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Abstract

Immunotherapy for brain cancer has evolved dramatically over the past decade, owed in part to our 

improved understanding of how the immune system interacts with tumors residing within the 

central nervous system (CNS). Glioblastoma (GBM), the most common brain tumor in adults, 

carries a poor prognosis (<15 months) and only few advances have been made since the FDA’s 

approval of temozolomide (TMZ) in 2005. Importantly, several immunotherapies have now 

entered patient trials based on promising preclinical data, and recent studies have shed light on 

how GBM employs a slew of immunosuppressive mechanisms which may be targeted for 

therapeutic gain. Altogether, accumulating evidence suggests immunotherapy may soon earn its 

keep as a mainstay of clinical management for GBM.

 Areas Covered—Here, we review cancer vaccines, checkpoint inhibitors, T-cell 

immunotherapy, and oncolytic virotherapy.

 Expert Opinion—Checkpoint blockade induces antitumor activity by preventing negative 

regulation of T-cell activation. This platform, however, depends on an existing frequency of tumor-

reactive T cells, and GBM is weakly immunogenic and GBM patients are typically 

immunocompromised. Therefore, checkpoint blockade may be most effective when used in 

combination with a DC vaccine or adoptively transferred tumor-specific T cells generated ex vivo. 

Both approaches have been shown to induce endogenous immune responses against tumor 

antigens, providing a rationale for use with checkpoint blockade where both primary and 

secondary responses may be potentiated.
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 1. Background

Gliomas are the most common primary malignant brain tumors in adults and include 

ependymomas, oligodendrogliomas, and astrocytomas. The highest grade astrocytoma, 

glioblastoma (GBM), is the most prevalent in adults and affects 3.19 in 100,000 individuals 

in the United States.1, 2 GBM typically presents as a heterogeneous lesion in the white 

matter with a hypodense necrotic core, surrounded by a ring of enhancement that is usually 

the target of most conventional therapies. Diagnosing GBM and measuring tumor 

responsiveness to therapy can be difficult through standard imaging alone; contrast or post-

contrast findings can result from vascular leakage, iatrogenic impact, or physiological 

changes within the brain parenchyma, rather than reflecting strict changes in tumor size. For 

these reasons, radiological (and clinical) criteria defining tumor progression are incomplete, 

and overall survival (OS) is considered the most clinically useful metric in evaluating 

outcomes. Despite an aggressive clinical standard of care, patients with GBM carry a 

median survival of less than 15 months and a 5 year survival rate of just 2–4%, drawing 

significant interest in novel therapies to improve patient outcomes.3–6

 2. Medical need

GBM is clinically debilitating for afflicted patients, manifesting with seizures, nausea, 

vomiting, headaches, and progressive deficits in memory, personality, and neurologic 

function.7–9 Corticosteroids are commonly used to counteract neurological symptoms 

caused by peritumoral edema, but steroid use can result in substantial side effects that can 

sometimes be intolerable. Surgery and chemotherapy are requisite to relieve mass effect and 

provide palliation, but tumor recurrence is inevitable and patients will uniformly succumb to 

their disease. With the exception of temozolomide (TMZ), relatively few advances have 

translated into standard therapies for GBM patients despite promising preclinical 

therapeutics that have recently come of age. This may be explained, in part, by small patient 

population size, which can complicate patient recruitment for well-powered clinical studies 

and discourage investment from the pharmaceutical industry for developing novel therapies. 

Moreover, GBM places a significant financial burden on the healthcare system, due in part to 

frequent inpatient visits which can catapult expenditure for the first year of standard of care 

treatment to more than $184,000 in the United States.8, 9 In fact, brain tumor treatments are 

among the costliest with the least return, raising ethical considerations in this new climate of 

healthcare reform. These insurmountable costs in combination with poor quality of life and 

prognosis have created a desperate need for more effective and safe therapies.

 3. Existing treatment

The current standard of care was defined in 2005 after the European Organization for 

Research and Treatment of Cancer (EORTC) reported results from a randomized phase III 

clinical trial showing that the addition of TMZ to postoperative fractionated radiotherapy 

significantly improved median survival to 14.1 months compared to 12.1 months with 
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radiotherapy alone in patients with newly-diagnosed GBM.7 A long-term follow confirmed 

that this survival advantage lasts for at least 5 years,10 but tumors ultimately recurred and 

caused death in most patients. Although TMZ represents a major clinical advance for GBM 

(the first in several decades), there remains a challenge to further improve outcomes, as 

overall survival is <10% 5 years after follow-up. Moreover, radiation and TMZ are non-

specific therapies by nature and can cause collateral damage to normal tissues, leading to 

systemic and sometimes intolerable side effects, including myelosuppression and increased 

risk of opportunistic infections.11, 12 The limitations of the current approach are underscored 

by the fact that complete tumor resection is usually impossible as tumor boundaries can be 

indistinguishable from normal brain, and even in cases where they are, the extent of 

resection may be limited by the need to preserve eloquent cortex. Novel techniques, 

however, are beginning to safely enhance the extent of resection through the use of 

fluorescence guided surgery (e.g. using 5-aminolevulinic acid), which has resulted in an 

increase in the number of macroscopically complete resections. Furthermore, GBM cells are 

highly infiltrative,13 and single cells have been shown to migrate into regions distant from 

initial tumor mass and well beyond radiographically defined boundaries of tumor burden. In 

sum, these factors may explain why GBM recurrence is nearly inevitable.14

 4. Current research goals

Patients with GBM require novel therapies which target residual tumor tissue within 

resection cavities as well as migratory micro-metastases elsewhere in the brain, and in a 

manner that is highly-specific so as to avoid off-target damage to normal tissues. 

