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 Introduction and Epidemiology

Brain and other nervous system cancers are 
extremely lethal and represent 1.4% of all new 
cancer cases in the United States (SEER 2018, 
2008–2014). In 2018, there were an estimated 
23,380 new cases of brain and other nervous sys-
tem cancers and 16,380 estimated cancer deaths. 
Brain cancer (BC) is divided into two different 
types depending on origin site: (1) primary cancer, 
confined to the brain; (2) secondary cancer, metas-
tasized to the brain from a different primary site. 
Secondary brain tumors are extremely aggressive 
and about 30–40% of cancer patients with primary 
tumor (melanoma, breast, lung, etc.) have been 
diagnosed with brain metastasis (BM) at some 
stage after initial cancer diagnosis (Table  2.1). 
Lung and breast cancer are the most frequent can-
cers that metastasize to the brain in men and 
women respectively [1]. Certain molecular sub-
types such as HER2 amplification in breast cancer 

and anaplastic lymphoma kinase (ALK) positivity 
in non-small-cell lung cancer (NSCLC) carry a 
higher rate of brain metastasis [2, 3]. Other factors 
associated with incidence of brain metastasis include 
age, ethnicity, and geographic location [1].

Among all primary cancer types, the overall 
2-year and 5-year survival rates for brain meta-
static patients are 8.1% and 2.4%, respectively [1, 
4]. The therapeutic management of brain metasta-
sis depends on the number and location of meta-
static tumors, and can include whole brain 
radiation therapy (WBRT), surgical resection, ste-
reotactic radiosurgery, systematic chemotherapy, 
targeted therapy, and immunotherapy. Poor 
blood-brain barrier (BBB) permeability can 
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Table 2.1 SEER-based incidence of brain metastases 
determined by primary tumor site

Primary cancer site
Estimated new 
cases, 2018

Estimated 
deaths, 2018

Breast cancer 
(female)

266,120 40,920

Lung and bronchus 
cancer

234,030 154,050

Prostate cancer 164,690 29,430
Colorectal cancer 140,250 50,630
Melanoma of the 
skin

91,270 9320

Bladder cancer 81,190 17,240
Non-Hodgkin 
lymphoma

74,680 19,910

Kidney and renal 
pelvis cancer

65,340 14,970

Uterine cancer 63,230 11,350
Leukemia 60,300 24,370
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limit the effectiveness of systemic chemother-
apy to effectively treat brain metastasis [5]. 
Combined targeted and immunotherapeutic 
approaches can produce shrinkage of brain 
metastasis, can slow tumor growth, and can pre-
vent or/delay neurologic symptoms [1]. In brain 
metastatic clinical trials, multimodal combina-
tion therapies provide more survival benefit to 
patients than individual treatments; however, 
posttreatment toxicity may adversely affect 
patients’ quality of life (QOL) [1, 6]. Therefore, 
it is imperative to understand the complexity of 
the brain metastatic cascade and translate these 
findings in clinical settings to develop effective 
therapies with the ultimate goal of increasing 
patients’ QOL and survival. In this review, we 
will discuss the molecular and genetic proper-
ties of the tumor progenitor cells responsible for 
brain metastatic seeding and colonization, as 
well as their modulation through tumor-host 
niche interactions, the neuro- inflammatory cas-
cade, and neovascularization.

 Seed and Soil

The realization that the profile of metastatic sites 
did not reflect a stochastic distribution of the seed 
based on passive blood flow and target organ 
mass suggested that specific cellular and molecu-
lar mechanisms were actively involved in regu-
lating metastasis. Stephen Pagett first proposed 
that this phenomenon is governed by the unique 
match of the metastatic cancer seed with a condu-
cive soil—the “seed and soil” hypothesis [7]. To 
achieve successful metastasis, cancer cells must 
shed from their primary site, survive and self- 
renew in the circulation (blood/lymph), intrava-
sate, and colonize distant organs where they must 
survive and grow (Fig. 2.1) [8–10].

The heterogeneous populations of tumor cells 
that comprise the primary tumor possess distinct 
molecular and cellular phenotypes evidenced by 
their differential proliferative, invasive, angio-
genic, and metastatic abilities [11, 12]. The meta-
static cascade exerts further selection pressure 

Primary tumor

Primary
dissemination

Intravasation

Homotypic CTC clusters Single CTC Heterotypic CTC clusters

Exosomes

EMT
migration

etc.

