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Abstract

Glioblastoma remains as the most common and aggressive primary adult brain tumor to date. 

Within the last decade, cancer immunotherapy surfaced as a broadly successful therapeutic 

approach for a variety of cancers. However, due to the neuroanatomical and immunosuppressive 

nature of malignant gliomas, conventional chemotherapy and radiotherapy treatments garner 

limited efficacy in patients with these tumors. The intricate structure of the blood brain barrier 

restricts immune accessibility into the tumor microenvironment, and malignant gliomas can 

activate various adaptive responses to subvert anticancer immune responses and reinstate an 

immunosuppressive milieu. Yet, evidence of lymphocyte infiltration within the brain and recent 

advancements made in cell engineering technologies implicate the vast potential in the future of 

neuro-oncological immunotherapy. Previous immunotherapy platforms have paved way to 

improved modalities, which includes but is not limited to personalized vaccines and chimeric 

antigen receptor T-cell therapy. This review will cover the various neuroanatomical and 

immunosuppressive features of central nervous system tumors and highlight the innovations made 

in T-cell based therapies to overcome the challenges presented by the glioblastoma 

microenvironment.
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INTRODUCTION

Immunotherapy has been a long-studied approach that has garnered the attention as a 

promising mode of cancer treatment. The maturation and impact of the field helped certain 

sets of immunotherapies in achieving status as first-line treatments, and recent advances in 

cancer immunotherapy within the last decade effectively improved outcomes for several 

human cancers. [1][2][3][4] FDA-approved nivolumab and ipilimumab treatment 

demonstrated remarkable clinical efficacy in some patients with melanoma and renal 

carcinoma [1][2], and early clinical studies of CD19-specific chimeric antigen receptor T-

cells showcased a 90% complete response rate in patients with relapsed or refractory B-cell 

acute lymphoblastic leukemia. [3][4] Despite the many exciting advances made in the field, 

the complex relationship between brain tumors and the immune system has limited the 

quality of response of many immunotherapeutic strategies. This review focuses on recent 

advances made in T-cell-based immunotherapies for malignant gliomas. We discuss the 

neuroanatomical challenges for immunotherapy and highlight approaches that may facilitate 

better efficacy in delivering and enabling immunotherapies towards these unique sites.

NEUROANATOMICAL CHALLENGES FOR IMMUNOTHERAPY

The ability of therapeutic immune cells to reach the brain parenchyma is a critical 

prerequisite for inducing an anti-tumor response. Entry of innate immune cells into the 

central nervous system (CNS) is tightly regulated by the blood brain barrier (BBB) in order 

to limit the potential effects of neuroinflammation, such as edema, cytokine-induced 

toxicity, and neurodegeneration. Traditionally, the brain has been regarded as an immune-

privileged site, which was heavily supported by the lack of immunological responses by 

brain allografts [5] and inoculation of pathogens into the brain parenchyma. [6][7] However, 

this view has greatly changed, and while the brain is demonstrated to be privileged to a 

certain degree, consequent studies have proven that the brain does not completely preclude 

blood-borne immune cells. [8][9][10] The increasing attention towards immunotherapies 

underscores the importance of understanding the unique anatomical features and 

immunosuppressive nature of the CNS that impede proper T-cell infiltration into the brain. 

This segment will focus on outlining the distinct neuroanatomical and immunosuppressive 

features of the CNS and discuss approaches in addressing these challenges.

Immunological Accessibility of the Brain Parenchyma

The BBB serves as the principal gateway that restricts the entry of ions, large molecules, and 

naïve immune cells from peripheral blood by the formation of capillary tight junctions 

created by the interactions of endothelial cells with the luminal and abluminal membranes. 

[11] This protective barrier between the CNS and the periphery typically retain immune 

cells in the CSF-drained perivascular, leptomeningeal or ventricular spaces, but during 

neuroinflammation, immune cells are capable of breaching the glia limitans and entering the 

CNS parenchyma. [12] Early studies indicated the importance of α4 integrin surface 

expression in the passage of activated effector T-cells into the brain parenchyma [13], and a 

murine study demonstrated the selective trafficking of antigen-specific CD8+ T-cells into the 

brain and its dependency on the luminal expression of major histocompatibility complex 
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(MHC) class I by cerebral endothelium. [14] While this infers the lack of T-cell infiltration 

in the absence of inflammation, T-cell recruitment to the brain parenchyma can still occur 

under specific circumstances and mechanisms upon entry to the CNS.

One such mechanism by which T-cells are recruited into the brain parenchyma is through 

post-capillary venules into the perivascular space. The recruitment of any circulating 

immune cell into a given tissue is mediated by the sequential interaction of various adhesion 

and signaling molecules expressed on the surface of immune cells and endothelial cells 

lining the vessel wall. (Figure 1) Activated T-cells express α4/β1-integrins and lymphocyte-

associated antigen-1 (LFA-1) which bind to vascular cell adhesion molecule 1 (VCAM1) 

and intracellular cell adhesion molecule 1 (ICAM1), respectively, on the surface of 

endothelial cells. The initial tether formed by these interactions elicits rolling along the 

vascular wall and allows G-protein-coupled receptors (GPCRs) on T-cells to bind 

chemotactic factors on the endothelial surface. A GPCR inside-out signal to the α4/β1-

integrins leads to increased avidity and conformational changes that results in T-cell 

diapedesis and traversal through the endothelial lining. [12] Passage through the glia 

limitans requires the secretion of active matrix metalloproteinases MMP-2 and MMP-9 by 

leptomeningeal macrophages. MMP-2 and MMP-9 cleave the extracellular matrix receptor 

β-dystroglycan from astrocytes, which allow T-cell diapedesis across the glia limitans into 

the brain parenchyma. [15] Moreover, astrocytes lining the glia lamitans can facilitate 

activated T-cell infiltration into the parenchyma by secreting factors such as TNFα, IL-12, 

and IL-6. [16][17] These intricacies underscore the need for integrating a deeper 

understanding of the multifaceted integrity of the BBB and the complex mechanisms 

involving T-cell recruitment in order to develop of effective T-cell therapies for brain tumors, 

especially malignant gliomas.

