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Abstract

The metastasis of cancer to the central nervous system (CNS) remains a devastating clinical
reality, carrying an estimated survival time of less than one year in spite of recent therapeutic
breakthroughs for other disease contexts. Advances in brain metastasis research are hindered by a
number of reasons, including its complicated nature and the difficulty of modeling metastatic
cancer growth in the unique brain microenvironment. In this review, we will discuss the clinical
challenge, and compare the values and limitations of the available models for brain metastasis
research. Additionally, we will specifically address current knowledge on how brain metastases
take advantage of the unique brain environment to benefit their own growth. Finally, we will
explore the distinctive metabolic and nutrient characteristics of the brain; how these paradoxically
represent barriers to establishment of brain metastasis, but also provide ample supplies for
metastatic cells’ growth in the brain. We envision that multi-disciplinary innovative approaches
will open opportunities for the field to make breakthroughs in tackling unique challenges of brain
metastasis.
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1. Overview of brain metastasis

1.1 Imposing clinical challenges

In the United States, it is estimated that between 6% [1] and 14% [2] of all newly diagnosed
cancers will ultimately metastasize to the brain; based on the 1.7 million new diagnoses of
cancer expected in 2016 [3], between 100,000 and 240,000 cases are expected to eventually
lead to brain metastasis. These numbers represent a conservative projection, for 3 principal
reasons: 1) autopsies of patients dying due to metastatic cancer are rare, making
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comprehensive studies difficult; therefore, the apparent numbers seen thus far may be a
result of under sampling [4], 2) as improved systemic therapies have lengthened the survival
of patients with metastases to other organs, they may develop brain metastasis later,
surpassing projections based on prior incidence [4], and 3) increased detection capability of
clinical imaging modalities may allow for the identification of brain metastases that would
not have been found previously [5]. The primary cancers that most frequently metastasize to
the brain are lung, breast, melanoma, and colorectal, accounting for ~45%, ~15%, ~10%,
and ~5% of brain metastases, respectively [4, 6].

The natural history of primary cancers’ progression to brain metastasis varies according to
primary tumor site. Lung cancer brain metastasis diagnosis occurs at an average of 4.5
months following the diagnosis of primary cancer, and frequently occurs synchronously with
primary tumor growth [7], while melanoma and breast cancer brain metastases are
diagnosed at an average of 24-30.5 months [8, 9] and 41 months [10] later than their
corresponding primary tumors, respectively. Once brain metastasis has occurred, the
outcomes are dismal. If left untreated, the average survival is less than 2 months [11];
palliative therapies including corticosteroids, chemotherapy, and radiotherapy can extend
survival, in the best case, to an average of less than one year [12]. The lethality of brain
metastasis follows severe deterioration of patients’ quality of life, and symptoms can include
headaches, seizures, cognitive or motor dysfunction, and coma [13, 14]. When only a single
brain metastatic tumor is detected, surgery or stereotactic radiosurgery can be performed,;
however, these therapies only have modest effects on survival with life extended merely a
few months as other metastases spring forth from untreated brain regions [6]. Moreover, at
the time of detection, more than 80% of patients already have multiple brain metastases,
disallowing surgery as a therapeutic option [15, 16]. As brain metastasis is almost
universally chemo-resistant, chemotherapy is usually only used for treating systemic (non-
brain) metastasis growing synchronously with the brain metastasis or as salvage therapy [17,
18]. Some primary tumors or tumor subtypes are more responsive to therapies targeting
specific molecular or functional pathways; non-small cell lung cancer (NSCLC) frequently
expresses epidermal growth factor receptor (EGFR) mutations [19] and anaplastic
lymphoma kinase (ALK) rearrangements [20], melanoma frequently presents with BRAF
V600 mutations [21], and breast cancer can be driven by the human epidermal growth factor
receptor 2 (HER2) [22]; the presence of these mutations or hyperactivity of the associated
pathways in the associated primary tumor frequently makes these pathways targets of choice
in brain metastasis [23]. While several targeted therapies do indeed show activity in the brain
and are delivered into the brain metastatic tumors, their accumulation in the brain generally
occurs at dramatically lower concentrations than outside the brain [24], raising the question
of whether efficacious concentrations of the drugs are ever reached or maintained. One
notable and recent exception is the antibody-drug conjugate ado-trastuzumab emtansine (T-
DM1), which targets HER2 in HER2-overexpressing breast cancer; T-DM1 has shown
clinical efficacy in HER2+ brain metastasis both as a single agent and in combination,
positively impacting both progression-free and overall survival [25, 26]. Yet even in patients
showing responses to T-DM1, the metastases ultimately relapse. Currently, there are over
100 clinical trials ongoing or in active recruitment to evaluate the efficacy of targeted
therapies in brain metastasis (compiled in clinicaltrials.gov). Most of these trials involve the
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use of targeted therapies in combination with radiotherapy or immune checkpoint blockade
(ICB). Notably, the investigational targeted therapies are also based upon mutations and
driver alterations found in the primary tumors from which brain metastases were derived,
with ALK and EGFR inhibitors being tested in lung cancer brain metastasis, BRAF
inhibitors in BRAF-mutant melanoma, and HERZ inhibitors in HER2-high breast cancer. It
is unclear whether these drivers are also key modulators of brain metastasis. In an
examination of brain metastases from breast, lung, melanoma, and esophageal cancers, it
was noted that in addition to mutations frequently seen in 7P53, NRAS, and KRASIn
primary cancers, DSC2, ST7, PIK3R1 and SMC5 mutations were also observed in brain
metastases [27]. Enrichment of activation of the DNA repair, ERBB-HER signaling, axon
guidance, and protein kinase-A signaling pathways were also seen in brain metastases,
showing that molecular enrichment for certain functional phenotypes are seen in the brain
[27]. Based on the enriched molecular alterations seen in brain metastasis compared to
primary tumors, it is possible that targeting brain metastasis-specific alterations could yield
improved therapeutic efficacy.

