approaches to target trophic subsets of macrophages
and microglia in a cancer specific context may improve existing
regimes of chemotherapy and radiotherapy and enhance person-
alized treatments (15).

Based on the above, the initial aim of the current study was
to determine the temporal and spatial profile of microglial/
macrophage activation in a mouse model of breast cancer
brain metastasis, with the overall goal of elucidating their role
in promoting or suppressing tumor growth. Subsequently, the
effect of selectively depleting the anti-inflammatory microglial/
macrophage population, which may be expected to be tumor pro-
moting, was assessed in vivo as a potential therapeutic approach
for brain metastasis.

MATERIALS AND METHODS

Brain Metastasis Model
All animal procedures were carried out in accordance with the
UK Animals (Scientific Procedures) Act 1986 and with the University
of Oxford (Clinical Medicine) Ethical Committee approval.
Female BALB/c mice, 6-9 weeks old (Charles River Labora-
tories, Kent, UK) were anesthetized with 3-4% isoflurane in
70:30% N,O:0,, placed on a stereotactic frame and anesthesia
maintained with 2% isoflurane. Using a finely drawn glass
microcapillary, 70 pm diameter tip, 5 X 10° syngeneic mouse
mammary carcinoma 4T1-GFP cells were stereotactically
injected into the left striatum, through a burr hole in the skull,
in 0.5 pl PBS (coordinates + 0.5mm/1.9 mm lateral relative to
bregma, 2.8 mm deep). Following injection, the scalp incision
was sutured and animals allowed to recover from anesthesia.
Animals were transcardially perfusion-fixed on days 7, 10, 14,
21, or 28 after 4T1-GFP cell injection under terminal anesthesia
using 0.9% heparinised saline followed by PLPyg fixative (75 mM
L-lysine monohydrochloride, 10 mM Na,HPO,, 2% w/v PFA,
1 mM sodium metaperiodate in phosphate buffer, 0.025% w/v
glutaraldehyde, pH 7.2). Brains were excised, cryoprotected in
30% w/v sucrose, embedded in OCT and frozen in isopentane
at —80°C. Intracerebral injections of vehicle (sterile PBS) were
performed as above in control animals.

CNS Inflammation Model

An anti-inflammatory model of CNS inflammation was induced
by intracerebral microinjection of 100 ng murine recombinant
interleukin-4 (IL-4; Peprotech, UK) in 0.5 pl sterile Milli-Q
H,O using a 50 um tipped glass microcapillary (coordi-
nates + 0.5/1.9 mm lateral relative to bregma, 2.8 mm deep).
Animals were sacrificed at 6, 24, 48, or 72 h after cytokine injec-
tion by transcardial perfusion-fixation, as described above for the
brain metastasis model.

Microglia/Macrophage Depletion Studies

Mannosylated control (PBS) or clodronate (10 mg/ml)
liposomes (Encapsula Nanosciences, USA) in PBS were gently
rocked to yield a homogeneous suspension before intracerebral
injection using a 50 pm tipped glass microcapillary. Using the
IL-4 model of neuroinflammation above, control or clodronate
liposomes (0.5 pl) were intracerebrally injected 24 h after
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intracerebral injection of IL-4 (schematic in Figure SI1A in
Supplementary Material) at the same coordinates. Mice were
transcardially perfusion-fixed 48 h after liposome injection, as
described above. Subsequently, mice injected intracerebrally
with 4T1-GFP cells (as above) were injected intracerebrally
with control or clodronate liposomes (0.5 pl) 12 days later
(schematic in Figure S1B in Supplementary Material) at the
same coordinates. Animals were transcardially perfusion-fixed
3, 9, or 16 days after liposome injection. Two further control
groups of metastasis bearing mice were injected intracerebrally
with either 0.5 pl PBS or 0.5 pg of dichloromethylenediphos-
phonic acid disodium salt (clodronate salt; CH,OsCl:Na,P2;
Sigma-Aldrich, UK) in 0.5 pl Milli-Q H0 (pH 7).

Immunohistochemistry

Immunohistochemistry was performed on 10 um thick tissue
sectionsmounted on glassslides (Superfrost Plus, Menzel Glazer,
Braunschweig, Germany). Initially, slides were allowed to come
to room temperature before rehydration in PBS (Thermo Fisher
Scientific, UK; pH 7.4). When necessary, antigen retrieval was
performed using sodium citrate buffer containing 0.1% Tween
20 (pH 6.0). Tissue was permeabilized in PBS containing 0.05%
Tween 20 and endogenous peroxidases were quenched in 1%
(v/v) hydrogen peroxide (30% w/w) (Sigma, Aldrich) in metha-
nol. Brain sections were blocked for non-specific antibody
binding in 10% serum (in PBS) for an hour and incubated over-
night at 4°C with primary antibodies (1% serum in PBS): anti-
Ibal (Abcam ab5076), anti-iNOS (M-19) (SantaCruz sc650),
anti-Argl (Novus Biologicals NBP1-54621), anti-MRC1 (AbD
Serotec MCA2235), anti-COX2 (Abcam ab15191), anti-CC3
(Asp175) (Cell Signaling Technology 9661), and anti-CD31
(R&D AF3628). After rinsing in PBS, tissue sections were
incubated with appropriate secondary antibodies (Vector Labs,
CA, USA) for an hour: biotinylated horse anti-goat IgG, bioti-
nylated goat anti-rabbit IgG, biotinylated rabbit anti-rat (mouse
absorbed) IgG. This step was followed by incubation with the
avidin/biotin complex-horseradish peroxidase (HRP) system
(VECTASTAIN Elite ABC Kit Standard, Vector Laboratories,
CA, USA). Peroxidase was detected using 3,3’-diaminoben-
zidine (DAB) and tissue was counterstained with 0.5% cresyl
violet. Tissue was dehydrated using increasing concentration
of ethanol, cleared in xylene and mounted in DPX mountant
(Fisher Scientific, UK). Immunostained slides were imaged
on ScanScope CS slide scanner (Aperio, Vista, CA, USA) and
analyzed using ImageScope (Aperio, USA).

Quantitative analysis of the volumes of metastatic areas and
microglial/macrophage infiltration was performed by manual
demarcation of the areas of interest on brain sections 50 pm apart
spanning the metastatic lesions: tumors were defined as cresyl
violet-positive foci and microglial/macrophage infiltration area
by the outer limit of reactive Ibal* cells. Quantitation of DAB
for inflammatory markers was performed using the Positive Pixel
Count Algorithm (Aperio, USA) and converted to area (pm?) of
immunostaining. Positive and strong positive pixels within the
areas of interest were included for the analysis. In the IL-4 in vivo
study, numbers of Ibal* cells were quantified across different
fields of view from multiple sections, as specified.

Image Coregistration

An in-house Matlab/Image] based approach to coregister
immunostains on sequential sections was developed. 10 pm
thick sequential brain sections from mice bearing 4T1-GFP
metastases were stained for different biomarkers: Ibal for
microglia/macrophage; iNOS and COX2 for proinflammatory
phenotype; Argl and MRC1 for anti-inflammatory phenotype
and counterstained with cresyl violet. Sequential IHC images
were coregistered by choosing landmark points that correspond
to the same areas on both images based on metastatic lesion and
brain morphology (corpus callosum, ventricle). Coregistered
images were subsequently thresholded by color to extract maps
of the different stains and merged into a single overlap map. The
overlap maps show colocalization of Ibal with either polarization
marker in white, and immunostained pixels for the polarization
markers that did not colocalize with Ibal pixels on the sequential
section in red. The white pixels (double labeling) corresponded
to the immunostained object for the polarization markers, rather
the microglia/macrophage marker, to yield a percentage of Ibal-
positive pixels that were positive for each of the polarization
markers.

Immunofluorescence

Immunofluorescent detection of antigens was performed on
10-20 um thick tissue sections mounted on glass slides (Superfrost
Plus, Menzel Gldzer, Braunschweig, Germany). Tissue was per-
meabilized with PBS Tween 20 (0.05%), endogenous peroxidase
activity was quenched in 1% H,O, in PBS and endogenous biotin
was blocked using the streptavidin/biotin blocking kit (Vector
Laboratories, CA, USA). Tissue was blocked in TNB buffer
(PerkinElmer, UK) for 1 h and primary antibodies were applied
overnight at 4°C: anti-Ibal (Abcam ab5076), anti-iNOS (M-20)
(sc651), anti-Argl(H-52 s¢20150), anti-MRC1 (AbD MCA2235),
anti-CC3 (Asp175) (CST 9661), and anti-GFP (Abcam ab13970).
Next day, sections were washed in PBS and incubated with the
appropriate fluorophore conjugated secondary antibodies for an
hour: anti-goat TexasRed or antigoat DyLight 594 (Vector Labs,
CA, USA), anti-rabbit TexasRed (Vector Labs, CA, USA), and
anti-chicken CFTM488A (Sigma-Aldrich, UK). Alternatively,
biotinylated secondary antibodies were applied on sections for
1 h followed by streptavidin-conjugated fluorophores (AMCA or
Dylight 488) (Vector Labs, CA, USA) for an additional hour. iNOS
and Argl signals were amplified using the TSA Biotin System
(PerkinElmer LAS, UK). Briefly, after the incubation with anti-
rabbit biotinylated secondary antibody, streptavidin—-HRP (1:200
in TNB buffer) was applied to the tissue for 30 min followed by a
10 min incubation with biotinylated TSA (1:100 in amplification
buffer). Streptavidin-conjugated AMCA was used as the final step
for the amplification protocol.

A colocalization analysis was performed between the
anti-inflammatory marker MRCI and Ibal using an in-house
Image] plugin. The parameters measured by the plugin were
the percentage area of marker A’s signal that is above a user set
threshold, the percentage area of marker B’s signal that is above
a user set threshold, the percentage area of the image where
both markers are above the user set threshold (the colocalized
image area), and the percentage of each marker’s signal that
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has overlaps with the colocalized image area. The plugin also
calculated the Pearson’s correlation coefficient and the Mander’s
overlap coefficient.

Immunofluorescent staining was also performed on cells grown
on coverslips and treated appropriately (see below). Cells were
fixed in 4% PFA (in PBS, pH 7.2) for 10 min and washed in PBS
twice. Cells were permeabilized with PBS Tween 20 (0.05%) and
blocked for endogenous biotin using the streptavidin/biotin
blocking kit (Vector Laboratories, CA, USA). Subsequently,
cells were incubated with TNB buffer (PerkinElmer) for 1 h in
a humidified chamber to block non-specific antibody binding.
Appropriate primary antibodies were applied to the cells over-
night at 4°C: anti-rat MRC1 (AbD MCA2235), anti-mouse F4/80
Biotin (eBioscience, 13-4801-81), anti-iNOS (M-20) (sc651).
Next day, cells were washed in PBS and appropriate fluorophore-
conjugated fluorophores (anti-rat Texas Red, anti-rabbit Texas
Red, streptavidin-conjugated Dylight 488) were applied to the
cells for 1 h at room temperature. Cell nuclei were counterstain
with DAPI (Vector Laboratories, CA, USA).

In Vitro Experiments
All cell lines used were routinely grown in DMEM (Invitrogen,
UK) supplemented with 10% fetal bovine serum (Labtech,
International, UK) and 1% L-glutamine (PAA, UK). Equal num-
bers of BV2 microglia or RAW 264.7 macrophages were seeded
onto 12- or 96-well plates (Greiner Bio-one, CellStar). Cells were
treated with 100 ng/ml LPS (E. coli derived, 0111:B4) (Sigma-
Aldrich, UK) or 20 ng/ml murine recombinant IL-4 (Peprotech,
UK) in DMEM for polarization to the pro- or anti-inflammatory
phenotypes, respectively, or left untreated for the unpolarized
control phenotype. At the end of the experiment, cells were fixed
in 4% PFA (in PBS, pH 7.2) for immunofluorescence staining.
4T1-GFP, BV2, and RAW 264.7 cells were seeded onto
96-well plates and when cell confluency reached 60-70%, cells
were treated with mannosylated control (PBS) or clodronate
(10 mg/ml) liposomes (Encapsula Nanosciences, USA) diluted
1:50 or 1:100 in culture medium for 24 h. Alternatively, BV2
and RAW 264.7 cells seeded onto 96-well plates were treated
with IL-4 (20 ng/ml) or LPS (100 ng/ml) for polarization when
cell confluency reached 40-50%. 24 h after treatment with the
polarizing agents, cells were treated with mannosylated control
or clodronate liposomes diluted 1:50 in culture medium for 24 h.
At the end of the experiment cells were subjected to the MTT
viability assay.

MTT Cell Viability Assay

BV2, RAW 264.7, and 4T1-GFP cells treated as above were
subjected to an MTT assay (CellTiter 96® Non-Radioactive Cell
Proliferation Assay; Promega, UK) according to the manufac-
turer’s instructions. Briefly, 15 pl of MTT dye solution was added
per well in the dark. Plates were incubated at 37°C in a humidified,
5% CO, atmosphere for 3-4 h, depending on the cell line. After
the development of the violet formazan product, 100 ul of solu-
bilization/stop solution was added per well and plates were left
shaking on a platform for 1 h at room temperature. Absorbance
was recorded at 570 nm wavelength using a 96-well plate reader
(Tecan Infinite® Pro, Switzerland).

Statistics

For assessment of microglial/macrophage activation over time
and colocalization of pro- and anti-inflammatory markers one-
way ANOVA was used, with post hoc Tukey’s or Newman-Keuls
multiple comparison tests. For in vitro assessment of liposome
effects one-way ANOVA with post hoc Dunnetts multiple
comparison tests were used to determine significant differences
between groups. For the in vivo microglia/macrophage depletion
studies two tailed unpaired ¢-tests were used to determine differ-
ences between groups.

RESULTS

Microglial/Macrophage Infiltration in
4T1-GFP Brain Metastases

The spatial and temporal profile of microglial/macrophage
infiltration in the early stages of metastatic growth in the brain
was assessed in the intracerebral syngeneic 4T1-GFP model.
Ibal* macrophages/microglia were found in close vicinity to the
metastatic foci, as well as in the wider tumor microenvironment
(Figure 1A). Qualitatively, sustained microglial/macrophage
infiltration of the 4T1-GFP metastatic foci was observed atall time
points throughout the 28-day study (Figure 1B). Both ramified
and amoeboid Ibal positively stained cells were identified, with
amoeboid cells that could be either microglia or perivascular
macrophages (17) mostly associated closely with the 4T1-GFP
foci, while ramified microglia were found both close to the tumor
foci and further away in the broader tumor microenvironment
(Figure 1A). Quantitatively, microglial/macrophage infiltration
increased significantly over time as intracranial tumor volume
increased (ANOVA p < 0.001; Figure 1C) and a strong posi-
tive correlation was evident between the Ibal immunostained
area and the volume of the 4T1-GFP metastases (R*> = 0.671;
Figure 1D).

Pro- and Anti-inflammatory Microglia/

Macrophages in the Metastatic Brain

Since it is well established that microglia and macrophages
can exert different functions in the tumor microenvironment
depending on their molecular phenotype, the polarization state
of microglia/macrophages infiltrating the 4T1-GFP metastatic
foci was investigated. Both proinflammatory (iNOS and COX2)
and anti-inflammatory (MRC1 and Argl) phenotype mark-
ers were expressed in the metastatic brain at all time-points
(Figure 2A). All four markers were specifically upregulated
in response to brain metastasis, as indicated by the negligible
expression in ipsilateral and contralateral hemispheres of
mice injected intracranially with PBS as control (Figure S2 in
Supplementary Material).

