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Abstract
Brain metastasis (BrM) is an area of unmet medical need that poses unique therapeutic challenges and heralds 
a dismal prognosis. The intracranial tumor microenvironment (TME) presents several challenges, including the 
therapy-resistant blood–brain barrier, a unique immune milieu, distinct intercellular interactions, and specific met-
abolic conditions, that are responsible for treatment failures and poor clinical outcomes. There is a complex in-
terplay between malignant cells that metastasize to the central nervous system (CNS) and the native TME. Cancer 
cells take advantage of vascular, neuronal, immune, and anatomical vulnerabilities to proliferate with mechanisms 
specific to the CNS. In this review, we discuss unique aspects of the TME in the context of brain metastases and 
pathways through which the TME may hold the key to the discovery of new and effective therapies for patients 
with BrM.
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The importance of dynamic interactions between the native 
tissue components and metastatic tumor cells has become in-
creasingly apparent over the past few decades of cancer re-
search. When metastatic cells invade, they integrate into and 
modify the environment in complex pathways with important im-
plications to tumor establishment, aggressiveness, and response 
to treatment. Understanding these relationships within the tumor 
microenvironment (TME) is essential to the exploration of brain 
metastasis (BrM) research and clinical progress. Today, BrMs 
comprise over 50% of all intracranial tumors and occur in up to 
40% of all patients suffering from metastatic cancer.1–4 The inci-
dence of clinically relevant BrM is likely to further increase with 

improved treatment of primary tumors, and the relative paucity 
of specifically approved treatments highlights the importance 
of innovation. In all cases, the intricate web of interactions be-
tween metastatic cells and the microenvironment of the central 
nervous system (CNS) begins before any actual seeding and 
evolves in a temporally and spatially dependent manner. Eluding 
to the complexity of the brain’s microenvironment, we now have 
a better understanding from patient spatial modeling that there 
is a nonuniform spatial distribution of metastasis to preferen-
tial brain regions according to primary cancer subtype. Use of 
predictive spatial modeling to reveal that primary cancers have 
distinct CNS topography patterns of BrM.5 These cancer-specific 

The microenvironment of brain metastases from 
solid tumors
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brain topography patterns may underlie the ability of tumor 
cells to adapt to regional neural microenvironments in order 
to facilitate colonization and establishment of metastasis. 
While the full range of interactions might be heterogeneous 
across tumor origins and mechanisms, there are key shared 
elements and pathways that can be considered to better un-
derstand the current state of the field, its future, and the im-
plications for clinical advancements in the treatment of this 
particularly irascible disease

Even before consideration of BrM, the CNS microen-
vironment is a unique compartment within the body. 
The resident cells create a complex and dynamic micro-
environment in their own rights, with interactions be-
tween neurons, astrocytes, oligodendrocytes, microglia, 
pericytes, immune cells, and the extracellular matrix 
essential to normal development and function. This eco-
system is separated from the peripheral vasculature by 
the blood–brain barrier (BBB), a selective filter composed 
of tightly connected endothelial cells, pericytes, and as-
trocyte projections within a dense basement membrane. 
The invasion of metastatic cells into this closely regulated 
environment results in an evolving TME distinct from any 
other seen in systemic metastases. In this review, we will 
cover how this distinct environment governs metastatic 
seeding and growth in the brain, and how this knowl-
edge can be used to develop improved clinical concepts 
to treat or to prevent BrM. We start with the various mi-
croenvironmental factors of the brain metastatic cascade, 
then focus on 4 microenvironmental aspects that we con-
sider key for a better understanding of fundamental BrM 
biology, and that at the same time are also instructive for 

clinical translation. These are the perivascular niche, an-
giogenesis and blood vessel interactions, tumor–immune 
interactions, and neuron–tumor crosstalk.