Early
dissemination

Late
dissemination

Metastatic
dissemination

Asymptomatic
progression Seeding

MET

Extravasation

Colonization

Brain metastasis

Endothelial cell

Epithelial cell

Red blood cell

Extracellular matrix

Exosomes/vesicles

Blood vessel Brain

Bone marrow

Lymph node

Fibroblast/mesenchymal cell

cf DNA

Monocytes/eosinophil

Pericyte

Circulating free DNA

Circulating tumor cell

Macrophages

Fig. 2.1 Steps of brain metastatic cascade

M. Vishnoi et al.



21

that influences cell proliferation, quiescence, 
adhesion, invasiveness, plasticity, cell-surface 
(growth and hormone) receptors, and immunoge-
nicity that ultimately defines the metastatic 
potential [8, 9]. The metastatic “seeds” mobilize 
and invade the lymphatic or vasculature system 
where they disseminate as single cells or cell 
clusters (tumor emboli) [9, 13, 14]. These cells 
then are often home to, and interact with, condu-
cive microenvironments at distant organs (soil) 
where stromal and host factors govern their colo-
nization, survival, and growth. Therefore, organ- 
specific colonization and macro-metastases 
formation are highly complex processes that 
depend upon specific “homeostatic mechanisms” 
and interactions with extracellular matrix (ECM) 
proteins and cells (immune, stromal, fibroblasts 
cells, etc.) that comprise the target organ micro-
environmental niche [8, 9, 15, 16]. The unique 
properties of the brain environment (BBB and 
neural niches) and how they impact BM forma-
tion and growth are discussed more in detail 
below.

 The Early Dissemination Phase 
of Brain Metastasis

 Epithelial-Mesenchymal 
and Mesenchymal-Epithelial 
Transitions: EMT/MET
Implied in the “seed and soil” hypothesis and 
critical to the manifestation of a metastasis is the 
capacity of a primary cancer cell or aggregate to 
navigate an imposing biological gauntlet, roughly 
divided into discrete stages: (i) separation from 
the primary tumor mass and invasion into and 
survival in the blood stream (intravasation), (ii) 
exit from the blood stream to achieve coloniza-
tion within a distant organ (extravasation), and 
(iii) survival and growth in a distant organ 
(Fig. 2.1). A major advance in the conceptualiza-
tion of metastasis came with the realization that 
the cellular phenotypes required of the first stage 
(intravasation) of the metastatic cascade recapit-
ulated the features of a developmentally and mor-
phogenetically recognized phenomenon termed 
epithelial mesenchymal transition (EMT) first 

described by Elizabeth Hay in the context of 
embryogenesis [17].

At the molecular level, EMT is driven by tran-
scription factors such as ZEB1/2, SNAIL, SLUG, 
and TWIST1 and signaling through HGF, TGF-β, 
EGF, PDGF, Notch1, Wnt, PI3k/AKT, and 
Hedgehog pathways that together promote motil-
ity, migration, and invasion of tumor cells 
(Fig. 2.2) [18–25]. For example, TWIST1 is criti-
cal for mammary epithelial carcinoma cell 
extravasation and is implicated in metastatic 
capacity for numerous cancers [26]. 
Downregulation of E-cadherin (an epithelial cel-
lular adhesion protein) and upregulation of 
N-cadherin (the so-called “cadherin switch”) 
accompany EMT allowing a cell typically held in 
tight apposition to become mobile and correlate 
with the metastatic potential of cancers metasta-
sizing to the brain [27, 28]. This is followed by 
degradation of the epithelial basement membrane 
and invasion through the endothelial basement 
membrane, and then transit into the blood vessel 
[29–31]. In addition to promoting invasiveness, 
EMT promotes malignant phenotypes through 
effects on immunosuppression, treatment resis-
tance, and cancer stem cells (CSCs) [25]. 
Therefore, EMT contributes broadly to BM for-
mation through production of metastatic “seeds,” 
activation of malignant cellular properties, and 
reprogramming of the tumor microenvironment.

To successfully generate metastases, dissemi-
nated tumor cells must survive in the blood 
stream (see below), extravasate from the circula-
tion, colonize, and grow in distant organs. Despite 
the presumed importance of EMT in the initial 
dissemination of metastatic cancer cells, meta-
static tumors frequently retain epithelial features 
of the primary tumor [25]. These conflicting 
observations are reconciled by recognizing that 
the final phase of the metastatic cascade (extrava-
sation, colonization, and macro-metastatic 
growth) requires reversal of the mesenchymal to 
epithelial phenotype; a process termed the 
mesenchymal- epithelial transition (MET) [32–34]. 
Activators of EMT signaling are lacking at sites 
of metastatic colonization, including the brain, 
which promotes MET and macro- metastatic 
growth [8, 25, 35]. This cross-talk between 
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extravasated cancer cells and the microenviron-
ment of distant organs underscores the impor-
tance of the metastatic niche or “soil” for 
successful generation of metastases. Here, we 
will discuss the mechanism of cross-talk between 
metastatic cancer cells and the brain that specifi-
cally contributes to BM formation. While the pre-
cise mechanisms of EMT and MET that regulate 
BM formation have yet to be elucidated, it is sig-
nificant that both processes promote the pheno-
types of CSCs, the putative “seeds” for BM 
formation [7, 25].