Double immunofluorescence was employed to specifically
identify Ibal* cells bearing a pro- or anti-inflammatory pheno-
type; iNOS was used as the prototype marker for the proinflamma-
tory phenotype, whilst Argl was used for the anti-inflammatory
phenotype (Figure 2B). Both pro- and anti-inflammatory micro-
glia/macrophages were evident in close vicinity to the 4T1-GFP
metastatic foci at all time-points after intracerebral injection of
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FIGURE 1 | (A) Iba1* microglia/macrophages (brown) are detected in close association with the tumor foci (i) and within the broader tumor microenvironment

(iii) in the 4T1-GFP metastatic brains, as shown by a representative image of a brain section (counterstained with cresyl violet) at day 7 after intracerebral injection of
5 x 10° 4T1-GFP cells. (B) Representative immunohistochemical images showing increased expression of Ibal at days 7, 10, 14, 21, and 28 after intracerebral
injection of 5 x 10° 4T1-GFP cells compared to intracerebral PBS injection (d7). (C) Quantitation of the Iba1* immunostained area in the metastatic brain showed a
significant increase over time (n = 4-6 per group). o < 0.01, **p < 0.001; one-way ANOVA with Tukey’s multiple comparison test. (D) Pearson correlation plot of
microglial/macrophage infiltration (Iba1+) area against tumor volume (cresyl violet foci) revealed a strong positive correlation (R?> = 0.671). Scale bars 100 pm

the tumor cells. Argl and iNOS were also expressed to some  polarized microglia/macrophages during the early stages of brain
extent by other cells in the tumor microenvironment (Figure 2B).  metastasis was analyzed (Figure 3). Proinflammatory microglia/

Using the sequential section coregistration approach in  macrophageswereidentifiedasiNOS*Ibal* or COX2*Ibal* cells,
Matlab (Figure S3A), the spatiotemporal expression of differently ~ and anti-inflammatory microglia/macrophages as MRC1*Ibal*
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FIGURE 2 | (A) Immunohistochemical detection (brown stain) of the
proinflammatory markers induced nitric oxide synthase (INOS) and
cyclooxygenase 2, and the anti-inflammatory markers mannose receptor 1
and arginase 1 (Arg1) at days 7, 10, 14, and 21 after intracerebral injection of
5 x 10° 4T1-GFP cells (sections counterstained with cresyl violet). (B)
Detection of pro- and anti-inflammatory microglia/macrophages in the
metastatic brain by immunofluorescent colocalization of lbal with either INOS
(top panel) or Arg1 (bottom panel) at days 7, 14, and 21 after intracerebral
injection of 5 x 10° 4T1-GFP cells. Arrows show areas of colocalization,
which are magnified in the insets. Scale bars 20 pm (A), 50 um (B), or 25 pm
[(B) insets].

or Argl*Ibal* cells. As for the double immunofluorescence,
populations of both pro- and anti-inflammatory cells were found
in close association with the tumor foci at days 7, 10, 14, and
21 after intracerebral injection of 4T1-GFP cells (Figure 3A).
Quantitation of the colocalization of each marker with Ibal as
a percentage of the microglial/macrophage activation area, on
representative sections from the central section of the 4T1-GFP
tumors, revealed no significant differences in each phenotype
over time. However, all of the markers appeared to show a trend
toward a decrease in colocalization from day 7 to day 10 fol-
lowed by an increase at days 14 and 21, with the exception of

MRCI1, which appeared to drop again at day 21 (Figures S3B-E
in Supplementary Material). The strongest expression of both
pro- and anti-inflammatory markers was evident at the core
of the metastatic region, in close association with the tumor
foci, compared to the broader tumor microenvironment. Thus,
further quantitative analysis of the regions circumscribed by
the tumor foci alone was performed (Figure 3B) and showed
a significant increase in iNOS* microglia/macrophages at
day 21 compared to all other time-points (ANOVA p < 0.01;
Figure 3B). Similar trends toward increased COX2* and Argl*
microglia/macrophages at day 21 were also seen, but these did
not reach significance (Figure 3B). Moreover, when data for the
two proinflammatory markers (iNOS and COX2) and the two
anti-inflammatory markers (MRC1 and Argl) were normalized
to their respective day 7 values and combined, both pro- and
anti-inflammatory microglial/macrophage populations showed
a significant increase over time: Pearson correlations r = 0.49,
p < 0.01 for iNOS and COX2 combined; r = 0.40, p < 0.05 for
MRC and Argl combined.

Effect of Mannosylated Clodronate

Liposomes on Cell Viability In Vitro

Treatment of either the BV2 microglial cells, or RAW 264.7
macrophages with mannosylated control liposomes con-
ferred no significant changes in cell viability (Figures 4A,B).
In contrast, a statistically significant decrease in cell viability
was observed for both cell lines after 24 h of treatment with
mannosylated clodronate liposomes (1:50), compared to either
untreated cells or cells treated with control liposomes (ANOVA
p < 0.001; Figures 4A,B). No difference in effect was observed
between treatment with 1:50 and 1:100 dilutions of clodronate
liposomes (Figures S4A,B in Supplementary Material). 4T1-GFP
mammary carcinoma cells do not express the mannose receptor
MRCI (Figure S4C in Supplementary Material) and, as expected,
treatment with mannosylated clodronate liposomes at both
concentrations (1:50 and 1:100 dilution) did not affect viability
of 4T1-GFP cells (Figure S4D in Supplementary Material).

The specificity of the mannosylated liposomes for polarized
microglial cells and macrophages was also investigated, by
treatment of BV2 and RAW 264.7 cells with either LPS or IL-4
to induce a pro- or anti-inflammatory phenotype, respectively.
As expected, iNOS was induced following LPS treatment and
IL4 treatment led to a significant increase in MRCI1 expres-
sion compared to no treatment or LPS treatment (unpaired
t-test, p < 0.001) (Figures S5A,B in Supplementary Material).
Both BV2 and RAW 264.7 cells treated with IL-4, to induce an
anti-inflammatory phenotype, showed a significant decrease
in cell viability upon treatment with mannosylated clodronate
liposomes for 24 h (ANOVA p < 0.01; Figures 4A,B, blue bars).
In contrast, the reduction in cell viability seen in BV2 and
RAW 264.7 cells treated with LPS, to induce a proinflammatory
phenotype, following incubation with mannosylated clodronate
liposomes was not significant (Figures 4A,B; green bars). Thus,
the effect of the clodronate liposomes observed in unstimulated
cells appeared to be partially reversed in those polarized toward
a proinflammatory phenotype.
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Tukey’s multiple comparison test). Scale bar 50 pm.

FIGURE 3 | (A) Matlab generated images of iNOS*, COX2+, MRC1+, or Arg1* microglia/macrophages (Ibai*) at days 7, 10, 14, and 21 after intracerebral injection of
5 x 10° 4T1-GFP cells. White = colocalized pixels, blue = tumor cells, and red = inflammatory markers. (B) Quantitative analysis of colocalized pixels for pro- and
anti-inflammatory markers with lba1 within the tumor area only, normalized to tumor area (n = 3-6 per time point; “o < 0.05, **p < 0.01; one-way ANOVA with

Co-localisation of marker with Ibal within tumour area/tumour area

Depletion of MRC1+ Cells in an IL-4

Induced Neuroinflammatory Model

In order to validate the effect of mannosylated clodronate
liposomes in targeting MRC1 expressing cells in vivo, a CNS
inflammation model of anti-inflammatory cell polarization
was employed as a proof-of-principle experiment. IL-4 injected
intracerebrally into the left striatum induced a robust anti-
inflammatory microglial/macrophage response, as indicated by a
significant (ANOVA p < 0.001) increase in the number of Ibal*
cells compared to the contralateral hemisphere (n = 3 per group,
nine fields of view across three sections per animal; Figure 5A)
and upregulation of MRC1 expression (n = 3 per group, nine
sections per animal 50 um apart; Figures 5B,C). Ibal activation
and MRCI1 upregulation showed similar temporal and spatial
changes across the time-course, reaching a peak at 48 h after
IL-4 injection (Figures 5A,B). On this basis, the efficiency of
MRCI1* cell depletion in vivo using the mannosylated clodronate
liposomes was assessed in IL-4 challenged brains; control or
clodronate liposomes were intracerebrally injected 24 h after
intracerebral injection of IL-4. Immunohistochemically, a

significant decrease (ca. 60%; unpaired t-test p < 0.05) in MRC1
expression was observed 48 h after injection with mannosylated
clodronate liposomes compared to mice injected with control
liposomes (1 = 3 per group, nine sections per animal 50 pm apart;
Figures 5D,E).

Depletion of MRC1+ Cells in the Metastatic
4T1-GFP Brain

Since the percentage of MRCI1* microglia/macrophage in
the metastatic brain was greatest at day 14 (Figure S3D in
Supplementary Material), liposomes were administered 12 days
after 4T1-GFP injection to deplete this cell population. Three
days after intracerebral injection of mannosylated clodronate
liposomes in the metastatic brain, a decrease in MRC1 expression
around the tumor foci was observed (Figure 6A), which was sta-
tistically significant (unpaired ¢-test p < 0.05) compared to control
liposome injected mice (n = 4 per group; Figure 6B). Depletion
of MRCI1* microglia/macrophages in the 4T1-GFP metastatic
brain was also qualitatively demonstrated by double immuno-
fluorescence (Figure 6C). Quantitation of the colocalization of
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FIGURE 4 | Formazan absorbance as a measure of viability of non-polarized (black bars) or polarized (blue and green bars) BV2 (A) and RAW 264.7 (B) cells
treated with mannosylated control or clodronate liposomes (1:50) for 24 h. Polarization of cells was achieved by treatment with either 20 ng/ml interleukin 4 (IL-4,
anti-inflammatory) or 100 ng/ml LPS (proinflammatory) 24 h prior to the liposome treatment (n = 3, *p < 0.05, **p < 0.01, **p < 0.001; one-way ANOVA with
Dunnett’s multiple comparison test for each polarization group). Absorbances of untreated non-polarized cells are normalized to 1.
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MRCI1 and Ibal immunostains showed a significant decrease
(unpaired t-test p < 0.05) in MRC1* microglia/macrophages in
the clodronate liposome injected brains compared to the control
liposome injected brains (n = 4 per group; Figure 6D).

Effect of MRC1 Depletion on Intracranial

Metastases

Quantitation of tumor volumes 9 days after mannosylated
clodronate liposome administration (day 21 of metastasis time-
course) showed a slight trend toward decreased tumor volume
between the control and clodronate-injected animals (Figure 7A).
However, the difference in tumor burden between the two
experimental groups became statistically significant 16 days after
liposome injection (day 28 of metastasis time-course; unpaired
t-test p < 0.01; Figure 7A). Although, microglial/macrophage
infiltration of the 4T1-GFP metastatic foci was evident in both
the control liposome and clodronate liposome injected animals,
this was greatly reduced in the clodronate liposome treated mice
(Figure 7B). As controls for the intracerebral administration of
the liposomes per se, PBS or free clodronate was intracerebrally
injected into the metastatic brain as above. No significant changes
in tumor volume were observed in either control group compared
to the mannosylated control liposome injected or untreated
4T1-GFP groups, respectively (Figures S6A,B in Supplementary
Material).

In support of the above findings, increased levels of CC3, a
biomarker for apoptotic cell death, were evident in the clodronate
liposome injected animals compared to the control liposome
injected animals (Figure 7C). Quantitation of CC3 expression in
close association with the metastatic foci revealed a significant
increase of CC3 in the clodronate liposome injected animals
compared to the control liposome injected animals at days 15
and 21 of the metastatic time-course (unpaired ¢-tests p < 0.05;
Figure 7D). This effect had subsided to some degree by day 28,
when the expression of CC3 was no longer significantly higher
in the clodronate liposome injected animals than the controls
(Figure 7D). CC3 expression was localized to GFP-positive 4T1

tumor cells in the clodronate liposome injected animals at day 21
(Figure 7E).

Given that anti-inflammatory macrophages are considered
to be proangiogenic, the vascularity of the tumors in the meta-
static brains intracerebrally injected with either mannosylated
control or mannosylated clodronate liposomes was also assessed.
The endothelial marker CD31 was immunohistochemically
detected in the brains of both control and clodronate liposome
injected mice (Figure S7A in Supplementary Material). No
significant differences in the number of CD31-positive vessels
associated with 4T1-GFP tumor foci were evident between
animals treated with either control or clodronate liposomes at
either time point (Figures S7B,C in Supplementary Material).

DISCUSSION

The inflammatory response to brain metastasis is poorly
understood. Although the homing of microglia/macrophages in
human and murine brain metastases has been reported, a more
detailed understanding of the microglial/macrophage response
to brain metastases in the early stages of development is still
lacking. Here, we have shown a sustained microglial/macrophage
infiltration of metastatic foci within the brain over an extended
early time-course (28 days) after tumor induction, which was
positively correlated with tumor burden. Although this activated
microglia/macrophage population showed both pro- and anti-
inflammatory phenotypes across the time-course, selectively
depleting the anti-inflammatory phenotype significantly reduced
metastatic burden.

Metastasis Growth and Microglial/

Macrophage Activation

Our results demonstrate a dynamic association between micro-
glia/macrophages and tumor cells during the early stages of
metastatic outgrowth in the brain. These findings are in accord
with a recent report from Rippaus et al. showing microglial
and macrophage infiltration of experimental brain metastases,
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FIGURE 5 | (A) Quantitation of Iba1+ cells in the striatum of mice injected intracerebrally with 100 ng of murine recombinant interleukin 4 (IL-4, n = 3 per group;
*p < 0.05, ™p < 0.01, **p < 0.001; one-way ANOVA with Newman-Keuls multiple comparison test for IL-4 injected hemispheres). (B) Quantitation of MRC1
expression in hemispheres injected with IL-4 (n = 3 per group). (C) Representative striatal IHC images for MRC1 expression (brown stain) in mice intracerebrally
challenged with 100 ng IL-4. (D) Representative IHC images for MRC1 expression (brown stain) from striatal areas of mice injected with 100 ng IL-4 and either
control or clodronate liposomes 24 h later. (E) Quantitation of MRC1 expression in hemispheres injected with mannosylated control or clodronate liposomes 24 h
after intracerebral injection of 100 ng IL-4 (n = 3 per group; two tailed unpaired t-test, *p < 0.05). Scale bars 50 pm.

although at a single time point after intracarotid injection of
different breast cancer cell lines (4T1, PyMT, or MDA-MB-231)
(18). Similarly, Zhai et al. have demonstrated sustained microglial
infiltration in experimental gliomas (19). Thus, the microglial/
macrophage response to malignant cells within the brain appears
to be a robust feature of the tumor microenvironment.
Phenotypic analysis of microglia/macrophages in the
metastatic brain revealed the presence of both proinflammatory
(iNOS*, COX2%) and anti-inflammatory (Argl*, MRCI1*) cells
during the early stages of metastatic outgrowth. These findings

are similar to previous flow cytometry findings from dissoci-
ated tissue bearing parenchymal 4T1 metastases where both
proinflammatory and anti-inflammatory CD11b*/CD45"&" mac-
rophages were identified (18). In that study, however, the authors
specifically assessed the polarization of circulating macrophages
recruited to the metastatic brain from the periphery. Here, we
have demonstrated that a similar polarization is evident across
the entire monocyte-derived population (resident microglia and
peripheral macrophages) found within the metastatic microen-
vironment. In the context of cancer, proinflammatory cells can
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FIGURE 6 | (A) Representative IHC images for MRC1 expression (brown stain) from striatal regions of metastatic brains three days after injection with mannosylated
control or clodronate liposomes. (B) Quantitation of MRC1 expression normalized to tumor area in brains bearing 4T1-GFP metastases 3 days after intracerebral
injection of mannosylated control or clodronate liposomes (n = 4 per group; *p < 0.05, two tailed unpaired t-test). (C) Representative immunofluorescent images of
MRC1+ microglia/macrophages in brains of mice injected with mannosylated control or clodronate liposomes. Arrows show colocalization of Iba1 and MRC1
immunostains. (D) Quantitation of colocalization of MRC1 with Iba1 three days after intracerebral injection of mannosylated liposomes (n = 4 per group; *p < 0.05,
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exert cytotoxicity whilst anti-inflammatory cells can promote
progression via their prosurvival and proangiogenic functions.
Thus, the balanced coupling of the pro- and anti-inflammatory
microglial/macrophage response during the early stages of meta-
static progression may be permissive for the establishment of
macrometastases. Although it has been shown that both pro- and
anti-inflammatory microglia/macrophages exist in the metastatic
brain, the possibility that microglia/macrophages acquire one
phenotype bearing both pro- and anti-inflammatory character-
istics cannot be excluded given that macrophage polarization
consists of a dynamic equilibrium in vivo (20, 21). In support
of this concept, a recent elegant study of human glioblastoma-
associated microglia reports a continuum between pro- and
anti-inflammatory phenotypes, a finding that further supports
the presence of myeloid cells with simultaneous pro- and anti-
inflammatory characteristics in the context of brain tumors (22).

