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Abstract

Glioblastomas are heterogeneous and invariably lethal tumours. They are characterized by genetic 

and epigenetic variations among tumour cells, which makes the development of therapies that 

eradicate all tumour cells challenging and currently impossible. An important component of 

glioblastoma growth is communication with and manipulation of other cells in the brain environs, 

which supports tumour progression and resistance to therapy. Glioblastoma cells recruit innate 

immune cells and change their phenotype to support tumour growth. Tumour cells also suppress 

adaptive immune responses, and our increasing understanding of how T cells access the brain and 

how the tumour thwarts the immune response offers new strategies for mobilizing an antitumour 

response. Tumours also subvert normal brain cells — including endothelial cells, neurons and 

astrocytes — to create a microenviron that favours tumour success. Overall, after glioblastoma-

induced phenotypic modifications, normal cells cooperate with tumour cells to promote tumour 

proliferation, invasion of the brain, immune suppression and angiogenesis. This glioblastoma 

takeover of the brain involves multiple modes of communication, including soluble factors such as 

chemokines and cytokines, direct cell–cell contact, extracellular vesicles (including exosomes and 

microvesicles) and connecting nanotubes and microtubes. Understanding these multidimensional 
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communications between the tumour and the cells in its environs could open new avenues for 

therapy.

Glioblastomas remain one of the most aggressive malignancies, with no change in the 

standard of care for almost 20 years and a median lifespan from time of diagnosis to death of 

about 15 months1. This bleak outcome has stimulated ongoing efforts to reveal new insights 

into these tumours and the surrounding cells to facilitate development of new treatment 

strategies. New studies and technologies have deepened our understanding of the factors that 

make these tumours so formidable but have highlighted two major challenges. First, a lack 

of models that can authentically reproduce the genetic and phenotypic properties of human 

glioblastoma (BOX 1), especially regarding the analysis of glioblastoma 

microenvironmental communication, is hampering progress into the development of new 

therapies for the condition. Second, as underlined by the 2016 WHO classification system, 

evidence increasingly demonstrates that glioblastoma is genetically heterogeneous (BOX 2) 

and thus will probably require combinatorial approaches for different subtypes of tumour 

cell even within a single glioblastoma tumour.

In addition to this deepening understanding of the genetic and phenotypic variability within 

glioblastoma, the field has gained increasing awareness of the ability of these tumours to 

manipulate and exploit normal brain cells. Almost all cell types in the tumour environs are 

affected: the tumour is able to stimulate angiogenesis and co-opt existing vasculature2, 

suppress immune cell functions3, disarm microglia and macrophages that should recognize 

and fight foreign elements in the brain4, coerce astrocytes into joining tumour support5 and 

even change the extracellular matrix (ECM) to facilitate invasion6. Conversely, new insights 

into the presence of adaptive immune cells in the brain and the presence of a CNS lymphatic 

system7,8 might give rise to therapeutic opportunities that manipulate this system to 

recognize tumour neoantigens9 similarly to the strategies currently being clinically applied 

for some melanoma and lung cancer patients.

Glioblastoma recruits normal cells in its environs to promote growth, sustenance and 

encroachment of the tumour into the brain (FIG. 1). This glioblastoma ‘takeover’ of the 

brain involves multiple types of communication and directive exchanged between tumour 

cells and surrounding cells. Cell-secreted soluble factors, including transforming growth 

factor-β (TGFβ), IL-6, Notch, platelet-derived growth factor (PDGF), epidermal growth 

factor (EGF), vascular endothelial growth factor (VEGF) and stromal cell-derived factor 1 

(SDF1; also known as CXCL12), are well known to serve as signalling molecules by 

binding to receptors on target cells, but the importance of other routes of communication — 

such as gap junctions, extracellular vesicles and nanotubes — are now being recognized 

(FIG. 2). A distinguishing feature of glioblastomas is their ability to form a virtual nuclear 

and cytoplasmic continuum with neighbouring cells, whereby they can introduce not only 

inorganic elements but also genetic elements and proteins into normal cells to change their 

phenotype and rescue fellow tumour cells that are in trouble, for example, as a result of 

radiotherapy or chemotherapy. These newly recognized transit routes can transmit non-

secretable molecules, including transcription factors, directive RNAs and DNA and even 

mitochondria and nuclei. Small molecules such as Ca2+, ATP, metabolites and microRNAs 
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(miRNAs) can be transferred between adjacent cells through gap junctions10,11. Connexins, 

which form a structural component of these junctions, are upregulated in tumourinitiating 

cells12 and are associated with increased invasiveness of gliomas11. Non-secretable proteins 

(including transcription factors), RNA, DNA, lipids and metabolites can be transferred 

through extracellular vesicles released from cells via fusion of multivesicular bodies with the 

cell membrane (which yields exosomes), budding from the plasma membrane (giving rise to 

microvesicles and large oncosomes)13–15 or budding off the tips of nanotubes that extend out 

from the cells16,17. These tumour-derived extracellular vesicles can change the phenotype of 

normal cells to promote angiogenesis, immune suppression, tumour cell invasion and 

metabolic regulation18–20. Tumour cells can also be linked by ‘tunnelling’ nanotubes and 

microtubes that form gap junctions or a cytoplasmic continuum between cells to enable 

transport of molecules and organelles21–23. The involvement of microtubes has been 

indicated in the regrowth of tumours after surgery and in conferring resistance to 

chemotherapy24, although they are not apparent in some glioma models25.

These different modes of physical support among tumour cells, and the two-way crosstalk 

between tumour cells and normal cells in their vicinity, together with the epigenetic 

flexibility of cells, enable the tumour to create a pluripotent environment that can adapt to 

changes and thus give the tumour many options to survive therapeutic assault. Given the 

presence of multiple routes of information transfer in the tumour microenvironment, it is 

difficult to determine which route mediates which functions and how best to disrupt this 

multifaceted tumour-supportive network.

This Review focuses on new findings that elucidate the complex and dynamic modes of 

communication between tumour cells and normal cells in the tumour microenvironment. We 

discuss the ways in which tumours recruit and subvert normal cells to change their 

phenotype to support tumour progression, suppress immune defences and defy therapeutic 

interventions.

Innate immune system and glioblastoma

Interaction between glioblastoma and microglia, monocytes or macrophages.

