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Abstract
Introduction  Glioblastoma is a very aggressive cancer with dismal prognosis despite standard of care including surgical 
resection, radiation therapy, and chemotherapy. There is interest in applying immunotherapy to glioblastoma as this modal-
ity has demonstrated remarkable improvements in the management of several solid tumors including melanoma, renal cell 
carcinoma, and non-small cell lung cancer. This review aims to provide an overview of the current state of glioblastoma 
immunotherapy.
Methods  Literature search was performed on PubMed between 1961 and 2020.
Results  Initial clinical trials of checkpoint inhibitors and vaccine therapy for glioblastoma have largely been disappointing 
for both primary and recurrent glioblastoma. This failure has been attributed to glioblastoma’s highly immunosuppressive 
environment and multiple mechanisms of therapy resistance including high tumor heterogeneity, low mutational burden, 
systemic immunosuppression, and local immune dysfunction.
Conclusions  Current clinical trials are exploring combination therapy and novel treatment strategies beyond immune check-
point therapies and vaccine therapy such as CAR T cells. There is also an effort to establish synergy between immunotherapy 
and current standard of care. Furthermore, recent advances in personalized neoantigen vaccines suggest a shift towards 
personalized, patient-specific GBM treatment.
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The promise of immunotherapy

The field of cancer immunotherapy arose from the concept 
of cancer immunosurveillance, first conceived by William 
Coley in the 1890 s, followed by Ehrlich, and then Thomas 
and Burnet in the 1950s and 1960s [1–4]. Cancer immu-
nosurveillance is the notion that the immune system can 
actively detect and eliminate tumor cells. However, some 
tumor cells do survive and develop the ability to evade the 

immune system through a process of immunoediting [5]. 
Cancer immunotherapy aims to overcome the immunoresist-
ance of tumor cells to promote tumor eradication. This strat-
egy has shown great promise in recent years especially since 
the development of immune checkpoint inhibitors (ICIs) [6].

Immune checkpoints are an intrinsic feature of the 
immune system designed to maintain self-tolerance [7]. 
Cancer cells can exploit this feature by upregulating immune 
checkpoint pathways such as programmed cell death pro-
tein-1 (PD-1)/programmed death ligand-1 (PD-L1) and 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-4) to 
prevent an effective anti-tumor immune response. ICIs have 
revolutionized cancer care for certain solid tissue malig-
nancies and have invigorated immunotherapy research for 
cancer. ICIs are monoclonal antibodies that block immune 
checkpoint pathways and prevent tumors from down-reg-
ulating the immune response [7]. Anti-PD-1 monoclonal 
antibodies have shown to improve survival in hepatocellu-
lar carcinoma, non-small cell lung cancer (NSCLC), renal 
cell carcinoma (RCC), melanoma, urothelial cancer, as well 
as a variety of other solid tumors [8–15]. Anti-CTLA-4 has 
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shown to have a survival benefit for metastatic melanoma 
and is currently in clinical trials for other tumors including 
NSCLC, RCC, and prostate cancer [16–18].

Despite these promising results, it is important to note 
that ICIs do not work for all solid tumors, the response rate 
is low for some tumors, and there are serious associated 
toxicities. Haslam et al. published a retrospective cross-
sectional study in 2019 studying the response rate of six 
anti-CTLA-4 or anti-PD-1 ICIs [19]. It was found that in 
2018, only an estimated 43.6% of cancer patients were eli-
gible for immunotherapy, and the predicted immunotherapy 
response rate was 12.46% in 2018 with significant variability 
among cancers. It should be noted that response rate varies 
significantly with patient characteristics and tumor pathol-
ogy. Phase III randomized clinical trials between 2015 and 
2019 reported response rates between 19 and 60% with the 
higher response rates observed in trials studying immuno-
therapy in carefully selected patients and in combination 
with other treatments such as chemotherapy. [9, 12, 20–22]. 
These varying response rates suggest that there are many 
roadblocks to effective immunotherapy for solid tumors, and 
not all patients benefit from this strategy currently. Further-
more, immunotherapy is associated with significant toxic-
ity. Magee et al. conducted a retrospective review of 12,727 
patients across 22 studies between 2014 and 2019 and found 
that grade 3 or greater adverse events were reported in 16.5% 
of patients that received immunotherapy [23]. It is evident 
that immunotherapy has revolutionized our management of 
certain cancers such as melanoma, but it is important to bear 
in mind that immunotherapy does not benefit all cancer types 
equally. This review will discuss the past failures of immu-
notherapy for GBM, approaches currently under investiga-
tion, and strategies that hold future promise.

