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Simple summary: Brain metastasis (BrM), a frequent event in patients with advanced cancer, including lung
cancer, breast cancer and melanoma, results in neurologic disability and accounts for the majority of cancer-
associated deaths. Endogenous genetic alterations of tumor cells, immune cellular elements and stromal
components all have the potential to promote metastatic-initial tumor cells to brain. This review summarizes
our current understanding of the process of BrM formation, including local changes within primary tumor,
circulation and colonization in the context of BrM, as well as commenting on the promising strategies for
preventing BrM.

Abstract: Brain metastasis (BrM), involving the spread of cells from a primary tumor through the blood
circulation system to the brain microvasculature, eventually progresses despite multiple treatments and
remains a substantial contributor to major mortality in patients with advanced- stage cancer. Molecular
signatures and immune cellular components of the tumor microenvironment (TME) are emerging as essential
regulators involved in establishing an organ-specific metastasis (colonization) and therapeutic response. A
comprehensive understanding of detailed characterization and the immune landscape in context of process of
BrM formation will greatly expand the horizon of treatments available to target these deadly diseases. In this
review, we provide a comprehensive picture of the complex interactions between tumor cells and immune
cellular components participated in the BrM process. Based on this knowledge, we will discuss opportunities
and challenges for therapeutic strategies against BrM.
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1. Introduction

It is estimated that 20% of patients with advanced cancer will occur brain metastases (BrM),
following the spread of cancer cells from primary tumor through the blood (circulating tumor cells,
CTCs) to the brain microvasculature, with the majority of BrM occurring in lung cancer, breast cancer,
melanoma, colorectal cancer (CRC), and renal cell carcinoma (RCC) [1-3]. Upon advanced diagnosis,
BrM are commonly treated with multi-therapies including surgery, radiotherapy, chemotherapy,
immunotherapy and targeted therapies. However, prognosis of BrM from major cancer types is still
poor, with 2-year overall survival (OS) rate less than 10% [4,5]. Underlying heterogeneity including
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molecular and immune cellular elements within BrM, are essential factors contributing to poor
outcomes.

Elucidating some of the immunological intricacies of BrM has opened a therapeutic window to
explore the potential efficacy of immune checkpoint inhibitors (ICIs) in this globally lethal disease
[6,7]. Complex microenvironmental niche-tumor interactions, neovascularization and, possibly,
immunological escape are involved in establishing new metastatic lesions (colonization) [7].
Nonetheless, the role of the immune checkpoint in the complex interplays between tumor and
immune cells and in conferring resistance to therapy of BrM remains under investigation [8]. It is
expected that newer mechanism-based therapies will play a greater part in treatment.

In this paper, we focus on the molecular elements and complex interplays between tumor and
immune cells in the formative process of BrM. We conclude with a discussion of the future outlook
in the field of BrM based on the molecular and immune cellular understanding of the disease, which
will also drive continued development of novel targeted therapies and immunotherapies that have
higher bioavailability beyond the blood—tumor barrier (BBB).

2. Elements for Cancer Cells Dissemination to the Brain

Metastasis is a multistep process characterized by tumor cells from primary tumor sites spread
to distant organs or other regions within the same organ [1,9]. The trajectory of brain metastatic cells
can be generally divided into five major steps (Figure 1): Invasive tumor cells that gaining stem-cell-
like properties break away from the primary site and infiltrate the surrounding tissue by ECM
remodeling (Proliferation and ECM remodeling) [10], then invade venules and lymphatic system
(Invasion and intravasation) to become circulating cells (CTCs) with the help of platelets,
macrophages and blood vessel endothelial cells (ECs) (Survival and Circulation) [11,12]. CTCs spread
throughout the blood circulatory system and overcome the BBB via extravasation after adhesion with
ECs and successfully infiltrate the brain (Adhesion and extravasation) [13,14]. Subsequently, most
tumor cells die or enter a dormant state, while a few cells proliferate within this new
microenvironment and induce formation of pre-metastatic niche (PMN) [15,16]. After
micrometastases formation, cancer cells establish a more stable niche for colonization and then form
brain metastases (Micro-metastases and colonization). Moreover, dormant cells would be
reawakened in suitable conditions and participate in colonization and induce tumor recurrence
[17,18].
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Figure 1. Cancer cell metastatic dissemination to brain. Brain metastases develop following a small
population of cells from primary tumor to the brain microvasculature, with subsequent tumor growth
in the pre-microenvironment niche, immune escape and colonization. TAN, Tumor-associated
neutrophil; TAM, tumor-associated macrophage; NETs, neutrophil extracellular traps; MDSCs,
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myeloid-derived suppressor cells; BMDCs, bone-marrow-derived cells; Tregs, regulatory cells; CAF,
cancer-associated fibroblasts; CTCs, circulating tumor cells. Created by Biorender.com.

