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Abstract

Metastasis, involving the spread of systemic cancer to the brain, results in neurologic disability
and death. Current treatments are largely palliative in nature; improved therapeutic approaches
represent an unmet clinical need. However, recent experimental and clinical advances challenge
the bleak longterm outcome of this disease. Encompassing key recent findings in epidemiology,
genetics, microenvironment, leptomeningeal disease, neurocognition, targeted therapy,
immunotherapy, and prophylaxis, we review preclinical and clinical studies to provide a
comprehensive picture of contemporary research and the management of secondary brain tumors.
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Landmarks in an Emerging Landscape

The true prevalence of brain metastasis is not well known, but is probably higher than the
available epidemiological estimates (8.5-9.6%) [1-3], and is certainly more frequent than
any other primary tumor in the brain [1]. Upon diagnosis, cancer patients with disease
disseminated to their brains continue to face a dismal prognosis, which includes higher
morbidity, mortality [4], and a dramatic increase in the cost of their treatment [5]. Current
therapies are largely palliative and fail to improve survival for the majority of patients.
However, advances in several therapeutic modalities have effectively challenged the lethal
status of brain metastasis for particular subsets of patients [6]. In parallel, mechanistic
interrogation of experimental models of brain metastasis continues to increase our limited
knowledge of the complex underlying biology. Translation of these observations has resulted
in innovative management approaches.

Several targeted therapies given to subgroups of patients with brain metastasis harboring
specific molecular alterations can control secondary brain tumors and improve their overall
prognosis. However, most patients do not fall into these subgroups, and consequently
alternative strategies are necessary to discover additional vulnerabilities of brain metastasis.
An essential emerging concept proposes that brain metastases evolve in a distinct manner
compared to extracranial disease. Cancer cell evolution within the microenvironment might
be more accentuated in the brain than in other secondary organs because of the inhospitable
nature of the nave organ for incoming cancer cells [7,8]. Identification of forces driving this
evolution (i.e., components of the microenvironment) and consequences for cancer cells
(i.e., genomic alterations that are selected in brain metastatic cells locally) might allow novel
therapeutic approaches to be developed that could be applied to more patients. Those cancer
cells able to adapt will grow and modify their surroundings, generating an environment
favoring metastatic outgrowth. A brain damaged by established metastases is vulnerable to
infiltration by extracranial cell types, including leucocytes. Tumor-infiltrating lymphocytes
have been found to surround brain metastasis [9], and therapeutic approaches to activate the
immune system against cancer cells in the brain are being used in patients with brain
metastasis. If more novel and effective therapies continue to expand and apply to more
patients, it is tempting to speculate that survival might be extended, as has been reported in
melanoma patients with brain metastasis [10]. In this novel scenario, deterioration of
cognition as a result of disease progression or unwanted effects of therapy would represent a
growing concern.

In addition to considering metastases that are already established, targeting clinically silent
infiltrating ‘seeds’ would prevent their occurrence. Preclinical models (Box 1) have
proposed that key molecules and mechanisms are necessary to succeed during the initial
steps of brain colonization. However, translation of experimental findings to the clinical
arena constitutes a major bottleneck in preventing brain metastasis.

The current landscape of brain metastasis combines clinical observations with the search for
novel biology through the use of experimental models to radically expand treatment options.
This multimodal, intellectually cooperative approach will result in concrete improvements in
outcomes for patients with either parenchymal or leptomeningeal brain metastasis.
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Epidemiology

According to population-based estimates, the incidence of brain metastases ranges from 8.3
to 14.3 per 100 000 [11]. However, many population-based studies of brain metastases
predate modern imaging and treatments, and likely underestimate the true incidence.
Because patients with cancer live longer due to earlier detection and/or better systemic
therapies, the incidence of brain metastases is believed to be rising, although data supporting
this assumption are sparse. One study based on patients in the Swedish National Cancer
Reqgistry found that patients diagnosed with breast cancer between 2004 and 2006 were at
44% increased risk of being admitted with brain metastasis compared to 1998-2000,
suggesting that the incidence of brain metastasis among breast cancer patients has increased
[12].

Incidence proportions of brain metastases vary by primary site, stage, and even subtype of
cancer, among other factors [1,13]. One study of patients in the Detroit metropolitan area
diagnosed with lung, melanoma, breast, renal, or colorectal cancer from 1973 to 2001 found
that the incidence of brain metastases was highest for lung (19.9%), followed by melanoma
(6.9%), renal (6.5%), breast (5.1%), and colorectal (1.8%) cancers [1]. Lung cancer patients
are most likely to present with brain metastases at diagnosis: 15-26% of non-small cell lung
cancer (NSCLC) patients and 24% of small-cell lung cancer (SCLC) patients presenting
with metastatic disease will have brain metastases [14]. Within metastatic breast cancer
patients, ~8% will have brain metastases at presentation, although the risk of brain
metastases is highest in human epidermal growth factor receptor 2 (HER2)-positive and
triple-negative metastatic breast cancers [15]. Indeed, up to half of HER2-positive metastatic
breast cancer patients will develop brain metastases sometime in their disease course, and
this can occur at any time, including many years after their initial diagnosis [16]. In
melanoma, 20-30% of patients with metastatic melanoma present with brain metastases at
diagnosis, and nearly 50% will develop brain metastases during their disease course [14,17].
Thus patients with HER2 breast cancer, triple-negative breast cancer, melanoma, SCLC, or
non-squamous NSCLC have the highest risk of developing brain metastasis [18,19].

