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Abstract
Brain metastasis (BM) is the leading cause of mortality in lung cancer patients. The process of BM (from initial primary tumor
development, migration and intravasation, dissemination and survival in the bloodstream, extravasation, to colonization and
growth to metastases) is a complex process for which few tumor cells complete the entire process. Recent research on BM of lung
cancer has recently stressed the essential role of tumor microenvironment (TME) in assisting tumor cells in the completion of each
BM step. This review summarizes recent studies regarding the effects of TME on tumor cells in the entire process of BM derived
from lung cancer. The identification of vulnerable targets in the TME and their prospects to provide novel therapeutic
opportunities are also discussed.
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Introduction

Lung cancer has posed a severe burden on human health
with a high morbidity and mortality in China and has an
increasing incidence over the past decades.[1] Metastasis is
the leading cause of the high mortality and brain is the
predominant secondary metastasis site in lung cancer.
Brain metastasis (BM) occurs in approximately 40% to
50% of patients suffering from lung cancer. The
occurrence of BM event indicates a poor prognosis with
an average median survival period of 3 to 6 months,
posing remarkable clinical challenges.[2,3] BM arises from
a series of complex pathophysiological cascade from the
original lung site, through the circulation, and finally to
the brain. During the entire process, the central and vital
role of tumor microenvironment (TME), whether in situ
or in the secondary site, has been widely investigated and
recognized in recent years. The TME, which is complex
and dynamically evolving, comprises a heterogeneous
collection of infiltrating and resident host cells (including
stromal cells, fibroblasts, endothelial cells, innate and
adaptive immune cells), secreted factors, and extracellular
matrix (ECM), all of which infiltrate and interact with
tumor cells.[4] Increasing evidence indicates that there are
cross-talks between tumor cells and TME where TME is
reprogrammed by various factors derived from tumor
cells, allowing TME to play a decisive role in tumor
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survival and progression.[5,6] In this review, we focus on
recent advances regarding the contribution of TME to
lung cancer brain metastasis (LCBM) and related aberrant
molecular mechanism. We also discuss the specific targets
to TME and their prospects to provide novel diagnostic
and therapeutic opportunities.
Metastasis Cascades and “Seed and Soil” Hypothesis

Metastasis is a multistep process where tumor cells from
primary sites spread to distant organs or other regions
within the same organ.[7,8] The trajectory of lung cancer
brain metastatic cells can be generally divided into three
major links: (1) primary tumor cells develop and invade
the lung in situ via epithelial–mesenchymal transition
(EMT)[9]; (2) aggressive tumor cells intravasate, survive,
and disseminate in the circulatory system and become
circulating tumor cells (CTCs)[10]; (3) CTCs home and
adhere to brain microvessels, extravasate through the
blood–brain barrier (BBB), and colonize to form micro-
and then macroscopic metastases in parenchyma.[11,12]

More than 100 years ago, the “seed and soil” hypothesis
was proposed by Paget,[13] which pointed out the
important role of TME (soil) in the growth and metastasis
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behavior of tumor cells (seed). For years, several studies
have given solid evidence for this hypothesis, driving
the development and approval of new therapeutic
strategies that target the TME (eg, vascular endothelial
growth factor [VEGF], aromatase and immune checkpoint
inhibitors[14]). Here we summarize the interactions
between tumor cells and the surrounding stroma in key
events of BM process.
TME in BM Process

In situ process

The TME is composed of many complex components,
which regulate behaviors of cancer cells from tumorigen-
esis to metastasis. It includes mainly stromal cells and
ECM in an environment characterized by physical and
chemical factors such as hypoxia, low pH, and high
pressure. Within this environment, mesenchymal cells,
such as fibroblasts, endothelial and immune cells, are
reprogrammed into tumor-associated types that provide
favorable conditions for the development, invasion, and
metastasis of primary lung tumor.
Cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs), as the predominant
stromal cells in lung TME, contribute to the local invasion
andmetastasis of primary lung tumor. It is recognized that
CAFs are the major cells involved in the degradation of the
ECM,[15,16] which is the first step in the process of tumor
invasion and metastasis. CAFs also facilitate the metasta-
sis by promoting the EMT of tumor cells since EMT is
shown to drive metastasis during cancer progression.
CAFs promote the EMT of lung cancer cells by delivering
proteins (Snail 1[17]) or non-coding RNAs (micro RNA
[miR]-210, miR-224)[18,19] through exosomes[20] or other
approaches; or by secreting soluble factors (interleukin
[IL]-6[21,22]; hepatocyte growth factor; insulin-like growth
factor 1[23]; transforming growth factor-b [TGF-b][24];
stromal cell-derived factor-1[25]). Upregulated proteins
(T-cell lymphoma invasion and metastasis 2, CD34,
human mammalian ENA [hMENA]) expressed in CAFs
compared with normal fibroblasts are investigated for
their roles in the promotion of EMT in lung cancer.[26-28]