The glioblastoma microenvironment contains brain-resident microglia and infiltrating 

monocytes. Once monocytes have infiltrated the tumour, they can differentiate into 

macrophages26,27. Although often grouped together under the term tumour-associated 

macrophages or myeloid cells (TAMs), these cells represent distinctly different 

populations26. Microglia are derived from immature yolk sac progenitors during early 

embryonic development and maintain themselves in the brain through self-renewal28,29. In 

non-pathological settings, microglia are the main innate immune cells in the brain and are 

important in the defence against pathogens and noxious stimuli30. Glioblastoma leads to 

some disruption of the blood–brain barrier (BBB), which enables bone marrow 

haematopoietic stem cell-derived monocytes and macrophages to infiltrate the 

tumour26,27,31. Studies have shown that in specific cases up to 50% of the glioblastoma mass 

can consist of TAMs32. Chimeric and cell lineage models have shown that the exact 

composition of TAMs changes over time26,31. One study examined the infiltration of 

peripheral immune cells in a chimeric GL261 mouse glioma model that received head-
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protected irradiation, in which BBB disruption due to irradiation is avoided. Fluorescently 

tagged myeloid-derived monocytes and macrophages transplanted into these mice 

constituted up to 25% of TAMs in the glioblastoma tumour after 21 days, with lower 

percentages of myeloid-derived TAMs observed at earlier time points31. The influx of 

myeloid-derived monocytes in mouse glioblastoma tumours was confirmed in a 

haematopoietic stem cell lineage tracing model, in which >35% of TAMs were myeloid-

derived26. As such, the population of glioblastoma TAMs can progress from strictly 

microglial in early phases to a mixture of microglia and infiltrating monocytes and 

macrophages in late phases of tumour progression. In mice, accurate separation of microglia 

and macrophages can be obtained by fluorescence-activated cell sorting using αM integrin 

(also known as CD11b) and receptor-type tyrosine-protein phosphatase C (also known as 

CD45) markers26. In humans, α4 integrin (also known as CD49D) can accurately separate 

these two cell types in tumours26. Here, when studies used these specific markers for 

separation of microglia and myeloid-derived cells we refer to the cellular subpopulation 

studied, otherwise the generic term ‘TAMs’ is used.

TAM recruitment.

The recruitment of TAMs to glioma is mostly mediated by cytokine and chemokine 

gradients released by glioblastoma cells (FIG. 3). These factors have been extensively 

reviewed elsewhere and include CC-chemokine ligand 2 (CCL2; also known as MCP1) and 

CCL7 (also known as MCP3), glial cell line-derived neurotrophic factor (GDNF), 

hepatocyte growth factor (HGF), SDF1, tumour necrosis factor (TNF), VEGF, ATP, 

macrophage colony-stimulating factor 1 (CSF1) and granulocyte–macrophage colony-

stimulating factor (GM–CSF)32,33. TAMs can also be recruited to a specific subset of 

glioblastoma cells, such as oligodendrocyte transcription factor 2 (OLIG2)-expressing and 

transcription factor SOX2-expressing tumour-initiating cells, which secrete periostin to 

recruit TAMs34. Medical interventions can also stimulate TAM recruitment; for example, 

intracranial biopsies can increase infiltration of circulating monocytes into the tumour in a 

CCL2-dependent manner35. Microglia and macrophages themselves also secrete CCL2 to 

increase infiltration of CCR2+Ly6C+ monocytes, thus creating a positive feedback loop for 

the continued infiltration of myeloid cells36.

TAM activation state.

Interaction between glioblastoma cells and TAMs is multifactorial and occurs both in close 

proximity by direct cell–cell contact and distantly by the release of soluble and membrane-

encased factors. This secretome consists of a multitude of molecules, including soluble 

lipids, cytokines and chemokines33,37. Glioblastomas also release extracellular vesicles that 

contain a cargo of many types of molecules that have been shown to influence TAM status in 

a combinatorial way in culture and in vivo25,38. However, no techniques currently are 

available to suppress extracellular vesicle release from glioblastomas specifically; therefore, 

the overall relevance of the interaction between glioblastoma extracellular vesicles and 

TAMs remains to be elucidated. Ultimately, the combination and timing of all glioblastoma-

released factors determine the activation state and function of TAMs.
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The traditional model of the activation states of TAMs describes a binary system of either 

tumour-suppressive (M1) or tumour-supportive (M2) macrophages39. This model was based 

on stimulation of cells in culture by IFNγ, lipopolysaccharide (LPS) or IL-4 and was later 

extended to include M2 subtypes activated by other types of stimulation, comprising M2a 

(IL-4 and IL-13), M2b (immune complexes, Toll-like receptor (TLR) or IL-1R) and M2c 

(IL-10)40. However, RNA sequencing extended the number of stimuli to a combination of 28 

known factors and revealed that a wide spectrum of activation states could be induced. The 

findings demonstrated that macrophage differentiation is much more complex than the 

binary M1– M2 model41, even when stimulated in culture. This complexity became more 

apparent when microglia, monocytes and macrophages were isolated from glioblastoma in 

vivo and analysed by RNA sequencing. The most upregulated genes were found to be shared 

between traditional M1, M2a, M2b and M2c transcriptomes, suggesting that the activation 

state in vivo is very different from that in culture26,42,43. Single-cell sequencing confirmed 

that activation of both M1 and M2 signatures can be observed even in individual cells in an 

in vivo brain trauma model44. Consequently, the M1 and M2 designations are being replaced 

by more precise situation-specific models39. Altogether, these findings suggest that TAMs 

express gene sets in vivo that are associated with stimulation by different factors, 

highlighting the variety of information transfer in the tumour microenvironment.

TAMs contribute to tumour proliferation.

The role of secreted molecules on TAM function and, subsequently, on tumour growth has 

been studied extensively32. This interplay between glioblastoma cells and TAMs is 

especially apparent in tissue remodelling and is necessary for glioblastoma cells to infiltrate 

the brain (FIG. 3). One group of proteins that is crucial in tissue remodelling is matrix 

metalloproteinases (MMPs)45. In glioblastoma, MMP2 has an important role in ECM 

degradation, which facilitates glioblastoma cell migration and invasion46. MMP2 is released 

in a precursor form (pro-MMP2) that is cleaved by MMP14 to an active state32. However, 

glioblastoma cells secrete pro-MMP2, but not MMP14. Conversely, microglia in the tumour 

microenvironment are a major source of MMP14. Two different glioblastoma-derived 

factors act to increase microglial MMP14 release38,47. First, the ECM protein versican is 

released from glioma and induces MMP14 release by TAMs through its upstream receptor 

TLR2 (REF.47). Second, studies of cell-culture models have shown that glioblastoma-

derived extracellular vesicles can also induce microglial expression of MMP14 RNA, 

although the mechanism and in vivo relevance remain to be elucidated38.

