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Abstract

Glioblastoma is a highly aggressive brain tumor with limited treatment options. Several 

major challenges have limited the development of novel therapeutics, including the extensive 

heterogeneity of tumor cell states within each glioblastoma and the ability of glioma cells to 

diffusely infiltrate into neighboring healthy brain tissue, including the contralateral hemisphere. 

A T cell-mediated immune response could deal with these challenges based on the ability 

of polyclonal T cell populations to recognize diverse tumor antigens and perform surveillance 

throughout tissues. Here we will discuss the major pathways that inhibit T cell-mediated immunity 

against glioblastoma, with an emphasis on receptor–ligand systems by which glioma cells and 

recruited myeloid cells inhibit T cell function. A related challenge is that glioblastomas tend to 

be poorly infiltrated by T cells, which is not only caused by inhibitory molecular pathways but 

also currently utilized drugs, in particular high-dose corticosteroids that kill activated, proliferating 

T cells. We will discuss innovative approaches to induce glioblastoma-directed T cell responses, 

including neoantigen-based vaccines and sophisticated CAR T cell approaches that can target 

heterogeneous glioblastoma cell populations. Finally, we will propose a conceptual framework for 

the future development of T cell-based immunotherapies for glioblastoma.
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What are the major challenges for the development of T cell-based 

immunotherapies for glioblastoma?

Heterogeneity and plasticity of glioblastoma cells

In many human solid tumors, heterogeneity is a significant challenge because a drug-

resistant subpopulation can cause disease progression. Tumor cell heterogeneity is 

particularly striking in glioblastoma and very likely one of the major reasons why many 

therapeutic approaches have failed thus far. Recent single cell studies have highlighted 

the diversity of cellular states in glioblastoma: four major tumor cell states have been 

identified, three of which are reminiscent of neurodevelopmental programs, including neural 

progenitor-like cells (NPC), oligodendrocyte progenitor-like cells (OPC) and astrocyte-like 

cells (AC). A fourth cellular state, mesenchymal-like state (MES) is related to the interaction 

of glioma cells with immune cells, specifically macrophages and microglia [1, 2]. It is 

possible that additional cellular states in glioblastoma remain to be discovered. These four 

cellular states are found in each glioblastoma tumor, although at different cellular ratios, 

explaining previous classifications of glioblastomas into subtypes in which a particular state 

dominates, such as the mesenchymal state. It is important to note that these four states do 

not simply represent a linear cellular hierarchy, as frequently invoked in tumor stem cell 

models. Rather, these cellular states are continuous and proliferation is observed in all four 

states [1]. Most importantly, glioma cells are characterized by significant cellular plasticity: 

when cells of a particular state are isolated and implanted into the CNS of immunodeficient 

mice, resulting tumors re-emerge with the diversity of cellular states observed in the original 

tumor [1, 3, 4]. This diversity of cellular states and the inherent plasticity of glioma cells 

represent a major barrier for the development of small molecule drugs that target a particular 

oncogenic signaling pathway. Every therapeutic strategy will need to take the diversity and 

plasticity of glioma cells into account, including immunotherapies.

Diffuse infiltration of tumor cells into neighboring brain tissue

Surgery and radiation therapy cure many patients with solid tumors unless the tumor has 

spread to draining lymph nodes or distant organs. Although extracranial metastases occur 

very rarely in glioblastoma patients [5], glioma cells diffusely infiltrate into the neighboring 

healthy brain regions and can even cross through the corpus callosum and other structures 

into the contralateral hemisphere. Past surgical experience demonstrated that even removal 

of an entire brain hemisphere is not curative [6, 7]. Nevertheless, surgical removal of 

the main tumor mass remains a central aspect of the clinical management of patients 

with glioblastoma and the extent of resection is positively correlated with overall survival 

of patients [8–11]. Surgery also creates a time window for adjuvant therapies, including 

immunotherapy because overall survival is only 3 months without therapy [12, 13]. The 

diffuse infiltration of glioblastoma is also relevant for the application of immunotherapies: 

while the blood–brain barrier is frequently compromised in the main tumor mass (which 

can be identified by contrast enhanced regions on the T1 + contrast weighted preoperative 

MRI), allowing entry of therapeutic antibodies, the blood–brain barrier may be intact in 

distal brain areas (which can be identified by hyperintense signals in the T2 weighted or 

FLAIR sequence of the preoperative MRI) infiltrated by small numbers of glioma cells [14].
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Defects in T cell priming, limited T cell infiltration and an immunosuppressive 
microenvironment

Most glioblastomas are poorly infiltrated by CD8 and CD4 T cells and instead highly 

infiltrated by immunosuppressive macrophages and microglia. Poor T cell infiltration 

into GBM may be caused by the immunosuppressive microenvironment and inefficient 

recruitment/activation of dendritic cells [15]. Inefficient T cell priming could be addressed 

therapeutically with cancer vaccines or CAR T cell therapies, as discussed in detail below. 