Depletion of Anti-inflammatory

Microglia/Macrophages

In order to test the hypothesis that (primarily) anti-inflammatory
cells sustain metastatic outgrowth in the brain, mannosylated
clodronate liposomes were used to selectively deplete the
anti-inflammatory (MRC1 expressing) microglial/macrophage
population. Mannosylated clodronate liposomes bind to MRC1
and, consequently, are taken up by MRC1-expressing microglia/

macrophages and induce apoptosis within 2-3 days via clodronate-
mediated depletion of intracellular iron (23). MRC1* microglia/
macrophages have previously been successfully targeted in vivo
in a preclinical model of multiple sclerosis using intracranial
administration of mannosylated clodronate liposomes (24). This
approach was further validated here, first in vitro and secondly
in vivo. In vitro, the viability of microglia and macrophages, both
in an unpolarized and anti-inflammatory polarized (IL-4 treated)
state, was shown to be significantly reduced on incubation with
mannosylated clodronate liposomes. The response of apparently
unpolarized cells to the clodronate liposomes likely reflects the
fact that cultured microglia/macrophages are rarely in a truly
quiescent state and express MRC1 to some degree, as verified
by immunofluorescence histochemistry (Figures S4C, S5B in
Supplementary Material). This effect of clodronate liposomes
on cell viability was partially ameliorated in cells treated with
LPS, reflecting a shift toward a more proinflammatory state (also
indicated by iNOS induction in some but not all cells; Figure
S5A in Supplementary Material), and thus, a reduction in MRC1
expression. Subsequently, significant depletion of MRCI* cells
in vivo following intracerebral injection of mannosylated clo-
dronate liposomes was demonstrated in an IL-4 induced model
of neuroinflammation.

Clodronate liposomes are widely used in preclinical models
for depleting macrophages specifically, hence the potential
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FIGURE 7 | (A) Quantitation of intracranial tumor burden for mice injected intracerebrally with mannosylated control or clodronate liposomes 12 days after
intracerebral 4T1-GFP tumor cell injection (n = 5-8 per group; **p < 0.01, two tailed unpaired t-test). Time points shown are relative to 4T1-GFP cell injections.

(B) Representative immunohistochemical images for Ibal expression (brown stain) for the control and clodronate liposome injected animals at days 21 and 28 after
tumor cell injection. (C) Representative striatal immunohistochemical images for cleaved caspase 3 expression (brown stain) at days 15, 21, and 28 after
intracerebral 4T1-GFP cell injection, in mice injected with either control or clodronate liposomes at day 12. (D) Quantitation of apoptosis as indicated by CC3
expression at days 15, 21, and 28 in metastatic brains intracerebrally injected with mannosylated control or clodronate liposomes (n = 3-5 per group; “p < 0.05,
two tailed unpaired t-test). (E) Immunofluorescent images showing colocalization (arrows) of CC3 (red) with GFP+ tumor cells (green) from representative control and
clodronate liposomes injected animals at day 21 of the time-course study. Scale bars 50 ym [(B,C,E) control] or 20 um [(E) clodronate].

effect of clodronate liposomes on other phagocytic cells, such
as neutrophils or dendritic cells, was not investigated here. Data
from experimental gliomas suggest that neither neutrophil nor
dendritic cell infiltration is a robust feature of the inflammatory/
immune response in the brain under the influence of tumors
(8, 25). Moreover, it has been shown that clodronate liposome
treatment depletes monocytes, but not neutrophils, in vivo in lung
tissue (26, 27). Successful depletion of spleen F4/80* macrophages,
but not CDI11c* dendritic cells, has also been demonstrated
after intraperitoneal administration of clodronate liposomes
(28). Finally, the recruitment of blood-derived dendritic cells in
the inflamed rat brain even after depletion of macrophages by
intracerebroventricular clodronate liposome injection has been
reported (29).

Once the action of mannosylated clodronate liposomes
on anti-inflammatory polarized microglia/macrophages had
been established, mice injected intracerebrally with metastatic
4T1-GFP cells were treated with these liposomes. In these mice
intracranial tumor burden was found to be significantly reduced
compared to mice treated with the control liposomes. Since none
of the control groups, injected with (i) control liposomes, (ii) PBS,
or (iii) free clodronate, showed any reduction in tumor burden
compared to untreated metastasis bearing mice, these find-
ings suggest that depletion of MRC1* microglia/macrophages
significantly reduces metastasis growth in the brain. Increased
expression of CC3 following depletion of MRC1* microglia/mac-
rophages was strongly correlated with GFP-positive tumor cells,
indicating tumor cell apoptosis. Although some CC3-positive
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microglia/macrophages were also evident, this was to a much
lesser degree than GFP/CC3 colocalization. Moreover, it should
be noted that CC3 expression was spatially correlated with the
tumor foci, whereas microglia within the tumor microenviron-
ment were not CC3 positive. These findings support the concept
that anti-inflammatory polarized microglia/macrophages pro-
mote and sustain metastatic outgrowth in the brain.

MRC1* microglia and macrophages are associated with a
proangiogenic phenotype, and resident microglia have recently
been shown to produce potent proangiogenic factors in glioma
including vascular endothelial growth factor and CXCL2 (30).
However, unlike a previous report indicating a reduction in vessel
density in a subcutaneous mouse tumor model after treatment
with clodronate liposomes (28), no changes in vascularity in
clodronate liposome treated animals were found in the current
study. This observation suggests that this subpopulation of micro-
glia/macrophages also induce other mechanisms to support
tumor growth in the brain. For example, a recent study reported
a functional crosstalk between tumor cells and anti-inflammatory
metastasis infiltrating microglia/macrophages that is mediated by
the inflammatory molecule lymphotoxin-p (18). Alternatively,
Miron et al. observed an increase in proinflammatory cells
following MRC1* microglial depletion (24), which could also
account for the decreased intracranial tumor burden observed in
the clodronate liposome-injected animals.

In conclusion, our data indicate an active role for microglia/
macrophages in the development of brain metastases and suggest
that targeting the anti-inflammatory subpopulation or switching
these cells to a more proinflammatory phenotype may be a prom-
ising route for therapeutic intervention. Importantly, harnessing
the microglial/macrophage response to brain metastasis could
be used in combination with other frontline therapies, such as
radiotherapy, as an effective multimodal anticancer therapy (31).

REFERENCES

1. Eichler AE, Loeffler JS. Multidisciplinary management of brain metastases.
Oncologist (2007) 12(7):884-98. doi:10.1634/theoncologist.12-7-884

2. Lin X, DeAngelis LM. Treatment of brain metastases. J Clin Oncol (2015)
33(30):3475-84. doi:10.1200/JCO.2015.60.9503

3. Pease NJ, Edwards A, Moss L. Effectiveness of whole brain radiotherapy in
the treatment of brain metastases: a systematic review. Palliat Med (2005)
19(4):288-99. doi:10.1191/0269216305pm10170a

4. Lorger M, Felding-Habermann B. Capturing changes in the brain microen-
vironment during initial steps of breast cancer brain metastasis. Am J Pathol
(2010) 176(6):2958-71. doi:10.2353/ajpath.2010.090838

5. Berghoff AS, Lassmann H, Preusser M, Hoftberger R. Characterization of the
inflammatory response to solid cancer metastases in the human brain. Clin Exp
Metastasis (2013) 30(1):69-81. doi:10.1007/s10585-012-9510-4

6. O’Brien ER, Kersemans V, Tredwell M, Checa B, Serres S, Sarmiento Soto M,
et al. Glial activation in the early stages of brain metastasis: TSPO as a
diagnostic biomarker. ] Nucl Med (2014) 55(2):275-80. doi:10.2967/jnumed.
113.127449

7. Fitzgerald DP, Palmieri D, Hua E, Hargrave E, Herring JM, Qian Y, et al. Reactive
glia are recruited by highly proliferative brain metastases of breast cancer and
promote tumor cell colonization. Clin Exp Metastasis (2008) 25(7):799-810.
doi:10.1007/510585-008-9193-z

8. Granot Z, Henke E, Comen EA, King TA, Norton L, Benezra R. Tumor entrained
neutrophils inhibit seeding in the premetastatic lung. Cancer Cell (2011)
20(3):300-14. doi:10.1016/j.ccr.2011.08.012

ETHICS STATEMENT

All animal procedures were carried out in accordance with
the UK Animals (Scientific Procedures) Act 1986 and with the
University of Oxford (Clinical Medicine) Ethical Committee
approval.

AUTHOR CONTRIBUTIONS

NS and KA conceived and designed the work. All authors con-
tributed to the acquisition, analysis and/or interpretation of data
for the work. All authors contributed to drafting the work and
revising it critically for important intellectual content. All authors
approved the version to be published and agree to be accountable
for all aspects of the work.

ACKNOWLEDGMENTS

The authors thank Karla Watson, Jade Harris, and Jessica Law for
assistance with animal husbandry.

FUNDING

This work was funded by Cancer Research UK (grant number
C5255/A15935), a Cancer Research UK studentship to KA, and
a Marie Sklodowska-Curie Fellowship to VE (grant number
AMD-654985-6).

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online
at http://www.frontiersin.org/article/10.3389/fonc.2017.00251/
full#supplementary-material.

9. Saijo K, Glass CK. Microglial cell origin and phenotypes in health and disease.

Nat Rev Immunol (2011) 11(11):775-87. doi:10.1038/nri3086

10. Perry VH, Holmes C. Microglial priming in neurodegenerative disease.
Nat Rev Neurol (2014) 10(4):217-24. doi:10.1038/nrneurol.2014.38

11. Li W, Graeber MB. The molecular profile of microglia under the influence of
glioma. Neuro Oncol (2012) 14(8):958-78. doi:10.1093/neuonc/nos116

12. Gabrusiewicz K, Ellert-Miklaszewska A, Lipko M, Sielska M, Frankowska M,
Kaminska B. Characteristics of the alternative phenotype of microglia/
macrophages and its modulation in experimental gliomas. PLoS One (2011)
6(8):23902. doi:10.1371/journal.pone.0023902

13. Szulzewsky E Pelz A, Feng X, Synowitz M, Markovic D, Langmann T, et al.
Glioma-associated microglia/macrophages display an expression profile
different from M1 and M2 polarization and highly express Gpnmb and Spp1.
PL0S One (2015) 10(2):e0116644. doi:10.1371/journal.pone.0116644

14. Panni RZ, Linehan DC, DeNardo DG. Targeting tumor-infiltrating macro-
phages to combat cancer. Immunotherapy (2013) 5(10):1075-87. doi:10.2217/
imt.13.102

15. Noy R, Pollard JW. Tumor-associated macrophages: from mechanisms to
therapy. Immunity (2014) 41(1):49-61. doi:10.1016/j.immuni.2014.06.010

16. Williams CB, Yeh ES, Soloff AC. Tumor-associated macrophages: unwitting
accomplices in breast cancer malignancy. NPJ Breast Cancer (2016) 2:15025.
doi:10.1038/npjbcancer.2015.25

17. Perry VH, Teeling J. Microglia and macrophages of the central nervous
system: the contribution of microglia priming and systemic inflammation
to chronic neurodegeneration. Semin Immunopathol (2013) 35(5):601-12.
d0i:10.1007/s00281-013-0382-8

Frontiers in Oncology | www.frontiersin.org

October 2017 | Volume 7 | Article 251


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
http://www.frontiersin.org/article/10.3389/fonc.2017.00251/full#supplementary-material
http://www.frontiersin.org/article/10.3389/fonc.2017.00251/full#supplementary-material
https://doi.org/10.1634/theoncologist.12-7-884
https://doi.org/10.1200/JCO.2015.60.9503
https://doi.org/10.1191/0269216305pm1017oa
https://doi.org/10.2353/ajpath.2010.090838
https://doi.org/10.1007/s10585-012-9510-4
https://doi.org/10.2967/jnumed.
113.127449
https://doi.org/10.2967/jnumed.
113.127449
https://doi.org/10.1007/s10585-008-9193-z
https://doi.org/10.1016/j.ccr.2011.08.012
https://doi.org/10.1038/nri3086
https://doi.org/10.1038/nrneurol.2014.38
https://doi.org/10.1093/neuonc/nos116
https://doi.org/10.1371/journal.pone.0023902
https://doi.org/10.1371/journal.pone.0116644
https://doi.org/10.2217/imt.13.102
https://doi.org/10.2217/imt.13.102
https://doi.org/10.1016/j.immuni.2014.06.010
https://doi.org/10.1038/npjbcancer.2015.25
https://doi.org/10.1007/s00281-013-0382-8

Andreou et al.

Anti-inflammatory Microglia/Macrophages in Brain Metastasis

18.

19.

20.

21.

22.

23.

24.

25.

26.

Rippaus N, Taggart D, Williams J, Andreou T, Wurdak H, Wronski K,
et al. Metastatic site-specific polarization of macrophages in intracranial
breast cancer metastases. Oncotarget (2016) 7(27):41473-87. doi:10.18632/
oncotarget.9445

Zhai H, Heppner FL, Tsirka SE. Microglia/macrophages promote glioma
progression. Glia (2011) 59(3):472-85. doi:10.1002/glia.21117

Pollard J. Trophic macrophages in development and disease. Nat Rev Immunol
(2009) 9(4):259-70. d0i:10.1038/nri2528

Sica A, Mantovani A. Macrophage plasticity and polarization: in vivo veritas.
J Clin Invest (2012) 122(3):787-95. doi:10.1172/JCI59643

Gabrusiewicz K, Rodriguez B, Wei J, Hashimoto Y, Healy LM, Maiti SN,
et al. Glioblastoma-infiltrated innate immune cells resemble MO mac-
rophage phenotype. JCI Insight (2016) 1(2):e85841. doi:10.1172/jci.
insight.85841

van Rooijen N, Sanders A, van den Berg TK. Apoptosis of macrophages
induced by liposome-mediated intracellular delivery of clodronate and
propamidine. ] Immunol Methods (1996) 193(1):93-9. doi:10.1016/
0022-1759(96)00056-7

Miron VE, Boyd A, Zhao JW, Yuen TJ, Ruckh JM, Shadrach JL, et al. M2
microglia and macrophages drive oligodendrocyte differentiation during CNS
remyelination. Nat Neurosci (2013) 16(9):1211-8. doi:10.1038/nn.3469
Candolfi M, King GD, Yagiz K, Curtin JF, Mineharu Y, Muhammad AK,
et al. Plasmacytoid dendritic cells in the tumor microenvironment: immune
targets for glioma therapeutics. Neoplasia (2012) 14(8):757-70. doi:10.1593/
neo.12794

Wilson MR, O’'Dea KP, Zhang D, Shearman AD, van Rooijen N, Takata M.
Role of lung-marginated monocytes in an in vivo mouse model of ventilator-
induced lung injury. Am J Respir Crit Care Med (2009) 179(10):914-22.
doi:10.1164/rccm.200806-8770C

27.

