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Abstract 51 

 52 

Despite multimodal treatment and improved knowledge of tumor biology, malignant brain 53 

tumors are still associated with low survival rates or severe long-term sequelae. As opposed to 54 

other cancers, the limited progress in the development of immunotherapies relates in part to the 55 

difficulties of an accurate reproduction of the specificities of the brain microenvironment with 56 

current preclinical models. Once thought to be characterized by a very limited immune 57 

response, the central nervous system is now referred to as an immunologically distinct rather 58 

than “privileged” site. The cellular interactions among microglia (the main brain resident 59 

macrophage population), recruited tumor-associated macrophages, stromal cells, glial cells, 60 

neurons and cancer cells and their implication in tumor growth or behavior are starting to be 61 

documented, but there are many questions that current models have not answered yet. The role 62 

of the blood-brain barrier as well as the impact of the different components of the extracellular 63 

matrix are also crucial points to consider in brain cancer development. Another layer of 64 

complexity has to be added because tumor microenvironment is influenced by the tumor type 65 

or even by the tumor molecular subtype as well as the spatial heterogeneity inside the tumor. 66 

Here, we focus on brain microenvironment features elicited by the impact of tumor biology. 67 

Furthermore, we discuss the limits of current preclinical models, and how complementary 68 

models, such as humanized animals and organoids, will allow further investigations on the 69 

mechanisms related to cancer development as well as more efficient drug testing in order to 70 

build new treatment strategies including immunotherapy for brain cancers in the near future. 71 

 72 

 73 

 74 

  75 
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Introduction  76 

 77 

Brain tumors have proved challenging to treat, mainly because of their anatomical and 78 

biological characteristics. The most widely used classification and grading of brain tumors is 79 

that of the World Health Organization (WHO)(1) (see Figure 1 for a simplified summary). 80 

Primary brain tumors are significantly different in children and in adults in terms of incidence, 81 

histology, biology and prognosis(2). The majority of primary brain tumors in adults are high-82 

grade gliomas (HGGs) or meningioma, mainly occurring in the cerebral cortex, and often 83 

associated to high mortality rates(2). Embryonal tumors, e.g. medulloblastoma, followed by 84 

low-grade gliomas (LGG) are the most frequent brain tumors in children. They are usually 85 

associated with good overall survival rates, although severe long term sequelae have been 86 

described for long term survivors(3). In children, HGGs are biologically different from those 87 

seen in adults, but also characterized by low survival rates, some being currently considered as 88 

incurable like diffuse midline glioma (DMG) associated with Histone 3(H3) K27M mutation.  89 

 90 

Their localization often hampers complete surgery, and tumor exposure to systemic treatments 91 

might be reduced by the blood-tumor barrier (BTB) which can be different from the normal 92 

blood-brain barrier (BBB). Furthermore, brain tumors have very specific microenvironmental 93 

features associated with complex developmental characteristics. As a whole, these features may 94 

explain the dismal results of otherwise commonly used conventional anticancer treatments. 95 

Indeed, the success rate of new therapies in brain tumors is the lowest among major 96 

pathologies(4), and most of the time associated with only a slight increase in survival. 97 

Nevertheless, for specific entities, often driven by a single molecular alteration, spectacular 98 

responses have been observed creating new and more ambitious expectations. This is the case 99 

of effective therapies with mutation-specific small molecule inhibitors in the treatment of BRAF 100 

V600E mutated gliomas(5), or targeting NTRK fusions(6), which have been found at significant 101 

frequencies in central nervous system (CNS) tumors. 102 

 103 

Several studies have underlined the major role of the immune system and tumor 104 

microenvironment (TME) over the entire process of cancer development. Results of 105 

immunotherapies have been less impressive for brain tumors than for other tumor types. Of 106 

note, the primary brain tumors that are the most sensitive to immune checkpoint inhibition are 107 

the ones associated with constitutional mismatch repair deficiency (CMMRD)(7,8). CMMRD 108 

is a cancer predisposition syndrome resulting from biallelic germline mutations in mismatch 109 

repair genes, and it is characterized by high mutation and neoantigen loads, thus likely 110 

explaining the susceptibility to T-cell-related immunotherapies. 111 

 112 

The unique BBB/BTB that may restrict the access to the tumor site to immune cells, the specific 113 

features of the extracellular matrix (ECM), the resident microglia and the overall 114 

immunosuppressive microenvironment, likely play a major role in brain cancer development 115 

and progression, and might also explain the scarce response of brain tumors to common 116 

treatments including immunotherapies. The comprehension of their spatial-related features and 117 

tumor-promoting roles, through the use of relevant preclinical models, is essential for the 118 

identification of potential new therapeutic targets. 119 

 120 

This review will first summarize our knowledge about the different components of the TME 121 

and how they may be targeted, then revisit the current existing types of preclinical models, and 122 

finally propose more pertinent alternatives to explore specific areas of the interaction of brain 123 

tumors in their complex stroma. 124 

 125 
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Blood-brain barrier and tumor vascularity  126 

 127 

The BBB is a specialized structure composed of endothelial cells connected by tight junctions 128 

(TJs), surrounded by a specialized basal lamina that is shared with pericytes and astrocytic foot 129 

processes. Those elements are sparsely interconnected by neuronal endings and microglia, 130 

which can contribute to regulate and maintain the BBB integrity in case of injuries(9). The BBB 131 

is a selective barrier between the cerebral parenchyma and the systemic circulation and its 132 

function is to maintain brain homeostasis by protecting the brain from infection and toxic 133 

molecules; however, in cancer treatment, it represents a major obstacle for the delivery of many 134 

therapeutic agents. The BBB also limits the entry of immune cells and immune mediators into 135 

the CNS supporting the concept of immune privileged brain(10). 136 

 137 

The importance of a healthy BBB for brain development and functioning is clearly stressed by 138 

the examples of rare human monogenic neurological disorders characterized by a genetic defect 139 

in BBB-associated cells, highlighting a link between BBB dysfunction and neurodegeneration. 140 

Mutations in the genes encoding TJ proteins, such as occludin and junctional adhesion 141 

molecule-C, are responsible for altered brain growth, intracranial hemorrhage and calcifications 142 

as well as abnormal gyration(11,12). Several BBB alterations have also been observed in many 143 

sporadic neurodegenerative disorders, such as Alzheimer’s disease (AD), Parkinson’s disease 144 

(PD), Huntington’s disease (HD), multiple sclerosis (MS) and amyotrophic lateral sclerosis 145 

(ALS)(13).  146 

 147 

During cancer development, the Blood-Tumor-Barrier (BTB), characterized by reduced 148 

junctional proteins, aberrant pericyte distribution and scarce astrocyte foot processes and 149 

neuronal connections, allows the leakage of blood components and cells, aberrant transport and 150 

clearance of molecules into the brain parenchyma, including contrast agents, and conversely 151 

leakage of brain tumor components such as DNA or microRNA(14,15). This is responsible for 152 

higher drug penetration, for the leakage of T cell subpopulations and peripheral monocytes 153 

found in the TME of some brain cancer types, and, indirectly, for the detection of circulating 154 

brain tumor markers (e.g. tumor cell-free DNA from gliomas or even tumor cells in 155 

medulloblastomas)(16). As brain tumors progress, the tumor vasculature becomes increasingly 156 

heterogeneous, with different features in the tumor core when compared with the periphery and 157 

the brain parenchyma, and the blood vessel supply is increased through the co-option of existing 158 

vessels and creating new ones (angiogenesis), hypoxia being the main trigger for this 159 

phenomenon(17,18).  160 

 161 

Interestingly, BTB structure varies according to cancer types, and, within the same histology, 162 

according to molecular features, as shown for pediatric medulloblastoma(19) (Figure 2). The 163 

extensively fenestrated BTB that characterizes Wingless-related integration site (WNT)-driven 164 

medulloblastomas might be one of the reasons explaining higher levels of accumulated 165 

chemotherapeutic agents into the tumor, associated with better response rates of this disease. In 166 

contrast, the Sonic hedgehog (SHH)-driven subtype presents an intact BTB and poorer 167 

penetration of fluorescent dextrans. The identification of these differences in the BTB structure 168 

among different medulloblastoma subtypes has important consequences for the choice of 169 

existing therapeutics, and for the design of new strategies. Indeed, in WNT-driven 170 

medulloblastomas, the use of larger molecules and/or small-molecule inhibitors with usually 171 

limited BBB penetration might be considered, as well as immunotherapeutic approaches with 172 

the purpose of increasing the trafficking of immune cells into the brain and modulate those 173 

already present in the TME. These alternative treatments would aim to reduce long-term side 174 

effects of current treatment, for example by decreasing radiotherapy doses at the expense of 175 
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less toxic but equally effective chemotherapies. At the same time, applying treatments capable 176 

of transiently disrupting the BBB in non-WNT-driven medulloblastoma and other brain 177 

cancers, therefore increasing their vessel patency and porosity, might be necessary to improve 178 

drug delivery(20,21).  179 

 180 

In glioblastoma, neoangiogenesis is a hallmark feature of the primary tumor, often associated 181 

with BTB disruption in the tumor core(17,22). This latter is mainly due to reduced TJs, non-182 

uniform pericyte vessel coverage and glioma stem cell-derived pericytes(23), which often cause 183 

an increased interstitial and intracranial fluid pressure responsible for symptomatic edema. 184 

Several groups have shown that glioma stem cells, mostly refractory to cancer treatments, are 185 

mainly observed in perivascular, hypoxic and invasive niches(24,25). In these niches, 186 

endothelial cells secrete factors, such as nitric oxide, that maintain the tumor stem cell initial 187 

pool. Perivascular glioma cells are also known to disrupt the normal interactions between 188 

astrocytes and endothelium by physically displacing or eliminating the astrocytic endfoot, thus 189 

creating a local breach of the BTB(26). The astrocyte-mediated gliovascular coupling is 190 

compromised while glioma cells actively regulate the vessel tone. Indeed, glioma cells might 191 

induce vasoconstriction to increase the perivascular space and facilitate perivascular invasion, 192 

or shunt additional blood towards the growing satellite tumors cells(26). In contrast, the 193 

invasion front of the glioma is often not hypervascular and has an intact BBB. A prototypic 194 

tumor in this regard is DMG, which is extremely invasive and has an overall intact vascular 195 

structure at diagnosis. Tumors frequently do not significantly enhance after contrast agent 196 

injection, except for zones near the tumor core, where hypoxic/necrotic areas are surrounded 197 

by ring contrast enhancing parts were the BTB is disrupted. Interestingly, increased 198 

enhancement is often observed after radiation therapy, which is likely associated with BBB 199 

disruption and could represent a better window for otherwise poorly brain-penetrating 200 

agents(14).  201 

 202 

Finally, disruption of the BBB has also been shown to result in fibrinogen deposition into the 203 

parenchyma in neuroinflammatory and neurodegeneration models, which can alter astrocyte, 204 

microglia, and oligodendroglia function(27–29). It is likely that fibrinogen and other blood-205 

derived molecules might also affect the TME and the immune landscape, and the impact of 206 

fibrin-targeting immunotherapies should be evaluated in brain cancer treatment(27,30). 207 

 208 

Taken together, these observations emphasize the importance of the heterogenous relationships 209 

between the different components of the BBB and malignant cells in brain cancer. It is of major 210 

importance to precisely understand the mechanisms underlining these specific interactions in 211 

order to tailor the use of vascular-targeted therapies and increase drug delivery systems. 212 

 213 

 214 

Extracellular matrix  215 

 216 

The ECM represents 20% of the adult brain mass, and it is mainly composed of 217 

glycosaminoglycans (GAGs), including hyaluronic acid (HA), proteoglycans such as lecticans 218 

and glycoproteins such as tenascin. Fibrous proteins, such as fibrillary collagen and basement 219 

membranes, which are predominant in the ECM of the majority of peripheral soft tissues, are 220 

restricted to the vasculature and meninges in the brain. The non-fibrillar nature of the brain 221 

ECM contributes to its viscoelastic nature responsible for the high compliance of this 222 

organ(31,32).  223 

 224 
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As a reflection of the unique ECM composition, the brain has specific mechanical properties 225 

that influence the embryogenesis, neural stem cell (NSC) and oligodendrocyte progenitor cell 226 

(OPC) behavior, homeostasis, and disease development. In the developing brain, cellular 227 

movements and organizational changes are instrumental during embryogenesis and as the 228 

primitive nervous system forms, requiring spatio-temporally regulated mechanosensitive 229 

pathways. In in vivo models, the disruption of ECM, ECM receptors or mechanosignaling 230 

proteins in neural cells dramatically affects early brain development, thus confirming that 231 

mechanical signals shape the developing brain throughout morphogenesis, by controlling cell 232 

organization and regulating cell behavior(33,34). ECM components might directly regulate 233 

growth factor binding, and affect stem cell properties by modulating cell adhesion, ligand 234 

accessibility, and biophysical properties(35). For instance, the stiffness seems to play a role in 235 

cell fate, notably influencing functionality, growth and migration of individual neuronal 236 

subtypes and OPC proliferation and differentiation in the aging CNS (36–38). In the developed 237 

brain, recent findings also demonstrate a correlation between ECM composition and the onset 238 

and/or progression of neurodegenerative diseases, such as AD and PD(39). Defining the 239 

mechanical microenvironment of these niches and understanding their contribution to cell 240 

behavior will enhance the ability to generate more accurate in vitro culture conditions to 241 

optimize lineage-specific differentiation of distinct CNS cell types. Considering the age-242 

dependent change in brain ECM, with the CNS stiffness increasing over time(38), it is important 243 

to take into account that modeling pediatric gliomas might entail mimicking a different TME 244 

compared to adult gliomas.  245 

 246 

Little is known about the impact of ECM on the regulation of tumor cell niche, angiogenesis, 247 

and invasion in brain tumors. Increased production of heparan sulfate proteoglycans as well as 248 

an upregulation of tenascin C (TNC) and periostin have been observed in gliomas(40) and 249 

posterior fossa ependymomas(41). These macromolecules, mainly concentrated in NSC or 250 

vascular niches, promote cancer cell survival and angiogenesis(42,43). In gliomas, while high 251 

concentrations of TNC in tumor-associated blood vessels seem to prevent T cell transmigration 252 

into the brain parenchyma, periostin, also secreted by glioma stem cells, promotes the 253 

recruitment of tumor-associated macrophages (TAMs) in the TME, thus contributing to 254 

immune suppression in brain tumors(44,45). In malignant gliomas, TNC-targeting agents (e.g. 255 

murine or human anti-TNC monoclonal antibodies, TNC-targeting peptides, RNA interference) 256 

and periostin neutralization or knockdown were associated with reduced tumor growth in vitro 257 

and in vivo, thus highlighting the therapeutic relevance for further exploring ECM-targeting 258 

molecules in brain cancer (46,47).  259 

  260 

Furthermore, ECM stiffness was directly correlated with poor prognosis in gliomas by 261 

mechanical testing of fresh biopsies, and it was shown that brain ECM stiffness relates to 262 

increasing tumor grade(48). Additionally, the degree of ECM stiffness has been linked with the 263 

isocitrate dehydrogenase-1 (IDH1) status, which, whenever mutated, is associated with better 264 

patient prognosis(48). Gliomas with wild-type IDH1 had a higher degree of stiffness, regardless 265 

of the tumor grade, while the rare glioblastomas with the mutant form of IDH1 exhibited a 266 

stiffness similar to that of the average low-grade gliomas(49)(Figure 2). This can be explained 267 

by the fact that glioblastomas with wild-type IDH1 usually present a necrotic core, with 268 

abnormal vascular structures, which is responsible for an increased signaling through the 269 

hypoxia-inducible factor-1α, followed by an upregulation of the expression of TNC and 270 