Also, lymphopenia due to T cell sequestration in the bone marrow has been observed in 

treatment naïve GBM patients and murine glioma models; such sequestration is observed 

following inhibition of the S1P1 receptor required for T cell recirculation from the bone 

marrow and lymphoid organs [16]. Nevertheless, a recent single cell RNA-seq analysis of 

glioblastoma-infiltrating T cells demonstrated a striking degree of clonal expansion by CD8 

T cells which may be caused by T cell recognition of tumor antigens [17]. We will therefore 

discuss the major known immunosuppressive pathways in GBM and highlight potential 

opportunities for therapeutic intervention.

Depletion of T cells by currently used therapeutics, in particular high-dose corticosteroids

The diffusely infiltrative nature of glioblastomas can result in significant brain edema, 

and high-dose corticosteroids (such as dexamethasone) are the most widely utilized drug 

to deal with this serious issue [18]. From a clinical point of view, reducing brain edema 

with dexamethasone has significant advantages: 1) it reduces the intracranial pressure 

and facilitates surgical resection; 2) it reduces neurological deficits. However, high-dose 

corticosteroids efficiently induce apoptosis of activated and proliferating T cells [18]. 

A recent study analyzed T cell infiltration in glioblastomas from patients who did or 

did not require pre-surgical dexamethasone. This analysis demonstrated that pre-surgical 

dexamethasone resulted in a striking depletion of tumor-infiltrating T cells, affecting 

both CD8 and CD4 T cell populations (4.14-fold for all T cells, 7.72-fold for CD4 T 

cells) [17]. Continued treatment with corticosteroids can also be required after surgery 

or later at disease recurrence. Depletion of T cells by such drugs may be a major 

factor explaining why immunotherapies (such as PD-1 blocking mAbs) have not yet been 

successful in this challenging cancer type. Also, standard adjuvant therapy for glioblastoma, 

including radiation and concomitant chemotherapy with temozolomide, is known to induce 

lymphopenia and may also impair anti-tumor T cell function [19, 20]. It may be feasible to 

reduce the dose of corticosteroids by using bevacizumab, a VEGF blocking mAb, based on 

a number of studies which demonstrated that it can be successfully used to treat edema in 

patients with brain metastases [21, 22]. It has also been reported that bevacizumab can be 

used as a steroid-sparing agent in patients with brain metastases in an effort to improve the 

efficacy of immunotherapy [23].
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Why should the field continue to consider immunotherapies for 

glioblastoma despite the failure of PD-1 directed antibodies to prolong 

patient survival?

It is legitimate to ask why the field should continue to develop immunotherapy options for 

glioblastoma despite the failure of PD-1 blockade to induce a survival benefit in a phase 

3 clinical trial [24]. Given the extensive heterogeneity of glioma cells at a single cell level 

and their inherent plasticity, it has proven challenging to develop small molecules inhibitors 

for glioblastoma because inhibition of a single (or possibly even two) oncogenic signaling 

pathways may not be sufficient to induce apoptosis of all tumor cells. Polyclonal T cell 

populations that target a diverse set of antigens, including neoantigens and shared tumor 

antigens, could at least in theory control a heterogeneous tumor cell population, and phase 

1 clinical trials have been performed to test this concept, as will be discussed in detail 

below. Also, in a challenging cancer type in which the tumor cells continue to evolve, it 

could be advantageous for the therapeutic response to co-evolve. For example, induction of 

T cell-mediated immunity results in clonal expansion and recruitment of additional immune 

effector cell populations. Finally, T cells continuously migrate through tissues and could 

therefore target residual tumor cells, as will be discussed further in the context of novel CAR 

T cell therapies.

Which unique aspects of immune function within the brain are relevant for 

immunotherapy of glioblastoma?