Immunotherapy has emerged as an ideal strategy to meet this need. Immunotherapy aims to 

establish anticancer immune responses through a number of distinct mechanisms, and is 

particularly attractive for malignant brain tumors given that specialized immune cells have 

migratory capacity, a mechanism to discriminate between normal and neoplastic tissue, and 

development of immunological memory. Importantly, the ability of T cells to extravasate 

from vasculature and migrate within the brain parenchyma in response to chemotactic cues 

may be a critical feature that prevents highly invasive tumor cells from escaping therapy.15 

This migratory behavior overcomes limitations of drug delivery imposed by variable 

intratumoral microvasculature, which can disproportionately concentrate drug when relying 

on diffusion gradients alone. The pharmacokinetics and limitations of TMZ diffusion, for 

example, have been well described, and other chemotherapeutic agents that rely on similar 

delivery methods carry the same constraint.16, 17 An impressive number of immunotherapies 

have entered the clinical arena for formal evaluation in phase I-III trials following decades of 

preclinical development. Among the most notable include cancer vaccines using peptides or 

autologous antigen-presenting dendritic cells (DCs), monoclonal antibodies (mAbs) 

designed to overcome immune checkpoints, and adoptive T-cell immunotherapy wherein 

tumor-specific T-cells are generated ex vivo and transferred back into hosts to mount 

antitumor responses. Select immunotherapies for GBM under current investigation in phase 

I-III clinical trials are summarized in Table 1.
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 5. Scientific Rationale

The immune system’s role in cancer development and rejection was first established in the 

19th century, when scientists noted remission of established solid tumors in febrile 

patients.18 This correlation was documented in 1893, when Coley and colleagues published 

their seminal observations of sarcoma regression following repeated Streptococcus 
inoculations, hypothesizing that an underlying infection nonspecifically activated the 

immune system to control tumor progression.19 Since this instrumental finding, the clinical 

interest in utilizing the immune system for cancer therapy has grown in parallel with our 

understanding of the mechanisms that govern humoral and cell-mediated immunity. The 

advent and evolution of DNA recombinant technology, molecular biology, and genetic 

sequencing have revealed the interplay between the immune system and recognition of 

aberrant neoplastic cells.20, 21 Carcinomas, for example, are estimated to contain up to 

11,000 de novo genomic alterations, many of which create novel antigens that serve as 

potential sites for immune recognition that may be leveraged to generate antitumor immune 

responses.22 GBM is a tumor exemplified by genomic alterations with defined targets that 

have been exploited for this purpose. The type III mutation of the epidermal growth factor 

receptor (EGFRvIII), for example, confers tumorigenic and invasive properties to tumor 

cells, is not expressed by normal cells, and is found in greater than 40% of patients with 

high-grade gliomas.23–28 Other GBM targets of note include mutations in the isocitrate 

dehydrogenase (IDH) gene, viral antigens resulting from the expression of human β-

herpesvirus Cytomegalovirus within GBM (e.g. pp65 and IE1), and tumor-associated 

antigens such as Her2/neu, Trp-2, and gp100.29–34 The recent identification of these targets 

has made it possible to evaluate novel immunotherapies in experimental animal models and 

early trials in humans, and importantly, it has become clear that such therapies can readily 

traverse the blood-brain barrier to mount meaningful responses against malignant tumors 

within the CNS.35, 36

 6. Competitive environment

Cancer cells can express aberrant proteins as cell-surface targets or as peptide antigens 

through class I and II major histocompatibility complex (MHC) molecules, which are 

recognized by CD8+ cytotoxic T-cell lymphocytes (CTLs) and CD4+ helper T cells, 

respectively. Recently, high-throughput technologies and whole-exomic sequencing have 

allowed us to identify cancer mutations that can be recognized by T cells.37 Not all 

mutations can be recognized, however, and new MHC prediction algorithms are attempting 

to narrow the pool of targetable epitopes by determining the relative binding strength of their 

respective peptides to individual MHC molecules.38 By selecting a single candidate or pool 

of immunogenic peptides, for example, it is possible to inoculate patients with peptides to 

stimulate endogenous immune responses against tumor-specific (TSA) or tumor-associated 

antigens (TAAs). Similarly, DCs can also be pulsed with peptides, total tumor lysate, or 

RNA encoding the target antigen(s) and administered as immunotherapy. These cancer 

vaccines are designed in principle as an active immunization, and have drawn tremendous 

enthusiasm based on the success of this approach in prophylaxis against viral infection.
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 6.1 Peptide vaccines

The EGFRvIII vaccine for GBM is an example of the peptide-based approach and represents 

one of the very few cancer vaccines to have entered phase III clinical trials for GBM. This 

vaccine consists of a 14-amino acid peptide derived from the EGFRvIII neoepitope 

(PEPvIII) conjugated to the highly immunogenic carrier protein keyhole limpet hemocyanin 

(KLH), and is admixed with the potent adjuvant granulocyte macrophage colony-stimulating 

factor (GM-CSF).39 Celldex Therapeutics (Phillipsburg, NJ), who is developing this vaccine 

(CDX-110 or rindopepimut), recently completed several clinical trials in patients with 

newly-diagnosed and recurrent GBM. In two single-arm phase II studies, rindopepimut was 

well-tolerated and generated impressive anti-EGFRvIII immune responses that translated 

into significant improvements in overall survival (OS) and progression-free-survival (PFS) 

against newly-diagnosed disease compared to a control cohort matched for study eligibility 

and standard of care.40 These findings were confirmed in a single-arm, multicenter phase II 

trial in a cohort of 65 patients receiving rindopepimut with standard of care 

(NCT00458601). All three phase II trials demonstrated a median OS of approximately 24 

months and a median PFS of 9.2–15.3 months, both from diagnosis.41–43 These results also 

demonstrated the tolerability and potential synergy of novel immunotherapies when used in 

combination with standard of care or dose-intensified TMZ.44

Based on these data, rindopepimut entered clinical evaluation in an international two-arm, 

randomized, phase III clinical trial (NCT01480479) for EGFRvIII-positive newly-diagnosed 