 Cancer Stem Cells
Many cancers possess a subpopulation of cancer 
stem cells (CSCs) that play critical roles in 
tumorigenesis, treatment resistance, and progres-
sion and are commonly considered the “seed” for 
metastasis [11]. Although they comprise a minor-
ity population of tumor cells, CSCs are of great 
clinical importance by virtue of their increased 
resistance to treatment and putative role in for-
mation and/or growth of BMs (Fig.  2.3) [36]. 

Cancer stem cells (CSCs) are operationally 
defined by properties of proliferation, self- 
renewal, multi-lineage differentiation, and, 
importantly, the capacity to recapitulate the can-
cer phenotype in  vivo [37]. The correlation of 
specific molecular markers with CSC phenotypes 
has facilitated the investigation of the role of 
CSCs in BMs. For instance, in breast cancer the 
CD44 hi/CD24 low CSC phenotype is responsi-
ble for maintaining self-renewal and proliferation 
through Notch signaling and drives metastatic 
progression in the brain [22, 38, 39]. On the other 
hand, the chemokine CXCR4/12 signaling axis 
provides microenvironment cues to CSCs for 
proper homing and brain colonization [40]. Of 
note, targeting CSC phenotypes CD44 hi/CD24, 
CD133, and BMI1 or inhibiting CXCR4/12 and 
the Notch signaling axis effectively eradicates 
brain metastatic spread and improves therapeutic 
efficacy [39, 41, 42]. In concert with MET and 
local angiogenesis, they drive growth of macro-
scopic brain tumors [43, 44]. Another critical 
observation is that cancer cells can switch 
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between non-CSC and CSC phenotypes in 
response to microenvironmental cues such as 
hypoxia [44–46]. This plasticity has profound 
implications for context-dependent identification 
and assessment of CSC burden and development 
of CSC-targeted therapies. Regardless of how 
metastatic cells acquire stem-like properties, they 
must all navigate and survive a journey through 
the blood stream. The recent refinement of meth-
ods to identify and characterize circulating tumor 
cells (CTC) has shed further light on the pheno-
types and mechanisms employed by CSCs to 
colonize the brain (Fig. 2.3).

 The “Liquid” Phase of Brain 
Metastasis

 Circulating Tumor Cells (CTCs) 
and Dormant Cancer Cells (DCCs)
As putative metastatic “seeds,” circulating tumor 
cells (CTCs) drive metastasis and disease recur-
rence [47, 48]. CTCs may colonize distant sites 
and rapidly progress to form macro-metastases or 
remain as dormant cancer cells (DCCs) in per-
missive pre-metastatic niches that after months or 
years are triggered to form macro-metastases. 

CTCs may also derive not only from the primary 
tumor site but also from distant macro- 
metastases—a mechanism termed “self-seeding” 
(see Fig. 2.1).

CTCs are a minority heterogeneous cancer 
cell population that can be isolated from patient 
blood by various techniques such as flow cytom-
etry, magnetic beads, and microfluidic devices 
and identified based on immune phenotyping, 
cell size, and deformability [48–51]. 
CellSearch™, which captures EpCAM-positive 
epithelial-derived CTCs, is currently the only 
Food and Drug Administration (FDA)-approved 
platform for CTC analysis, although it excludes 
potential EpCAM-negative CTCs that may be a 
significant contributor to BM formation [39]. 
Disseminated CTCs intravasate and migrate into 
the blood circulation and survive as single cell or 
cluster/emboli. CTC clusters have survival 
advantages as they more effectively resist anoi-
kis, bloodstream shear forces, environmental or 
oxidative stresses, and immune surveillance [52–
54]. Higher CTC counts in peripheral blood 
 correlate with disease burden and worse patient 
survival in various malignancies such as mela-
noma and breast, lung, prostate, and pancreatic 
cancers [54–56].
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Although CTCs are not routinely identified 
in the majority of BM patients, BM formation 
presumably requires the existence of CTCs at 
some point prior to their clinical manifestation. 
More than two CTCs were detected in only 
5.9% of patients with oligo-metastatic NSCLC 
to the brain; the frequency of more than three 
CTCs in BM patients with systemic metastases 
and other tumor types ranges widely from 0% to 
25% [55]. These data underscore several impor-
tant considerations: (i) CTC dissemination and 
thus detection may be intermittent with periods 
of dormant residence in other sites, and (ii) in 
addition to unidirectional production of CTCs 
from the primary cancer, CTCs may also arise 
from metastatic deposits including BMs, the so-
called “self-seeding” mechanism. The identifi-
cation of CTCs in cerebrospinal fluid (CSF) 
from BM patients with concurrent leptomenin-
geal disease (LMD) may represent a form of 
“self-seeding” [57].