Immune responses in the CNS are highly regulated, but the CNS is no longer considered 

to represent an ‘immune-privileged’ site. Interestingly, PD-1 blockade has shown significant 

efficacy for the treatment of brain metastases in patients with melanoma and non-small cell 

lung cancer (NSCLC), and such clinical responses can be durable [25, 26]. Thus, location of 

a malignancy within the CNS per se does not render it unresponsive to immune checkpoint 

blockade. Rather, major differences in the immune microenvironment have been identified 

between gliomas and brain metastases: gliomas are highly infiltrated by macrophages 

and microglia, while larger number of T cells and other leukocytes are present in brain 

metastases [15].

The absence of a lymphatic drainage for the brain parenchyma has been frequently cited as 

a cause for an ‘immune-privileged’ state of the CNS. Imaging studies have demonstrated 

the presence of lymphatic vessels within the meninges that provide a functional connection 

from the CNS to deep cervical lymph nodes. A significant population of dendritic cells is 

present in the meninges, including a population of migratory (CCR7 +) DCs. These vessels 

have the molecular hallmarks of lymphatic endothelial cells and carry immune cells (T cells, 

myeloid cells) as well as soluble factors from the CSF to these lymph nodes [28]. VEGF-C 

is a cytokine that promotes the formation of lymphatic vessels, and ectopic expression of this 

cytokine in murine glioma cells enhances priming of CD8 T cells in deep cervical lymph 

nodes [29]. Despite this anatomical connection between the meninges and cervical lymph 

nodes, it remains unknown how cell-associated tumor antigens are transported to cervical 

lymph nodes for priming of anti-tumor T cell responses. Also, T cell traffic into the CNS 
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is highly regulated at the blood–brain barrier which restricts entry to activated T cells [30]. 

Nevertheless, activated CAR T cells injected systemically can migrate into glioblastomas 

both in humanized mouse models and in patients [31, 32].

A particularly prominent immunological feature of glioblastomas is their dense infiltration 

by recruited macrophages and brain-resident microglia. Osteopontin has been identified 

as one of the major soluble factors that induces macrophage infiltration in glioblastoma, 

and osteopontin expression negatively correlates with patient survival [33]. In glioblastoma, 

osteopontin is secreted both by tumor cells and recruited macrophages. Knockdown of the 

Opn gene in murine glioma cells results in a substantial survival benefit, demonstrating 

the importance of tumor cell-derived osteopontin. Interestingly, a striking survival benefit 

is also observed when wild-type glioma cells are implanted into the CNS of Opn knockout 

compared to wild-type mice. These findings are relevant for resistance to T cell-mediated 

immunity: knockdown of Opn expression by murine glioma cells substantially increases 

tumor infiltration by IL-2 producing CD8 and CD4 T cells; T cell infiltration is also 

enhanced when wild-type glioma cells are implanted into Opn knockout mice, again 

highlighting the dual source of osteopontin. Osteopontin binds to the integrin αvβ5 receptor 

on macrophages and also to the CD44 receptor expressed by glioma cells in a mesenchymal 

(MES) state. The recruitment of macrophages by osteopontin and other soluble factors plays 

a critical role in induction of the MES state of glioma cells, and tumor cells in the MES state 

express higher levels of osteopontin. These findings suggest a positive feedback loop that 

induces and maintains the MES state.

Gliomasphere cultures established from human glioblastomas frequently lose the MES 

state, but this state can be induced by treatment of gliomaspheres with TNFα, a cytokine 

produced by activated macrophages. The MES state is associated with impaired survival in 

glioblastoma, which may in part be explained by resistance of the MES state to radiation 

therapy [34]. Also, recent mechanistic studies have demonstrated that the interaction of 

murine glioma cells with macrophages results in epigenetic immunoediting of glioma cells 

that in turn results in more efficient recruitment of immunosuppressive myeloid cells and 

attenuated T cell-mediated immunity [35].

The unique localization of glioblastomas in the brain, surrounded by the bony skull, 

has major implications for monitoring of immunotherapy approaches for gliomas. 

Serial biopsies, which have provided important molecular insights into the action of 

immunotherapies in other solid tumor types, are not feasible for brain tumors. Thus, liquid 

biopsies (either CSF or blood) might become important tools for future clinical trials in 

glioblastoma [36–38].

Which receptor–ligand systems inhibit T cell-mediated immunity in 

glioblastoma?