Owing to their rapid growth, glioblastomas are in constant need of neovascularization and 

release angiogenic factors, such as EGF and VEGF33. Additionally, in glioblastoma, 

microglia and macrophages accumulate around blood vessels and also produce the pro-

angiogenic chemokines VEGF and CXC-chemokine ligand 2 (CXCL2)48. Furthermore, 

glioblastoma cells might promote angiogenesis indirectly through microglial cells, as CSF1 

secreted by glioblastoma cells in vitro induces microglia cells to release insulin-like growth 

factor-binding protein 1 (IGFBP1), which can induce angiogenesis49. RAGE (receptor for 

advanced glycation end products; also known as AGER) is thought to play a part in a 

number of diseases, including tumours. In tumour-bearing mice, RAGE ablation increases 

survival by reducing the levels of VEGFA secreted by infiltrating TAMs, which results in 
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leaky (rather than fully developed) vasculature and disturbed tumour perfusion50. However, 

these effects were reported in syngeneic GL261 mouse tumours (a frequently used cellular 

model of glioma), which do not represent the invasive growth pattern observed in 

glioblastoma patients. Thus, TAMs have a crucial role in tumour angiogenesis through 

multiple signalling mechanisms.

Overall, the interaction between glioblastoma and TAMs is bidirectional and multifactorial. 

This plethora of paracrine loops can determine the ultimate effects of TAMs on tumour 

growth and can differ depending on local variables such as hypoxia, the extent of necrosis, 

TAM infiltration density and/or TAM activation state.

Neutrophils and mast cells.

In addition to macrophages and microglia, other innate immune cells, including neutrophils 

and mast cells, are recruited into the tumour microenvironment51,52. The release of various 

chemokines and cytokines, such as IL-8, TNF and CCL2, by tumour cells or stromal cells 

after biopsy or resection can recruit neutrophils to the tumour microenvironment35,53. 

Tumour-associated neutrophils secrete cytokines that further increase the infiltration of 

neutrophils and monocytes and thus might indirectly support tumour growth by increasing 

TAM density at the glioma site54.

Similarly, various chemokines produced by glioblastoma cells, including SDF1, macrophage 

migration inhibitory factor and plasminogen activator inhibitor 1, recruit mast cells to the 

tumour microenvironment52,55,56. Mast cells are bone-marrow-derived immune cells that 

play a part in innate and adaptive immune responses. Upon activation by glioblastoma cells, 

mast cells produce soluble factors, including IL-6, IL-8, VEGF and TNF, that can facilitate 

tumour growth and angiogenesis57. What role other forms of communication — including 

extracellular vesicles, nanotubes and microtubes — have in the communication between 

tumour cells and neutrophils and mast cells remains to be investigated.

An increasing body of evidence, therefore, suggests that multiple communication loops in 

the tumour microenvironment are responsible for the recruitment and activation of various 

cells of the innate immune system. An improved understanding of these complex 

interactions between glioblastoma and innate immune cells could open novel therapeutic 

avenues for glioblastoma via the blockade of these interactions.

Adaptive immune response to brain tumours

Beyond their direct interactions with glioma cells described above, innate immune cells also 

have essential roles in the activation of adaptive immune responses, which in turn can 

restrict glioma growth. For a long time, the historic notion that the brain is an immune-

privileged organ that is both invisible to the adaptive immune system and physically 

excludes migratory immune cells through the BBB has discouraged the idea that CNS 

tumours, including glioblastoma, might be susceptible to spontaneous or therapeutically 

induced adaptive antitumour immune responses. This dogmatic view has largely eroded over 

the past few years, partly owing to recognition of phenomena that conflict with this concept, 

including the fact that multiple sclerosis is driven by T cells58, that non-CNS tumours can 
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induce paraneoplastic autoimmune reactions that affect the CNS59, that restriction of T cell 

trafficking can elicit opportunistic CNS infections60 and that CNS antigens are detected by T 

cells in extracranial lymphoid tissues61. As a result, the traditional concept of passive 

immune privilege through physical isolation of the CNS from the adaptive immune system 

has given way to the concept of active immune privilege that is dynamically maintained by 

mechanisms of immune regulation, which can be revoked when necessary62. Efforts to 

understand the role of adaptive immune cells, and particularly T cells, in the glioma tumour 

environment have consequently intensified.

Glioblastoma neoantigens and T cell activation.

High-grade glioma ranks in the bottom half of human tumours in terms of mutational 

neoantigen load63, which currently is considered a crucial determinant of an effective 

adaptive antitumour response. Nevertheless, T cell infiltration of tumours positively 

correlates with clinical outcome in patients with glioblastoma64–68, suggesting — although 

not proving — that these cells can control tumour growth. In contrast to innate immune 

cells, cells of the adaptive immune system (namely, T and B cells) become effector cells that 

are capable of exerting antitumour effects only through a dramatic expansion of small 

populations of naive antigen-specific precursor cells, in conjunction with differentiation that 

equips them with immunological effector activities. With regards to T cells, effector 

differentiation enables migration to non-lymphoid and tumour tissues. The activation 

process occurs in secondary lymphoid organs, such as the lymph nodes and spleen, where 

resident and lymphborne migratory dendritic cells that originate in peripheral tissues present 

antigens to T cells (FIG. 4a). Cellular and molecular tracer studies revealed a functional 

connection between the CNS and the deep cervical lymph nodes decades ago69, but a bona 

fide lymphatic drainage system for the CNS was demonstrated only in rodents and humans 

in 2015 (REFs7,8). Mouse studies also suggest that antigen-presenting cells (APCs) traffic 

from the CNS to deep cervical lymph nodes and present brain tumour antigens, which 

induce expression of a trafficking receptor pattern by T cells that enables their homing to the 

CNS; by contrast, the same activity is not demonstrated by APCs that originate from skin 

tumours. Thus, unique features of the brain tumour environment help to educate APCs that 

then travel to deep cervical lymph nodes via lymphatic vessels to imprint T cells with brain 

tropism61.

Routes of T cells into the brain.

Once primed in deep cervical lymph nodes, T cells enter the bloodstream and have two 

principal access routes to the brain (FIG. 4b). In the steady state, CC-chemokine receptor 6 

(CCR6)-expressing T helper 17 cells can enter the cerebrospinal fluid via the choroid plexus 

and percolate around the brain surface, where they might re-encounter their cognate antigen 

on meningeal APCs. This interaction can trigger an initially inflammatory reaction that then 

licenses local CNS microvessels to support recruitment of additional T cells and other 

immune cells in a CCR6-independent way70. Whether this immune-surveillance pathway is 

relevant for anti-glioma responses is currently unknown. Alternatively, inflammation 

induced by the invasive growth of glioblastomas and by the factors these tumours produce 

could directly drive microvascular changes that support recruitment of T cells and innate 
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immune cells via pre-existing brain microvessels and neo-vessels that develop in response to 

pro-angiogenic factors released by tumours.

