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Abstract
The microenvironment has emerged as a promising source of novel therapeutic applications in experimental models of brain metastasis. Our limited understanding of the complex brain ecosystem transformed by the presence of cancer cells includes key cell types that either promote or limit local progression of metastatic cells. Identification of the molecular networks regulating the crosstalk between cancer cells and the microenvironment, but also within different brain resident and non-resident cell types surrounding the tumor is crucial to decipher the biology of colonization and subsequently to target key nodes with innovative and effective therapies. 
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Brain vasculature: blood-brain barrier, vascular co-option and angiogenesis

Crossing the blood-brain barrier

Once cancer cells reach the brain vasculature they become physically trapped in small capillaries (1) preferably with low perfusion (2) (Figure 1). Hematogenous inoculation of cancer cells indicates that the time required to cross the vascular barrier in the brain is much longer than in other organs. It takes 3 to 7 days to a cancer cell to extravasate through the blood-brain barrier (BBB) (1,3,4) but only 12 hours to extravasate in the lungs (3). The molecular requirements to cross the BBB include general mediators of extravasation (i.e. HBEGF, COX2) (5) but also other specific to the brain including cell surface modifications (5), proteases (6) and secreted growth factors as well as extracellular vesicles (6–9).

Surface decoration
The surface of triple negative breast cancer cells requires a specific glycosylation pattern which is dependent on the sialyltransferase ST6GLNAC5. The expression of this molecule in primary breast tumors as part of a 17 gene signature (BrMS) correlates with an increased risk of brain metastasis in three independent cohorts of patients. Although the molecular mechanism by which this posttranslational modification in the membrane of metastatic cells is specifically required to transmigrate through the BBB is not known, loss of function experiments showed its importance to prevent the entry of cancer cells in the brain (5).

Proteolysis
Adherent and tight junctions are critical for the integrity of the BBB. Cathepsin S (CTSS) cleaves junctional adhesion molecules (JAMs), occludins and claudins; all of which are important for cell adhesion (6). Among them, JAM-B is specifically expressed in brain endothelial cells. Proteolysis of JAM-B-dependent junctional adhesions of brain endothelial cells by cancer cell-derived CTSS increases the transmigration in an in vitro BBB model as well as in brain metastasis assays in vivo (6). High expression levels of CTSS at the primary site correlates with decreased metastasis-free survival in the brain but not in bone or lungs.

Secreted components 
PLFG (Placental growth factor) is a secreted molecule required for SCLC cancer cells to cross the BBB. Extracellular PLGF binds to the endothelial VEGF receptor-1 (VEGFR-1) that leads to the activation of ERK and Rho kinase (ROCK) activities. The activation of this signalling pathway in brain endothelial cells induces the disruption of occludin and ZO-1 dependent junctions, thus compromising BBB integrity (7). Elevated levels of PLGF in the blood of patients with small cell lung cancer (SCLC) correlates with the development of brain metastasis (7).
Extracellular vesicles regulate different aspects of cancer (10,11), including cell-to-cell communication (12). MicroRNAs contained in extracellular vesicles produced by cancer cells located in the primary tumor influence the integrity of the BBB to facilitate extravasation of circulating tumor cells (CTCs). The microRNA miR-181c contained in cancer cells-derived extracellular vesicles is transferred to brain endothelial cells where it downregulates the expression of PDPK1, an essential factor for actin dynamics by its regulatory effect on cofilin phosphorylation. Defective actin dynamics impairs intracellular trafficking of multiple proteins required for the maintenance of brain endothelial cell intercellular junctions such as tight junction proteins, actin filaments and N-cadherin (8). Similarly, miR-105 contained in extracellular vesicles impaired the integrity of the BBB through an alternative mechanism involving the negative regulation of ZO-1 expression (9).  Consequently, the uptake of extracellular vesicles loaded with these miRNAs facilitates extravasation of CTCs through the BBB (8) and other vascular barriers (9). Circulating extracellular vesicles containing miR-181c and miR-105 were more abundant in the serum of patients with metastatic breast cancer, including the brain (8,9). 