HA(48).  271 

 272 

Moreover, during glioma progression, elevated hypoxia levels and the alterations in ECM 273 

components can induce neoangiogenesis, which further disrupts the tumor vessels with fluid 274 
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leakage and increased tissular interstitial pressure. This elevated pressure together with ECM 275 

stiffness has been shown to induce cell migration in glioblastoma through the activation of 276 

chemokine receptors, by facilitating the binding between CD44 and hyaluronic acid, and of 277 

integrins to their ECM substrates(50). Transcriptional changes in cancer cells have also been 278 

described, towards an epithelial–mesenchymal transition phenotype, thus positively influencing 279 

tumor invasion and progression(51).  280 

 281 

A closer examination of those mechanisms responsible for transcriptional changes and ECM 282 

remodeling that enhance tumor invasion should provide critical insights and potentially novel 283 

therapeutic targets, especially in invasive gliomas. 284 

 285 

 286 

Immune microenvironment in the CNS and its targets 287 

 288 

Normal and non-tumorous pathologic brain 289 

 290 

Historically, the CNS was believed to allow very limited immune response(52,53). This 291 

paradigm has been recently partially challenged by the discovery of functional lymphatic 292 

vessels in the meninges, the identification of various types of antigen-presenting cells (APCs) 293 

and T cells entry through the BBB as well as immunologically relevant populations of immune 294 

cells including macrophages residing in the meninges(54–56). Alternative cerebral infiltration 295 

routes for immune cells include the meninges and the choroid plexus(57). Based on these 296 

observations, it was proposed to refer to the brain as an immunologically distinct rather than 297 

“privileged” site. 298 

 299 

The use of single-cell RNA-sequencing (scRNA-seq) and high dimensional flow cytometry, in 300 

parallel with genetic fate mapping systems, paved the way to a better evaluation of the 301 

complexity of CNS immune populations, with the identification of the specificity of each 302 

region, from those excluded from systemic immune surveillance (i.e. parenchyma) to those at 303 

the border with the periphery, such as meninges and choroid plexus(58,59). Lymphoid cells, 304 

such as B- and T-cells as well as innate lymphoid cells, natural killer and natural killer T cells, 305 

may be found within the cerebrospinal fluid of the meninges, choroid plexus and the ventricles, 306 

while being absent from the brain parenchyma(60).  307 

 308 

A unique and major aspect of the brain immune environment is its population of resident 309 

myeloid cells. At homeostasis, this population is composed almost entirely of microglia, which 310 

are the brain’s equivalent of tissue-resident macrophages, by far the largest population of 311 

immune cells in the CNS, representing 5-15% of adult brain cells(61). Other CNS macrophages 312 

include the ones that reside specifically in the meninges, in the choroid plexus or perivascular 313 

macrophages associated with blood vessels, and have been called altogether “border-associated 314 

myeloid cells” (BAMs)(62). scRNA-seq and mass cytometry have recently shown that 315 

microglia and BAMs have different gene expression signatures, with BAMs being 316 

characterized by high CD38 and major histocompatibility complex II (MHC-II), thus 317 

supporting their role as APCs(59). Finally, Ly6Chi and Ly6Clow monocytes as well as dendritic 318 

cells (DCs) complete the myeloid compartment of the CNS, mainly in the meninges and the 319 

choroid plexus(63). Lastly, an inflammatory brain environment might be responsible for the 320 

recruitment of blood circulating monocytes that will give rise to a transient population of 321 

inflammatory macrophages that will reside at the site of inflammation and adopt properties 322 

specific to the challenge encountered(64). 323 

 324 
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In mice, microglia arise from yolk sac myeloid progenitors that populate the brain during 325 

embryogenesis before the establishment of the BBB, and are maintained through self-renewal 326 

capacity without the replacement of circulating monocytes at steady-state(65). After invading 327 

the brain parenchyma, these cells acquire a ramified phenotype, mainly under the regulation of 328 

transforming growth factor-β (TGF-β), CSF-2, CSF-1R, and its ligands interleukin (IL)34 and 329 

CSF-1, through mechanisms involved in migration and differentiation which have not been 330 

clarified yet(66,67). Microglia develop in close proximity with neural progenitors, neurons, and 331 

other glial cells from early embryonic stages, and they have a major role in CNS development 332 

and tissue homeostasis, such as synaptic pruning, interneuron positioning and the regulation of 333 

neuronal activity(68,69). During embryogenesis, microglia regulate the neuronal cell number, 334 

by phagocytosing progenitor cells and promoting apoptosis of differentiated cells, and 335 

migration(70). Before and after birth, they also promote outgrowth or fasciculation of axonal 336 

tracts, thus participating at the emergence of connectivity, while after birth, they regulate cell 337 

survival in the somatosensory cortex, oligodendrocyte precursors and myelination through the 338 

release of the insulin-like growth factor-1 (IGF-1), and are involved in the development of 339 

excitatory synapses in the neocortex. Moreover, in later stages of differentiation, they exert key 340 

functions in immune surveillance, although, compared to other myeloid cells, they show lower 341 

antigen-presenting capacity(59,71).   342 

 343 

Microglia’s morphology and molecular signatures are quite dynamic, depending on different 344 

stimuli from the local microenvironment. Microglia, multiple subsets of BAMs and DCs might 345 

coexist in the CNS at steady-state and exhibit specific phenotypic and transcriptional 346 

transformations during normal processes of aging, as well as in models of neurodegenerative 347 

and neuroinflammatory disorders, such as AD, PD, MS, and various autoimmune 348 

pathologies(70,72,73). During aging or neurodegeneration, from a resting state microglia 349 

acquire a specific phenotype characterized by thicker, less ramified and motile processes, 350 

exhibiting a reduced coverage area in the brain parenchyma, as documented by several studies 351 

in mice and humans(74). This activated phenotype is characterized by the increased production 352 

of pro-inflammatory cytokines, such as TNF-α, IL-1β, and IL-6(75). In Alzheimer’s disease, 353 

microglia accumulate near amyloid-beta (Aβ) plaques and might be responsible for an enhanced 354 

neurotoxicity(76). This pro-inflammatory phenotype might also cause a progressive decrease 355 

in microglial process complexity, which, through microglia phagocytosing of dying neurons’ 356 

debris, is critical to reduce plaque formation, thus impairing the clearance of Aβ oligomers, the 357 

synaptic network and the neuronal repair processes(76–78). 358 

 359 

Immune microenvironment in brain tumors 360 

 361 

In patients with brain cancers, the BBB, damaged by the inflammatory stimuli and likely by the 362 

anti-tumor treatment such as surgery and/or radiotherapy, and often characterized by abnormal 363 

vascular sprouting, might allow an influx in the CNS of circulating myeloid and lymphoid cells, 364 

usually absent in the brain parenchyma. The predominant cell types of this TME, in both adult 365 

and pediatric brain tumors, are the tumor-associated macrophages (TAMs), originating from 366 

circulating monocytes in those tumors with a disrupted BTB, and with a minor proportion being 367 

microglia-derived (71,79). Macrophages can be localized to distinct locations following their 368 

recruitment into the tumor. They can be localized to the advancing tip where they have a role 369 

in tumor cell motility, they can be localized to perivascular niches promoting metastasis, or to 370 

perinecrotic areas where they are involved in angiogenesis(80). 371 

 372 

Recently, lineage tracing approaches and the discovery of specific markers significantly 373 

contributed to the discrimination of cell type specific functions between microglia and TAMs 374 
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during disease progression(71,81). Interestingly, in both mouse and human tissue models, the 375 

presence of TAMs was associated with stage, tumor progression, and lower survival(81,82). 376 

This may be due to the fact that, when stimulated and reprogrammed by cancer cells, TAMs 377 

are able to secrete immunosuppressive cytokines, including TGF-β and IL-10(83,84). Tumor 378 

cells may also produce indolamine 2,3-dioxygenase (IDO), which stimulates the accumulation 379 

of regulatory T cells and suppresses T cell activity by depleting tryptophan from the TME(85). 380 

Finally, both microglia and TAMs may produce arginase, which, through the depletion of 381 

arginine levels, further inhibits T cell proliferation and function in brain tissue(86). This 382 

immunosuppression is particularly well documented in the glioblastoma 383 

microenvironment(87,88), but can also be found in other brain tumors. For example, 384 

glioblastoma cells are capable of activating the aryl hydrocarbon receptor (AHR) in TAMs, 385 

which promotes CCR2 and KLF4 expression, as well as NF-kB suppression. AHR can also 386 

increase the expression of CD39 in TAMs, which is responsible for CD8+ T cell dysfunction. 387 

High expression of both AHR and CD39 has been displayed in malignant gliomas and are 388 

associated with poor prognosis, thus becoming two interesting potential therapeutic targets(89). 389 

Gliomas cells have also been shown to prevent pro-inflammatory polarization of myeloid cells 390 

via CD74 activation through the secretion of the cytokine macrophage migration inhibitory 391 

factor (MIF), which is responsible for the inhibition of IFNγ secretion by myeloid cells(90). 392 

Notably, the inhibition of the MIF-CD74 signaling through neutralizing antibodies or small 393 

interfering RNA was associated with prolonged survival in mouse models, as well as the CSF1-394 

R blockade which was able to alter TAMs polarization and blocked glioma progression(90,91). 395 

Mechanisms of immune evasion has also been well described in p53-mutant medulloblastoma, 396 

in which p53 negatively regulates the expression of the peptide transporter Tap1 and the 397 

aminopeptidase Erap1, which results in the lack of MHC-I expression(92).  398 

 399 

An important heterogeneity of the TME has been reported across different histological tumor 400 

entities and even within the same histological groups (Figure 2). Among the four main subtypes 401 

of glioblastoma, proneural (PN), neural (N), classical (CL) and mesenchymal (MES), defined 402 

by their transcriptional profiles(93), a significantly higher percentage of TAMs and microglia 403 

has been described in mesenchymal glioblastomas, followed by a higher percentage of tumor 404 

infiltrating microglia in the neural group over the classical and proneural subtypes(87). It should 405 

also be emphasized that these phenotypes can be simultaneously present in a given tumor due 406 

to intratumoral heterogeneity, mesenchymal phenotype being more frequent at the tumor 407 

margin while classical phenotype being more frequent in the core of the tumor. Indeed, single 408 

-cell analyses performed in human glioblastoma and other brain tumors showed that myeloid 409 

cells, mainly microglia and macrophages, are greatly heterogeneous in the TME, with different 410 

spatial localization and phenotype(94–96). In glioblastoma, TAMs and microglia preferentially 411 

occupy the tumor and peritumoral spaces, respectively. More pro-inflammatory markers were 412 

expressed in the tumor periphery (e.g. IL1A/B), while more anti-inflammatory (e.g. IL1RN, 413 

TGFBI) and pro-angiogenic (e.g. VEGFA) factors were expressed in the tumor core, those latter 414 

having a crucial role in enhancing tumor growth, and dissemination via suppression of 415 

inflammation, and promoting angiogenesis and extracellular matrix (ECM) remodeling. 416 

 417 

Lymphocyte infiltration, which generally constitutes a very low percentage of the total cell 418 

number in the glioblastomas, is more important in the mesenchymal subtype. The mesenchymal 419 

subtype, commonly associated with a poor prognostic outcome, is enriched in mesenchymal 420 

markers (e.g. YKL40, MET,) and co-mutation of the Neurofibromin 1 (NF1) and PTEN genes, 421 

and tends to have the highest immune cell content. At the contrary, classical GBM, 422 

characterized by Epidermal Growth Factor Receptor (EGFR) amplification, lack of TP53 423 

mutations, and often homozygous deletion of the Cyclin Dependent Kinase Inhibitor 2A 424 
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(CDKN2A), has lower immune cell infiltration. In comparison with adult glioblastomas, in 425 

DMG single-cell analysis (flow cytometry and RNA-sequencing) showed that the leukocytes 426 

predominantly consist of CD11b+ macrophages, with very few CD3+ T lymphocytes(97). DMG 427 

is “immune cold” as defined by a lack of CD8 immunoreactivity and an absence of T infiltrating 428 

lymphocytes (TILs), while hemispheric gliomas are more infiltrated with TILs(98). However, 429 

compared to brain metastasis (e.g. melanoma), T cells are much fewer, particularly in IDH-430 

mutated glioblastoma(96), thus mirroring the efficacy of immunotherapies with promising 431 

results in patients with melanoma and brain metastasis but with disappointing effects in T cell-432 

excluded glioblastoma(7,99,100). 433 

 434 

Bulk and single-cell RNA-sequencing analyses revealed that DMG- and adult GBM-associated 435 

microglia/macrophages both express gene programs related to ECM remodeling and 436 

angiogenesis, but in DMG they express significantly fewer inflammatory factors(97). Finally, 437 

in medulloblastoma, a mild subgroup-specific infiltration of immune cells has also been 438 

reported. SHH-driven medulloblastomas displayed stronger signatures of TAMs and T cells, 439 

while markers of cytotoxic lymphocytes were enriched in Group 4-medulloblastomas(101,102).  440 

 441 

 442 

Targeting immune cells in brain tumors? 443 

 444 

Based on these evidences and on preclinical results obtained in mouse models, multiple 445 

approaches have been tested to either reduce the infiltration of TAMs or shift their 446 

immunosuppressive phenotype to an immunogenic one. Note that we are deliberately avoiding 447 

to categorize macrophages and microglia in the oversimplified M1 vs M2 dichotomy that 448 

cannot reflect the complexity of the macrophage spectrum of activation that is tissue and 449 

disease-specific(103,104). These therapeutic strategies focused on molecules and pathways 450 

critical for the production, differentiation and function of microglia and macrophages, such as 451 

CSF-1 receptor (CSF-1R) and CC-chemokine ligand 2 (CCL2)–CC-chemokine receptor 2 452 

(CCR2) inhibition, CD47 blockade, and CD40 stimulation(91,105–107). Unfortunately they 453 

have achieved less promising results than expected so far(108–111). This could be due to the 454 

modest penetration of these drugs through the BBB, but it also points to the paucity of models 455 

capable to evaluate the interaction between cancer cells and TME in the CNS, and to efficiently 456 

test therapeutic drugs and combinations. Lastly, this could be due to the plastic and 457 

heterogeneous nature of macrophage populations that might be targeted and affected differently 458 

by the treatment. 459 

 460 

T-related immune-check point inhibitors have also been explored based on preclinical 461 

models(112–114), on acceptable toxicity profile and some activity in patients with brain 462 

metastasis of melanoma or non-small-cell lung cancers(99,100,115). Recent studies suggested 463 

that immune-check point inhibitors targeting the PD1/PD1 ligand 1 (PDL1) axis and/or 464 

cytotoxic T lymphocyte-associated antigen 4 (CTLA4) could have encouraging results in 465 

patients with glioblastoma(88,116,117). However, most of the trials did not show significant 466 

benefits from these treatments, with the exception of malignancies characterized by a relatively 467 

high mutational burden, likely associated with higher numbers of neoantigens, such as those 468 

gliomas secondary to chemo/radiotherapy, or with mismatch repair gene mutations(8,118). An 469 

increased response rate and improved survival have been reported with the combination of 470 

immune-check point inhibitors and radiotherapy in some adult advanced solid tumors(119). The 471 

immune modulatory effects of irradiation therapy are multiple: the induction of immunogenic 472 

cell death through the exposure of danger-associated molecular patterns followed by the 473 

recruitment of brain-resident and circulating immune cells, the increased tumor 474 
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immunogenicity by inducing the presentation of neoantigens by upregulation of MHC-I 475 

molecules, and the modulation of blood vessels(119). Another example that highlights the 476 

benefits of harnessing immune molecules in cancer treatment is based on the resistance to 477 

immune rejection of p53-mutant medulloblastoma, due to p53-related low MHC-I expression. 478 