The prognosis of patients with brain metastases can also vary depending on the primary site
and key prognostic factors. The graded prognostic assessment (GPA) is a prognostic index
for brain metastasis patients refined with diagnosis-specific prognostic indices for breast
carcinoma, SCLC, NSCLC, gastrointestinal cancers, melanoma, and renal cell carcinoma
[20]. GPA takes into account patient age, the degree of functional impairment defined by the
Karnofsky performance status (KPS). which groups patients into three groups from poor,
<40, to good status, >80, co-occurrence of extracranial metastases, and number of brain
metastases. Each parameter is scored with O (worst), 0.5, or 1 (best). What is notable is the
wide array of outcomes for brain metastasis patients. For example, the median survival for a
breast cancer patient with a low GPA score of O (KPS <50, estrogen receptor (ER)/
progesterone receptor (PR)/human epidermal growth factor receptor 2 (HER?2)-negative,
multiple brain metastases, age =60 years) is approximately 3 months while that for a breast
cancer patient with a high GPA of 4.0 (KPS 90-100, ER/PR/HER2-positive, single
metastasis, age <60 years) is a little over 2 years.
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Genomics

Comparative genomic characterization of primary tumors, extracranial metastasis, and brain
metastasis has emphasized that brain metastases may require distinct targeted therapeutic
approaches. Early research on brain metastasis experimental models noted elevated
expression of genes specifically enriched in cell lines with increased brain tropism (Figure
1A,B) [21,22]. Some of these genes have been functionally validated and have been scored
in human samples as providing an increased risk of brain relapse [8,21-28]. Although the
molecular mechanisms leading to enriched brain tropism in experimental models have not
been fully explained, the ability of the best fitted cancer cell clones to achieve adaptation to
the brain microenvironment seems a plausible explanation [29] in the absence of recurrent
mutations [30].

These early findings (molecular differences between brain-tropic and non-tropic cancer
cells) have been recently confirmed in humans. Collected materials from neurosurgeries
have been compared with matched and unmatched primary samples [31-39]. The
identification of mutations that are only present in the brain suggests that cancer cells
develop branched evolution [40], indicating that clones of cancer cells growing in the brain
evolve following alternative routes to those followed in the primary tumor (Figure 1D)
[31,39].

Beyond the question of the functional role for these mutations in adapting cancer cells to the
brain, these data suggest a possible therapeutic intervention: the application of targeted
therapies tailored to the genomics of brain metastasis (Figure 1D). Interestingly clinically
actionable alterations were enriched in four main pathways, including CDK, PI3K, EGFR,
and MAPK [31]. Thus, the efficacy of targeted therapies in metastatic sites will not
necessarily recapitulate the responses of the primary tumor. Consequently, profiling the
metastatic compartment might be advantageous in planning therapeutic interventions,
predicting responses, and discovering new targets that could be absent in the primary
disease.

Among enriched pathways in brain metastasis, the PI3K-AKT-mTOR pathway has been
confirmed as a viable therapeutic target in various preclinical models of brain metastasis
from different primary tumor types [41], including novel POX models (Figure 1D) [42] and
genetically engineered mouse models (GEMM) (Figure 1C and Box 1) [43]. A mechanistic
explanation was provided to illustrate how cancer cells could evolve in the brain to further
activate this pathway, which included transfer of miRNA from reactive astrocytes to cancer
cells targeting PTEN (Figure 2C) [44] as well as enrichment in activating mutations in
PIK3CA or PIK3R1, homozygous deletions in PTEN, or amplifications in AKT2or MET, as
described in human samples [31].

There are also examples of the importance of brain metastasis genomics in the accurate
classification of clinically relevant subtypes. For instance, it has been reported that positive
ERa, PR, and HER2+ primary tumors could give rise to receptor-negative brain metastasis
[45]; it is also possible for HER2-positive brain metastasis to arise from a HER2-negative
primary tumor [45]. It remains unknown whether this is because pre-existing and low-
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abundance clones in the primary tumor eventually colonize the brain, or whether genetic
alterations take place in those cancer cells that colonize the brain.

Microenvironment

Experimental models highlight the importance of molecular crosstalk between metastatic
cells and the surrounding microenvironment. Excellent reviews have described interactions
between primary brain tumors and the brain tumor microenvironment [46,47]. However,
relatively limited information exists regarding the microenvironment of metastatic brain
tumors. To date, these research efforts have been largely focused on reactive astrocytes. The
wide variety of cancer cell-astrocyte interactions provides several novel therapeutic
opportunities.

After extravasation, single cancer cells are immediately surrounded by reactive astrocytes
[8,48] likely alerted by damage-associated molecular patterns (DAMPS) [49]. Astrocytes
serve as an efficient first line of protection in the central nervous system (CNS) [8,50,51]. In
the context of brain metastasis, they reduce the numbers of potential metastasis-initiating
cells by activating plasmin (Figure 2A) [8]. This natural defense contributes, in part, to the
high inefficiency of brain colonization by cancer cells [7]. Select cancer cells evade this
response through the expression of serpins that prevent protease activation [8]. Fittingly,
cancer cells may be rendered sensitive to brain defenses by targeting serpins (Figure 2A).

Surviving cancer cells remain located in the perivascular niche [7,8,52] alongside neural
stem cells [53]. Potential benefits of this location for cancer cells include increased access to
nutrients and oxygen, contact with the basal lamina of capillaries, and preferential access to
angiocrine factors produced by endothelial cells [8,52-55]. The interaction with the pre-
existing vasculature, independent of angiogenesis [8], is termed vascular cooption [56] and
has been demonstrated experimentally and clinically in lung cancer, breast cancer, and
melanoma [7,8,22,48,57,58]. Vascular cooption during brain metastasis initiation is
dependent on B1-integrin and LLCAM [8,52]: LLCAM is cleaved and its function blocked
by the action of plasmin (Figure 2A) [8]. Whether these cell adhesion molecules (LICAM
and B1-integrin) are molecularly linked and share downstream targets that may explain the
link between vascular cooption and proliferation remains unknown.