Further, the stemness of tumor cells, which is regarded as
another main axis of metastasis,[29] has been shown to be
regulated by CAFs. It is revealed that CD10+ G protein-
coupled receptor 77 (GPR77)+ CAFs and CD44+ CAFs
subsets are important for the sustainability of tumor
stemness in lung cancer[30,31]; CAFs also increased cancer
cell stemness by upregulating Netrin-1[32] and paracrine
insulin-like growth factor-II/insulin-like growth factor 1
receptor signaling.[33]
Immune populations

Innate and adaptive immune cells (myeloid and lymphoid
cell populations), which play an important role in all
stages of tumor immune response, surround lung cancer
cells in the TME.[34] Amongst these cells, TAMs are the
most dominant population in the immune infiltration,
accounting for about 30%. TAMs exhibit high plasticity
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manifested by differentiation into phenotypes such as M1
(pro-inflammatory with anti-tumor activity) and M2
(immunosuppressive with protumor activity), which is
driven by specific conditions.[35,36] M2 type TAMs are
believed to promote the tumor with more aggressive
phenotypes, including the facilitation of invasion and
metastasis: lung cancer cell lines (A549 and H1299) co-
cultured with M2 subset macrophages display enhanced
migration capabilities, with the elevated expression of
VEGF, matrix metalloproteinases (MMP)-9 and MMP2,
which degrade the ECM and promote tumor cell invasion
and migration into blood vessels[37,38]; the presence ofM2
TAMs affects the expression of programmed cell death-
ligand 1 (PD-L1) both on tumor cells and on tumor-
infiltrating immune cells, which advances malignant
behavior in non-small cell lung cancer (NSCLC)
patients.[39-41] The underlying mechanisms of TAMs
promoting the metastasis process have been investigated.
Yang et al[42] demonstrated that TAMs promote cancer
stem cell-like properties of NSCLC cells by releasing IL-
10; Guo et al[43] showed M2 macrophages promote
NSCLCmetastasis by upregulating aB-crystallin while Lei
et al[44] identified an exosomes-related mechanism where
M2 macrophages-derived exosomal miR-501-3p pro-
motes the progression of lung cancer. Recently, other
research investigated the signaling mechanisms important
for the formation of pro-tumoral TAM. Li et al[45]

identified a novel Mincle/Syk/nuclear factor kappa-B (NF-
kB) signaling pathway in TAM needed for executing their
pro-tumoral activities; Liu et al[46] discovered that the
transcription factor c-Maf controls many M2-related
genes and promotes M2-like macrophage-mediated T cell
suppression and tumor progression; Sarode et al[47]

showed that b-catenin-mediated transcriptional activa-
tion of Fos-like antigen 2 and repression of the AT-rich
interaction domain 5A drive gene regulatory switch from
M1-like TAMs to M2-like TAMs, thereby promoting
tumor progression and metastasis.

Additionally, some studies have revealed the role played
by other immune cells in the progression of lung cancer.
Schneider et al[48] identified the immunosuppressive role
of dendritic cells (DCs) in NSCLC by upregulating B7-H3,
which is an independent predictor of poor prognosis in
NSCLC patients,[49] while Dumitriu et al[50] found DCs,
which are exposed to lung tumor cells, produce increased
TGF-b protein and enhance the ability of CD4(+)CD25(+)
forkhead box P3(+) regulatory T cells that suppress the
proliferation of T lymphocytes, thereby contributing to
the immune evasion. Neutrophils are also thought to take
an important part in the tumor progression of lung cancer,
especially in smoking-associated lung cancer. Similar to
macrophages, neutrophils respond to the TME and
differentiate into different phenotypes, anti-tumor N1
or pro-tumor N2 type. N1-type tumor associated
neutrophils (TANs) predominate in the early stages of
tumor development while N2-type TANs accumulate as
the tumor progresses.[51] The accumulation of N2-type
TANs promotes the process of angiogenesis, tumor cell
proliferation, ECM remodeling, and immune evasion by
producing pro-inflammatory, proliferative, pro-angiogen-
ic, and immunoregulatory cytokines.[52] Evidence also
indicates that tumor-infiltrating B lymphocytes (TIBs)
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exist in the entire process of lung cancer and play
important roles in accelerating tumor development. TIBs
are dynamically transformed by modulation of the tumor
immune microenvironment and then regulate the immune
response. TIBs can suppress anti-tumor immune responses
through regulatory B cells which produce immunosup-
pressive cytokines to regulate other immune effector cells
(such as T cells, natural killer cells) or facilitate
angiogenesis.[53]
Endothelial cells