However, the factors that influence the cancer cells dissemination to brain remains to be
elucidated, and this will probably be addressed only by macroscopic and comprehensive
certifications of a large number of original literatures. The evolving TME during all stages of cancer
progression to BrM is depicted with key representative molecular signatures and immune cell types
shown (Figure 2). It should be noticed that these representative elements were only partially shown
and that factors will be added, removed or modified in the future.
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Figure 2. Schematic representation of molecular and immune factors that influence the brain
metastases. A map of molecular and immunity showing the factors that affect the brain metastases.
The factors are placed on rings that denote their type, and each factor is also placed in the step of the
primary-brain metastatic cycle in which they mainly act. TNF, tumor necrosis factor; TAMs, tumor-
associated macrophages; MDSCs, myeloid-derived suppressor cells; TDSFs, tumor-derived secreted
factors; ROS, reactive oxygen species; NF-kB, nuclear factor-k-gene binding; BTB, brain-tumor barrier;
BBB, blood-brain barrier; MHC, major histocompatibility complex; DC, dendritic cell; HLA, human
leukocyte antigen; TILs, Tumor Infiltrating Lymphocytes.

2.1. Proliferation, ECM Remodeling, Invasion and Intravasation

In situ process, the TME conditions including angiogenesis, inflammation, hypoxia, low pH, and
high stress are suitable for growth. Within the environment, mesenchymal cells, such as fibroblasts,
endothelial and immune cells, are reprogrammed into tumor-associated types that provide favorable
conditions for proliferation and growth, and ECM remodeling in order to enter the phase of
progression: local invasion [19]. Due to host genetics (e.g., RAS mutation, loss of PTEN, inactivation
of p53, EGFR-amplification) [20], environmental factors (e.g., nicotine exposure, air pollutants and
angiogenesis, resulting in the preparation of the cellular proliferation and ECM remodeling for
subsequent invasion [21,22]. Invasive migration is a complex multi-step process induced by
activation of a series of signaling pathways, including Wnt-f3-catenin [23], JNK/p38/MAPK [24],
vessel abnormalization , and cytokines such as TGF-f5, releasing from tumor-associated cells (TAMs)
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[25]. A small population of tumor cells at the primary site acquired proliferated properties before
gaining stem-cell-like properties and lose cell polarity through epithelial-to-mesenchymal transition
(EMT) [17], preparing for the migration and invasion.

2.2. Survival and Circulation

Intravasation of tumor cells into the circulation, either directly or via the lymphatic system, was
regarded as the most essential step of all metastases [1,26]. The vast majority of CTCs will die,
however, for the small proportion of CTCs that survive through the circulation system, they can
evade destruction through a variety of mechanisms including CTCs clustering, which promotes
stemness via induction of NANOG, SOX2, OCT4 [27,28], and HLA-E [29], association with specific
immune cells of the bloodstream such as neutrophils or platelets; and, conversely, evasion of
cytotoxic immune cells including NK cells [29]. Platelet, a highly abundant immune cell type in the
blood, have long been recognized as key helper of CTCs survival through “CTCs-platelet” clustering
[30-32]. Upon entering the circulation, CTCs derived from primary tumor are exposed to sustained
physical, biochemical and congenital immune stresses (e.g., high oxygen tension, fluid shear stress
and immune surveillance) which result in extreme oxidative stress characterized by increased
reactive oxygen species (ROS) in CTCs, hindering the survival of the vast majority of CTCs [33-35].
Although current advances in enriching and analyzing connections between CTCs and the
components of bloodstream were further analyzed, the mechanisms of CTCs escape immune
surveillance and survive or remain dormant stage in the circulation remain largely unclear.