Disappointing initial results with GBM 
immunotherapy

There is interest in applying immunotherapy to glioblastoma 
(GBM) given its poor prognosis. The median overall sur-
vival (mOS) for GBM is approximately 19 months despite 
standard of care which includes maximal surgical resection, 
temozolomide (TMZ) chemotherapy, and radiation therapy 
(RT) [24, 25]. Despite standard of care, recurrence is com-
mon for which treatment options are limited [26].

Immune checkpoint inhibitors

ICIs such as anti-PD-1 have been extensively studied for 
GBM, given their promising results in many other solid 
tumors. The first major human clinical trial with anti-PD-1 
was CheckMate 143. Phase I safety data from 20 patients 
with primary GBM showed a tolerable safety profile with 

only grade 1 or 2 toxicity with anti-PD-1 alone, but 8 of 
10 patients in the combination arm of anti-PD-1 plus anti-
CTLA-4 had grade 3 or 4 adverse events, leading to dis-
continuation in 5 of these patients [27]. Another study of 
the CheckMate 143 trial reported on preliminary safety data 
from 40 patients with recurrent GBM being treated with 
anti-PD-1 alone or anti-PD-1 and anti-CTLA-4. Adverse 
events leading to discontinuation occurred in 10% of patients 
in the anti-PD-1 only arm and in 20–30% of patients in the 
anti-PD-1 plus anti-CTLA-4 arms [28]. These studies sug-
gested anti-PD-1 monotherapy is better tolerated than dual 
ICI therapy, and the dual ICI therapy arm was closed for 
this trial.

The phase III data from CheckMate 143 have not yet 
been published in a peer-reviewed journal. Unpublished 
preliminary data presented at the 2017 World Federation 
of Neuro-Oncology Societies on anti-PD-1 versus bevaci-
zumab for recurrent GBM showed no significant difference 
in survival between the two treatment arms (9.8 months with 
anti-PD-1 vs. 10 months with bevacizumab). Safety analysis 
from the combination of anti-PD-1 and radiation therapy 
(RT) with and without temozolomide (TMZ) showed these 
combinations are well tolerated. Thus, these combinations 
are still being studied in the ongoing phase III clinical tri-
als Checkmate 498 (NCT02617589) and Checkmate 548 
(NCT02667587) [29]. CheckMate 498 is evaluating anti-
PD-1 as an alternative to TMZ both in combination with RT 
in patients with newly-diagnosed O-6-methylguanine-DNA 
methyltransferase (MGMT)-unmethylated GBM. Although 
data from CheckMate 498 is unpublished at this time, in 
May 2019, Bristol-Myers Squibb (BMS) announced that 
CheckMate 498 did not meet its primary endpoint of over-
all survival on final analysis [30]. BMS noted that it will 
complete a full evaluation of the data from this trial and 
work with clinical investigators on future presentations and 
publication of the trial results. CheckMate 548 evaluated 
anti-PD-1 in addition to TMZ plus RT versus TMZ plus RT 
only in newly diagnosed MGMT-methylated GBM patients. 
Although data from this trial are also unpublished at this 
time, BMS announced in September 2019 that CheckMate 
548 did not meet one of its primary endpoints, progression-
free survival [31]. This trial will continue as planned to 
allow for the other primary endpoint, overall survival, to 
mature. To summarize, in unselected patients, there does 
not appear to be a clear benefit for single checkpoint inhibi-
tor therapy. Therefore, there is a need to develop a better 
understanding of GBM immunosuppression and determine 
which patients respond best to immunotherapy.