Endothelial cell proliferation and migration are prereq-
uisites for angiogenesis in TMEwhich is a key hallmark of
cancers,[11] resulting in the generation of new capillaries to
support tumor progression and metastasis. On the one
hand, lung cancer cells activate endothelial cells and
promote angiogenesis by releasing factors (eg, VEGF[54];
hepatoma-derived growth factor[55]) into the TME or
upregulating key mediators (eg, profilin 2[56]; long non-
coding RNA minichromosome maintenance complex
component 3 associated protein antisense RNA 1[57];
miR-494[58]). On the other hand, the activated endothelial
cells facilitate tumor metastasis by epigenetic mechanisms
that remain incompletely defined. For example, endothe-
lial derived microRNAs contribute to tumor metastasis.
Korde et al[59] demonstrated that endothelial growth
factor down-regulates miR-1 in the lung endothelium and
plays a critical role in tumor progression and angiogenesis
while Dimitrova et al[60] identified miR-143/145
expressed in the endothelial cells stimulates angiogenesis
and supports tumor expansion in the lung. In addition, in
a study performed by Xie et al,[61] the nicotinamide
adenine dinucleotide 1-dependent deacetylase sirtuin 1 is
confirmed to function as an intrinsic negative modulator
of Delta-like ligand 4/Notch signaling in Lewis lung
carcinoma xenograft-derived vascular endothelial cells.
Lung microbiota

There is growing evidence that the lung microbiota may
play a key role in promoting lung cancer metastasis by
influencing the metabolic reprogramming, inflammatory
and immune response of tumor cells. Recently, the effects
of non-typeable Haemophilus influenzae (NTHi), Strep-
tococcus, and Veillonella on lung cancer cells have been
revealed. Ochoa et al[62,63] found that NTHi activates the
signal transducer and activator of transcription (STAT) 3
and NF-kB pathways, which are considered as powerful
promoters of tumor cell proliferation and angiogenesis,
through the release of IL-6 and tumor necrosis factor
(TNF); NTHi was also shown to provide an inflammatory
microenvironment that favors the acceleration of tumor
progression in lung cancer[64-66]; Streptococcus and
Veillonella, which were found to be abundant in the
lower airways of lung cancer patient, have a close
relationship with the upregulation of the extracellular
regulated protein kinase (ERK) and phosphatidylinositol
3-kinase (PI3K) signaling pathways that are important for
tumor metastasis including BM.[12,67] Besides, it was
found that the genus Thermus is more abundant in tissue
from advanced stage patients while Legionella is high in
lung cancer patients with metastasis; however, the direct
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evidence for the influence of them on the metastasis
cascades is lacking.[68]
“CTC” stage

Although current advances in enriching and analyzing rare
cells in the bloodstream have allowed the characteristics of
CTCs to be further analyzed,[69] the mechanisms by which
CTCs escape immune surveillance and survive or remain
dormant in the circulation remain unclear; as only a few
CTCs can survive for the next metastasis step. Upon
entering the circulation, CTCs derived from primary lung
tumor are exposed to tremendous physical and biochemi-
cal stresses (eg, high oxygen tension, detachment from
ECM, fluid shear stress) which result in extreme oxidative
stress characterized by increased reactive oxygen species
(ROS) in CTCs, hindering the survival of the vast majority
of CTCs. Zheng et al[70] revealed the underlying survival
mechanism by performing single-cell RNA-Seq profiles of
CTCs from breast, prostate, and lung cancers. They
showed that consistent induction of b-globin, which is
triggered by increased intracellular ROS in CTCs,
efficiently suppresses the level of ROS and mediates the
survival andmetastasis of CTCs. CTCs are also exposed to
the components of the bloodstream, among which the
platelets are known to play a vital role in promoting
survival, escape from immune surveillance, and ultimate
metastasis of CTCs.[71-73] Platelets interact with tumor
cells through direct interaction, secretion of platelet
microvesicles, or release of platelet granules, all of which
are associated with anti-apoptosis behaviors of CTCs.[74]