2.3. Adhesion and Extravasation

The CNS is protected by several functional barriers including the BBB and blood—cerebrospinal
fluid (CSF) barrier. Due to the existence of these barriers, only a few CTCs can cross through the BBB
via adhesion and extravasation, essentially a transition from BBB to blood-tumor barrier (BTB). CTCs
enter the microvasculature and thus may initiate intraluminal growth and form an suitable niche that
eventually ruptures the vessel or extravasate by breaching vascular walls [36]. For example, CTCs-
associated platelets can promote extravasation by releasing TGF-B [37] or by secreting adenine
nucleotides, which relax endothelial cell junctions [38]. Some factors also can promote extravasation
of CTCs into brain, including cancer-cell derived sialyltransferase ST6GalNac5 [39], cathepsin S [40],
and microRNAs [41,42]. In conclusion, a combination of priming signals from the tumor stroma,
CTCs cluster composition and cancer cell-secrete factors determine brain metastatic infiltration of
CTCs.

2.4. Formation of Pre-Metastatic Niche (PMN) in the Brain

Paget’s “seed and soil” theories were benefit for biological understanding underlying tumor
metastasis including an explanation for organ-specificity in metastasis process: CITCs (the “seed”)
colonize in specific organ sites (the “soil”) [43]. Studies in experimental models have provided
evidence that creating ‘pre-metastatic niches’ was prior to the arrival of CTCs [44,45]. Tumor-derived
secreted factors (TDSFs) and extracellular vesicle (EVs) induce the mobilization and recruitment of
several cell populations to brain environment, including cancer-associated fibroblasts (CAFs), and
immune cells including MDSCs, Tregs, TAMs, and tumor-associated neutrophils (TANSs) [46,47]. The
interaction among these TDSFs, tumor-recruited immune cells (e.g., TANs, TAMs), and local stroma
including astrocytes may create a suitable growth condition (the “PMN") for metastatic tumor cell
colonization [48,49]. Thus, it{s not surprising that analyzing the molecular and cellular components
of PMN in the blood may be helpful for diagnosis of cancer metastasis and for prognosis predication.
Six characteristics that define the PMN including immunosuppression, inflammation,
angiogenesis/vascular permeability, lymphangiogenesis, organotropism, and reprogramming [16].
These characteristics determine whether the CTCs can colonize and survive or become dormant after
crossing the BBB. Monitoring the biology underlying the formation of PMN might be possible to
identify new and powerful biomarkers, and thereby allowed us to early detect micrometastasis prior
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to macrometastatic site. However, the molecular and cellular components within PMN enhances
tumor cell proliferation, and growth to macrometastasis were need to further discovered.

3. The Immune Cell Landscape of BrM

The immune cell landscapes of BrM were diverse via substantial infiltration of various immune
cells such as T cells, neutrophils and macrophages. In addition, a variety of organ-specific immune
cells, namely microglia, dendritic cells (DCs) and astrocytes collectively constitute the immune
microenvironment of brain metastatic tumors.