Premetastatic Niche

Prior to extravasation of metastatic cells through the BBB 
into the CNS environment (Figure 1), it is possible that there 
is an establishment of a permissive environment in the 
brain. This phenomenon is often termed the “premetastatic 
niche” and is the result of secreted cytokines, chemokines, 
exosomes, and angiogenic factors from the primary tumor 
location and circulating tumor cells. Unfortunately, it has 
not been as well characterized in the specific case of solid 
tumor BrM as in other systemic locations, and therefore a 
discussion of this necessitates some degree of extrapola-
tion and inference. A wide range of factors has been iden-
tified in metastases to other sites, including TNF-α, TGF-β, 
and vascular endothelial growth factor (VEGF), among 
many others.6–8,9(p1),10(p2),11 One unique element of the 
process to the CNS is the initial attack on the BBB. Feng 
et al.12 utilized a murine model of acute monocytic leukemia 
to show that BBB permeability was increased by secreted 
matrix metalloproteinases 2 and 9, through disruption 
of the tight junctions (TJs) between endothelial cells. This 
functional change is the result of the downregulation of es-
sential TJ proteins ZO-1, claudin-5, and occludin.12 The same 
group further characterized the role of secreted VEGF in 
compromising the BBB through similar mechanisms, and 
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Figure 1. Diagram depicting blood–brain barrier organization and platelet-supported arrest of circulating tumor cell within the cerebral 
microvasculature. The figure was created with biorender.com.
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subsequent work has shown an ameliorating effect with 
VEGF inhibition via monoclonal antibody.13,14 The work by 
Li et al.15 in small cell lung cancer found that BrM is more 
common in patients with high levels of placental growth 
factor (PLGF). Their study of the effect in vitro revealed that 
the secreted factor also acts through a VEGFR-mediated 
pathway to break down TJs, exposing the underlying CNS 
to invasion by circulating tumor cells. Furthermore, Lyle 
et  al.16 identified alterations in the pericyte population of 
high-permeability BBB metastases, showing an enriched 
population of desmin + pericytes. Beyond undermining 
the structural integrity of the BBB, expression of tumor-
specific cellular adhesion molecules is also increased prior 
to metastatic colonization. In a murine breast cancer model, 
Soto et al.17 found that the brain endothelial vascular cells 
upregulate multiple cell adhesion molecules (CAMs), in 
particular, E-selectin, vascular cell adhesion molecule 
(VCAM-1), ALCAM, ICAM-1, VLA-4, and β4-integrin, in re-
sponse to circulating tumor cells. At the same time, these 
molecules were upregulated on the vascular surface, their 
ligands were similarly highly expressed on the circulating 
tumor cells both, highlighting a potential mechanism for in-
creased susceptibility to CNS colonization. 

The CNS microenvironment beyond the BBB is also 
modulated by circulating factors prior to metastasis. 
Morad et  al.18 highlighted the influence of tumor-derived 
exosomes, finding that such complexes containing proteins, 
nucleic acids, and lipids in a breast cancer model can enter 
the CNS parenchyma through the BBB by compromising the 
endothelial cell endocytic pathway. Fong et al.19 identified 
a role for these exosomes with their study on complexes 
containing the miR-122 miRNA, which suppress glucose 
uptake in astrocytes and create a more hospitable environ-
ment for nascent metastatic cells. In their in vivo model of 
breast cancer BrM, the group showed that inhibition of miR-
122 recapitulated normal glucose uptake in the brain and 
decreased the incidence of metastasis. Another implicated 
miRNA is miR-181c, which has been also demonstrated to 
disrupt the BBB and increase the incidence of BrM in an in 
vivo breast cancer model, in this case through the disrup-
tion of an actin localization pathway via downregulation of 
the PDPK1 gene.20 Rodrigues et al.21 identified an exosome-
contained factor, CEMIP, that promotes metastatic inva-
sion of the CNS. This protein was found to be specifically 
upregulated in brain-tropic metastatic cells and induces pro-
metastatic changes in both brain endothelial cells and mi-
croglia by supporting a pro-inflammatory milieu. The group 
added further evidence to their results with the finding that 
high CEMIP expression in patients’ primary tumor samples 
correlated to a shorter time to BrM and worse overall sur-
vival. Altogether, the development of a premetastatic niche 
by secreted factors from the primary tumor is an important 
step in establishing a pro-metastatic microenvironment at 
the future site of metastasis.

The Tumor Cell of Origin for Brain 
Metastases and Its Road to the Brain

Tumor cells are continuously circulating in the blood-
stream over the course of cancer growth, but only a small 

fraction will eventually grow to a clinically relevant brain 
macrometastasis. This is certainly partly due to the ineffi-
ciency of the brain metastatic cascade after tumor cell ar-
rest and extravasation in the brain. In light of extensive 
tumor cell heterogeneity in all adult cancer entities studied 
so far, it is likely that only a tiny subfraction of tumor cells 
can “seed.” Recent work has shown that BrM-initiating 
breast cancer cells are particularly slow-cycling and ex-
press various stemness pathways.22 This confirms earlier 
studies that demonstrated a slow-cycling phenotype of 
breast cancer circulating tumor cells (CTCs) in the clinical 
setting of brain metastatic disease and a particular brain 
metastatic potential of cancer cells with a more stem-like 
phenotype.23–25 It is unknown whether we can molecularly 
better characterize brain metastasis-initiating cancer cells 
in the future and develop more effective approaches for 
their specific targeting for the prevention of BrM.

It is widely accepted that BrM is hematogenous, which 
means that CTCs in the bloodstream arrive in brain (micro)
vessels, arrest, and extravasate. This is supported by ex-
tensive intravital imaging studies and also the fact that 
no anatomical system exists in humans that would ex-
plain a lymphogenic arrival in the brain.26 However, the 
finding that leukemic cells from the bone marrow use 
small bridging veins (emissary vessels) with laminin-rich 
microenvironments to reach the CNS raises the question 
whether similar mechanisms can also be in place for CNS 
colonization of solid malignancies, which frequently dis-
seminate to the bone marrow, too.27,28 Malignant cells may 
travel along the abluminal surface of vessels that are top-
ologically contiguous with the subarachnoid space, and 
these cells can migrate directly to the CNS, bypassing the 
need to enter and exit the vasculature.29 This anatomic traf-
ficking pathway has also recently been shown to play a 
role in inflammatory processes, suggesting the possibility 
of an important function in immune surveillance and CNS 
tumor responses.