CTCs are heterogeneous and specific subpop-
ulations may have unique tropism for colonizing 
the brain [9, 48, 58, 59]. Using an expanded CTC 
isolation protocol, Boral et al. demonstrated that 
inclusion of EpCAM-negative CTCs with CSC 
markers markedly increased CTC yields in breast 
carcinoma patients [60]. Stratifying these meta-
static patients based on the presence of BMs, they 
identified a 121-gene signature associated with 
BMs [60]. Other studies have shown that a spe-
cific subpopulation of EpCAM-negative CTCs 
from breast cancer patients has a unique propen-
sity for forming BMs in experimental models 
[61]. These studies indicate that identifiable sub-
populations of CTCs may have specific capacity 
to generate BMs that could theoretically be tar-
geted systemically to prevent BMs. Clinical and 
biological relevance of CTCs is an area of ongo-
ing investigation, but one that appears to have 
great promise to inform prognosis, treatment 
responses, metastatic risk, and even new thera-
peutic approaches. The utility of liquid biopsies 
for BMs extends beyond the detection of CTCs, 
allowing profiling of exosomes and circulating- 
tumor DNA (ctDNA) (see Fig. 2.3).

 Exosomes
Exosomes are small membrane bound extracel-
lular vesicles secreted by cancer cells that contain 
DNA, RNA, proteins, and lipids [62]. Exosomes 
function locally within primary and metastatic 
tumors as well as remotely through vascular dis-
semination and cellular uptake at metastatic sites 
[63]. They are increasingly analyzed in liquid 
biopsies since they inform tumor growth, evolu-
tion, and pathogenesis and in BMs are responsi-
ble for inducing a plethora of biological 
processes, such as EMT, angiogenesis, metasta-
sis, therapy resistance, and epigenetic/stem-cell 
regulation (Figs. 2.1 and 2.3) [64]. In breast can-
cer, expressions of mir-122 and mir-210 were 
associated with brain metastasis [65, 66]. In mel-
anoma, CD46 receptors are responsible for 
uptake of tumor-associated exosomes in BBB 
endothelial cells [67].

An important function of exosomes in BM 
biology is their capacity to generate organotropic 
pre-metastatic niches conducive to DCC growth 
or CTC homing, colonization, and proliferation. 
In experimental studies, the brain preferentially 
takes up exosomes from neurotropic metastatic 
cancer cell lines through specific direct interac-
tions with CD31+ BBB endothelial cells [68]. 
Exosomal organotropism also appears to be 
related to specific integrin profiles with ITGB3 
highly upregulated in brain tropic exosomes [69]. 
Remarkably, “educating” mouse hosts with exo-
somes redirects the organotropism of cancer cell 
lines to reflect patterns of exosomal uptake. 
These data suggest that targeting brain-specific 
exosomes may be a useful future strategy to miti-
gate BM formation.

In addition to roles in organotropism, exo-
somes are implicated in promoting immunosup-
pressive “havens” for DCCs, angiogenesis that 
triggers progression and growth of micrometasta-
ses, and disruption of the BBB [62, 63, 70]. Of 
note, experimental evidence implicates exosomal 
microRNAs (miRNAs) generated from astro-
cytes and BM cells during tumor growth through 
reversible epigenetic downregulation of PTEN 
and conversion of resident microglia from the 
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M1 to M2 immunosuppressive phenotype [71, 
72]. These observations demonstrate the impor-
tant roles of both primary tumor-derived and 
local neural cell-derived exosomes in orchestrat-
ing the complex processes of BM tropism and 
growth. Exosome-based targeted therapies there-
fore may be a useful strategy to mitigate BM for-
mation and progression [63].

 ctDNA
Circulating-tumor DNA (ctDNA) is released 
into biological fluids by apoptotic or necrotic 
cancer cells. ctDNA is detected in most sys-
temic cancers with increased levels correspond-
ing with metastasis [73]. In breast and melanoma 
carcinomas, two cancers with high propensity 
for BMs, ctDNA is detectable in over 80% of 
cases [73]. Levels of ctDNA are associated with 
tumor burden and patient survival [64, 74, 75]. 
To our knowledge no data exist demonstrating 
an association between ctDNA and BM inci-
dence or a pathogenic role in BM genesis. 
However, analysis of ctDNA from cerebrospinal 
fluid (CSF) is emerging as a useful marker for 
patients with parenchymal BMs and leptomen-
ingeal disease that may be more sensitive and 
specific than plasma-derived ctDNA [76, 77]. 
For instance, in patients with central nervous 
system (CNS)-restricted metastatic disease, 
CSF ctDNA was detected in 58% versus 0% 
from plasma and importantly, changes in CSF 
ctDNA detection corresponded with clinical 
treatment responses [77]. In another study, 
genomic mutations were identified after 
sequencing of CSF DNA in 63% (20 of 32) of 
patients with parenchymal CNS metastases, 
while detection of ctDNA in CSF has been 
reported for 75–100% of patients with LMD 
[76, 78]. These studies indicate the potential for 
ctDNA to serve as a biomarker for tracking 
tumor progression and treatment response [75, 
79, 80]. Multicenter large cohort studies are 
required to evaluate the evolutionary changes of 
ctDNA over the course of metastatic cancer 
treatment and their correlation with disease sta-
tus and patient survival.