GBM. In March 2016, Celldex Therapeutics announced discontinuation of this phase III 

study after the independent Data Safety and Monitoring Board reported that the study would 

not reach statistical significance for OS. Importantly, rindopepimut performed consistently 

with data obtained from prior studies (median OS: 20.4 months), but the control arm 

significantly outperformed historical controls (21.1 months). The unexpected performance 

of the control arm may be one explanation as to why rindopepimut failed to show a survival 

benefit. Despite these results, rindopepimut is still being evaluated in recurrent GBM, based 

on interim results released in 2014 from a phase II clinical trial which demonstrated 

dramatic improvements in OS and PFS in patients receiving rindopepimut combined with 

bevacizumab compared to patients receiving bevacizumab alone.45 Formal results from this 

trial and sub-group analysis of the phase III clinical study mentioned above are highly 

anticipated.

One important and consistent observation arising from studies targeting EGFRvIII has been 

the loss of EGFRvIII expression and eventual outgrowth of antigen-negative tumors. This 

‘immunologic escape’ is highlighted by the fact that 82% of recurrent tumors do not express 

EGFRvIII, and may indicate a need to target a greater repertoire of tumor antigens to prevent 

tumor-escape cell variants.42 This is supported by preliminary reports of immunologic 

escape with similar peptide-based vaccines, such as a phase I/II trial targeting the glioma-

associated antigen (GAA) SL-701 (NCT02078648), a phase I trial evaluating a vaccine 

against CMV-associated antigens (NCT00639639), and a recently completed phase II trial 

targeting heat shock protein HSPP-96 (NCT00905060).
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 6.2 Dendritic Cell Vaccines

DCs, originally described by Steinman and Cohn, are professional antigen presenting cells 

(APCs) that serve as a crucial link between innate and adaptive immunity, constantly 

surveilling peripheral tissues for incoming pathogens and danger signals.46 Upon 

encountering antigen in the periphery, DCs engulf antigenic proteins, process antigen-

derived peptides, assemble these peptides onto their MHC-I and MHC-II molecules, and 

upregulate key lymphoid homing receptors for efficient trafficking to draining lymph nodes 

(LNs), where they present antigen to naïve T cells and serve as co-stimulatory vehicles for 

the induction of T-cell effectors.47 Preclinical studies demonstrate that DCs are potent 

activators of de novo and recall humoral and cellular immune responses.48 As such, DC-

based platforms have been pursued as an alternative to peptide vaccination by using ex vivo 
generated DCs derived from peripheral blood monocyte precursors.49 DCs pulsed with 

peptide, tumor antigen RNA, or whole tumor lysate can be administered to patients and have 

been shown to prime CD8+ T cell responses in vivo.50, 51

In 2001, Yu and colleagues reported the feasibility, safety, and bioactivity of a DC vaccine in 

4/7 glioma patients who received DCs pulsed with peptides eluted from the surface of 

glioma cells.52 Systemic cytotoxic responses were detectable, and importantly, 2 of 4 

patients who underwent reoperation demonstrated robust CD8+ and memory (CD45RO+) 

tumor-infiltrating lymphocytes (TILs) within the tumor microenvironment. In a similar study 

conducted by Liau and colleagues,53 12 GBM patients received DCs pulsed with acid-eluted 

peptides in three biweekly vaccinations. Six of these patients developed systemic antitumor 

CTL responses, 4 out of 8 patients who underwent operation demonstrated increased 

numbers of TILs, and one patient demonstrated an objective clinical response. This study 

also reported 4 long-term survivors (>2 years from diagnosis); per the trial’s protocol, these 

patients received DC therapy initially and TMZ after recurrence.

In a 2011 phase I/II study, 58% of GBM patients treated with a peptide-pulsed DC vaccine 

directed against the GAAs EphA2, IL13Rα2, YKL-40 and gp100 epitopes demonstrated 

multiple CD8+ T-cell responses to 3/4 targeted GAAs, providing the first evidence of 

generating a directed response against multiple tumor antigens.54 The scalability of this 

approach to additional or alternative GAAs, however, has been somewhat limited by the cost 

and lengthy time required for the appropriate selection and preparation of multiple 

immunogenic peptides. Additionally, the identification of antigens on autologous cultured 

tumor cells can be difficult or impossible in patients with non-resectable or recurrent tumors. 

These results have, however, demonstrated that vaccines designed to elicit responses against 

multiple antigens may be a viable approach to treating heterogeneous tumors. Several 

follow-up trials, including two phase II trials (NCT01280552 and NCT02366728), are 

underway to explore this approach in combination with potent adjuvants designed to 

improve the immunogenicity of tumor vaccines.

DCs pulsed or co-cultured with whole tumor lysate have also been used to generate T-cell 

responses against previously undefined tumor antigens. Despite concerns over potential for 

autoimmunity (due to inclusion of self-antigens) or inflammatory toxicity, such vaccines 

have been tested in humans with promising results. A phase II trial in patients with newly-

diagnosed GBM demonstrated an improvement in median OS to 31.9 months, compared to 
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just 15.0 months with standard chemoradiation therapy alone.55 Although the sample size of 

this initial trial was small (less than 20 patients in each treatment arm), there are multiple 

phase II/III trials in progress examining this approach, including DCVax-L (NCT00045968 

and NCT02146066), proteome-based DC vaccines (NCT01759810), and trials examining 

the optimal adjuvant for lysate vaccines (NCT01204684). Importantly, one current study is 

also assessing the safety and efficacy of DC vaccines loaded with tumor lysate for the 

treatment of both adult and pediatric patients (≥ 13 years old) with refractory malignant 

glioma (NCT01808820). This study is expected to reach completion in July 2018.