Immune regulation in the brain.

Upon entry into the glioma microenvironment, tumour-reactive T cells are faced with a 

complex array of immune-regulatory mechanisms (FIG. 4c). Most of these mechanisms are 

also operative in non-CNS tumours, but it is possible that the conditions underlying active 

immune privilege in the healthy CNS also support a particularly immunesuppressive 

environment in glioblastomas. TGFβ2, which was discovered under the name glioma-

derived T cell suppressor factor, was one of the earliest immunosuppressive factors found 

and was identified on the basis of its ability to suppress IL-2-dependent T cell survival71. 

TGFβ2 and TGFβ1, the predominant forms of TGFβ produced by immune cells, have 

remained centre stage in glioma microenvironment research, not only because of their 

organization of the interplay between tumour cells and myeloid cells (as described above) 

but also because of their direct effects on T cells. CD8+ T cells rapidly induce expression of 

ITGAE (encoding αE integrin), a gene for which the expression is strictly TGFβ-dependent, 

upon entry into the brain tumour microenvironment in mice or humans, indicating that they 

are locally exposed to strong TGFβ signals72. Although αE integrin expression improves 

retention of cytotoxic T lymphocytes in the brain, TGFβ also attenuates the ability of these 

cells to express crucial effector molecules, such as granzyme B and IFNγ, which probably 

reduces their efficacy against glioma73.

Beyond TGFβ2, glioblastomas have been reported to produce a wide range of membrane-

bound, secreted and metabolic factors, as described for other tumours, including Fas antigen 

ligand (FasL; also known as FASLG), programmed cell death 1 ligand 1 (PDL1), VEGFA, 

indoleamine oxidase and others74–77. Glioblastoma can also induce TGFβ and IL-10 

expression in pericytes, which routinely interact with extravasating T cells and reduce their 

expression of co-stimulatory molecules78. Both glioblastoma and pericyte-derived immune-

regulatory factors might act on antitumour effector T cells through direct mechanisms or 

indirectly by promoting the recruitment and function of tolerogenic APCs and regulatory T 

(Treg) cells. Either way, these factors produce a local state of reduced T cell effector function 

commonly referred to as T cell exhaustion or dysfunction79. This cellular differentiation 

state is also observed in chronic viral infection and presumably serves to prevent 

immunopathological tissue damage due to ongoing T cell activity against a virus, whereas in 

the tumour environment it restricts T cell antitumour functions.

T cell dysfunction in glioblastoma.

One hallmark of T cell dysfunction is the co-expression of multiple co-inhibitory receptors, 

including programmed cell death protein 1 (PD1), T cell membrane protein 3 (TIM3; also 

known as HAVCR2), lymphocyte activation gene 3 protein (LAG3) and T cell 

immunoreceptor with immunoglobulin and ITIM domains (TIGIT)80. Improved 

understanding of the mechanisms by which expression of these receptors is induced in 

tumourinfiltrating T cells will be necessary, but they probably include T cell receptor 

activation in the absence of sufficient co-stimulation, resulting in binding of nuclear factor of 

activated T cell (NFAT) to exhaustion-associated genes instead of effector genes81. Treg cells 
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can downregulate co-stimulatory molecules on tumour-associated APCs and thereby 

promote T cell exhaustion82. In addition, TGFβ and VEGFA, which are both produced by 

the glioma, amplify T cell receptor-driven induction of PD1 and other co-inhibitory 

receptors83,84 and might explain their high expression in tumour-infiltrating T cells.

Glioma cells and APCs in the glioma environment express co-inhibitory receptor ligands, 

which engage with T cells and attenuate functions triggered by concurrent T cell receptor 

engagement, reducing the antitumour activity of these cells. Expression of PDL1, one of the 

known ligands for PD1, is induced on tumour cells by IFNγ and therefore reflects ongoing 

antitumour immune activity85. In addition, oncogenic mutations, such as those causing a loss 

of PTEN function in glioma, can activate PDL1 expression in tumour cells86.

Immune checkpoint inhibition.

Use of blocking antibodies to interrupt binding of the co-inhibitory receptors PD1 and 

cytotoxic T lymphocyte protein 4 (CTLA4) with their ligands — so-called checkpoint 

blockade — has recently established itself as a powerful new modality of cancer therapy. In 

a notable study from 2016, blockade of the PD1 and/or CTLA4 pathways eliminated 

established mouse glioblastomas in the majority of treated animals and produced immune 

memory protective against tumour rechallenge87. However, patients with glioblastoma 

generally carry a lower neoantigen load than the mouse glioblastoma model used here; 

therefore, it remains to be determined whether CTLA4-targeted or PD1-targeted therapy will 

be effective in humans, given the correlation between neoantigen load and response to either 

of these therapies88,89. Indeed, although phase I trial data on PD1 blockade in recurrent 

glioblastoma indicated a transient increase in progression-free survival90, a phase III arm of 

the same trial failed to show an increase in overall survival91. In addition to low antigenicity, 

a low degree of inflammation and the overwhelming immune-regulatory activity intrinsic to 

the CNS might have contributed to this failure. Consequently, measures to enhance the basal 

immune reactivity of glioblastoma might be needed to render PD1-targeted therapy 

effective. However, irrespective of the question of tumour antigenicity and despite CNS 

immune privilege, brain tumours are, in principle, susceptible to the effects of checkpoint 

blockade antibodies and the enhanced antitumour T cell function they elicit. This conclusion 

is also supported by data from humans showing that brain metastasis of malignant 

melanoma is tractable to checkpoint inhibitor treatment92.

Endothelial cells and tumour vasculature

Glioblastoma growth is accompanied by angiogenesis, and tumour vasculature has several 

key functions enabling tumour growth, including the delivery of oxygen and nutrients, 

modulation of the immune response, support of tumour cell dissemination and provision of 

barriers for compartmentalization within the brain. Notably, tumour-initiating cells are 

usually located close to endothelial cells, in the so-called perivascular niche, which serves as 

a hub for generation of multiple cellular phenotypes and has important functions in the 

maintenance of tumour-initiating cells, in communication between the tumour and vascular 

compartments and in therapeutic resistance (reviewed in depth elsewhere2,93).
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Factors promoting angiogenesis in the tumour microenvironment.