 The Final Metastatic Phase: Brain 
Colonization, Growth, and the Role 
of the Brain Microenvironment

In the final stage of BM formation, CTCs and/or 
DCCs, which have colonized permissive pre- 
metastatic niches, engage the brain microenvi-
ronment (BME) and through reciprocal 
interactions undergo macro-metastatic growth. 
The complex interactions between BM cells and 
resident neural cells (astrocytes, neurons, and 
microglia), infiltrative immune cells, brain micro-
vasculature, extracellular matrix proteins, meta-
bolic changes, cytokine signaling, and even 
synaptic inputs result in reprogramming of BM 
cells and BME to facilitate BM survival and 
growth. An additional important element of the 
BME is the blood-brain barrier (BBB) and subse-
quent formation of a blood-tumor barrier (BTB), 
critical to the process of CTC extravasation, 
immune cell infiltration, and systemic delivery of 
therapeutic agents. With selected examples we 
will address clinically relevant highlights of these 
interactions.

 The Blood-Brain Barrier (BBB) 
and Blood-Tumor Barrier (BTB)
The blood-brain barrier (BBB) is a highly spe-
cialized semipermeable structure consisting of 
endothelial cells, pericytes, and astrocytes, which 
form tight junctions that restrict access to the 
brain from the circulation [1]. The neurovascular 
unit of the BBB maintains homeostatic environ-
mental conditions for normal neuronal function 
and provides a barrier to CTC extravasation that 
must be overcome for BM formation (reviewed 
in Ref. [81]). Three molecules, cyclooxygenase 
COX2 (also known as PTGS2), the epidermal 
growth factor receptor (EGFR) ligand HBEGF, 
and the α2,6-sialyltransferase ST6GALNAC5 
have been identified as mediators of cancer 
cell extravasation across the BBB [82]. 
ST6GALNAC5 promotes adhesion of tumor 
cells to brain endothelial cells, whereas COX2 
and HBEGF promote cell migration across the 
BBB [82]. In addition, matrix metalloproteinases 
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(MMPs) and vascular endothelial growth factor 
(VEGF) facilitate extravasation, seeding, and 
micrometastasis formation through ECM destruc-
tion and creation of a vascular niche [1, 83–87].

In the BM peri-tumoral region, the BBB is 
modified to generate a so-called blood-tumor 
barrier (BTB) characterized by increased local 
permeability. Changes in BBB characteristic of 
the BTB are mediated by alterations in endothe-
lial cell tight junctions and pericyte function, 
and are associated with neuroinflammation and 
changes in ECM components [1]. The molecu-
lar mechanisms underlying permeability 
changes in the BTB include upregulation of 
VEGF and downregulation of zona occludens 
(ZO) and vascular endothelial cell adhesion 
molecule (VE-CAM) in endothelial cells, 
altered expression of desmin and CD13 in peri-
cytes, and elaboration of other molecules 
including membrane transporters, tumor necro-
sis factor (TNF) receptors, claudin-5, and angio-
poietin-2 [1, 88–92]. Of clinical relevance, these 
changes in permeability result in heterogeneous 
uptake that may enhance uptake of drugs and 
antibodies normally restricted by the intact BBB 
[1, 54, 93–96].

 Immune BM Microenvironment
BMs generate an inflammatory and immunosup-
pressive microenvironment that promotes tumor 
growth and treatment resistance [97]. The 
immune BM microenvironment involves com-
plex interactions between tumor and resident 
neural cells and infiltrating cells of lymphoid 
(cytotoxic-CD4+, helper-CD4+, T-regulatory 
[T-reg] cells, and natural killer) and myeloid 
(dendritic/antigen presenting cells, macrophages, 
and myeloid-derived suppressor cells [MDSCs]) 
lineage [98–101]. Intense interest in tumor- 
infiltrating lymphocytes (TILs) has been fostered 
by the success of immune checkpoint inhibitors 
(ICIs) in treatment of systemic melanoma, and, 
more recently, other cancers with a propensity for 
BMs including NSCLC and breast cancer [102–
105]. In fact, recent trials have demonstrated 
variable activity of ICIs against BMs [98, 106]. 
CTLA4 and PD-L1/PD-1 inhibitors block tumor- 
mediated immunosuppressive mechanisms that 

typically decrease cytotoxic T-lymphocyte (CTL) 
function [105].