Immunosuppression in the Glioma Microenvironment

T-cell infiltration into the brain parenchyma does not infer sustained adaptive immune 

responses, and for all intent and purposes, the immunosuppressive nature of the glioma 

microenvironment inhibits proper effector T-cell proliferation and function. Patients with 

malignant glioma and murine glioma models have both demonstrated impaired cellular 

immunity as a result of systemic immunosuppression. [18][19][20] The underlying 

mechanisms facilitating immunosuppression in brain tumors largely stem from three key 

features: secreted factors within the microenvironment, tumor cell-intrinsic properties, and 

the enrichment of immunosuppressive myeloid cells (Table 1). However, preclinical and 

early-phase clinical studies of antigen-specific immunotherapies have demonstrated antigen-

specific anti-tumor effects in CNS tumors [21][22][23][24], providing evidence that certain 

activated immune cells are capable of bypassing immunosuppression.

Immunosuppression Regulated by Secreted Factors—The CNS tumor stroma has 

been previously demonstrated to release immunosuppressive cytokines, such as transforming 

growth factor β (TGFβ) and IL-10, that can downregulate inflammation and attract 

regulatory T-cells. TGFβ induces immune suppression by reducing T-cell proliferation, 

inducing T-cell apoptosis, and inhibiting natural killer (NK) cell and myeloid cell activity. 

[25] Early studies demonstrated elevated levels of serum-TGFβ in mice bearing brain 
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tumors, and the pharmacological inhibition of TGFβ signalling was capable of partially 

reversing immune suppression. [26] As such, the secretion of TGFβ by microglia was 

initially thought to be the predominant source of brain tumor-related immune suppression. 

Additional studies investigating the role of IL-10 in glioblastoma immunosuppression have 

also inferred its involvement in upregulation of signal transducer and activator of 

transcription 3 (STAT3) in suppressing immune cell activity. [27] However, recent studies 

suggested that the recruitment and infiltration of CD8+ T-cells into malignant gliomas can 

similarly be inhibited by macrophage and microglia-secreted colony-stimulating factor 

(CSF-1) and kynurenine. [28] CSF-1 receptor blockade by PLX3397 has demonstrated 

increased CD8+ T-cell infiltration and tumor regression in murine tumor models, [29][30] 

and these findings are further investigated in a Phase II clinical trial of adult patients with 

recurrent glioblastoma (NCT01349036). The catabolic production and secretion of 

kynurenine can activate aryl hydrocarbon receptors (AHRs) on tumor-associated 

macrophages (TAMs) to drive the expression of CD39. This modulation of conventional 

TAM functions promotes CD8+ T-cell dysfunction by producing adenosine in cooperation 

with CD73. [31] Indoleamine-2,3-dioxygenase (IDO) and tryptophan dioxygenase (TDO) 

catabolizes tryptophan into kynurenine, and IDO- or TDO-blockade have been demonstrated 

to alleviate tumor-associated immune suppression in preclinical cancer models. [32][33] 

Furthermore, a Phase I study (INCB024360) treating patients with advanced malignancies, 

including gliomas, with epacadostat is currently investigating the therapeutic effect of IDO 

inhibition. [34]

Immunosuppression Mediated by Tumor Cell-Intrinsic Mechanisms—Brain 

tumor-associated mutations in signature oncogenes and chromosome modifying proteins can 

have immense repercussions on the immunological and genomic landscape of the tumor 

microenvironment. 70–80% of WHO grade 2 and 3 low grade glioma (LGG) or secondary 

glioblastoma cases report single amino-acid mutations in two isocitrate dehydrogenase 

(IDH) isoforms: R132 in IDH1 and R140 or R172 in IDH2. [35] Our group previously 

reported mutant IDH-associated suppression of type I immune response genes and a 

decrease in overall expression and activation of STAT1 and T-cell attracting chemokines in 

the glioma immune environment. [36] These findings were further supported by the 

identification of significantly reduced levels of T-cell infiltration in mutant IDH gliomas 

relative to their wild-type counterparts [37], signifying that genetic alterations intrinsic to 

glioma cells are capable of promoting immune evasion through modifying the tumor 

microenvironment cellular composition.

The constitutive activation of the STAT3 pathway in glioblastoma-initiating cells and 

expression of phosphorylated STAT3 (p-STAT3) in glioblastoma was shown to suppress T-

cell expansion and promote regulatory T-cell (T-reg) recruitment. [38][39] In one particular 

study, the treatment of glioblastoma patient-derived myeloid cells with WP1066, a small 

molecule inhibitor of p-STAT3, reversed immune cell tolerance by inducing IL-2, IL-4, 

IL-12, and IL-15 production while simultaneously inducing proliferation of effector T-cells 

that were otherwise refractory to CD3 stimulation. [39] These findings led to the evaluation 

of WP1066 in a Phase I clinical trial (NCT01904123) for recurrent glioblastoma patients and 

melanoma patients with brain metastases.
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Downregulation of human leukocyte antigen (HLA) class I expression is another 

immunosuppression mechanism employed by malignant brain tumor cells. [40] While HLA 

class I expression can be restored by IFN-γ treatment in certain cases, mutation-associated 

loss of heterozygosity (LOH) of HLA class I and β2-microglobulin regions can result in 

irreversible downregulation of HLA class I. A previous study conducted by our group 

demonstrated HLA class I LOH in 41% of informative cases, which were associated with 

decreased survival in newly diagnosed glioblastoma patients. [41] Tapasin has previously 

been shown to facilitate peptide binding to HLA class I molecules in the endoplasmic 

reticulum, and one particular study showed a rapid loss of HLA class I complexes from the 

surface of tapasin-deficient cells. [42] Admittedly, a recent finding demonstrated a strong 

correlation between tapasin levels with HLA class I expression and patient survival time. 