Low doses of tumor necrosis factor (TNF) are able to rescue expression of MHC-I as well as 479 

of Erap1 and Tap1, required for MHC-I trafficking. In combination with immune checkpoint 480 

inhibitors, TNF has been associated with increased tumor response and prolonged survival in 481 

this medulloblastoma model(92).  482 

 483 

Moreover, chimeric antigen receptor (CAR) T cells have been recently used to treat brain 484 

tumors mainly targeting  EGFRvIII, human epidermal growth factor receptor 2 (HER2), IL-13 485 

receptor α2 and anti-ganglioside 2, demonstrating that the use of CAR T cells against brain 486 

tumors is feasible and might be potentially efficacious(120–122). Safety could not be explored 487 

properly since the anti-human GD2 targeting in an immunocompromised mouse does to explore 488 

the risk of damaging the numerous GD2 positive normal brain cells. Finally, therapeutic 489 

vaccination has been evaluated, with peptide vaccines targeting a single tumor antigen (e.g., 490 

EGFRvIII, IDH-R132, wilms tumor (WT1) and survivin) or with dendritic cell vaccines with 491 

multiple types of loaded antigens(123–126). Both therapeutic modalities are promising but 492 

unproven as yet, lacking, as well as for CAR T cells, stronger clinical data.  493 

 494 

 495 

Non-hematopoietic cellular microenvironment in brain cancer  496 

 497 

Neurons   498 

Neurons are also deeply involved in mechanisms promoting the growth of malignant gliomas, 499 

including adult and pediatric glioblastoma, anaplastic oligodendroglioma, and DMG. One of 500 

these mechanisms is the cleavage via the ADAM10 sheddase and the secretion of the synaptic 501 

adhesion molecule neuroligin-3 (NLGN3)(127). This molecule promotes glioma proliferation 502 

through the PI3K-mTOR pathway and upregulates several synapse-related genes in glioma 503 

cells. Noteworthy, glioblastoma and DMG growth is prevented in Nlgn3 knockout mice, and 504 

ADAM10 inhibitors are capable of blocking glioblastoma development(128).  505 

 506 

The interaction among glial cells, neurons and cancer cells is not limited to the release of 507 

paracrine factors. Transfer of genetic material has also been documented, mainly through 508 

extracellular vesicles (EVs), and exceptionally through cell fusion. EVs secreted by glioma 509 

cells are involved in several processes underlying tumor progression, such as facilitating the 510 

transport of receptors, signaling molecules, oncogenic genes, and miRNAs, and directly 511 

contributing to the modification of the TME(129,130). The glioma ability of modifying gene 512 

expression in glial cells and neurons through EVs has been demonstrated by triple transgenic 513 

nude mice models in which glioma and non-glioma cell types were labeled with fluorescent 514 

proteins, which provided a dynamic picture of their interactions during glioma 515 

development(131).  516 

Several studies have shown that increases in neuronal activity promotes glioma 517 

proliferation(127,128,132). The mechanisms involved in this vicious circle, in which glioma 518 

cells promote network hyperexcitability and these increases in neuronal activity promote tumor 519 

growth, are multiple and intricated. The EV-mediated communication may lead to the increase 520 

of synaptic activity in neurons, with the effect of further facilitating the neuron and glioma 521 

interaction(131). NRLG3 secretion by firing neurons promotes glioma growth(132). 522 

Glioma cells are able to increase the excitability of the peritumoral neuronal network also 523 

through the release of glutamate(133), and PIK3CA variants have been shown to selectively 524 
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initiate brain hyperactivity through the secretion of proteins, such as GRPC3, capable of 525 

triggering synaptogenesis during early tumorigenesis(134). Furthermore, the existence of 526 

glutamatergic neuron-glioma synapses has been shown in co-cultures of glioma stem cell and 527 

neurons, as well as in murine models. These synapses stimulate glioma invasion and growth, 528 

partially via their influence on calcium communication in tumor microtube-connected tumor 529 

cell networks(135). In breast-to-brain metastasis, cell growth is stimulated by glutamate release 530 

in the context of pseudo-tripartite synapses, with the tumor cells taking the place of astrocytes. 531 

This mechanism involves the activation of N-methyl-D-aspartate receptors (NMDARs) by 532 

glutamate ligands, and promotes colonization and metastatic tumor growth in the brain(136). 533 

Finally, non-synaptic activity-dependent potassium currents are amplified by gap junction-534 

mediated tumor interconnections, forming an electrically coupled network between neurons and 535 

cancer cells. In vivo, depolarization of glioma membranes promotes proliferation, while 536 

blocking electrochemical signaling inhibits the tumor growth and improve mouse 537 

survival(132).  538 

 539 

Astrocytes  540 

Astrocytes are specialized glial cells, and represent one of the most abundant cell types within 541 

the brain(137). In the non-neoplastic brain, they are involved in multiple functions with the 542 

main aim of protecting neurons. They build up the micro-architecture of the brain parenchyma, 543 

participate to the maintenance of the BBB, store and distribute energetic substrates to neurons, 544 

and control the development of neural cells and synaptogenesis(137). Astrocytes respond to all 545 

forms of CNS damage and disease with a variety of potential changes in gene expression, 546 

cellular structure, and function, commonly referred to as “astrogliosis”(138). Multiple 547 

activation states have been described in reactive astrocytes. They are either defined by up-548 

regulation of pathways related to antigen presentation, complement activation and, for some of 549 

them, increased neurotoxicity, or by the release of neurotrophic factors and thrombospondins, 550 

protecting neurons and synapses(139), although care should be taken again in classifying cell 551 

fates in such simple dichotomy. 552 

 553 

The role of reactive astrocytes in brain cancer has recently been explored, mainly in high-grade 554 

gliomas. A specific transcriptional program has been identified in glioblastoma-associated 555 

astrocytes, revealing similarities to fetal astrocytes. This is due to a shift towards the progenitor 556 

stage, marked by increased proliferation, Janus kinase/signal transducer and activator of 557 

transcription (JAK/STAT) pathway activation, and increased PDL-1 expression(140,141). The 558 

microglia-astrocyte cross-talk mediates transcriptional re-programming in microglia and 559 

myeloid cells towards an anti-inflammatory state, responsible for an immunosuppressive TME 560 

characterized by high concentration of IL-10 and TGF-β. The inhibition of the JAK/STAT 561 

pathway is able to establish a pro-inflammatory environment by recruiting myeloid cells within 562 

the tumor and reverting their phenotype, and reduces tumor growth(141,142). The importance 563 

of this pathway has been confirmed in the setting of brain metastases, with the induction of a 564 

pro-metastatic program driven by STAT3 in a subpopulation of reactive astrocytes surrounding 565 

metastatic lesions(143). In patients with intracranial metastases, active STAT3 in tumor-566 

associated astrocytes correlates with poor survival. In murine models, genetic targeting of 567 

STAT3 in reactive astrocytes impairs the viability of brain metastasis, regardless of the primary 568 

tumor histology(143).  569 

 570 

In human and murine models of breast and lung cancer, carcinoma-astrocyte gap junctions were 571 

displayed in case of brain metastasis. Brain metastatic cancer cells were capable of activating 572 

the STING pathway and the production of inflammatory cytokines (e.g. interferon-α, TNF) by 573 

transferring the second messenger 2’3’-cyclic GMP-AMP (cGAMP) to astrocytes. The 574 
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following activation of the STAT1 and NF-κB pathways in cancer cells supported tumor growth 575 

and resistance to treatment(144). This paracrine loop can be broken by gap junction directed 576 

therapy (e.g. tonabersat, meclofenamate), which has shown encouraging results in xenografts 577 

and immunocompetent models(144). 578 

 579 

The Cancer Genome Atlas (TCGA) dataset was explored to generate a glioblastoma-associated 580 

astrocyte signature based on RNA-sequencing data. A high “astrocyte signature score” 581 

correlated with poor prognosis, and was associated with the induction of the expression of 582 

periostin and serglycin genes in glioblastoma cells(145). In cell lines and in patient‐derived 583 

cultures, astrocytes were able to enhance glioblastoma cell growth, and the co-injection of 584 

glioblastoma cells and tumor-associated astrocytes in mouse models promoted tumor growth 585 

and was responsible for decreased survival rates, compared to the implantation of tumor cells 586 

alone or tumor cells with unconditioned glial cells(145).  587 

 588 

Finally, a recent work showed that a fraction of tumor cells could trans-differentiate into tumor 589 

associated astrocytes in a murine model of SHH-activated medulloblastoma. These astrocytes 590 

were shown to secrete interleukin-4 (IL-4), which stimulated tumor-associated microglia to 591 

produce IGF-1, supporting medulloblastoma growth(146). The description of this multicellular 592 

paracrine feedback loop highlights another way that brain tumors can shape the TME in order 593 

to favor tumor cell development, and should be explored as a possible target of future 594 

therapeutic strategies.   595 

  596 

Oligodendroglial lineage cells 597 

Much less is known about the role of oligodendrocytes in brain cancer development. Some 598 

studies report an inhibition of astrocytoma growth and proliferation by paracrine signaling via 599 

WNT inhibitory factors(147). Recent analysis of the expression profiles of microRNAs 600 

(miRNAs) showed that the three most expressed miRNA were related to oligodendrocyte 601 

differentiation. Oligodendrocyte lineage cells were increased in the border of glioblastoma, 602 

where macrophages and microglia also co-localized. OPCs and macrophages cultures 603 

conditioned medium induced stemness and chemo-radioresistance in glioblastoma cells, thus 604 

raising the hypothesis of a paracrine role of OPCs, in collaboration with macrophages and 605 

microglia, for glioma stem cell niche formation at the tumor border(148,149). Notably, OPCs, 606 

as neurons, are a major source of NLGN3, defining a role for OPCs as a key TME cell type 607 

contributing to tumor growth(128).  608 

 609 

Altogether, these findings suggest that the complex mechanisms used to hijack normal CNS 610 

development and plasticity are key features for brain cancer development and, therefore, might 611 

become potential therapeutic targets.   612 

 613 

 614 

Preclinical models to study brain tumor microenvironment  615 

 616 

Several in vitro and in vivo methods have been used to explore the underlying biological 617 

mechanisms of brain cancer development and predict the response and/or resistance of cancer 618 

cells to different treatments. However, only few of these models can be used to efficiently study 619 

the brain TME (Table 1).   620 

 621 

In vitro studies, including mouse or human-derived cell lines and primary cells such as tumor 622 

stem cells or neurosphere cultures, primary tumor spheroids, three-dimensional (3D) 623 

aggregations of several CNS cell types derived from neural progenitor cells (NPCs) without 624 
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distinctive cytoarchitecture, have been widely used to identify the genetic and epigenetic 625 

changes that contribute to tumor initiation(150,151). Over time, more than 60 cell lines were 626 

generated from brain tumors, including HGGs, DMGs, ependymoma, medulloblastoma and 627 

atypical teratoid rhabdoid tumors (ATRT)(150). While adherent cultures of brain tumor cells 628 

in serum-containing media tend to drift away from the original tumors’ genomic features or 629 

growth characteristics over time, 3D cultures of brain cancer cells as neurospheres or adherent 630 

2D cultures on laminin-coated surfaces in serum-free conditions better maintain the properties 631 

of primary tumors(152,153). Glioma stem cells can be cultured alternatively as monolayer on 632 

laminin-coated plates or as neurospheres and, once injected in immunocompromised animals, 633 

their growth and differentiation recapitulate the diversity of the initial tumor(152,154). 634 

Neurospheres better recapitulate the tumor heterogeneity in vitro because they maintain a steady 635 

state of glioma stem cells and tumor cells engaged in differentiation, thus making them an 636 

attractive choice for proliferation and differentiation studies, although their culture is far more 637 

complex than cell lines(155). However, neither cell lines nor neurospheres can appropriately 638 

mimic the interaction of cancer cells with the complex TME. Tumoroids or glioma 639 

spheroids/organoids derived directly from fresh patient tumor material can be maintained in 640 

vitro for short periods and retain transiently the tissular heterogeneity of the tumor(151). To 641 

build tumoroid models, tumor samples can be cultured as a suspension of all tumor cell types, 642 

including non-malignant cells, thus including the entire tumor microenvironment and closely 643 

resembling the in vivo situation, or as tumor stem cells, then co-cultured with autologous 644 

immune cells from the peripheral blood of the same patient, allowing long-term cultures and 645 

easier tumor expansion(156). Recent reports have confirmed the feasibility of using tumoroids 646 

for different cancer types, including glioblastoma, preserving transiently the stromal and 647 

immune microenvironment in vitro(156–161).  648 

 649 

A method that might bridge the gap between in vitro and in vivo models is based on organotypic 650 

brain slice cultures, first developed in the 1960s(162), and becoming a widely used platform to 651 

study synaptic plasticity and memory hypothesis, neurodevelopment as well as 652 

neurodegenerative diseases(163). This method provides a useful approach to evaluate the 653 

interaction between tumor and normal cells in brain malignancies. Organotypic slice cultures 654 

preserve the cytoarchitecture of brain tissue, maintain vascular cells  and allow to manipulate 655 

and observe directly in the culture dish(164,165). Rodent (rat and mice) normal brain or bearing 656 

pre-existing tumor as well as transgenic mice are more broadly used(162,166). Glioma stem 657 

cells (GSCs) or tumor spheroids have been co-cultured with the brain slices, and their behaviors 658 

are studied over weeks, including mechanisms of infiltration and migration, permitting tracking 659 

GSC behavior and their interaction with brain tissue and TME(167). Tumor cells can be injected 660 

in a spatially restricted manner, thus enabling the study of specific brain regions. Live-cell 661 

imaging can also be performed, which is extremely useful to study the pattern of tumor cells 662 

migration (e.g. using both neuronal tracts and blood vessels as a substrate and guide for 663 

glioblastoma cells)(168,169), and potentially track the cell lineage reporters. Epifluorescence 664 

may need to be enhanced by tissue clearing(166). Another advantage of this model is that 665 

multiple brain slices can be generated from one animal, which ensure uniformity while 666 

investigating several conditions, and also reducing the number of required animals. The main 667 

limitation of this method is the short duration of viable cultures, which is usually no longer than 668 