Proliferation of metastasis-initiating cells establishes a variable number of micrometastases
in experimental models, as determined by histology [8] and time-lapse video-microscopy
studies [7]. However, only a fraction of these will reach a clinically detectable size [59].
Recent work suggests that the microenvironment participates in the regulation of this
differential growth potential. Some micrometastases physically interact with reactive
astrocytes [28,60]. This interaction depends on the presence of protocadherin 7 (PCDH7)
which allows contact to be established between cancer cells and reactive astrocytes [28].
Homophilic PCDH7 interactions induce the generation of Cx43-dependent gap junctions
and the exchange of ions and secondary messengers [61-63]. These heterotypic cell-cell
interactions increase cancer cell growth and resistance to chemotherapy-induced apoptosis
by decreasing intracellular Ca2* levels [61] and activating Stat1/p65 signaling in the cancer
cells (Figure 2B) [28]. Thus, systemic therapies encounter multiple barriers to efficacy
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within the brain, beyond that of simple drug penetration [64,65], which involve reactive
astrocytes and other cells from the microenvironment such as pericytes [66].

Further evidence for the importance of astrocytes in brain metastasis derives from their
secretory capacity [49,67]. Both cytokines and extracellular vesicles have been shown to
influence brain metastasis progression. Exosomes containing miR-19a secreted from
reactive astrocytes reach cancer cells, where it induces downregulation of PTEN and
increases the aggressiveness of cancer cells in the brain (Figure 2C) [44]. This finding
illustrates how the microenvironment influences the evolution of cancer cells /n situ. The
secretory products of reactive astrocytes, which have been suggested to reach the systemic
circulation [67], have also been linked to the ability to attract circulating tumor cells to the
brain [68].

The complex behavior of reactive astrocytes, which may elicit both pro- and antitumorigenic
effects, is reminiscent of patterns found in other components of the microenvironment,
including microglia [69-74]. This might reflect the presence of an underlying heterogeneity
within the microenvironment that is exploited by cancer cells. The presence of astrocytes
and microglia subpopulations have been identified in other experimental models of CNS
disorders [75—79]. Dissection of their specific contribution to the progression of disease is
expected to provide a rationale for the design of more specific and effective drugs [80].

Leptomeningeal Metastasis

Although parenchymal metastases are the most frequently encountered, leptomeningeal
metastasis (LM), namely the spread of tumor cells within the subarachnoid space, occurs in
up to 10% of cancer patients, and may result from any malignancy [81-83].

The leptomeninges encase the brain and spinal cord, and contain the circulating
cerebrospinal fluid (CSF). Cancer cells may access the leptomeningeal space through four
main points of entry: from the arterial circulation through the choroid plexus [84,85], from
the venous circulation through Bateson’s plexus [86], via direct invasion along spinal and
cranial nerves [84], or by invasion from parenchymal disease through the glia limitans [87].
Once within the leptomeninges, cancer cells must adapt to a microenvironment completely
different from that of the blood or the primary tumor and, as in the case of parenchymal
metastasis, cancer cells will modify the surrounding environment to accommaodate their own
metabolic needs [85].

LM has been difficult to study given the lack of relevant models. However, a recent report on
mouse models of LM demonstrated that these metastatic cells are distinct from parenchymal
brain metastatic cells from the same primary tumor (Figure 3A,B) [85], suggesting that
tailoring therapeutic approaches to this site of disease may be warranted.

Diagnosis of LM is traditionally complex given the variability of clinical presentation [83].
However, the combination of neuroimaging and CSF cytology obtained from lumbar
puncture yields specificity and sensitivity of up to 95% and 85%, respectively. Additional
experimental diagnostic options include circulating tumor cells analysis [88] and cell-free
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DNA (cfDNA) [34], which potentially provide additional information regarding
oncogenomic alterations.

Typically, diagnosis of leptomeningeal disease prompts a prognosis ranging from 8 weeks to
6 months, despite aggressive treatments [89-91]. Treatment options include radiation [92]
and/ or intra-CSF or systemic chemotherapy [93,94] applied according to recent guidelines
for tailoring treatment [95]. Recent clinical studies with blood-brain barrier (BBB)-
permeable third-generation EGFR inhibitors in patients with EGFR-mutant lung cancer who
have leptomeningeal disease have shown significant efficacy, improving mean overall
survival as much as 63% [96]. In addition, preclinical studies have provided interesting
hypothesis regarding treating leptomeningeal disease by impairing C3 signaling [85].

Neurocognition

Multiple brain metastases induce cognitive dysfunction in a large proportion of patients, and
neurocognitive outcomes can be improved by whole-brain radiation therapy (WBR1) in
responding patients [97]. However, given recent progress in systemic therapy of many
cancers, an important issue is to protect neurocognition in patients with limited brain disease
who have a life expectancy estimated to be more than several months. Very limited data are
available regarding the impact of brain metastases on neural circuits despite preclinical
findings indicating their negative influence on neuronal homeostasis [98,99]. However,
radiation therapy-induced neurocognitive decline is well described.

Historically, radiation-induced dementia with ataxia and urinary incontinence was described
in up to 30% of patients 1 year after receiving unconventionally large dosages of WBRT (6—
8.5 Gy) [100]. These patients demonstrated a radiographic picture compatible with
leukoencephalopathy and associated hydrocephalus, and such dosage schemes are no longer
used. When using more conventional, modern dosages (of up to 3 or 4 Gy), recent clinical
trials demonstrate that early cognitive decline may occur. The addition of WBRT to
stereotactic radiosurgery (SRS) increases the risk of decline in learning and memory
function at 4 months after treatment [101], which was also reproduced in a Phase IlI trial
using a primary neurocognitive endpoint [102], including deterioration in immediate recall
(31% vs 8%), delayed recall (51% vs 20%), and verbal fluency (19% vs 2%). The 22952—
26001 trial of the European Organisation for Research and Treatment of Cancer (EORTC)
[103] reported lower cognitive functioning accompanied by reduced physical functioning
and increased fatigue within 1 year from treatment. It is still unknown whether the early
decline is predictive of long-term or permanent decline. Re-evaluation of a Japanese trial
suggested that >50% of long-term survivors developed some deterioration of neurocognitive
functions up to 36 months after WBRT [104].