Other mediators
Additional mediators of extravasation through the BBB that have been validated in patients includes PLEKHA5, which has been described in melanoma brain metastasis (13). However, the mechanism by which this molecule facilitates transmigration of metastatic cells through the BBB remains to be solved. 

Importance of identifying mediators of BBB extravasation
The main interest lies on their potential as biomarkers to predict the risk of developing brain metastasis from the primary tumor (5–9,13).  Although metastatic cells might have completed extravasation by the time the primary tumor is diagnosed, having determined the risk of metastasis might facilitate clinical decisions of future therapies aimed at preventing the development of symptomatic metastases. 

Using pre-existing vessels: vascular co-option

After completing extravasation, metastasis initiating cells remain located at the perivascular niche (1–4,14). The physical interaction with the pre-existing brain capillaries, termed vascular co-option (15), does not involve angiogenesis and mimics the cellular and molecular behavior of pericytes (3). Vascular co-option has been described both clinically and experimentally in lung cancer, breast cancer, melanoma, colorectal cancer and renal cancer metastasis in multiple secondary organs including the brain (1,4,14,16–19). The perivascular location gives cancer cells preferential access to oxygen, nutrients and angiocrine factors produced by endothelial cells (4,14,20) (Figure 2). The implications of vascular co-option include both aggressive growth but also states of latency and immune evasion (21,22). 

Dormancy/ latency and immune evasion
Breast cancer metastasis could be manifested many months and even years after the removal of the primary tumor (23). Under these circumstances disseminated tumor cells (DTCs) enter in a state of dormancy until they start to re-grow secondary tumors (24). The perivascular niche regulates dormancy of metastatic cells by different mechanisms. Thrombospondin-1 (TSP-1) has been described as an important angiocrine factor reducing tumor growth and angiogenesis (25,26). In brain metastasis, TSP-1 induces dormancy of metastatic cells in the brain and other organs such as the bone and the lungs. Expression of TSP-1 occurred in stable non-angiogenic brain endothelium that induces dormancy in cancer cells that are in the vicinity. On the contrary, downregulation of the expression of TSP-1 and enhanced expression of pro-tumor factors TGF-β1 and periostin (POSTN), which preferentially occurs in sprouting endothelial cells, favors tumor cell growth (22).
In contrast to a prolonged period of inactive cancer cell proliferation (dormancy), metastatic cells could develop transient states of active proliferation intermingled with periods of quiescence. This latency program is driven by the transcription factors SOX2 and SOX9 in combination with the inhibition of WNT signaling. When DTCs are latent they downregulate the NK-cells ligands UL16-binding proteins, PVR/CD155, FAS and TRAILR, which allow them to avoid the action of the immune system and remain viable (21). 

Molecular regulation of vascular co-option
In spite of the involvement of the perivascular niche in latency or dormancy, the ability of metastasis initiating cells to interact with pre-existing capillaries is required for their outgrowth (1,3,4,14). Two cell adhesion molecules are key during this process including  1-integrin and L1CAM (4,14). Targeting them in cancer cells impairs the initial stages of metastasis colonization from breast, lung, renal, colorectal cancer, melanoma and lymphoma and prevents the development of macrometastases (3,4,14). 
1-integrin-mediated anchorage of cancer cells to components of the basal lamina (collagen I and IV, fibronectin, laminin and vitronectin) of pre-existing capillaries induces phosphorylation of focal adhesion kinase (FAK) leading to ERK1/2 activation, which is translated into an important survival signal that allows metastatic cells to resume proliferation in secondary organs (14). L1CAM further promotes 1-integrin downstream signaling increasing the potency of its activation in an ankirin2-dependent manner, which leads to increased PAK1/2 phosphorylation and enhanced formation of filamentous actin. Increased actin filament formation induces cancer cell spreading along capillaries activating YAP-mediated mechanotransduction upon its nuclear translocation, which drives downstream gene expression reactivating proliferation (3).