1.2 Obstacles to advancing research

To make breakthroughs in tackling the clinical challenge of brain metastasis, we need a clear
understanding of its biological mechanisms. Unfortunately, the vast majority of cancer
funding and public attention are directed towards the treatment and prevention of primary
cancer [28, 29], even though the reality is that 90% of cancer mortality is due to metastasis
[30]. This disparity in funding represents a pragmatic yet frustrating trend. Although
primary cancer survival rates have continuously improved for the past 30 years, such
progress has largely evaded metastatic cancer patients, whose outcomes remain dismal [31].
This ever-widening gap demands attention. Funding for research is the first step to making
progress in the understanding of cancer metastasis, especially, brain metastasis.

Brain metastasis research is surrounded by a number of practical scientific barriers. First, the
unique nature of the brain environment (see Section 2) and how it interacts with metastatic
cancer cells makes the study of brain metastasis using simple /n7 vitro models minimally
relevant, and unlikely to reveal impactful therapeutic vulnerabilities. Second, the /n vivo
models currently used to study brain metastasis are subject to their own limitations.
Depending on the focus of the study, a spontaneous or/and an experimental brain metastasis
model in mice can be used. Cancer cells need to perform a litany of complex biological
functions to succeed in the multi-step metastatic cascade, from growing at the primary tumor
site, to obtaining their own blood supply, entering and surviving within the circulation,
arresting within secondary organs, and extravasating and colonizing the secondary organs
[32]. Spontaneous metastasis models are the best at reflecting the entire process (Fig. 1A,
Table 1). However, due to the timing of metastatic latency, the limited lifespan of mice, and
the potential of mice to succumb to metastasis to other organ sites prior to the overt
manifestation of brain metastasis, studies involving spontaneous modeling of brain
metastasis are rarely reported. One such study investigating the spontaneous metastasis of
mammary tumors generated from patient-derived xenografts (PDXs) of breast cancer
specifically investigated the incidence and gene profiles of metastases to different organs
[33]. At the experimental endpoint, the mice were euthanized due to high lung metastatic
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burden while brain metastasis was rare and brain micro-metastatic cancer cells expressed a
dormancy-associated gene signature [33]. Other spontaneous metastasis models have shown
a similarly lower metastatic incidence and metastatic burden in the brain relative to other
organs, again reducing the opportunity to study brain metastasis [34]. In order to increase the
brain metastasis-forming efficiency, experimental metastasis assays to introduce cancer cells
directly into the circulation can be utilized. These include injections to either the tail vein
(intravenous) [35, 36] or left ventricle of the heart (intracardiac) [37]. However, while these
models do allow for rare brain metastasis generation, they still support the dissemination of
cancer cells throughout the organism. This frequently leads to animals succumbing to
pulmonary or bone metastasis prior to macro-metastasis formation in the brain (Fig. 1B,
Table 1).