The pathogenesis of radiation-induced damage may be due to injury of the endothelium of
small vessels, which leads to an accelerated atherosclerosis and ultimately to chronic
ischemia [105]. or to injury of neuronal stem cells, specifically affecting those located in the
hippocampus, an area of the brain that is involved in preserving memory (Figure 4) [106].
When radiation-induced neurocognitive dysfunction develops, few options with modest
effect are available for treatment.
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Given that the vascular injury from radiation is very similar to that observed in vascular
dementia, a line of clinical research hypothesized that the underlying pathophysiology could
be extrapolated [107]. Memantine is a non-competitive, low-affinity antagonist of the A-
methyl-D-aspartate (NMDA) receptor, which is one of the receptors activated by glutamate,
the principal excitatory neurotransmitter. Memantine has the potential to block the excessive
NMDA stimulation following ischemia which could lead to excitotoxic damage of the
normal brain [108]. Memantine used in a Phase |1 trial during and after WBRT modestly
delayed time to cognitive decline with a tendency to reduce the rates of decline in memory
(Figure 4) [107].

Another avenue of research to preserve cognitive function during WBRT is to spare the
hippocampus. The basis for this is studies that demonstrate that low-dose radiation in
rodents results in blockade of hippocampal neurogenesis and damage to the neurogenic
microenvironment, resulting in significant short-term memory impairment [106]. It has
therefore been hypothesized that sparing the hippocampus during WBRT could prevent
damage to neuronal progenitor cells and better preserv memory functions [109]. A Phase Il
trial proved that hippocampal avoidance (HA) during WBRT reduced memory decline in
23% of patients (Figure 4) [110]. An ongoing Phase Il trial (NRGCCO001) will test both
approaches (memantine combined with HA) during WBRT for brain metastases. Additional
strategies also include potentiation of cholinergic transmission in the brain by the use of
donepezil, a reversible inhibitor of acetylcholinesterase [111].

Given the potential toxicity from WBRT, it is often avoided in favor of locally delivered high
doses of radiation using SRS, or alternatively radiation is avoided altogether and replaced by
available systemic therapies with efficacy in the CNS.

Targeted Therapies

The inability of many systemic chemotherapeutic agents to cross the BBB has limited their
use in treatment of these patients [112]. The assumption that the BBB is disrupted in brain
metastasis has proved to be incorrect because drug conjugates only reached therapeutic
levels in 15% of lesions [65], and side-by-side comparison of a drug with and without
chemical modifications conferring BBB permeability found that only the brain-permeable
compound was able to impair brain metastasis [113]. Thus it remains to be determined
whether the properties of the BBB are not altered or instead whether the barrier is modified
into the so-called blood/ tumor-brain barrier (BTB). The BTB might conserve limited
permeability via different regulatory mechanisms, such as altered pericyte subpopulations
that might impose alternative constrains [66]. Because of these potential limitations, it seems
reasonable to utilize drugs that are able to cross the normal BBB.

Several drugs that cross the BBB and target molecular alterations in key oncogenic drivers
of the primary tumor have induced positive responses in secondary brain tumors (Figure
5A-C). Although this has established additional therapeutic options, patients with brain
metastasis harboring these vulnerabilities in the primary tumor are a minority (Figure 5D).
Approximately 2— 4% and 5% of lung cancer brain metastasis derive from EGFR mutant
[114] or ALK-translocated primary tumors, respectively (Figure 5A) [115]; 25% of breast
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cancer brain metastases belong to HER2* primary tumors (Figure 5B) [Surveillance,
Epidemiology, and End Results Program (SEER) database; https://seer.cancer.gov/] and 50%
of melanoma brain metastasis result from BRAF mutant primaries (Figure 5C) [116].
Together, these findings suggest that ~18% of the patients diagnosed with brain metastasis
will be eligible for targeted therapies (Figure 5C). These patients could benefit significantly
from these therapies and thus have a relatively better prognosis than patients without
targetable driver mutations.

Intracranial activity of gefitinib and erlotinib, the two first-generation EGFR tyrosine kinase
inhibitors (TKIs) approved for management of advanced EGFR mutant NSCLC [117]. was
initially seen in retrospective series [118,119], with additional evidence of brain responses
(decrease of tumor burden >30% of the total) in >80% of patients [120,121].

In the trial by Porta and colleagues it was reported that median time to progression in
patients harboring EGFR mutations treated with erlotinib was 11.7 months compared to 5.8
months for control patients whose EGFR mutational status had not been assessed (P < 0.05).
Overall survival times were 12.9 months and 3.1 months (P < 0.001), respectively [120].
Other studies have confirmed benefit of these agents in those who carry this mutation, with
increased overall progression-free survival (PFS) of 15.2 months compared to 4.4 months in
those patients who do not carry the mutation [122]. These findings have been reproduced
and expanded with additional inhibitors, such as osimertinib, which doubled PFS from 4.2
months of patients receiving chemotherapy to 8.5 months in those treated with the targeted
therapy in a Phase Il study with brain metastasis patients [123]. The importance of BBB
penetration is illustrated by crizotinib, the first approved TKI that poorly penetrates the brain
(CSF/serum ratio of <0.1% to 0.26%), in patients with AL K-translocated lung cancer
[124,125]. Patients receiving crizotinib had a high rate of brain metastasis relapse of 45%
[6]. which might be a consequence of suboptimal intracranial drug concentration. However,
next-generation TKIs targeting translocated ALK have improved brain penetration and
demonstrated ability to control brain relapse after crizotinib therapy, with intracranial
responses ranging from 45% (ceritinib) [126], 42-67% (brigatinib) [127], to 64% (alectinib)
[128]. In patients treated with ceritinib the median duration of response was 9.2 months and
the median PFS was 5.4 months [114]. In the patients treated with brigatinib, the median
intracranial PFS was 15.6 months (treated with 90 mg daily) and 12.8 months (treated with
180 mg daily) [115]. In the alectinib study, CNS duration of response was 11.1 months
[116].