PD-1–PD-L1 pathway

Monoclonal antibodies that block the PD-1–PD-L1 pathway have become major drugs in 

oncology based on their ability to enhance the function of tumor-infiltrating T cells [39, 
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40]. Generally speaking, these antibodies are more active against tumors with significant 

infiltration by PD-1 expressing CD8 T cells because they amplify a pre-existing T cell 

response [41]. Also, response rates are higher in tumors with PD-L1 expression by tumor 

cells or infiltrating myeloid cells. Finally, response rates are highest in tumors with a 

high mutational burden due to exposure to environmental carcinogens or mutations in key 

genes in DNA repair pathways [42]. It is important to consider that these three factors are 

interrelated: for example, tumors with a high mutational burden tend to be more densely 

infiltrated by CD8 T cells. In glioblastoma, infiltration by T cells is rather low, and tumor 

mutational burden is also not high [43]. These factors may explain why PD-1 blockade 

did not result in a significant survival benefit in a phase 3 clinical trial [24], but it also 

remains possible that use of corticosteroids and other drugs interfered with the therapeutic 

activity of these therapeutic agents. However, these results do not mean that PD-1–PD-L1 

antibodies will not be useful for the treatment of glioblastoma (Fig. 1 A). Rather, it will be 

important to develop combination therapies that enhance T cell infiltration and expansion in 

glioblastomas. We will discuss such strategies later in the context of cancer vaccines.

CD161–CLEC2D pathway

A recent single-cell RNA-seq study has highlighted the inhibitory CD161 receptor expressed 

by T cells infiltrating human diffuse gliomas (IDH wild-type glioblastoma and IDH mutant 

gliomas) [17]. CD161 (encoded by the KLRB1 gene) binds to the CLEC2D ligand expressed 

by malignant cells and myeloid cells in glioblastoma. This receptor had previously been 

identified in NK cells and shown to inhibit NK cell-mediated cytotoxicity of tumor 

cells [44]. When tumor-infiltrating T cells are activated following recognition of an MHC-

bound peptide antigen, they undergo substantial clonal expansion. The scRNA-seq data 

demonstrate that KLRB1 is expressed at a higher level by clonally expanded versus non-

expanded tumor-infiltrating CD8 T cells. Also, a cytotoxicity program in glioma-infiltrating 

CD8 T cells correlates with expression of multiple NK cell receptors, including KLRB1. 

At a protein level, CD161 is highly expressed by > 90% of infiltrating CD8 T cells and 

the majority of CD4 T cells in all examined gliomas. In contrast, expression of the PD-1 

receptor is more variable between patients. Functional studies with short-term gliomaspheres 

co-cultured with human T cells demonstrate that inhibition of the CD161–CLEC2D pathway 

enhances T cell-mediated cytotoxicity against glioma cells as well as production of major 

cytokines required for antitumor immunity (Fig. 1 B). The relevance of this pathway 

has also been evaluated in a humanized mouse model. In this model, malignant cells 

from a gliomasphere culture of a recurrent glioblastoma are implanted into the brain of 

immunodeficient mice, followed by transfer of KLRB1 or control edited human T cells that 

express a tumor-specific TCR. The human glioma cells form highly aggressive, infiltrative 

tumors, yet transfer of KLRB1 versus control edited human T cells results in a significant 

survival benefit. Interestingly, editing of the KLRB1 gene also substantially reduces PD-1 

expression by glioma-infiltrating human T cells, suggesting that this pathway may regulate 

T cell dysfunction in tumors. The CD161–CLEC2D pathway is also relevant in other 

human cancer types, including lung adenocarcinoma, colorectal cancer and hepatocellular 

carcinoma [17, 45]. CD161 is more broadly expressed by tumor-infiltrating lymphocytes 

than the PD-1 receptor, including CD8 T cells, CD4 T cells and NK cells. Also, it is 

expressed by tumor-infiltrating T cells with transcriptional programs of effector-memory and 
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memory cells that may retain a higher degree of functionality than T cells with a terminal 

exhaustion program [17]. Targeting of this pathway is therefore of interest for the treatment 

of glioblastoma, potentially as part of a combination therapy strategy.