Glioma cells release many pro-angiogenic factors that shape tumour vasculature, including 

TGFβ, VEGF, proteolytic enzymes, ribonucleases (such as plasminogen activators and 

angiogenin) and chemokines. These factors are released in the forms of extracellular 

vesicles, soluble factors and extravesicular ribonuclear complexes. For example, 

extracellular vesicle-derived VEGFA has a pro-angiogenic effect, at least in culture94. In 

addition, glioma-derived factors in the ECM, such as tenascin, dynamically modulate the 

glioma secretome and might also alter endothelial cell proliferation and tubulogenesis, 

contributing to overall angiogenesis95. An intriguing idea that highly plastic tumour-

initiating cells might themselves transdifferentiate into endothelial cells and promote 

angiogenesis in glioblastoma96 has also received considerable support in studies based on 

live-cell imaging and patient tumour histopathology97,98. Integrated transcriptomic and 

epigenomic analysis has revealed that activation of the WNT5a pathway can drive 

differentiation of tumour-initiating cells to endothelial-like cells99. In this context, 

understanding how the tumour microenvironment modulates this process will be important.

Vascular integrity.

Normalization of the tumour vasculature integrity, which is severely compromised in 

glioblastoma, represents one therapeutic strategy to improve drug delivery100. Invading 

glioblastoma cells cause physical dislocation of astrocytes from endothelial cells and thus 

disrupt gliovascular coupling of the BBB101. VEGF can also increase access of drugs to 

glioblastoma across the BBB102. In addition, extracellular vesicles released by glioblastoma 

can disrupt the endothelial barrier via delivery of semaphorin 3A, among other factors103. 

Interestingly, vascular integrity can also be modulated remotely by delivery of miR-132 in 

extracellular vesicles released from neurons, via the indirect upregulation of the adherens 

junction protein, VE-cadherin104. However, insight into environmental mechanisms that 

regulate integrity of the vasculature and BBB in glioblastoma is currently limited and would 

benefit from improved, orthotopic animal models and drugs that are designed to access the 

brain. BBB penetration by chemotherapeutic drugs and antibodies currently remains a major 

limitation in treating glioblastomas105.

Neurons

Although many patients with glioblastoma have epileptic seizures, substantial cognitive 

dysfunctions, memory impairment and personality changes, little is known about the 

interactions between glioblastoma and surrounding cortical neurons. The effect of the 

tumour on neuronal networks has been proposed to be due to mechanical pressure. However, 

considering the range of factors released by glioma and the complexity of inter-cellular 

signalling mechanisms, the effects are probably much more complicated. The most profound 

neurotoxicity and seizures are associated with excessive glutamate release by glioma 

cells106. Interestingly, expression of glutamate transporters is increased in peritumoural 

cells, which seems to have a neuroprotective function and provides some survival benefit in 

animal models107. In addition, recurrent seizures and the associated excessive glutamate 

release might lead to increased vascular permeability through the activation of NMDA (N-
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methyl-D-aspartate) receptors108. This permeability could result in increased peritumoural 

oedema, but it could also have a positive effect on drug delivery to the tumour.

However, glioblastomas might have developed additional mechanisms of neurotoxicity that 

are unrelated to glutamate release. Our analysis of the proteins secreted by tumour-initiating 

cells and the ribonuclear complexes released by glioblastoma cells identified multiple 

oncogenic and cell-cycle-promoting factors109, including a cofactor of the DNA polymerase 

proliferating cell nuclear antigen (PCNA) and a number of miRNAs that are oncogenic in 

the brain microenvironment. These miRNAs include miR-10b and miR-26, which drive cell-

cycle progression via interaction with cell-cycle inhibitors (cyclin-dependent kinase inhibitor 

1 and 2) and retinoblastoma-associated protein, respectively110,111. These molecules 

promote tumour growth, but transfer of such proliferative signals to neurons can lead to 

neurodegeneration112. For example, increased levels of miR-26 cause aberrant cell-cycle 

entry in postmitotic neurons that leads to neuronal cell death113. Intercellular transfer of 

such molecules from glioblastoma to neurons could affect neuronal health, postmitotic state 

and overall cell viability.

Although mitogenic signalling from malignant cells to adjacent normal cells is expected, the 

glioma-supportive signalling from neurons to glioma is, perhaps, more surprising. Several 

reports suggest that neurotransmitters can affect glioma growth and invasion114–116, and 

seminal work in the past few years from Monje and colleagues has revealed a novel and 

unexpected mechanism through which neuronal activity supports glioblastoma 

growth117,118. Using an optogenetics-based approach, these researchers found that firing 

activity of cortical projection neurons promotes glioma proliferation and growth in vivo via 

regulated secretion of the synaptic protein neuroligin 3. This postsynaptic adhesion molecule 

is secreted by neurons and oligodendrocyte precursor cells and is found mostly in excitatory 

synapses. Its actions include downstream signalling, activation of the focal adhesion kinase 

(FAK; also known as PTK)–phosphoinositide 3-kinase (PI3K)–mammalian target of 

rapamycin (mTOR) pathway, growth factor receptors and oncogenic proteins and 

feedforward expression of neuroligin 3 in glioma cells. Remarkably, growth of glioblastoma 

xenografts from adult and paediatric patients, as well as xenografts from diffuse intrinsic 

pontine glioma, was strongly impaired in Nlgn3-knockout mice. Monje and colleagues 

propose that blockade of neuroligin 3 release, mediated largely by the membrane protease 

ADAM10 (disintegrin and metalloproteinase domain-containing protein 10), could represent 

a therapeutic approach for glioblastoma118. Additional factors regulated by neuronal activity, 

such as brain-derived neurotrophic factor and endoplasmic reticulum chaperone BiP 

(GRP78; also known as HSPA5), have also been identified that have central roles in normal 

synaptic functions and can act as glioma mitogens in the tumour microenvironment117, 

highlighting the importance of neuronal-to-glioblastoma communication. Generally, 

dissection of molecular mechanisms that couple the activity of neurons and synapses with 

the behaviour of neighbouring glioma cells, including tumour-initiating cells and invading 

glioma cells, could lead to a new class of selective and targeted anti-glioma therapies that 

spare normal neuronal functions.
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Astrocytes and other glial populations

Astrocytes are the endogenous native cells of the brain that are phenotypically most similar 

to the bulk of glioblastoma and represent one of the cell types from which gliomas can 

originate. Astrocytes can be transformed to neoplastic glioma cells or tumour-initiating cells 

in vitro and in vivo by a variety of oncogenes, such as MYC, RAS and EGFR variant III 

(REFS119,120), which raises the question of whether the communication between 

glioblastoma and surrounding reactive astrocytes can promote the process of transformation 

and thereby feed the tumour with newly recruited oncogenic cells. Although the exact 

mechanism is unknown, media conditioned by glioma cells inhibits expression of the p53 

tumour suppressor in normal astrocytes, which in turn enriches laminin and fibronectin in 

the ECM and promotes glioma cell survival121. Studies show that the inevitable recurrence 

of the tumour could arise from quiescent tumour-initiating cells, infiltrating tumour cells 

and/or recruitment of apparently normal cells from the peritumoural brain zone122. In 

support of the latter origin of cells, genes involved in growth, proliferation and motility are 

induced in peritumoural white matter that is free of tumour cells, whereas several tumour 

suppressors and genes involved in neurogenesis are downregulated relative to normal white 

matter123.