Melanoma brain metastases also benefit from targeted therapies. In addition to
immunotherapy (discussed below), targeted therapies such as the BRAF V600E TKI
dabrafenib have induced 39% intracranial response in asymptomatic brain metastases [129],
reaching 58% in studies that used a combination of dabrafenib and trametinib [130]. The
duration of response or median intracranial PFS in these studies was 5-6 months. Response
rates of 18% have been reported in those treated with vemurafenib [131]. In this trial
patients were divided into cohort 1 (previously untreated brain metastasis) and cohort 2
(previously treated brain metastasis). Median PFS (brain only, investigator-assessed) was 3.7
months in cohort 1 and 4.0 months in cohort 2. Median overall survival (OS) was 8.9 months
in cohort 1 and 9.6 months in cohort 2, respectively [131]. Interestingly, novel melanoma
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models have shown that BRAF V600E tumors reproducibly and in high proportion generate
spontaneous brain metastasis in an AKT-dependent manner [43]. These models suggest
novel combination therapies to complement current targeted approaches.

The relative higher incidence of brain metastasis of HER2* breast cancer patients treated
with the blocking antibody trastuzumab in comparison to those patients who did not
received this therapy [132] reinforced the need to develop alternative brain-penetrant
strategies for these patients. Lapatinib, a TKI targeting HER2 and EGFR, only when
complemented with capecitabine, generated a 66% intracranial response rate with a median
intracranial time to progression of 5.5 months in a Phase Il study of radiation-naive HER2-
positive breast cancer patients with brain metastases [133-135]. Similar findings apply to
neratinib [136], another TKI targeting the same receptors as lapatinib, also in combination
with capecitabine. Experimental models of intracranial breast cancer cells have also
confirmed that combination strategies for HER2™" brain metastasis including trastuzumab,
lapatinib, and the VEGFR2 blocking antibody DC101 allowed better control than single
therapies. Interestingly, these combination strategies were not required to control mammary
fat pad implantation of the same cancer cells, since monotherapies were already effective
[137].

In general, targeted therapies do not achieve complete responses in the brain. Several
molecular strategies have been proposed to explain this phenomenon [138]. To address this
essential clinical question in the brain (mechanisms of resistance to targeted therapies), brain
metastasis experimental models receiving targeted therapies are needed. These include
patient-derived xenografts, cancer cell lines, and mouse models with clinically relevant
genetic alterations (Figure 1 and Box 1) such as the ALK-translocated model of lung cancer
recently reported [139]. Pioneering studies have exploited these experimental approaches
(Figure 1). For instance, NSCLC human brain metastases were successfully established as
patient-derived xenografts upon intracranial or intracardiac implantation in immunodeficient
mice. Five of these human samples were grown as low-passage primary spheres and were
screened for their sensitivity to a panel of 20 different drugs, which emphasized dramatic
difference of more than 100-fold in their 1Cgq values, providing novel opportunities for
personalized treatments [140].

Immunotherapy

The normal brain has limited infiltration of leucocytes [141]. However, when affected by
injury a strong response takes place involving the infiltration of non-resident cells. Human
brain metastases typically show moderate to dense mixed immune cell infiltration, including
CD3*, CD4*, CD8", FoxP3*, and CD45RO™* lymphocytes, natural killer (NK) cells, and
cells of the macrophage lineage [9,142]. This local inflammatory environment also applies
to immunocompetent brain metastasis models [48,143,144]. The amount of tumor-
infiltrating leucocytes (TLs) was found to positively correlate with patient survival and with
the amount of peritumoral brain edema [9], suggesting that although Tlls are unable to stop
tumor progression, some components of the infiltrate are able to offer resistance to cancer
cells (Figure 6A).
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Research on the immune system associated with brain metastasis is an exciting emerging
field that might also have relevance in view of the limited lymphatic drainage exclusively
localized in the meningeal surface (Figure 6A) [145-147].

Interestingly, several clinical trials have applied immune checkpoint inhibitors to patients
harboring brain metastases. Expression of immunomodulatory molecules such as PD-L1,
PD-L2, and various cytokines is commonly found in brain metastases from lung cancer
(NSCLC and SCLC), melanoma, renal cancer, and breast cancer [148-150]. In lung cancer,
significant differences between the inflammatory microenvironment of paired primary
tumors and brain metastases were detected, with discrepancies in tumor cell PD-L 1
expression in 14% of cases and TIL PD-L 1 expression in 26% of cases [151]. In the
discrepant cases, the brain metastases lacked PD-L1 expression, tumor lymphocyte
infiltration, or both, even though they were present in the primary lung cancer specimens.