Intriguingly, breast cancer patients who develop lepto-
meningeal metastases do not always have parenchymal 
metastases, but they all have vertebral bone metas-
tases.30,31 These clinical observations may suggest that 
distinct molecular programs underlie brain parenchymal 
versus meningeal metastasis.

Tumor Microenvironment

Perivascular Niche

The initial intravascular arrest, extravasation, and initial 
colonization of the CNS by circulating tumor cells mark 
the next step in the evolution of the brain TME. Even the 
intravascular arrest is associated with relevant microen-
vironmental changes in the brain: microthrombosis and 
reduced microvascular perfusion, which likely impact the 
microenvironment. Platelet clotting and fibrin formation 
at the very site of arrested tumor cells were important 
for their long-term persistence and extravasation in the 
brain, with multiple interesting avenues for BrM preven-
tion particularly by anticoagulatory therapies.32 The exact 
cellular process of extravasation in the brain is not well 
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understood so far, but appears to be a dynamic process 
of tumor cell–blood vessel wall interactions.26 After tumor 
cell extravasation that is already mastered by a minority 
of brain-arrested cancer cells only, the following meta-
static cascade into the CNS occurs across a harsh selec-
tive pressure, with fewer and fewer cells progressing to 
the next step of the sequence. Kienast et al.26 characterized 
the first foray of metastatic cells beyond the BBB with real-
time in vivo multiphoton laser-scanning microscopy study 
of BrM formation. The vast majority of even the extrava-
sated cancer cells fail to establish a foothold within the 
tissue, and the surviving cells remain near the vessel wall 
in the critical perivascular niche. Whenever they leave that 
niche in the first 2 weeks after brain colonization, they die. 
Studies in primary brain tumors have revealed the lasting 
importance of this location within the tumor, as a key site 
for the cancer stem cells that drive tumor growth and an-
giogenesis through a range of mechanisms including 
differentiation into vascular endothelial cells.33–35 In the in-
itial stages, the perivascular niche is the crow’s nest from 
which the proliferating tumor cells can redirect vascular 
remodeling to meet their own needs. In glioblastomas, the 
perivascular niche also serves as a cancer stem cell res-
ervoir that is critical to tumor progression and treatment 
resistance.36–39 Translationally, the German consortium 
(prevent_BM) has focused on key biological processes in 
this crucial perivascular niche for survival and resistance in 

the brain to develop novel molecular therapies against the 
earlier steps of BrM for improved BrM prevention.

This reorganization of the cerebral microvasculature is 
an essential step in the metastases’ progression. Vascular 
appropriation by the growing metastatic lesion proceeds 
through 2 primary pathways, first through co-option of 
existing vasculature and second through stimulation 
of angiogenesis.26 The degree to which each pathway is 
present varies by tumor type.26,40,41 In vascular co-option 
(Figure 2), the tumor cells take advantage of the existing 
structures to obtain essential nutrients and oxygen for 
proliferation. This process is dependent on several ad-
hesion molecules including L1CAM and β1-integrin that 
mediate interactions with the vascular basement mem-
brane.42,43 Loss of these mechanisms was further demon-
strated to attenuate metastatic proliferation, highlighting 
the importance of vascular co-option particularly in 
early colonization.42 Beyond simply anchoring, the inter-
actions between the vascular basement and metastatic 
tumor cells induce proliferative and invasive profiles, 
as shown by Er et al.41 through YAP and MRTF signaling, 
that lead to spreading throughout the perivascular niche. 
A  further study highlighting the differences between 
metastatic and primary sites from Jubb et  al.44 found 
that matched BrM in non-small cell lung cancer were 
significantly more likely to depend on tumor co-option 
rather than angiogenesis. This difference points both to 
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Figure 2. (A) Diagram depicting vascular co-option and VEGF-mediated angiogenesis within the perivascular niche of the tumor microenviron-
ment. (B) Summary of major interactions within the tumor microenvironment of brain metastases between tumor cells, tumor-associated macro-
phages, reactive astrocytes, neurons, and tumor-infiltrating lymphocytes. The figure was created with biorender.com.
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the selective pressures of the metastatic cascade and im-
portant differences that are clinically relevant when con-
sidering therapies targeted towards these pathways.

Angiogenesis

Angiogenesis can provide a modified niche for perivas-
cular cancer cells, but its implications extend beyond 
that aspect. Regarding tumor-directed angiogenesis, the 
primary driving mechanism appears through the VEGF 
pathway. On its own, VEGF stimulates angiogenesis and 
increased vascular permeability.45 Tumor cells directly se-
crete the factor into their surrounding environment to 
stimulate the growth of complex microvascular networks, 
along with its activation through other mediators including 
integrin-α vβ 3.