In 1968, Gasic et al[75] showed a correlation between
thrombocytopenia and cancer metastasis in mice, indicat-
ing the potential effects of platelets in metastasis. Recent
studies give insight into the mechanism of the increased
metastatic potential mediated by platelets. It is thought
that platelets adhere to the surface of CTCs, preventing
recognition by the immune system and potentially
reducing the shear stress experienced by CTCs.[76,77]

However, the exact mechanism of platelet action in LCBM
remains less-studied. Beck et al[78] identified platelet-
associated genes in metastatic lung cancer using CTC and
cell-free RNA capture and expression analysis, suggesting
the important role that platelets played in the metastatic
lung cancer, which is worthy of further study in the future.
In secondary site

When metastatic lung cancer cells reach the brain, they
encounteracomplexmicroenvironment that isdifferent from
thatof theprimarysite. Since thebrainmicroenvironment isa
vital aspect that drives the progression of brain metastases,
dissecting the mechanisms of that tumor cells penetrate
through the BBB and interact with different components of
the brainmicroenvironmentwill facilitate the understanding
of the biological behavior of brain metastases.
Blood–brain barrier

BBB is the first structure that tumor cells come across
before entering the brain parenchyma. Whether tumor
cells can break through the BBB, which is a highly specific
neurovascular unit evolved tomaintain brain homeostasis,
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is a key rate-limiting step for BM. Different from the
peripheral capillaries, BBB is composed of tight junctions
(TJs) formed between endothelial cells, the basement
membrane, the peripheral foot of astrocytes, and
pericytes.[79] Studies have shown that metastatic tumor
cells conquer the BBB by destroying the TJs which are
recognized as a key structure to maintain the barrier
function of the BBB, suggesting that the destruction of TJs
is a key event in extravasation. As yet, the underlying
molecular mechanisms remain unclear. In small cell lung
cancer (SCLC), activated Rho GTPases promote trans-
BBB migration by increasing actomyosin contractility and
thereby breaking down intercellular junctions. Further
inhibition of endothelial Rho kinase (ROCK) with
Y27632 and overexpression of ROCK dominant-negative
mutant prevents NCI-H209 SCLC cells from penetrating
the endothelium by modifications of TJs, suggesting Rho/
ROCK pathway is required for the extravasation through
BBB of SCLC cells.[80] Another study that screened the
levels of candidate-soluble factors in the serum of SCLC
patients showed that SCLC patients with high levels of
placental growth factor (PLGF) are prone to BM. Elevated
PLGF derived from SCLC cells triggers vascular endothe-
lial growth factor receptor (VEGFR)-1-ERK 1/2 signaling
axis activation, leading to disassembly of TJs in brain
endothelial cells and promoting the penetration through
BBB.[81] Recently, the role of aldehyde ketone reductase
1B10 (AKR1B10) in BM of NSCLC has been elucidated.
AKR1B10 is overexpressed both in NSCLC BM patients
and cell lines, and it regulates the expression of MMP2/
MMP9 by activating the mitogen-activated protein kinase
(MAPK) signaling pathway, inducing the destruction of
BBB TJs and thereby promoting BM of NSCLC.[12] As the
role of non-coding RNAs in tumor progression is further
identified,miR-143-3phas been shown tobeupregulated in
the pairedBMtissues comparedwithprimary cancer tissues
and it can enhance the invasion ability of in vitroBBBmodel
and angiogenesis of lung cancer by targeting the three
binding sites of 30-untranslated region of vasohibin-1.[82]

Vascular endothelial cells are another major component
of the BBB that plays an important role in LCBM by
facilitating adhesion of CTCs to the brain microvascular
wall before the step of trans-BBB. Studies have shown that
some adhesion molecules (such as very late antigen-4/
vascular cell adhesion molecule-1, activated leukocyte cell
adhesion molecule [ALCAM] and leucocyte function-
associated antigen-1/intercellular adhesion molecule-1,
etc) act as a bridge to mediate adhesion.[83] What’s more,
CD15 is highly expressed in metastatic NSCLC cells which
promotes tumor cells adhesion in interaction with TNF-
a-activated brain endothelial cells.[84]
Astrocytes