3.1. Tumor-Associated Macrophages and Microglia

Tumor-associated macrophages and microglia (TAMs) exhibit one of the most diverse
nonmalignant cell types within BrM and have been proved to participate in metastatic colonization
[40]. TAMSs including organ-specific microglia and bone marrow-derived macrophages (BMDMs)
within the brain tend to be pro-tumorigenic and associated with poor prognosis [50,51] (Figure 3A).
However, whether microglia and BMDMs have distinct surface markers and functions in the brain
TME has been controversial, and is an academic topic of active investigation. Gao et al. reported that
TMEM119 expression levels may distinguish microglia (TMEM119*) from BMDMs (TMEM119-
F4/80+) [52]. Until recently, however, there is still no satisfactory strategy to definitively distinguish
between macrophage populations and microglia, thus determining the relative contributions of
BMDMs versus microglia to brain metastases of virous cancers. Due to increasingly academic
advances, the majority of literature focus on the functional contributions of TAMs types to BrM, and
the principle that simple division of M1 and M2 phenotype of macrophages has been disputed [53].
Many groups are interestingly focused on defining organ-specific macrophage activation and
phenotype as a measure of functional diversity [53,54]. In terms of their plasticity, some promising
strategies that re-educate macrophages to specifically obtain anti-tumor phenotypes in cancer,
including brain tumors. Analysis of murine breast cancer brain metastasis (BCBM) models indicates
that targeting TAMs at distinct stages of the metastatic cascade using BLZ945 agents, an inhibitor of
colony-stimulating factor 1 receptor (CSF1R), leads to antitumor responses in BCBM preclinical
models [55]. Furthermore, TAM depletion strategies in several types of cancer can provide a survival
advantage, the effects of targeting TAMSs in brain tumors seem to be more environmental conditions
dependent.
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Figure 3. The Crosstalk between Immune Cellular Components and Tumor Cells in Brain Metastatic
Microenvironment. BrM are composed of diverse immune cellular components, including various
specialized organ-resident cell types such as astrocyte and microglia. Each of these immune cells
contributes to brain metastatic biology in unique ways. (A) Macrophages and microglia engage in
essential crosstalk with tumor cells (TC) within the brain metastases, whereby brain tumor cells could
release cytokines to recruit TAMs to the brain microenvironment, and TAMs in turn supply pro-
tumorigenic, pro-growth factors. (B) Dendritic cells (DCs) can present tumor-associated antigen
(TAAs) to T cells to promote anti-tumor immune response. However, function of DCs can be
disturbed by factors which released into the TME by tumor cells, such as IL-10, TGF-$ and
prostaglandin E2 (PGE2). (C) Mature neutrophils are abundant in adult human peripheral blood and
TME, promoting tumor growth and metastases. Tumor cells also in turn secrete chemokines (e.g., G-
CSF, IL-6) to recruit TANSs infiltration. NETosis act as scaffolds mediating the capture of cancer cells
and providing a soil that can support protumorigenic niche to metastasis-initiating cancer cells. (D)
Astrocytes are unique to the CNS and play important roles in mediating tissue-specific
communication in the brain tumors including jap with TANs and TAMs. For example, LCN2 drives
an inflammatory activation of astrocytes in the brain metastatic niche, via the LCN2-specific receptor,
leading to recruitment of LCN2-producing granulocytes to the BrM microenvironment. Granulocyte-
derived LCN2 is central to further enhancing neuroinflammation and BrM progression. (E) During
effector phases of anti-tumor immunity, T lymphocytes are further educated by the BrM
microenvironment to progressively extend non-function. This can occur via PD-1/PD-L1 pathway,
defective antigen presentation including low MHC expression, leading to an immunosuppressive
microenvironment that is permissive to tumor growth. Created by Biorender.com.

3.2. Dendpritic Cells (DCs)

Uncontestably, DCs are critical for regulating adaptive immune responses as antigen-presenting
cells (APCs) [56,57]. By integrating messages within the TME and delivering it to other immune cells,
especially T cells, DCs have the potential to shape anti-tumor immunity. However, cancer cells can
also use various strategies to limit and manipulate DCs activity to escape immune surveillance
(Figure 3B). Various mechanisms within TME harass DCs functions, such as inhibition of
differentiation [58], metabolic stress [59] and impaired handling of tumor-associated antigens (TA As)
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[60,61], resulting in insufficient T cell activation and, potentially, the induction of T cell tolerance to
TAAs that causing immune escape. Engineering DCs vaccines to improve immunotherapy response
and the development of DC-based vaccines is an active field of cancer research [62]. Taken together,
a better understanding of the diversity and functions of DCs subsets and of how these are shaped by
the TME could lead to improved therapies for BrM in various cancers.