Vaccine therapy

Another immunotherapy strategy of great interest in GBM 
is anti-tumor vaccines. The hope is that strengthening the 
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adaptive immune system via vaccination may promote suc-
cessful anti-tumor responses against GBM. Rindopepimut 
is a peptide vaccine strategy that targets EGFR variant III 
(EGFRvIII), a constitutively active mutant EGFR only 
expressed on GBM cells in 25–30% of patients [32]. The fact 
that EGFRvIII is only expressed on GBM cells limits off-
target toxicity. However, the disadvantage of this approach 
is that not all patients’ tumors express EGFRvIII, and only 
the patients with this specific variant would be candidates 
for this vaccine. Moreover, it is heterogeneously expressed 
in the tumors that do harbor this variant. In phase II clinical 
studies, rindopepimut was evaluated in GBM patients fol-
lowing gross total resection and chemoradiotherapy. Of note, 
mOS was 24 months, a modest improval over historical con-
trols [33–35]. Given these encouraging results, rindopepimut 
was further evaluated in the multicenter phase III trial ACT 
IV. Patients in this trial were randomized to either rindopepi-
mut or control in combination with TMZ after meeting the 
predefined criteria for enrollment which included minimal 
residual disease defined as presence of less than 2 cm2 of 
contrast-enhancing tumor tissue after surgery and chemora-
diotherapy [36]. This study was prematurely terminated after 
pre-planned interim analysis showed no benefit to treatment 
(mOS was 20.1 in the rindopepimut arm and 20.0 months 
in the control arm, p = 0.93). While the ACT IV trial was 
ongoing, a phase II trial known as ReACT was conducted to 
explore the efficacy of rindopepimut plus bevacizumab in 72 
patients with recurrent GBM [37]. This trial found a mOS 
of 12.0 months with rindopepimut plus bevacizumab com-
pared to 8.8 months with bevacizumab plus vaccine control 
(p = 0.0208). Overall, these studies suggest rindopepimut 
may have some activity in a small, carefully selected cohort 
of recurrent GBM patients, but further studies are required 
to determine the optimal patient population and treatment 
regimen.

Another vaccine therapy to reach phase III clinical trials 
is ICT-107, a multi-peptide vaccine specifically designed 
for GBM. ICT-107 consists of ex vivo incubation of patient 
dendritic cells with six peptides found to be over-represented 
in the gene-expression profile of GBM cells. A phase I study 
in 17 newly diagnosed GBM patients and 3 recurrent GBM 
patients confirmed an acceptable safety profile [38]. A phase 
II study determined some efficacy, at least in HLA-A2 posi-
tive patients [39]. A phase III trial was initiated given this 
promising preliminary data, but was terminated due to insuf-
ficient funding. Likewise, DCVax-L, a dendritic cell-based 
vaccine therapy, also reached phase III clinical trials after 
showing an acceptable safety profile on phase I testing. Ini-
tial results from the phase III trial found that the 331 patients 
in the intent-to-treat population had a mOS of 23.1 months 
and a 2.1% grade 3 or 4 adverse event rate [40]. However, 
this trial was subsequently put on hold indefinitely for uni-
dentified reasons (NCT00045968).

Obstacles in GBM immunotherapy

To date, phase III clinical studies with ICIs and vaccine 
therapy for GBM have been disappointing. One explana-
tion for these prominent failures is that GBM induces sig-
nificant systemic and intra-tumoral immunosuppression 
[41]. Clinicians hoped to overcome this immunosuppres-
sion using immunotherapy strategies. However, given the 
lackluster early results, GBM immunosuppression has 
proven to be more complex and multi-factorial than ini-
tially understood. Indeed, there is a need to better under-
stand the mechanisms of GBM immunosuppression as it 
could provide insight into effective immunotherapy strate-
gies for GBM [42].

GBM has been described as a heterogeneous tumor, 
and while our understanding of GBM heterogeneity is 
still premature, it is thought that this heterogeneity con-
tributes to immunotherapy resistance [43, 44]. The Can-
cer Genome Atlas Network initially classified GBM into 
four subtypes based on gene expression analysis: classical, 
neural, proneural, and mesenchymal [45]. This original 
classification scheme included transcriptomic analysis of 
non-tumoral cells in the analysis [46]. Thus, a revised clas-
sification scheme after excluding analysis of non-tumoral 
cells has defined three GBM sub-types: classical, mesen-
chymal, and proneural [47]. Each subtype has been found 
to have a distinct gene expression profile, and early proof-
of-concept pre-clinical work in a murine GBM xenograft 
model demonstrates a differential response of each subtype 
to TMZ and RT [48]. Furthermore, GBM phenotypic plas-
ticity was evaluated in 91 matched patient samples taken 
prior to treatment and at recurrence. In 55% of patients, 
subtype of recurrent GBM was different from the subtype 
of the primary GBM [47]. In addition to this intertumoral 
heterogeneity, it has been found that GBM also has signifi-
cant heterogeneity even within the same tumor specimen. 
Sottoriva et al. analyzed spatially distinct tumor fragments 
from 11 GBM patients and demonstrated different GBM 
subtypes within the same tumor [49]. The heterogeneity of 
GBM results in resistance to treatment modalities includ-
ing immunotherapy as treatment-resistant clones can allow 
for persistence of the tumor following targeted elimination 
of treatment-sensitive clones [50, 51].