Astrocytes are the most abundant mesenchymal cell type
in the brain microenvironment and possess the biological
function of support and maintenance of homeostasis
within the central nervous system (CNS). As an important
component of the brain metastatic microenvironment that
first comes into contact with tumor cells after extravasa-
tion, astrocytes play an important role in the formation of
brain metastases from lung cancer.[85] Reactive astrocytes
can release plasminogen activator (PA) which converts
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plasminogen into plasmin and thereby mobilizes the pro-
apoptotic cytokine Fas ligand to kill the exudative
metastatic cancer cells. In addition, converted fibrinolytic
enzymes inactivate L1 cell adhesion molecules secreted by
tumor cells, thus preventing tumor cells from spreading
along blood vessels. Recently, it has been shown that
metastatic tumor cells from lung adenocarcinoma produce
anti-PA serine protease inhibitors, including neuroserpin
and serpin B2 to help tumor cells avoid Fas-mediated
apoptosis and allow them to proliferate along intracerebral
capillaries.[86] In addition, lung cancer cells interactingwith
astrocytes upregulate endothelin 1 (ET-1), which activates
intracellular signaling pathways including PI3K/AKT and
mitogen-activated protein kinase through ET-1 receptors
on tumor cells, ultimately contributing to colonization and
chemoresistance of metastatic lung cancer cells.[87] The
interaction between tumor cells and astrocytes can also be
mediated by intracellular pro-calmodulin 7, the expression
of which promotes the assembly of connexin 43 gap
junctions between tumor cells and astrocytes. After gap
junction formation, tumor cells deliver the second messen-
ger protein cyclic guanosine monophosphate-adenosine
monophosphate toastrocytes, activating the innate immune
response. In turn, these inflammatory cytokines act as
paracrine signals to tumor cells, which activate the
intracellular STAT1 and NF-kB pathways, leading to the
promotion of growth and chemoresistance of BM.[88] Seike
et al[89] demonstrate that astrocytes are activated by tumor
cell-oriented factors such as macrophage migration inhibi-
tory factor, IL-8, and PA inhibitor-1. Activated astrocytes
produce IL-6, TNF-a, and IL-1b, which in turn promote
tumor cell proliferation. What’s more, recent studies
provide solid evidence that the phosphorylated STAT3
(pSTAT3)+ subpopulation of reactive astrocytes is found to
be essential for BM due to the abilities of altering the TME
and promoting the process.[90]
Immune cells

Microglia are the main resident and unique immune cells
in the brain microenvironment, taking a major part in the
immune response of CNS. They respond quickly to
environmental changes and show plasticity and heteroge-
neity. Microglia can polarize into two phenotypes with
distinct immune effects, M1-like and M2-like phenotypes
guided by the microenvironment; these two subtypes
present distinct effects, playing a double-edged role in the
formation of brain metastases. On the one hand, microglia
exercise anti-tumor immune function by secreting nitric
oxide and lysing tumor cells, protecting the brain from
colonization by metastatic cells.[91] Also, M1-like micro-
glia can act as antigen-presenting cells that stimulate
activated CD8+ T cells and adaptive immune responses
that kill tumor cells. On the other hand, microglia have
been shown to have a pro-tumor role in BM. It is shown
that the distribution of tightly clustered activated micro-
glia is localized around brain metastases of lung cancer.
Those microglia react quickly to metastatic lung cancer
cells in the brain and can foster migration and prolifera-
tion.[92,93] At present, there are still many gaps in the
phenotypic transformation of microglia and the mecha-
nism of interaction with tumor cells in BMs, which need to
be further explored and clarified. There are also a small
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number of monocytes in the secondary brain TME which
are from a small number of chemokine (C-C motif)
receptor (CCR) 1+/CCR5+ monocytes in the bloodstream
and activated and detained in the CNS. Additionally,
Kivisäkk et al[94] showed that cerebrospinal fluid contains
activated memory T cells that retain the capacity to either
initiate local immune reactions or return to secondary
lymphoid organs, indicating that they might be involved in
CNS immune surveillance.
Microvessels

Cerebral vessels are involved in the entire process from
tumor cells reaching the brain microenvironment to
developing into brain metastases, including adherence
and extravasation through BBB, vascular co-option, and
angiogenesis. Vascular co-option refers to metastatic cells
that interact physically with pre-existing vessels without
any sign of angiogenesis while angiogenesis is defined as
the formation of new blood vessels from pre-existing
vessels.[95-97] Studies display that vascular co-option and
angiogenesis by lung cancer-derived BM-initiating cells
have been regarded an important step in organ coloniza-
tion. Kienast et al[98] apply multiphoton laser-scanning
video-microscopy to experimental lung and melanoma
BM and characterize the early stages of colonization in
vivo. It is found that the way cancer cells interact with
vessels is dependent on the primary tumor type that they
originated from. Melanoma cells grow via vascular co-
option while lung cancer cells growth is mainly dependent
upon angiogenesis. VEGF-A inhibition induces long-term
dormancy of lung cancer micrometastases by preventing
angiogenic growth to macrometastases. Of note, studies
also reveal the involvement of vascular co-option in
LCBM. Lung cancer-derived metastatic cells release
serpins or activate Yes-associated protein and myocar-
din-related transcription factor to promote survival and
vascular co-option.[86,99]
TME-Targeted Therapies and Immunotherapies