[43]

Yet another tumor-adaptive mode of T-cell dysfunction employed by malignant gliomas is 

their ability to sequester naïve T-cells in the bone marrow. Treatment-naïve subjects and 

mice with glioblastoma have severely compromised levels of T-cells in the blood and 

lymphoid organs, and a recent study by Chongsathidkiet et al. revealed the ‘missing’ naïve 

T-cells to be sequestered in large numbers within the bone marrow. Sequestration was 

accompanied by tumor-imposed loss of sphingosine-1-phosphate receptor 1 (S1PR1) from 

the T-cell surface, and the preclusion of S1P1R internalization led to sequestration reversal. 

This phenomenom was shown to be characteristic of not only malignant gliomas, but also 

tumors introduced intracranially. [44] Altogether, these results demonstrate that while brain 

tumors are capable of employing various methods of initiating T-cell dysfunction, targeted-

reversal of specific tumor-intrinsic immunosuppression mechanisms can potentially enable 

previously ineffective T-cell-activating therapies.

Myeloid Cell-mediated Immunomodulation—Myeloid cells represent the largest 

immune subset within glioblastomas and largely consists of tumor-associated macrophages 

(TAMs), myeloid-derived suppressor cells (MDSCs), neutrophils, and dendritic cells (DCs). 

[45][46] TAMs represent the majority of non-neoplastic cells within gliomas, and support 

the expansion and persistence of tumor cells by secreting pro-tumorigenic factors and 

chemokines. [31][47] Neutrophils are recruited to the tumor microenvironment by tumor-

derived cytokines, and depending on their maturation and activation state, they can exert 

either anti- or pro-tumor effects. (Reviewed in [48]) Recruitment accompanied by an 

overproduction of G-CSF in the tumor microenvironment leads to high neutrophil 

lymphocyte ratios (NLRs), which is associated with poor prognosis. [49][50] Increased 

expression of S100A4 within glioma cells by neutrophil infiltration in glioma patients is 

associated with increased incidences of tumor metastasis, invasiveness, and aggressiveness 

[51], and inhibition of CSF1R+ myeloid cells by GW2580 decreased molecular signatures of 

cytokines involved in inflammation and angiogenesis. [52] Conversely, DCs have been 

suggested in playing a vital role in orchestrating T-cell mediated responses in glioma, and 

preclinical models utilizing CD103+ DC-deficient mice demonstrated their inability to reject 

transplantable immunogenic tumors. [53] As such, ongoing Phase II clinical trials aim to 

validate the efficacy of vaccines with dendritic cells pulsed with glioma-derived antigens, 

and study results showcased this approach as both safe and feasible. [54]
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In a recent study, high levels of MDSCs in patients with recurrent glioblastomas were shown 

to be associated with poorer overall survival. [55] MDSCs are generally considered as a 

heterogeneous population of immature myeloid cells, and our group previously 

demonstrated a novel granulocyte-macrophage colony-stimulating factor (GM-CSF)-

induced immunosuppression mechanism employed by glioma-infiltrating MDSCs. In our 

study, we revealed an upregulation of IL4Rα on glioma-infiltrating MDSCs specifically with 

no change in expression in myeloid cells derived from peripheral blood or healthy brain 

tissue. [56] IL4Rα mediates IL-13-induced production of arginase which can reduce L-

arginine levels, creating an immunosuppressive environment that compromises cytotoxic 

lymphocyte proliferation and activation. As such, a plethora of approaches have been 

developed to reduce and inhibit MDSC recruitment at the tumor site. We previously 

identified that the inhibition of prostaglandin E2 production by cyclooxygenase-2 (COX-2) 

inhibitors, celecoxib and acetylsalicyclic acid (ASA), leads to the reduction of MDSC 

accumulation at the tumor site. [57] ASA-treated mice demonstrated a remarkable 

enhancement of C-X-C motif chemokine 10 (CXCL10) and infiltration of cytotoxic T-cells, 

illustrating the ability of CXCL10 in limiting gliomagenesis. Further studies by our group 

illustrated that administration of cyclic diguanylate monophosphate (c-di-CMP), a STING 

agonist, increased OVA-specific cytotoxicity and survival of infiltrating lymphocytes while 

simultaneously reversing the immunosuppressive effects of MDSCs. [58] Overall, these 

findings showcase the multitude of strategies available in modulating myeloid cell-mediated 

immunosuppression prior to facilitate more effective immunotherapy outcomes.

Corticosteroid-Induced Immunosuppression—Corticosteroids are often necessary in 

managing peritumoral edema, but recent studies have shown that steroids can also promote 

an immunosuppressive milieu. Baseline use of ≥ 10 mg of prednisone (equivalent to ≥ 4 mg 

dexamethasone) was associated with poorer outcome of non-small-cell lung cancer patients 

treated with PD-L1 blockade. [59] However, bevacizumab has demonstrated itself as a 

potential steroid substitute [60], and studies in patients with recurrent glioblastoma 

illustrated the safety of bevacizumab in treating peritumoral edema without the 

immunosuppressive effects of steroids. [61] Although preliminary results show no 

immediate improvements in survival, bevacizumab provides an alternative approach against 

steroid-induced immunosuppression.

IMMUNOTHERAPY STRATEGIES FOR BRAIN TUMORS

The strength in immunotherapeutic approaches lie in their ability to facilitate the eradication 

of cancer and prevent recurrence by enhancing the systemic and selective immune response 

against tumor cells. Recent novel advances in immunotherapy include achievements made in 

immune checkpoint blockades, adoptive cell therapies (ACT), and vaccine therapy [28], but 

the aforementioned neuroanatomical challenges limit their efficacy in the brain. 