Although results from these trials are encouraging and have proven valuable, vaccine trials 

have rarely produced convincing clinical data in advanced cancers.50 The reasons for this 

discrepancy are thought to be multifactorial and remain under active investigation. The 

migratory profile and kinetics of injected DCs have recently been identified as critical 

factors to the threshold of required antitumor responses in experimental studies in animals 

and humans.

One area of active investigation is the efficiency at which injected DCs reach vaccine site-

draining lymph nodes (LNs). This has been investigated in the context of advanced 

melanoma patients receiving DC vaccines. In these clinical trials, only a maximum of 4% of 

intradermally-administered DCs reached these draining LNs.56, 57 A seminal preclinical 

study revealed that preconditioning the vaccine site with inflammatory cytokines or mature, 

unpulsed DCs significantly increases the migration of subsequently injected antigen-specific 

DCs to draining LNs, which then proportionally increases the magnitude and quality of 

induced T cell responses.58 The concept of vaccine site preconditioning entails 

administering an inflammatory agent locally in the skin prior to administering a cellular 

vaccine, with the goal of activating draining lymphatics and inducing key migratory 

receptors needed for effective lymph node homing. Recently, a blinded, randomized study 

demonstrated that preconditioning the DC vaccine site with Tetanus-diphtheria (Td) toxoid 

resulted in significantly increased DC migration compared to the cohort receiving a dose of 

unpulsed DCs. Furthermore, patients randomized to Td showed significantly improved PFS 

(range 15.4 – 47.3 months) and OS (range 20.6 – 47.3 months) compared to the unpulsed 

DC cohort. This study was recently published with corroborating preclinical evidence that 

Td, given locally at a single DC vaccine site, stimulated a systemic response enabling the 

migration of bilateral DC vaccine sites to reach their respective draining LNs.59 These 

observations are being evaluated in a higher-powered phase II clinical trial (NCT02366728).

Studies elsewhere are also attempting to improve the DC vaccine strategy through 

combinatorial therapy with checkpoint inhibitors that may improve the priming of naïve 

CD8+ T cells or prevent the functional inhibition of CTLs within tumor microenvironments. 

More recently, DC vaccines have also been utilized as cellular adjuvants in patients with 

GBM to provide in vivo antigenic stimulation to adoptively transferred T cells, where they 

may function to enhance T-cell polyfunctionality and expansion (NCT00693095).

 6.3 Checkpoint blockade

An extensive amount of clinical trial data has been now accumulated from patients with both 

solid and blood-borne cancers, providing insight into how the nature of individual cancers 
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may dictate patient responsiveness to immune-based therapies. Melanoma, for example, is a 

highly immunogenic cancer that responds remarkably well to immunotherapy, and clinical 

trials in patients with metastatic disease have achieved objective responses rates of up to 

72%.60 With the exception of melanoma, this success has not yet been realized in many 

other solid cancers, which have remained somewhat resistant to immunotherapy. The relative 

bulk of disease and anatomical tumor site have been proposed as two important factors in 

determining therapeutic outcomes, although concerns over the immune-privileged status of 

the CNS have been put to rest in the context of diseased brain, where local inflammation can 

increase the permeability of the blood-brain barrier to enhance T-cell trafficking for active 

immunosurveillance.61, 62 The immunosuppressive nature of brain tumors, however, remains 

of critical importance, as the local milieu of tumor microenvironments can diminish or 

completely abrogate the antitumor activity of effector cells altogether. The brain parenchyma 

is immunosuppressive by nature, as normal CNS immune responses are skewed towards type 

2 CD4+ helper T cell responses characterized by strong humoral responses and suppressed 

cell mediated immunity.63 GBM further contributes to this immunosuppression through 

several well-defined mechanisms, including the recruitment and accumulation of myeloid-

derived suppressor cells (MSDCs),64 CD4+ CD25+ FOXP3+ regulatory T cells (TREG),65, 66 

and alternatively activated M2-type microglia/macrophages.67 Other mechanisms include 

altered human leukocyte antigen (HLA) expression, and increased levels of 

immunosuppressive factors including TGF-β, IDO, IL-10, COX2, and PGE2, among 

others.68–70 The dysregulation of these mechanisms, and others not mentioned here, 

collectively contribute to a state of immune evasion that is typified by systemic 

lymphopenia, low numbers of effector T cell tumor infiltrates, a high fraction of TREG 

within a dwindled CD4+ compartment, extensive immunosuppressive environments within 

draining cervical CLNs, and perhaps most notably, low to non-existent T-cell 

responsiveness.66, 71

The possibility that T cells remain unresponsive despite their capacity to recognize tumor 

antigens has propelled us to better understand the biology of intratumoral immune synapses, 

which has culminated into strategies that promote effector T cell function by overcoming 

tumor-induced dysregulation of immune checkpoints. The B7/CTLA-4 and PD-1/PD-L1 

axes are archetypal examples of immune regulators and have been extensively reviewed 

elsewhere.72 CTLA-4 is an inhibitory cell-surface receptor expressed by all T cells and 

competes with the co-stimulatory receptor, CD28, for the ligands B7-1 (CD80) and B7-2 