3 weeks, which could be problematic to study those slower growing human GSC and to test 669 

drug response Also, the absence of blood flow impedes the study of the recruitment of immune 670 

circulating cells. Furthermore, the slice procedure itself triggers cell death and microglial 671 

activation. Yet, it is possible to explore the interaction between microglia and tumor cells deeper 672 

into the slice, where such modifications are not observed(167).  673 

 674 
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For in vivo studies, the most common model for brain cancer research is the mouse. The main 675 

variations of murine models used in brain cancer studies are orthotopic xenografts of cell lines, 676 

Patient-Derived Xenografts (PDXs) and Genetically Engineered Mice Models 677 

(GEMMs)(150,170). Orthotopic transplantation of cultured stem cells, patient-derived fresh 678 

tissue, isolated cell suspensions, or neurospheres into the immunodeficient mouse brain using 679 

stereotaxic surgery is considered as the ‘gold standard’ method to test tumor development and 680 

treatment efficacy(171). Different mouse strains are available, each with its lifespan, tumor 681 

engraftment success rate, and sensitivity for chemotherapy and/or radiotherapy(171). In 682 

xenografts, histological features, tumor heterogeneity and key molecular characteristics of the 683 

primary human cancer are, at least partially, maintained. Although cell line-derived xenografts 684 

grow usually quicker than PDXs, both models are complex, time consuming and quite 685 

expensive. The use of immunocompromised mice, chosen to ensure a successful tumor 686 

engraftment, has the disadvantages of altered tumor immunology and natural 687 

microenvironment, thus limiting both the evaluation of the interaction between cancer cells and 688 

murine immune microenvironment and the testing of novel immunotherapeutic strategies. A 689 

recent complementary in vivo model exploited the ‘‘immune-privileged’’ developmental time 690 

window by injecting human glioblastoma cells into the telencephalic ventricle of wild-type 691 

mouse embryos(172). These PDX developed tumors exhibiting complex TME such as 692 

functional vasculature, and host immune cell infiltration, and those characteristics persisted in 693 

postnatal brains of immune-competent mice. However, differences among mouse strains on 694 

murine immune system’s features need to be taken into account. In fact, nude mice cannot 695 

generate mature lymphocytes but myeloid cells, including microglia, can be at least partially 696 

studied, although lacking the interaction with the adaptive immune players. The NSG (NOD 697 

scid gamma) mouse is the most severely immunodeficient mouse strain, although microglia are 698 

still present, with absent mature lymphocytes and defective myeloid cell maturation(173), thus 699 

further limiting their use for research on brain TME in standard PDX models.   700 

 701 

Humanized-xenograft models, from immunocompromised mice that could receive human bone 702 

marrow transplantation to reconstitute the immune system, might provide a more realistic tumor 703 

immune microenvironment (TIME) and could be used for prediction of response to 704 

immunotherapies(170). Ideally, the humanized mice would have the same immune system from 705 

which the PDX was derived. However, it is very difficult to obtain CD34+ cells from the same 706 

patient, and, therefore, an allogeneic immune approach is usually used. Despite their 707 

particularly high costs and technical complexity characterized by an intrinsic risk of xenogeneic 708 

graft-versus-host responses, they are a step closer to recapitulating human cancers in animals. 709 

In brain tumor research, no result has been reported with such models so far.  710 

  711 

GEMMs have also largely contributed to the field of cancer research, by developing 712 

spontaneous de novo tumors generated by adopting key tumor signature mutations in an 713 

immune-proficient mouse. These tumors mimic some of the histopathological and specific 714 

molecular features of the respective tumor of origin, are able to spontaneously progress toward 715 

metastatic disease, but are far from reflecting intratumoural heterogeneity to the same degree 716 

observed in their human counterparts. In malignant gliomas, GEMMs have been generated by 717 

adopting key glioma signature mutations, alone or in combination, including receptor tyrosine 718 

kinase (RTK) genes, H3F3A, HIST1H3B, TP53, PTEN, RB, NF1 and cell-cycle pathways(174–719 

179). One limitation of these models is that, in many cases, the cell of origin is unknown as 720 

well as the timing of tumor initiation. It has been shown, for example, in an ATRT model that 721 

tumors develop only when the inactivation of SMARCB1 tumor suppressor gene occurs at a 722 

given timing during embryogenesis(180). A number of different GEMMs have been developed 723 

in order to better study the CNS microenvironment. Several models have been used to study 724 
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leukocyte migration in neurological diseases, such as knock-out mice for P-selectin, Icam1 and 725 

other adhesion molecules(181). Genetic mouse models have also been developed to study BBB 726 

function, by targeting those genes involved in TJs formation, efflux and influx transport and 727 

transcytosis(182). To study the impact of a reduced amount of pericyte coverage on the blood 728 

vessels, Pdgfb and Pdgfrβ deficient mice have also been generated(183). In the oncologic field, 729 

GEMMs of pediatric high-grade gliomas helped to describe BBB loss of integrity, and the 730 

significant influence of tumor location more than of somatic mutations on BTB 731 

structure(184,185). GEMMs setting will offer the opportunity to study other aspects of the CNS 732 

TME, such as immune cells and their interaction with cancer cells, in an immunocompetent 733 

setting and, interestingly, during early and advanced phases of the tumor development. The 734 

limitation of GEMMS reside in the simplification of tumors genotypes and phenotypes and the 735 

non-human TME precluding generalization of some of the findings. 736 

 737 

To maximize the temporo-spatial resolution of the TME analysis, it is also possible to take 738 

advantage of a mouse genetic system termed mosaic analysis with double markers 739 

(MADMs)(146,186). The choice of a Cre transgene specifically expressed in the tumor but not 740 

in TME might allow to study the recruitment, activation, and hierarchical organization of non-741 

labelled TME cells in relation to green fluorescent protein (GFP)-labeled tumor cells, in the 742 

timeframe between early oncogenesis to advanced malignancy. In a medulloblastoma model, 743 

relying on the lineage tracing capability of MADMs, the phenomenon of tumor-to-TME trans-744 

differentiation, as well as the anti-inflammatory immune network formed by tumor-associated 745 

astrocytes and microglia, could be described(146).  746 

 747 

Non-mammalian models also provide great value in exploring brain cancers. Zebrafish models 748 

to study glioblastoma have already been built. In zebrafish, patient’s tumors can be quite easily 749 

transplanted to form PDXs, and genetically modified models have been generated by adding 750 

single or combined mutations through recently available CRISPR tools. The transparency of 751 

the fish allows direct imaging studies, visualizing tumor cell behaviors and host tissue 752 

interactions, including microglia-tumor-cell interactions(187). However, zebrafish-based 753 

models present lower conservation of genes, molecular pathways and organ systems with 754 

humans, compared with mice. 755 

 756 

 757 

Future preclinical models to study brain tumor microenvironment  758 

 759 

As it stands, the available brain tumor models need to be used in parallel to be able to address 760 

different questions. Innovative preclinical models are needed to widen the spectrum of tools 761 

allowing an accurate evaluation of the complex interaction among microglia, immune and 762 

stromal cells in the TME and cancer cells. 3D organ-like structure formed from organ-specific 763 

progenitor represent an exciting new avenue of in vitro modeling of brain tumors 764 

(“organoids”)(156). The “organ-in-a-dish” strategy has been particularly successful for 765 

modelling other kind of malignancies and exploring their vulnerabilities(188).  766 

 767 

Until recently, it has been challenging to apply this technology to human organs due to the 768 

inaccessibility of human progenitor cells until human-induced pluripotent stem cells (hiPSCs) 769 

were invented(189). Organ progenitor cells were empirically found to self-organize 3D tissues 770 

when they were aggregated and cultivated in vitro. PSCs are defined by an unlimited capacity 771 

for self‐renewal and the ability to differentiate into cells of the three germ layers, namely the 772 

mesoderm, ectoderm, and endoderm (189,190). Recently, various differentiation protocols to 773 

obtain several organoid types, such as brain, kidney, intestinal, retinal, pancreatic, and liver 774 
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organoids, have been published. With that, many complex diseases associated with different 775 

organs can now be modelled. However, it has to be taken into account that the transcript levels 776 

of organoids are closer to those of fetal stages, thus they cannot be considered as a fully mature 777 

organ yet. 778 

 779 

IPSCs-derived cerebral organoids have become a tool for modeling several human disorders, 780 

such as microcephaly, lissencephaly, Zika virus neuroinfection, AD and autism spectrum 781 

disorders(191–193). Upon minimal instructions in vitro, cells can self-organize into 3D 782 

structures where intrinsic molecular programs are activated to generate neuronal and non-783 

neuronal cell types from different CNS regions. More recently, human cerebral organoids have 784 

been efficiently used as a platform for tumor cell transplantation, enabling microscopic 785 

observation of brain tumor development, the study of the interaction of tumor cells with normal 786 

brain cells and to test therapeutics in order to predict drug response and create a tailored 787 

approach for patients with brain cancer(194,195). Whenever combined with genetic 788 

manipulations (i.e. viral vectors, electroporation), organoids can also provide an accessible 789 

model to document the function of one protein/pathway, and to identify the molecular 790 

mechanisms of diseases(196). Brain tumorigenesis can be recapitulated by introducing 791 

oncogenic mutations in cerebral organoids via transposon- and CRISPR–Cas9-mediated 792 

mutagenesis, which was performed successfully for glioblastoma, medulloblastoma and CNS 793 

primitive neuroectodermal tumor (CNS-PNET)-like neoplasms(157,159,160,197–200).  794 

 795 

One of the main challenges is recapitulating the complexity of the CNS microenvironment in 796 

IPSC-derived organoids models, notably in terms of the vascular system and tissue-resident 797 

immune cells. A primitive endothelial network could be reproduced through the addition of 798 

previously cultured endothelial cells, engineered to ectopically express human ETS variant 2 799 

(ETV2), to human cerebral organoids during the embryonic body stage(201). These cells 800 

formed a complex vascular-like network, which acquired several BBB characteristics, 801 

including an increase in the expression of tight junctions and trans-endothelial electrical 802 

resistance, and contributed to enhancing the functional maturation of brain organoids(201). 803 

Although these vascular-like structures resemble the vasculature in the early prenatal brain and 804 

have limited capacity of nutrient delivery into organoids to avoid the formation of a central 805 

necrosis, they still provide a platform for starting modeling the neurovascular niche and blood-806 

brain barrier(201,202).  807 

 808 

Modeling tissue-resident macrophage differentiation and function, as well as their interaction 809 

with normal and tumor cells, without introducing further heterogeneity is a major challenge in 810 

brain cancer research. An alteration of gene expression characterized by activation of genes 811 

associated with acute inflammatory responses and decreased expression of genes associated 812 

with immune function occurs rapidly ex vivo and in vitro, suggesting that brain-specific signals 813 

might be necessary to maintain microglia phenotypes(203). Therefore, it is likely that complex 814 

culture conditions, such as co-culture with neurons and astrocytes in 3D or with organoids, will 815 

be crucial to accurately model the in vivo microglia phenotype. Indeed, IPSC-derived microglia-816 

like cells, co-cultured with cerebral organoids, are able to migrate into the organoid(204). It is 817 

noteworthy that, after a mechanical injury of the organoid, the microglia-like cells are capable 818 

of modifying their ramified morphology to adopt a round morphology, typical of activated 819 

microglia, as observed in vivo after CNS injuries(204).  820 

Recently, a protocol that allows the generation of human and murine iPSCs-derived primitive 821 

macrophages (iMacs) that closely resemble yolk-sac precursor cells was developed(205). In co-822 

culture with iPSC-derived brain organoids, iMacs further differentiated into microglia-like 823 

cells. Murine iMacs also differentiated into functional tissue macrophages in both brain and 824 
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lung after transplantation. Noteworthy, in a human model of familial Mediterranean fever, 825 

iMacs differentiated from a patient gathered pro-inflammatory characteristics, thus confirming 826 

that iMacs are a solid source of tissue-resident macrophages(205).  827 

 828 

Together, these studies demonstrate that hPSC-based modeling, combined or not with genome 829 

editing, is a powerful platform upon which to build studies on neural lineage dysregulation, 830 

microglia, macrophages, other immune cells and stromal cells, and on their role in all phases of 831 

human cancer development. The next step will be to generate brain organoids and iMacs from 832 

patient-derived iPSC, which would be then co-cultured in order to allow the differentiation of 833 

iMacs into microglia-like cells. Patient’s lymphocytes can be co-cultured with brain organoids 834 

and iMacs, in order to more accurately represent the complex interaction among different 835 

immune cell types, and between TME and cancer cells. Patient’s tumor cells would be co-836 

cultured with these “immune organoids”, and, through scRNA-seq and high dimensional flow 837 

cytometry, it will be possible to decipher the molecular pathways of microglia versus other non-838 

malignant cells involved in brain cancer development. By using genome editing tools, those 839 

key mechanisms of immune surveillance involving tissue-resident macrophages could be 840 

validated, and then targeted by immunotherapies in order to revert their pro-tumoral phenotype 841 

(Figure 3).  842 

 843 

 844 

Concluding remarks  845 

The limited progress made in the treatment of brain tumors, especially concerning 846 

immunotherapies, relates, at least partially, to the inaccuracy of preclinical models that have so 847 

far failed to consistently reproduce the specificities of the brain microenvironment. It is now 848 

well known that microglia and TAMs are key players in brain cancer development, although 849 

the mechanisms truly responsible for this interaction are not clear yet. Improved knowledge on 850 

this matter will be hopefully achieved through the development of more accurate humanized 851 

animal models. In an efficient complementary way, 3D cultures such as IPSC-derived organoids 852 

with appropriate TME have enormous potential for further investigations studying these 853 

interactions as well as drug sensitivities which may yield new treatment strategies for brain 854 

cancers in the next future. 855 

  856 

 857 

Conflict of interest  858 

The authors declare that the research was conducted in the absence of any commercial or 859 

financial relationships that could be construed as a potential conflict of interest. 860 

 861 

Author contributions 862 

All authors listed have made a substantial, direct and intellectual contribution to the work, and 863 

approved it for publication. 864 

 865 

Funding  866 

CP is founded by Gustave Roussy Foundation Pediatric Campaign, MB is founded by the 867 

Inkerman Found of the Fondation de France, THHN is founded by Cris Cancer Foundation, DC 868 

and JG are supported by the Charity Etoile de Martin. FG is an EMBO YIP awardee and is 869 

supported by Singapore Immunology Network (SIgN) core funding, as well as a Singapore 870 

National Research Foundation Senior Investigatorship (NRFI) NRF2016NRF-NRFI001-02.   871 

 872 

 873 

 874 



 

19 
 

References  875 

1.  Louis DN, Perry A, Reifenberger G, von Deimling A, Figarella-Branger D, Cavenee WK, 876 

et al. The 2016 World Health Organization Classification of Tumors of the Central Nervous 877 

System: a summary. Acta Neuropathol. 2016;131(6):803–20.  878 

2.  Wrensch M, Minn Y, Chew T, Bondy M, Berger MS. Epidemiology of primary brain 879 

tumors: current concepts and review of the literature. Neuro Oncol. 2002 Oct;4(4):278–99.  880 

3.  Johnson KJ, Cullen J, Barnholtz-Sloan JS, Ostrom QT, Langer CE, Turner MC, et al. 881 

Childhood Brain Tumor Epidemiology: A Brain Tumor Epidemiology Consortium Review. 882 