Nonetheless, evidence of T-cell infiltration into the parenchyma brought focus towards T-

lymphocyte immunotherapy in the brain, and in this section, we will summarize the overall 

impact of T-cell-based approaches (Figure 2) and their significant breakthroughs in treating 

brain tumors.
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Tumor Vaccination Approaches

Vaccination served as the primary approach in redirecting endogenous T-cells against tumor 

antigens and remained as one of the earliest developed immunotherapeutic modalities. [62] 

The objective of therapeutic vaccines is to elicit a cytotoxic response in an immune system 

that has otherwise been induced into tolerance, and overall, cancer vaccines can be broadly 

classified into multiple categories: peptide vaccines, heat shock protein vaccines, RNA 

vaccines, and cell-based vaccines. This section will focus primarily on the application of 

peptide, heat shock protein, RNA vaccines in the recruitment and activation of T-cells.

Peptide Vaccines—Until recently, neuro-oncology vaccines have primarily focused on 

tumor-associated antigens (TAAs), which are not unique for gliomas. Many of these 

potential antigen targets are derived primarily from overexpressed normal proteins that are 

still present in normal tissue, and targeting such shared antigens holds the risk of eliciting 

collateral autoimmunity. In contrast, antigens found solely in tumor cells and absent from 

normal cells are called tumor-specific antigens (TSAs), and due to the low mutational 

burden of gliomas [63], only a minority of mutations are processed into T-cell responsive 

neoepitopes. As such, little glioma-specific antigens are reported to date, and certain HLA 

type-restricted antigens further limit the patient population for which vaccines may be 

considered. The scarcity of tumor-specific and highly expressed antigenic epitopes in the 

glioma microenvironment serves as the underlying limitation for the development of novel 

cancer vaccine approaches.

The most widely studied TSA, to date, is a constitutively active mutant form of epidermal 

growth factor (EGFR), EGFRvIII, which is expressed exclusively on glioblastoma cells in 

approximately 20 % of glioma patients. [64] Phase I and II clinical trials testing various 

forms of EGFRvIII vaccines demonstrated promising results, and this led to the subsequent 

development of rindopepimut (CDX-110) designed to mimic EGFRvIII in order to foster 

immune recognition of the mutated sequence. Preclinical models utilizing rindopepimut 

demonstrated impressive efficacy [65], and promising median overall survival (mOS) in 

Phase I and 2 clinical trials [66] sparked the initiation of a multicenter, double-arm Phase III 

clinical trial (ACT IV) testing rindopepimut against a control, keyhole limpet haemocyanin 

(KLH), both concurrent with standard of care temozolomide. The study revealed no 

significant improvement in mOS of patients treated with rindopepimut when compared to 

the control arm; interestingly, the antigen loss was seen in both treatment and control arms. 

[67] This latter point highlights heterogeneous EGFRvIII expression in glioma cells that 

supports previous findings of the unstable nature of EGFRvIII expression throughout the 

course of disease. [68][69] While ACT IV was conducted, a separate Phase II clinical trial 

(ReACT) explored the clinical efficacy of rindopepimut with bevacizumab combination 

therapy, and analysis revealed significantly higher mOS in the rindopepimut with 

bevacizumab arm over the KLH control arm. [70] In addition to rindopepimut, immunization 

with a live-attenuated Listeria-based vaccine, ADU-623, is currently being tested in an 

ongoing Phase I study (NCT01967758). While EGFRvIII remains attractive as a tumor-

specific target, the propensity of tumor escape and outgrowth in EGFRvIII therapies 

underscores the need to adjust the approach for this vaccine modality.

Kwok and Okada Page 7

J Neurooncol. Author manuscript; available in PMC 2021 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

https://clinicaltrials.gov/ct2/show/NCT01967758


Isocitrate dehydrogenase (IDH) mutations are presented in approximately 80% of WHO 

grade 2 or 3 LGGs, with the majority of the mutations being R132H mutations in the IDH1 

variant. In contrast to EGFRvIII, IDH mutations encompasses nearly 100% of tumor cells 

when present, making it a truly homogenously-expressed TSA. [67] Preclinical studies 

utilizing murine models expressing humanized MHC class I and MHC class II loaded with 

IDH1-R132H-derived 15-mer peptides elicited antigen-specific CD4+ T helper 1 cell-

mediated immune responses. [22] This led to two ongoing Phase I clinical trials of IDH1-

R132H-mutated peptide vaccines, NOA-16 (NCT02454643) and RESIST (NCT02193347). 

NOA-16 investigates the efficacy of the vaccine concurrently with topical imiquimod in 

patients with IDH1-R132H-mutated grade III and IV gliomas, and RESIST evaluates 

adjuvant treatment with GM-CSF and Montanide ISA-51 in patients with recurrent grade II 

gliomas. In the advent of this homogenously-expressed glioma-specific antigen, these trials 

may pave way to a new approach for treating patients with IDH-mutant gliomas.

Within the majority of diffuse midline gliomas (DMGs), a driver mutation in the histone H3 

gene H3F3A confers a single amino acid mutation, K27M, in both histone 3 variant 1 

(H3.1K27M) and variant 3 (H3.3K27M) [28][71] Studies conducted by our group led to the 

identification of the novel H3.3K27M p26–35 epitope (H3.3K27M26–35). Similarly to IDH-

mutations, more than 70% of diffuse midline pontine gliomas (DIPGs) and the majority of 

DMGs harbor the H3.3K27M mutation, and given that the abysmal mOS of children with 

DIPG remains under one year, the identification of one of very few tumor-specific target 

underlines a rare and significant milestone in combating both diseases. Our in vitro studies 

demonstrated that patient-derived peripheral blood mononuclear cells (PBMCs) stimulated 

with H3.3K27M26–35 expressed increased levels of IFNγ compared to PBMCs stimulated 

with wild-type H3.3. [72] This paved way to a Phase I clinical trial (NCT02960230) 

evaluating the K3.3K27M-specific peptide vaccine with adjuvant Poly ICLC in pediatric 

K27M-mutated gliomas.