3.3. Neutrophil

In the TME, neutrophils may inhibit tumor progression by releasing anti-tumor factors, such as
nitric oxide, H202, and TSP-1 [63-65], but emerging evidence indicate that neutrophils are a
heterogeneous population with plasticity, and subpopulation of neutrophils including tumor-
associated neutrophils (TANs) are actively involved in tumor survival, immune response,
angiogenesis and metastasis [66-69]. Recruitment of neutrophils to the brain TME is regulated by
various cytokines (e.g., IL-6), chemokines (e.g., G-CSF, CXCL1) and secret protein (e.g., CTSC)
released by metastatic cells within brain environment (Figure 3C). Although neutrophils have the
ability to inhibit tumors growth in some preclinical models [70], this property has not been well
applied in clinical trials. In recent years, a close correlation between TANs in the TME and formation
of neutrophil extracellular traps (NETs), which was net-like structures composed of DNA-histone
complexes and proteins released by activated neutrophils, has been also observed either in primary
tumors and metastatic sites [71-73]. TANs stimulate the proangiogenic activity of tumor cells at
adjacent invading edges by inducing formation of NETs [74], and then activate tumor cells to induce
formation of PMN favoring the brain colonization [74,75]. Moreover, NETs can also catch CTCs and
promote metastasis. In addition, it has been reported that wake dormant cancer cells can cause tumor
relapse and metastasis. These results indicated the pro-metastatic activity of NETs and highlighted
the potential targets for cancer therapy. However, some urgent scientific problems need to be further
discussed: (i) whether there are different phenotypes (e.g., N1, N2, N(m), N(m+1)) of neutrophils in
the BrM; (ii) Is the distinguish effect (anti-tumour or pro-tumour) of neutrophils within BrM
associated with different cancer phenotypes? (iii) Which factors result in different functions on tumor
control of neutrophils in the context of immunotherapy? (iv) Whether the anti-tumor neutrophils can
be effectively expanded by scientific intervention, such as antagonist against special receptor
discovered by single-cell sequencing (scRNA-seq)?

3.4. Astrocyte

After adhesion and extravasation, CTCs are commonly surrounded by reactive astrocytes [76,77]
likely influenced by damage-associated molecular patterns (DAMPs) [78]. Astrocytes play an
essential role in central nervous system (CNS) in terms of the inflammation and tumor [76,79,80]
(Figure 3D). Astrocytes constitute approximately ~30% of the cells in the malignant CNS disease
[81]. In the context of BrM, they reduce the numbers of potential metastatic cells by activating plasmin
[4]. Classically, the astrocyte has been characterized by binary polarization states in terms of
functional phenotype: the neuroinflammatory and anti-tumour “A1” type and the neuroprotective
and pro-tumour “A2” type [82]. A subpopulation named signal transducer and activator of
transcription 3-positive (STAT3*)-reactive astrocytes that surrounding BrM and demonstrated that
not only was helpful for formation of BrM, but these cells can influence the innate and adaptive
immunity toward favoring tumour growth and survival [83]. Surviving cancer cells continue to
interact with reactive astrocytes during brain colonization, establishing gap junctions with reactive
astrocytes. Metastatic cells employ these Cx43 gap junctions to send calcium and cGAMP to
astrocytes [84]. Within astrocytes, cGAMP activates signaling pathway leading to secretion of TNF
and IFN-a, thus supporting promising role for cancer immunotherapy [85]. Within BrM environment,
loss of PTEN increases cancer cell proliferation and induces secretion of CCL2, that attracting pro-
metastatic myeloid cells to favor metastatic brain colonization [86]. In addition, astrocytes can interact
with immune cells in brain metastatic tumor. For example, TANs promote STAT3 upregulation by
secreting LCN2 to bind to the LCN2-specific receptor (SLC22A17) on astrocytes, thereby triggering
the release of pro-inflammatory signals, leading to recruitment of LCN2-producing granulocytes
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within the BrM, that supporting brain colonization [87]. However, the large number of astrocytes
participated in inflammatory responses in malignant CNS disease, as well as the complex astrocyte-
immune cells interactions and other neural cell types, has hampered mechanistic understanding of
astrocyte reactivity. Several key questions about the reactive-astrocyte remain to be addressed,
including that (i) whether there are different types of reactive astrocytes (e.g., Al, A2, A(n), A(nt+1))
and how they are induced? (ii) Are reactive astrocytes helpful or harmful within BrM among different
cancer types, and how their effects are mediated?