(CD86). CTLA-4 engagement therefore not only delivers self-inhibitory signals to T cells 

but can also prevent necessary costimulation by CD28 to amplify TCR signals by acting as a 

ligand sink, thereby preventing sufficient T-cell activation.72–75 Importantly, CTLA-4 is also 

constitutively expressed by TREG, and CTLA-4 engagement dramatically enhances TREG 

suppression of effector T-cells. In contrast, the PD-1/PD-L1 axis operates through a distinct 

and non-redundant checkpoint mechanism. Like CTLA-4, PD-1 is an inhibitory cell-surface 

receptor that is expressed on activated T-cells and other immune cells, and a wide range of 

tumors as well as APCs have been shown to upregulate one of its two major ligands, PD-

L1.76, 77 Following promising preclinical data, antibodies against CTLA-4, PD-1, and other 

immune checkpoints have entered clinical trials and have produced highly encouraging 

results against several cancers.
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CTLA-4 blockade was approved by the U.S. Food and Drug Administration (FDA) in 2010 

for metastatic melanoma,78 and is under active investigation for several other advanced 

cancers, including GBM, renal cell carcinoma, and cancers of the lung, pancreas, and liver. 

Of note, anti-CTLA-4 has been associated with significant rates of dose-dependent 

inflammatory toxicity in up to 21% of patients,79 drawing some concern over the potential 

for systemic damage by this class of drugs.80–82 Nivolumab is a fully human IgG4 antibody 

that blocks the interaction of the PD-1 receptor to its ligands. Early clinical trials in patients 

with non-small cell lung cancer, melanoma, and renal cell carcinoma have demonstrated 

response rates ranging from 18% to 28%; responses are even higher (36%) for patients with 

histologically-confirmed PD-L1-expressing tumors.83 In fact, a 2015 report from a phase III 

clinical trial demonstrated an objective response rate of 40% in patients with previously 

untreated, advanced melanoma.84 Clinical trials evaluating checkpoint blockade in 

combination with other drugs and standard of care in patients with GBM are ongoing. These 

studies include a phase I trial evaluating combination therapy with anti-PD1 and anti-

CTLA-4 in the context of TMZ (NCT02311920), and a phase III trial comparing the safety 

and efficacy between anti-PD1 alone, combination therapy with anti-PD1 and anti-CTLA-4, 

and bevacizumab alone (NCT02017717).

 6.4 Adoptive T-cell immunotherapy

The clinical significance of immunotherapy is nowhere better exemplified than in the 

context of adoptive T cell transfer, where nearly three decades of discovery and innovation 

have culminated into producing consistent and durable responses against highly aggressive 

and advanced cancers. This strategy is exemplified in the context of stage IV metastatic 

melanoma, where the isolation, ex vivo expansion, and adoptive transfer of tumor-infiltrating 

T-cells (TILs) with high-dose IL-2 has produced objective clinical responses in up to 72% of 

patients recovering from chemotherapy.60 Importantly, even large metastases in the brain 

have responded to systemic therapy.36 Based on this proof-of-concept, significant efforts 

have been directed towards the ex vivo generation of tumor-specific T cells for similar 

adoptive transfer therapies, as the direct isolation of T cells from tumor specimens is 

laborious, technically difficult, or near impossible in most cancers. This has been 

accomplished by genetically engineered patient T-cells with transgenic TCRs, and more 

recently, with chimeric antigen receptors (CARs), which have already demonstrated their 

potential in eliciting long-term and complete responses in patients with hematological 

cancers.85, 86 CARs are cell-surface receptors, created by adjoining the antigen-binding 

variable regions of monoclonal antibodies (mAbs) with cytoplasmic TCR signaling 

molecules through short linker and transmembrane residues. CARs can therefore be derived 

from high-affinity mAb clones reactive against antigens of interest, and effectively redirect 

CAR-expressing T cells to destroy tumor cells.

The majority of available clinical trial data is derived from studies targeting B-cell 

malignancies with CD19- or CD20- directed CARs, which have routinely resulted in partial 

or complete remissions.85–88 In fact, Kochenderfer and colleagues reported study results this 

year in which 15 patients with advanced B-cell malignancies were treated with autologous 

anti-CD19 CAR T cells after receiving cyclophosphamide and fludarabine chemotherapy, 

where they achieved eight complete remissions, four partial remissions, and one stable 
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lymphoma.89 Based on such success, CAR therapy has been under active investigation for 

the treatment of solid tumors, and preclinical studies have shown that systemic 

administration of EGFRvIII-specific CARs can eradicate intracranial GBM in syngeneic 

animal models with the potential to confer immunologic protection against tumor 

rechallenge (Figure 2). The therapeutic potential of CAR T cells against GBM has been 

corroborated by several groups.90–93

One key benefit of this platform is the ability of CAR T cells to recognize targets without the 

need for TCR:MHC complex formation, a necessary component of normal T cell 

recognition of antigen. This is of particular importance for GBM, where MHC class I 

expression is frequently downregulated in migratory tumor cells that invade surrounding 

brain tissue.94 CAR constructs have also been designed to include additional signaling 

molecules that enhance the survival and persistence of engineered T cells, and importantly, T 

cells can also be further modified to influence responsiveness or confer resistance to local 

immunosuppression. As mentioned previously, CTLs are susceptible to and can be rendered 

dysfunctional through local intratumoral immunosuppression through a variety of 

mechanisms, including GBM-mediated secretion of TGF-β. To counteract this suppression, 

one novel approach has been the manipulation of intracellular micro-RNAs, which are key 

regulators of gene expression. In CTLs, for example, micro RNA-23a (mIR-23a) has been 

identified as a negative regulator of BLIMP-1, whose expression is required for effector T-

cell immunocompetence.95 TGF-β has been shown to control mIR-23a levels to reduce CTL 

functionality, and mIR-23a blockade has been shown to confer resistance to TGFβ-mediated 

suppression.95 TGF-β inhibitors have been shown to be well-tolerated in humans, but this 

approach warrants caution as deleterious consequences can arise with systemic and non-

specific antagonism of a pleiotropic cytokine. This serves to highlight an important safety 

benefit of restricting these highly sensitive interactions exclusively to cancer sites by using 

engineered T cells specific for tumor antigens. For example, T cells can be engineered to 

express micro RNAs or decoy micro RNAs to favorably regulate gene expression, or 

overexpress pro-inflammatory cytokines to alter local immune milieu. These T-cell 

modifications can theoretically be regulated in a way that is dependent on CAR activation, 

which would be an advantage over the systemic administration of clinical reagents aimed for 

similar purposes. Therefore, as our understanding of cancer immunobiology continues to 

evolve, so too will our ability to modulate key intracellular mechanisms to engineer the 

perfect CAR T cell.