Another barrier to mounting an effective anti-tumor 
immune response in GBM is its low mutational burden 
[52]. Somatic mutations that accumulate over the course of 
tumor development lead to the generation of neo-antigens, 
or novel tumor-specific mutant antigens capable of being 
recognized by the immune system and evoking a CD8 + T 
cell mediated anti-tumor response [53]. Goodman et al. 
showed that higher tumor mutational burden is an inde-
pendent predictor of immunotherapy response across a 
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large variety of non-CNS tumor types [54]. Furthermore, 
several case studies have shown patients with hypermu-
tated GBM demonstrate clinical and radiographic response 
after anti-PD-1 therapy [55, 56]. The low mutational bur-
den of GBM suggests that this cancer has fewer neoanti-
gens available to trigger an anti-tumor immune response. 
Of note, Indraccolo et al. evaluated GBM samples col-
lected at initial diagnosis and at recurrence for expres-
sion of mismatch repair (MMR) proteins. They found that 
MMR protein expression was partially or completely lost 
in 25.9% of recurrent GBM samples, and less than 5% of 
primary GBM samples. The tumor specimens with MMR 
loss had increased tumor mutational burden [57]. Despite 
these reports, ICIs as monotherapy for unselected recur-
rent GBM patients have not shown clinical benefit. There-
fore, selecting patients with MMR defects in their tumor 
may be better candidates for certain immunotherapeutic 
strategies.

It has been shown in both pre-clinical models and human 
patients that GBM induces both local immune dysfunction 
and systemic immunosuppression [58–63]. The systemic 
immune system plays a vital role in mounting an effective 
immune response within the central nervous system (CNS) 
[43]. The CNS does have native immune cells, microglia, 
which differentiate from naïve myeloid cells that migrate to 
the CNS during fetal development [64]. However, the role of 
microglia in adaptive immunity is not entirely clear. Alone, 
microglia are not sufficient to mount an immune response 
in the CNS. Trafficking of peripheral immune cells across 
the BBB and into the CNS, mediated by interferon-inducible 
chemokines in response to inflammation, allows for potent 
immune responses in the CNS [65]. Systemic immunosup-
pression in GBM patients prevents the effective trafficking 
of peripheral immune cells in to the brain tumor.

Several mechanisms have been described for GBM sys-
temic immunosuppression. The presence of GBM has been 
associated with sequestration of immune cells in the bone 
marrow. Chongsathidkiet et al. reported that GBM patients 
and pre-clinical GBM models demonstrated sequestration of 
T cells in the bone marrow [66]. This existing immune dys-
function is exacerbated by treatment including RT, TMZ and 
steroids. Hyperfractionated radiation has been shown to con-
tribute to severe systemic immunosuppression. Grossman 
et al. recorded CD4 + T cell counts before initiating TMZ 
and hyperfractionated RT in newly-diagnosed GBM patients 
[67]. They found that the median CD4 T cell count was 664 
cells/mm3 prior to treatment initiation, and fell to below 300 
cells/mm3 in over 70% of patients 2 months after starting 
treatment. Patients with CD4 T cell counts below 200 cells/
mm3 at 2 months after treatment initiation had significantly 
shorter survival than patients with greater than 200 cells/
mm3 (13.1 months vs 19.7 months, p = 0.002) [67]. In this 
study, it should be noted that TMZ and dexamethasone could 

also contribute to lymphopenia. The authors subsequently 
conducted a study in pancreatic cancer patients and found 
that stereotactic body radiation had less severe lymphopenia 
than hyperfractionated radiation therapy [68]. Although this 
study has not been repeated in GBM, it highlights the lym-
pho-depleting effect of hyperfractionated radiation therapy. 
Based on these results, studies are evaluating the efficacy of 
hypo-fractionated radiation therapy for GBM [69]. TMZ has 
also been shown to negatively impact immunotherapy. Pre-
clinical work by Mathios et al. demonstrated that systemic 
TMZ induces immunosuppression, abrogates the effects of 
anti-PD-1 therapy in a murine GBM model, and prevents 
the formation of effective memory T cells [70]. Thus, it 
could be that immunotherapy is not as effective for GBM 
as TMZ may be dampening the effect of immunotherapy 
through iatrogenic immunosuppression. It would be useful 
to evaluate in future clinical trials the synergy between local 
chemotherapy and immunotherapy.