In order to avoid some of the complications of the aforementioned metastasis assays, such as
timing and consistency, an experimental brain metastasis assay injecting cancer cells into the
carotid artery of immunocompromised mice has been developed and extensively used for
studying brain metastasis [38]. This assay allows the interrogation of the brain-specific
requirements for cancer cell metastasis, from adhesion to the brain vasculature,
extravasation, obtaining oxygen and nutrients, and outgrowth in the brain parenchyma, all
major barriers to establishment of brain metastasis (Fig. 1C, Table 1). However, the
intracarotid injection skips the steps of cancer cells leaving the primary tumor and entering
the circulation in the metastatic cascade. Additionally, intracarotid injection of cancer cells
is a technically challenging procedure, involving a microsurgery to expose the carotid artery
prior to injection; mastering the technique is labor intensive and time consuming,
representing another hurdle to brain metastasis research. As an alternative, many
investigators are turning to intracerebral injection of cancer cells to study their outgrowth in
the brain (Fig. 1D, Table 1) [39]. This method, originally developed to orthotopically model
primary brain tumor growth [40], allows researchers to study tumor cell outgrowth in the
brain, the last step of the metastatic cascade [32].

A common concern with the use of both spontaneous and experimental xenograft models of
human cancer cell lines or PDXs grown in mice is that both systems require the use of
immunocompromised animals, which ignore the impact of the adaptive immune system on
preventing or promoting brain metastasis. To address this issue, it is possible to use either
mouse tumor-derived cell lines or allografts in syngeneic hosts to perform either
spontaneous or experimental brain metastasis assays. While mouse tumor models may not
perfectly recapitulate the genomics or transcriptomics of human disease, complementary use
of both murine tumor-derived allograft and human PDXs would allow more complete
studies of brain metastasis. A recent study using a brain orthotopic model of HER2-positive
breast cancer brain metastasis PDXs enabled the determination of remarkably effective
targeted therapeutic combinations for brain metastasis, with three out of five brain metastasis
models studied showing long-lasting complete remissions [41]. The brain
microenvironment, specialized to support integrity of the CNS, is meant to maintain
homeostasis and limit the action of pharmaceuticals in the brain. Therefore research efforts
that take into consideration the role of the host brain in supporting metastatic growth /n vivo
are more likely to represent fruitful avenues in developing effective treatment strategies for
brain metastasis than those that simply look for /in vitro cytotoxicity.
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2. The brain as a unique microenvironment for metastasis

The specialization of the brain to suit its functions as the processing and control center for
the body has led to the evolution of a number of unique features and safeguards. As the
primary role of the brain is to house and support the neurons that allow for signals to be
transmitted and received throughout the whole body, many of its features are specifically
involved in supporting and maintaining neuronal functions. The distinctive nature of the
brain microenvironment extends to its resident cell populations [42], structural composition
[43], blood flow [44], immune responses [45, 46], and nutrient and oxygen availability [47].
Each of these special characteristics represents a potential challenge to would-be metastatic
tumor cells; at the same time, cancer cells with the right features to adapt and survive in such
conditions can take advantage of the neuroprotective environment to gain a foothold that has
proven difficult to broach by current therapies.

2.1 Brain structural and cellular features involved in metastasis

One of the most recognized brain-specific features is the presence of a blood-brain barrier
(BBB) that separates the brain from the general circulation [48]. This ‘barrier’ is in reference
to both form and function, as cells and molecules are excluded from entering the brain
parenchyma by physical obstructions. Specifically, the brain endothelial cells are joined by
tight junctions, and possess active efflux transporters to expel potentially harmful molecules
that do penetrate the physical barrier. The main function of this barrier is the maintenance of
homeostatic environment for neuronal function [49]. The BBB’s tight junctions, which are
composed of proteins including claudins, occludins, and zona occludens proteins [50],
possess high electrical resistance [51]. The abluminal (brain-facing) side of the BBB is
surrounded by a thick basement membrane, which is in turn supported by pericytes. The
tight junctions’ electrical resistance prevents free diffusion of charged molecules through the
BBB, while pericytes physically support endothelial cells and promote their survival and
maturation [52]. Finally, astrocytic end-feet form the outer layer of the BBB. Astrocytes
express glucose transporters for allowing glucose into the brain and P-glycoprotein for
pumping drugs/neuroactive compounds out of the brain, and possess the ability to alter the
tightness of the BBB in response to stresses such as hypoxia [53]. Oxygen and other
lipophilic molecules can directly diffuse into the brain through the endothelial cell
membrane. Due to the brain’s high demand for oxygen, the partial pressure of oxygen (pO2)
in the brain, at steady-state levels, is only 35 mmHg (equates to 4.6% oxygen) [54]; this
generates a continuous gradient of oxygen into the brain [54]. Other molecules required for
brain function, such as amino acids, are selectively admitted to the brain by specialized
transporters [55].