40,46,47 Anti-VEGF therapy has shown inter-
esting results thus far, reducing angiogenesis, preventing 
an early angiogenic switch, and preventing and reducing 
metastatic growth in preclinical models, along with 
angiopoietin-2 inhibition (see the Clinical Implications sec-
tion for more details).26,47–50

Tumor Cell Entry Into the Brain: Barriers of 
the CNS

The brain is structurally and functionally isolated from the 
peripheral circulation, to limit exposure of the CNS to ex-
ternal influences at interfaces where the blood and the ce-
rebrospinal fluid (CSF) interact with the neural milieu. To 
this effect, the brain has evolved to have 2 main barriers of 
restriction, namely, the BBB and the blood cerebrospinal 
fluid barrier (BCSFB).51 Current research indicates that 
tumor cell entry into the brain occurs mainly via crossing 
of the BBB. However, recent data suggest the involvement 
of BCSFB as a route of entry for circulating tumor cells that 
reside within the CSF. Although these barriers tightly regu-
late neural homeostasis and immune privilege in the CNS, 
their restrictive nature also contributes to obstacles for ef-
fective drug delivery into the brain.52 Thus, tumor cells that 
successfully cross into the brain parenchyma use the brain 
as a sanctuary from chemotherapeutic insult and immune 
clearance.

The BBB consists of a non-fenestrated capillary endo-
thelium, ensheathed by a network of pericytes, astrocytic 
foot processes, and microglia that together constitute this 
neurovascular unit. Central to its barrier functions are tight 
and adherens junctions that regulate the selective per-
missiveness of the BBB and restrict paracellular diffusion 
between plasma and brain interstitium. TJs connect ad-
jacent endothelial cells and consist of 3 membrane pro-
teins, namely, claudin, occludin, and junction adhesion 
molecules. These are further associated with cytoplasmic 
accessory proteins like Zona occludens (ZO-1,2,3) and 
cingulins which are anchored to the actin cytoskeleton. 
Adherens junctions comprise of cadherin–catenin complex 
and associated proteins.53

Although burdened with the critical function of pro-
tecting the brain against injury, inflammation, and patho-
gens, the integrity of the BBB is compromised in conditions 
like stroke, brain trauma, and neurodegenerative diseases 

like multiple sclerosis and Alzheimer’s disease.54 Similarly, 
brain-seeking tumor cells that arrest within the BBB capil-
laries can alter the barrier properties, enabling entry into 
the brain parenchyma. Extravasation into the brain takes 
longer than in other organs, and studies show it takes lung 
cancer (LC) cells 48 hours, breast cancer 2–7  days, and 
melanoma up to 14 days to invade the BBB.26,55 Enhanced 
migratory capacity of tumor cells within the BBB vascula-
ture and interference in normal endothelial structure and 
function contribute to CNS metastasis. BrM from triple-
negative and basal breast cancer is associated with BBB 
disruption based on GLUT1 and BRCP expression pro-
files, while Her2+ BrM tends to preserve BBB function.56 
Melanoma cells in vitro induce endothelial apoptosis and 
reduce trans-endothelial resistance by proteolytic disrup-
tion of TJs claudin-5 and ZO-1 during migration, after which 
the endothelium repairs itself.57 These cells also interact 
with VCAM-1 found on the surface of endothelial cells ac-
tivated by stimuli like TNF-α and interferons, indicating 
that tumor cells extravasate the BBB preferentially at 
sites of inflammation. PDX models show that the BBB is 
disrupted in BrM from breast, lung, and prostate cancers 
due to downregulation of Msfd2a, a fatty acid transporter 
expressed in the endothelium.58 This is accompanied by 
impaired TGFb and FGF signaling in the endothelium and 
loss of normal astrocyte function within the BBB.59 The ex-
pression of alpha2,6-sialyltransferase ST6GALNAC5, usu-
ally restricted to the brain, was found to be enhanced in 
BrM breast cancer cells, enhancing their adhesion to the 
endothelial cells and passage through the BBB.60 In LC, 
tumor-derived PLGF and enhanced expression of prote-
ases MMP9 and ADAM10 facilitate passage through the 
BBB through disassembly of TJs in VEGFR1 expressing 
endothelial cells, and degradation of BBB ECM.15,61 Breast 
cancer cells also secrete exosomes containing miRNAs 105 
and 181c and transfer these miRNAs to endothelial cells, 
disrupting BBB TJ functionality.20 Thus, although there is 
heterogeneity in the mechanisms of BBB disruption, brain-
seeking tumor cells collectively modulate the brain endo-
thelium to attempt successful BrM colonization.