Implications of vascular co-option
Although our knowledge on the interaction between metastasis initiating cells and pre-existing capillaries is very limited, the fact that known targets located at the cellular surface are critical to multi-organ metastasis from highly prevalent cancer types suggests an important therapeutic opportunity to prevent the development of metastasis, even if cancer cells have already disseminated out of the primary tumor.

Brain metastasis-associated angiogenesis

Regulation mechanism of brain metastasis-associated angiogenesis
Neo-angiogenic vessels could be easily found in brain metastasis derived from non-small cell lung cancer (1,27), where it is required to support the transition from micrometastasis to macrometastasis (1) (Figure 3). However, this dependency might not apply to other cancer types such as melanoma, which continues to rely on co-optive growth along the vessels rather than in angiogenesis (1). In breast cancer, the importance of angiogenesis in brain metastasis has been also reported (28,29).
The expression of vascular endothelial growth factor (VEGF) by cancer cells is a major component to activate the angiogenic program in endothelial cells (30). VEGF expression in breast cancer cells with tropism to the brain is increased compared to their parental counterparts (28) and its expression correlates with enlarged brain blood vessels and growth of brain metastasis from colon and lung adenocarcinoma (27). Lower VEGF expression or the use of VEGFR inhibitors give rise to a reduction of angiogenesis subsequently limiting tumor growth in the brain (27,28).
VEGF regulation is dependent on hypoxia, where VEGF is potently induced by the activation of the transcription factor HIF-1α (31). Additionally, under normoxic conditions, activation of αvβ3 in cancer cells upon phosphorylation and inactivation of the translation repressor 4E-BP1, also enables VEGF expression and tumor angiogenesis (31). 

Therapeutic approaches
More than 40 molecules have been identified to play a role in the formation of new blood vessels, however, almost all studies focused on VEFG and its receptors as it is the most potent angiogenic molecule. Actually, since 2004, ten drugs have been approved to target VEGF or its receptors (32). Apart from VEGF, few studies focused on other angiogenic molecules in brain metastasis (33,34). Targeting neo‑angiogenesis using anti-VEGF therapeutic antibodies was frequently used to treat brain metastasis; however, clinical trials did not report decreased incidence of brain metastasis or increased overall survival in patients (27,29,35–37). Pre-clinical research suggests that anti-angiogenic approaches generate superior therapeutic responses when combined. For instance, drugs targeting VEGFR2 and HER2 in HER2-amplified breast cancer brain metastasis or inhibition of VEGF together with inhibitors against angiopoetin‑2 work better than monotherapies (29,38). Alternatively, anti-angiogenic inhibitors can be used to impair the switch from micrometastasis to macrometastasis. This preventive scenario has been successfully validated in experimental models of lung cancer brain metastasis using anti-VEGF inhibitors that increased overall survival (35). 
Inefficacy of anti-angiogenic drugs might involve the induction of a hypoxic environment that increases invasiveness and resistance to therapy. However, a higher proportion of mature vasculature compared to the primary cancer site may explain why brain metastasis is not so dependent on angiogenesis (37). Alternatively, a c-Met/ β1-integrin complex with pro-metastatic functions has been found to be blocked by the binding of VEGF to VEGFR2. This competitive negative regulation preventing the binding of c-Met to β1-integrin is suppressed by the use of VEGF inhibitors, explaining the increased cancer cell aggressiveness after anti-angiogenic therapy (33).