Harter et al. profiled the quantity and topog-
raphy of all TILs (CD3+) and specific subpopu-
lations of T-reg cells (FoxP3+) and CTLs 
(CD8+) and PD-1/PD-L1 expression in BMs in 
both mixed tumor and breast carcinoma-
restricted cohorts [105]. TILs and their subpop-
ulations were detected in all BM types but with 
different frequencies (highest in renal cell carci-
noma) and patterns of distribution (diffuse in 
melanoma, stromal in carcinomas). In contrast 
to other studies, where expansion of cytotoxic 
T-lymphocytes and infiltration of T-cells corre-
late with patient survival, none of the TIL or 
PD-L1/PD-1 metrics were associated with 
patient survival [107–109]. By contrast, the 
presence of a peri-tumoral and to a lesser extent 
stromal mononuclear infiltrate and lower PD-1/
PD-L1 expression in lung adenocarcinoma BM 
patients predicted better survival after resection 
[110]. In another study of NSCLC patients, dis-
parate responses of the primary and BM lesions 
to PD-1 blockade mirrored a decrease in 
BM-specific PD-1 expression in paired primary 
and BM samples [102]. In paired breast cancer 
primary and BM samples, TILs are decreased in 
BMs as was the proportion of “adaptive” 
immune phenotypes (TIL+/PD-L1+) expected 
to be responsive to ICIs [103, 104, 111]. In mel-
anoma BMs, increased immune cell infiltration 
corresponded with increased PD-L1+, survival, 
and enrichment of oxidative phosphorylation 
compared with non-CNS metastases [100]. 
Overall the melanoma BMs had reduced 
immune cell infiltrates, and gene expression 
analysis revealed an immunosuppressive pheno-
type compared with non-CNS metastases. Of 
note, the metabolic signature positively corre-
lated with patient survival, and preclinical mod-
els demonstrated that inhibition of oxidative 
phosphorylation was a promising therapeutic 
target of MAPK-resistant melanoma BMs [100].

In addition to TILs, other immune cells includ-
ing myeloid cells are implicated in BM growth 
[72]. The association between reduction of 
peripheral myeloid-derived suppressor cells 
(MDSCs) and BM incidence in lung cancer 
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patients treated with combination systemic beva-
cizumab and TKIs suggests that MDSCs may 
play a role in the immunosuppressive BM 
 microenvironment. Experimental studies of 
mouse mammary carcinoma BMs also demon-
strated that MDSCs generate a “pre-metastatic 
niche” for BM formation [90]. T-regulatory 
(T-reg) cells suppress immune reactions by secre-
tion of factors such as TGF-β and IL-10 and 
higher T-reg cell burden in tumors and peripheral 
blood is associated with poor clinical outcomes 
[112, 113]. In lung adenocarcinoma, FOXP3+ 
T-reg cells are detected in BMs albeit at lower 
numbers than in primary tumors [102]. Finally, 
resident microglia and systemically derived mac-
rophages are implicated in early stages of BM 
formation and contribute to the immunosuppres-
sive microenvironment [114]. In summary, the 
complex and immune BM microenvironment 
generates an immunosuppressive state and plays 
critical roles in BM formation from the pre-met-
astatic niches to macro-metastatic growth. 
Further elucidation of the diversity of immu-
nosuppressive mechanisms in BMs is needed to 
develop more effective immunotherapy and 
strategies to reprogram the immune microenvi-
ronment of BMs to facilitate responses to 
immunotherapy.

As noted above, BMs are “cold tumors” and 
thereby less responsive to immunotherapy [1]. 
Therefore, techniques to activate the immune 
microenvironment in BMs have great clinical 
significance. For example, the abscopal effect is 
a presumed immune-mediated mechanism 
whereby local radiation to a single lesion result-
ing in release of tumor antigens and T-cell expan-
sion can activate a dramatic generalized 
antitumor response distant from the site of radia-
tion [115–117]. An experimental melanoma BM 
model demonstrated an abscopal effect with 
combined irradiation and PD-L1 blockade simi-
lar to the reported clinical potentiation of the 
abscopal effect with concurrent ICI therapy 
[118–121]. As several reports suggest, it may be 
possible to harness the abscopal effect to treat 
BMs through targeting a systemic lesion or con-
versely activate a systemic response through 
local irradiation of BMs [122, 123]. While the 

occurrence of an abscopal response is relatively 
rare, further investigations into its precise mech-
anisms are expected to provide insight into more 
effective strategies to activate the immune sys-
tem to improve response for systemic and CNS-
based cancers.