With a growing number of studies, which reflect
important cellular and molecular pathways and indicate
potential strategies, demonstrating the impact of TME in
driving brain metastases from lung cancer, anti-tumor
therapies targeting TME have rapidly evolved in recent
years [Table 1].
Anti-angiogenesis therapies

The VEGF pathway includes the VEGF ligand and its
receptor, as well as downstream signaling molecules.
Because activation of the pathway is critical for tumor
angiogenesis, inhibitors targeting each participant of this
pathway have been developed and tested in advanced
NSCLC including LCBM.[100] Several drugs have been
approved by the US Food and Drug Administration
(FDA). Bevacizumab, the first VEGF inhibitor approved
by the FDA (2004), has been approved in 2006 for use in
combination with carboplatin and paclitaxel chemother-
apy as a first-line treatment for advanced, non-squamous
NSCLC.[100,101] Ramucirumab, an antibody targeting
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VEGFR2, has been approved for use in combination with
docetaxel for metastatic NSCLC patients during or
following platinum-based chemotherapy.[102] In addition,
nintedanib which targets the tyrosine kinases VEGFR1,
VEGFR2, VEGFR3, platelet-derived growth factor recep-
tor (PDGFR)-alpha, PDGFRb, fibroblast growth factor
receptor (FGFR) 1, FGFR2, and FGFR3, has been
approved by the European Union in combination with
docetaxel for advanced NSCLC patients whose disease
has progressed after first-line platinum-based chemother-
apy.[103] A number of anti-angiogenic agents, including
VEGF inhibitor aflibercept and the tyrosine kinase
receptor inhibitors sunitinib, sorafenib, motesanib, cedir-
anib, and vandetanib, are currently being evaluated in
clinical trials.[34,104]
Targeting astrocytes

There are also pre-clinical and clinical studies that
investigate possible therapies targeting astrocytes. As
gap junctions between astrocytes and BM tumor cells have
been confirmed to promote the formation of metasta-
ses,[88] pre-clinical studies have been carried out in breast
and lung derived BM animal models in which gap
junctions were blocked by meclofenamate, which targets
the gate of gap junction, and tonabersat which inhibits gap
junctions by specifically binding to astrocytes. Adminis-
tration of meclofenamate or tonabersat increases tumor
chemosensitivity.[105] Another clinical trial testing meclo-
fenamate for recurrent/progressing BM is under way
(NCT02429570).[106] In addition, since the efficiency of
STAT3 inhibition has been demonstrated to suppress the
growth of brain metastases in pre-clinical models, a
clinical trial where 18 lung cancer patients suffering from
BM are treated with Legasil (STAT3 inhibitor) has been
performed.[107] Patients are administered with the inhibi-
tor alone or in combination with other therapies. Results
display an overall response rate in the brain of 75%,
including three complete responses (20%) and ten partial
responses (55%). What’s more, the survival of Legasil-
treated patients is longer compared to those who were
treated with whole-brain radiation and standard chemo-
therapy (n= 38), suggesting that STAT3 inhibitionmay be
a viable and effective treatment for LCBM.
Immunotherapies

Single-agent pembrolizumab has become the standard
first-line treatment for patients with PD-L1 expres-
sion.[108-110] Although there are limited data on immu-
notherapies in lung cancer patients with BM, immune
checkpoint inhibitors alone or in combination with
chemotherapy have shown promising efficacy and safety
results. Data from phrase I/II trials,[111,112] expanded
access programs,[113] pre-planned analyses of phase III
clinical trials, and retrospective series[114] evidence the
therapeutic effectiveness of PD-1/PD-L1 axis inhibitors,
including pembrolizumab and nivolumab, for lung cancer
patients with BM. Although these studies display similar
effects of immunotherapy in overall survival in subgroups
of patients with and without BM, there are still
considerable limitations to the available evidence. In
order to fully develop targeted therapies against the PD-1/
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Table 1: Recent clinical trials for TME-targeted therapy of LCBM.