3.5. T Lymphocyte Cells

In the initial stage of tumor growth, cells instinctively exhibit pMHC-I peptide complexes on
their surface, usually presenting tumor-associated antigens (TAAs) to CD8* T cells [88]. This
recognition contributes to immune-mediated tumor elimination and control and is supported by the
anti-tumorigenic properties of the surrounding stroma [89] (Figure 3E). Over time, however,
components of the antigen presentation pathway change, resulting in the loss of pMHC-I displayed
on tumor cells [90]. In addition, the stroma and other immune cells (e.g., TAMs and TANs)
surrounding the tumor cells display pro-tumorigenic properties, supporting tumor immune escape
and leading to tumor growth and invasion [91-93]. Tumor cells evade immunotoxic killing by
upregulating PD-L1 binding to the PD-1 receptor on CD8*T cells, inducing T cell dysfunction, and is
one of the main mechanisms responsible for immune escape [94]. Furthermore, the characteristics of
infiltrating immune cells in brain metastases were predominantly T cells and macrophages, with T
cells exhibiting higher heterogeneity and consisting of five main clusters: CD8* effector memory T
cells (T: CD8*: EM cluster), central memory T cells (T: CD4*: CM1 cluster, T: CD4*: CM2 cluster and
T: CM cluster) and regulatory T cells (Tregs cluster) by single-cell sequencing (scRNA-seq) of human
brain metastasis tissues combined with mass spectrometry flow (CyTOF). This phenotypic shift from
activated to non-functional T cells coincides with a shift in cellular metabolism from glycolysis and
the tricarboxylic acid cycle to lipid metabolism, and the above results reveal a functional state of T
cells (from activated/exhausted to non-functional) that is associated with concomitant metabolic and
microenvironmental reprogramming [95].

4. Targeted Therapies

Despite the currently poor survival outcomes of BrM patients among mostly various cancers,
our fundamental understanding of the biological principles underlying the BrM formation process is
rapidly increasing. As these discoveries are shift from the field of basic science to clinical applications
(Table 1), survival benefit for patients harboring BrM are almost certain to improve in future.

Table 1. Ongoing key clinical trials of targeted therapies in brain metastasis in various cancers.

Targeting molecular signatures for personalized treatment of BrM

. Total . . ]
Study design Pru.nary cohor Mo!ecular Treatment regimen Prlmary. ClinicalTrial
histology ¢ size signatures endpoints (No.)/ Status
. GDC-0084 plus NCT04192981
Phase I Solid tumor 36 PIK3CA-mut WBRT MTD /R
Phasell ~ NSCLC 30 EGFR-mut Keynatinib ORR NCT048/2‘I’;079
Phasell ~ NSCLC 47 EGFR-mut  Almonertinib ~ CNS-DOR NCTO%;*?E”
Phase II NSCLC 54 EGFR-mut Anlotinib plus iPFS NCT04978753
Almonertinib /R
Phase II NSCLC 40 EGFR-mut AZD9291 iORR NCTO”;’?S”
Dose
Phase /Il NSCLC 43 KRASGI2C-mut  AMG 510 exﬁlgzho NCT051§‘(I’{422