Indeed, co-implantation of tumour-associated glial cells (that is, brain-derived glial cells 

conditioned by glioblastoma xenografts) and glioblastoma cells promoted tumour growth 

compared with implantation of tumour cells alone or tumour cells with unconditioned glial 

cells124. Furthermore, resection and radiation-induced injury can cause transcriptome and 

secretome alterations in reactive astrocytes that further potentiate tumour 

aggressiveness5,125.

Signalling between glioma cells and reactive peritumoural astrocytes in vivo has yet to 

elucidated, largely owing to the lack of highly specific markers discriminating these cell 

populations, but studies of glioblastoma biology and the secretome present some intriguing 

possibilities. For example, malignant transformation of astrocytes requires expression of the 

oncogenic miR-10b, which is normally silenced in these cells126. miR-10b is highly 

abundant in all glioblastoma subtypes and is released in extracellular vesicles from tumour 

cells. Transfer of this and other pro-oncogenic regulators, such as miR-21 and miR-26, from 

glioblastoma to the peritumoural astrocytes could facilitate their transformation. 

Interestingly, a greater density of astrocytes adjacent to the tumour is predictive of a shorter 

lifespan in glioblastoma patients127. This finding supports the concept that the tumour-

associated astrocytes are coerced into promoting tumour growth and facilitating tumour 

invasion128,129.

By contrast, endogenous oligodendrocytes seem to inhibit glioblastoma growth and 

proliferation by paracrine signalling via WNT inhibitory factor 1 (REF.130). Although less is 

known about interactions between glioma and oligodendrocytes than astrocytes, the presence 

of crosstalk between oligodendrocytes, microglia and astrocytes through multiple 

cytokines131 suggests a complex relationship with these endogenous cells and glioblastoma 

that can include both tumour-promoting and tumour-suppressing signals. Furthermore, a 

subtype of reactive astrocytes has been identified that is induced by activated microglia and 
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promotes the death of neurons and oligodendrocytes132, which points to the multifaceted 

interactions within the glioma microenvironment.

Perspectives and therapeutic insights

The many new insights into the communication between glioblastoma cells and other cells 

within the tumour microenvironment, as outlined in this Review, reveal new strategies for 

potential therapies for glioma. These include therapies that target modes of communication 

between glioblastoma and surrounding cells, as well as therapies that directly or indirectly 

target molecules with tumour-supportive properties, including factors involved in the innate 

and adaptive immune system, angiogenesis and interaction with normal cells, such as 

neurons.

One mode of communication that is increasingly recognized as a potential method for 

glioblastoma cells to influence the microenvironment is tumour-derived extracellular 

vesicles. The contents of extracellular vesicles derived from tumour-initiating cells, for 

example, have been shown to include various oncogenic and cell-cycle-promoting factors, 

including PCNA and miRNAs109. Future studies could validate their functional effects on 

different cell types in the tumour microenvironment by interfering with extracellular-vesicle-

mediated communication, for example, by influencing extracellular vesicle generation or 

uptake. Extracellular vesicle release can be reduced by GW4869 — a neutral 

sphingomyelinase inhibitor that prevents the ceramide-mediated inward budding of 

multivesicular bodies and the release of mature exosomes into the extracellular space133. 

GW4869 has been shown to reduce the levels of extracellular vesicles in various systems, 

including in a mouse model of Alzheimer disease, where it reduced the number of exosomes 

in both serum and brain134–136. On the other hand, uptake of extracellular vesicles by 

recipient cells can be reduced by heparin137 or by silencing of annexin A1 (REF.138). 

However, these strategies have been applied only in preclinical studies thus far and do not 

distinguish between tumour-specific extracellular vesicle interactions and physiological 

processes related to extracellular vesicles. Much work will be needed to explore their 

potential for specific, effective and safe routine clinical applications.

Further strategies for glioma therapy include targeting other mechanisms of communication 

within the tumour microenvironment, such as cytokines, gap junctions and nanotubes or 

microtubes. Inhibition of certain cytokines has shown promise for glioblastoma treatment in 

mouse models, including CCL2, which reversed the induction of migration and proliferation 

of tumour cells observed after biopsy35. In addition, recruitment of CCR4+ Treg cells 

mediated by CCL2 can be blocked using an antagonist against CCR4 and results in an 

improvement in the median survival of tumour-bearing animals36. The gap junctions formed 

in glioblastomas between astrocytes and tumour cells via connexin 43 support growth and 

invasion23 and can be modulated using the cyclooxygenase inhibitors meclofenamate or 

tonabersat138. These cyclooxygenase inhibitors have been shown to reduce established brain 

metastases in an experimental model139. Therapies that alter the structure of the plasma 

membrane — for example, focal hyperthermia (in combination with radiation therapy), 

which has gained clinical attention, with several trials under way — could also suppress 

nanotubule and microtubule formation and even extracellular vesicle release. In addition, the 
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ECM is a crucial site for extracellular communication in the tumour environment. Cell-

culture studies have shown that the stiffness of the ECM can affect glioma progression, and 

interfering with this substrate might provide an effective therapy beyond direct targeting of 

the tumour cells140. One approach would be to block ECM remodelling using inhibitors of 

extracellular MMPs141 and heparanases142.

Over the past few years, interactions between glioblastoma cells and cells of the immune 

system have gained attention as targets for novel treatment options. One interesting strategy 

aimed at modulating the communication between the tumour and cells of the innate immune 

system involves inhibition of the CSF1 receptor (CSF1R), which is expressed on TAMs. For 

example, this inhibition decreased the tumour-supportive capacity of TAMs and increased 

survival in a mouse proneural glioblastoma model143. Unfortunately, subsequent 

longitudinal studies have shown that resistance to CSF1R blockage is acquired as a result of 

macrophage-induced secretion of insulin growth factor 1 (IGF1), leading to PI3K activation 

in glioblastoma cells, which again promotes tumour growth144. Co-treatment with CSF1R 

and IGF1 antagonists in a mouse model of glioma reduced the levels of resistance 

substantially144. A clinical trial showed that CSF1R inhibition alone in the recurrent setting 

had little to no effect; however, the activation of PI3K signalling in many glioblastomas 

strongly suggests the effectiveness of CSF1R and IGF1 antagonists as a combination 

therapy145,146.