A Phase Il trial using the CTLA-4 inhibitor ipilimumab in patients with brain metastases has
reported encouraging results [152]. Of patients who were asymptomatic at baseline, 24%
attained disease control, with median PFS of 2.7 months and median OS of 7 months.
Importantly, OS at 24 months was 26%, indicating that a subset of patients did have
prolonged benefit. Outcomes were overall inferior for patients who were symptomatic and
on steroids at baseline, but even in this group 10% of patients werealive at 24 months.
Because the PD-1 axis inhibitors have demonstrated significant and durable activity in a
subset of patients with melanoma, lung cancer, bladder cancer, and many other
malignancies, their activity has begun to be studied in patients with brain metastases. The
PD-1 inhibitor pembrolizumab was studied in a Phase Il trial of patients with asymptomatic,
progressing brain metastases from melanoma or NSCLC [153]. An interim analysis
demonstrated activity in the CNS in both diseases: an intracranial response was achieved in
four of 18 patients with melanoma and in six of 18 patients with NSCLC (including four
patients with complete response in the brain). All but one patient who had a systemic
response also responded in the CNS, and most responses were durable and ongoing at the
time of data analysis. Nivolumab, another PD-1 inhibitor, has also been studied in patients
with NSCLC and untreated CNS metastases. An initial report demonstrated an intracranial
response in two of 12 patients, one of whom displayed a complete response ongoing after
10.5 months [154].

In summary, although positive but limited results have been obtained for immunotherapy in
patients with brain metastases, basic questions remain. Further research into the mechanism
of action of these therapies in the brain will determine whether they work locally or as a
consequence of systemic immune activation (Figure 6A). Expanding the preclinical
observations regarding the potential antitumor effects of immunotherapies (Figure 6B,C)
will certainly contribute to our understanding of how to improve the benefits from this class
of agents, as well as to develop more effective approaches.

Prevention of Brain Metastasis

Considering all the difficulties that are associated with the treatment of established brain
metastasis, it appears logical to develop strategies that prevent their occurrence altogether.
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While studies on prophylactic WBRT in lung cancer have consistently shown that such a
preventive intervention can be very effective [155,156], its use is associated with
considerable neurotoxicity. Therefore, it would be a breakthrough if a long-term, well-
tolerated, non-neurotoxic, and affordable drug could be developed to be given to patients at
particularly high risk of brain metastasis, preventing their future occurrence. In principle,
many targeted therapies would fulfill these criteria, for example second-generation ALK
inhibitors in ALK-rearranged lung cancer [6]. Other patients with a cumulative risk of brain
metastasis above 40% should be also considered for preventive strategies (Figure 7A)
[18,19].

A preventive strategy should ideally be based on the accurate identification of patients at
high risk for brain metastasis. Multiple biomarkers of brain metastasis have been reported in
preclinical models; several were also validated in primary tumor samples [8,21-28], and a
plethora of molecular factors relevant for brain-specific tumor cell-host interactions have
been found. Repeatedly, and perhaps consistently in preclinical models and patient material,
deregulation of the PTEN/PI3K and HER2/3 pathways in brain-tropic tumors has been
reported [32,157,158], and patient serum levels of carcinoembryonic antigen (CEA) >40
ng/ml have also been reported [159]. However, none of those putative predictive biomarkers
has been independently validated in a controlled clinical study, and therefore more clinical
research is needed before patients can be stratified according to biomarkers in future brain
metastasis prevention trials.

Most drugs tested in preclinical studies have been validated in a “prophylactic’ setting
[160,161]. Many of them might have failed when translated to the clinic given that they were
tested in “intervention settings, in which efficiency is evaluated by the reduction in the size
of established metastasis [162,163].

One strategy for preventing brain metastasis in preclinical studies leading to increased
survival is to target brain metastasis-initiating cells and micrometastasis at the perivascular
niche, given that this location supports survival and is required for proliferation (Figure 7B)
[7,8,28,52,113,164,165]. This strategy might even provide benefit to prevent local relapse
after neurosurgery, given that cancer cells left behind might survive in this specific niche
(Figure 7B) [57].

Another possibility could be to prevent a crucial and early angiogenic switch by subclinical
doses of the antiangiogenic drug bevacizumab, although this may only be applicable to
NSCLC brain micrometastasis, as shown by a retrospective analysis of a large Phase 11l trial
in this cancer type (Figure 7B) [7,166].

Together, these preclinical and clinical data demonstrate four important points: (i) potential
antimetastatic effects of systemic drugs should be investigated for their specific brain
activity, (ii) the specifics of the brain metastatic cascade in each different tumor type need to
be taken into account, (iii) many preclinical models can faithfully predict effectiveness (or
lack thereon in patients, and (iv) it might be possible to reduce the established doses of drugs
many-fold to achieve strong brain metastasis-preventive effects.

The following general considerations for such a trial appear relevant.
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(i) Study Design.

Ideally a stage Il randomized clinical trial with incidence of brain metastasis as the brain-
specific primary endpoint, and OS and quality of life as secondary endpoints.

(ii) Disease Stage.

Either patients without detectable brain metastasis, as documented by magnetic resonance
imaging (MRI) at study entry, or patients who received definite treatment (surgery or
radiosurgery) for 1-3 brain metastases, given that resistant cells left behind would, at some
point, regrow (Figure 7B) [57,167]. No active disease outside the brain.

(iii) Drug Considerations.

Brain-penetrant strategies must be selected. Brain metastasis-preventive drug administration
is allowed to continue even if non-CNS progression occurs, provided that patients and
doctors agree.

Given the abundant preclinical positive results regarding opportunities to effectively prevent
brain metastasis, efforts to evaluate how to translate these simple experimental approaches to
the infinitely more challenging situation in cancer patients should be considered.