TIM-3, LAG3 and CTLA-4 inhibitory receptors

Monoclonal antibodies that target several additional inhibitory receptors expressed by T 

cells are in clinical development for a variety of cancer types. LAG-3 is an inhibitory 

receptor with homology to CD4 that binds to MHC class II proteins expressed by myeloid 

cells [46]. The combination of a LAG-3 mAb (relatlimab) and a PD-1 mAb has recently 

been shown to increase progression-free survival in patients with untreated metastatic or 

unresectable melanoma compared to monotherapy with a PD-1 mAb, and this combination 

therapy has been approved by the FDA for this indication [47]. In the murine GL-261 model, 

LAG-3 monotherapy shows moderate efficacy, which is increased when combined with a 

PD-1 mAb [48]. The TIM-3 inhibitory receptor is upregulated on exhausted T cells and 

binds to galectin-9 [46]. In the murine GL261 glioma model, a TIM-3 mAb does not show 

activity as a monotherapy, but a substantial survival benefit (~ 60% of mice) is observed in 

combination with stereotactic radiation therapy. Further addition of a PD-1 mAb results in 

survival of 100% of mice [49]. It should be noted that the GL261 model is immunogenic 

due to a high mutational burden, and shows monotherapy efficacy with PD-1 inhibition, in 

contrast to human GBM. The CTLA-4 inhibitory receptor binds to the CD80 and CD86 

ligands on antigen presenting cells including dendritic cells [50]. CTLA-4 inhibition can 

thus enhance T cell priming. The CTLA-4 mAb ipilimumab has been approved by the FDA 

for the treatment of melanoma [51]. Combination therapy with PD-1 and CTLA-4 mAbs 

increases efficacy but is associated with a high frequency of severe (grade 3–4) adverse 

events [52]. The immunogenic GL261 glioma model is responsive to PD-1 monotherapy 

and PD-1 plus CTLA-4 combination therapy. However, in the SB28 glioma model this 

combination therapy does not show efficacy. Like human GBM, the SB28 model has a low 

mutation burden, low MHC class I expression and limited T cell infiltration [53].

TGFβ and other inhibitory cytokines

TGFβ is a major immunosuppressive cytokine, and it is well-established that it potently 

inhibits CD8 T cell activation and proliferation. It also plays a major role in inducing 

the differentiation of CD4 T cells into FoxP3 + regulatory T cells [54]. It is an unusual 

cytokine because its activity is not regulated by the rate of secretion. Rather, a latent 

form of TGFβ is deposited on the extracellular matrix and later activated by integrin αv 

receptors, with integrin αvβ6 and αvβ8 being the most important receptors based on their 

high affinity for latent TGFβ [55]. Interestingly, TGFβ is not only relevant for inhibition of 

T cell-mediated immunity but also the aggressive infiltrative behavior of glioblastomas. A 

subpopulation of human glioma cells expresses high levels of the integrin αvβ8 receptor, 

and implantation of integrin αvβ8 expressing glioma cells into the brain of immunodeficient 

mice results in efficient formation of diffusely infiltrating gliomas. Also, genetic targeting 

of integrin β8 in low-passage glioma cells substantially reduces tumor initiation in vivo, 

even in immunodeficient mice that lack T cells, NK cells and B cells [56]. Thus, therapeutic 

targeting of integrin αvβ8 (or both integrin αvβ6 and αvβ8) may not only enhance T 

cell-mediated immunity but also inhibit a major tumor cell-intrinsic pathway.
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Aryl hydrocarbon receptor–kynurenine pathway

The acryl hydrocarbon receptor (AHR) is an important ligand-regulated transcription 

factor in glioblastoma. Kynurenine, a byproduct of tryptophan catabolism, is an important 

oncometabolite produced by glioma cells. It is produced by the action of related enzymes, 

tryptophan 2,3-dioxygenase (TDO) and indoleamine 2,3-dioxygenase (IDO). Ligand binding 

by AHR results in nuclear translocation and association with ARNT. In glioblastoma, high-

level expression of AHR is associated with reduced CD8 T cell infiltration. AHR has 

important immunosuppressive functions in myeloid cells. In macrophages, it promotes an 

immunosuppressive program, including expression of CCR2 (migration in response to CCL2 

produced by glioma cells) and CD39 (a key enzyme in production of immunosuppressive 

adenosine from ATP released by dying tumor cells). In dendritic cells, it promotes an 

immunosuppressive program that favors differentiation of FoxP3 + regulatory T cells from 

naïve CD4 T cell precursors [57, 58].