Another potential cause of iatrogenic systemic immuno-
suppression is corticosteroid use, common in GBM patients 
to control cerebral edema. Giles et al. evaluated lymphocyte 
proliferation, differentiation, and cytokine production dur-
ing dexamethasone usage in a murine GBM model. They 
found that dexamethasone treatment lead to CTLA-4-me-
diated decrease in naïve T cells proliferation and differen-
tiation [71]. Maxwell et al. found that corticosteroid treat-
ment severely diminished peripheral CD4 + and CD8 + T 
cell counts. Furthermore, they found that corticosteroid 
use diminished the efficacy of anti-PD-1 therapy in mice 
bearing peripheral tumors, but not in mice bearing intra-
cranial tumors [72]. The contrasting findings between these 
two studies suggests that the impact of corticosteroid use on 
GBM immunotherapy is not fully understood, and clinicians 
should carefully consider steroid use in patients receiving 
immunotherapy.

In addition to systemic immunosuppression, GBM’s 
local immune dysfunction also hampers anti-tumor 
immune response. One aspect of local immune dysfunc-
tion is upregulation of intratumoral regulatory T (Treg) 
cells. Preclinical GBM models have shown that Treg cells 
increase within 10 days of brain tumor implantation [73, 
74]. Locally, it has been found that there is a high pro-
portion of Treg cells in the tumor microenvironment. It 
is thought that the upregulation of Treg cells in GBM 
is, atleast in-part, mediated through tumoral release of 
the cytokine TGF-beta and upregulation of the enzyme 
indoleamine 2,3-dioxygenase (IDO) [75–77]. Heim-
berger et al. measured the incidence of Treg cells in 135 
glial tumors and found that while Treg cells were rarely 
present in normal brain tissue, they were significantly 
more present in many glial tumors, and most frequently 
in glioblastoma [78]. Fecci et al. found that the increased 
Treg fraction in GBM patients correlates with impaired 
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patient effector T-cell responsiveness in vitro [62]. Lohr 
et al. demonstrated a positive correlation between effec-
tor T cell infiltration of the tumor and survival in GBM 
patients [79].

An important facet of local immune dysfunction 
is tumor-associated macrophages (TAMs), which are 
abundantly expressed in the GBM tumor microenviron-
ment (TME) [80]. Macrophages ingress into the tumor 
in response to inflammation-mediated chemokines [80]. 
GBM polarizes these macrophages toward the anti-
inflammatory M2 phenotype via metabolites such as 
kynurenine [81]. These M2-poliarized TAMs contrib-
ute to tumor progression through several mechanisms 
including promotion of genetic instability, suppressing 
adaptive immunity via expression of immune checkpoint 
molecules, and supporting cancer stem cells [82]. Bloch 
et al. found that peripheral blood macrophages from GBM 
patients had increased PD-L1 expression, the ligand for 
the immune checkpoint PD-1 [59]. In vitro, these mac-
rophages suppressed T cell activation [59]. Given the 
abundance of myeloid cells in the TME, therapies tar-
geting this population of cells may prove beneficial for 
GBM patients.

A hallmark of GBM local immune dysfunction is T 
cell exhaustion. T cell exhaustion is a state of functional 
impairment induced by recurrent or prolonged antigen 
exposure [83, 84]. Woroniecka et al. characterized the 
T cell exhaustion signature in several tumors by analyz-
ing the TIL and peripheral blood lymphocytes of GBM 
patients. They found that GBM induces severe T cell 
exhaustion characterized by upregulation of multiple 
immune checkpoints such as PD-1, TIM-3, LAG-3, and 
CTLA-4 [85]. The PD-1 immune checkpoint has been 
the target of several phase III clinical trial, however, as 
described above, results thus far have been disappoint-
ing. The study by Woroniecka et al. observed that T cells 
expressing multiple immune checkpoints were more dys-
functional than T cells only expressing the PD-1 check-
point [85]. This suggests that targeting one immune 
checkpoint may not be enough, and effective GBM immu-
notherapy may require combinatorial therapy targeting 
multiple immune checkpoints.