Agents Histology Phase Purpose Status/outcome

Reference or
http://clinicaltrials.
gov identifier

Durvalumab NSCLC 2 To assess the efficacy of
durvalumab combined
with radiation therapy in
LCBM

No yet recruiting NCT04889066

Pembrolizumab NSCLC 2 To determine the safety of
three different stereotactic
radiosurgery (SRS)
radiation arms in
combination with
pembrolizumab in
melanoma
or NSCLC-associated BMs

Recruiting NCT02858869

GRN1005 NSCLC 2 To assess the efficacy and safety
of GRN1005 in LCBM

CR or PR: ≥30%
decrease in the
largest diameter
of target lesions

NCT01497665

Atezolizumab SCLC 2 To assess the efficacy of
chemotherapy and
atezolizumab in LCBM

Recruiting NCT04610684

Pembrolizumab NSCLC 2 To evaluate whether
pembrolizumab prolongs
survival and preserves
quality of life in LCBM
patients

Not yet recruiting NCT04964960

Bevacizumab Non-squamous
NSCLC

2 To assess the efficacy of
bevacizumab in combination
with first- or second-line
therapy in LCBM

OS: 12.1
(10.3–14.9)
months

NCT00312728

Pembrolizumab+
bevacizumab

NSCLC 2 To study the activity of
pembrolizumab in combination
with bevacizumab in LCBM

Recruiting NCT02681549

MK-3475 NSCLC 2 To assess the activity of
MK-3475 in untreated
melanoma or
NSCLC-associated BMs

11 (11/42) patients
showed better
response

NCT02085070

Pembrolizumab NSCLC 2 To determine the activity of
PD-1 blockade in the CNS

Pembrolizumab has
activity in brain
metastases from
NSCLC with
PD-L1 expression
at least 1%

[94,95]

Nivolumab Non-squamous
NSCLC patients

EAP To evaluate nivolumab
efficacy and safety in
LCBM

Nivolumab is active
in non-squamous
NSCLC patients
with BM

[96]

Immune
checkpoint
inhibitor

NSCLC Retrospective To evaluate outcomes of
LCBM patients treated
with checkpoint inhibitors

In multivariate
analysis, BMs are
not associated with
a poorer survival
in patients with
ICI-treated
NSCLC

[97]

BM: Brain metastasis; CNS: Central nervous system; CR: Complete response; EAP: Expanded access programs; ICI: Immune checkpoint inhibitor;
LCBM: Lung cancer brain metastasis; NSCLC: Non-small cell lung cancer; OS: Overall survival; PD-1: Programmed cell death-1; PD-L1: Programmed
cell death-Ligand 1; PR: Partial response; SCLC: Small cell lung cancer; SRS: Stereotactic radiosurgery; TME: Tumor microenvironment.
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PD-L1 axis and other immune factors in this setting,
further in-depth studies of immune-related mechanism in
the pathogenesis of LCBM are needed.
Research Models for TME in LCBM

For decades, research on TME in lung cancer has utilized
in vitro 2D cell cultures, and in vivo xenografts or
genetically engineered animal models. However, these
traditional models remain limited. In vitro 2D cell cultures
Figure 1: Schematic representation of the stages of the formation of LCBM and interactions b
ECM: Extracellular matrix; EMT: Epithelial-mesenchymal transition; FOSL2: Fos-like antigen 2;
mammalian ENA; IGF-1: Insulin-like growth factor 1; IL: Interleukin; LCBM: Lung cancer brain
factor; miR: MicroRNA; MMP: Matrix metalloproteinases; MRTF: Myocardin-related transcriptio
activator inhibitor-1; PCDH7: Pro-calmodulin 7; PD-L1: Programmed cell death-ligand 1; PFN2
Transforming growth factor-b; TIAM2: T-cell lymphoma invasion and metastasis 2; TME: Tum
factor; YAP: Yes-associated protein.
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usually use the Transwell insert to achieve the co-culture
of tumor cells and stromal cells,[115] which lacks other
components of microenvironment and the physiologically
dynamic state, while animal models that are costly and
time consuming, are difficult to visualize and dynamically
monitor the precise cell metastasis process and microen-
vironmental alterations. Recently, more precise models
such as microfluidic chips (also as “organ chips”) have
been developed, aiding by mimicking physiological
environment and allowing investigation of the interaction
etween TME and tumor cells. ARID5A: AT-rich interaction domain 5A; Cx43: Connexin 43;
HDGF: Hepatoma-derived growth factor; HGF: Hepatocyte growth factor; hMENA: human
metastasis; MCM3AP-AS1: lncRNA MCM3AP antisense RNA 1; MIF: Migration inhibitory
n factor; NF-kB: Nuclear factor kappa-B; PA: Plasminogen activator; PAI-1: Plasminogen
: Profilin 2; SDF-1: Stromal cell-derived factor-1; SIRT1: Sirtuin 1; SNAI1: Snail 1; TGF-b:
or microenvironment; TNF-a: Tumor necrosis factor-a; VEGF: Vascular endothelial growth
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between tumor and TME. Microfluidic devices consist of
transparent plastic, glass, or flexible polymers such as
polydimethylsiloxane containing perfused hollow micro-
channels filled with living cells that reproduce in vivo
organ-level physiology and pathophysiology by recon-
structing structure and function at the tissue and organ
level in vitro.[116] Our team has developed microfluidic
chips to study the involvement and effects of TME in
LCBM. A microfluidic-based co-culture device has been
developed to mimic the TME to assess CAF or TAM
effects on invasion and metastasis in NSCLC.[43,117]