Oncometabolite produced by IDH mutant glioma cells

IDH mutant gliomas have gain of function mutations in the IDH1 or IDH2 genes resulting in 

the production of the oncometabolite (R)-2-hydroxyglutarate (R-2-HG). Interestingly, IDH 

mutant gliomas have substantially lower levels of CD8 and CD4 T cell infiltration compared 

to IDH wild-type glioma [59]. R-2-HG is present at high concentrations in the millimolar 

range in the extracellular space in IDH mutant gliomas, and T cells take up R-2-HG 

through particular transporters, including the sodium-dependent dicarboxylate transporter 

SLC13A3. In functional in vitro studies, R-2-HG inhibits T cell proliferation and cytokine 

production in a concentration-dependent manner, and T cell proliferation is also lower in 

the tumor microenvironment of IDH mutant gliomas compared to IDH wild-type glioma. At 

a mechanistic level, R-2-HG interferes with the calcium-dependent transcriptional activity 

of NFAT, a key transcription factor in the T cell signaling cascade downstream of the 

TCR-CD3 complex. These findings are therapeutically relevant because a small molecule 

inhibitor of mutant IDH1 shows synergy with a PD-1 mAb in a murine IDH1 mutant 

glioma model. Of note, this difference between IDH-mutant versus IDH-wildtype gliomas 

has thus far only been shown in lower grade gliomas but not yet in IDH-mutant GBM versus 

IDH-wildtype GBM [59].

How can vaccines be used to enhance T cell-mediated immunity against 

glioblastoma?

Increasing the degree of T cell infiltration is one of the major goals in the development 

of immunotherapies for glioblastoma. Vaccines represent a potential strategy for induction 

of more vigorous T cell responses, but due to the heterogeneity of glioblastoma cell states 

and their functional plasticity, it will be important to target multiple antigens to enable 

T cell-mediated killing of glioma cells in all distinct cellular states (Fig. 2). Three recent 

studies highlight advances that have been made to achieve this goal.

The first study pursued the hypothesis that it could be advantageous to target a full 

repertoire of tumor antigens in glioblastoma, including non-mutated shared tumor antigens 

and neoantigens [60]. The team emphasized the precise identification of peptides presented 
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by HLA class I proteins using mass spectrometry and then established a ‘warehouse’ of 

pre-manufactured synthetic peptides for two HLA class I molecules, HLA-A*02:01 (33 

peptides) and HLA-A*24:02 (26 peptides). Patients received two sets of peptide-based 

vaccines. The first vaccine was based on shared tumor antigens, and for each patient the 

highest-ranking peptides were identified by HLA immunopeptidome and transcriptome 

analyses. Ex vivo HLA class I tetramer staining demonstrated that 45 of 87 selected 

peptides (51.7%) were immunogenic. The second vaccine used up to two patient-specific 

neoantigens, when feasible. These neoantigen peptides induced a CD4 T cell response 

(84.7% of peptides) or CD4 plus CD8 T cell responses (38.5% of peptides). The median 

overall survival was 29.0 months (n = 15 patients), and 6 patients were alive at the time of 

reporting. These survival data compare favorably to historical datasets, but a survival benefit 

needs to be formally established in future clinical trials. This study demonstrates the value of 

targeting non-mutated antigens by careful definition of the HLA class I immunopeptidome.

The second study tested the hypothesis that neoantigen-based vaccines could be developed 

for glioblastoma patients by careful identification of neoantigen peptides predicted to bind 

to the HLA class I proteins of individual patients [61]. Newly diagnosed glioblastoma 

patients were vaccinated following surgical resection and conventional radiotherapy. A 

median of 64.5 HLA binders (range of 30–163) could be predicted per tumor, and a 

median number of 12 peptides (7–20) were included in the vaccine. All three patients who 

required dexamethasone treatment during vaccine priming failed to induce a T cell response, 

again highlighting the detrimental effects of high-dose corticosteroids on the induction of 

therapeutic T cell responses. In contrast, patients who did not receive dexamethasone during 

vaccine priming generated robust de novo responses against multiple predicted neoantigens. 

Multiplex immunofluorescence analysis of patients who required surgery post-vaccination 

demonstrated increased tumor infiltration by CD8 T cells. In one of these patients, scRNA-

seq analysis of tumor-infiltrating T cells was used to define their TCR sequences to 

determine which of these cells were specific for neoantigen peptides used in the vaccine. 

Neoantigen-specific T cells were isolated from post-vaccination blood specimens and their 

TCR sequences were compared to those from tumor-infiltrating T cells. Interestingly, six 

neoantigen-specific T cell clones could be identified in both tumor and blood samples (2 

CD8 T cell clones, 4 CD4 T cell clones), demonstrating that neoantigen-specific T cells had 

infiltrated the patient’s tumor. Furthermore, the neoantigen specificity of both CD8 and CD4 

T cell clones was confirmed by transfection of their TCRs [61].