Cancer Epidemiol Biomarkers Prev. 2014 Dec;23(12):2716–36.  883 

4.  Wong CH, Siah KW, Lo AW. Estimation of clinical trial success rates and related 884 

parameters. Biostatistics. 2019 01;20(2):273–86.  885 

5.  Kaley T, Touat M, Subbiah V, Hollebecque A, Rodon J, Lockhart AC, et al. BRAF 886 

Inhibition in BRAFV600-Mutant Gliomas: Results From the VE-BASKET Study. 887 

JOURNAL OF CLINICAL ONCOLOGY. :10.  888 

6.  Drilon A, Laetsch TW, Kummar S, DuBois SG, Lassen UN, Demetri GD, et al. Efficacy of 889 

Larotrectinib in TRK Fusion-Positive Cancers in Adults and Children. N Engl J Med. 2018 890 

22;378(8):731–9.  891 

7.  Reardon DA, Brandes AA, Omuro A, Mulholland P, Lim M, Wick A, et al. Effect of 892 

Nivolumab vs Bevacizumab in Patients With Recurrent Glioblastoma: The CheckMate 143 893 

Phase 3 Randomized Clinical Trial. JAMA Oncol. 2020 May 21;  894 

8.  Bouffet E, Larouche V, Campbell BB, Merico D, de Borja R, Aronson M, et al. Immune 895 

Checkpoint Inhibition for Hypermutant Glioblastoma Multiforme Resulting From 896 

Germline Biallelic Mismatch Repair Deficiency. J Clin Oncol. 2016 01;34(19):2206–11.  897 

9.  Abbott NJ, Rönnbäck L, Hansson E. Astrocyte-endothelial interactions at the blood-brain 898 

barrier. Nat Rev Neurosci. 2006 Jan;7(1):41–53.  899 

10.  Muldoon LL, Alvarez JI, Begley DJ, Boado RJ, del Zoppo GJ, Doolittle ND, et al. 900 

Immunologic privilege in the central nervous system and the blood–brain barrier. J Cereb 901 

Blood Flow Metab. 2013 Jan;33(1):13–21.  902 

11.  O’Driscoll MC, Daly SB, Urquhart JE, Black GCM, Pilz DT, Brockmann K, et al. 903 

Recessive mutations in the gene encoding the tight junction protein occludin cause band-904 

like calcification with simplified gyration and polymicrogyria. Am J Hum Genet. 2010 Sep 905 

10;87(3):354–64.  906 

12.  Woodfin A, Voisin M-B, Beyrau M, Colom B, Caille D, Diapouli F-M, et al. Junctional 907 

adhesion molecule-C (JAM-C) regulates polarized neutrophil transendothelial cell 908 

migration in vivo. Nat Immunol. 2011 Jun 26;12(8):761–9.  909 

13.  Yu X, Ji C, Shao A. Neurovascular Unit Dysfunction and Neurodegenerative Disorders. 910 

Front Neurosci [Internet]. 2020 [cited 2020 Aug 11];14. Available from: 911 

https://www.frontiersin.org/articles/10.3389/fnins.2020.00334/full 912 

14.  Warren KE. Beyond the Blood:Brain Barrier: The Importance of Central Nervous System 913 

(CNS) Pharmacokinetics for the Treatment of CNS Tumors, Including Diffuse Intrinsic 914 

Pontine Glioma. Front Oncol [Internet]. 2018 Jul 3 [cited 2020 Apr 29];8. Available from: 915 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6037693/ 916 

15.  Piccioni DE, Achrol AS, Kiedrowski LA, Banks KC, Boucher N, Barkhoudarian G, et al. 917 

Analysis of cell-free circulating tumor DNA in 419 patients with glioblastoma and other 918 

primary brain tumors. CNS Oncol. 2019;8(2):CNS34.  919 

16.  Garzia L, Kijima N, Morrissy AS, De Antonellis P, Guerreiro-Stucklin A, Holgado BL, et 920 

al. A Hematogenous Route for Medulloblastoma Leptomeningeal Metastases. Cell. 2018 921 

Feb 22;172(5):1050-1062.e14.  922 

17.  Jain RK, di Tomaso E, Duda DG, Loeffler JS, Sorensen AG, Batchelor TT. Angiogenesis 923 

in brain tumours. Nat Rev Neurosci. 2007 Aug;8(8):610–22.  924 



 

20 
 

18.  Leenders WPJ, Küsters B, de Waal RMW. Vessel co-option: how tumors obtain blood 925 

supply in the absence of sprouting angiogenesis. Endothelium. 2002;9(2):83–7.  926 

19.  Phoenix TN, Patmore DM, Boop S, Boulos N, Jacus MO, Patel YT, et al. Medulloblastoma 927 

Genotype Dictates Blood Brain Barrier Phenotype. Cancer Cell. 2016 Apr 11;29(4):508–928 

22.  929 

20.  Groothuis DR. The blood-brain and blood-tumor barriers: a review of strategies for 930 

increasing drug delivery. Neuro-oncology. 2000;2(1):45–59.  931 

21.  Beccaria K, Canney M, Bouchoux G, Desseaux C, Grill J, Heimberger AB, et al. 932 

Ultrasound-induced blood-brain barrier disruption for the treatment of gliomas and other 933 

primary CNS tumors. Cancer Lett. 2020 Jun 1;479:13–22.  934 

22.  Guo P, Hu B, Gu W, Xu L, Wang D, Huang H-JS, et al. Platelet-derived growth factor-B 935 

enhances glioma angiogenesis by stimulating vascular endothelial growth factor expression 936 

in tumor endothelia and by promoting pericyte recruitment. Am J Pathol. 2003 937 

Apr;162(4):1083–93.  938 

23.  Yi D, Xiang W, Zhang Q, Cen Y, Su Q, Zhang F, et al. Human Glioblastoma-Derived 939 

Mesenchymal Stem Cell to Pericytes Transition and Angiogenic Capacity in Glioblastoma 940 

Microenvironment. Cell Physiol Biochem. 2018;46(1):279–90.  941 

24.  Hira VVV, Wormer JR, Kakar H, Breznik B, van der Swaan B, Hulsbos R, et al. 942 

Periarteriolar Glioblastoma Stem Cell Niches Express Bone Marrow Hematopoietic Stem 943 

Cell Niche Proteins. J Histochem Cytochem. 2018 Mar;66(3):155–73.  944 

25.  Heddleston JM, Li Z, Hjelmeland AB, Rich JN. The Hypoxic Microenvironment Maintains 945 

Glioblastoma Stem Cells and Promotes Reprogramming towards a Cancer Stem Cell 946 

Phenotype. Cell Cycle. 2009 Oct 15;8(20):3274–84.  947 

26.  Watkins S, Robel S, Kimbrough IF, Robert SM, Ellis-Davies G, Sontheimer H. Disruption 948 

of astrocyte-vascular coupling and the blood-brain barrier by invading glioma cells. Nat 949 

Commun. 2014 Jun 19;5:4196.  950 

27.  Merlini M, Rafalski VA, Rios Coronado PE, Gill TM, Ellisman M, Muthukumar G, et al. 951 

Fibrinogen Induces Microglia-Mediated Spine Elimination and Cognitive Impairment in an 952 

Alzheimer’s Disease Model. Neuron. 2019 20;101(6):1099-1108.e6.  953 

28.  Schachtrup C, Ryu JK, Helmrick MJ, Vagena E, Galanakis DK, Degen JL, et al. Fibrinogen 954 

triggers astrocyte scar formation by promoting the availability of active TGF-beta after 955 

vascular damage. J Neurosci. 2010 Apr 28;30(17):5843–54.  956 

29.  Petersen MA, Ryu JK, Chang K-J, Etxeberria A, Bardehle S, Mendiola AS, et al. 957 

Fibrinogen Activates BMP Signaling in Oligodendrocyte Progenitor Cells and Inhibits 958 

Remyelination after Vascular Damage. Neuron. 2017 Dec 6;96(5):1003-1012.e7.  959 

30.  Ryu JK, Rafalski VA, Meyer-Franke A, Adams RA, Poda SB, Rios Coronado PE, et al. 960 

Fibrin-targeting immunotherapy protects against neuroinflammation and 961 

neurodegeneration. Nat Immunol. 2018;19(11):1212–23.  962 

31.  Lu Y-B, Franze K, Seifert G, Steinhäuser C, Kirchhoff F, Wolburg H, et al. Viscoelastic 963 

properties of individual glial cells and neurons in the CNS. Proc Natl Acad Sci USA. 2006 964 

Nov 21;103(47):17759–64.  965 

32.  Franze K, Janmey PA, Guck J. Mechanics in neuronal development and repair. Annu Rev 966 

Biomed Eng. 2013;15:227–51.  967 

33.  Beggs HE, Schahin-Reed D, Zang K, Goebbels S, Nave KA, Gorski J, et al. FAK deficiency 968 

in cells contributing to the basal lamina results in cortical abnormalities resembling 969 

congenital muscular dystrophies. Neuron. 2003 Oct 30;40(3):501–14.  970 

34.  Garcion E, Faissner A, ffrench-Constant C. Knockout mice reveal a contribution of the 971 

extracellular matrix molecule tenascin-C to neural precursor proliferation and migration. 972 

Development. 2001 Jul;128(13):2485–96.  973 



 

21 
 

35.  Tavazoie M, Van der Veken L, Silva-Vargas V, Louissaint M, Colonna L, Zaidi B, et al. A 974 

specialized vascular niche for adult neural stem cells. Cell Stem Cell. 2008 Sep 975 

11;3(3):279–88.  976 

36.  Koser DE, Thompson AJ, Foster SK, Dwivedy A, Pillai EK, Sheridan GK, et al. 977 

Mechanosensing is critical for axon growth in the developing brain. Nat Neurosci. 978 

2016;19(12):1592–8.  979 

37.  Iwashita M, Kataoka N, Toida K, Kosodo Y. Systematic profiling of spatiotemporal tissue 980 

and cellular stiffness in the developing brain. Development. 2014 Oct;141(19):3793–8.  981 

38.  Segel M, Neumann B, Hill MFE, Weber IP, Viscomi C, Zhao C, et al. Niche stiffness 982 

underlies the ageing of central nervous system progenitor cells. Nature. 983 

2019;573(7772):130–4.  984 

39.  Lorenzl S, Albers DS, LeWitt PA, Chirichigno JW, Hilgenberg SL, Cudkowicz ME, et al. 985 

Tissue inhibitors of matrix metalloproteinases are elevated in cerebrospinal fluid of 986 

neurodegenerative diseases. J Neurol Sci. 2003 Mar 15;207(1–2):71–6.  987 

40.  Brösicke N, Faissner A. Role of tenascins in the ECM of gliomas. Cell Adh Migr. 2015;9(1–988 

2):131–40.  989 

41.  Puget S, Grill J, Valent A, Bieche I, Dantas-Barbosa C, Kauffmann A, et al. Candidate 990 

genes on chromosome 9q33-34 involved in the progression of childhood ependymomas. J 991 

Clin Oncol. 2009 Apr 10;27(11):1884–92.  992 

42.  Lemjabbar-Alaoui H, McKinney A, Yang Y-W, Tran VM, Phillips JJ. Glycosylation 993 

alterations in lung and brain cancer. Adv Cancer Res. 2015;126:305–44.  994 

43.  Kundu S, Xiong A, Spyrou A, Wicher G, Marinescu VD, Edqvist P-HD, et al. Heparanase 995 

Promotes Glioma Progression and Is Inversely Correlated with Patient Survival. Mol 996 

Cancer Res. 2016;14(12):1243–53.  997 

44.  Huang J-Y, Cheng Y-J, Lin Y-P, Lin H-C, Su C-C, Juliano R, et al. Extracellular matrix of 998 

glioblastoma inhibits polarization and transmigration of T cells: the role of tenascin-C in 999 

immune suppression. J Immunol. 2010 Aug 1;185(3):1450–9.  1000 

45.  Zhou W, Ke SQ, Huang Z, Flavahan W, Fang X, Paul J, et al. Periostin secreted by 1001 

glioblastoma stem cells recruits M2 tumour-associated macrophages and promotes 1002 

malignant growth. Nat Cell Biol. 2015 Feb;17(2):170–82.  1003 

46.  Reardon DA, Akabani G, Coleman RE, Friedman AH, Friedman HS, Herndon JE, et al. 1004 

Phase II trial of murine (131)I-labeled antitenascin monoclonal antibody 81C6 administered 1005 

into surgically created resection cavities of patients with newly diagnosed malignant 1006 

gliomas. J Clin Oncol. 2002 Mar 1;20(5):1389–97.  1007 

47.  Mikheev AM, Mikheeva SA, Trister AD, Tokita MJ, Emerson SN, Parada CA, et al. 1008 

Periostin is a novel therapeutic target that predicts and regulates glioma malignancy. Neuro-1009 

oncology. 2015 Mar;17(3):372–82.  1010 

48.  Miroshnikova YA, Mouw JK, Barnes JM, Pickup MW, Lakins JN, Kim Y, et al. Tissue 1011 

mechanics promote IDH1-dependent HIF1α-tenascin C feedback to regulate 1012 

glioblastoma aggression. Nat Cell Biol. 2016 Dec;18(12):1336–45.  1013 

49.  Cancer Genome Atlas Research Network, Brat DJ, Verhaak RGW, Aldape KD, Yung 1014 

WKA, Salama SR, et al. Comprehensive, Integrative Genomic Analysis of Diffuse Lower-1015 

Grade Gliomas. N Engl J Med. 2015 Jun 25;372(26):2481–98.  1016 

50.  Kim Y, Kumar S. CD44-mediated adhesion to hyaluronic acid contributes to 1017 

mechanosensing and invasive motility. Mol Cancer Res. 2014 Oct;12(10):1416–29.  1018 

51.  Porsch H, Bernert B, Mehić M, Theocharis AD, Heldin C-H, Heldin P. Efficient TGFβ-1019 

induced epithelial-mesenchymal transition depends on hyaluronan synthase HAS2. 1020 

Oncogene. 2013 Sep 12;32(37):4355–65.  1021 



 

22 
 

52.  Medawar PB. Immunity to homologous grafted skin; the fate of skin homografts 1022 

transplanted to the brain, to subcutaneous tissue, and to the anterior chamber of the eye. Br 1023 

J Exp Pathol. 1948 Feb;29(1):58–69.  1024 

53.  Widner H, Brundin P. Immunological aspects of grafting in the mammalian central nervous 1025 

system. A review and speculative synthesis. Brain Res. 1988 Nov;472(3):287–324.  1026 

54.  Louveau A, Smirnov I, Keyes TJ, Eccles JD, Rouhani SJ, Peske JD, et al. Structural and 1027 

functional features of central nervous system lymphatic vessels. Nature. 2015 Jul 1028 

16;523(7560):337–41.  1029 

55.  Absinta M, Ha S-K, Nair G, Sati P, Luciano NJ, Palisoc M, et al. Human and nonhuman 1030 

primate meninges harbor lymphatic vessels that can be visualized noninvasively by MRI. 1031 

Elife. 2017 03;6.  1032 

56.  Da Mesquita S, Louveau A, Vaccari A, Smirnov I, Cornelison RC, Kingsmore KM, et al. 1033 

Functional aspects of meningeal lymphatics in ageing and Alzheimer’s disease. Nature. 1034 

2018;560(7717):185–91.  1035 

57.  Benakis C, Llovera G, Liesz A. The meningeal and choroidal infiltration routes for 1036 

leukocytes in stroke. Ther Adv Neurol Disord [Internet]. 2018 Jun 18 [cited 2020 May 1037 