expansion
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9
Phaselll  NSCLC 232 EGFR-mut ~ Amonertinib plus 0 NCT05768490
brain RT /R
.. Intracranial
Phase II Solid tumor 30 HER2-mut Tucatinib plus T- antitumor NCT05673928
DM1 .. /N
activity
Phase I Breast cancer 10 HER?2 (+) ExAblate BBBD  Adverse events NCT037/14]1{243
Intracranial ;75567395
PhaseIl =~ Breast cancer 30 HER?2 (+) T-DM1 antitumor /R
activity
Phasell  Breastcancer 120 HER?2 (+) Pertuzumab plus ORR NCT04760431
Taxane /N
PhaseIl  Breast cancer 130 HER2 (+)  Afatinib plus T-DM1 Safety anc.l. NCT04158947
tolerability /R
Encorafenib plus
Phase IT Melanoma 150 BRAFV600-mut Pembrolizuma iPFS NCTO4O/7411{096
b
Phasell  Melanoma 20 BRAF-mut emurafenib plus ORR ~ NCT03430947
Cobimetinib /A
BRAF and
Melanoma-. . NCT05786924
Phase I NSCLC 140 RAS/MAPK BDTX-4933 Dose Escalation /N
-mut
Phasell  Melanoma 150 BRAF-mut  |Tiple therapy +/- iPFS NCT040740%
SRS /R
Targeting TME or immune cellular elements for BrM treatment
Total
. Primary Targeting . Primary ClinicalTrial
Study design histology :OSI;ZO: Elements Treatment regimen endpoints (No.)/ Status
Renal cell .
Phase 11 carcinom 40 CD8+T, APCs vaoluwab i iPFS s
a Ipilimumab /R
Observationa NSCLC 50 ctDNA, TCR WBRT 0s NCT05 7?7R589
MET-Amp on . NCT05567055
Phase I NSCLC 35 DNA Capmatinib CNS-ORR /N
. Intracranial
Phase II Melanoma 76 CD8+T vaolu.n?ab plus response NCT02374242
Ipilimumab /A
rate
Phasell  Melanoma 53 cps+T, vEGE Lembrolizumab plus gy o NCT02681549
Bevacizumab /R
Phase II Breast cancer 100 VEGF Utldelone'z Plus CNS-ORR NCT05357417
Bevacizumab /R
CA4948* plus
Phase I/II Melanoma 29 CAFs Pembrolizuma iORR NCT056/619\? 2z
b
Phase I Melanoma 10 TILs Lifileucel (LN-144) Feasible effect NCTO%;KI)S%
Phase /11 Melanoma 30 NK UD TGFg NK pl}ls Safety an(':l. NCT05588453
Temozolomide tolerability /R
Exablate plus
Phase III NSCLC 20 BBB Pembrolizuma AEs NCT053/1 7R858
b

Index: TIME, tumor immune microenvironment; BrM, brain metastasis; MTD, maximum tolerated dose; WBRT,
whole-brain radiotherapy; NSCLC, non-small cell lung cancer; CNS-DOR, central nerve system duration of
response (RECIST 1.1); iPFS, intracranial progression-free survival, BBBD, blood-brain barrier disruption;
BCBM, breast cancer brain metastasis; T-DM1, tucatinib and Ado-trastuzumab emtansine; ORR, objective
response rate; SRS, stereodirectional radiotherapy; Triple therapy, binimetinib plus encorafenib plus
pembrolizumab; APCs, antigen-presenting cell; ctDNA, circulating tumor DNA; TCR, T cell receptor; OS, overall
survival; BMRR, brain metastasis response rate (mRECIST); CA4948* IRAK4 inhibitor; VEGF, vascular
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endothelial growth factor; CAFs, cancer-associated fibroblast; TILs, Tumor-infiltrating lymphocytes; cfDNA,
circulating free DNA; CNS-ORR, central nerve system overall response rate; NK, natural killer cell; BBB, blood-
brain barrier; AEs, adverse events. R: Recruiting; A: Active, not recruiting; N: Not yet recruiting.

4.1. Targeting Molecular Signatures for Personalized Treatment of BrM

Next- generation sequencing (NGS) database indicated that alterations in molecules and signal
pathways can contribute to tumor growth and survival, and found that brain metastases may not
share the driver mutations of the primary tumor, such as BRAF-mutation, PIK3CA-mutation, loss of
PTEN, EGFR- amplifications and KRAS mutations [96,97]. These findings suggest the importance of
brain metastasis- specific therapies that address this unique disease. Furthermore, recent studies have
demonstrated that metabolic processes as key regulators of BrM and metastatic cancer cells have
distinct metabolic features within brain microenvironment differing from the primary tumor
[76,98,99]. These results highlight the importance of understanding underlying mechanism of
metabolic reprogramming contributing to BrM as well as essential molecular elements between BrM
and primary tumors, which could provide novel therapeutic windows to improve prognosis in
patients with BrM.