Current immunotherapy strategies

The characterization of GBM as highly immunosuppres-
sive with multiple mechanisms of immune evasion sug-
gests that targeting only a single immunosuppressive 
pathway may not improve patient outcomes. Thus, recent 
immunotherapy strategies place an emphasis on combina-
torial strategies that can synergize together to overcome 
GBM immunoresistance. ICIs are increasingly being stud-
ied in a combinatorial context with other therapies.

CheckMate 143 did include an arm of patients who 
recieved anti-PD-1 and anti-CTLA-4 combination therapy, 
however, the toxicity was higher with combination therapy 
and this arm was subsequently discontinued [28]. Several 
phase I trials are evaluating the safety profile of various 
dual ICI combinations for GBM patients. The phase I trial 
NCT02311920 is evaluating anti-CTLA-4 and or anti-
PD-1 in combination with temozolomide for patients with 
newly-diagnosed GBM or gliosarcoma. The phase I trial 
NCT02794883 is evaluating the safety of anti-CTLA-4 anti-
body and anti-PD-L1 antibody in recurrent GBM patients. 
CD-27 is another immune checkpoint as Chahlavi et al. dem-
onstrated that GBM induces T cell apoptosis via binding 
of the CD70 ligand on tumor cells to the CD27 receptor 
on T cells [86]. Thus, the phase I/II dose escalation study 
NCT02335918 is evaluating the combination of anti-CD-27 
and anti-PD-1 in patients with various advanced solid 
tumors including GBM. LAG-3 is an immune checkpoint 
typically expressed on exhausted T cells [85]. The phase I 
clinical trial NCT02658981 is evaluating anti-LAG-3 alone 
and in combination with anti-PD-1 in patients with recurrent 
GBM. Additionally, IDO has also been characterized as an 
immune checkpoint. IDO has been shown to play a role in 
upregulating Treg cells in the tumor microenvironment [77]. 
In a preclinical murine GBM model, it has been shown that 
anti-IDO in combination with anti-CTLA-4 and anti-PD-1 
is more potent at eradicating GBM than monotherapy alone 
[87]. Thus, NCT02327078 is evaluating the safety of anti-
IDO drug in combination with either anti-CTLA-4 or anti-
PD-1 in various tumors including GBM. These clinical trials 
are summarized below in Table 1.

Table 1   Phase 1 Trials 
evaluating the safety of dual ICI 
combinations in GBM

Trial Treatment arms Primary vs recurrent

NCT02311920 Anti-CTLA-4 + TMZ or Anti-PD-1 + TMZ or Anti-
CTLA-4 + anti-PD1 + TMZ

Primary

NCT02794883 Anti-CTLA-4 only or anti-PD-1 only or Anti-
CTLA-4 + anti-PD-1 + TMZ

Recurrent

NCT02335918 Anti-CD-27 + anti-PD-1 Recurrent
NCT02327078 Anti-IDO + anti-PD1 Both
NCT02658981 Anti-LAG-3 alone OR anti-LAG-3 + anti-PD1 Recurrent



	 Journal of Neuro-Oncology

1 3

A novel immunotherapy strategy being explored is the 
combination of neoadjuvant and adjuvant anti-PD-1 mono-
therapy with surgical resection. Cloughesy evaluated neo-
adjuvant and/or adjuvant anti-PD-1 in 35 patients with 
recurrent, surgically resectable GBM [88]. They found 
that patients who received neoadjuvant and adjuvant anti-
PD-1 had higher overall survival than patients that only 
received adjuvant anti-PD-1. Similarly, in the phase II trial 
NCT02550249, Schalper et al. administered neoadjuvant 
anti-PD-1 and then adjuvant anti-PD-1 after surgical resec-
tion of GBM in 30 patients, 27 with recurrent GBM, and 
3 with newly-diagnosed [89]. They found that neoadju-
vant anti-PD-1 enhanced chemokine transcript expression, 
increased TCR clonal diversity among TILs and increased 
overall immune cell infiltration of the tumor, however, no 
clinical benefit was observed in this study.