As cancer cells arrive in the vasculature of the brain, they first have to arrest within the blood
vessels prior to extravasation. The process of cell arrest in the brain is non-trivial, indicated
by the finding that the top gene differentially enriched in cancer cells metastatic to the brain
versus other organ sites was STEGALNACS, which encodes a molecule that mediates
adhesion specifically to the brain vasculature [56]. Following the adhesion to the vascular
walls, the first brain-specific challenge that cancer cells encounter is the BBB. An intact
physiological BBB prevents the entry of cells into the brain; cells extravasating into the
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brain would therefore need to pass through the endothelial cell layer either para-cellularly
(between the cells, through the tight junctions) or transcellularly (through the endothelial
cells themselves). While transcellular migration has been observed in immune cell
extravasation, only paracellular migration has been detected in brain metastasis [57].
Because tight junctions are composed of a variety of proteins, cancer cells need to express
several proteases in order to penetrate intact tight junctions [58]. Alternatively, these
junctions can be destabilized by a variety of cytokines, chemokines, and inflammatory
mediators frequently expressed by cancer cells, including VEGF, basic fibroblast growth
factor (bFGF), transforming growth factor—p (TGF-B), interleukin-1f (IL-1B), TNF-a,
interferon-y (IFN-y ), CCL2, CXCLS, and prostaglandin-endoperoxide synthase 2 (COX2)
[56, 59-61]; cancer cells can secrete MMPs and other proteases to disrupt the basement
membrane (BM), as occurs in metastasis to other sites [59, 62]. Recently, cancer cells have
been shown to actively induce endothelial cell death by heterotypic signaling [63]. When
amyloid precursor protein (APP), expressed by cancer cells, interacts with its cognate
receptor, death receptor 6 (DR6), expressed by endothelial cells, necroptosis is triggered in
the endothelial cells, enhancing cancer extravasation and metastasis. Therefore, in addition
to the paracellular extravasation employed by immune cells, cancer cells may actively
extravasate through the killing of endothelial cells forming endothelial barriers.

After bypassing the BBB, cancer cells still have to cope with the unique nutrient
environment of the brain (see 2.2 for more details). Part of this challenge involves obtaining
sufficient oxygen in a tissue with a low pO2, where there is a high degree of competition
from neurons. Neurons maintain sufficient oxygen for mitochondrial respiration by never
being farther than 40um away from the nearest capillary [64]; cancer cells in the brain
converge upon this phenotype as well, as imaging studies on experimental brain metastasis
showed that cancer cells stay in contact with blood vessels even following extravasation.
This contact continues until either VEGF-A-mediated neo-angiogenesis occurs or, more
frequently in brain metastasis, the vasculature is remodeled and co-opted by the cancer cells
[65]. Notably, these neoangiogenesis and vascular co-option have been observed to be
dependent upon the type of primary cancer from which the brain metastases are derived,
with lung cancer demonstrating the neoangiogenesis phenotype and breast and melanoma
showing the vascular co-option [65]. An ongoing controversy in the field of brain metastasis
is the degree to which the BBB is disrupted following brain metastasis outgrowth. While
some studies have detected a heterogeneous permeability to chemotherapeutic agents by
brain metastases [66], others have shown that effects of brain metastasis on the leakiness of
the BBB are cell line-dependent, with examples of both intact [67] or disrupted [68] BBB in
different cancer cell contexts. In either case, this distinction has clinical implications; if the
BBB were fully disintegrated around brain metastases, it might allow for delivery of
efficacious doses of therapeutics to tumors in the brain. Frustratingly, even in advanced brain
metastases in which a loss of functional integrity of the BBB would be expected, especially
when metastases have implemented vascular remodeling or neo-angiogenesis [65, 69], the
accumulation of the majority of chemotherapeutic and small molecule targeted therapies still
appears at sub-optimal levels [70].