Lastly, a trend towards personalized vaccines have surfaced to answer the limitations in 

durability and efficacy of targeting TAAs. Personalized vaccines target neoantigens with the 

goal of potentiating an anti-tumor immune response without the risk of cross reactivity and 

systematic immune tolerance, and two prominent trials have demonstrated efficacy in this 

approach. Utilizing a computational pipeline for predicting HLA-binding of epitopes in 

conjunction with whole exome sequencing (WES), a Phase I study (NCT02287428) was 

conducted to investigate the feasibility and timing of personalized neoantigen cancer vaccine 

(NeoVax) with pembrolizumab in newly diagnosed O6-methylguanine DNA 

methyltransferase (MGMT)-unmethylated glioblastoma. Single-cell TCR analysis provided 

evidence of neoantigen-specific T-cell infiltration within the tumor microenvironment and an 

increase in the number of tumor-infiltrating T-cells in patients who did not receive 

dexamethasone. [73] The Glioma Actively Personalized Vaccine Consortium (GAPVAC) 

have additionally conducted a multicenter Phase I clinical trial (NCT02149225) that 

incorporates data from HLA-ligandome analyses to evaluate the safety, tolerability, and 

immunogenicity of actively personalized vaccines (APVACs) in newly diagnosed 

glioblastoma patients. The approach adopted by Hilf et al. exploits the full repertoire of 

tumor antigens, and its inclusion of TAAs increased the number of actionable epitopes. [74] 

In both clinical studies, promising evidence of tumor-reactive T-cell infiltration with 
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memory phenotypes and neoantigen-specific clonal expansion accentuates the therapeutic 

potential in the future of personalized cancer vaccines.

Heat Shock Protein Vaccines—Immunogenic properties of heat shock proteins (HSPs) 

have directed increasing attention towards the potential of HSP vaccines. HSPs, also known 

as chaperone proteins, function to stabilize proteins, resolve protein aggregates, and 

reassemble salvageable misfolded protein aggregates in response to cellular insults. [75] 

From an immunological standpoint, however, HSPs have the capacity to either stimulate 

antitumor immune responses as carriers for antigenic peptides or act as natural immunogens. 

When complexed with an associated peptide, these HSP complexes are capable of 

undergoing the endogenous MHC class I pathway to ultimately elicit a CD8+ cytotoxic 

response. [76] Heat shock protein 70 (HSP70), in particular, has been shown to be 

overexpressed and present in a majority of solid tumors. [77] Within glioblastomas, studies 

have demonstrated express elevated constitutive and inducible levels of HSP27, HSP72, 

HSP73, and HSP90 [78][79], and GBM released exosomes have also exhibited HSP27, 

HSP60, HSP70, and HSP90 presentation. [79]

Of the major HSP families, HSP70 and HSP90 have garnered the most attention as 

facilitators of antigen uptake, processing, and presentation onto MHC class I and MHC class 

II. Studies showing the increased transcription of HSP70 mRNA in correlation with glioma 

grade [80] and the involvement of HSP90 substrates (e.g. EGFRvIII, hTERT, P53, MAPK) 

in key tumor initiation and proliferation signaling pathways [81] have all led to the induction 

of multiple pre-clinical and clinical trials utilizing HSP vaccines. Exogenously delivered and 

purified HSP70 was shown to be capable of triggering the translocation of its intracellular 

analog in cancer cells to the cell surface [82], and a complementary pre-clinical study in a 

rat glioblastoma model demonstrated significant reduction of tumor progression and 

increased cytotoxic activity of NK cells and CD8+ T lymphocytes following prolonged intra-

tumoral delivery of exogenous HSP70. [83] A different approach utilizing 

superparamagnetic iron oxide nanoparticles (SPIONs) coupled to HSP70 to deliver 

immunogenic peptides from tumor lysates to dendritic cells has demonstrated the induction 

of tumor-specific CD8+ T lymphocytes responses in a pre-clinical glioma model. [84] 

Clinical studies have demonstrated efficacy and relatively safety in patients who have 

undergone surgical resection and intra-tumoral delivery of recombinant HSP70. Of the 12 

patients in the study, 1 patient showed a partial response while 1 patient demonstrated a 

complete response accompanied by an enhanced Th1-cell-mediated response. [82]

Autologous antigenic peptides chaperoned by HSP glycoprotein-96 comprises HSP-peptide-

complex-96 (HSPPC-96), which is utilized in a large majority of HSP vaccine trials. 11 of 

12 high grade glioma patients demonstrated a tumor-specific peripheral immune response to 

HSPPC-96 vaccination (either 25 ug HSPPC-96 every 2 weeks totaling 4 vaccinations or 25 

ug HSPPC-96 weekly totaling 4 vaccinations) in a Phase I dose escalation trial. [85] A 

subsequent open label Phase II multicenter clinical trial in recurrent glioblastoma patients 

treated with 25 ug HSPPC-96 weekly for 4 weeks followed by biweekly treatment showed a 

median and 6 month overall survival of 42.6 weeks and 29.3%, respectively. [86] These 

results have sparked multiple ongoing clinical trials: A completed Phase II single arm study 

(NCT00905060) investigating the application of autologous HSPPC-96 in newly diagnosed 
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adult GBM patients following tumor resection and adjuvant radiation therapy and 

temozolomide has data with pending publication. The Alliance for Clinical Trials in 

Oncology (ALLIANCE) has also sponsored a multi-institutional trial (NCT01814813) in 

cases of recurrent GBM that aims to explore the efficacy, tolerability, and safety of 

HSPPC-96 as an adjuvant therapy with bevacizumab. One additional Phase I trial 

(NCT02100822) is currently studying the safety and efficacy of autologous HSP 

glycoprotein-96 in patients with newly diagnosed supratentorial gliomas.