Several studies are also studying synergy between radia-
tion therapy and immunotherapy. Evidence for synergy 
between radiation and immunotherapy arose from the absco-
pal effect, characterized by Mole et al. in 1953 [90]. The 
abscopal effect refers to shrinkage of untreated metastasis 
after local radiation treatment [90]. It is thought that radia-
tion induces tumor necrosis and antigen release, allowing for 
increased antigen presentation, and a more robust anti-tumor 
immune response [91]. Additionally, it is thought that radia-
tion may increase the mutational burden of GBM, allowing 
for the development of more neoantigens that can be recog-
nized by the immune system [92]. Grossman et al. had previ-
ously demonstrated that hyperfractionated radiation therapy 
induces significant immunosuppression, so there is hope that 
hypofractionated radiation therapy may synergize better with 
immunotherapy. Pouessel et al. evaluated hypofractionated 
stereotactic radiotherapy (HFSRT) with anti-PD-1 and found 
this combination was well-tolerated in the 6 patients studied 
[93]. NCT0289931 is a phase 1 trial evaluating the safety of 
HFSRT with anti-PD-1, anti-CTLA-4, and bevacizumab in 
patients with recurrent GBM. NCT02313272 is a phase 1 
trial studying HFSRT with anti-PD-1 and bevacizumab for 
recurrent high grade glioma. NCT02530502 is evaluating 
the safety of RT with TMZ and anti-PD-1 in patients with 
newly-diagnosed GBM. Along the lines of synergy between 
immunotherapy and radiological approaches to GBM treat-
ment, another interesting combination under evaluation is 
synergy between anti-PD-1 and MRI-guided laser abla-
tion (MLA) in recurrent GBM (NCT02311582). The aim 
of MLA is to disrupt the blood–brain barrier, increasing 
access of tumor antigens to the lymphatic drainage system 
and immune cells to the brain tumor.

Other immunotherapeutic strategies include oncolytic 
viruses. Oncolytic viruses infect tumor cells and activates 
the innate immune system through pattern recognition recep-
tors and pathogen-associated molecular patterns [42]. Once 
activated, myeloid cells from the innate immune system 

can upregulate T cell trafficking to the tumor, leading to 
a stronger anti-tumor immune response [42, 94]. Several 
early-phase clinical trials are investigating adenovirus, 
herpes simplex virus, and poliovirus-based oncolytic virus 
therapies in GBM patients (NCT02798406, NCT0219169, 
NCT02457845, NCT02062827). The phase III trial ASPECT 
evaluated administration of the inactivated adenovirus siti-
magene ceradenovac with standard of care versus standard 
of care alone in GBM patients [95]. The ASPECT trial 
found no difference in mOS, however there was an increased 
time to death or re-intervention in the cohort that received 
sitimagene ceradenovac. Toca 5 is a current phase III trial 
investigating the oncolytic virus Vocimagene amiretrorepvec 
versus standard of care in recurrent GBM (NCT01470794) 
after initial results from a phase I dose-escalation showed an 
acceptable safety profile and a 21.7% durable response rate 
among 56 patients [96, 97]. Several pre-clinical studies in 
murine GBM have shown a synergistic benefit to combining 
oncolytic virus therapy with anti-PD1. As a result, this com-
bination is also being explored in human patients [98–100]. 
The phase II clinical trial NCT02798406 is evaluating the 
adenovirus-based therapy DNX-2401 in combination with 
anti-PD-1 for recurrent GBM.

Chimeric antigen receptor (CAR) T cell therapy is a 
newer strategy which has been approved for B cell lym-
phoma and leukemia, and is currently being investigated in 
GBM [101]. CAR T cells are genetically modifying T cells 
harvested from the patient. These modified CAR T cells are 
then adoptively transferred back into the patient to elicit an 
anti-tumor immune response. The CAR T cell consists of 
an extracellular tumor-specific antigen recognition domain 
and a T cell activation domain which can be modified to 
keep the T cell constitutively active [102]. Brown et al. pub-
lished a case report in which a recurrent GBM patient was 
treated with CAR T cells against the tumor-specific antigen 
IL13Rα2 [103]. The patient demonstrated significant clini-
cal and radiographic response, although recurrence occurred 
7.5 months after treatment started. O’Rourke et al. evaluated 
CAR T cells directed against the antigen EGFRvIII in 10 
patients with recurrent GBM [104]. This therapy was found 
to have an acceptable safety profile, and CAR T cell infiltra-
tion of the tumor was observed. Unfortunately, this study 
found no survival benefit to CAR T cell therapy. A phase 
I trial evaluated a HER-2-targeted CAR T cell therapy and 
established an acceptable safety profile with 1 of 16 patients 
achieving partial response and 7 patients demonstrating sta-
ble disease for 8 weeks to 29 months [105]. Currently, one 
of the biggest hindrances to CAR T cell therapy is the het-
erogeneity in GBM making it difficult to develop a CAR 
T cell therapy that can target all of the clonal populations 
[106]. CAR T cells that can recognizer multiple antigens are 
in development. Pre-clinical data suggests tri-valent CAR 
T cells that can target the tumor-specific antigens HER2, 
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IL13Rα2, and EphA2 may be more efficacious than bi-valent 
or mono-valent CAR T cells [107].