EGFRvIII-CARs are currently being explored for recurrent GBM in a phase I/II clinical trial 

at the National Cancer Institute (NCT01454596) and the University of Pennsylvania 

(NCT02209376); and IL13Rα2-CARs and HER2-CARs are also under clinical investigation 

for recurrent or refractory GBM at City of Hope Medical Center (NCT02208362) and 

Baylor College of Medicine (NCT02442297), respectively.

 6.5 Oncolytic Viruses

Viruses have been studied extensively in cancer, for both their role as causative agents and as 

potential tools for therapy. These origins date back over a century, when in 1912, N.G. De 

Pace found that vaccinating a woman (who was bitten by a rabid dog) with an attenuated 
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rabies virus vaccine induced regression of her cervical carcinoma. Virotherapy has been 

commonly used to genetically modify cancer cells, where it has been shown to increase 

tumor sensitivity to exogenous agents, prevent angiogenesis, and correct oncogenetic 

defects.96–99 More recently, virotherapy has expanded beyond purposes of gene delivery to 

more directly leverage the ability of viruses to selectively target cancer cells, induce cell 

death, amplify, and spread within tumor. Viruses can exert antitumor benefits by 1) inducing 

tumor cell lysis (oncolysis), 2) recruiting immune cells indirectly through the release of pro-

inflammatory cytokines and chemoattractants by dying tumor cells, and 3) inducing immune 

responses against themselves, infected tumor cells, and uninfected tumor cells through 

bystander effects.100 Importantly, these secondary immune responses can sometimes be 

unproductive, as effective virotherapy seems to require a delicate balance between antitumor 

and antiviral activity such that sufficient viral infection of tumor occurs before viral particles 

are cleared through innate immune mechanisms. Neutrophils and myeloid-derived cells (i.e. 

macrophages and monocytes) are components of innate immunity and are recruited to tumor 

beds following oncolytic virus (OV) infection. In preclinical models, antibody-mediated 

depletion of neutrophils is coincident with enhanced viral replication,101 and macrophages – 

which assume an M1 pro-inflammatory phenotype in response to viral infection – have been 

associated with a dramatic clearance in viral titers that can be reversed upon macrophage 

depletion.102, 103 Chiocca and colleagues have also eloquently shown that depletion of NK 

cells facilitates OV replication and improves survival in preclinical models of GBM.104 

These studies have supported the notion that at least during the initial period of OV 

infection, suppression of innate immune mechanisms may be required for robust OV 

antitumor activity, although this may depend on the tumor model and viral vector used. It is 

clear, however, that when a productive OV infection does occur, it can engender 

immunogenic tumor cell death and induce long-term and robust CD8+ T cell antitumor 

responses (Figure 1) both in preclinical models and in patients with solid tumors receiving 

combinatorial treatment with OV, TMZ, and cyclophosphamide.105 More than 7 different 

OVs have been evaluated in clinical trials for GBM, including adenovirus (AdV), herpes 

simplex virus (HSV), Newcastle disease virus, reovirus, measles virus, H1 parovirus, and 

poliovirus, all of which have been extensively reviewed elsewhere.106

Despite the promise of OV therapy, it has not yet achieved convincing clinical success in 

advanced trials, and no OV has been approved by the U.S. FDA to date, although AdV 

ONYX-015 has been approved in China for patients with head and neck cancer. A promising 

candidate may be on the horizon for GBM, however, based on early phase I clinical data 

reported in 2014–2015. This OV is a genetically modified poliovirus which binds the CD155 

cell-surface polio receptor, which is expressed in a high proportion of GBM tumor cells.107 

To reduce the potential for neurotoxicity that is typically observed in cases of human 

poliomyelitis, poliovirus was genetically altered at its internal ribosomal entry site to swap 

its cognate sequence with a non-pathogenic sequence derived from human rhinovirus type 

II,108 effectively eliminating neurovirulence in this poliovirus/rhinovirus recombinant 

chimera (PVSRIPO). Intratumoral administration (via catheter enhanced delivery or CED) 

of PSVRIPO is currently being evaluated in a phase I dose escalation trial in patients with 

recurrent GBM, and preliminary results have demonstrated complete and near-complete 
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radiographic responses following viral infusion in the first two patients recruited on study, 

who remain alive >31 months and >33 months post-PVSRIPO infusion.109, 110

 6.6 Gene Transfer Therapy

Gene therapy, or the use of nucleic acids to treat disease, provides a distinct novel approach 

to treatment of GBM, especially when combined with immunotherapy. One such modality 

relies on a combination of adenoviral vectors to deliver two genes: thymidine kinase (TK) 

and fms-like tyrosine kinase-3 ligand (Flt3L). TK works by phosphorylating the prodrug 