28.

29.

30.

31.

Narasaraju T, Yang E, Samy RP, Ng HH, Poh WP, Liew AA, et al. Excessive
neutrophils and neutrophil extracellular traps contribute to acute lung injury
of influenza pneumonitis. Am J Pathol (2011) 179(1):199-210. doi:10.1016/
j.ajpath.2011.03.013

Zeisberger SM, Odermatt B, Marty C, Zehnder-Fjillman AH, Ballmer-Hofer K,
Schwendener RA. Clodronate-liposome-mediated depletion of tumour-
associated macrophages: a new and highly effective antiangiogenic therapy
approach. Br ] Cancer (2006) 95(3):272-81. doi:10.1038/sj.bjc.6603240
Newman TA, Galea I, van Rooijen N, Perry VH. Blood-derived dendritic
cells in an acute brain injury. J Neuroimmunol (2005) 166(1-2):167-72.
doi:10.1016/j.jneuroim.2005.04.026

Brandenburg S, Muller A, Turkowski K, Radev YT, Rot S, Schmidt C, et al.
Resident microglia rather than peripheral macrophages promote vasculari-
sation in brain tumours and are source of alternative pro-angiogenic factors.
Acta Neuropathol (2016) 131:365-78. doi:10.1007/s00401-015-1529-6

De Palma M, Lewis CE. Macrophage regulation of tumor responses to antican-
cer therapies. Cancer Cell (2013) 23(3):277-86. doi:10.1016/j.ccr.2013.02.013

Conflict of Interest Statement: The authors confirm that this research was con-
ducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Copyright © 2017 Andreou, Soto, Allen, Economopoulos, de Bernardi, Larkin and
Sibson. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution or reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.

Frontiers in Oncology | www.frontiersin.org

70

October 2017 | Volume 7 | Article 251


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive
https://doi.org/10.18632/oncotarget.9445
https://doi.org/10.18632/oncotarget.9445
https://doi.org/10.1002/glia.21117
https://doi.org/10.1038/nri2528
https://doi.org/10.1172/JCI59643
https://doi.org/10.1172/jci.insight.85841
https://doi.org/10.1172/jci.insight.85841
https://doi.org/10.1016/
0022-1759(96)00056-7
https://doi.org/10.1016/
0022-1759(96)00056-7
https://doi.org/10.1038/nn.3469
https://doi.org/10.1593/neo.12794
https://doi.org/10.1593/neo.12794
https://doi.org/10.1164/rccm.200806-877OC
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.1016/j.ajpath.2011.03.013
https://doi.org/10.1038/sj.bjc.6603240
https://doi.org/10.1016/j.jneuroim.2005.04.026
https://doi.org/10.1007/s00401-015-1529-6
https://doi.org/10.1016/j.ccr.2013.02.013
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

',\' frontiers
in Oncology

REVIEW
published: 25 September 2017
doi: 10.3389/fonc.2017.00230

OPEN ACCESS

Edited by:
David D. Eisenstat,
University of Alberta, Canada

Reviewed by:

Stephen Yip,

University of British Columbia,
Canada

Craig Horbinski,

Northwestern University, United
States

Thomas Klonisch,

University of Manitoba, Canada

*Correspondence:
Priscilla K. Brastianos
pbrastianos@mgh.harvard.edu

Specialty section:

This article was submitted
to Neuro-Oncology and
Neurosurgical Oncology,
a section of the journal
Frontiers in Oncology

Received: 27 July 2017
Accepted: 07 September 2017
Published: 25 September 2017

Citation:

Han CH and Brastianos PK (2017)
Genetic Characterization of

Brain Metastases in the Era of
Targeted Therapy.

Front. Oncol. 7:230.

doi: 10.3389/fonc.2017.00230

®

Check for
updates

Genetic Characterization of Brain
Metastases in the Era of Targeted
Therapy

Catherine H. Han'? and Priscilla K. Brastianos’

" Departments of Neurology and Radiation Oncology, Division of Hematology/Oncology, Massachusetts General Hospital
Cancer Center, Harvard Medical School, Boston, MA, United States, 2Auckland Cancer Society Research Centre, Faculty of
Medlical and Health Sciences, School of Medical Sciences, University of Auckland, Auckland, New Zealand

In the current era of molecularly targeted therapies and precision medicine, choice of
cancer treatment has been increasingly tailored according to the molecular or genomic
characterization of the cancer the individual has. Previously, the clinical observation of
inadequate control of brain metastases was widely attributed to a lack of central nervous
system (CNS) penetration of the anticancer drugs. However, more recent data have
suggested that there are genetic explanations for such observations. Genomic analyses
of brain metastases and matching primary tumor and other extracranial metastases
have revealed that brain metastases can harbor potentially actionable driver mutations
that are unique to them. Identification of genomic alterations specific to brain metastases
and targeted therapies against these mutations represent an important research area
to potentially improve survival outcomes for patients who develop brain metastases.
Novel approaches in genomic testing such as that using cell-free circulating tumor DNA
(ctDNA) in the cerebrospinal fluid (CSF) facilitate advancing our understanding of the
genomics of brain metastases, which is critical for precision medicine. CSF-derived
ctDNA sequencing may be particularly useful in patients who are unfit for surgical resec-
tion or have multiple brain metastases, which can harbor mutations that are distinct from
their primary tumors. Compared to the traditional chemotherapeutics, novel targeted
agents appear to be more effective in controlling the CNS disease with better safety
profiles. Several brain metastases-dedicated trials of various targeted therapies are
currently underway to address the role of these agents in the treatment of CNS disease.
This review focuses on recent advances in genomic profiling of brain metastases and
current knowledge of targeted therapies in the management of brain metastases from
cancers of the breast, lung, colorectum, kidneys, and ovaries as well as melanoma.

Keywords: brain metastases, genomics, targeted therapy, sequencing, cancer heterogeneity

INTRODUCTION

Brain metastases are the most common central nervous system (CNS) tumors in adults but represent
an unmet need in current oncologic practice. The reported incidence of brain metastases is 9-17%;
however, the true incidence in the current era of modern cancer therapies is thought to be higher (1).
The incidence of brain metastases is rising due, in part, to improved diagnostic techniques and
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increased patient survival through advanced systemic treatment
approaches. Some types of cancers have greater tropism of
metastasizing to the brain with most common cancers being lung
cancer (39-56%), breast cancer (13-30%), melanoma (6-11%),
gastrointestinal cancers (3-8%), and renal cell carcinoma (2-4%)
(2). The underlying mechanisms of this organotropism toward
specific secondary sites remain poorly understood.

Prognosis remains poor with a median survival ranging from
3 to 27 months after developing brain metastases (3). Treatment
options are limited and usually involve multimodality approaches
that include radiotherapy, surgery, and sometimes systemic
therapy, depending on number of lesions, location, and primary
tumor type. Historically, patients with brain metastases were
uniformly treated with whole-brain radiotherapy, especially if
multiple lesions are present, or surgical resection followed by
radiotherapy for a solitary or large symptomatic lesion. More
recently, stereotactic radiosurgery has been increasingly used
for smaller lesions (<3 cm) in oligometastatic disease, which is
commonly defined as up to four brain metastases. CNS-directed
systemic treatment options are limited, and patients with brain
metastases are commonly excluded from clinical trials, includ-
ing those investigating novel targeted therapies. Differential
responses to systemic treatments between brain metastases
and extracranial disease are often observed, particularly with
the traditional chemotherapy agents, where systemic disease is
adequately controlled while brain disease progresses. This is at
least partly explained by inadequate blood-brain barrier (BBB)
penetration by systemic therapies (4). Although the BBB is
frequently compromised by brain metastases as shown by brain
imaging contrast enhancement, the residual BBB permeability
limits drug delivery to subtherapeutic concentrations in brain
metastases compared with extracranial tumors. With molecu-
larly targeted therapies, there has been improved control of both
intracranial and extracranial metastases. In the past decade, sig-
nificant efforts have been made to characterize the genetic drivers
in brain metastases using modern sequencing techniques. Better
understanding of the genomic complexity and heterogeneity of
brain metastases will lead to improved treatment strategies and
research directions. This review focuses on recent advances in
genomic profiling of brain metastases and current knowledge of
targeted therapies in the management of brain metastases from
cancers of the breast, lung, colorectum, kidneys, and ovaries as
well as melanoma.

GENETIC HETEROGENEITY OF CANCER

Intratumoral heterogeneity within the primary tumor was shown
in a multiregion spatial genetic analysis of four metastatic renal
cell carcinoma (5). Genetic heterogeneity between primary
and secondary tumors in the same patient was also shown in a
study comparing the genetic profiling of 15 primary colorectal
cancer and matched liver metastases (6). Similarly, genetic
heterogeneity between brain metastases and their corresponding
primary tumors was shown recently in a genomic analysis of
matched brain metastases, primary tumors, and normal tissue
in 86 patients (7). This study demonstrated that brain metastases
harbor distinctive potentially actionable mutations not detected

in paired primary tumors in 53% of the cases. This finding sug-
gests that this genomic heterogeneity or divergent evolution of
brain metastases from primary tumors may also contribute to
the disparities in intracranial and extracranial disease response
to systemic therapies, which were previously thought to be
solely due to the inadequate BBB penetration of systemic drugs.
In the same study, it was found that alterations associated with
sensitivity to cyclin-dependent kinase (CDK) inhibitors were
common in brain metastases (7). These include CDKN2A loss
and CDK4/6 amplifications. Alterations in the PI3K/AKT/mTOR
pathway were also common as previously reported by others
(8-10). Interestingly, brain metastases from different intracra-
nial sites in the same patient shared nearly all of the potentially
actionable driver mutations, suggesting that brain metastases
are homogeneous within an individual (7). Prospective clinical
trials using targeted therapies that cross the BBB are required to
demonstrate that these potentially actionable mutations found in
brain metastasis samples are indeed targetable.

GENOMIC PROFILING OF BRAIN
METASTASES

In the current era of molecularly targeted therapies and preci-
sion medicine, choice of cancer treatment has been increasingly
tailored according to the molecular or genomic characterization
of the cancer the individual has. Identification of genomic altera-
tions specific to brain metastases and targeted therapies against
these mutations represent an important research area to improve
survival outcomes for patients who develop brain metastases.
Given spatial and temporal intratumoral heterogeneity within the
same patient, repeated biopsies are often necessary to adequately
characterize the somatic genetic alterations in human cancers.
Genomic profiling of brain metastases poses a particular chal-
lenge as obtaining tissue samples of brain metastases is invasive
and often difficult, especially in patients who are poor candidates
for brain resections or have tumors in inaccessible sites. In addi-
tion, regional lymph node and other distal extracranial metastasis
samples are not reliable surrogates for detecting these mutations
present in brain metastases (7).

There has been great interest in developing alternative meth-
ods of genomic profiling of cancer that are clinically practical
and non-invasive. Information collected by these techniques not
only help refine systemic treatment decisions but also monitor
response to treatment and identify emergent drug-resistant
mutations by tracking the evolution of cancer genome to guide
further therapy. For example, analysis of circulating tumor
DNA (ctDNA) in plasma has been shown to be useful not
only in characterizing cancers but also in monitoring disease
response to therapy (11-13). However, it was recently shown
that tumor DNA was either absent or present in a very little
amount in the plasma of patients with primary brain tumors or
brain metastases with no or little extracranial disease from solid
tumors (12). In the same study, mutations that were present only
in the brain metastases and not in the extracranial tumors were
more represented in the cell-free ctDNA from the cerebrospinal
fluid (CSF) compared to plasma. As seen with plasma ctDNA
in previous studies, CSF ctDNA was also observed to change
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throughout treatments (12). Mutant allelic frequency of CSF
ctDNA decreased with tumor response to treatments and
increased with progression.

Brain metastases can harbor drug-resistant mutations that
result in restoration of signaling downstream of the target kinase,
activation of an alternative signaling pathway, or alteration in the
drug activating site (14). And these mutations may not be present
in the primary tumor or extracranial metastases (7), therefore,
genotyping primary tumor or other extracranial disease alone can
miss actionable oncogenic driver mutations and targeted therapy
opportunities for brain metastases. Routine brain biopsies are
invasive with associated risks and may not be feasible in many
patients with brain metastases. CSF ctDNA analysis may provide
the ability to identify the drug-resistance mechanisms in patients
who progressed in the CNS after initial response on targeted
therapy without invasive procedureslike a brain biopsy. In a recent
study, CSF as a source of ctDNA was evaluated by sequencing 341
cancer-associated genes in cell-free DNA isolated from the CSF
of 53 patients with brain metastases of solid tumors or primary
brain tumors (14). Mutations, which are known to cause drug
resistance to oncogenic kinases, were identified in 4 of 12 patients
who progressed in the brain whilst on such therapy. Although this
needs to be verified in a larger cohort of patients, these findings
suggest that CSF ctDNA may be a useful biomarker that facilitates
genome-directed treatments to target brain metastases and for
monitoring CNS disease on treatment or during surveillance.
Moving forward, more studies evaluating ctDNA extracted from
CSF should be carried out using next-generation sequencing
techniques that are capable of detection all classes of mutations
including base substitutions/insertions/deletions, gene fusions,
and gene copy number alterations. The fraction of cell-free
ctDNA in CSF is higher than in plasma due to the relative absence
of background normal DNA in CSE. This allows the detection of
somatic mutations even with modest sequence coverage, whereas
plasma cell-free ctDNA sequencing requires very deep sequence
coverage to achieve sufficient sensitivity for detecting mutations
occurring at low allele frequencies. CSF ctDNA analysis appears
promising, and there are ongoing studies prospectively evaluating
CSF ctDNA as a surrogate for brain metastasis biopsy sample.
Furthermore, the use of additional circulating biomarkers, such
as exosomes, will need to be prospectively explored.

NON-SMALL CELL LUNG CANCER
(NSCLC)

Non-small cell lung cancer is the most common type of lung
cancer, accounting for approximately 85% of all lung cancer cases
(15). NSCLC, adenocarcinoma subtype in particular, is the most
common cancer to metastasize to the brain (1). The risk of devel-
oping brain metastases during the course of disease in patients
with treated stage III NSCLC is approximately 30-50% (15).
Even in patients with surgically treated early stage (stage I-II)
NSCLC, the 5-year actuarial risk of developing brain metastases
is reported to be around 10% with the brain being the sole site
of failure in 43% of these patients (15, 16). A large retrospective
study of 975 patients with stage I-II NSCLC identified younger

age, larger tumor size, lymphovascular space invasion, and hilar
lymph node involvement to be associated with an increase in
the risk of brain metastases in this population (15). Prognosis
remains poor even with a multimodality treatment approach of
brain metastases. Reported 1-year mortality rate after develop-
ing brain metastases ranges from 81 to 90% depending on the
initial clinical stage of lung cancer (16). Discovery of NSCLC
oncogenic driver mutations and molecularly targeted therapies
have significantly improved survivals in the subset of patients
with metastatic NSCLC harboring these targetable genomic
aberrations.