CTCs in the CSF and leptomeninges are therapeutic 
roadblocks and potential “seeds” of metastasis in the brain 
and spine.23 The CSF comes into close contact with blood 
in 2 areas, which formally make up the BCSFB: (1) where 
the arachnoid membrane envelopes the subarachnoid 
space and (2) where choroid plexus (CP) projects into the 
ventricular system.62 Because CP microvasculature lacks 
TJs, it is porous to large molecules, unlike the BBB endo-
thelium. This is due to the absence of capillary ensheath-
ment by astrocytic foot processes and the expression of 
“pore-forming” claudin-1 in choroid plexus, rather than 
“barrier-forming” claudins 3, 5, and 12 evident in the brain. 
The functional BCSFB is therefore dependent on TJs within 
choroid epithelium, rather than their “leaky” endothelium. 
Correspondingly, the BCSF is more permeable with a TEER 
of 150 ohm cm2 in vitro, compared to 1500 ohm cm2 meas-
ured in the BBB in vivo.63

Despite its contact with the CSF and its high permeability, 
the BCSFB is an understudied route of tumor cell entry into 
the CNS. Rare cases of intraventricular metastases have 
been reported from renal, lung, GI, breast, and bladder 
cancers, some found to be juxtaposed right alongside CP 
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cells that line the lateral ventricles.64 Increase in tumor-
derived complement C3 within the CSF was shown to 
disrupt the BCSFB by activating the C3a receptor in the 
choroid epithelium. This leads to unrestricted inflow of 
growth factors and nutrients across the BCSFB, facilitating 
the growth of leptomeningeal metastases.65 Recent in vitro 
studies show that while LC cells migrate through the BBB 
and BCSFB at comparable rates, breast cancer cells pref-
erentially migrate through the BCSFB by degrading TJs in 
the choroid epithelium.66 Neuroblastoma cells were able to 
migrate across an intact BCSFB in a paracellular fashion 
within 24 hours in vitro, without affecting the integrity of 
choroid epithelium.67

Metabolic Niche of the Microenvironment

Metabolomics is a rapidly developing field within the 
study of oncology broadly with significant relevance to 
the specific and general cases of the metastatic microen-
vironment. The brain itself is a hub of metabolism within 
the body, consuming 20% of available glucose-derived 
energy along with its ability to rapidly adapt to various 
metabolic states and alternative energy sources, in-
cluding acetate, glutamine, and branched-chain amino 
acids.68 Studies have demonstrated that the CNS mi-
croenvironment imposes specific and distinct meta-
bolic pressures on metastatic tumors, as similar energy 
source flexibility has been found in brain metastases 
relative to matched primary tumors.69,70 Fischer et  al.71 
identified in their study of melanoma brain metastases 
an increased utilization of oxidative phosphorylation 
pathways compared to paired extracranial metastases. 
These findings offer direct translational opportunities, as 
they demonstrated in vivo efficacy of an oxidative phos-
phorylation inhibitor on murine survival. In a separate 
study, the same group showed that greater enrichment 
of oxidative phosphorylation expression is clinically 
relevant and associated with shorter survival after re-
section in humans, which could be targeted in their 
mouse model through metformin treatment.72 Fukumura 
et  al.73 supported these findings with their 2021 study 
that found enhanced oxidative phosphorylation across 
lung, breast, and renal cell carcinomas again compared 
to matched primary or extracranial metastatic tumors, 
mediated through a separate mechanism from the PGC-
1α implicated in melanoma.74 In breast cancer, Ebright 
et al.75 identified elevated HIF1A expression compared to 
matched primaries, a mediator of hypoxic signaling asso-
ciated with glycolytic pathways. Ngo et al.76 highlighted 
a similar effect with their findings of the importance of 
PHGDH, a catalyst in the serine synthesis pathway, that 
provides metastatic cells with an essential amino acid of 
limited availability within the CNS. Additionally, specific 
cell populations within the CNS have been implicated in 
driving the metabolic profile of brain metastases. Zou 
et  al. demonstrated that interactions between astro-
cytes and melanoma brain metastases activate PPARγ 
within the metastatic tumor, which is critical to modula-
tion of glucose homeostasis and fat metabolism, with a 
resultant sensitivity to PPARγ inhibitors specific to CNS 

metastases. The authors implicated the lipid-enriched 
brain microenvironment and specifically polyunsatu-
rated fatty acids within astrocytes in the mechanism of 
this effect.7 These results emphasize a theme of distinct 
but parallel pathways leading to common endpoints 
within the CNS microenvironment. The ability of meta-
static cells to overcome the resource limitations of the 
brain is an essential predictor of their success, and this 
condition presents an additional dimension for specific 
targeting of CNS metastases.