Concluding Remarks

The high morbidity and mortality associated with brain metastases have historically led to
therapeutic and scientific nihilism. However, recent work in both clinical and basic research
sphere has uncovered novel biology that has translated into innovative approaches. These
have already been translated into better clinical management of the disease. Current
challenges include understanding the molecular basis for different clinical entities, including
patients at high risk of developing metastatic spread to their brain, single or limited active-
progressing brain metastasis, local relapse after surgery or stereotactic radiosurgery, and
multiple progressing lesions incompatible with local treatments. Each of these represents a
complex clinical management decision reflecting a complex oncogenic process. It is thus
crucial to integrate the progress made on the biology of brain metastasis with the many
remaining clinical challenges. Emerging evidence from basic and clinical research suggests
that brain-specific approaches might be a future therapeutic strategy. In this sense the brain
microenvironment is being consolidated as a crucial compartment that defines the viability
of cancer cells in this organ, and therapies targeting crosstalk between cancer and non-
cancer cells in the microenvironment might become a reality in the years to come. A
recurrent concern is whether available experimental models (Box 1) reliably recapitulate the
human disease. In addition to the use of xenotransplants, immunocompetent models are
available, and recent reports have shown that spontaneous brain metastasis can be modeled
in genetically engineered mouse models (GEMMs) (Figure 1C). In this sense, the
incorporation of CRISPR/Cas9 technology will provide elegant ways to model the human
disease in mice. Nevertheless, because brain metastases often occur in patients pretreated
with multiple lines of therapy, different therapies must be incorporated into experimental
brain metastasis models. Surprisingly, this is rarely the case. Going forward, our efforts to
improve therapies must take into account the essential functions of the unique target organ.

Trends Cancer. Author manuscript; available in PMC 2019 July 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Valiente et al.

Page 14

This obvious consideration takes on a new urgency because life expectancy increases
significantly after modern therapies. Safer and more effective therapies are urgently needed
to treat brain metastasis patients. The various fronts open for discovery (see Outstanding
Questions) have created a fertile soil in which promising opportunities make us confident

that significant progress will be achieved.
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Highlights

Increasing evidence from basic and clinical research suggests that colonization of the
brain involves specific requirements that might not be needed extracranially.

The brain microenvironment is crucial to understanding the biology of brain metastasis,
and could be the source of novel therapeutic targets.

New targeted therapies that cross the blood-brain barrier have improved disease control
and survival of selected patients with brain metastasis.

Small clinical trials suggest that immunotherapies may become another strategy to target
brain metastasis.

Management of brain metastasis includes maintenance of neurocognitive functions, and
this questions the use of some techniques as standardof-care (i.e., whole-brain radiation
therapy).

Preclinical evidences suggest that preventing experimental brain metastasis is feasible
with several therapeutic approaches; however, this strategy has yet to be translated into
patients.
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Box 1. Preclinical Models of Brain Metastasis
Céell Une-Derived Xenotransp/ants (¢/DX)

Cell lines are engineered with different reporters, including reporters that are compatible
with non-invasive imaging (e.g., luciferase, Luc, for bioluminescence) and/or histology
(e.g., GFP). Multiple models are available derived from the main cancer types that
generate brain metastasis Oung cancer, breast cancer, and melanoma). After intracardiac
inoculation, brain metastases develop and mice reach the endpoint of the disease 0.e.,
extensive weight loss, neurological symptoms, other) 5-7 weeks later. The incidence of
extracranial multiorgan metastasis is limited. Alternative inoculation sites include
intracarotid and orthotopic; this latter must usually be combined with surgery to remove
the tumor mass at the inoculation point to give enough time for brain metastasis to
develop.

Cell Une-Derived Allotransplants

Syngeneic mouse cell lines tropic to the brain have been developed that represent the
main cancer types. In contrast to cIDX, these models reach the endpoint of the
experiment 2-3 weeks after of intracardiac inoculation, and, even after multiple rounds of
in vivo selection for increasing brain tropism, they tend to develop high extracranial
multiorgan metastasis. In addition, these models can be implanted into GEMMs
harboring alterations to study the contribution of different organs, cell types, pathways, or
specific molecules to the process of brain metastasis and to study the interactions with
host cells by the use of specific mouse reporter strains.

GEMMsthat Develop Brain Metastasis

GEMM s in which brain metastases have been reported are a minority [43,173,174]. The
time required to detect brain metastasis is very variable, usualy requiring many weeks
and more frequently many months. None of the three models that develop brain
metastasis have reporters in cancer cells, and thus they are not compatible with most
advanced imaging approaches which might facilitate detection of brain seeding. This
consideration might well be extended to many other models (particularly those that
represent oncogenomic profiles of high incidence of brain metastasis; see Figure 7 in
main text) in which brain metastases have neither been reported nor excluded.
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Outstanding Questions

Can preventive therapies reported in brain metastasis experimental models be translated
to patients?

Do brain metastases cluster in speciflC subgroups according to additional genomic
alterations besides those described for their primary tumor source?

Could brain-specific therapies, targeting crosstalk with the microenvironment or brain-
specific genomic alterations, provide signiflCant benefrts for patients?

Can experimental models be improved by incorporating therapies (i.e., surgery, radiation,
systemic therapies), modeling patient-relevant genomic alterations, and interrogating
single or multiple components of the microenvironment?

What is the biology behind the positive responses seen in brain metastasis by using
immune checkpoint blockers? Do they have local access to TIL. or do they act
extracranially? Are there strategies to improve the number of patients responding to
immunotherapies in the brain?

Should we implement behavioral science in experimental models to understand the
biology of neurocognition during brain metastasis colonization and therapeutic
intervention?
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Figure 1. Preclinical Strategies To Study Brain Metastasis.
(A) Cell line-derived xenotransplants (cIDX) (human cancer cell lines implanted in

immunosuppressed animals) have been extensively used [21,22,66,168-170]. cIDX
correspond to organotropic cell lines that target preferentially the brain. (B) The use of
syngeneic mouse cell lines tropic to the brain allows using immunocompetent mice and to
test them in genetically engineered mouse models (GEMMs) with an altered brain

microenvironment [25,28,44]. (C) Few of

the many GEMM or chemically induced cancer

models result in brain metastases; three such models have been reported to generate brain
metastasis. (D) Patient-derived brain metastasis xenotransplants (POX) reproduce the main
histological and genomic findings in humans [39,42,140,171,172]. and are potential
resources for investigation of targeted therapies. Abbreviation: BrM, brain metastasis.
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Figure 2. The Complexity of the Brain M etastasis Microenvironment: Reactive Astrocytes.
(A) Reactive astrocytes initiate a defensive program aimed to eliminate recently extravasated