Ganciclovir to induce DNA-crosslinking and subsequent tumor cell death, while Flt3L is a 

strong DC growth factor and chemoattractant to the microenvironment. TK-mediated tumor 

cytotoxicity leads to the release of inflammatory molecules and new antigens that can then 

be taken up by DCs and presented to T cells to prime them for an antigen-specific response 

against the tumor.111 In multiple animal models of GBM, this combination has led to tumor 

regression, long-term survival, and development of immunological memory.112–115 A Phase 

I dose escalation safety study is currently underway to evaluate this combined cytotoxic and 

immune-stimulatory strategy in patients with resectable GBM (NCT01811992). Other gene 

therapies have also shown promise in pre-clinical models of brain tumors including 

adenovirus-mediated delivery of interferon alpha and IL-12.113

 7. Potential development issues

The primary objective of immunotherapy for patients with GBM is to enhance OS and 

improve quality of life through the use of targeted therapies. Over the past two decades, the 

clinical management of GBM has remained largely the same, although there have been 

major technological advances in imaging and surgery that have improved tumor resection 

procedures and reduced complication rates. Despite this, patient outcomes have not 

significantly changed, and there is a growing consensus that new and finely-tuned 

approaches are required. Although several immunotherapies have translated from mouse to 

human, many have failed to proceed beyond phase II studies, due in part to both lack of 

available funding or unanticipated side effects. One recurring problem has been the difficult 

task of recruiting sufficient patients for clinical trials, where reduced statistical power can 

make it difficult to interpret trial outcomes and therefore frustrate opportunities to lure 

financial investment for next phase development.

The occurrence of adverse events or severe adverse events in patients treated with 

experimental therapy can also debilitate development, which is why we have repeatedly 

stated the need for thorough safety and toxicity studies in preclinical models of disease prior 

to the initiation of human studies. Immunotherapies are commonly evaluated in either 

immunocompetent (IC) or immunodeficient (ID) animal models, and both carry pros and 

cons. ID models allow investigators to study novel therapies in the context of human brain 

tumor xenografts that can be surgically implanted into the brain. ID mice can also be 

engrafted with human immune cells, and therefore, specific interactions between human 

immune cells, human tumor tissue, and drug can be studied within this context in vivo. In IC 

mice, where they are equipped with fully functional immune systems, spontaneously-

generated or chemically-induced syngeneic tumor cells lines are required for brain tumor 
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models. Importantly, IC models afford the opportunity to evaluate the potential for novel 

therapies to induce secondary immune responses and cross-reactivity against other 

unexplored antigens. When possible, novel immunotherapies should be evaluated in the 

context of both IC and ID model systems to ensure safety before they enter testing in human 

subjects.

 8. Conclusion

Given the immediate danger imposed by bulky tumors on neurologic function, future 

treatment of GBM will likely incorporate immunotherapies as an adjunct strategy following 

tumor resection and chemoradiation. Importantly, immunotherapy has been shown to 

synergize with the current standard of care, and in most cases, without an increase in the risk 

for toxicity. Ionizing radiation induces pro-inflammatory signaling, non-specifically 

activates the immune system, and improves antigen presentation, and the immunologic space 

created by TMZ-induced lymphopenia has been shown to significantly enhance CD8+ T cell 

responses after adoptive T cell transfer and vaccination.116 Here, we have reviewed several 

candidate immunotherapies, including their successes and pitfalls, and made every attempt 

to highlight the obstacles which remain to achieving long-term and durable responses 

against this devastating disease. Despite the work ahead, it is becoming clear that 

immunotherapy for GBM holds tremendous promise and the landscape of clinical 

management for malignant brain tumors is poised for change.

 9. Expert Opinion

As our understanding of immune regulation and the mechanisms governing effective tumor 

immunity has evolved exponentially, so too has our ability to approach clinical trials with 

rationale and intelligent design. Recent evidence indicates GBM can be subdivided into 

distinct subtypes (neural, proneural, classical, or mesenchymal) based on genomic 

abnormalities and specific expression patterns in the p53, IDH1, EGFR, and NF1 genes.117 

These genetic subtypes have been shown to differ in both their clinical features and response 

to standard of care therapy.118 Importantly, results from a recent phase I trial in patients with 

GBM also suggest that tumors defined by the mesenchymal gene expression profile may be 

more immunogenic and responsive to immune-based therapies, as patients with tumors in 

this subtype experienced increased survival following tumor-lysate pulsed DC vaccination 

with TLR agonists compared to historical controls with tumors of the same subtype.119 

Interestingly, clinical samples from this trial have also demonstrated increased numbers of 

TILs in tumors defined by the mesenchymal subtype compared to tumors expressing other 

gene signatures. These observations warrant investigation into determining how these four 

gene expression signatures dictate tumor immunogenicity, as these studies will be critical to 

understanding the mechanisms for why and how the population in which immunotherapy for 

GBM may succeed or fail.

Combination therapy with CTLA-4 and PD-1 blockade is specifically geared to counteract 

the separate and non-redundant immunosuppressive mechanisms of inadequate T-cell 

activation and intratumoral cellular inhibition. This approach is currently under investigation 

in a phase III study in patients with recurrent GBM (NCT02017717). The excitement 
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concerning the clinical success of checkpoint blockade against peripheral tumors is well-

deserved, as this line of drugs may offer new hope for patients with advanced cancers. One 

criticism of this platform, however, has been the absolute requirement of immunogenic 

tumor material to observe therapeutic responses. We now appreciate the seemingly 

paradoxical roles of the immune system in cancer development; Schreiber and colleagues 

have eloquently described in the ‘immunoediting’ hypothesis that cancer results, at least in 

part, from the selection of ‘fit’ tumor cells that have evolved to evade immune detection.120 

Whereas some cancers may have evolved mechanisms to usurp local immune regulation, 

others may lack the antigens to provoke immune responses altogether. Human TCR 

repertoires are generated to identify a virtually infinite number of foreign- and self-epitopes. 