Interaction With Cells of the CNS 
Microenvironmental Niche

Astrocytes
Astrocytes are glial cells involved in tissue homeostasis, 
maintenance of the BBB, regulation of neuronal synaptic 
responses, and immune signaling.77 Owing to their diverse 
functionality, they also play important roles in the disease 
progression of CNS malignancies. In BrM, astrocytes ex-
hibit both pro- and antitumor functions.78 Early after tumor 
cell infiltration, astrocytes are activated by gliosis and con-
tribute to neuro-protection by inducing tumor cell death 
through nitric oxide production and plasmin secretion, and 
forming reactive astrocyte (RA) boundaries delineating the 
metastatic lesion from the adjacent normal brain.43,79,80 
However, they also promote BrM formation and coloniza-
tion at various stages. They protect tumor cells from che-
motherapy, and support BrM growth through the formation 
of tumor–astrocyte gap junctions that inhibit intratumoral 
calcium uptake, and stimulate release of tumor-supportive 
cytokines through the innate STING pathway.81,82 In vitro 
studies show enhanced tumor cell growth on co-culture 
with astrocytes. These effects are attributed to the release 
of soluble factors like heparanase, IL6, TNF, and IL1 by 
astrocytes, which stimulate metastatic determinants like 
endothelin-1 receptor expression, ERK phosphorylation, 
and induction of survival genes like BCL2L1 and TWIST1 
in tumor cells.80,83–86 Astrocytes also regulate immune re-
sponse within the brain during BrM progression. Priego 
et  al.87 identified the presence of STAT3+ RAs in estab-
lished BrM. The secretome from these RAs was sufficient 
to suppress T-cell activation and limit any antitumor effects 
on BrM cells through immunosuppressive molecules like 
VEGF-A, TIMP-1. Furthermore, they demonstrated that in 
response to macrophage migration inhibitory factor secre-
tion from these RAs, CD74+ macrophages in the BM vicinity 
express midkine, a factor that promotes tumor cell growth.

Neurons

Neurons mediate the propagation of electro-chemical sig-
nals within the brain and are critical for the normal func-
tioning of the CNS milieu. However, our understanding 
of their role in BrM progression is limited. BrM lesions 
cause solid stress on surrounding brain tissue resulting 
in neuronal loss and neurological dysfunction.88 RAs and 
microglia also contribute to neuronal death through per-
sistent inflammation in response to tumor cell exposure. 
Furthermore, unlike normal breast epithelium, metastatic 
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breast cancer cells express low levels of the serpin pigment 
epithelium-derived factor (PEDF) contributing to reduced 
neuronal health during BrM progression. Restoration 
of PEDF in xenografted mice results in increased tumor 
suppression.89

The seed and soil hypothesis states that successful 
BrM can be established by tumor cells that can adapt to 
the neural niche. Recent studies have highlighted the 
gain of neuro-adaptive attributes in brain-seeking tumor 
cells, particularly in breast cancer. Neman et al.90 showed 
that BrM breast cancer cells shift their metabolic require-
ments and adapt GABAergic properties usually attributed 
to neurons. Breast cancer cells also show enhanced ex-
pression of receptors for BDNF and NGF, 2 major neuro-
trophic factors indicating the ability to respond to these 
stimuli within the neuronal niche.91 Neurons, heretofore 
assumed to be bystanders in BrM, are now shown to be 
directly involved in tumor cell growth. Aggressive breast 
cancer cells upregulate GluN2B, a metabotropic glutamate 
receptor, that primes them for successful BrM. Within the 
brain, these cells form pseudo-tripartite synapses with sur-
rounding astrocytes and neurons and utilize glutamate se-
creted by presynaptic neurons, augmenting tumor growth 
and BrM colonization.92

Tumor-associated macrophages
The CNS has parenchyma-associated resident innate im-
mune cells called microglia and nonparenchymal macro-
phages in the perivascular, meningeal, and choroid 
plexus regions.93 Our knowledge of the heterogeneity 
and function of brain macrophages in the progression of 
CNS metastasis is limited. CD68+ or Iba1+ brain macro-
phages were detected within and around BrM lesions from 
breast and lung cancer and melanoma. Although these 
tumor-associated macrophages (TAMs) showed markers 
of phagocytosis, they did not seem to activate inflam-
mation or adaptive immunity, indicating adaptation of a 
pro-tumorigenic phenotype.94 In vivo studies show accu-
mulation of activated and reactive brain-resident microglia 
and infiltrating macrophages within BrM lesions, leaning 
toward a pro-tumorigenic subtype particularly in paren-
chymal BrM compared to those in the dura.95 In vitro, mi-
croglia promote breast cancer cell growth and invasion in 
co-culture, as well in living brain tissue slices. These prop-
erties could be blocked by inhibition of microglia function 
with bisphosphonate clodronate or by Wnt antagonist 
DKK-2.96 Currently, our knowledge of TAM involvement in 
leptomeningeal metastases is limited; however, perivas-
cular and meningeal macrophages may play a role at these 
sites due to their role in immune cell recruitment to the 
CNS.97

Other Tumor-Infiltrating Immune Cells

The presence of infiltrating immune cells into the TME of 
BrM presents both an additional challenge and a well of 
potential therapeutic targets. Friebel et al.98 demonstrated 
through their single-cell mass cytometry study of resected 
tumors that BrM has a greater proportion of invading im-
mune cells relative to primary brain tumors. The effector 