Epidermal Growth Factor Receptor
(EGFR) Mutations

An activating EGFR mutation is present in approximately 10-15%
of Caucasians and 40% of East-Asian NSCLC patients (2). When
the EGFR status was evaluated in paired brain metastasis and
corresponding primary lung tumor samples, discordance rates up
to 33% were observed (2). In a recent retrospective, population-
based study, there was a higher cumulative incidence of brain
metastases in patients with EGFR-mutant NSCLC compared
to those with EGFR wild type (39.2 versus 28.2%) (17). EGFR
mutations render these tumors sensitive to EGFR tyrosine kinase
inhibitors (TKIs) resulting in significantly improved survival
outcomes. Several phase III randomized trials compared the effi-
cacy of first-generation EGFR TKIs, gefitinib and erlotinib, and
an irreversible ErbB family inhibitor, afatinib, to the platinum-
containing combination chemotherapy as first-line treatment in
EGFR-mutant NSCLC patients. Progression-free survival (PFS)
was significantly longer in the EGFR TKI group compared to the
chemotherapy group, with hazard ratios for progression or death
ranging from 0.38 to 0.58 (18-20).

Prospective data on the efficacy of EGFR TKIs in treating
brain metastases from NSCLC are limited. However, currently
available data suggest that these agents have CNS activity.
Post hoc subgroup analyses of combined data from two phase
III randomized trials of first-line afatinib in EGFR-mutant
NSCLC patients, which allowed patients with asymptomatic
brain metastases to enroll, showed survival benefit from treat-
ment with afatinib compared to chemotherapy (21). PES (8.2
versus 5.4 months) and objective response rate (ORR) (70-75
versus 20-28%) were significantly better with afatinib than
chemotherapy. Pretreated patients with brain metastases may
also benefit from afatinib as suggested by a report of 31 patients,
of whom 35% had an objective response with an overall disease
control rate of 66% (22). Other retrospective and small phase II
studies also showed survival benefit from first-generation TKIs
in patients with EGFR-mutant NSCLC that had metastasized
to the brain (23-26). In these studies, ORR was 58-83%, and
median PFS was in the range of 7-15 months.

The majority of patients who had initial response to EGFR
TKIs had disease progression due to an acquired resistance within
1-2 years (27). The development of an additional EGFR muta-
tion, EGFR T790M, is responsible for approximately 60% of this
clinically observed acquired resistance (28). A third-generation
T790M mutant specific EGFR TKI, osimertinib, has been shown
to be highly active in patients who have progressed during prior
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therapy with EGFR TKIs due to T790M mutation (27). Moreover,
arecent preclinical study in animal models demonstrated superior
penetration of the BBB with osimertinib than gefitinib or afatinib
and sustained tumor regression in an EGFR-mutant mouse brain
metastasis model (29).

Together, positive CNS activity observed with these EGFR
TKIs suggests that incorporation of EGFR TKIs in the treatment
of asymptomatic brain metastases from EGFR-mutant NSCLC
appears reasonable and these agents may be utilized upfront and
radiation therapy reserved until progression to avoid radiation
related neurotoxicity. Prospective evaluations of EGFR TKIs in
active brain metastases and sequential approaches with brain
radiotherapy are warranted.

Anaplastic Lymphoma Kinase (ALK)

Rearrangement

A fusion gene comprising portions of echinoderm microtubule
like protein 4 (EML4) and ALK genes with resultant chimeric
protein with constitutive kinase activity is found in approxi-
mately 2-7% of NSCLC (30, 31). Since its first discovery in 2007,
there have been rapid advances in the development of several
TKIs targeting this genomic aberration. A first-generation
ALK TKI, crizotinib, was shown to significantly improve PFS
and ORR in both first- and second-line settings in patients
with ALK-rearranged NSCLC, compared to chemotherapy (32,
33). For example, in a phase III randomized trial of first-line
crizotinib, PFS was 10.9 with crizotinib compared to 7 months
with chemotherapy and ORR was 74 and 45%, respectively (33).
Despite initial response, drug resistance invariably develops.
Next-generation ALK TKIs, including ceritinib and alectinib,
have been shown to be effective in patients with crizotinib-
resistant disease (34, 35).

Brain metastasis is a relatively common complication of ALK-
rearranged NSCLC, especially at progression. In a retrospective
study, incidence rates of brain metastases were 23.8% at diagno-
sis, 45.5% at 2 years, and 58.4% at 3 years (36). Crizotinib has
been shown to be effective in treating brain metastases, at least
initially, as suggested by a large retrospective pooled analysis
of patients with asymptomatic brain metastases treated with
this agent on the PROFILE 1005 and 1007 trials (37). In this
study, an intracranial disease control rate was 56% at 12 weeks
in patients with previously untreated brain metastases with a
median time to CNS progression of 7 months. In a phase III ran-
domized trial of first-line crizotinib versus platinum containing
chemotherapy, patients with stable treated brain metastases were
allowed to enroll (38). Intracranial efficacy assessment was part
of this study. This study showed that among patients with brain
metastases CNS disease control rate was significantly higher
with crizotinib at 12 weeks (85 versus 45%), and PFS was also
significantly longer with crizotinib (9 versus 4 months). Recently
two phase II trials of alectinib have shown remarkable CNS activ-
ity against brain metastases with CNS response rates up to 75%
and median CNS disease response durations of 10-11 months
(39, 40). Interestingly, the cumulative CNS progression rate at
12 months was lower than the cumulative non-CNS progression
rate (24.8 versus 33.2%) (40).

Immunotherapy

Recently, there has been a significant development in immu-
notherapy to treat various types of cancer including NSCLC.
Immune checkpoints, which exist to suppress immune response
to protect against detrimental autoimmunity and inflammation,
can be co-opted by tumors. Engagement of programmed death
1 (PD-1) receptor on activated T cells by programmed death
ligand 1 (PD-L1) on tumor cells leads to T-cell inactivation,
which in turn results in immune tolerance and subsequent
progression of tumor. PD-1 inhibitors, including nivolumab and
pembrolizumab, have shown to significantly improve ORR and
survival outcomes in patients with metastatic NSCLC without
other targetable mutations such as EGFR or ALK mutations. Both
pembrolizumab and nivolumab were superior to docetaxel in
previously treated patients (41, 42). Pembrolizumab was shown
to be superior to platinum-containing doublet chemotherapy
as first-line therapy in patients with NSCLC with more than
50% of tumor cells staining positive for PD-L1 (43). In another
first-line trial, pembrolizumab combined with carboplatin and
pemetrexed in PD-L1 unselected NSCLC patients was better
than chemotherapy alone (44). These trials, however, excluded
patients with active brain metastases. An early analysis of an
ongoing trial (NCT02085070) investigating the activity and
safety of pembrolizumab in NSCLC or melanoma patients with
untreated or progressive brain metastases showed encouraging
results (45). In this analysis, 6 (33%) of 18 patients with NSCLC
had brain response that was durable. There were no grade 3 or 4
neurological toxic effects.

Squamous Cell Carcinoma

Squamous cell carcinoma accounts for approximately 20% of
all lung cancers. A genomic analysis of primary squamous cell
lung cancer in 79 patients showed that PI3K aberrant tumors had
significantly worse overall survival (OS) (8.6 versus 18.8 months)
and a higher incidence of brain metastases (27 versus 0%) com-
pared to FGFRI aberrant tumors (9). The authors then analyzed
six brain metastasis samples by whole-exome sequencing, four of
these patients had matched samples of their primary lung cancer.
This analysis showed heterozygous loss of PTEN in all of the brain
metastasis samples with a pattern of gene expression consistent
with PTEN loss. A deeper genomic analysis in this study demon-
strated clonal heterogeneity with a low degree of shared events (as
little as 15%) between the brain metastases and their correspond-
ing primary lung tumor. Further studies examining the exact role
of aberrant PI3K pathway in the development of brain metastases
and potential targeted therapy are warranted.

BREAST CANCER

Breast cancer is the most common cancer in women and second
most common cancer to metastasize to the brain. The exact
incidence of brain metastases from breast primary in the cur-
rent era of modern therapies is unknown; however, a 10-year
cumulative incidence of CNS relapse in patients presenting with
early stage breast cancer is estimated to be around 4-5% (46, 47).
Triple receptor negative disease, basal-like subtype, and human
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epidermal growth factor receptor 2 (HER2) positive breast cancer
have an increased risk of developing brain metastases (46, 48).
Early (<2 years after primary diagnosis) occurring brain metas-
tases from breast primary are associated with early onset tumor,
negative estrogen receptor (ER) status, HER2 overexpression,
and triple receptor negative tumor (49). In comparison, many
late occurring brain metastases are from ER positive primary
tumors (50). Survival outcomes differ between different subtypes
of breast cancer. The median OS after developing brain metas-
tases was longer in patients with HER2-positive breast cancer
at 11.5 months compared to luminal HER2 negative breast
cancer at 9.3 months and triple receptor negative breast cancer
at 4.9 months in a retrospective study of 1,256 patients (51).

Divergence of brain metastases from primary breast tumor
has been suggested by several studies, in particular with regards
to hormone receptor status. For example, retrospective studies
reported a loss of hormone receptor expression in brain metas-
tases compared to their corresponding breast primaries (52, 53),
highlighting the importance of multisite tumor characterization,
if clinically feasible, in the treatment decision making process.
Molecular profiling of paired brain metastases and correspond-
ing primary breast tumors by whole-exome sequencing revealed
that brain metastases harbored genomic aberrations in the CDK
pathway and PI3K/AKT/mTOR pathways, many alterations of
which were not detected in the corresponding primary tumor (7).

A bioinformatics screen of genome-wide breast tumor
methylation data available at The Cancer Genome Atlas (TGCA)
and analysis of 11 pairs of primary breast tumors and their cor-
responding brain metastases identified three genes, GALNTY,
CCDC8, and BNC1, that were frequently methylated (55, 73, and
71%, respectively) and silenced in brain metastases (50). Of these,
GALNTY9 and BNCI were infrequently methylated in primary
breast tumors, suggesting that they may be metastasis virulence
genes and dysregulation of these occur as late events involved
in brain colonization of these cancer cells. GALNT9, which is
expressed most abundantly in the brain, plays an important role in
O-glycosylation and, thereby, in cell adhesion and cell-cell com-
munication. Cancer cells with aberrant GALNT9 that reach the
brain are perhaps favored to proliferate in the new microenviron-
ment through dysregulated cell-cell interaction. BNCI encodes
a zinc finger transcription factor that is involved in expression
of a broad range of genes. Further studies are required to better
understand the roles these mutations play in the development of
brain metastases and to determine if they represent therapeutic
targets.

HER2 Overexpression

Human epidermal growth factor receptor 2 protein overex-
pression and/or HER2 oncogene amplification is found in
approximately 20% of all breast cancer patients (54). HER2
overexpression is associated with an increased risk of recurrence
and death in the absence of adjuvant HER2-directed therapy,
and it predicts response to anti-HER2 therapies. HER2-positive
breast cancer carries an increased risk of brain metastases, and
approximately 30-50% of patients with HER2-positive breast
cancer will develop brain metastases during the course of disease
(55), with a cumulative incidence of around 12% at 10 years and

14% at 15 years (46, 56). The propensity of HER2-positive breast
cancer to metastasize to the brain may be related to the improved
survival of patients with HER2-directed therapy, the limited
CNS penetration of HER2-directed agents, and the neuro-
tropism of HER2-positive breast cancer (57). HER2-directed
agents, including trastuzumab, pertuzumab, lapatinib, neratinib
and T-DM1, significantly improve PFS and OS of patients with
HER2-positive breast cancer. However, in a retrospective study,
24% of 182 patients with HER2-positive primary breast cancer
had HER2 negative metastatic disease, and this discordance was
associated with decreased survival (58). If feasible, HER2 status
should be repeated in the metastatic disease, including brain
metastasis, at relapse.

Trastuzumab, a monoclonal antibody against the HER2
receptor, has limited CNS activity due to its inability to cross
the intact BBB. However, there is some evidence of an improved
CNS penetration of trastuzumab after disruption of the BBB by
radiation therapy. For example, a pharmacokinetic study showed
that the ratio of the CSF to plasma levels of trastuzumab in
patients with brain metastasis improved significantly from 1:420
before radiotherapy to 1:76 after radiotherapy (59). In patients
with concomitant leptomeningeal carcinomatosis, the CSF to
plasma ratio after radiotherapy was 1:49. Pertuzumab, another
monoclonal antibody against the HER2 receptor, has a significant
synergistic antitumor activity in combination with trastuzumab
and docetaxel as shown in a randomized phase III placebo-
controlled trial of pertuzumab, the CLEOPATRA trial (60). In
exploratory analyses of this trial, the median time to develop-
ment of brain metastases as first site of disease progression was
significantly longer in the pertuzumab arm compared to the
placebo arm (15.0 versus 11.9 months), and the median OS was
34.4 months in the pertuzumab arm, compared to 26.3 month in
the placebo arm (61). Pertuzumab with high-dose trastuzumab
in HER2-positive breast cancer patients with brain metastases
after radiotherapy is currently under clinical evaluation in a
phase II trial (NCT02536339). There is also an ongoing trial of
intrathecal pertuzumab and trastuzumab in patients with new
untreated asymptomatic or low symptomatic brain metastasis
in HER2-positive breast cancer (NCT02598427). Lapatinib is a
TKI that acts against both HER2 and EGFR receptors. It has been
shown that this agent is able to cross the BBB. In the presence of
brain metastases, the brain to plasma concentration of lapatinib
was higher at 26% compared to the normal brain parenchyma
where the concentration was low at 1.3-2.8% (62). However, the
intracranial response to lapatinib alone has been shown to be low
at 3-6% (63, 64). In a multicenter phase II study, 45 patients with
previously untreated brain metastases from HER2-positive breast
cancer were treated with lapatinib and capecitabine combination
(55). The addition of capecitabine to lapatinib resulted in an
encouraging intracranial response rate of 66% with a median
time to intracranial progression of 5.5 months.

PISK/AKT/mTOR Pathway

Actionable mutations in PI3K/AKT/mTOR pathway are frequent
in breast cancer brain metastases (7). The addition of everolimus,
an mTOR inhibitor, to an aromatase inhibitor in patients with
hormone receptor positive metastatic breast cancer and to
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trastuzumab and vinorelbine in patients with HER2-positive
breast cancer led to improved survival outcomes in randomized
placebo-controlled phase III trials (65, 66). Everolimus crosses
the BBB as shown in patients with primary brain tumors. The role
of everolimus in the management of patients with breast cancer
brain metastases is currently being investigated in clinical trials
(NCT01305941, NCT01783756).