Although the majority of T cells that recognize self-antigens are eliminated during thymic 

development, a small frequency of autoreactive T-cells with degenerate TCRs can exist 

through adulthood, requiring constant TCR stimulation or exposure to a high density of 

antigen for complete activation.121, 122 The implication here is that certain cancers may have 

too few (or no) immunogenic antigens, and checkpoint blockade in this context would have 

little consequence on a CD3+ T cell compartment that either lacks the TCRs required to 

recognize tumor antigens or contain TCRs that have too low an avidity to be sufficiently 

activated. In these cases, checkpoint inhibitors would only be effective as adjuvants to a 

primary therapy that either endows a cancer patient with tumor-directed T-cells or 

sufficiently primes a nascent precursor frequency of these cells. This conundrum is further 

complicated by the fact that many aggressive cancers, including GBM, frequently 

downregulate MHC expression and thus bypass T cell recognition of tumor cells altogether, 

even when effector cells are poised to kill. As such, checkpoint inhibitors will likely achieve 

their greatest potential against GBM when used in combination with a primary 

immunotherapy where these limitations can be appropriately addressed through ex vivo 
manipulation of autologous immune cells.

Whether this primary immunotherapy is comprised of a cancer vaccine or engineered T-cells 

remains equivocal, and several arguments can be made in favor of either approach. Clinical 

studies evaluating the EGFRvIII vaccine, for example, have demonstrated the limitations of 

immunotherapies targeting single antigens. From this perspective, the ‘ideal’ approach 

would be to target as large a repertoire of tumor antigens as possible while avoiding damage 

to normal tissue. Although DCs can be manipulated to express as many of these antigens as 

desired (by electroporation of RNA, constructed mini-genes, or tumor lysate), DC vaccines 

are limited by inefficient migration to LNs and priming of T cells. These areas are being 

actively explored to improve the DC platform. CAR T cells, on the other hand, overcome 

key limitations of cancer vaccines, as these T cells are already tumor-specific and previously 

activated. It is possible to infuse diverse populations of CAR T cells specific for different 

tumor antigens, but this may be an unrealistic approach for GBM due to a paucity of known 

cell-surface, tumor-specific targets expressed in a high proportion of patients. Furthermore, 

the expense of producing CAR T cells specific for multiple antigens through retroviral 

engineering will likely be cost-prohibitive, although significant efforts are underway to 

produce allogeneic ‘off-the-shelf’ CAR T cells by the pharmaceutical industry.

Preclinical studies of CAR T cells targeting EGFRvIII-positive tumors have also indicated 

the possible induction of endogenous immune responses against other tumor antigens, in a 
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process known as epitope spreading. This is exemplified by studies which show that mice 

previously cured of EGFRvIII-positive tumors by EGFRvIII-CARs are protected against re-

challenge with EGFRvIII-negative tumors. This lends support to future studies that combine 

checkpoint blockade with CAR T cell therapy; if EGFRvIII-CARs can sufficiently produce 

immune responses against non EGFRvIII-expressing tumor cells, checkpoint inhibitors may 

serve to prevent the dysfunction of newly-primed T cells, enhance their proliferation and the 

likelihood of tumor eradication.

In summary, we believe the future of this field will require significant investment in 

understanding which patients stand to benefit from therapy, why certain patients do not, and 

overcoming mechanisms of evolved resistance. As such, emphasis must be placed on proper 

patient selection to discern the relevance of age, minimal residual disease status, and 

immunological profile of patients. Moreover, therapies which have demonstrated promising 

efficacy in preclinical glioma models and favorable safety profiles in phase I clinical trials 

have seldom reached higher-powered studies, as they are commonly conducted in patients 

with advanced stage cancer or recurrent disease. Assessing therapeutic efficacy in this 

refractory patient population may contribute to the low success rate observed in higher-

powered trials. In order to adequately judge efficacy, clinical trials should be conducted on 

patients with earlier stage disease to fairly assess efficacy against newly-established tumors. 

With that said, we remain highly optimistic surrounding the promise of immunotherapy for 

the treatment of malignant brain tumors, and maintain that a complete cure will one day be 

within our reach.
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Figure 1. 
(A) Upon administration of OV therapy, infected tumor cells are recognized and quickly 

eradicated by antiviral innate mediators, including NK cells, M1 macrophages, neutrophils, 

and virus-specific T-cells of the cellular compartment. (B) Host-conditioning with 

cyclophosphamide and gemcitabine chemotherapy can blunt antiviral immune mechanisms 

to provide a window of sufficient OV replication. OV-infected tumor cells eventually die 

through lytic mechanisms or by immune-cell recognition during the rebound phase after 

chemotherapy. Dying tumor cells may lead to an efflux of tumor-associated antigens (TAA) 

or damage-associated molecular pattern molecules (DAMPs), (C) which can be engulfed by 

immature dendritic cells (DCs) and later presented to naïve T cells in the local tumor-

draining lymph node. Together, these mechanisms may act in concert to promote (D) a 

coordinated tumor-directed immune response comprising of OV-mediated cell lysis, anti-

viral immunity against OV-infected cells, and adaptive immunity responding to TAA. 

Reproduced with permission from reference.103
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Figure 2. Proposed mechanism of induced immunological protection
(A) CARs migrate to, engage, and induce cytotoxicity against tumor cells in an antigen-

specific manner. Immunogenic debris from dying tumor cells (B) drain or are carried by 

professional APCs into local lymph nodes, where naïve T-cells become primed against 

tumor antigens. (C) Newly-primed T cells exit the lymph nodes and migrate to distant tumor 

sites to engage malignant cells.
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