Influence of brain vessels on anti-cancer therapy in the brain
The blood-brain barrier (BBB) acts as a barrier also for drugs and thus adds a significant caveat for the treatment of brain disorders (39,40). Even if the brain is affected by multiple metastases, the BBB is not completely disrupted. Experimental evidences have probed that there is a high degree of inter-lesion heterogeneity regarding the compromise of the BBB integrity since only 10% of brain metastases reach therapeutic levels of non-permeable drugs (41,42). Thus BBB-permeable drugs seem to be the best strategy to target brain metastasis as suggested by pre-clinical approaches (42). Alternatively, other efforts have been performed to overcome the impedance of some drugs to penetrate into the brain (43). Pioneer studies addressing the similarities and differences regarding inter-lesion heterogeneity of the BBB have found pericytes as major contributors, where  Desmin+ pericytes are enriched in highly permeable lesions (41,44).

Astrocytes.

Astrocytes are the most abundant glial cell type in the brain. They encounter and interact with metastatic cells during the process of brain colonization. When this interaction happens astrocytes become reactive, a cellular state induced when damage or injury is sensed by this cell type (45). Cell to cell communication between cancer cells and reactive astrocytes includes direct physical contact but also interactions mediated by secreted molecules and vesicles. This crosstalk could have anti- or pro-metastatic consequences. The complex behavior of astrocytes surrounding brain metastasis could derive from the intrinsic heterogeneity of this cell type (Figure 2 and 3).  

Communication through secreted molecules 

Cancer cells to reactive astrocytes 
Secreted molecules can act as paracrine signals between cancer cells and reactive astrocytes. Cancer cells from breast cancer brain metastasis produce IL-1 upon c-Met and MAPK activation (46). Cancer cell-secreted IL-1 up-regulates the expression of Jagged 1 in astrocytes, which signals back to metastatic cells activating Notch pathway promoting self-renewal of metastasis stem cells (47). Additionally, cancer cell-derived IL-1 induced the production of HGF by reactive astrocytes, which increases c-Met activation in metastatic cells in a feed-forward mechanism (47). Accordingly, BBB permeable Notch inhibitor compound E or c-Met inhibitor pterostilbene decreased experimental breast cancer brain metastasis (46,47).

Reactive astrocytes to cancer cells
Astrocyte-secreted molecules influence brain metastatic cells. Some of these secreted factors are found additionally in neuroinflammation, suggesting that the same molecular pathways that are induced during brain injury could be involved in brain metastasis. Lung cancer brain metastasis co-cultured with astrocytes influence the brain cell type through the production of IL-8, MIF and PAI-1. Activated astrocytes respond to the cancer cell secretome producing IL-6, TNF- IL-1 that stimulate tumor cell proliferation (48). Moreover, astrocytes produce the neurotrophin BDNF that binds to TrkB receptor in HER2+ cancer cells supporting the colonization of the brain. Combined inhibition of HER2 with lapatinib and TrkB with cyclotraxin B reduces survival of HER2+ breast cancer brain metastatic cells more efficiently than each compound individually (49). Other pro-tumorigenic signal produced by reactive astrocytes includes MMP-9 that promotes cancer cell invasion by degrading undetermined components of the extracellular matrix (ECM) and neo-angiogenesis by releasing VEGF from the surrounding matrix (18). Melanoma brain metastatic cells induce the expression of different pro-inflammatory factors in reactive astrocytes including IL-23 (50,51). IL-23 produced by brain metastasis-associated reactive astrocytes induce the up-regulation and secretion of MMP2 in cancer cells, which promote their migratory and invasive behavior (50). Secreted MMP2/9 from reactive astrocytes can also increase cancer cell migration and modulate organization of actin stress fibers on ECM proteins (type I collagen, fibronectin and laminin substrates) (52). 

Other types of interactions

Direct physical contact: gap junctions
Astrocytes and cancer cells from melanoma, lung cancer and breast cancer form gap junctions that support brain metastasis growth and contribute to their resistance to various chemotherapies by inducing key survival genes (53,54). Brain tropic cancer cells are enriched in PCDH7, which interacts with the same protocadherin in astrocytes to assemble Cx43-dependent gap junctions. Metastatic cells use these intercellular channels to transfer dsDNA and cGAMP, which are generated in high amounts in cancer cells secondary to proliferative or therapeutic stress, to astrocytes. In reactive astrocytes, cGAMP binds to STING triggering the expression of the inflammatory cytokines IFN and TNF in a TBK1/IRF3-dependent manner. Secreted cytokines activate STAT1 and NF-κB pathways in brain metastatic cells that, which increase their resistance to chemotherapy (55). The use of the gap junction inhibitors tonabersat or meclofenamate sensitizes brain metastasis to chemotherapy.