Cyclin D-Cyclin-Dependent Kinase
4/6-INK4-Rb Pathway

Activation of cyclin-dependent kinase 4 and 6 (CDK4 and CDK6)
by cyclin D leads to cell proliferation by initiating transition from
the G1 phase to the S phase in cell cycle via phosphorylation of
retinoblastoma protein (Rb). Alterations in this pathway are
frequent in various cancer types. CDK inhibitors, such as pal-
bociclib, abemaciclib, and ribociclib, have shown high efficacy
in patients with hormone receptor positive breast cancer (67).
Good CNS penetration of abemaciclib was recently shown (68).
There are ongoing trials investigating these agents in patients with
breast cancer brain metastases (NCT02896335, NCT02774681,
NCT02308020).

MELANOMA

Melanoma is the third most common malignancy to metastasize
to the brain. It is estimated that at least 50% of patients with stage
IV melanoma will develop brain metastases during the course
of disease (69). With supportive care alone, the median survival
from developing brain metastases is only around 2 months (70).

Mitogen Activated Protein Kinase (MAPK)
Pathway

About half of melanoma patients have an activating mutation in
BRAF, an oncogene involved in the MAPK pathway that is a key
regulator of cell growth, division, and differentiation (71). The
most common BRAF mutation is the substitution of valine for glu-
tamic acid (VAL600Glu or V600E) accounting for approximately
90% of all BRAF mutations seen in melanoma. BRAF V600E
mutant melanoma tends to be more aggressive. BRAF inhibitors,
including dabrafenib and vemurafenib, significantly improve
survival in patients with metastatic BRAF mutant melanoma
(72, 73). In a multicenter phase II trial, 172 patients with BRAF
mutant melanoma with at least one asymptomatic brain metasta-
sis were treated with dabrafenib (74). Patients were divided into
two cohorts: those with and without previous local treatments for
brain disease. Dabrafenib was active in both cohorts with ORR
of 39.2% in patients without previous local therapy and 30.8% in
those with previously treated brain metastases and median OS of
33 and 31 weeks, respectively. A retrospective study of 27 patients
treated with vemurafenib for their BRAF mutant melanoma that
had metastasized to the brain reported intracranial ORR of 50%
and extracranial ORR of 71% (75). The median intracranial PFS
was 4.6 months, and median OS was 7.5 months. Next-generation
sequencing analysis of poorly responding brain metastases
revealed co-occurring mutations in genes predicted to activate
the PI3K/AKT pathway.

MEK kinase, which is downstream of BRAF, is activated by
CRAF or members of the PI3K pathway as an escape mechanism
from BRAF inhibition. When BRAF inhibitors were combined
with MEK inhibitors, the efficacy was further improved in patients
with extracranial disease, as evidenced by prolonged PES and OS
shown in phase III trials (76-78). This approach of dual BRAF
and MEK inhibition therapy in patients with brain metastases
is currently being evaluated in clinical trials (NCT02039947,
NCT02537600).

PISK/AKT/mTOR Pathway

A molecular analysis of 16 matched pairs of melanoma brain
metastases and extracranial metastases showed that activation
of the PI3K/AKT/mTOR pathway was enriched in the brain
metastases (8). Preclinical cell culture and animal studies of a
PI3K inhibitor, BKM120, demonstrated that this agent inhibited
the growth of cell lines derived from melanoma brain metastases
with inhibition rates of up to 80% and potently induced apop-
tosis and significantly inhibited the tumor growth of human
brain metastatic melanoma cells in the brain of nude mice (79).
These findings suggest the potential of PI3K inhibitors as adjunct
targeted therapy in the treatment of advanced melanoma that has
metastasized to the brain.

Immunotherapy
There has been dramatic improvement in survival of patients with
advanced melanoma in recent years with the development of mod-
ern immunotherapy including cytotoxic T lymphocyte antigen-4
(CTLA-4) inhibitors and programmed death-1 (PD-1) checkpoint
inhibitors. CTLA-4 plays an important role in the regulation of
immune activation and tolerance (80). Its signaling inhibits T-cell
activation. Ipilimumab is an inhibitor of CTLA-4 that was shown
to improve OS in patients with metastatic melanoma compared
to a peptide vaccine in a phase III trial (81). A phase II study of
ipilimumab was conducted in 72 melanoma patients with brain
metastases (82). The disease control rate was 24% in patients
who were asymptomatic from their brain disease and were not
on corticosteroid treatment. One- and two-year survival rates
were 31 and 26% in this steroid-independent cohort. Interaction
between PD-1 receptor and PD-ligand 1 (PD-LI) inhibits
cytotoxic T-cell activity. PD-1 inhibitors, including nivolumab
and pembrolizumab, have resulted in significantly improved
survival outcomes in patients with advanced melanoma (83, 84).
Pembrolizumab is currently under clinical evaluation in patients
with brain metastases from melanoma (NCT02085070). Interim
analysis from a phase II trial reported an intracranial ORR of 22%
(45). In a randomized phase III trial, nivolumab and ipilimumab
combination was shown to be superior to either drug alone in
patients with advanced melanoma without brain metastases (85).
Median PFS was 11.5 months in the combination arm compared
to 6.9 months in the nivolumab alone arm and 2.9 months in the
ipilimumab alone arm. There are ongoing trials evaluating the
dual CTLA-4 and PD-1 inhibition therapy in melanoma patients
with brain metastases (NCT02320058, NCT02621515).

Table 1 summarizes actionable mutations in brain metastases
of NSCLC, breast cancer and melanoma, and their targeted
therapies discussed earlier.
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TABLE 1 | Overview of actionable mutations in brain metastases of non-small cell lung cancer, breast cancer and melanoma, and potential targeted therapies.

Cancer type  Mutation Targeted therapy Objective response  Progression-free survival Reference or
rate (%) (months) clinicaltrials.gov number
Non-small cell  Activating EGFR First-generation EGFR TKils: gefitinib, 58-83 7-15 (23-26)
lung cancer mutation erlotinib
ErbB family inhibitor: afatinib 70-75 8 (21)
EGFR T790M T790M specific EGFR TKI: osimertinib NA NA (29
Superior blood-brain barrier
penetration than gefitinib
or afatinib demonstrated in
preclinical study
ALK rearrangement First-generation ALK TKI: crizotinib 56-85 7-9 (87, 38)
Second-generation ALK TKI: alectinib 75 10-11 (39, 40)
(No specific mutation) ~ PD-1 inhibitor: pembrolizumab NA NA NCT02085070 (45)
Early analysis showed
33% intracranial
response rate
Breast cancer HER2 Dual anti-HER2 inhibition: pertuzumab NA NA Intravenous: NCT02536339
overexpression/HER2  plus trastuzumab Intrathecal: NCT02598427
oncogene amplification
HER2/EGFR TKI: lapatinib (in 66 5.5 (55)
combination with capecitabine)
Mutation in PI3K/AKT/  mTOR inhibitor: everolimus NA NA NCT01305941
mTOR pathway NCT01783756
Mutation in CDK4/6 CDK inhibitors NA NA NCT02896335
pathway NCT02774681
NCT02308020
Melanoma Activating BRAF BRAF inhibitors: dabrafenib 39 16 (74)
mutation Vemurafenib 50 4.6 (75)
Dual BRAF/MEK inhibition: NA NA NCT02039947
dabrafenib + trametinib
Vemurafenib + cobimetinib NA NA NCT02537600
Mutation in PI3BK/AKT/  PI3K inhibitor: BKM120 NA NA (79)
mTOR pathway Efficacy demonstrated in
preclinical study
(No specific mutation) ~ CTLA-4 inhibitor: ipilimumab 24 2.7 82)
PD-1 inhibitor: pembrolizumab NA NA NCT02085070
Dual CTLA-4/PD-1 inhibition: NA NA NCT02320058
ipilimumab + nivolumab NCT02621515

EGFR, epidermal growth factor receptor; TKI, tyrosine kinase inhibitor; ALK, anaplastic lymphoma kinase; PD-1, programmed death 1; HER2, human epidermal growth factor receptor 2;
PISK, phosphoinositide 3-kinase; mTOR, mammalian target of rapamycin; CDK4/6, cyclin-dependent kinase 4 and 6; CTLA-4, cytotoxic T lymphocyte antigen-4; NA, not available.

COLORECTAL CANCER

While colorectal cancer is the third most common cancer in men
and second in women, brain metastases are relatively rare with an
incidence rate of 1.55% (86). A systematic review and pooled data
analysis from 16 relevant studies showed that rectal location was
associated with an increased risk of brain metastases compared
to other colon locations. The presence of pulmonary metastases
was also associated with an increased risk. The incidence of
brain metastases from colorectal cancer may be increasing as a
result of improved systemic therapy and survival of patients. The
prognosis is poor with a reported median OS of 2.6-7.4 months
after developing brain metastases (86).

RAS Mutation

KRAS and NRAS mutations are the most extensively investi-
gated somatic mutations in metastatic colorectal cancers, and
they predict tumor resistance to anti-EGFR therapy, such as
cetuximab and panitumumab. There have been several studies

examining these mutations in patients with brain metastases
from colorectal cancer. A retrospective analysis of 918 patients
with metastatic colorectal cancer who were genotyped for RAS
mutations showed a significantly higher cumulative incidence of
brain metastases at 2 years in patients with RAS mutation com-
pared to those without (1.4 versus 0.2%) (87). Nearly two-thirds
of the brain metastasis cases occurred in patients with RAS
mutant colorectal cancer. Currently, there are no RAS inhibitors
available for clinical use.

BRAF Mutation

BRAF activation mutations (most commonly V600E) occur in
less than 10% of metastatic colorectal cancer and are associated
with poorer survival. BRAF V600E mutations confer resistance
to anti-EGFR therapy. To date, no clear association between
BRAF mutation and development of brain metastases has been
observed (88, 89). A clinical characterization of 524 metastatic
colorectal cancer patients with known BRAF mutation status,
where 57 patients had BRAF mutation, found no difference in
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the incidence of brain metastases between patients with BRAF
mutant tumors and those with wild-type tumors (88).

PIK3CA Mutation

PIK3CA mutations are found in approximately 10-15% of
primary colorectal cancers. In a genomic analysis of colorectal
metastases from different sites, PIK3CA mutation frequency was
higher in brain and lung metastases compared with liver metasta-
ses (23.9% in brain, 20% in lung, 7.7% in liver) (89) Another study
also found an association between PIK3CA mutations and brain
metastases with a 2-year cumulative incidence of 1.4%, compared
to 0.8% in patients with no PIK3CA mutation (87). However, this
observation is difficult to interpret as many of those patients with
PIK3CA mutation and brain metastases also had RAS mutations.

RENAL CELL CARCINOMA

Approximately 3.5-17% of patients with renal cell carcinoma
develop brain metastases (69). Reported median OS after
developing brain metastases ranges from 4.1 to 15 months (69).
Patients with bone and thoracic metastases were found to have a
higher rate of brain metastases compared to those with abdominal
metastases (16 versus 2%) (90). An association between the loss
of chromosome 9 and brain metastases was also observed (91).
Registration-directed clinical trials investigating therapies
for angiogenesis, mTOR signaling, and immunotherapy have
excluded patients with brain metastases. Patients with brain
metastases were included in the European Advanced RCC
Sorafenib expanded-access study in which sorafenib, a VEGF
TKI, was given to patients with previously treated advanced renal
cell carcinoma. It was shown that the sorafenib safety profile in
patients with brain metastases was similar to the overall study
population (92). In a prospective open-label non-interventional
study in a broad population of patients with advanced renal cell
carcinoma treated with sorafenib in routine clinical practice, 115
patients (5% of total study population) had brain metastases (93).
The median duration of therapy for this subgroup was similar to
that of the total study population (7.0 versus 7.3 months), suggest-
ing that sorafenib has activity in the CNS. In a retrospective study,
treatment with TKI was associated with an improved median OS
from developing brain metastases (94). However, in prospective
studies, the response to these drugs has been more modest. A
reported median PFS and OS were only 5.3 and 8.2 months,
respectively, in patients with brain metastases treated with suni-
tinib as part of the global expanded-access protocol (95).

Genetic divergence of brain metastases from primary renal
cell carcinoma has been shown recently in a genomic study of
paired brain and primary tumors (7). In this study, some brain
metastases from renal cell carcinoma had PTEN, PIK3CA, and
CDKN2A mutations that were not detected in the corresponding
primary tumors. Mutations in PI3K/ATK/mTOR pathway may be
potential drivers in brain metastases development and therefore
warrant further investigations.

In a randomized phase III trial, the treatment with nivolumab
improved survival outcomes compared with everolimus in
patients with previously treated advanced renal cell carcinoma
(96). Unfortunately, patients with brain metastases were excluded.

Clinical trials investigating the role of nivolumab or pembroli-
zumab in patients with brain metastases is currently underway
(NCT02978404, NCT02596035, NCT02886585).

OVARIAN CANCER

Brain metastases from ovarian cancer are very rare with reported
incidence rates ranging from 0.29 to 5%; however, the incidence has
been rising since the introduction of platinum-based chemother-
apy (97). In a recent next-generation sequencing-based genomic
analysis of eight brain metastases of primary ovarian cancer, all
eight brain metastasis samples harbored mutations in at least one
DNA repair gene with seven of eight samples revealing either a
BRCA1 or BRCA2 mutation (98). Other commonly observed
mutations include TP53, ATM, and CHEK2 mutations. These find-
ings suggest that BRCA and DNA repair malfunction may possibly
play arole in ovarian cancer metastasizing to the brain. A mutation
in ATM, a regulator of DNA damage detection and repair via phos-
phorylation of a wide variety of downstream proteins including
TP53 and BRCA1, may also play a role in the development of brain
metastases (98). In cancers that lack homologous repair capacity
due to BRCA1/2 or ATM dysfunction or loss, PARP inhibitors can
lead to cancer cell death via mechanisms of synthetic lethality (99).
PARP inhibitors, olaparib and veliparib, have been shown to have
activity in the CNS (100, 101), therefore they represent a potential
targeted therapy in these cancers with genetic alterations in genes
involved in DNA damage response and repair.

CONCLUSION

The incidence of brain metastases is rising as modern cancer therapy
is improving the survival of patients with advanced cancer. There
is mounting evidence of genomic heterogeneity intratumorally as
well as across different metastatic sites. Recently, genomic analyses
of brain metastases and matching primary tumors have revealed
that brain metastases can harbor actionable driver mutations that
are not present in the primary tumors or other extracranial metas-
tases. This genomic divergence of brain metastases from their pri-
mary tumors may contribute to the clinically observed treatment
response disparities. Cancer genomic analysis using novel and
far less invasive approaches, such as cell-free ctDNA in the CSF
obtained via a lumbar puncture in the outpatient clinics, is very
promising in providing critical information required for personal-
ized genomic-directed therapy in patients with brain metastases.
Moreover, these new less invasive genomic analysis techniques
are more feasible even in patients who are not surgical candidates
and can be repeated to determine tumor response to treatment
or detect early progression during surveillance. Compared to the
traditional chemotherapeutics, next-generation targeted agents
appear to be more effective in controlling the CNS disease with
better safety profiles. Several brain metastases-dedicated trials of
various targeted therapies are currently underway to address the
role of these agents in the treatment of CNS disease.
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Metastasis is the dissemination of cells from the primary tumor to other locations within
the body, and continues to be the predominant cause of death among cancer patients.
Metastatic progression within the adult central nervous system is 10 times more frequent
than primary brain tumors. Metastases affecting the brain parenchyma and leptomenin-
ges are associated with grave prognosis, and even after successful control of the primary
tumor the median survival is a dismal 2—3 months with treatment options typically limited
to palliative care. Current treatment options for brain metastases (BM) and disseminated
brain tumors are scarce, and the improvement of novel targeted therapies requires a
broader understanding of the biological complexity that characterizes metastatic pro-
gression. In this review, we provide insight into patterns of BM progression and leptome-
ningeal spread, outlining the development of clinically relevant in vivo models and their
contribution to the discovery of innovative cancer therapies. In vivo models paired with
manipulation of jn vitro methods have expanded the tools available for investigators to
develop agents that can be used to prevent or treat metastatic disease. The knowledge
gained from the use of such models can ultimately lead to the prevention of metastatic
dissemination and can extend patient survival by transforming a uniformly fatal systemic
disease into a locally controlled and eminently more treatable one.