metastatic cells. Astrocytes produce the plasminogen activators (PA) IPA and uPA that
activate plasminogen into plasmin. The active enzyme eliminates many cancer cells. A
limited number of metastatic cells block this response through anti-PA serpins (neuroserpin,
NS; and serpin 82, S82). Serpins inhibit plasmin generation and thus prevent its deleterious
effects on cancer cells. (8) Surviving cancer cells continue to interact with reactive
astrocytes during brain colonization, establishing gap junctions with reactive astrocytes.
Metastatic cells employ these C43 gap junctions to send calcium and cGAMP to astrocytes.
Within astrocytes, cGAMP activates a signaling pathway leading to secretion of TNF and
IFN-? to induce cancer cell proliferation. (C) Astrocytes are known secretory cells and also
produce extracellular vesicles, including exosomes. In the context of brain metastasis,
astrocyte-derived exosomes contain miR-19a. Once internalized by metastatic cells,
miR-19a targets PTEN. Loss of PTEN increases cancer cell prolliferation and induces
secretion of CCL2. Secreted CCL2 attracts prometastatic myeloid cells to favor metastatic
brain colonization.
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Figure 3. Experimental Models of L eptomeningeal Disease.
(A) Leptomeningeal disease has been established in immunocompetent and

immunosuppressed mouse models. These models were generated by in vivo selection of
cells proliferating in the cerebrospinal fluid (CSF) after inoculation into the cistema magna.
After several rounds of in vivo selection, cell lines were inoculated intracardiacally. The
subpopulation of cells targeting the leptomeninges after intracardiac inoculation was termed
LeptoM. (B) Transcriptomic analysis of LeptoM and BrM (parenchymal brain metastasis)
generated from the same parental cells revealed different profiles, indicating that
leptomeningeal tropism constitutes a unique biological entity.
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Figure 4. Pathophysiology of Radiation-Induced Damage.
Whole-brain radiation therapy (WBRT) induces secondary neurocognitive effects through

two proposed mechanisms: destruction of neural stem cells located in the hippocampus,
and/or damage to brain capillaries generating localized ischemic areas. By either
mechanism, death of neuronal cells increases extracellular NMDA levels, resulting in
toxicity for other cells. Abbreviation: H, hippocampus.
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Patients with lung cancer (A), breast cancer (B), or melanoma (C) brain metastasis may
benefrt from targeted therapies. The main oncogenomic alterations that qualify these patients
for this advanced treatment are shown, as well as the corresponding drugs that have shown

efficacy in the brain. The percentage of patients harboring brain metastases that are
susceptible to targeted therapy is very low (D).
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Figure 6. Potential Approachesfor Immunotherapy in Brain Metastasis.
(A) Immune checkpoint inhibitors have been used in brain metastasis patients, and positive

responses were reported. The potential mechanisms of action of this therapeutic approach
include local and systemic effects. Locally derived effects include access of blocking
antibodies to the brain parenchyma at therapeutic levels. In a complementary scenario,
blocking antibodies would impair the checkpoint between antigen-presenting cells and
lymphocytes in regional lymph nodes or other organs. Activated lymphocytes then access
the brain to target cancer cells. (B,C) Experimental cell transfer immunotherapies that have
been report for brain metastasis. (B) In a prevention setting, | FN- B-stimulated CD4*/CD8".
lymphocytes were induced in cancer-free mice into which metastatic cells were later
inoculated, and T cells were able to prevent the development of brain metastasis. (C) After
brain metastasis developed, a combined therapy including CDs* Pmel-1 together with 1L-2
and a gp-100 vaccine efficiently induced an initial expansion of T cells in the spleen and
regional lymph nodes that later targeted cancer cells in the brain. Abbreviations: Ape,
antigen-presenting cell; CC, cancer cell; TIL, tumor-infiltrating lymphocyte.
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Figure 7. Potential Strategies To Prevent Brain Metastasis.
(A) Patients with HER2* or triple-negative breast cancer, melanoma, small-cell lung cancer

(SCLC), and stage 11\V/IV non-scuamous non-small cell lung cancer (NSCLC) are at high
risk for the development of brain metastasis during the progression of the disease. To guide
clinical decisions in initiating brain metastasis-preventive trials, the discovery of biomarkers
in preclinical models that could be translated to this group of patients will be a valuable
resource. (B) Although clinically undetectable, brain micrometastasis might be present in
asymptomatic patients with these high-risk tumors. Experimental findings suggest the
importance of the interaction with the vasculature to allow metastasis-initiating cells to
progress. Metastatic cells initially interact with pre-existing vessels (vascular cooption), and
drugs targeting key mediators of this process will therefore impede their outgrowth. The
efficacyof ALK inhibitors (IALK) that cross the blood-brain barrier (BBB) will allow
targeting of cancer cells before they are detectable by imaging. Some micrometastases may
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have proliferated and started to influence the microenvironment, and at this point a VEGF-
dependent switch from vascular cooption to angiogenesis is necessary to support the
outgrowth of the metastatic lesion derived from lung cancer. Preventive trials with BBB-
permeable PI3K inhibitors might be considered because there is experimental evidence for
their efficacy [41]. In addition, interaction with astrocytes could be targeted with blockers of
gap junction communication (iGap junctions). (C) An alternative option will be to apply
preventive therapies after neurosurgical resection, given the known ability of brain
metastatic cells to infiltrate the tissue [57] and the likelihood that some cancer cells remain
in surgical margins. In this sense the infiltrative phenotype of brain metastasis has been
linked to reduced survval [167]. During reinitiation of local growth, the metastasis might
follow the same principles and molecular regulation as during the inltial stages.
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