4.2. Principle of Targeting the “CTCs Stage” for Prevention of BrM

Circulating tumor cells (CTCs), shed by primary malignancies, function as ““seeds” for distant
metastasis [26,100]. The investigation of the interaction between tumor cells and immune cells in the
bloodstream may provide a enlighten of potentiality in intervening the metastasis by escaping the
immune elimination [101]. However, some scientific problems need be further addressed: (i) whether
CTCs in bloodstream will conventionally face with immune surveillance by immunocytes; (ii) which
subpopulation of immunocytes exhibit the function of immune elimination of CTCs; and (iii) which
molecular mechanisms underlying CTCs escape this immune surveillance. Recently, platelets and
neutrophils cells were reported as CTC partners (“CTCs-platelets” cluster and “CTCs-neutrophil”
cluster, respectively) facilitating BrM by promoting CTCs survival and providing a regional immune
suppressive microenvironment [11,102,103]. For example, CTCs escape immunosurveillance from
NK cells by engaging the immune checkpoint HLA-E:CD94-NKG2A. Interrupting the checkpoint
efficiently prevents BrM via the blood circulation [29]. The above results suggest that targeting the
interaction of CTCs with peripheral blood immune cells will be a favorable therapeutic strategy
against metastasis in the future.

4.3. Astrocytes as a Potential Promising Therapeutic Target of BrM

Given more rapidly research evidences focusing on the effect of some astrocyte subpopulations
participating in BrM progression, these cells naturally become attractive targets for treatment
[104,105]. Soto et al. demonstrated that STAT3* reactive astrocytes can induce vascular dysfunction
within brain environment, which was reversible by using STAT3 signaling pathway inhibitor agents,
such as WP1066 [106]. In addition, reeducation of astrocytes by tumor cells into tumor-supportive
phenotypes via established gap junctions has led to interest in targeting these cell-to-cell signaling
structures for preventing BrM [107-109]. However, some key questions need to further addressed: (i)
Identification of specific markers of reactive astrocytes and (ii) whether they can provide potential
therapeutic targets of BrM via astrocyte-specific manner.

4.4. Targeting the PMN for Brain Metastatic Therapeutics

Targeting the molecular and cellular components facilitating the PMN may be a promisingly
therapeutic targets for suppressing PMN formation and consequently preventing BrM [15,16]. These
targets including that reducing the levels of molecular components promoting the PMN formation,
suppressing the recruitment of immunosuppressive cells, interfering crosstalk between cancer-
associated fibroblasts (CAFs) and immune cells within distant PMN such as tumor-associated
macrophages (TAMs), TANs, and Tregs. Reshaping the immunosuppressive niche, as an essential
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immune feature of PMN, and reactivating anti-tumor immune response may be potential strategy for
BrM treatment. In conclusion, a deeply understanding of the mechanisms driving PMN formation,
and identification of their characteristics and effects on tumor metastasis will provide novel insights
and promisingly therapeutic windows for the prevention and treatment of BrM.

5. Conclusions and Future Perspectives

BrM is a problematic and increasingly scientific topic in patients with cancer. Although ICIs have
revolutionized the treatment pattern of BrM within various cancers such as melanoma, breast cancer
and lung cancer, the determinants of anti-tumour response remain incompletely clarified. Increased
understanding of the unique molecular, immune cellular characteristics of the BrM is paramount in
developing novel BrM-directed targeted strategies. Mechanistic insights into the process of
individual components for BrM have led to the identification of multiple potential therapeutic targets
in context of molecular and immune cellular elements, several of which are now under clinical
evaluation. Improved understanding of immunobiological principles unique to the BrM and
dissection of those that govern the activity of ICIs are promising toward unlocking BrM-specific
antitumor immunity. However, until recently, translation of promising therapeutic strategies based
on preclinical in vitro and in syngeneic murine models to clinical applications remains a major
challenge. Organoid platform or patient-derived xenograft (PDX) models may be promising tools
currently or future in use [110,111]. Another experimental model that may be exciting for accurately
targeting therapy applied into BrM is immunodeficient mice engrafted with human immune cells or
tissues, named “human immune system (HIS)” mice [112]. Additionally, ongoing appearances of
increasingly available tools such as scRNA-seq, spatial transcriptome (ST) to combat tissue
heterogeneity, and the future is optimistic for therapies that will effectively unlock molecular
targeting or antitumor immunity in the BrM. However, we are also looking forward to an exciting
event ahead for basic research and clinical translation in brain metastatic biology.
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