In IDH mutant tumors, the most common IDH1 mutation affects codon 132 (R132H), and 

this neoantigen is presented by MHC class II proteins. A recent clinical trial demonstrated 

that vaccination with this IDH1 neoantigen is safe and that activated neoantigen-specific 

CD4 T cells can be identified in the tumor tissue [62].

Taken together, these three recent studies demonstrate that personalized vaccines can be 

developed for both shared tumor antigens and neoantigens. It will be important to further 

optimize these vaccination platforms to enhance the magnitude of T cell expansion and 

to endow induced T cells with optimal functional programs. Also, it will be important to 

compare peptide-based approaches to mRNA-based technologies because this platform may 
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enable more rapid formulation of personalized vaccines [63], an aspect that is relevant in 

aggressive tumor types such as glioblastoma.

How can CAR T cells be designed to deal with the high level of tumor heterogeneity in 
glioblastoma?

CAR T cells represent another exciting avenue for the induction of T cell-mediated 

immunity against glioblastoma. While CAR T cells have shown striking activity in 

hematological malignancies, it has been more challenging to develop CAR T cell therapies 

for solid tumor indications. In B cell malignancies, CD19 is homogeneously expressed at 

a high level by malignant cells, while a more heterogeneous expression pattern is observed 

for most antigens considered for CAR T cell therapy of solid tumors [64]. The central 

question therefore is how CAR T cells could target a highly heterogeneous tumor such 

as glioblastoma. Two creative approaches point to potential strategies for overcoming this 

important barrier for T cell-based therapies.

An innovative CAR T cell design addresses this issue of tumor heterogeneity. 

Approximately 30% of glioblastomas express mutant EGFRvIII, but expression of this 

antigen is heterogeneous in such tumors. In a phase 1 clinical trial, treatment with EGFRvIII 

CAR T cells was shown to result in the outgrowth of EGFRvIII negative tumors [65]. CAR 

T cell-based selection of antigen loss variants has also been observed in hematological 

malignancies: outgrowth of leukemia cells with loss of CD19 expression is one of the 

major causes of disease relapse following treatment with CD19 CAR T cells [66]. Secretion 

of a bispecific antibody (BiTE) by CAR T cells that targets CD3 (T cell activation) and 

EGFR (tumor surface antigen) enables targeting of EGFR by CAR T cells, an antigen 

that is frequently overexpressed in glioblastoma but also expressed in healthy epithelial 

tissues [67]. Local BiTE secretion also enables killing of EGFR + glioma cells by other 

T cells in the tumor microenvironment and could thereby enhance endogenous antitumor 

immunity directed against a diverse set of antigens (Fig. 3). A number of other glioblastoma 

antigens have been reported as potential targets for CAR T cells that could be used to target 

EGFRvIII negative tumors, including EphA2, IL13Rα2 and GD2 [68–70].

SynNotch receptors enable customized design of a transcriptional circuit in CAR T cells. 

This design is based on the biological principles of the Notch receptor which is activated 

by mechanical stress, resulting in proteolytic release of the cytoplasmic domain that then 

acts as a transcription factor. Incorporation of the juxtamembrane and transmembrane 

domains of Notch can be used to create a SynNotch receptor in which ligand binding 

by the extracellular domain results in release of a transcription factor that induces the 

expression of a killing CAR [71]. This design enables expression of the killing CAR only 

in the relevant tissue microenvironment and can be considered to represent an IF–THEN 

circuit [72]. The killing CAR targets two antigens—EphA2 and IL13Rα2—that are broadly 

expressed by glioma cells but are not entirely tumor specific (Fig. 3). The first SynNotch 

design targets the EGFRvIII mutant protein that is highly tumor specific but is expressed 

in a heterogeneous pattern by glioma cells. This CAR circuit enables long-term control of 

a glioblastoma patient-derived xenograft (PDX) model with heterogeneous expression of 

EGFRvIII. The second SynNotch design targets a brain-specific antigen (MOG) expressed 
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on the surface of oligodendrocytes and myelin. This circuit induces expression of the killing 

CAR only in the CNS, again enabling T cell-mediated control of a glioblastoma PDX model 

in immunodeficient mice. This conceptual approach thus addresses two major challenges: 

1. Specificity: The SynNotch receptor induces expression of the killing CAR only within 

the tumor (EGFRvIII design) or the relevant organ (MOG design), 2. Heterogeneity: Tumor/

organ specific expression of the killing CAR enables targeting of antigens that are broadly 

expressed by tumor cells but are not entirely tumor specific. The MOG SynNotch design 

is also of particular interest for targeting of glioma cells that have infiltrated deeply into 

neighboring brain regions, including the contralateral hemisphere [72].