CD8+ T cells were found to express high levels of both 
co-stimulatory and co-inhibitory molecules. Furthermore, 
they showed a preferential accumulation of regulatory 
T cells (Tregs) in BrM relative to gliomas. Typically these 
cells serve an essential role in tempering auto-immunity; 
however, in the setting of the metastatic brain TME, their 
anti-inflammatory activity creates a more permissive en-
vironment for tumor progression.99 The immunosuppres-
sive environment of brain tumors has been highlighted 
in both primary and metastatic tumors.100 Analysis of BrM 
samples from a range of primary tumor types revealed 
distinct trends across histologies regarding distribution 
and phenotyping. Harter et al. identified melanomas and 
renal cell carcinomas as the most immunologically active 
tumors, with diffuse infiltration throughout melanoma 
samples, though infiltration has been shown in a range of 
histological origins.101,102 In this study as well, a high de-
gree of inhibitory markers was identified, highlighting 
the problem of tumor-induced T-cell dysfunction.102 Ogiya 
et al.103 conducted a study of matched tumor samples from 
primary and metastatic brain tumors in breast cancer pa-
tients and found significantly lower infiltration of immune 
cells in the BrM. Completion of similar studies across other 
primary tumor types will be important to characterizing 
heterogeneity within the metastatic microenvironment 
and its implication for future treatment.

Song et  al.104 observed that peripheral T cells may not 
require access to the brain, because they can experience 
the parenchymal antigenic repertoire within the deep cer-
vical lymph nodes (dCLNs). In contrast to glioblastoma, 
combined anti-PD1 and anti-CTLA4 have intra- and extra-
cranial activity in melanoma. Mice with either intracranial 
or flank tumors benefit from checkpoint inhibitor therapy 
while survival benefit in mice with only intracranial tumors 
treated with the VEGF-C (a growth factor for lymphatic ves-
sels) with an anti-PD1 combination therapy were similar to 
mice with both intracranial and flank tumors treated with 
checkpoint inhibitor therapy alone. Ligation of the dCLNs 
removed the VEGF-C benefit in mice with intracranial tu-
mors, but not mice with both intracranial and flank im-
plants. T-cell priming through expression of VEGF-C in the 
CSF, or through a flank tumor, enables checkpoint inhibition 
in the CNS. However, in the case of a tumor that is confined 
to the CNS at a steady state (eg, glioblastoma), immune 
checkpoint inhibitors alone do not confer notable benefits. 
Educating immune cells outside the CNS may hold the key 
to a new strategy to increase lymphatic drainage, thereby 
enhancing immunosurveillance and overcoming the im-
mune ignorance of CNS tumors.

Beyond infiltrating lymphocytes, neutrophils have also 
been found to be highly abundant within BrM. These cells 
have been shown to be similarly influenced by the TME, 
with upregulation of anti-inflammatory markers including 
ADORA2A.105 Additionally, these cells exhibit a pheno-
type that actively inhibits local T-cell proliferation, further 
emphasizing the co-option of immune effector cells into 
a pro-tumorigenic microenvironment by BrM.105,106 The 
prognostic implications for the degree of immune infil-
tration are currently unclear, with some studies indicating 
no correlation and others linking infiltrating immune cell 
density to both edema and overall survival.102,107 Beyond 
local immunosuppression, brain tumors are also linked 
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to systemic lymphopenia and exhaustion.108 With these 
populations of cells both present within the TME and sys-
temically available, identifying therapeutics to functionally 
activate them is an important pursuit going forward.

Clinical Implications

Measures taken in clinical practice for prevention of BrM 
include prophylactic whole-brain radiotherapy (WBRT) in 
tumors with a high risk of CNS relapse like small cell lung 
cancer, although it is only offered to a minority of patients 
because of potential neurotoxicities. New more targeted 
and well-tolerated approaches are needed.

The preventive efficacy of antiangiogenic drugs ap-
pears to be restricted to a limited number of tumor types 
(eg, lung adenocarcinoma) and the brain, which pro-
vides an example of how the brain TME can differ from 
the rest of the body.26,50,109 In addition to monoclonal 
antibodies targeting VEGF-A, tyrosine kinase inhibitor, 
nanobody targeting VEGF-A and Angiopoietin-2, have 
also shown activity in BrM, which indicates a class ef-
fect of these drugs.109 Clinically, the anti-VEGF-A anti-
body bevacizumab can exert even single-agent effects in 
BrM of breast, lung, and colorectal cancers, as shown in 
a recent case series and earlier studies.110–112 However, 
response assessment using MRI can in principle be mis-
leading in this setting as antiangiogenic therapies can re-
duce gadolinium uptake, although this seems much less 
the case than in glioma.48 However, these anti-VEGF-A 
treatment effects in BrM patients appear clinically mean-
ingful, particularly as a salvage therapy for heavily 
pretreated patients, and may also mitigate the need for 
immunosuppressive corticosteroids.