Treatments aimed at ameliorating the adaptive immune response have been successful in 

some tumours, but their effect in glioblastoma has been very modest, partly owing to the low 

neoantigen load of glioblastoma. Thus far, no clinical benefit has been demonstrated by 

large clinical trials on dendritic cell vaccination aiming to elicit anti-glioblastoma T cell 

responses; however, overall survival was improved upon vaccination with dendritic cells 

loaded with tumour lysate in a small subset of nine patients with glioblastoma who exhibited 

a dominantly mesenchymal gene signature, indicating that some forms of glioblastoma 

might be more susceptible to immunotherapy than others147. Although the failure of 

immune checkpoint therapy to improve overall survival in patients with recurrent 

glioblastoma has been disappointing (such as in the CheckMate-143 trial148), multiple 

avenues remain to explore the potential utility of this approach, especially in the setting of 

newly diagnosed disease. Phase III trials on PD1 blockade for newly diagnosed glioblastoma 

patients are continuing (CheckMate-498 (REF.149) and CheckMate-548 (REF.150)). Similar 

to tumours with a mesenchymal gene signature, hypermutant glioblastoma in paediatric 

patients with germline biallelic mismatch repair deficiency might constitute a subset of cases 

with enhanced responsiveness to this form of therapy151. However, in most cases, additional 

interventions might be needed to sensitize cells to immune checkpoint therapy. Interestingly, 

a preclinical study of mouse glioblastoma showed that intracranial treatment with an IL-12-

expressing oncolytic herpes simplex virus gave a highly effective response when combined 

with anti-PD1 and anti-CTLA4 therapy152. Effectiveness might also be increased by 

including inflammatory agents, such as oncolytic adenovirus and herpes simplex virus 

vectors, with immune checkpoint inhibitors153. Overall, PD1 blockage in glioblastoma 

tumours in humans has not resulted in increased survival, but strategies to increase efficiency 

or select favourable patients might yield more encouraging results.
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Treatments targeting the tumour vasculature, especially antiangiogenic therapies such as 

bevacizumab, have been studied extensively (reviewed in detail elsewhere154). However, 

these trials did not show the much hoped for undisputed improvement in overall survival. 

Consequently, an alternative strategy aiming to normalize tumour vasculature for improved 

drug delivery has received attention. Dual inhibition of the VEGF receptor and angiogenin 2 

normalized tumour vasculature and prolonged survival in two glioblastoma mouse 

models109. In a different model, angiopoietin 1 receptor activation and angiogenin 2 

inhibition normalized the vasculature, elicited a favourable tumour microenvironment 

(including an altered immune cell profile) and improved the delivery of chemotherapeutic 

agents into tumours155. The therapeutic potential of antiangiogenic drugs, therefore, has the 

potential to be reinvigorated; however, current means have yet to be successful.

Finally, dissection of the mechanisms linking the activity of neurons and other endogenous 

cells in their environs with the behaviour of glioma cells could provide new opportunities 

and might result in a new class of selective and targeted anti-glioma therapies. For example, 

release of neuroligin 3, which is cleaved from neurons and oligodendrocytes via ADAM10, 

promotes glioma proliferation117. Furthermore, tumour growth was markedly reduced in a 

paediatric glioblastoma and diffuse pontine glioma model using the ADAM10 inhibitor 

GI254023X118. The ADAM10 inhibitors INCB7839 and XL-784 have been tested in clinical 

trials for breast cancer and have been shown to penetrate the BBB156,157. Consequently, 

further studies are warranted to explore inhibition of this neuronal support of tumour growth.

Conclusions

Glioblastomas represent a complex set of tumour cells that differ greatly in genetic and 

epigenetic characteristics and are surrounded by endogenous cells that are transformed into 

predominantly tumour-supporting stromal cells through various modes of bidirectional 

communication. This rampant multimodal networking in the tumour environment offers 

targets for new therapies yet simultaneously highlights the challenges ahead. 

Microenvironmental compensatory mechanisms, such as stromal IGF1 secretion after 

CSF1R blockade, demonstrate the need for extended and repeated interventions to overcome 

dynamic changes in tumour growth incentives. These mechanisms also underscore the need 

to undercut the dependency by glioblastoma on its environs in the development of much 

needed novel therapies for this inevitably lethal disease.
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Box 1 |

Models for glioblastoma

One strategy to improve models of glioblastoma has been to isolate cells from patient 

tumours and maintain them as neurospheres or organoids in serum-free medium such that 

they retain their genetic heterogeneity and tumour-initiating cells (also known as cancer 

stem cells) when reimplanted into immune-compromised mice158,159. Tumour-initiating 

cells represent a population of highly malignant tumour cells that lurk in different 

vascular and hypoxic niches within the tumour and are able to expand to reform 

malignant tumours after therapeutic intervention160,161. Authentic reproduction of the 

genetic and phenotypic properties of human glioblastoma can also be achieved in models 

by implanting and passaging portions of patient tumours in immune-compromised mice, 

referred to as patient-derived xenograft models162,163. Other currently favoured models 

of glioblastoma include syngeneic mouse models, in which tumours are initially induced 

by chemicals or viruses and are then established as cell lines that can be transplanted 

back into the mouse brain164. Spontaneous brain tumours can also be induced with 

known driver mutations in genetically engineered mouse models165. However, none of 

these models are a perfect representation of human glioblastoma. Neurospheroid cultures, 

patient-derived xenograft models and cell lines suffer from genetic instability166, and cell 

lines frequently have low invasiveness. Glioma-derived cells also display a different 

genomic methylation pattern and transcriptome in culture and in vivo167. Genetically 

engineered mouse models represent only a few driver mutations and thus have few 

neoantigens. Given the current focus of therapeutic research on alerting the immune 

system to glioblastoma, use of more than one type of mouse model is advisable, and 

research should include syngeneic mouse glioma lines and genetically engineered mouse-

derived glioma cells that can be grown in immune-competent mice. Glioma cell lines that 

have been passaged extensively are genetically unstable168 and have immunological 

peculiarities169; hence, they do not represent reliable models of human glioblastoma.
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Box 2 |