Extracellular vesicles
The high secretory nature of reactive astrocytes includes the production of extracellular vesicles. Reactive astrocytes-derived exosomes contain miRNAs that are incorporated by tumor cells. miRNAs contained in the miR-17~92 cluster epigenetically downregulate PTEN expression in brain metastatic cells, leading to a deregulation of NF-B that increases the secretion of CCL2. Cancer cell-derived CCL2 recruits Iba1+- myeloid cells, which promotes proliferation and reduce apoptosis of metastatic cells (56).

Are reactive astrocytes only pro-metastatic?

Reactive astrocytes can also play an anti-tumor role effectively compromising the viability of breast and lung cancer brain metastasis initiating cells (4) (Figure 2). Plasminogen-activator (PA) secreted by reactive astrocytes surrounding micrometastasis converts neuronal-derived plasminogen into plasmin. Plasmin is lethal to cancer cells not adapted to this microenvironment by its action on solubilizing FASL, which acts as a paracrine death signal for cancer cells, and inactivating L1CAM, a cell adhesion molecule required for vascular co-option of cancer cells (see “Molecular regulation of vascular co-option”). Serpins, especially neuroserpin and serpin B2, expressed in some metastatic cells allow them to block astrocyte-derived PA, thus protecting cancer cells from plasmin-mediated death (4). 

Evidences of reactive astrocyte heterogeneity

Astrocyte heterogeneity is not merely restricted to the functional aspects discussed above, but also to different molecular profiles. For instance, nestin is only present in some reactive astrocytes in the vicinity of brain metastatic cells (18). Similarly, PDGFR+ reactive astrocytes were found intermingle with PDGFR- ones in breast cancer brain metastasis (57). The importance of dissecting astrocyte heterogeneity to understand the biology of brain metastasis has been confirmed by the transcription factor STAT3. STAT3 is present in a subpopulation of brain metastasis-associated reactive astrocytes from different primary origins. This subpopulation of reactive astrocytes is key for the viability of metastasis in experimental models and in patients (58). Drugs targeting subpopulations of reactive glial cells have resulted in effective strategies to challenge brain metastases (57,58).

Macrophages

Macrophages in the brain 

Brain metastasis associated macrophages (BMAM) include those resident cells generated during embryonic stages (non-parenchymal macrophages and microglia) as well as blood-borne derived monocytes, which only enter the brain under pathological situations and generate bone-marrow derived macrophages (BMDM) (59,60). Although detailed characterization of each subtype exists (60), they have not been studied as such in most reports from the literature. Reactive microglia and macrophages frequently display an ameboid morphology (61), increased expression of F4/80, CD68 and Iba-1 and are frequently found surrounding and infiltrating metastases from lung, breast, melanoma and colorectal cancer in patients and mouse models (18,60,62–66). Differential CD45 expression levels can discriminate microglia (CD45low) from BMDM (CD45high) in mouse models but not in human brain tumors (60). Tmem119 is enriched in both human and mouse brain metastasis associated microglia while CD49D/ITGA4 is only expressed in BMDMs (60,67). Future studies will benefit from the possibility of dissecting the specific contribution of each population of BMAM to brain metastasis. 