Further, a multi-organ microfluidic chip mimicking the in
vivomicroenvironment of lung cancer metastasis has been
designed and constructed. The model includes an
upstream “lung” and three downstream “distant organs
—brain, bone, liver” where bronchial epithelial, lung
cancer, microvascular endothelial, mononuclear, and
fibroblast cells are grown separated by the bio-membrane
in upstream “lung”, while astrocytes, osteocytes, and
hepatocytes are grown in distant chambers, to mimic lung
cancer cell metastasis to secondary target organs.[118]

Based on this multi-organ microfluidic chip, recently we
developed a BM chip as a newmethodological platform to
study BM. The chip consisted of two bionic organ units—
an upstream “lung” and a downstream “brain” charac-
terized by a functional “blood-brain barrier” structure,
allowing real-time visual monitoring of the entire BM
process, from the growth of primary tumor to its breaking
through the BBB, and finally reaching the brain paren-
chyma. The chip was then applied for the BM research
where we first demonstrated that the protein expression of
AKR1B10 was significantly elevated in LCBM. Silencing
AKR1B10 in brain metastatic tumor cells suppressed their
extravasation through the BBB in the in vitro Transwell
model, in our ex vivo microfluidic chip, as well as the
in vivo model of BM in nude mice.[12] With the combined
application of our new model and traditional research
platform, it is clear that our multi-organ microfluidic chip
is a practical and valuable approach to study BM
pathogenesis. These studies indicate that microfluidic
chips are promising models to study the interaction
between TME and tumor cells in the process of BM.
Conclusion and Perspective

BMis the leadingcauseofmortality in lung cancerpatients. It
involves a complex series of pathological cascade processes,
which can be divided into three major stages according to
the location of incident: primary tumor stage, CTCs stage,
and brain metastases stage. With the identification of the
important role of the TME in the development of
tumorigenesis, we review the involvements of TME (includ-
ing primary lung microenvironment, factors in circulation,
and secondary BM) in each stage of the BM process and the
possible mechanisms involved [Figure 1], in an attempt to
providea clear enoughdescriptionof the interactionbetween
lung cancer cells and microenvironment in LCBM. The
complexmicroenvironmentwhether inprimaryorsecondary
site favors the progress of BM and provides an important
resource of targets for therapeutic options. The description
and exploration of the tumor reprogrammed microenviron-
mental landscape, promoted by the concept of precision era,
has motivated new ideas to develop precision therapeutic
1788
drugs that specifically target the contents of the landscape.
Thisperspectivehasbeenparticularly facilitatedby therecent
success of anti-angiogenic therapy and immunotherapy
which is a most promising molecular therapeutic strategy
thus far.Hence, furtherunderstandingof the exactmolecular
mechanisms involved inLCBMwill lead tonewprospects for
targeted therapies through thedesignof smallmoleculedrugs
and/or monoclonal antibodies. However, it has to be
addressed that it is extremely challenging to target the
interactions between cancer cells and TME in clinical
practice. Patients with brain metastases are often accompa-
nied by extracranial lesions, which must be addressed along
with intracranial disease, but existing clinical trials assume
that patients with metastasis only have the intracranial
lesions and do not reflect the current reality because those
untargeted treatments for extracranial lesions will have a
negative impact on patient survival. The potential strategies
can be foreseen that those TME-targeted therapies can be
jointedwith tumor-directed agents that can pass through the
BBB (eg, osimertinib). The combining multiple orthogonal
approaches will impair the toxic systemic treatments,
improving the survival and the quality of life in LCBM
patients.
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