11];11. Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6024265/ 1038 

58.  Hammond TR, Dufort C, Dissing-Olesen L, Giera S, Young A, Wysoker A, et al. Single-1039 

Cell RNA Sequencing of Microglia throughout the Mouse Lifespan and in the Injured Brain 1040 

Reveals Complex Cell-State Changes. Immunity. 2019 15;50(1):253-271.e6.  1041 

59.  Mrdjen D, Pavlovic A, Hartmann FJ, Schreiner B, Utz SG, Leung BP, et al. High-1042 

Dimensional Single-Cell Mapping of Central Nervous System Immune Cells Reveals 1043 

Distinct Myeloid Subsets in Health, Aging, and Disease. Immunity. 2018 20;48(2):380-1044 

395.e6.  1045 

60.  Louveau A, Harris TH, Kipnis J. Revisiting the concept of CNS immune privilege. Trends 1046 

Immunol. 2015 Oct;36(10):569–77.  1047 

61.  Silvin A, Ginhoux F. Microglia heterogeneity along a spatio-temporal axis: More questions 1048 

than answers. Glia. 2018 Oct;66(10):2045–57.  1049 

62.  Goldmann T, Wieghofer P, Jordão MJC, Prutek F, Hagemeyer N, Frenzel K, et al. Origin, 1050 

fate and dynamics of macrophages at central nervous system interfaces. Nat Immunol. 1051 

2016;17(7):797–805.  1052 

63.  Herz J, Filiano AJ, Smith A, Yogev N, Kipnis J. Myeloid Cells in the Central Nervous 1053 

System. Immunity. 2017 20;46(6):943–56.  1054 

64.  Varvel NH, Neher JJ, Bosch A, Wang W, Ransohoff RM, Miller RJ, et al. Infiltrating 1055 

monocytes promote brain inflammation and exacerbate neuronal damage after status 1056 

epilepticus. Proc Natl Acad Sci U S A. 2016 Sep 20;113(38):E5665–74.  1057 

65.  Ginhoux F, Greter M, Leboeuf M, Nandi S, See P, Gokhan S, et al. Fate mapping analysis 1058 

reveals that adult microglia derive from primitive macrophages. Science. 2010 Nov 1059 

5;330(6005):841–5.  1060 

66.  Low D, Ginhoux F. Recent advances in the understanding of microglial development and 1061 

homeostasis. Cell Immunol. 2018;330:68–78.  1062 

67.  Andreasson KI, Bachstetter AD, Colonna M, Ginhoux F, Holmes C, Lamb B, et al. 1063 

Targeting innate immunity for neurodegenerative disorders of the central nervous system. 1064 

J Neurochem. 2016 Sep;138(5):653–93.  1065 

68.  Lehrman EK, Wilton DK, Litvina EY, Welsh CA, Chang ST, Frouin A, et al. CD47 Protects 1066 

Synapses from Excess Microglia-Mediated Pruning during Development. Neuron. 2018 1067 

10;100(1):120-134.e6.  1068 

69.  Scott-Hewitt N, Perrucci F, Morini R, Erreni M, Mahoney M, Witkowska A, et al. Local 1069 

externalization of phosphatidylserine mediates developmental synaptic pruning by 1070 

microglia. EMBO J. 2020 Jul 13;e105380.  1071 



 

23 
 

70.  Thion MS, Ginhoux F, Garel S. Microglia and early brain development: An intimate 1072 

journey. Science. 2018 12;362(6411):185–9.  1073 

71.  Bowman RL, Klemm F, Akkari L, Pyonteck SM, Sevenich L, Quail DF, et al. Macrophage 1074 

ontogeny underlies differences in tumor-specific education in brain malignancies. Cell Rep. 1075 

2016 Nov 22;17(9):2445–59.  1076 

72.  Wyss-Coray T. Ageing, neurodegeneration and brain rejuvenation. Nature. 2016 1077 

10;539(7628):180–6.  1078 

73.  Ajami B, Samusik N, Wieghofer P, Ho PP, Crotti A, Bjornson Z, et al. Single-cell mass 1079 

cytometry reveals distinct populations of brain myeloid cells in mouse neuroinflammation 1080 

and neurodegeneration models. Nat Neurosci. 2018;21(4):541–51.  1081 

74.  Sierra A, Gottfried-Blackmore AC, McEwen BS, Bulloch K. Microglia derived from aging 1082 

mice exhibit an altered inflammatory profile. Glia. 2007 Mar;55(4):412–24.  1083 

75.  Lucin KM, Wyss-Coray T. Immune activation in brain aging and neurodegeneration: too 1084 

much or too little? Neuron. 2009 Oct 15;64(1):110–22.  1085 

76.  Baron R, Babcock AA, Nemirovsky A, Finsen B, Monsonego A. Accelerated microglial 1086 

pathology is associated with Aβ plaques in mouse models of Alzheimer’s disease. Aging 1087 

Cell. 2014 Aug;13(4):584–95.  1088 

77.  Heneka MT, Kummer MP, Stutz A, Delekate A, Schwartz S, Vieira-Saecker A, et al. 1089 

NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. 1090 

Nature. 2013 Jan 31;493(7434):674–8.  1091 

78.  Hong S, Beja-Glasser VF, Nfonoyim BM, Frouin A, Li S, Ramakrishnan S, et al. 1092 

Complement and microglia mediate early synapse loss in Alzheimer mouse models. 1093 

Science. 2016 May 6;352(6286):712–6.  1094 

79.  Hambardzumyan D, Gutmann DH, Kettenmann H. The role of microglia and macrophages 1095 

in glioma maintenance and progression. Nat Neurosci. 2016 Jan;19(1):20–7.  1096 

80.  Lewis CE, Pollard JW. Distinct role of macrophages in different tumor microenvironments. 1097 

Cancer Res. 2006 Jan 15;66(2):605–12.  1098 

81.  Müller S, Kohanbash G, Liu SJ, Alvarado B, Carrera D, Bhaduri A, et al. Single-cell 1099 

profiling of human gliomas reveals macrophage ontogeny as a basis for regional differences 1100 

in macrophage activation in the tumor microenvironment. Genome Biol. 2017 Dec 1101 

20;18(1):234.  1102 

82.  Ye X, Xu S, Xin Y, Yu S, Ping Y, Chen L, et al. Tumor-associated microglia/macrophages 1103 

enhance the invasion of glioma stem-like cells via TGF-β1 signaling pathway. J Immunol. 1104 

2012 Jul 1;189(1):444–53.  1105 

83.  Vitkovic L, Maeda S, Sternberg E. Anti-inflammatory cytokines: expression and action in 1106 

the brain. Neuroimmunomodulation. 2001;9(6):295–312.  1107 

84.  Gong D, Shi W, Yi S, Chen H, Groffen J, Heisterkamp N. TGFβ signaling plays a critical 1108 

role in promoting alternative macrophage activation. BMC Immunol. 2012 Jun 15;13:31.  1109 

85.  Wainwright DA, Balyasnikova IV, Chang AL, Ahmed AU, Moon K-S, Auffinger B, et al. 1110 

IDO expression in brain tumors increases the recruitment of regulatory T cells and 1111 

negatively impacts survival. Clin Cancer Res. 2012 Nov 15;18(22):6110–21.  1112 

86.  Zhang I, Alizadeh D, Liang J, Zhang L, Gao H, Song Y, et al. Characterization of Arginase 1113 

Expression in Glioma-Associated Microglia and Macrophages. PLoS ONE. 1114 

2016;11(12):e0165118.  1115 

87.  Martinez-Lage M, Lynch TM, Bi Y, Cocito C, Way GP, Pal S, et al. Immune landscapes 1116 

associated with different glioblastoma molecular subtypes. acta neuropathol commun. 2019 1117 

Dec;7(1):203.  1118 

88.  Zhao J, Chen AX, Gartrell RD, Silverman AM, Aparicio L, Chu T, et al. Immune and 1119 

genomic correlates of response to anti-PD-1 immunotherapy in glioblastoma. Nat Med. 1120 

2019;25(3):462–9.  1121 



 

24 
 

89.  Takenaka MC, Gabriely G, Rothhammer V, Mascanfroni ID, Wheeler MA, Chao C-C, et 1122 

al. Control of tumor-associated macrophages and T cells in glioblastoma via AHR and 1123 

CD39. Nat Neurosci. 2019;22(5):729–40.  1124 

90.  Ghoochani A, Schwarz MA, Yakubov E, Engelhorn T, Doerfler A, Buchfelder M, et al. 1125 

MIF-CD74 signaling impedes microglial M1 polarization and facilitates brain 1126 

tumorigenesis. Oncogene. 2016 01;35(48):6246–61.  1127 

91.  Pyonteck SM, Akkari L, Schuhmacher AJ, Bowman RL, Sevenich L, Quail DF, et al. CSF-1128 

1R inhibition alters macrophage polarization and blocks glioma progression. Nat Med. 1129 

2013 Oct;19(10):1264–72.  1130 

92.  Garancher A, Suzuki H, Haricharan S, Chau LQ, Masihi MB, Rusert JM, et al. Tumor 1131 

necrosis factor overcomes immune evasion in p53-mutant medulloblastoma. Nat Neurosci. 1132 

2020 Jul;23(7):842–53.  1133 

93.  Phillips HS, Kharbanda S, Chen R, Forrest WF, Soriano RH, Wu TD, et al. Molecular 1134 

subclasses of high-grade glioma predict prognosis, delineate a pattern of disease 1135 

progression, and resemble stages in neurogenesis. Cancer cell. 2006 Mar 1;9(3):157–73.  1136 

94.  Darmanis S, Sloan SA, Croote D, Mignardi M, Chernikova S, Samghababi P, et al. Single-1137 

Cell RNA-Seq Analysis of Infiltrating Neoplastic Cells at the Migrating Front of Human 1138 

Glioblastoma. Cell Rep. 2017 Oct 31;21(5):1399–410.  1139 

95.  Friebel E, Kapolou K, Unger S, Núñez NG, Utz S, Rushing EJ, et al. Single-Cell Mapping 1140 

of Human Brain Cancer Reveals Tumor-Specific Instruction of Tissue-Invading 1141 

Leukocytes. Cell. 2020 May 22;  1142 

96.  Klemm F, Maas RR, Bowman RL, Kornete M, Soukup K, Nassiri S, et al. Interrogation of 1143 

the Microenvironmental Landscape in Brain Tumors Reveals Disease-Specific Alterations 1144 

of Immune Cells. Cell. 2020 May 23;  1145 

97.  Lin GL, Nagaraja S, Filbin MG, Suvà ML, Vogel H, Monje M. Non-inflammatory tumor 1146 

microenvironment of diffuse intrinsic pontine glioma. Acta Neuropathol Commun 1147 

[Internet]. 2018 Jun 28 [cited 2020 Apr 29];6. Available from: 1148 

https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6022714/ 1149 

98.  Mackay A, Burford A, Molinari V, Jones DTW, Izquierdo E, Brouwer-Visser J, et al. 1150 

Molecular, Pathological, Radiological, and Immune Profiling of Non-brainstem Pediatric 1151 

High-Grade Glioma from the HERBY Phase II Randomized Trial. Cancer Cell. 2018 May 1152 

14;33(5):829-842.e5.  1153 

99.  Tawbi HA, Forsyth PA, Algazi A, Hamid O, Hodi FS, Moschos SJ, et al. Combined 1154 

Nivolumab and Ipilimumab in Melanoma Metastatic to the Brain. N Engl J Med. 2018 Aug 1155 

23;379(8):722–30.  1156 

100.  Long GV, Atkinson V, Lo S, Sandhu S, Guminski AD, Brown MP, et al. Combination 1157 

nivolumab and ipilimumab or nivolumab alone in melanoma brain metastases: a 1158 

multicentre randomised phase 2 study. The Lancet Oncology. 2018 May 1;19(5):672–81.  1159 

101.  Maximov V, Chen Z, Wei Y, Robinson MH, Herting CJ, Shanmugam NS, et al. 1160 

Tumour-associated macrophages exhibit anti-tumoural properties in Sonic Hedgehog 1161 

medulloblastoma. Nat Commun. 2019 03;10(1):2410.  1162 

102.  Bockmayr M, Mohme M, Klauschen F, Winkler B, Budczies J, Rutkowski S, et al. 1163 

Subgroup-specific immune and stromal microenvironment in medulloblastoma. 1164 

OncoImmunology. 2018 May 24;7:e1462430.  1165 

103.  Ginhoux F, Schultze JL, Murray PJ, Ochando J, Biswas SK. New insights into the 1166 

multidimensional concept of macrophage ontogeny, activation and function. Nat Immunol. 1167 

2016 Jan;17(1):34–40.  1168 

104.  Ransohoff RM. A polarizing question: do M1 and M2 microglia exist? Nat Neurosci. 1169 

2016 26;19(8):987–91.  1170 



 

25 
 

105.  Cai J, Zhang W, Yang P, Wang Y, Li M, Zhang C, et al. Identification of a 6-cytokine 1171 

prognostic signature in patients with primary glioblastoma harboring M2 1172 

microglia/macrophage phenotype relevance. PLoS ONE. 2015;10(5):e0126022.  1173 

106.  Hutter G, Theruvath J, Graef CM, Zhang M, Schoen MK, Manz EM, et al. Microglia 1174 

are effector cells of CD47-SIRPα antiphagocytic axis disruption against glioblastoma. Proc 1175 

Natl Acad Sci USA. 2019 15;116(3):997–1006.  1176 

107.  Tan J, Town T, Paris D, Placzek A, Parker T, Crawford F, et al. Activation of microglial 1177 

cells by the CD40 pathway: relevance to multiple sclerosis. J Neuroimmunol. 1999 Jun 1178 

1;97(1–2):77–85.  1179 

108.  Butowski N, Colman H, De Groot JF, Omuro AM, Nayak L, Wen PY, et al. Orally 1180 

administered colony stimulating factor 1 receptor inhibitor PLX3397 in recurrent 1181 

glioblastoma: an Ivy Foundation Early Phase Clinical Trials Consortium phase II study. 1182 

Neuro-oncology. 2016 Apr;18(4):557–64.  1183 

109.  Gholamin S, Mitra SS, Feroze AH, Liu J, Kahn SA, Zhang M, et al. Disrupting the 1184 

CD47-SIRPα anti-phagocytic axis by a humanized anti-CD47 antibody is an efficacious 1185 

treatment for malignant pediatric brain tumors. Sci Transl Med. 2017 15;9(381).  1186 

110.  Vakilian A, Khorramdelazad H, Heidari P, Sheikh Rezaei Z, Hassanshahi G. 1187 

CCL2/CCR2 signaling pathway in glioblastoma multiforme. Neurochem Int. 2017;103:1–1188 

7.  1189 

111.  Vonderheide RH, Glennie MJ. Agonistic CD40 antibodies and cancer therapy. Clin 1190 

Cancer Res. 2013 Mar 1;19(5):1035–43.  1191 

112.  Agarwalla P, Barnard Z, Fecci P, Dranoff G, Curry WT, Jr. Sequential Immunotherapy 1192 

by Vaccination with GM-CSF Expressing Glioma Cells and CTLA-4 Blockade Effectively 1193 