A better explanation for therapeutic resistance of brain metastasis may lie in the co-option of
astrocytes, the brain’s essential support cells. Astrocytes in the physiological brain serve
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homeostatic functions in support of the BBB [71, 72] as well as signaling and delivering
nutrients directly to neurons [73]. Astrocytes’ homeostatic functions include prevention of
cancer cell invasion of the brain parenchyma; cancer cells breaching the BBB are soon met
by astrocytes that release Fas ligand (FasL) to trigger cancer cell apoptosis [74]. Successful
brain metastases win this molecular arms race by expressing serpins, which prevent
astrocytic release of FasL. After evading elimination by astrocytes, cancer cells can take
advantage of the protective benefits that astrocytes usually afford neurons by a variety of
mechanisms. Through gap junction communication, astrocytes upregulate survival genes in
brain metastatic cells, promoting chemoresistance [75]. This effect involves the engagement
and upregulation of the endothelin axis [76]; antagonism of the endothelin axis
chemosensitized tumor cells and significantly extended survival in mouse models of
experimental brain metastasis of lung and breast cancer, leading to unprecedented complete
responses even in aggressive brain metastasis models [77]. In addition to gap junction
communication, brain metastases can activate the pro-growth/survival effects of astrocytes
by secretion of IL-1f [78] or CCL2 [79], and have even been shown to enhance the
differentiation of neural progenitor cells into astrocytes [80]. Clearly, the dynamic and
reciprocal crosstalk between brain metastatic cells and the astrocytes fosters outgrowth and
enhances therapeutic resistance of cancer cells in the brain.

The healthy brain, while not usually patrolled directly by the adaptive immune system, is
protected by a specialized cell type known as microglia [81]; microglia are bone marrow-
derived innate immune cells that serve to protect the brain and maintain homeostasis [82,
83]. While microglia are normally a specialized brain-resident macrophage population [83],
under pathological conditions such as inflammation [84], chronic stress [85], and radiation
[86], bone marrow-derived myeloid progenitors can infiltrate the brain and differentiate into
microglia-like cells. As specialized macrophages, microglia can perform both cytotoxic and
tissue repair functions based on their activation state [87]. Accordingly, brain metastatic
cancer cells must be able to avoid detection and elimination by microglia in order to
successfully colonize the brain. Early in the process of metastatic colonization, microglia
have been observed to interact with metastatic tumor cells and become activated, as
indicated by their TNF-a and inducible nitric oxide synthase (iNOS) expression [88, 89]. /n
vitro, microglia were shown to be capable of killing cancer cells in a nitric oxide-dependent
manner [90], suggesting that successful brain metastases have to avoid detection and killing
by microglia. On the other hand, in keeping with their physiological functions of performing
both immune surveillance and anti-inflammatory tissue repair, microglia can be exploited by
brain metastases to support their outgrowth. Those cancer cells that evade detection and
elimination by microglia can take advantage of the supportive functions of microglia,
thereby enhancing their own proliferation and survival by a variety of mechanisms [79, 91,
92] . Undoubtedly, the interaction of microglia and brain metastatic cancer cells is a complex
one that is especially difficult to model /n vitro. However, the potential of microglia to
eliminate cancer cells at the early stages of brain metastasis demands further attention, as
identification of molecular mechanisms that mediate microglial detection and killing of
brain metastatic cells could represent a novel means of therapeutic targeting.
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2.2 Metabolic environment of brain metastasis

The limited availability of nutrients in the brain is another significant evolutionary
bottleneck in the pathogenesis of brain metastasis. As the BBB excludes most molecules
from simple diffusive entry into the brain, specialized transporters are necessary for their
import. Transporters exist for glucose and some amino acids; the high capacity of the
endothelial cell glucose transporter GLUT-1 (at 1420 nmol/min x g tissue) ensures the
continuous ingress of glucose into the brain [93]. The availability of glucose, inability of
other metabolic substrates for entering the brain, and high energy demands of the brain
together result in the brain’s utilization of 20% of the body’s glucose [94], which is evident
by the intense background signal of the brain in 18F-deoxyglucose (18-FDG) positron
emission tomography (PET) imaging [95]. Astrocytes and neurons can both utilize the
glucose that gets into the brain, astrocytes through GLUT-1 and neurons through GLUT-3,
which has a higher glucose affinity [96]. Once inside a cell, glucose can be used for either
ATP synthesis or the generation of other biomolecules. In either event, the first step of
glucose metabolism is the phosphorylation of glucose by hexokinase, generating glucose-6-
phosphate [97]. At this point, the glucose-6-phosphate can either continue down the
glycolysis pathway and be used for ATP generation, or be shunted into the pentose
phosphate pathway in order to generate NADPH to be used for the production of other
biomolecules [97]. Brain metastases have been observed to utilize both glycolysis and the
pentose phosphate pathway. A study of human breast cancer brain metastases, which are still
restricted by a functional BBB in their early stages of colonization, showed that the gene
most highly upregulated relative to unmatched primary tumors was hexokinase 2 (HK2),
demonstrating the importance of glycolysis for intracerebral tumor growth and survival [98].
Another study using experimental brain metastasis models showed enhanced utilization of
glucose in both glycolytic and pentose phosphate pathways [99]. The similar findings of
these independent studies demonstrate that the physiological constraints of limited nutrient
availability imposed by the brain must be overcome for successful metastasis.