RNA Vaccines—Nucleic acid-based vaccines are conventionally based on the utilization 

of DNA or RNA encoding the antigen of interest. The application of DNA and RNA 

combines both the efficacy of in situ expression of antigens with the safety inactivated and 

subunit vaccines, and as a result, nucleic acid-based vaccines have emerged as a promising 

alternative to conventional vaccine approaches. The use of RNA vaccines holds several 

advantages over its DNA counterpart. Firstly, RNA modalities eliminate the issue of possible 

plasmid DNA vaccine integration into the host genome, and while DNA vaccinations require 

traversal of both the plasma and nuclear membrane for transcription, rapid cellular uptake of 

RNA vaccines into the cytoplasm is sufficient for expression. [87] Secondly, RNA vaccines 

serve as a safer approach: mRNA is naturally degraded by normal cellular processes and has 

no potential risk of infection or insertional mutagenesis due to its non-infectious and non-

integrating properties. Design modifications in the delivery methods or down-modulation of 

the inherent mRNA immunogenicity can further increase the safety profile and highlights 

the flexibility in RNA vaccine engineering. [88][89] Finally, high yields of in vitro 
transcription reactions allow the rapid and inexpensive production of RNA vaccines. [90]

Among its various applications, recent advances and directions in RNA-based cancer 

vaccines have been made in stride following the first proof-of-concept studies highlighting 

the feasibility of the approach decades prior. [91][92] Dendritic cells play a central role in 

antigen presentation, and as a result, dendritic cells electroporated with mRNA have 

comprised the majority of RNA vaccine clinical trials that investigate its efficacy against 

glioblastomas. Two completed Phase I/II studies (NCT00890032) (NCT00846456) 

evaluated the feasibility and safety of brain tumor stem cell (BTSC)-specific mRNA-loaded 

dendritic cell vaccines with one study (NCT00846456) demonstrating the induction of an 

immune response in all seven patients without adverse autoimmune events or side effects. 

Studies that are currently recruiting include a Phase I/II trial (NCT02649582) that explores 

the overall and progression-free survival of new diagnosed glioblastoma patients treated with 

autologous Wilms’ tumor 1 (TW1) messenger mRNA-loaded dendritic cell vaccination and 

adjuvant temozolomide treatment following resection and a Phase II trial (NCT02465268) 

determining the efficacy of glioblastoma patients with investigational dendritic cell vaccine, 

pp65 DC. While there exist ongoing clinical trials investigating dendritic cells loaded with 

mRNAs encoding cytomegalovirus (CMV) proteins (NCT00626483) (NCT00639639), anti-

viral therapy has not yet definitively improve outcomes for GBM patients. [93] Moreover, a 

recent consensus analysis using three recently developed pathogen pipelines (CaPSID, P-

DiP, and SEPATH) could not detect CMV in 146 medulloblastoma, 89 pilocytic 

astrocytoma, 41 glioblastoma, and 18 oligodendroglioma samples. [94]
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Advances made in the delivery formal and route of administration has furthered exemplified 

the outcome efficiency of RNA vaccines in inducing T-cell-mediated responses. As opposed 

to traditional tumor-associated-antigen encoding mRNAs, certain intratumoral mRNA 

vaccination approaches aim to activate tumor-resident T-cells in situ using immune 

stimulatory molecules. One particular study utilizing either naked mRNA or protamine-

stabilized mRNA encoding a non-tumor related gene GLB1 demonstrated impair tumor 

growth upon its intratumoral introduction into a glioblastoma mouse model. [95] 

Furthermore, a recent 2020 study highlights the flexibility of RNA vaccine design by 

coupling its application with CAR T-cell therapy. This study adapted the introduction of 

intravenously administered liposomal antigen-encoding RNA (RNA-LPX) that led to the 

stimulation of adoptively transferred CAR-T cells, improved CAR T-cell engraftment, and 

regression of solid tumors at subtherapeutic CAR T-cell doses. [96]

Adoptive Cell Therapy

The functional advantage of adoptive cell therapy (ACT) lies in its ability to manipulate and 

activate lymphocytes in vitro to release them from the inhibitory factors that exist in the less 

favorable microenvironment. [97] ACT incorporates the ex vivo culture, cellular 

engineering, and infusion of lymphocytes to potentiate anti-tumor, anti-viral, or anti-

inflammatory effects in patients. The primary forms of ACT can be broadly classified as 

tumor-infiltrating lymphocytes (TILs), T-cell receptor (TCR) T-cells, and CAR T-cells. Here, 

we discuss the breakthroughs and challenges that emerged in the ACT field, with a focus on 

the current state of the field in addressing the complex neuroanatomical and 

immunosuppressive nature of brain tumors.

Tumor-infiltrating lymphocytes—The difficulty of expanding a sufficient TILs and the 

exhaustive nature of lymphocytes at the tumor bed limits the efficacy of TILs within brain 

tumors. TILs require highly immunogenic and accessible tumors for effective expansion, 

and besides melanoma, no other cancers have allowed sufficient expansion of TILs from 

their respective tumor samples. [98] Furthermore, while CD8+ TILs have demonstrated 

exceptional trafficking to tumor targets in extracranial sites, murine studies have 

demonstrated its inability to replicate its in vitro efficacy against tumors in the brain. [99] 

These results have been recapitulated in patients treated with infusion of autologous TILs. 

While disease stabilization and no serious toxicity were demonstrated in both studies, TIL 

treatment of patients with recurrent malignant gliomas [100] and leptomeningeal disease 

(LMD) [101] provided inconclusive evidence of durable and prolonged survival. [100] 

Administration of autologous TILs in a patient with LMD from metastatic melanoma 

stabilized progression but was insufficient in regressing metastatic deposits in the brain, 

liver, lung, and peritoneal and retroperitoneal lymph nodes. [101] In an attempt to reactivate 

exhausted T lymphocytes at the tumor bed, two studies by Plautz et al. involved the infusion 

of T-cells harvested from patients vaccinated with irradiated autologous tumor cells and 

expansion ex vivo with anti-CD3 antibody and Staphylococcal enterotoxin A. While both 

studies demonstrated objective clinical [102][103], neither studies proved prolongation of 

survival in patients with glioma. These results demonstrate the immunosuppressive 

challenges of TIL therapy in brain tumors and highlight the need in improving the expansion 
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of brain tumor-derived TILs and the maintenance of autologous TIL activation within the 

brain tumor microenvironment.