Given the abundance of TAMs in the GBM microenviron-
ment, there is an interest in pursuing combinatorial immuno-
therapies that target TAMs [108]. NCT02526017 is a phase 
I trial evaluating an anti-CSF-1R monoclonal antibody in 
combination with anti-PD-1 in several cancer types includ-
ing malignant glioma. CSF-1R is a receptor expressed on 
myeloid cells that allows for recruitment of TAMs to the 
tumor microenvironment [109, 110]. The phase 1/II study 
NCT02829723 is evaluating another anti-CSF-1R agent in 
combination with anti-PD-1.

Future of GBM immunotherapy

Several trends are emerging in GBM immunotherapy based 
on our developing understanding of GBM pathophysiology. 
The first is a focus on combinatorial treatment strategies. It 
is becoming more evident that single agent immunotherapy 
may not be enough to overcome GBM’s potent immuno-
suppression. Therefore, many of the current studies are 
evaluating combinatorial strategies to find synergy between 
different immunotherapy strategies as well as between 
immunotherapy and the current standards of care for GBM: 
surgical resection, TMZ, and RT.

The second exciting trend is a focus on personalized treat-
ment. The enormous heterogeneity of GBM and individual 
patient differences makes it difficult to establish one treat-
ment that provides maximal benefit in all GBM patients. 
Thus, there is an effort to tailor therapy to each individual 
patient’s unique tumor genetic profile. Personalized neo-
antigen vaccine therapy was first developed in melanoma 
patients with very encouraging results [111–113]. Briefly, a 
personalized neoantigen vaccine is developed via an immu-
nogenomics pipeline by first subjecting patient tumor cells 
and normal cells to whole exome sequencing and RNA 
sequencing to determine expressed mutations. Next, MHCI 
prediction algorithms are used to rank candidate neoanti-
gens. The highest ranked neoantigens can be synthesized to 
generate a neoantigen vaccine [114]. Two phase I trials have 
been conducted to explore a personalized patient-specific 
vaccine approach in GBM. Hilf et al. developed personal-
ized vaccines for 15 GBM patients based on tumor tran-
scriptomic and immunopeptidome analysis [115]. Their 
approach had an acceptable safety profile and elicited a sus-
tained memory CD8 + T cell response as a well as an effec-
tor CD4 + T cell response against predicted neoepitopes. 
Keskin et al. conducted a similar phase I study in which 
they generated personalized neoantigen-targeting vaccines 
by comparing whole exome sequencing data and RNA-seq 
data between the tumor sample and healthy, normal tis-
sue. This study found that patients had neoantigen-specific 

CD4 + and CD8 + T cells that could migrate into the tumor 
and elicit an immune response [116]. Based on these studies, 
NCT03422094 and NCTR02297428 are phase I trials evalu-
ating the safety of a neoantigen-based personalized vaccine 
in combination with RT or immune checkpoint blockade in 
GBM patients [114, 117].

Immunotherapy has revolutionized cancer treatment for 
a variety of solid tumors. There is hope that immunotherapy 
can also transform the treatment of GBM, a devastating dis-
ease with dismal prognosis. Thus far, this has not been the 
case. The poor response to immunotherapy in GBM is attrib-
uted to several factors including high tumor heterogeneity 
and multiple mechanisms of immunosuppression. Although 
the results of initial clinical trials are disappointing, they 
have aided our understanding of how GBM immunosuppres-
sion works, and currently on-going trials are building upon 
the lessons learned from previous trials.
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