While it has been widely reported that due to the BBB, amino acids exist at lower levels in
the brain than the plasma, quantification of this phenomenon are scarce. Further, the
presence of the large neutral amino acid transporter 1 (LAT1) system enables the facilitated
diffusion of some amino acids [100], so proclaiming that amino acids exist at lower levels in
the brain is likely an oversimplification. Although to the best of our knowledge, a
comprehensive set of quantification data on amino acids in the brain is not available, an
Alzheimer’s disease study from 1990 did examine the cerebrospinal fluid (CSF) content of
amino acids [101]. That study compared the amino acid content in plasma and CSF of
healthy volunteers to Alzheimer’s patients; in the healthy control group, the only amino acid
found at a similarly high level in the CSF as in the general circulation was glutamine, an
important precursor of the neurotransmitters glutamate and y-aminobutyric acid (GABA)
[101]. This suggests that utilization of glutamine may be an important functional constraint
on successful brain metastasis outgrowth. Intriguingly, a study in brain metastasis has shown
that breast cancer brain metastases may display neuronal phenotypes, using GABA as an
oncometabolite in the brain microenvironment [102].
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In general, glutamine metabolism in the brain occurs in the form of a cycle rather than as a
unidirectional catabolic process. This series of reactions is known as the glutamine-
glutamate cycle, and it is responsible for maintaining the supply of the neurotransmitter
glutamate while also preventing constitutive neuronal hyperpolarization. Since glutamate
can be converted into glutamine, which is non-neuroactive, glutamine is the preferred form
in the brain. The glutamine-glutamate cycle occurs when glutamate is released into a
glutamatergic synapse by the pre-synaptic neuron. Some glutamate binds to its receptors on
the post-synaptic neuron, and the excess synaptic glutamate is taken up by the surrounding
astrocytes, which express high levels of excitatory amino acid transporters (EAATS). Inside
the astrocytes, the glutamate is metabolized by glutamine synthetase, and processed into
glutamine by the addition of an amino group. This glutamine is then released by the
astrocytes and taken up by pre-synaptic neurons. It is within pre-synaptic neurons that
glutaminolysis occurs, with glutaminase breaking down glutamine into its constituents
glutamate and ammonia. The newly synthesized glutamate is then packaged into vesicles
and released into the synapse, and the cycle proceeds again. Notably, cancers and cancer cell
lines have exhibited the potential to participate in the glutamine-glutamate cycle,
demonstrating a similar phenotype as neurons, with uptake of glutamine and release of
glutamate [103-106].

Moreover, both brain metastasis and primary tumors have previously been reported to
exhibit altered glutamine metabolism [107]. Specifically, they have both been shown to
possess an enhanced ability to utilize glutamine as both an energy source and as a precursor
to cellular building blocks, including purines, pyrimidines, and non-essential amino acids
[108-110]. However, it remains unknown whether brain metastatic cells possess an intrinsic
ability to better utilize glutamine, or if this phenotype arises out of adaptation to the brain
environment. Importantly, a mechanistic understanding of the regulation and cause of this
enhanced glutamine utilization is still lacking, so it cannot yet serve as a therapeutic target.
Finally, as most isotopically labeled metabolic tracer studies have been performed in vitro, it
will be crucial to test the importance of glutamine utilization in brain metastasis /n vivo and
clinically to determine the key glutamine fates [111].

3. Opportunities for breakthroughs

The diagnosis of brain metastasis currently represents a death sentence, and as treatment
options have improved for primary and non-brain metastatic cancers, that fact has become
increasingly conspicuous. Owing to a variety of factors, including the dearth of dedicated
brain metastasis research funding as well as the difficulties of accurately modeling the
disease, little progress has been made in understanding the biology of brain metastasis in
order to make therapeutic breakthroughs.