T-cell receptor-transduced T-cells—To redirect T-cell specificity to molecularly 

defined target antigens, genetically modified antigen-specific TCRs were introduced into T-

cells to generate the first TCR-transduced T-cells. More specifically, the cDNAs of the α- 

and β-chain can be cloned from class I HLA-restricted TCRs of tumor-reactive cytotoxic T-

cells and transferred into T-cells to redirect their specificity. Upon recognition of the target 

peptide bound to MHCs on the surface of antigen-presenting cells or tumor cells, these TCR 

T-cells can then mount a target-specific cytotoxic response. The first successful 

demonstration of ACT through genetically engineered lymphocytes utilized autologous T-

cells transduced with human TCR recognizing MART-1 to treat patients with metastatic 

melanoma. [104]

However, off-tumor, on-target toxicity in a following study involving the adoptive transfer of 

high-avidity TCRs recognizing either MART-1 or gp100 melanoma-melanocyte antigens in 

36 patients with metastatic melanoma hinted towards the first significant set of limitations 

for this therapy. [105] This challenge was further emphasized through two TCR-transduced 

T-cell therapies targeting the cancer-testis antigen MAGE-A3 separately induced 

neurological toxicity [106] and cross reactivity within cardiac tissue. [107] Furthermore, in a 

different study, all three patients with metastatic colorectal cancer treated with high-affinity 

TCR against the carcinoembryonic antigen experienced life-threatening colitis and colonic 

hemorrhage. [108] Together, these findings point towards the importance of identifying 

antigens that are uniquely expressed by tumor cells and not in healthy tissue.

This prevalence of cross reactivity with tumor-associated antigen-targeting TCR-transduced 

T-cell trials underscores the need to identify neoantigen targets for safe application of 

therapy – one of which is the H3.3K27M26–35 epitope identified by our group.[72] Isolation 

of cDNA for the α- and β-chains generated a high affinity TCR capable of recognizing the 

H3.3 K27M mutation in the context of HLA-A*02:01. T-cells transduced with this TCR 

demonstrated efficient targeting and cytotoxic behavior against HLA-A*02:01+ H3.3 K27M
+ glioma cells in an antigen- and HLA-specific manner in preclinical in vivo models. While 

no TCR T-cell based therapies for gliomas have been initiated in clinical trials, alanine-

scanning assays conducted by our group suggested the absence of any known human 

proteins that share the key amino acid residues required for TCR recognition of the 

H3.3K27M26–35 epitope. The potential mitigation of cross reactivity provides crucial 

evidence that supports the basis for developing T cell-based therapies targeting this 

neoepitope and highlights the monumental opportunity for ultimately pioneering TCR-

transduced T cell therapies for gliomas.

Chimeric antigen receptor T-cells—CAR engineering combines transgene expression 

of a single-chain variable fragment (scFv) derived from the variable domains of antibodies 

with the signaling domains of the TCR and additional costimulatory domains to redirect the 

cytotoxic potential of T-cells against tumor cells that would otherwise be ignored. T-cells 

transduced with CARs are able to recognize tumor surface antigens directly without the need 

for MHC expression and costimulation, effectively overcoming the previous limitations of 
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TCR T-cells. In addition to the recognition of surface antigens, the independence of CAR 

recognition from MHC restriction grants CAR T-cells with a fundamental antitumor 

advantage of recognizing tumors that have lost MHC-associated antigen presentation as a 

mechanism of immunoevasion. Conversely, this limits CAR T-cells to antigens that are 

intrinsically present on the extracellular surface.

Similarly to TCR-transduced T-cells, subsequent studies with CD19-specific, BCMA-

specific, and CD22-specific CAR T-cells indicated cross-reactions in the form of cytokine 

release syndrome (CRS). [109][110]. While B-cell aplasia can be manageable, T-cell 

mediated toxicity on vital organs have been a major setback in targeting solid tumors. For 

instance, a patient treated with ERBB2/HER2 CAR T-cell therapy experienced pulmonary 

failure and CRS caused by off-target killing of ERBB2-positive cells expressed on the lung 

epithelium [111], and subsequent CAR T-cell trials targeting carbonic anhydrase IX antigen 

and CEACAM5 similarly resulted in hepatotoxicity and respiratory toxicity. [112][113] As 

such, the identification of antigens that arise from mutations present in tumor but absent in 

healthy tissues is an important milestone in solid tumor specificity.

CARs generated for brain tumors have primarily focused on receptors and growth factors 

presented on the glioma surface. IL-13Rα2 (NCT02208362), HER2 (NCT02442297), 

EphA2 (NCT02575261), and epidermal growth factor receptor variant III (EGFRvIII) 

(NCT01454596 and NCT02209376) have garnered predominant attention for generating 

CARs, but EGFRvIII remains as the only glioma-specific target amongst the other tumor-

associated antigens. This variant of EGFR is a truncated receptor expressed in 20% of newly 

diagnosed glioblastoma patients solely on tumor cells and not healthy tissue. [114][115] 

Preclinical in vivo studies demonstrated target-specific cytotoxicity by EGFRvIII CAR T-

cells [116][117], and in a Phase I clinical trial, all 10 recurrent glioblastoma patients treated 

with a single intravenous infusion of autologous EGFRvIII CAR T-cells experienced no off-

tumor toxicities or cytokine release syndrome. [101] This finding proved the glioma-specific 

nature of EGFRvIII and its feasibility as a safe therapeutic target, but the trial itself failed to 

demonstrate objective clinical responses. Significant expansion and successful infiltration of 

CAR T-cells into the tumor site was observed in all patients, but only one patient of ten 

presented stable residual disease for over 18 months while no other objective radiographic 

response was documented. The recurrence of EGFRvIII-negative tumor cells underscores 

the challenge of antigen heterogeneity within tumors and the need to further identify novel 

neoantigens for combination CAR T-cell therapy. Despite antigen escape and the lack of 

CAR-T cell persistence being notable issues, the penetrance of CAR-T cells into the brain 

garners substantial potential in the approach, and new approaches aimed at countering 

heterogeneity, the immunosuppressive milieu, and imprecision have already commenced and 

provided encouraging results. [119–130] (Table 2)