Keywords: leptomeningeal metastasis, brain metastasis, in vivo models, metastasis, brain metastasis therapies

INTRODUCTION

A metastatic tumor is a secondary tumor formed from cells that have escaped from a primary tumor
elsewhere in the body. Metastases are the most frequent neoplasm to affect the adult central nervous
system (CNS), occurring 10 times more than primary brain tumors (1). Metastases commonly arise
within the brain parenchyma, where tumor cells travel via the arterial circulation and are deposited
at terminal “watershed areas” (2). Metastatic spread to the leptomeninges is a rare presentation of
CNS metastasis, developing from the infiltration of metastatic cells into cerebrospinal fluid (CSF)
encasing the brain and spine. Approximately 40% of cancer patients will develop brain metastases
(BM) (3), and 5-8% will develop leptomeningeal metastases (LM) throughout the progression
of the disease (4). The primary cancers that have the highest propensity to develop BM are lung
(40-60%), breast (15-30%), and melanoma (5-15%) (5). Up to 24% of hematological malignancies
result in LM, 10-32% from primary CNS tumors, and of solid tumors the most common origins
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are lung (14-29%), breast (11-64%), melanoma (6-18%), and
the gastrointestinal tract (4-14%) (6-10). Both BM and LM are
associated with poor clinical outcome. The median survival rate
of untreated BM and LM patients is 4-6 weeks, yet even when
receiving standard interventions (palliative radiotherapy and
intrathecal chemotherapy) survival is merely increased to 8-16
weeks (6, 11). The incidence of BM and LM has increased in
recent years due to both the improved efficacy of primary tumor
interventions, which in turn increases survival and time for meta-
static development, as well as the lack of available treatments that
are capable of penetrating the blood-brain barrier (BBB) to target
the metastatic cells (7, 12). Moreover, administration of current
genotoxic treatments can select for increasingly chemoresistant
metastatic populations, contributing to their growing resistance
over time (7, 12, 13).

THE METASTATIC PROCESS

Migration

A tumor cell can obtain a metastatic phenotype through several
mechanisms. Briefly, this process requires a cell to undergo a
(1) loss of cell-cell adhesion, (2) acquisition of motility, and (3)
ability to digest through surrounding tissues to enter/exit the
circulation. Different strategies can be employed by tumor cells to
achieve invasive phenotypes. When intercellular junctions have
been lost, cells can migrate as single entities (14). These single cells
can adopt two main morphological types to promote their motil-
ity, amoeboid, and mesenchymal. Amoeboid cells are rounded
or abnormally shaped and produce “bleb’-like protrusions to
aid migration (13). A typically accepted mechanism to achieve a
mesenchymal phenotype is through the epithelial-mesenchymal
transition (EMT) (13). Initiated by external and internal factors
(environmental cues, transcription factors, etc.), this transition
induces a shift from an epithelial state to a more motile mesen-
chymal phenotype, characterized by an elongated, spindle-like
form (15). Conversely, recent studies have addressed the necessity
of EMT in metastasis where, due to the transient, non-linear of
the process, tumor cells may not require full completion of EMT
to become metastatic. Studies have shown that forced induction
of EMT through overexpression of EMT-regulating transcription
factors causes a loss of tumor-initiating properties in the mes-
enchymal tumor cell (16-18). As such, EMT has been proposed
to include a spectrum of phenotypes, where a tumor cell will
undergo partial phase shifts to promote migration as well as
maintain their tumor-initiation capacity (19). Cells can migrate
collectively with intact cell-cell contacts, where either a single cell
or multiple cells will serve as a leader to a line or sheet of follower
cells. Collectively migrating cells can be of either epithelial or
mesenchymal phenotypes, which may differ between the leader
and follower cells (15). In some cases, EMT may not be required
at all to achieve migration. Utilizing a lineage-tracing Cre system,
Fischer et al. determined that the majority of cells forming lung
metastases were of an epithelial phenotype (20). Similar results
were found by Zheng et al., using a genetically engineered model
of pancreatic cancer and EMT inhibited by SNAILI or TWIST
deletion (21).

Invasion into the Circulation

These metastasizing cells can either secrete various matrix metal-
loproteinases and enzymes to remodel surrounding tissue or,
in the case of amoeboid cells activate contractile actin:myosin
core networks to squeeze between intercellular spaces, allow-
ing them to intravasate into the surrounding tissue, and invade
adjacent blood or lymphatic vessels (22). Once in the circulation,
the majority of metastasizing cells will succumb to a myriad of
lethal barriers, ranging from host’s immune response to shearing
forces within the vessel (23). These metastasizing cells, otherwise
known as circulating tumor cells (CTCs), have adopted success-
ful defensive strategies. One of the methods employed by single
CTCs involves platelet aggregation, where the CTC will express
thrombin to collect platelets and form protective layer from
immune surveillance and hemodynamic shearing forces (24).
Metastasizing cells that have invaded the circulation as collective
groups can form clusters of CTCs or microemboli, arising from
oligoclonal tumor cells and are rarer but appear to have a higher
metastatic potential than single CTCs (25). These clusters provide
protection similar to platelet shields but also an added benefit of
avoiding anchorage-dependent apoptosis (26).

Colonization

As the cell arrests at the new site, both through homing mecha-
nisms as well as physical restraints (27), the cell will extravasate
into the tissue. Depending on the environmental cues the cell
will either remain in a dormant state or colonize the tissue where
initial seeding of the brain will form micrometastases and subse-
quent development of tumor-associated vasculature (neoangio-
genesis) will give rise to macrometastases (28). The clonality of
the resulting metastasis is dependant on the nature of the seeding
cell. A single cell can give rise to a clonal metastasis, whereas a
polyclonal metastasis can develop from a CTC cluster or seeding
of the same region by multiple single cells (29). Recent studies
have identified metastases to be primarily polyclonal, including
prostate (30), breast (31), and pancreatic (32), which is consistent
with the concept of enhanced survival and metastatic seeding
potential by CTC clusters over single metastatic cells (29).

To enter the CNS, metastasizing cells must overcome addi-
tional barriers during extravasation and colonization: the BBB
and brain-CSF barrier (BCSFB). It is thought that the properties
required to exit the circulation are rate limiting; though mil-
lions of cells can be shed into the circulation, only a very small
percentage are able to colonize the secondary environment (33).
However, once these obstacles are overcome, the CNS becomes a
sanctuary site for these metastasizing cells, allowing their escape
and protection from typical cytotoxic agents and immune sur-
veillance that are unable to cross an intact BBB and BCSFB (7).

The flow of arterial blood largely determines the spread of
metastatic cells throughout the brain parenchyma: 85% of BM
arise within the cerebrum, 5-10% within the cerebellum, and
3-5% within the brainstem (2). The type of primary tumor can
also dictate the distribution and number of metastases within
the brain. For instance, lung cancers typically result in multiple
lesions within the occipital lobe and cerebellum, whereas breast
cancer results in metastases within the brain parenchyma,
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leptomeninges, cerebellum, and brain stem (5, 34). Within the
meninges, LM are generated either by diffuse, non-adherent
single cells or clusters or nodules (35).

Brain metastases typically develop from solid and hematological
tumors, whereas LM can arise from primary CNS tumors (e.g.,
medulloblastoma, glioma, and PNET), systemic cancers (lymphoma
and leukemia), or solid tumors. In LM, metastatic cells gain access
to the CSF (and subsequently the leptomeninges) through several
methods: the most common route is hematogenous or lymphatic
systems; however, cells are also able to enter the CSF by escaping from
adjacent bone tumors (i.e., the skull or spine) into the dural sinus or
epidural plexus (36). Once in the CSF these cells can travel through-
out the CNS, either remaining within the leptomeninges or invading
the brain parenchyma, spinal cord, or nerve roots (Figure 1).

A significant controversy in cancer research surrounds the
origin of metastatic spread; do metastases develop in a linear
fashion after primary tumor formation, or in parallel to the
primary tumor? The linear model of dissemination is intimated
in cancers where there are close genetic similarities between the
primary and secondary tumors, whereas the parallel model is
suggested in cases of genetic diversity. A third theory suggests
metastasis-to-metastasis seeding (37). Although from several
studies the general thought appears to lean toward parallel pro-
gression of metastatic dissemination, recent phylogenetic studies
have shown multiple modes of dissemination (38-42).

CONSIDERATIONS FOR THE
DEVELOPMENT OF BM AND LM MODELS

The complex nature of the metastatic process has led to the gen-
eration of several 2- and 3-dimensional in vitro assays that strive
to recapitulate the various stages of metastasis under more stable

conditions. For instance angiogenesis or neovascularization, the
process of forming new blood vessels branching from existing
vasculature, can be recognized through a tube formation assay,
where cells plated on an extracellular matrix layer that mimics
the in vivo environment and will form tubule-like structures
that resemble vessels (43). Cancer cell migration, an integral
component of metastatic cells, can be modeled in multiple assays
including transwell or Boyden chambers, scratch wound, zone
exclusion, or microfluidics. These assays have been invaluable
as tools to not only delineate the intricacies of the mechanistic
regulation of metastasis but also serve as screening platforms
for therapeutic targets, unfortunately they also face several
limitations. The involvement of complex host/cell interactions
throughout BM development are more accurately examined
in vivo, such as anatomical barriers (BBB and BCSFB), stromal/
environmental determinants, immune signaling and response,
and cytokines/growth factors (44). As such, animal models
represent a vital tool in a scientist’s repertoire for translational
research. A clinically relevant in vivo model can enable research-
ers to identify the genetic events that contribute to metastatic
development within the CNS and provide a platform to identify
and screen novel therapeutics (44).

Although the genetic mouse models have become an impor-
tant tool in studying the functional significance of defined muta-
tions in the development of BM and LM, such models lack the
ability to recapitulate the genetic heterogeneity of primary human
tumors. Furthermore, the genetically engineered mouse models
(GEMMs) are limited by complex breeding schemes, incomplete
tumor penetrance, and variable tumor onset (45). In contrast,
patient-derived xenograft (PDX) models for many cancer sub-
types (46-51) have been generated through injection of patient
tumor cells into an appropriate microenvironment. Tumors
generated through PDX models have been shown to retain the
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FIGURE 1 | Metastases of the brain and leptomeninges. Cells from primary tumors are able to metastasize to the brain and can form secondary tumors within
the parenchyma (BM), or can enter the CSF and spread to the membranes surrounding the brain and spine (LM). CSF, cerebrospinal fluid; BM, brain metastasis;

LM, leptomeningeal metastasis.

Frontiers in Oncology | www.frontiersin.org

September 2017 | Volume 7 | Article 220


http://www.frontiersin.org/Oncology/
http://www.frontiersin.org
http://www.frontiersin.org/oncology/archive

Singh et al.

Brief Review of Field of CNS Metastasis

molecular identity and recapitulate the complex heterogeneity of
the original patient tumor. In addition, PDX models allow for a
more accurate evaluation of tumor growth patterns, metastatic
properties, and their changes in response to therapeutic inter-
vention (52, 53). Currently, various xenograft models have been
developed that are capable of reproducing specific individual
stages of metastasis, providing a more detailed understanding
of the intricacies involved in the process. For instance, the avian
embryo provides a unique model support system for many meta-
static features, including growth, invasion, and angiogenesis.
The chorioallantoic membrane, a vascularized embryonic tissue,
shows easy engraftment of human cells, and the embryo itself
provides an immunodeficient environment (54-56). The use of
zebrafish xenograft models has also risen over the last few years,
providing a novel high throughput and inexpensive platform for
drug discovery and in vivo imaging (57, 58). Despite the nov-
elty of these unique models, the use of mice and rats (murine)
has remained a standby host species in modeling metastasis,
providing highly reproducible disease development and easy to
manipulate/inject due to size (59). The advent of transgenic and
immunodeficient strains significantly increased the success rate
of tumor transplantation and human-mouse xenograft model
development (60).

When developing an appropriate in vivo model for LM and
BM, several biological and technical factors must be considered.

1. Material injected: commercial cells are a commonly utilized
cell source, providing an unlimited number of cells for
cost-effective use. Unfortunately, these lines have undergone
significant selective pressures from years of culturing that
they rarely represent the genotypic or phenotypic profile of
the original patient sample and are sometimes even misidenti-
fied or cross-contaminated (61). Conversely, patient-derived
cell lines provide a much more accurate representation of
clonal heterogeneity existing within the original tumor, as the
length of culture remains minimal, though these lines also
face difficulties due to poor growth and engraftment, and a
limited life span (61). Moreover, a significant concern with
patient-derived cell lines is that the majority of patients have
received some form of therapy, thus there are very few samples
that have not faced a selection pressure from exposure to a
chemotherapeutic (62).

2. The number of cells delivered, a property easily controlled by
the researcher, can also play a large role in the time it takes for
engraftment. A larger the cell number injected may permit
for a shorter incubation period; however, this may not accu-
rately represent the slower growth observed with the clinical
presentation of metastatic progression. Conversely, a low cell
number may not be engrafted easily, reducing the success rate
of engraftment or cell collection (62).

3. Host selection: the choice of host when establishing a
metastasis model can be key to successful engraftment rates.
Murine models can be divided into two broad categories:
(1) syngeneic and (2) xenogeneic. Syngeneic models utilize
cancer cell lines of the same genetic background as the host
and are typically generated through chemical or spontaneous
induction. These models offer researchers the ability to study

oncogenesis and metastatic progression in the presence of a
functioning immune response and potential to identify thera-
peutics that can target the immune system. Unfortunately, this
model is solely mouse related, which can have difficulties with
correlations to human disease. On the contrary, xenograft
models are developed from the administration of human
cancer cells into an immunocompromised host. The lack of an
immune response, which would otherwise attack the foreign
cells injected and limit engraftment, permits a high rate of
human tumor transplantation and study of human cancer cell
behavior in a live host but lacks information on the interaction
between the immune system and tumor cells.

4. The route of injection (Figure 2): the location of cell delivery
and subsequent tumor engraftment and metastatic progres-
sion is another decision vital to model development. Due to
circulation patterns, some locations for metastatic spread
are more likely to over others, such as tail vein injections
resulting primary in lung metastases (62). Certain hosts do
not possess the proper/compatible physiology to represent
clinical disease progression, whereas injections in some
areas may not even be feasible for a particular host due to
anatomical differences. Another criteria is host size, where a
larger animal may allow for easy and safe repeated access to
the injection route (59).

When modeling metastasis, the best route of injection would
replicate tumor formation at the primary site first and subse-
quent metastatic development. Several such models have been
established with commercial mouse and human cell lines, unfor-
tunately this method can be laden with difficulties in capturing
the metastatic cells at the desired secondary site. To overcome
this, successive rounds of in vivo selection are performed with
cells harvested from the secondary site and reinjected, selecting
for cells that are aggressively metastatic with each round (63, 64).