However, all of that can change. Although /n vivo modeling of cancer is technically
challenging and expensive, awareness and acknowledgement that it is the best approach to
understanding the nuanced relationship between brain metastatic cancer cells and the CNS
microenvironment is an important step in designing and performing the proper experiments
in the future. While none of the current models is ideal, the combination of human cancer
cells xenografted into immuno-deficient mice and mouse cancer cells allografted into
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immunocompetent mice can serve complementary roles in surveying the specific
interactions between brain and cancer cells that support or suppress cancer cell growth and
modulate therapeutic resistance. Since cancer cells growing in the brain take advantage of
specialized cell types such as astrocytes and microglia in order to gain a number of
privileges normally afforded neurons (Fig. 2), the understanding of these interactions is
crucial in order to engineer solutions. One such exciting possibility is Fidler’s work on
targeting the endothelin axis to disrupt cancer cells’ reliance on astrocytes [77]; the resulting
dramatic increase in mouse survival following brain metastasis is unprecedented and
demands greater attention. Similar studies to reverse engineer the reliance of cancer cells on
the unique features of the brain environment may bear fruit, turning cancer’s brain-specific
advantages into brain-specific vulnerabilities. Finally, even though the physiological brain
environment has its own specialized immune system, the pathological brain may be subject
to T cell-mediated immunity [112-114]. As T cell checkpoint blockade-based
immunotherapy has shown remarkable clinical efficacy in certain cancer types (reviewed in
[115]), the prospect of using immunological approaches to treat brain metastasis is
intriguing. To this end, clinical responses to both checkpoint blockade [116-118] and
adoptive T cell transfer [119] have been observed in melanoma brain metastases; other
immunotherapy-responsive cancers that metastasize to the brain, like non-small cell lung
cancer (NSCLC), may be amenable to immune-oncological treatment approaches in the
context of brain metastasis. When the clinical applications of immunotherapy improve even
further, expanding beyond T cell-focused efforts, brain metastases from other cancer types
may also be candidates for immunotherapy.

In addition to cell type-specific interactions that allow brain metastatic tumors to enjoy
survival advantages in the brain, it is important to consider how the unique nutrient
environment of the brain imparts functional constraints and opportunities on metastatic
cancer cells. As they are foreigners surviving in a hostile setting, metastatic cancer cells are
forced to live by the rules of their metastatic organ setting, not by their tissue of origin. This
implies that brain metastases of different cancer types may converge on similar pathways for
survival and proliferation based on nutrient availability. In the case of the brain, there is a
relatively high availability of glucose and glutamine and low abundance of oxygen. Brain
metastases overcome these specific functional barriers by, for example, developing means to
more efficiently metabolize glutamine into specific biomolecular building blocks. While this
represents a competitive advantage for brain metastases, over-reliance on these functions can
serve as a therapeutic Achilles’ heel. This concept, borrowed from ecology, can be thought
of as an evolutionary double bind [120, 121]; cancer cells that have become adept at certain
specific functions also make themselves vulnerable to complementary therapeutic targeting.
By using the right models and asking the right questions, it will be possible to identify the
pathways regulating such functional advantages and turn them into a new wave of brain
metastasis-specific therapeutic targets.

4. Conclusions

Brain metastasis remains a daunting unmet medical challenge, as its incidence continues to
rise while its treatments remain inadequate. Because of the brain’s function as the central
processing unit of the body;, it has evolved with a number of specialized features to protect
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this function, including neuronal support cells as well as the BBB to restrict the chemical
and nutrient content of the CNS. These features represent both barriers to successful brain
metastasis and sanctuary for cancer cells that are able to metastasize to the brain; brain
metastases must adapt to survive in the highly competitive brain environment but can exploit
cells like astrocytes, using them to develop therapeutic resistance.

Due to the complex nature of the interactions between brain microenvironment and
metastatic cancer cells, in vitro modeling of brain metastasis is of limited value in terms of
advancing knowledge of the field. /7 vivo models of brain metastasis, while more
demanding in terms of resources and techniques, offer the ability to investigate how cancer
cells interact with brain microenvironmental cells at different stages of the metastatic
cascade. Additionally, the various /n vivo experimental metastasis or secondary tumor
growth assays allow investigators to focus on certain steps of the brain metastatic process.