Functional contributions of BMAM

BMAM are not only variable in numbers, ranging from 4–70% of all cells within human brain metastases (68) or 5-30% in experimental metastases from breast cancer models (69,70), but also regarding the functional contribution to metastasis. Both anti-metastatic as well as pro-metastatic functions have been described, similarly to other glial components (see “Evidences of reactive astrocyte heterogeneity”) (Figure 2 and 3).
Microglia cells surround cancer cells just after they extravasate, being one of the earliest responders to metastatic colonization (18). Such behavior might reflect the protective role of microglia also described in other brain disorders. In fact, their ability to produce nitric oxide upon stimulation with danger associated molecular patterns (DAMPs) eliminates metastatic cells in the brain (70,71). However, as reported also in other non-cancer related brain insults (72), brain macrophages can contribute to aggravate pathological conditions. Metastatic cells avoid the anti-tumor behavior of BMAM by producing NT-3, an inhibitor of microglia activation (73), which favors brain colonization (70). Pro-tumorigenic CCR2+ macrophages are attracted to tumor cells in a CCL2-dependent manner, which is produced by cancer cells with reduced PTEN levels, facilitating the growth of brain metastases in vitro, ex vivo (74) and in vivo (56).
Instead of behaving as passive brain components, BMAM could promote brain metastasis invasion by producing Wnt5a (64). Consequently, the use of Wnt pathway inhibitors could block the invasive capacity of cancer cells in the brain (64). In addition to the crosstalk from BMAM to metastatic cells, the formers alter gene expression in macrophages. Specifically, BMAM increase CXCR4 expression upon interaction with cancer cells (64). Use of AMD3100 to disrupt CXCR4 signaling in macrophages negatively impacts cancer cell-mediated invasion in brain slice organotypic cultures (75). At advanced stages of brain metastasis, BMAM use proteolytic activity of Cathepsin S (CTSS) to support brain colonization. Targeting the protease genetically or with the inhibitor VBY-999 impairs brain metastasis formation. Interestingly expression of CTSS is only enriched in BMAM at advanced stages of colonization while early on is produced by cancer cells (6). 

Identification and contribution of subpopulations of BMAM to brain metastasis

Intrinsic differences between different types of BMAM are likely to be important to understand the variety of behaviors reported. Although limited, studies that have addressed this heterogeneity have noticed important aspects. Non-parenchymal BMAM that are located in the meninges are less sensitive to be reprogrammed into pro-tumor cells in comparison with those located within the brain parenchyma when both are under the influence of metastatic cells. Furthermore, flow cytometry analysis reveals superior activation state and antigen presenting potential of the non-parenchymal BMAM (69). Consequently, the existing ties between the location of brain macrophages and their ontogeny (76) might help to dissect their phenotypic complexity in brain metastasis. In addition, the sustained growth of cancer cells during brain colonization modifies the microenvironment inducing new signaling networks. Reactive astrocytes modified by the presence of cancer cells increase their production of MIF, which promotes the expansion of the CD74+ pro-tumor BMAM. Targeting MIF-CD74 signaling with the BBB-permeable drug ibudilast impairs the growth of brain metastasis in organotypic cultures (58).  

Adaptive immune system in brain metastasis

Mechanism of immune evasion in brain metastasis

In spite of being an organ with limited lymphocyte infiltration when metastases affect the brain this situation changes. Experimental brain metastases are infiltrated by activated CD69+ or CD25+ CD8+ and CD4+ T cells, FoxP3+CD4+ regulatory T cells and NK cells as detected by immunohistochemical analysis and flow cytometry (77–80) (Figure 3). Myeloid-derived suppressor cells (MDSCs) and neutrophils also infiltrate brain metastasis lesions and interact with components of the adaptive immune system (81).
However, in spite of the presence of potential anti-tumor components, brain metastases have been reported to avoid immune attack. Initiation of the adaptive immune response involves antigen recognition. Brain metastasis cells from breast cancer and melanoma modulate the expression of components of the HLA class I antigen processing pathway to escape from CD8+ T cell recognition. In fact, spontaneous brain metastasis could be increased by targeting TAP1, a component of the HLA class I antigen processing machinery (APM), since tumor cells become less susceptible to cytotoxic-mediated lysis by T cells (82). Additional mechanisms to escape anti-tumor immunity have been described with the use of CpG oligodeoxynucleotides (ODN). The potent immunomodulatory activity of CpG ODN requires the activation of TLR9 that has to be strongly expressed by tumor cells in order to cell dead and amplify the immune response. However, TLR9 levels in brain metastatic cells from breast cancer are not sufficient to initiate this mechanism in vitro upon treatment with CpG ODN and thus metastasis in the brain are not as sensitive as cancer cells in primary tumors  (77). In addition to antigen presentation or the presence of other cell surface receptors, cancer cells modify the local brain microenvironment to impair anti-tumor adaptive immunity. Activation of the transcription factor STAT3 in reactive astrocytes induced by the metastatic cell secretome drives a paracrine mechanism by which PD-L1 expression but also secretion of molecules with immunosuppressive properties as well as components of the extracellular matrix (ECM) would be responsible for decreasing the activation state and cytotoxic activity of CD8+ T lymphocytes surrounding established brain metastases (58). 