Standard treatment of BrM is typically centered on radi-
otherapy, with surgical resection indicated in cases with 
significant mass effect or hydrocephalus. Today, stere-
otactic radiosurgery (SRS) has largely replaced WBRT, 
particularly in cases with limited metastatic loads.113,114 
Unfortunately, historically BrMs are known to be partic-
ularly treatment-resistant to both systemic and radio-
therapeutic approaches. SRS has been shown to extend 
survival in these cases, though melanoma and renal cell 

carcinoma are known to be particularly radioresistant.115 
Tumor resistance to systemic therapy is often attributed 
to obstruction and active exclusion by the BBB, in par-
ticular, p-glycoprotein (ABCB1) mediated efflux.116–118 
However, interactions within the TME have also been 
shown to play important roles in BrM chemoresistance. 
RAs within the tumor drive upregulation of survival 
genes in tumor cells, in particular, GSTA5, BCL2L1, and 
TWIST1. Kim et al.86 demonstrated that upregulation of 
these genes was directly correlated with tumor resist-
ance, and that their regulation was directly dependent 
on gap junction communication between astrocytes 
and tumor cells, with disruption increasing therapeutic 
efficacy.

Additional mechanisms of chemotherapy resistance 
have been shown to be mediated by signals within the 
brain TME, along with calcium sequestration by RAs.82,119 
Interactions within the microenvironment have been 
shown to increase treatment resistance through the 
PI3K–AKT–mTOR pathway and PTEN loss within meta-
static cells.119–122 Importantly for consideration of future 
therapeutics, inhibition across these pathways increased 
the susceptibility of tumor cells to traditionally ineffec-
tive chemotherapy agents.120 Various small molecular 
inhibitors targeting driver mutations including HER2, 
EGFR, ABL, and BRAF have shown efficacy in the treat-
ment of appropriately selected BrM; however, broad 
success has not been found as most tumors do not have 
targetable oncogenes.123–125

Attempts to reverse the immunosuppressive environ-
ment of BrM to harness the circulating and infiltrating im-
mune cells have been an active area of research. Essential 
key questions to future investigations are highlighted 
in Table 1. Thus far, successes have been primarily lim-
ited to the most immunologically active cancer subtypes. 
Melanoma and non-small cell lung cancer have seen par-
ticular clinical efficacy, with benefits to immunotherapy 
targeting the PD1 pathway in initial smaller studies.126,127 
Kluger et al.128 administered pembrolizumab, an inhibitor 
of the PD1 pathway, in 23 patients with asymptomatic mel-
anoma BrM and identified a promising overall survival 
rate of 48% at 2 years. Another study targeting the CTLA4 
pathway in 72 patients showed activity against melanoma 
BrM along with systemic responses, also with evidence 

  
Table 1.  Essential Key Questions for Future Research on the Tumor Microenvironment of Brain Metastases

Gaps in Knowledge and Areas of Future Research

-  Which neurotransmitters/neuroreceptors are relevant for the brain metastatic process, and for which step (early brain coloniza-
tion vs macro-tumor growth), beyond NDMAR?

-  What is the most promising future concept for prevention of brain metastasis? For this, we need to understand the crucial, 
rate-limiting cellular and molecular steps of brain metastasis better. However, several vulnerabilities of cancer cells and their 
brain metastatic process have already been discovered, and temozolomide, anticoagulants, and PI3K/mTOR inhibitors in 
very low, well-tolerated dosing appear current promising candidates for current or future clinical brain metastasis prevention 
trials.32,131,132

-  How can we improve the duration of immunotherapies in the brain?

-  What are the molecular characteristics of the circulating cancer cell of origin for the brain metastatic process, and how can it be 
exploited?

-  How does intrapatient tumor heterogeneity compare in brain vs nonbrain metastases? What is the impact of therapy? How can 
we measure intrapatient heterogeneity better?
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of long-term survivors (26% overall survival at the 2-year 
timepoint).129 Knisely et al.130 found clinical benefits with 
the addition of ipilimumab, an anti-CTLA4 agent, to SRS in 
their study of 77 patients. In a subsequent study by Amaral 
et al.127 in 380 patients, a corresponding benefit was found 
for the combination of immunotherapy, using both PD-L1 
and CTLA4 inhibition, with surgery and radiosurgery up-
front. These findings highlight the concept of combinatorial 
therapies and the likelihood that utilizing several methods 
to broadly and specifically target tumors is a compelling 
avenue forward in the treatment of BrM. Clinical trials of 
immunotherapeutics in BrM are ongoing, which will pro-
vide important evidence of their role and applications in 
future multimodal treatment paradigms.

It is clear today that the TME in BrM is of high and specific 
pathobiological importance and at the same time provides 
ample avenues for more effective therapies. The emerging 
data from neuron–cancer cell interactions, angiogenesis, 
brain’s barrier, specific immunological features, and other 
aspects that are covered in this review hold the promise to 
extend our armamentarium to treat or even prevent this 
challenging disease.
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