Treats Established Murine Intracranial Tumors. Journal of Immunotherapy (Hagerstown, 1194 

Md : 1997). 2012 Jun;35(5):385.  1195 

113.  Zeng J, See AP, Phallen J, Jackson CM, Belcaid Z, Ruzevick J, et al. Anti-PD-1 1196 

Blockade and Stereotactic Radiation Produce Long-Term Survival in Mice With 1197 

Intracranial Gliomas. International journal of radiation oncology, biology, physics. 2013 1198 

Jun 1;86(2):343.  1199 

114.  Kim JE, Patel MA, Mangraviti A, Kim ES, Theodros D, Velarde E, et al. Combination 1200 

Therapy with Anti-PD-1, Anti-TIM-3, and Focal Radiation Results in Regression of Murine 1201 

Gliomas. Clinical cancer research : an official journal of the American Association for 1202 

Cancer Research. 2017 Jan 1;23(1):124.  1203 

115.  Chamberlain MC, Baik CS, Gadi VK, Bhatia S, Chow LQM. Systemic therapy of brain 1204 

metastases: non–small cell lung cancer, breast cancer, and melanoma. Neuro-Oncology. 1205 

2017 Jan;19(1):i1.  1206 

116.  Cloughesy TF, Mochizuki AY, Orpilla JR, Hugo W, Lee AH, Davidson TB, et al. 1207 

Neoadjuvant anti-PD-1 immunotherapy promotes a survival benefit with intratumoral and 1208 

systemic immune responses in recurrent glioblastoma. Nat Med. 2019 Mar;25(3):477–86.  1209 

117.  Schalper KA, Rodriguez-Ruiz ME, Diez-Valle R, López-Janeiro A, Porciuncula A, 1210 

Idoate MA, et al. Neoadjuvant nivolumab modifies the tumor immune microenvironment 1211 

in resectable glioblastoma. Nat Med. 2019;25(3):470–6.  1212 

118.  Touat M, Li YY, Boynton AN, Spurr LF, Iorgulescu JB, Bohrson CL, et al. Mechanisms 1213 

and therapeutic implications of hypermutation in gliomas. Nature. 2020;580(7804):517–1214 

23.  1215 

119.  Kabiljo J, Harpain F, Carotta S, Bergmann M. Radiotherapy as a Backbone for Novel 1216 

Concepts in Cancer Immunotherapy. Cancers (Basel) [Internet]. 2019 Dec 29 [cited 2020 1217 

Jul 11];12(1). Available from: https://www.ncbi.nlm.nih.gov/pmc/articles/PMC7017108/ 1218 



 

26 
 

120.  Brown CE, Alizadeh D, Starr R, Weng L, Wagner JR, Naranjo A, et al. Regression of 1219 

Glioblastoma after Chimeric Antigen Receptor T-Cell Therapy. New England Journal of 1220 

Medicine. 2016 Dec 29;375(26):2561–9.  1221 

121.  Nakazawa T, Natsume A, Nishimura F, Morimoto T, Matsuda R, Nakamura M, et al. 1222 

Effect of CRISPR/Cas9-Mediated PD-1-Disrupted Primary Human Third-Generation 1223 

CAR-T Cells Targeting EGFRvIII on In Vitro Human Glioblastoma Cell Growth. Cells. 1224 

2020 Apr 16;9(4).  1225 

122.  Mount CW, Majzner RG, Sundaresh S, Arnold EP, Kadapakkam M, Haile S, et al. 1226 

Potent antitumor efficacy of anti-GD2 CAR T cells in H3-K27M+ diffuse midline gliomas. 1227 

Nat Med. 2018;24(5):572–9.  1228 

123.  Weller M, Butowski N, Tran DD, Recht LD, Lim M, Hirte H, et al. Rindopepimut with 1229 

temozolomide for patients with newly diagnosed, EGFRvIII-expressing glioblastoma (ACT 1230 

IV): a randomised, double-blind, international phase 3 trial. Lancet Oncol. 1231 

2017;18(10):1373–85.  1232 

124.  Schumacher T, Bunse L, Pusch S, Sahm F, Wiestler B, Quandt J, et al. A vaccine 1233 

targeting mutant IDH1 induces antitumour immunity. Nature. 2014 Aug 1234 

21;512(7514):324–7.  1235 

125.  Tsuboi A, Hashimoto N, Fujiki F, Morimoto S, Kagawa N, Nakajima H, et al. A phase 1236 

I clinical study of a cocktail vaccine of Wilms’ tumor 1 (WT1) HLA class I and II peptides 1237 

for recurrent malignant glioma. Cancer Immunol Immunother. 2019 Feb 1;68(2):331–40.  1238 

126.  Fenstermaker RA, Ciesielski MJ, Qiu J, Yang N, Frank CL, Lee KP, et al. Clinical study 1239 

of a survivin long peptide vaccine (SurVaxM) in patients with recurrent malignant glioma. 1240 

Cancer Immunol Immunother. 2016 Nov;65(11):1339–52.  1241 

127.  Venkatesh HS, Johung TB, Caretti V, Noll A, Tang Y, Nagaraja S, et al. Neuronal 1242 

Activity Promotes Glioma Growth through Neuroligin-3 Secretion. Cell. 2015 May 1243 

7;161(4):803–16.  1244 

128.  Venkatesh HS, Tam LT, Woo PJ, Lennon J, Nagaraja S, Gillespie SM, et al. Targeting 1245 

neuronal activity-regulated neuroligin-3 dependency in high-grade glioma. Nature. 2017 1246 

28;549(7673):533–7.  1247 

129.  van der Vos KE, Abels ER, Zhang X, Lai C, Carrizosa E, Oakley D, et al. Directly 1248 

visualized glioblastoma-derived extracellular vesicles transfer RNA to 1249 

microglia/macrophages in the brain. Neuro-oncology. 2016 Jan;18(1):58–69.  1250 

130.  Godlewski J, Krichevsky AM, Johnson MD, Chiocca EA, Bronisz A. Belonging to a 1251 

network--microRNAs, extracellular vesicles, and the glioblastoma microenvironment. 1252 

Neuro-oncology. 2015 May;17(5):652–62.  1253 

131.  Gao X, Zhang Z, Mashimo T, Shen B, Nyagilo J, Wang H, et al. Gliomas Interact with 1254 

Non-glioma Brain Cells via Extracellular Vesicles. Cell Rep. 2020 Feb 25;30(8):2489-1255 

2500.e5.  1256 

132.  Venkatesh HS, Morishita W, Geraghty AC, Silverbush D, Gillespie SM, Arzt M, et al. 1257 

Electrical and synaptic integration of glioma into neural circuits. Nature. 1258 

2019;573(7775):539–45.  1259 

133.  Campbell SL, Buckingham SC, Sontheimer H. Human glioma cells induce 1260 

hyperexcitability in cortical networks. Epilepsia. 2012 Aug;53(8):1360–70.  1261 

134.  Yu K, Lin C-CJ, Hatcher A, Lozzi B, Kong K, Huang-Hobbs E, et al. PIK3CA variants 1262 

selectively initiate brain hyperactivity during gliomagenesis. Nature. 2020;578(7793):166–1263 

71.  1264 

135.  Venkataramani V, Tanev DI, Strahle C, Studier-Fischer A, Fankhauser L, Kessler T, et 1265 

al. Glutamatergic synaptic input to glioma cells drives brain tumour progression. Nature. 1266 

2019;573(7775):532–8.  1267 



 

27 
 

136.  Zeng Q, Michael IP, Zhang P, Saghafinia S, Knott G, Jiao W, et al. Synaptic proximity 1268 

enables NMDAR signalling to promote brain metastasis. Nature. 2019;573(7775):526–31.  1269 

137.  Matyash V, Kettenmann H. Heterogeneity in astrocyte morphology and physiology. 1270 

Brain Res Rev. 2010 May;63(1–2):2–10.  1271 

138.  Pekny M, Nilsson M. Astrocyte activation and reactive gliosis. Glia. 2005 1272 

Jun;50(4):427–34.  1273 

139.  Zamanian JL, Xu L, Foo LC, Nouri N, Zhou L, Giffard RG, et al. Genomic analysis of 1274 

reactive astrogliosis. J Neurosci. 2012 May 2;32(18):6391–410.  1275 

140.  Zhang Y, Sloan SA, Clarke LE, Caneda C, Plaza CA, Blumenthal PD, et al. Purification 1276 

and Characterization of Progenitor and Mature Human Astrocytes Reveals Transcriptional 1277 

and Functional Differences with Mouse. Neuron. 2016 Jan 6;89(1):37–53.  1278 

141.  Henrik Heiland D, Ravi VM, Behringer SP, Frenking JH, Wurm J, Joseph K, et al. 1279 

Tumor-associated reactive astrocytes aid the evolution of immunosuppressive environment 1280 

in glioblastoma. Nat Commun. 2019 11;10(1):2541.  1281 

142.  Rajappa P, Cobb WS, Vartanian E, Huang Y, Daly L, Hoffman C, et al. Malignant 1282 

Astrocytic Tumor Progression Potentiated by JAK-mediated Recruitment of Myeloid Cells. 1283 

Clin Cancer Res. 2017 Jun 15;23(12):3109–19.  1284 

143.  Priego N, Zhu L, Monteiro C, Mulders M, Wasilewski D, Bindeman W, et al. STAT3 1285 

labels a subpopulation of reactive astrocytes required for brain metastasis. Nat Med. 1286 

2018;24(7):1024–35.  1287 

144.  Chen Q, Boire A, Jin X, Valiente M, Er EE, Lopez-Soto A, et al. Carcinoma-astrocyte 1288 

gap junctions promote brain metastasis by cGAMP transfer. Nature. 2016 1289 

26;533(7604):493–8.  1290 

145.  Mega A, Hartmark Nilsen M, Leiss LW, Tobin NP, Miletic H, Sleire L, et al. Astrocytes 1291 

enhance glioblastoma growth. Glia. 2020;68(2):316–27.  1292 

146.  Yao M, Ventura PB, Jiang Y, Rodriguez FJ, Wang L, Perry JSA, et al. Astrocytic trans-1293 

Differentiation Completes a Multicellular Paracrine Feedback Loop Required for 1294 

Medulloblastoma Tumor Growth. Cell. 2020 Feb 6;180(3):502-520.e19.  1295 

147.  Asslaber M, Schauer S, Gogg-Kamerer M, Bernhart E, Quehenberger F, Haybaeck J. 1296 

Native Oligodendrocytes in Astrocytomas Might Inhibit Tumor Proliferation by WIF1 1297 

Expression. J Neuropathol Exp Neurol. 2017 01;76(1):16–26.  1298 

148.  Hide T, Komohara Y, Miyasato Y, Nakamura H, Makino K, Takeya M, et al. 1299 

Oligodendrocyte Progenitor Cells and Macrophages/Microglia Produce Glioma Stem Cell 1300 

Niches at the Tumor Border. EBioMedicine. 2018 Apr 1;30:94–104.  1301 

149.  Hide T, Shibahara I, Kumabe T. Novel concept of the border niche: glioblastoma cells 1302 

use oligodendrocytes progenitor cells (GAOs) and microglia to acquire stem cell-like 1303 

features. Brain Tumor Pathol. 2019 Apr;36(2):63–73.  1304 

150.  Dobson THW, Gopalakrishnan V. Preclinical Models of Pediatric Brain Tumors-1305 

Forging Ahead. Bioengineering (Basel). 2018 Oct 2;5(4).  1306 

151.  Bjerkvig R, Tønnesen A, Laerum OD, Backlund EO. Multicellular tumor spheroids 1307 

from human gliomas maintained in organ culture. J Neurosurg. 1990 Mar;72(3):463–75.  1308 

152.  Pollard SM, Yoshikawa K, Clarke ID, Danovi D, Stricker S, Russell R, et al. Glioma 1309 

stem cell lines expanded in adherent culture have tumor-specific phenotypes and are 1310 

suitable for chemical and genetic screens. Cell Stem Cell. 2009 Jun 5;4(6):568–80.  1311 

153.  Lee J, Kotliarova S, Kotliarov Y, Li A, Su Q, Donin NM, et al. Tumor stem cells derived 1312 

from glioblastomas cultured in bFGF and EGF more closely mirror the phenotype and 1313 

genotype of primary tumors than do serum-cultured cell lines. Cancer Cell. 2006 1314 

May;9(5):391–403.  1315 



 

28 
 

154.  Plessier A, Le Dret L, Varlet P, Beccaria K, Lacombe J, Mériaux S, et al. New in vivo 1316 

avatars of diffuse intrinsic pontine gliomas (DIPG) from stereotactic biopsies performed at 1317 

diagnosis. Oncotarget. 2017 Aug 8;8(32):52543–59.  1318 

155.  Guerrero-Cázares H, Chaichana KL, Quiñones-Hinojosa A. Neurosphere Culture and 1319 

Human Organotypic Model to Evaluate Brain Tumor Stem Cells. In: Yu JS, editor. Cancer 1320 

Stem Cells [Internet]. Totowa, NJ: Humana Press; 2009 [cited 2020 Apr 3]. p. 73–83. 1321 

(Methods in Molecular Biology; vol. 568). Available from: 1322 

http://link.springer.com/10.1007/978-1-59745-280-9_6 1323 

156.  Bar-Ephraim YE, Kretzschmar K, Clevers H. Organoids in immunological research. Nat 1324 

Rev Immunol. 2019 Dec 18;  1325 

157.  Linkous A, Balamatsias D, Snuderl M, Edwards L, Miyaguchi K, Milner T, et al. 1326 

Modeling Patient-Derived Glioblastoma with Cerebral Organoids. Cell Rep. 2019 Mar 1327 

19;26(12):3203-3211.e5.  1328 

158.  Pine AR, Cirigliano SM, Nicholson JG, Hu Y, Linkous A, Miyaguchi K, et al. Tumor 1329 

microenvironment is critical for the maintenance of cellular states found in primary 1330 

glioblastomas. Cancer Discov. 2020 Apr 6;  1331 

159.  Bian S, Repic M, Guo Z, Kavirayani A, Burkard T, Bagley JA, et al. Genetically 1332 

engineered cerebral organoids model brain tumor formation. Nat Methods. 2018 1333 

Aug;15(8):631–9.  1334 

160.  Ogawa J, Pao GM, Shokhirev MN, Verma IM. Glioblastoma Model Using Human 1335 

Cerebral Organoids. Cell Rep. 2018 24;23(4):1220–9.  1336 

161.  Hubert CG, Rivera M, Spangler LC, Wu Q, Mack SC, Prager BC, et al. A Three-1337 

Dimensional Organoid Culture System Derived from Human Glioblastomas Recapitulates 1338 

the Hypoxic Gradients and Cancer Stem Cell Heterogeneity of Tumors Found In Vivo. 1339 

Cancer Res. 2016 15;76(8):2465–77.  1340 

162.  Crain SM. Development of “organotypic” bioelectric activities in central nervous tissues 1341 

during maturation in culture. Int Rev Neurobiol. 1966;9:1–43.  1342 

163.  Weis C, Marksteiner J, Humpel C. Nerve growth factor and glial cell line-derived 1343 

neurotrophic factor restore the cholinergic neuronal phenotype in organotypic brain slices 1344 

of the basal nucleus of Meynert. Neuroscience. 2001;102(1):129–38.  1345 

164.  Jensen SS, Meyer M, Petterson SA, Halle B, Rosager AM, Aaberg-Jessen C, et al. 1346 

Establishment and Characterization of a Tumor Stem Cell-Based Glioblastoma Invasion 1347 