By using the appropriate experimental tools available, researchers have the ability to change
the currently dismal clinical reality of brain metastasis. Through identification of how brain
metastatic tumor cells use the brain microenvironment to avoid elimination by classical
therapeutic approaches, new vulnerabilities may be discovered. Brain metastases that
become dependent upon certain brain-specific nutrients or cell types for growth and survival
may reciprocally expose themselves to a new wave of therapeutic options, turning brain
metastasis into a treatable disease.
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Figure 1.
Methods of studying brain metastasis /n vivo. A. Spontaneous brain metastasis assays

involve injection of cancer cells into their associated site of primary tumor origin. Left:
intradermal injection for study of spontaneous melanoma metastasis. Right: mammary fat
pad injection for study of spontaneous breast cancer metastasis. B. Experimental brain
metastasis assays by direct inoculation of cancer cells into the circulation. Left: tail vein
injection of cancer cells introduces them into the general circulation, but results in inefficient
brain metastasis formation as most cells are trapped in the lungs. Right: intracardiac
injection of cancer cells distributes them throughout the mouse body, but dispersal can be
unpredictable. Mice frequently die of metastasis to other organ sites prior to overt brain
metastasis outgrowth. Experimental brain metastasis can be achieved more efficiently by
serial /n vivo selection of tumors formed in this way, so that cells will home more
specifically to the brain in later experiments. C. Experimental brain metastasis by
intracarotid arterial injection of cancer cells. This procedure limits the dissemination of
cancer cells to the brain vascular bed, resulting in high experimental consistency but is
technically challenging. D. Direct, stereotactic intracerebral injection. This method is the
most well-controlled and reproducible way to assay cancer cell growth in the brain, as
cancer cells are confined to one region of the brain. However, this assay limits the study to
tumor cell outgrowth at the site of implantation, not spread and dissemination to secondary
locations.
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Figure 2.
Brain metastatic cancer cells may exploit a number of unique features (illustrated in 1 to 4)

of the brain microenvironment. 1. Brain metastatic cancer cells first need to pass the BBB in
order to enter the brain. Once they extravasate, they can benefit from the BBB’s exclusion of
large molecules (i.e., therapeutic antibodies) and barring the active efflux of compounds. 2.
Astrocytes serve homeostatic roles in supporting neuronal function and survival, but
preventing brain colonization of cancer cells by expressing FasL. Cancer cells that evade
FasL-mediated Killing are able to benefit from astrocytes’ pro-survival functions, rendering
brain metastases chemo-resistant. 3. Microglia serve as the resident immune cells of the
brain. Microglia have the potential to recognize and eliminate brain metastatic cancer cells
by TNF-a and inducible nitric oxide synthase (iNOS). Successful brain metastatic cancer
cells must be able to avoid microglial detection. 4. The brain environment serves to support
the optimal function of neurons, promoting their survival and preventing excitotoxicity.
Glutamate, the essential neurotransmitter, cannot freely exist in the brain parenchyma.
Following synaptic glutamate (Glu) release, astrocytes scavenge the excess glutamate and
convert it into the non-neuroactive glutamine (GIn), which is then released to be taken up by
neurons. Cancer cells may use this glutamine, which exists at relatively high concentrations
in the brain, as an important biomolecular building block and energy source. Neurons-gray,
astrocytes-blue, microglia-green, endothelial cells-red. Figure drawn in collaboration with
Chia-Chi Chang.
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I'n vivo brain metastasis method

Advantages

Disadvantages

Spontaneous metastasis assays

Allows for study of all steps of
metastatic cascade

Injections are technically easier
than other methods

Extremely inefficient and highly
variable

Requires long time

Survival surgery to remove
primary may be required

Animals may succumb to
metastasis to other organ sites
prior to brain metastasis
development

Experimental brain metastasis by
intracardiac or tail vein injection of
cancer cells into general circulation

Recapitulates second half of
metastatic cascade

Technically easier than
intracarotid injection

Serial brain metastasis selection
in vivo can increase brain
metastasis proclivity

Bypasses first half of metastatic
cascade

Animals may succumb to lung
metastasis prior to brain
metastasis development

High variability

Experimental brain metastasis by
intracarotid arterial injection of cancer
cells

Recapitulates second half of
metastatic cascade

Reproducible, consistent,
specific brain metastasis
formation

Bypasses first half of metastatic
cascade

Technically challenging and time-
consuming procedure

Injection involves survival surgery

Cancer cell brain outgrowth assay by
stereotactic intracerebral injection of
cancer cells

Reproducible and consistent
brain lesion formation

Cancer growth in brain
microenvironment represents
improvement over in vitro assays

Ignores all stages of metastasis
cascade except secondary organ
outgrowth

Bolus cancer cell injection in
brain parenchyma not
representative of single- or few-
cell brain metastasis colonization
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