 BM Cross-Talk with the Brain Metastasis 
Microenvironment
In addition to interactions with the vascular 
BBB/BTB niche and infiltrating immune cells 
described above, cross-talk with resident neural 
cells also plays an important role in BM biology 
(reviewed in Refs. [97, 99, 124]). The brain is 
generally a hostile microenvironment for extrav-
asated cancer cells, the majority of which die; 
however, those that survive as dormant or 
actively propagating cells appear uniquely able 
to co-opt or adapt to the conditions in the brain 
microenvironment [81]. For instance, cancer 
cells that grow in the brain activate unique brain-
enriched gene expression profiles, and undergo 
metabolic reprogramming so that they can effec-
tively utilize non- glucose energy sources, like 
the brain (reviewed in Refs. [125, 126]). 
Expression of Serpins on BM cells counteracts 
with the cell-death and anti-migratory effects of 
brain-derived plasmin necessary for BM cell sur-
vival and engagement with brain microvascular 
cells for local invasion [127]. While neural cells 
can impede BM growth, specific interactions 
with neural cells have also been shown to pro-
mote BM survival and growth. For instance, 
astrocyte interactions promote BMs through gap 
junction-mediated transfer of cGAMP and astro-
cyte-derived exosomal miRNA-mediated sup-
pression of PTEN function [72, 128]. Similarly, 
the activated state of microglia can either inhibit 
or promote BM growth [81]. BM cell secreted 
exosomal miRNAs can reprogram microglia to 
promote BM growth through immunosuppres-
sive mechanisms [71]. Finally, based on the 
increasingly recognized impact of peripheral 
innervation in cancer metastasis and CNS neural 
activity to promote glioma proliferation, future 
studies should be directed to understanding how 
electrical activity may influence BM physiology 
[129–131].
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 Molecular Heterogeneity 
and Selection for Brain Metastasis

Given the complexity of mechanisms and envi-
ronmental selection pressures summarized above, 
it is not surprising that primary cancers and their 
brain metastases exhibit extensive molecular het-
erogeneity. Since the seminal publication by 
Gerlinger et al. in metastatic renal cell carcinoma, 
intra-tumor molecular heterogeneity and 
branched evolution have been recognized to con-
tribute to the genesis, progression, and treatment 
resistance of many cancers [5, 132–134]. 
Genomic instability and selective evolution are 
principle mechanisms driving heterogeneity at 
the genetic, epigenetic, and transcriptional levels 
[132, 133, 135]. Multiregional tumor biopsy 
sampling, research autopsies, spatial and tempo-
ral liquid biopsies, and single-cell sequencing are 
emerging approaches that will help decode the 
complex architecture of tumor, specifically as it 
relates to brain metastasis [132, 133, 135–137].

For BMs, studies of paired primary and meta-
static lesions reveal several clinically relevant 
insights including (i) a high proportion of BMs 
possess mutations distinct from those of the pri-
mary site, (ii) BMs from individual patients share 
mutations distinct from those detected in the pri-
mary cancer, and (iii) BMs exhibit activation of 
oncogenic signaling pathways (e.g., PI3K/Akt/
mTOR) distinct from those present in the primary 
cancer [5, 138–140]. These observations suggest 
that BMs may arise from unique cell subpopula-
tions within the original cancer and/or that 
selection pressure for specific mutations and phe-
notypes drive successful BM formation and 
growth.

Genomic studies indicate that BMs retain 
ancestral mutations of their primary cancer but 
acquire additional unique mutations through 
branched evolution [136, 138, 139, 141]. In the 
largest study to date of paired primary and meta-
static cancer samples, Brastianos et  al. deter-
mined that BMs share mutations with the primary 
cancer but develop unique or “private mutations” 
in all cases, of which 53% represent potential 
actionable targets unique to their CNS disease 
[138]. As further shown by EGFR mutations 

shared by paired primary and BM specimens, 
these observations suggest that clonal selection 
during BM formation may be required for effec-
tive metastatic outgrowth and therapeutic resis-
tance [133, 138, 142].

Activation of specific oncogenic signaling 
pathways occurs in BMs in concert with the evo-
lution of genomic changes. In primary mela-
noma, lung and breast cancer patients, more than 
50% of brain metastatic tissue contain clinically 
relevant oncogenic alterations in PTEN, PIK3CA, 
EGFR, and HER2 genes and cancer hot spot 
regions that activate PI3K–AKT–MTOR and 
EGFR/HER2 pathways involved in tumor cell 
growth and proliferation [5, 132]. Primary tumors 
treated with systemic therapy such as PI3K/AKT/
mTOR, CDK, and HER2/EGFR inhibitors are 
more inclined to develop brain metastasis [138]. 
In squamous cell lung cancers (SQCLC), PI3K- 
aberrant tumors were associated with high meta-
static tumor burden and increased incidence of 
brain metastasis [143]. However, colorectal can-
cer (CRC) shows less genetic heterogeneity 
(APC, KRAS, FBXW7, PIK3CA, BRAF, 
SMAD4, and ACVR2A mutations) with greater 
genetic concordance between matched primary 
and brain metastatic tumors [144].