Genetic and epigenetic heterogeneity of glioblastoma

Deep sequencing of the genome and transcriptome together with study of the epigenome 

of glioblastoma cells has revealed both genetic and epigenetic differences among tumour 

cells within the same glioblastoma, with many genetic drivers represented in almost every 

glioblastoma170,171. Evidence of the complexity of this disease can be found in the 2016 

WHO classification system as well as in experimental subclassification studies. The 

WHO classification system for diffuse glioma now defines subtypes of intrinsic brain 

tumours that have a predictable prognosis; importantly, IDH1 or IDH2 mutation with 

chromosome 1p/19q co-deletion confers a better outcome than other genetic subtypes 

do172. In addition, epigenetic variation is present among tumour cells. Mutation of IDH1 
or IDH2 results in altered transcriptional regulation of many other genes through 

interference with topologically associated domains, adding another dimension to the 

genetic complexity173. Experimental transcriptome classification has defined three 

subtypes in glioblastoma with wild-type IDH1 and IDH2: proneural, classical and 

mesenchymal171. Glioblastoma driver mutations have been found in up to 45 genes174, 

including common mutations in genes such as TP53, ATRX, TERT, NF1, PTEN and 

EGFR172. As such, a strategy of hitting subsets of these genes with combinatorial 

treatments will be difficult to achieve owing to the large number of genes175, although 

some pathways are more crucial than others.
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Key Points

• Glioblastomas use numerous forms of communication to hijack many 

different cell types in the brain environs to support tumour progression.

• Communication routes include secreted proteins and molecules, gap junctions 

between cells, extracellular vesicles, tunnelling nanotubes and microtubes.

• Tumour cells co-opt microglia and infiltrating macrophages for their own 

benefit through the release of cytokines and extracellular vesicles.

• Glioblastomas and pericytes generate a state of reduced T cell effector 

function that is commonly referred to as T cell exhaustion or dysfunction.

• The interaction of tumour cells with normal brain cells, such as neurons, is 

not unidirectional, and neuronal activity is subverted to promote glioblastoma 

progression.

• Comprehension and disruption of tumour directives in the glioblastoma 

microenvironment could improve therapeutic intervention for these lethal 

tumours.
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Fig. 1 |. Glioblastoma microenvironment.
The glioblastoma environ consists of tumour cells, extracellular matrix (ECM), blood 

vessels, innate immune cells (monocytes, macrophages, mast cells, microglia and 

neutrophils), T cells and non-tumorous neurons, astrocytes and oligodendrocytes. +, 

protumour function; −, antitumour function; ±, mixed protumour and antitumour functions; 

SDF1, stromal cell-derived factor 1; WIF1, WNT inhibitory factor 1.
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Fig. 2 |. Routes of communication between tumour cells and cells in their environs.
a | Gap junctions (24 nm in diameter) form across the adjacent membranes of cells that are 

in physical contact, enabling the passage of small molecules. Cells also release exosomes 

(50–100 μm) from multivesicular bodies that fuse with the plasma membrane. In addition, 

microvesicles (100–200 μm) and even large oncosomes (1–10 μm) bud off from the plasma 

membrane and can interact with and be taken up by other cells. b | Tunnelling nanotubes 

(50–200 nm in width and up to 5 μm in length) extend out from cells and can either bud off 

vesicles at their tips or form gap junctions with other cells. Microtubes extend out from 

tumour cells (1–2 μm in width and >500 μm in length) and can form gap junctions with 

other cells.
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Fig. 3 |. Interactions between glioma and TAMs.
Recruitment of tumour-associated macrophages or myeloid cells (TAMs), including blood 

monocytes and brain-resident microglia, is based on the gradient of chemokines and 

cytokines released by the glioblastoma cells. Once recruited, TAMs can be activated and 

differentiated under the influence of the secretome and extracellular vesicles (EVs) released 

by the tumour. The various recruited and activated TAMs can affect tumour growth by 

promoting angiogenesis through secretion of epidermal growth factor (EGF), vascular 

endothelial growth factor (VEGF), CXC-chemokine ligand 2 (CXCL2) and insulin-like 

growth factor-binding protein 1 (IGFBP1). This process is further promoted by the release of 

tumour-derived VEGF and EGF. Invasion and growth of the tumour are accomplished by 

remodelling the extracellular matrix (ECM) surrounding the tumour. For example, versican 

and EVs from the tumour induce the release of matrix metalloproteinase 14 (MMP14) by 

microglia. The release will facilitate the cleavage of tumour-derived pro-MMP2 following 

extracellular degradation by the active enzyme MMP2. CCL2, CC-chemokine ligand 2 (also 

known as MCP1); CSF1, macrophage colony-stimulating factor 1; GDNF, glial cell line-

derived neurotrophic factor; HGF, hepatocyte growth factor; SDF1, stromal cell-derived 

factor 1; TNF, tumour necrosis factor.
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Fig. 4 |. T lymphocytes in the glioblastoma environment.
a | A hypothetical scenario for the induction of anti-glioblastoma T cell responses. Tumour 

antigens travel with interstitial fluid along the perivascular glymphatic system to the brain 

surface (step 1), where they enter the cerebrospinal fluid or are taken up by local antigen-

presenting cells (APCs). A fraction of cerebrospinal fluid enters dural lymphatic vessels, 

potentially along with migratory APCs (step 2), and by this route tumour antigen reaches the 

deep cervical lymph nodes (dcLNs). There, resident or migratory APCs interact with and 

activate tumour antigen-specific naive T cells (step 3). b | Potential pathways by which 

activated or memory T cells reach the CNS and glioblastoma tumours. T cells expressing 

CC-chemokine receptor 6 (CCR6; and possibly other chemokine receptors) enter the 

cerebrospinal fluid in ventricles via the choroid plexus (step 4) and percolate along the brain 

surface. Upon re-encounter with their cognate tumour antigen (step 5), they initiate a local 

inflammatory reaction that activates the local microvasculature to recruit additional T cells 
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in a CCR6-independent and potentially CXC-chemokine receptor 3 (CXCR3)-dependent 

fashion (step 6), facilitating their accumulation in the glioblastoma environment. c | In and 

around the glioblastoma, effector T cells, including cytotoxic T lymphocytes (CTLs), are 

exposed to a network of immune-regulatory mechanisms that promote their differentiation 

into a dysfunctional state. CTLA4, cytotoxic T lymphocyte protein 4; FasL, Fas antigen 

ligand; IDO, indoleamine 2,3-dioxygenase; MDSC, myeloid-derived suppressor cell; PDL1, 

programmed cell death 1 ligand 1; TAM, tumour-associated macrophages or myeloid cells; 

TGFβ, transforming growth factor-β; Treg cell, regulatory T cell; VEGFA, vascular 

endothelial growth factor A.
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