Model. PLoS ONE. 2016;11(7):e0159746.  1348 

165.  Minami N, Maeda Y, Shibao S, Arima Y, Ohka F, Kondo Y, et al. Organotypic brain 1349 

explant culture as a drug evaluation system for malignant brain tumors. Cancer Med. 2017 1350 

Nov;6(11):2635–45.  1351 

166.  Eisemann T, Costa B, Strelau J, Mittelbronn M, Angel P, Peterziel H. An advanced 1352 

glioma cell invasion assay based on organotypic brain slice cultures. BMC Cancer. 2018 1353 

Jan 30;18(1):103.  1354 

167.  Marques-Torrejon MA, Gangoso E, Pollard SM. Modelling glioblastoma tumour-host 1355 

cell interactions using adult brain organotypic slice co-culture. Dis Model Mech. 2018 1356 

22;11(2).  1357 

168.  Farin A, Suzuki SO, Weiker M, Goldman JE, Bruce JN, Canoll P. Transplanted glioma 1358 

cells migrate and proliferate on host brain vasculature: a dynamic analysis. Glia. 2006 1359 

Jun;53(8):799–808.  1360 

169.  Krusche B, Ottone C, Clements MP, Johnstone ER, Goetsch K, Lieven H, et al. 1361 

EphrinB2 drives perivascular invasion and proliferation of glioblastoma stem-like cells. 1362 

Elife. 2016 28;5.  1363 

170.  Aldape K, Brindle KM, Chesler L, Chopra R, Gajjar A, Gilbert MR, et al. Challenges 1364 

to curing primary brain tumours. Nat Rev Clin Oncol. 2019;16(8):509–20.  1365 



 

29 
 

171.  Hermans E, Hulleman E. Patient-Derived Orthotopic Xenograft Models of Pediatric 1366 

Brain Tumors: In a Mature Phase or Still in Its Infancy? Front Oncol. 2019;9:1418.  1367 

172.  Hoffmann N, Fernández V, Pereira RC, Rancati S, Pelizzoli R, De Pietri Tonelli D. A 1368 

Xenotransplant Model of Human Brain Tumors in Wild-Type Mice. iScience. 2020 1369 

Jan;23(1):100813.  1370 

173.  Sippel TR, Radtke S, Olsen TM, Kiem H-P, Rongvaux A. Human hematopoietic stem 1371 

cell maintenance and myeloid cell development in next-generation humanized mouse 1372 

models. Blood Adv. 2019 Jan 29;3(3):268–74.  1373 

174.  Zhu Y, Guignard F, Zhao D, Liu L, Burns DK, Mason RP, et al. Early inactivation of 1374 

p53 tumor suppressor gene cooperating with NF1 loss induces malignant astrocytoma. 1375 

Cancer Cell. 2005 Aug;8(2):119–30.  1376 

175.  Kwon C-H, Zhao D, Chen J, Alcantara S, Li Y, Burns DK, et al. Pten haploinsufficiency 1377 

accelerates formation of high-grade astrocytomas. Cancer Res. 2008 May 1;68(9):3286–1378 

94.  1379 

176.  Xiao A, Wu H, Pandolfi PP, Louis DN, Van Dyke T. Astrocyte inactivation of the pRb 1380 

pathway predisposes mice to malignant astrocytoma development that is accelerated by 1381 

PTEN mutation. Cancer Cell. 2002 Mar;1(2):157–68.  1382 

177.  Ding H, Shannon P, Lau N, Wu X, Roncari L, Baldwin RL, et al. Oligodendrogliomas 1383 

result from the expression of an activated mutant epidermal growth factor receptor in a RAS 1384 

transgenic mouse astrocytoma model. Cancer Res. 2003 Mar 1;63(5):1106–13.  1385 

178.  Ding H, Roncari L, Shannon P, Wu X, Lau N, Karaskova J, et al. Astrocyte-specific 1386 

expression of activated p21-ras results in malignant astrocytoma formation in a transgenic 1387 

mouse model of human gliomas. Cancer Res. 2001 May 1;61(9):3826–36.  1388 

179.  Shih AH, Dai C, Hu X, Rosenblum MK, Koutcher JA, Holland EC. Dose-dependent 1389 

effects of platelet-derived growth factor-B on glial tumorigenesis. Cancer Res. 2004 Jul 1390 

15;64(14):4783–9.  1391 

180.  Han Z-Y, Richer W, Fréneaux P, Chauvin C, Lucchesi C, Guillemot D, et al. The 1392 

occurrence of intracranial rhabdoid tumours in mice depends on temporal control of 1393 

Smarcb1 inactivation. Nat Commun. 2016 Jan 28;7:10421.  1394 

181.  Jin AY, Tuor UI, Rushforth D, Kaur J, Muller RN, Petterson JL, et al. Reduced blood 1395 

brain barrier breakdown in P-selectin deficient mice following transient ischemic stroke: a 1396 

future therapeutic target for treatment of stroke. BMC Neurosci. 2010 Feb 2;11:12.  1397 

182.  Sohet F, Daneman R. Genetic mouse models to study blood-brain barrier development 1398 

and function. Fluids Barriers CNS. 2013 Jan 10;10(1):3.  1399 

183.  Armulik A, Genové G, Mäe M, Nisancioglu MH, Wallgard E, Niaudet C, et al. Pericytes 1400 

regulate the blood-brain barrier. Nature. 2010 Nov 25;468(7323):557–61.  1401 

184.  Tsvankin V, Hashizume R, Katagi H, Herndon JE, Lascola C, Venkatraman TN, et al. 1402 

ABC Transporter Inhibition Plus Dexamethasone Enhances the Efficacy of Convection 1403 

Enhanced Delivery in H3.3K27M Mutant Diffuse Intrinsic Pontine Glioma. Neurosurgery. 1404 

2020 01;86(5):742–51.  1405 

185.  Subashi E, Cordero FJ, Halvorson KG, Qi Y, Nouls JC, Becher OJ, et al. Tumor 1406 

location, but not H3.3K27M, significantly influences the blood-brain-barrier permeability 1407 

in a genetic mouse model of pediatric high-grade glioma. J Neurooncol. 2016 1408 

Jan;126(2):243–51.  1409 

186.  Zong H, Espinosa JS, Su HH, Muzumdar MD, Luo L. Mosaic analysis with double 1410 

markers in mice. Cell. 2005 May 6;121(3):479–92.  1411 

187.  Hamilton L, Astell KR, Velikova G, Sieger D. A Zebrafish Live Imaging Model Reveals 1412 

Differential Responses of Microglia Toward Glioblastoma Cells In Vivo. Zebrafish. 1413 

2016;13(6):523–34.  1414 



 

30 
 

188.  Vlachogiannis G, Hedayat S, Vatsiou A, Jamin Y, Fernández-Mateos J, Khan K, et al. 1415 

Patient-derived organoids model treatment response of metastatic gastrointestinal cancers. 1416 

Science. 2018 Feb 23;359(6378):920–6.  1417 

189.  Takahashi K, Tanabe K, Ohnuki M, Narita M, Ichisaka T, Tomoda K, et al. Induction 1418 

of pluripotent stem cells from adult human fibroblasts by defined factors. Cell. 2007 Nov 1419 

30;131(5):861–72.  1420 

190.  Thomson JA, Itskovitz-Eldor J, Shapiro SS, Waknitz MA, Swiergiel JJ, Marshall VS, 1421 

et al. Embryonic stem cell lines derived from human blastocysts. Science. 1998 Nov 1422 

6;282(5391):1145–7.  1423 

191.  Lancaster MA, Renner M, Martin C-A, Wenzel D, Bicknell LS, Hurles ME, et al. 1424 

Cerebral organoids model human brain development and microcephaly. Nature. 2013 Sep 1425 

19;501(7467):373–9.  1426 

192.  Muchnik SK, Lorente-Galdos B, Santpere G, Sestan N. Modeling the Evolution of 1427 

Human Brain Development Using Organoids. Cell. 2019 Nov 27;179(6):1250–3.  1428 

193.  Kanton S, Boyle MJ, He Z, Santel M, Weigert A, Sanchís-Calleja F, et al. Organoid 1429 

single-cell genomic atlas uncovers human-specific features of brain development. Nature. 1430 

2019 Oct;574(7778):418–22.  1431 

194.  Krieger TG, Tirier SM, Park J, Jechow K, Eisemann T, Peterziel H, et al. Modeling 1432 

glioblastoma invasion using human brain organoids and single-cell transcriptomics. Neuro-1433 

oncology. 2020 Apr 16;  1434 

195.  Loong HH-F, Wong AM, Chan DT-M, Cheung MS-H, Chow C, Ding X, et al. Patient-1435 

derived tumor organoid predicts drugs response in glioblastoma: A step forward in 1436 

personalized cancer therapy? J Clin Neurosci. 2020 Apr 24;  1437 

196.  Qian X, Song H, Ming G. Brain organoids: advances, applications and challenges. 1438 

Development [Internet]. 2019 Apr 15 [cited 2020 Apr 9];146(8). Available from: 1439 

https://dev.biologists.org/content/146/8/dev166074 1440 

197.  Cong L, Ran FA, Cox D, Lin S, Barretto R, Habib N, et al. Multiplex genome 1441 

engineering using CRISPR/Cas systems. Science. 2013 Feb 15;339(6121):819–23.  1442 

198.  Sancho-Martinez I, Nivet E, Xia Y, Hishida T, Aguirre A, Ocampo A, et al. 1443 

Establishment of human iPSC-based models for the study and targeting of glioma initiating 1444 

cells. Nat Commun. 2016 Feb 22;7:10743.  1445 

199.  da Silva B, Mathew RK, Polson ES, Williams J, Wurdak H. Spontaneous Glioblastoma 1446 

Spheroid Infiltration of Early-Stage Cerebral Organoids Models Brain Tumor Invasion. 1447 

SLAS Discov. 2018;23(8):862–8.  1448 

200.  Ballabio C, Anderle M, Gianesello M, Lago C, Miele E, Cardano M, et al. Modeling 1449 

medulloblastoma in vivo and with human cerebellar organoids. Nat Commun. 2020 Jan 1450 

29;11(1):583.  1451 

201.  Cakir B, Xiang Y, Tanaka Y, Kural MH, Parent M, Kang Y-J, et al. Engineering of 1452 

human brain organoids with a functional vascular-like system. Nat Methods. 2019 1453 

Nov;16(11):1169–75.  1454 

202.  Pham MT, Pollock KM, Rose MD, Cary WA, Stewart HR, Zhou P, et al. Generation of 1455 

human vascularized brain organoids. Neuroreport. 2018 May 2;29(7):588–93.  1456 

203.  Gosselin D, Skola D, Coufal NG, Holtman IR, Schlachetzki JCM, Sajti E, et al. An 1457 

environment-dependent transcriptional network specifies human microglia identity. 1458 

Science [Internet]. 2017 Jun 23 [cited 2020 May 4];356(6344). Available from: 1459 

https://science.sciencemag.org/content/356/6344/eaal3222 1460 

204.  Abud EM, Ramirez RN, Martinez ES, Healy LM, Nguyen CHH, Newman SA, et al. 1461 

iPSC-Derived Human Microglia-like Cells to Study Neurological Diseases. Neuron. 2017 1462 

Apr 19;94(2):278-293.e9.  1463 



 

31 
 

205.  Takata K, Kozaki T, Lee CZW, Thion MS, Otsuka M, Lim S, et al. Induced-Pluripotent-1464 

Stem-Cell-Derived Primitive Macrophages Provide a Platform for Modeling Tissue-1465 

Resident Macrophage Differentiation and Function. Immunity. 2017 18;47(1):183-198.e6.  1466 

 1467 

 1468 

 1469 

 1470 

 1471 

 1472 

 1473 

 1474 

 1475 



 

32 
 

Figure 1. Simplified schema of malignant brain tumors (grade III-IV) as classified by the World Health Organization (WHO). * mainly in 1476 

pediatric patients; ** mainly in adult population.  1477 
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 1479 

1480 
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Figure 2. Blood-tumor barrier (A-B), extracellular matrix (C-D) and immune infiltrate 1481 

(E-G) across the main brain tumor types. The characteristics of the different TME 1482 

components vary significantly according to tumor histology and its molecular features. SHH-1483 

driven medulloblastoma and DMGs present with an intact BTB (panel 1A), while BTB 1484 

disruption through reduced TJs, non-uniform pericyte vessel coverage and glioma stem cell-1485 

derived pericytes is reported in HGGs and WNT-driven medulloblastoma (panel 1B). Panels 1486 

1C and D summarize the ECM features in HGGs, according to IDH1 status. While the rare 1487 

glioblastomas with the mutant form of IDH1 exhibit a stiffness similar to that of the average 1488 

low-grade gliomas (1C), gliomas with wild-type IDH1 have a higher degree of stiffness, 1489 

regardless of the tumor grade (1D), with an upregulation of the expression of TNC and HA, and 1490 

hypersecretion of metalloproteases. Panels E-G show the difference in terms of immune 1491 

infiltrate among brain tumor types. Mesenchymal HGGs as well as SHH-driven are the most 1492 

infiltrated with abundant microglia, TAMs and T lymphocytes (1E), followed by 1493 

proneuronal/neuronal HGGs and group 4 medulloblastoma (1F). At the contrary, classic HGGs 1494 

and DMGs are characterized by a poor immune infiltrate (“cold tumors”), mostly consisting on 1495 

microglia (1G).  1496 

BTB: blood-tumor barrier; SHH: sonic hedgehog; DMG: diffuse midline glioma; TJ: tight junction; 1497 

HGG: high-grade glioma; WNT: Wingless-related integration site; IDH1: Isocitrate dehydrogenase-1; 1498 

TNC: tenascin C: HA: hyaluronic acid. TAM: tumor-associated macrophage.  1499 
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Table 1. Preclinical models to study the interaction between brain microenvironment and 1502 

cancer cells. 1503 

 1504 
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Figure 3. Modeling brain TME in pediatric cancer using IPSC-derived immune 1505 

organoids. Brain organoids will be generated from patient-derived iPSC (A-B-C) and co-1506 

cultured with iMacs in order to allow the differentiation of iMacs into microglia-like cells (B). 1507 

Patient’s tumor cells (    ) and lymphocytes (   ) will be co-cultured with brain organoids and 1508 

iMacs to more accurately represent the complex interaction among different immune cell types, 1509 

and between TME and cancer cells. Through single-cell RNA-seq and high dimensional flow 1510 

cytometry, the molecular pathways of microglia versus other non-malignant cells involved in 1511 

brain cancer development will be explored. By using genome editing tools, those key 1512 

mechanisms of immune surveillance involving tissue-resident macrophages and other TME 1513 

components could be validated, and then targeted by immunotherapies (    ). 1514 

 1515 

TME: tumor microenvironment; iPSC: human-induced pluripotent stem cell; iMacs: iPSCs-1516 

derived primitive macrophages; PBSC: peripheral blood mononuclear cell; CRISPR: Clustered 1517 

Regularly Interspaced Short Palindromic Repeats; shRNA: short/small hairpin RNA 1518 
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