Overall, brain metastases exhibit a branched 
evolution pattern reflecting primary tumor muta-
tion profiles and acquisition of additional unique 
molecular profiles with respect to other non-CNS 
metastases. Additionally, molecular profiles of 
intracranial sites within individual patients sug-
gest a high degree of homogeneity. This genomic 
concordance may provide guidance for system-
atic personalized therapy and facilitate our 
understanding of mechanisms involved in brain 
metastasis.

 Spinal Metastasis

Metastatic spinal cord compression is considered 
an oncological emergency that may require 
immediate treatment either through surgical 
decompression, emergency radiotherapy, or a 
combination of the two. This occurs in 3–5% of 
cancer patients, with breast, lung, and prostate 
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being the most frequent source [145]. The major-
ity of metastases affects the bone first and cause 
compression through direct mass effect or patho-
logical fracture. Even more rare are intradural 
extramedullary and intramedullary metastases 
accounting for less than 6% and 1–2% of spinal 
metastasis, respectively [146–148]. The inci-
dence of intramedullary spinal metastasis may be 
increasing perhaps with extended overall sur-
vival. Additionally, metastasis to the spine is gen-
erally a poor prognostic sign of overall patient 
survival with median survival of only 8 months in 
patients treated for intramedullary renal cell 
metastasis [149].

By virtue of their different recipient tissue 
microenvironments, it is not surprising that the 
cellular and molecular mechanisms that pro-
mote bone metastasis, and thereby osseous-
based spinal cord compression, differ from 
those driving BMs (reviewed in Refs. [150–153]). 
Given the rarity of both extra- and intra-axial 
spine metastasis, studies of their specific mech-
anisms are scarce. Presumably, extramedullary 
spinal metastases result from local leptomenin-
geal growth of CSF-disseminated cells. Like 
BMs, molecular analysis of leptomeningeal 
cancer cells reveals mutations shared with and 
unique to the primary cancer site that can be 
monitored through analysis of ctDNA [154, 
155]. By contrast, intramedullary spinal metas-
tases are more likely to originate through mech-
anisms similar to those that regulate BMs. 
Intramedullary spinal cord metastasis (ISCM) is 
exceedingly rare with incidence of ~2% in sys-
temic cancers [147, 156, 157]. It is most com-
monly seen with lung and breast cancers but has 
also been reported for colon cancer, Merkel cell 
carcinoma, renal cell carcinoma, gastric cancer, 
ovarian cancer, and thyroid cancer [148, 149, 
158–162]. As with BMs, the increasing success 
of systemic therapies may be contributing to the 
increased incidence of ISCM [148]. Lung can-
cers frequently metastasize to the CNS, but 
intramedullary spine metastasis is detected in 
only 1.65% of 1215 autopsy cases and 1.8% of 
NSCLC patients; and these were highly associ-
ated with concomitant BMs suggesting common 
mechanisms for their colonization and growth 

[147, 157]. Anaplastic lymphoma kinase (ALK) 
gene mutations are associated with aggressive 
features in NSCLC including early CNS metas-
tasis and higher rates of intramedullary spinal 
cord metastasis [146, 157, 163]. While rare, the 
consequences of spinal extra- and intramedul-
lary metastases are devastating and warrant fur-
ther study of their basic biology to develop more 
effective therapies. See the “Spinal Metastases” 
section of this book for in-depth coverage of this 
topic.

 Conclusion

Brain metastasis is a devastating disease with 
increasing incidence. The increased rate is due 
to a lack of prognostic and diagnostic biomark-
ers at early disease stages. Systemic, longitudi-
nal blood-based liquid biopsy (CTCs, cell-free 
DNA, exosomes, secretory proteins, etc.), 
alongside molecular imaging approaches, may 
provide novel biomarkers for designing early 
diagnostic tools (see Fig. 2.3). In brain meta-
static patients, surgical resection is a key part 
of clinical management and provides an imme-
diate opportunity for tumor molecular charac-
terization for determining effective therapies. 
These studies can also assist in identifying 
therapeutic targets to eliminate residual dis-
ease or recurrence in brain metastatic patients 
with other primary cancers. Poor prognosis of 
brain metastatic patients is also related to drug 
resistance and tumor heterogeneity between 
primary and brain metastasis tumors. In the era 
of precision medicine and individualized ther-
apy, deciphering the tumor heterogeneity based 
on spatiotemporal selection is clinically imper-
ative. Multidisciplinary approaches are neces-
sary to fill in the gaps in knowledge regarding 
the molecular landscape of brain metastasis. 
Preclinical models such as microfluidic device, 
organotypic 3D culture, and patient-derived 
xenografts may clarify both the interplay 
between metastatic cell and brain tumor micro-
environment and the brain metastatic cascade 
(Fig. 2.3). These emerging tools overcome tra-
ditional cell- based technologies as they have 
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the potential to monitor real-time cancer pro-
gression and personalize therapy for patients. 
Further, the  advancement in future multimodal 
studies will open new paradigms to understand 
the realm of brain metastasis and improve 
patient outcomes.
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