What are the key principles for future development of immunotherapies for 

glioblastoma?

These recent advances can be used to distill several principles to guide the future 

development of T cell-based immunotherapies for glioblastoma.

1. Develop approaches for avoiding or mitigating drug-induced T cell depletion. T 

cells are the key effector cells of all FDA approved immunotherapies (including 

immune checkpoint blockade and CAR T cells) and also essential for the efficacy 

of cancer vaccines. Experiments in experimental glioma models and clinical 

trials demonstrate that dexamethasone interferes with therapeutic activity, such 

as the failure to induce neoantigen-specific T cell responses in patients who 

received corticosteroids during vaccine priming [61].

2. Induce T cell responses to multiple antigens in order to deal with the extensive 

heterogeneity and plasticity of glioma cells. Alternatively, CAR T cells can be 

designed in which recognition of a tumor or tissue specific antigen induces an 

effector program that enables targeting of antigens that are not entirely tumor 

specific. It will be also important to study in clinical trials how effectively tumor 

heterogeneity can be controlled, and which tumor cell states are a major cause 

for disease relapse.

3. Develop immunotherapies that target multiple inhibitory pathways, including 

pathways related to T cell–tumor cell interactions (such as PD-1–PD-L1 

or CD161–CLEC2D) and pathways responsible for the detrimental crosstalk 

between tumor cells and myeloid cells (such as osteopontin or AHR). Further 

mechanistic studies on human glioblastoma and murine glioma models will be 

required to identify additional pathways for intervention.

4. Consider early intervention with immunotherapies, including a pre-surgical 

(neoadjuvant) setting. Neoadjuvant-based approaches have shown promising 

activity in a number of other cancer types, including melanoma, lung cancer, 

colon cancer and head and neck cancer. These studies have demonstrated that 

neoadjuvant immunotherapy enhances both local and systemic tumor immunity 

[73].

5. Develop better approaches to monitor the efficacy of immunotherapy regimens 

to optimize the development of combination therapies, including liquid biopsies 
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of cerebrospinal fluid (CSF) to monitor tumor evolution (circulating tumor DNA, 

ctDNA) and quantification of immune cell derived cytokines.
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Fig. 1. Inhibitory receptors on glioblastoma-infiltrating T cells.
A. The PD-1 receptor inhibits early T cell signaling following binding to PD-L1 which can 

be expressed by glioma cells and myeloid cells. B. The CD161 receptor inhibits activation 

of CD8 and CD4 T cells following binding to its CLEC2D ligand expressed by glioma cells 

and myeloid cells
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Fig. 2. Targeting of a heterogeneous population of glioma cells by polyclonal T cells with multiple 
antigen specificities.
Vaccines that target multiple antigens, including neoantigens and/or shared tumor antigens, 

can induce polyclonal T cell populations in lymph nodes. Such polyclonal T cell populations 

could deal with heterogeneous glioma cell populations by inhibiting the outgrowth of tumor 

cells that have down-regulated or lost expression of a single antigen
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Fig. 3. CAR T cell approaches that enable targeting of highly heterogeneous glioma cell 
populations.
A. SynNotch receptors enable induction of a transcriptional program in T cells. EGFRvIII 

is a highly specific mutant protein in glioblastoma but is only expressed by a subpopulation 

of glioma cells. Binding of EGFRvIII by a Syn-Notch receptor results in cleavage of the 

cytoplasmic domain which then acts as a transcription factor that induces expression of 

a killing CAR. This CAR is directed against EphA2 and IL13Rα2 antigens on glioma 

cells. These antigens are broadly expressed by glioma cells but not entirely tumor specific. 

However, expression of the killing CAR is only induced in the tumor, thus avoiding toxicity 
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against healthy tissues. B. Secretion of a bispecific T cell engager (BiTE) by CAR T cells 

enables targeting of a broadly expressed tumor antigen. The CAR recognizes EGFRvIII, 

conferring tumor specificity. Secretion of a BiTE that binds to EGFR on tumor cells and 

CD3 on T cells enables killing of tumor cells by bystander T cells
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