Experimental immunotherapies in brain metastasis

Immune checkpoint inhibitors
The immune system can be used to challenge the viability of metastatic cells in the brain of experimental models. Neutralizing antibodies targeting the immune checkpoint T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1) are effective against melanoma brain metastasis. In order to achieve therapeutic benefit in the brain the presence of concurrent extracranial disease is required. PD-1/CTLA-4 blockade increases T cells infiltration in the brain after a systemic expansion of CD44+CD62L- effector CD8+ T cells. Extracranial disease is needed to induce ICAM-1/VCAM-1 expression on brain capillaries to allow efficient extravasation through the BBB of incoming CD8+ T cells (83). In a mouse model of osteosarcoma brain metastasis combined treatment of radiotherapy applied to the primary tumor and anti-PD-1 immune checkpoint blockade produces a strong systemic anti-tumor response. Increased numbers of CD4+ and CD8+ T cells and decreased MDSCs in peripheral blood are sufficient to reduce tumor burden in the brain (78). Combination of locally applied radiation with anti-PD-1 antibody also increases CD4+ and CD8+ T cell infiltration in the brain but also reduces regulatory T cells in the metastatic lesions (78).

Vaccines
In vitro irradiated B16 murine melanoma engineered to produce GM-CSF could be used as a vaccine when implanted subcutaneously in mice. Even if brain tumors are already established, the enhanced effector response induced on CD8+ T cells is sufficient to prolong mice survival (79). Similarly, vaccines based on lyophilized High Five insect cells engineered to produce IFN confers tumor specific immune protection mediated by CD4+ and CD8+ T cells that home into the brain targeting melanoma brain metastasis (80).

Viruses
A retroviral replicating vector encoding cytosine deaminase and 5-FC induces systemic anti-tumor immunity by stimulating immune memory and decreasing MDSCs. When applied to a colorectal cancer brain metastasis model, this immune-based strategy increased mice survival (81). Adenoviruses can also be used to transduce dendritic cells to express specific tumor antigens. The melanoma-associated antigen MART-l effectively activates cytotoxic T lymphocytes that target melanoma brain metastasis (84).

CAR T cells
Chimeric antigen receptor–engineered T cells against HER2 (HER2-CAR T cells) delivered in the brain have a strong in vivo antitumor activity in orthotopically implanted breast cancer xenografts. When administered in the cerebral ventricles, HER2-CAR T cells are able to target multiple metastatic foci in the brain parenchyma as well as leptomeningeal deposits. Optimal CAR T cell responses against brain metastasis requires different co-stimulatory signaling domains. The 4-1 BB co-stimulatory domain is more effective than the CD28 domain since it achieves superior T cells cytolytic activity, limits T-cell exhaustion and promotes T cell proliferation (85). In addition to local delivery strategies, CAR T cells engineered with an enhanced CD6 receptor to cancer-associated ALCAM+ brain endothelium improves homing and achieves longer survival rates of treated mice with brain tumors (86).
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