CLOSING REMARKS

The neuroanatomical barriers, immunosuppressive state of the glioma microenvironment, 

and the perpetual risk of cross reactivity continues to present challenges for immunotherapy 

in the brain. The multi-layered complexity of the BBB alongside the array of 

immunosuppression modalities employed by the glioma microenvironment hinders T-cell 
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infiltration and activation, and lethal on-tumor, off-target toxicity of targeting shared 

antigens underscores the need for identifying tumor-specific antigens for T-cell based 

strategies. However, leaps and bounds in the past decade have been made in modulating the 

tumor microenvironment and designing T-cell based therapies that overcome these 

challenges. A greater understanding of the tumor archetype has allowed us to identify key 

components in secreted factor-, cell intrinsic-, and myeloid cell-mediated 

immunosuppression that can be targeted and blocked. In-depth exploration of the glioma-

associated genomic variations engendered the discovery of novel targetable neoantigens for 

T-cell based therapies. Altogether, the properties of the brain tumor microenvironment 

propose a daunting set of challenges unique to its own, but through novel pre-clinical 

strategies, experts have proven time and time again that immunotherapy can overcome these 

hurdles with just the right push.
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Figure 1: Neuroanatomical challenges for T-cell infiltration into the brain parenchyma:
Activated T-cells can be recruited into the brain parenchyma through post-capillary venules. 

LFA-1 and α4/β1-integrins expressed on the surface of activated T-cells bind to ICAM1 and 

VCAM1, respectively, on endothelial cells to allow the T-cells to reduce their velocity and 

undergo diapedis through the endothelial lining. Secretion of MMP-2 and MMP-9 by 

leptomeningeal macrophages and other astrocytic secreting factors permit T-cell infiltration 

through the glia limitans. Upon entering the brain parenchyma and reaching the tumor 

microenvironment, T-cells must overcome various mechanisms of tumor-mediated 

immunosuppression to elicit a robust and persistent immune response.
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Figure 2: T-cell based immunotherapy modalities:
Ongoing T-cell based cancer immunotherapy studies encompass both vaccine therapy and 

adoptive cell transfer (ACT). Vaccines (upper-left) focus on eliciting a cytotoxic immune 

response by introducing tumor-associated or tumor-specific antigens for APC presentation. 

Tumor-infiltrating lymphocyte (TIL) therapy (upper-right) selects for and expands tumor-

specific lymphocytes ex vivo for reinfusion into the patient. TCR and chimeric-antigen 

receptor (CAR) T-cell therapy (bottom) incorporates the design and incorporation of an 

antigen-specific receptor into a T-cell.
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Table 1:
Methods of immunosuppression and immune evasion employed by the glioblastoma 
milieu:

The lack of efficacy in conventional immunotherapy approaches in glioblastomas is due largely in part to the 

multitude of immunosuppressive mechanisms employed by the tumor microenvironment.
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Table 2:
Advancements and ongoing approaches investigated in CAR T-cell therapy:

Breakthroughs in cell engineering technologies continue to engender novel CAR T-cell approaches that 

overcome the immunosuppressive and heterogenic nature of the glioblastoma tumor landscape.

Further Novel Approaches in CAR T-cell Therapy

Approach Examples

Increasing Specificity by 
Recognition and Targeting 

Multiple Antigens

Multiple Antigen-
Targeting CARs

• Bispecific T-cells co-expressing HER2 and IL13Rα CARs 
[117]

• Trivalent T-cells co-expressing HER2, IL13Rα, and EphA2 
CARs [118]

Split-signal CARs

• T-cells transduced with both a CAR that provides suboptimal 
activation upon binding PSMA or PSCA and a chimeric 
costimulating receptor (CCR) that recognizes the other antigen 
[119]

Tandem CARs

• Bispecific T-cells expressing Tandem CARs comprised of a 
CD19-specific scFv followed by a Gly-Ser linker, a HER2-
specific scFv, and another Gly-Ser tandem repeat hinge [120]

Dual-receptor 
circuit CARs

• Combinatorically-activated T-cell circuit in which the 
activation of a synthetic NOTCH receptor for one antigen 
induces of a CAR for a second antigen [121]

Overcoming Tumor 
Microenvironment 

Immunosuppression by 
Modifying Activation Phenotypes

Co-expression of 
costimulatory 

molecules

• Second-generation, third-generation, and fourth generation 
CAR T-cells expressing costimulatory domains

• CAR T-cells co-expressing cytokines such as IL-12 [122] or 
IL-15 [123]

Inhibition of TGFβ

• CAR T-cells co-expressing dominant negative TGFβ type II 
receptor that renders them resistant to TGFβ-mediated 
immunosuppression [124]

Immune checkpoint 
inhibitor blockade

• Pharmalogical inhibition of GSK3 in GMB-specific CAR T-
cells reduced FasL expression, lowered PD-1 levels, and 
promoted CAR T-cell effector memory phenotype*

• CAR T-cells co-expressing dominant-negative PD-1 [125] and 
CTLA-4 lacking all of the intracellular signaling domains

Transduction of 
viral- antigen T-cell 

with CAR

• CMV-specific T-cells transduced with HER2 CAR 
(NCT01109095)

• EBV-specific T-cells transduced with glycoprotein D2 
(NCT00085930)

Circumventing Tumor Escape by 
Facilitating Targeting of Antigen-

loss Tumor Cell Variants

Co-expression of 
CD40 L

• Engineered CAR-T cells constitutively expressing CD40 ligand 
(CD40 L) credentialed host APCs to prime endogenous T-cells 
against various unidentified tumor antigens. [126]

CAR BiTE cells

• T-cells expressing an EGFRvIII-targeted CAR and secreting 
CD3/WT EGFR bispecific T-cell engager (BiTE) targeted both 
EGFRvIII-positive tumor cells and tumor cells that lacked or 
downregulated EGFRvIII [127]
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