(a) Intracardiac/intracarotid: a common method for BM devel-
opment is direct injection of tumor cells into the circulation.
This method is more of an assessment of brain colonization
and not full metastasis, as it selectively ignores the ability of
cells to undergo EMT and intravasate into the circulation.
In addition, the number of cells injected into the circulation
is several folds higher than the number of cells that would
typically escape from the primary tumor. Nonetheless, this
method allows for selection of highly metastatic populations
that are able to cross the BBB and BCSF to engraft into the
brain. Intracardiac injections (via the left ventricle) allow cells
to freely enter the circulation and have indiscriminate access
to all organs of the body, allowing cells to seed metastases
in different areas (65). Injection of cells into the intracarotid
artery allows cells to travel directly to the brain, and primarily
produces BM and LM (66-69).

Orthotopic: orthotopic injections place cells directly into
the originating environment of the primary tumor. For
BM development, the most common route of inoculation
of tumor cells derived from a BM or primary brain tumor
is directly into the brain parenchyma (intracranial). This
surpasses all barriers encountered in the initial and mid

(b)
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FIGURE 2 | Injection routes utilized to develop in vivo models of leptomeningeal metastases (LM) and brain metastases (BM). Common injection routes used in
murine models to develop BM and LM, typically involving injection of cells of directly into the circulation or cerebrospinal fluid to bypass the initial stages of
metastasis. ICA, intracarotid artery; CCA, common carotid artery.

stages of metastasis, allowing the cells to begin colonization, =~ LM (76). A more recent study preformed by this group utilized
but creating a significant selection bias by giving cells that LM models to dissect the molecular processed involved in lep-
may not be capable of surviving the metastatic cascade an ~ tomeningeal dissemination of breast and lung cancers. They
opportunity to engraft. When utilizing tumor cells from  determined that cancer cells within the CSF express complement

other primary cancers, the injection site will follow accord- ~ component 3 to promote disruption of the BCSF and is predictive

ingly for better representation of the metastatic cascade. For ~ of leptomeningeal relapse (77).

instance, melanoma cells can be injected subcutaneously, Sandén et al. were able to propagate a cell line from a primary

lung cancer cells injected intrathoracically, and breast cancer ~ patient sample of Group 3 MB with overexpression of c-Myc, a gene

cells injected into the fatpad (70-72). that the worst clinical outcome for MB. Intracerebellar injection of
(c) Intrathecal: a common method for LM modeling is intrathe-  this cell line resulted in primary brain tumors that recapitulated

cal, allowing direct entry of cells into the CSF via the cis-  both epigenetic and phenotypic characteristics of the original

terna magna or spinal canal (73, 74). The larger size of arat  patient sample. In addition, similar to the clinical progression of
provides safe, easy, and repeated access to the CSF through  the disease, researchers were able to observe metastatic spread to
these methods. For instance, an arachnoid catheter can be  the meninges and down the spinal axis even before it was observed
implanted into the great cistern and passed along the spinal  in the surviving patient, thus providing an opportunity to study

cord (75). early stages of spinal dissemination and allow for preclinical evalu-
ation of targeted therapeutic interventions (45).
Keeping these factors in mind, several groups have proven Recently, Singh et al. successfully established cell lines from

successful in developing clinically relevant models of LM and  primary patient samples of lung BMs, where specific in vitro
BM. Massague et al. performed several rounds of selection on  culture conditions were utilized to enrich for a metastatic sub-
human and mouse cancer lines through injection into the cisterna ~ population of cancer stem cells within these BM, termed brain
magna, allowing the cells to propagate within the leptomeningeal =~ metastasis-initiating cells (BMICs). Using these BMICs, they
space before collecting the cells from the basilar meninges and  developed a novel PDX model of lung-to-brain metastasis, where
thecal sac. After the third round of selection, cells were then  through intracardiac injections the researchers were able to obtain
injected intracardially, where hematogenously disseminated cells ~ macrometastases, whereas intrathoracic injection of BMICs not
were found to consistently form LM as opposed to BM, faith-  only reformed tumors within the lung but also developed micro-
fully replicating many clinical and histopathological aspects of =~ metastatic growths within the brain (78).
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MODELING THERAPY RESPONSE

Originally described in 1800s (79, 80), few substantial advance-
ments have been made since then in understanding the
progression of LM, and this progress has added very little to
the improvement upon the dismal survival rates for patients.
A similar lack of therapeutic progress is seen with BMs. The
typical treatment strategy for BM and LM is palliative care for
poor risk patients, as treatment options offering any significant
extension of survival are presently not available. Poor risk patients
may receive radiation therapy, analgesics and corticosteroids
for persistent pain and headaches, antidepressants, antinause-
ants, and anticonvulsants (36). Good risk patients will receive
treatments tailored to control the tumor, including stereotactic
radiosurgery, whole-brain radiotherapy, surgical resection, and
systemic treatments (81). Systemic therapies include chemo-
therapies, small molecules (Table 1), and immunotherapies and
can be administered depending on various patient factors, such
as tumor histology and the patient’s prior treatment history to
theoretically target both the active systemic disease as well as the
LM and BM (7). Intrathecal administration (direct injection into
the spinal canal) of anticancer agents guarantees the treatment
will enter the CSF; however, this route can have limited efficacy.
An alternative intraventricular administration shows improved
CSF drug levels, especially in bulky tumors, and less variability
between patients (7).

1. Chemotherapy: various chemotherapeutic agents have been
employed to treat LM and BM, often used in a combination of
2-3 along with whole-brain radiotherapy. For BM, standard
chemotherapies are administered based on the primary can-
cer. For instance cisplatin, cyclophosphamide, etopside, pred-
nisone, and irinotecan have all been administered for BM and
LM of lung, breast, and melanoma cancers (81). Capecitabine,
belonging to the class of fluoropyrimidines of chemotherapies,
is administered for several cancer types (106), and a phase II
trial has shown the combination of lapatinib and capecitabine
as a first line treatment for HER2-positive breast cancer (89).
Temozolomide has shown a modest therapeutic effect when
administered alone, however shows much more promise
when used in conjunction with whole-brain radiotherapy
and/or other anticancer agents, as discussed in a thorough
review by Zhu et al. (107). For LM, standard chemotherapies
administered are methotrexate, cytarabine (Ara-C), thiotepa,
all safe for intrathecal administration (108).

2. Small molecules: the mutational status of the primary tumor
can determine the type of small molecule administered to BM
and LM. Tyrosine kinase inhibitors (TKI) such as gefitinib,
osimertinib, and erlotinib target EGFR mutations found
in lung cancers, lapatinib is a dual TKI that targets HER2/
neu and EGFR mutations and is applied to advanced or
metastatic breast cancer, vemurafenib and dabrafenib target
BRAF mutations in melanoma, and crizotinib, ceritinib, and
alectinib target anaplastic lymphoma kinase fusions in lung
cancers (7, 81).

3. Biologics: recent studies have shown promising results
with the administration of monoclonal antibodies and

immune-modulating therapies, activating T-cell responses to
target BM and LM in a non-cytotoxic manner. Bevacizumab
is a monoclonal antibody that targets high levels of VEGF in
several cancers to inhibit angiogenesis (109). Rituximab and
trastuzumab are non-cytotoxic monoclonal antibodies that
are administered intrathecally, targeting CD20 and HER2/
neu, respectively (7); however, trastuzumab has been linked
with increased incidence of brain metastasis. Checkpoint
inhibitors such as ipilimumab and nivolumab are a new
class of immunotherapies showing great promise in phase
trials, targeting CTLA-4 and PD-L1 in metastasis of kidney,
melanoma, and non-small cell lung cancer (6, 110). A more
extensive coverage of the ongoing research on immunothera-
pies directed at BM is comprehensively discussed in the review
by Farber etal. (111).

One of the major hurdles in developing novel therapies
for brain tumors has been the paucity of overlapping action-
able targets between treatment-naive and recurrent tumors.
Using a sleeping beauty transposon system in Ptch+/— mice
with mutated Trp53, Wu et al. were able to generate GEMM
of sonic hedgehog MB with increased tumor penetrance and
reduced latency period (112). The introduction of humanized
therapy protocols combining surgical resection and fractionated
craniospinal irradiation led to generation of a mouse model
that recapitulated both tumor initiation as well as disease
progression, including rise of local and distal metastasis (113).
The development of novel therapeutics is further complicated
by the hurdles encountered throughout delivery of anticancer
drugs to the brain. The BBB and BCSFB are substantial obstacles
that need to be overcome to identify feasible cancer therapies.
Both barriers differ in composition, permeability, and func-
tion. The BBB is a barrier formed by the endothelial cells of the
brain capillaries, closely associated with pericytes, perivascular
astrocytes, and microglia, and separates the circulating blood
from the brain interstitial fluid (114). The BCSFB is composed
of modified cuboidal epithelium of the choroid plexus, serving
to secrete and separate CSF from circulating blood (114). Both
barriers express transporters, multi-specific carriers, receptors,
and enzymes that help to regulate diffusion and transport of
polar molecules, essential nutrients, and wastes, and restrain the
passage of anticancer compounds into the brain (114). Several
factors within the composition of a drug also impede its abil-
ity to penetrate the BBB and BCSFB, including lipid solubility,
molecular weight, polarity, and protein binding (7).

Various methods have been employed when designing drugs
and delivery systems to increase drug efficacy in crossing the
BBB and BCSF and targeting BM and LM. One method utilized
to avoid these barriers is the use of transporters, where a drug
that is not able to cross the BBB is coupled to a substance that
can. This process can improve the peripheral pharmacokinetics,
yet results in a hybrid compound that may not be recognized by
the transporter or is destroyed as a foreign body (115). Another
method is the formulation of a compound to be highly lipid
soluble and with low molecular weight, increasing the likeli-
hood of drug transport by transmembrane diffusion. Typical
clinical therapeutic drugs are small, lipid soluble molecules.
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TABLE 1 | List of selected chemotherapies, small molecules, and immunotherapies administered in the treatment of brain metastases (BM) and leptomeningeal

metastases.

Drug

Mechanism of action

Mode of delivery

Clinical uses

Reference

Cisplatin Inhibitor of DNA replication Intravenous infusion  Treatment of BM in patients with breast cancer, NSCLC, Franciosi et al. (82)
and melanoma
Cyclophosphamide  Inhibitor of DNA replication Intravenous infusion;  Treatment of BM in patients with breast cancer Rosner et al. (83)
oral administration
Irinotecan Inhibitor of DNA replication and Intravenous infusion  Treatment of BM in patients with small cell lung cancer Sevinc et al. (84)
transcription
Methotrexate S-phase specific cytotoxic Intraventricular or Treatment of patients with neoplastic meningitis Grossman et al. (8)

chemotherapy

intrathecal infusion

Cytarabine (Ara-C)

Antimetabolite, blocks activity of DNA
polymerase

Disruption of PISBK/Akt/mTOR pathway

Intraventricular or
intrathecal infusion

Targeting leptomeningeal dissemination of patients with
glioma, breast cancers, and NSCLC

Zhao et al. (85)
Niwinska et al. (86)
Nagpal et al. (87)

Thiotepa Non-specific cell cycle inhibitor Intraventricular or Treatment of patients with neoplastic meningitis Grossman et al. (8)
intrathecal infusion
Capecitabine Antimetabolite, blocks activity of DNA Oral administration Treatment of BM in patients with HER2-positive breast Petrelli et al. (88)

polymerase

cancer

Bachelot et al. (89)

Gefitinib Inhibitor of EGFR-associated tyrosine Oral administration Targeting brain metastasis in patients with NSCLC Ceresoli et al. (90)
kinase
Osimertinib Inhibitor of EGFR-activating mutations Oral administration Targeting brain metastasis in NSCLC patients with EGFR  Koba et al. (91)
and EGFR with T790M mutation T790M mutation
Erlotinib Inhibitor of EGFR-associated tyrosine Oral administration Targeting brain metastasis in patients with NSCLC Sperduto et al. (92)
kinase
Lapatinib Inhibitor of EGFR and HER2/neu Oral administration Targeting brain metastasis in patients with HER2+ breast  Lin et al. (93)
cancer Lin et al. (94)
Vemurafenib Inhibitor of BRAF, resulting in disruption  Oral administration Targeting brain metastasis in patients with V6OOE BRAF ~ Dummer et al. (95)
of BRAF/MEK/ERK pathway mutation-positive melanoma
Dabrafenib Inhibitor of BRAF, resulting in disruption  Oral administration Targeting brain metastasis in patients with V60OE BRAF  Long et al. (96)
of BRAF/MEK/ERK pathway mutation-positive melanoma
Crizotinib Inhibitor of anaplastic lymphoma kinase  Oral administration Targeting brain metastasis in patients with EML4-ALK Yoshida et al. (97)
(ALK) and c-ros oncogene 1 (ROS1) fusion NSCLC
Ceritinib Inhibitor of ALK Oral administration Targeting brain metastasis in patients with ALK-positive ~ Melosky et al. (98)
NSCLC
Alectinib Inhibitor of ALK Oral administration Targeting brain metastasis in patients with ALK-positive ~ Gadgeel et al. (99)

NSCLC that are resistant to crizotinib

Bevacizumab Monoclonal antibody, blocks Intravenous infusion  Targeting brain metastasis in patients with NSCLC Besse et al. (100)
angiogenesis though inhibition of
VEGF-A
Rituximab Monoclonal antibody targeting CD20 Intraventricular or Targeting leptomeningeal dissemination of patients with ~ Schulz et al. (101)
intrathecal infusion lymphoma
Trastuzumab Monoclonal antibody targeting HER2/ Intravenous infusion  Preventing brain metastasis development in HER2- Park et al. (102)
neu or subcutaneous overexpressing metastatic breast cancer
injection
Ipilimumab Monoclonal antibody targeting CTLA-4  Intravenous infusion  Targeting brain metastasis in patients with melanoma Margolin et al. (103)
Nivolumab Monoclonal antibody targeting PD-1 Intravenous infusion  Targeting brain metastasis in patients with NSCLC Dudnik et al. (104)

Pembrolizumab

Monoclonal antibody targeting PD-1

Intravenous infusion

Targeting brain metastasis in patients with melanoma or
NSCLC

Goldberg et al. (105)

The evidence of exosome-based communication in neural cells
(117) opened up a possibility of potentially developing therapies
that deliver short interfering RNA (siRNA) against specific
targets to the brain. Despite a lack of clinical trial testing the

Unfortunately, once across the BBB the drug must then enter the
surrounding aqueous interstitial fluid of the brain to be effective,
resulting in drugs that are too lipid soluble being sequestered to
the capillary bed and unable to reach areas beyond the BBB (116).
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efficacy of exosome-based therapies for cancer has been initiated,
a study published by Alvarez-Erviti et al. (118) demonstrated a
prominent reduction of both mRNA and protein levels of BACE1
within multiple brain cell lineages post siRNA delivery to the
brain (118). Other delivery strategies include targeting peptides,
regulatory proteins, and oligonucleotides (115).

CONCLUSION

Brain metastases and LM are a common complication of cancer
progression, associated with poor survival and limited treatment
options. Elucidation of the molecular mechanisms underly-
ing brain metastasis development, which includes the shifting
microenvironment and interactions with the immune system the
disseminated cell encounters, is supremely difficult to capture
with an in vitro system. Consequently, experimental in vivo
models are heavily relied on to serve as platforms to explore the
nature of metastatic dissemination in a more comprehensive
manner. Unique models have been generated with fish, mice,
chicks, and companion animals (cats and dogs), all providing
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