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Abstract Despite continued research efforts, glioblastoma
multiforme (GBM) remains the deadliest brain tumor.
Immunotherapy offers a novel way to treat this disease, the ge-
netic signature of which is not completely elucidated.
Additionally, these tumors are known to induce immunosuppres-
sion in the surrounding tumor microenvironment via an array of
mechanisms, making effective treatment all the more difficult.
The immunotherapeutic strategy of using tumor vaccines offers a
way to harness the activity of the host immune system to poten-
tially control tumor progression. GBM vaccines can react to a
variety of tumor-specific antigens, which can be harvested from
the patient’s unique pathological condition using selected immu-
notherapy techniques. This article reviews the rationale behind
and development of GBM vaccines, the relevant clinical trials,
and the challenges involved in this treatment strategy.
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Introduction

Glioblastoma multiforme (GBM) is the most common and
aggressive primary brain tumor in adults and is notoriously

resistant to conventional therapies. Despite aggressive sur-
gery, concurrent radiotherapy and chemotherapy, the median
survival time of the 15,000 patients diagnosed each year is
only 14.6 months [1]. The difficulty in treatment is centered
in the genetic heterogeneity within the tumor itself, heteroge-
neity among patients, tumor-induced immunosuppression,
limited therapeutic penetration of the blood–brain barrier,
and inevitable tumor recurrence. Despite these numerous chal-
lenges, progress has been made in the development of GBM
therapy, especially in the realm of immunotherapy, and several
agents have progressed to clinical trials with varying levels of
success. The aim of this review is to discuss the vaccine strat-
egies currently under clinical investigation for the treatment of
GBM and to consider the challenges facing this therapeutic
approach in the setting of this complex disease.

The term immunotherapy is used to describe a spectrum of
therapeutic strategies that use the host’s immune system to se-
lectively destroy malignant cells. Passive immunotherapy en-
tails the delivery of monoclonal antibodies directed against spe-
cific tumor-associated antigens (TAA) in order to elicit
antibody-dependent tumor cell toxicity [2]. Another form of
passive immunotherapy is adoptive cell transfer therapy, which
consists of the ex vivo culture of effector immune cells followed
by their subsequent transfer to the patient. In contrast, active
immunotherapy relies upon the body’s own immune response
and involves vaccination with a tumor-specific antigen in order
to activate a host immune response. Vaccination generates
tumor-specific effector Tcells and, ideally, confers T-cell immu-
nity, which may control tumor recurrence [3, 4].

Vaccines are categorized based on the way antigens are
presented to the immune system. With non-cell-based vac-
cines, patients are directly inoculated with the specific tumor
antigen of choice, which, in turn, is presented to host antigen-
presenting cells (APCs) to trigger an immune response. Cell-
based vaccines consist of APCs [e.g., dendritic cells (DCs)]
that are primed with tumor antigens ex vivo and reintroduced
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to the host via vaccination, resulting in antigen presentation
and amplification of tumor-specific T-cell responses (Fig. 1).

Non-Cell-Based Vaccination

Peptide Vaccines

Peptide vaccines are constructed from peptides 8 to 25 amino
acids long that encompass an epitope within an antigenic tar-
get, in order to elicit an immune response against neoplastic
cells harboring mutant proteins [5]. These peptides are typi-
cally linked with carrier proteins to enhance immunogenicity
(e.g., tetanus toxoid or keyhole limpet hemocyanin [KLH]) [6,
7]. Additionally, they are often administered with immune-
stimulating agents such as Toll-like receptor (TLR) agonists
(e.g., lipopolysaccharide) or cytokines [e.g., granulocyte mac-
rophage colony-stimulating factor (GM-CSF), interleukin
(IL)-2] to enhance the immune response [8, 9] .
Gliomagenesis is associated with aberrant production of sev-
eral TAAs, which can potentially be used for the development
of peptide vaccines. However, the challenge lies in identifying
antigens that are tumor specific, homogenously expressed,
and sufficiently immunogenic [10]. Of the numerous potential
GBM antigenic targets, only a few have met these criteria.

Epidermal Growth Factor Receptor vIII

Among peptide vaccines, those directed against epidermal
growth factor receptor (EGFR)vIII have received the most

attention clinically. Normally, epidermal growth factor or
transforming growth factor α-induced activation of the EGFR
promotes receptor dimerization, leading to autophosphorylation
of the intracellular tyrosine kinase domain and propagation of
Ras/mitogen-activated kinase signaling that promotes prolifera-
tion [11–13]. EGFRvIII contains a deletion within the extracel-
lular domain that results in autoactivation of the receptor. The
fusion of otherwise distant portions of the protein also creates a
unique junction with a novel glycine residue, flanked by amino-
acid sequences that are not present in the wild-type protein [14,
15]. Peptides derived from this fusion junction, when chemically
conjugated to carrier proteins (e.g., KLH), have been shown to
direct EGFRvIII-specific immune responses [11]. Importantly,
EGFRvIII is expressed in a relevant proportion of patients with
GBM (25–30%) and is associatedwith poor patient prognosis for
long-term survivors. Additionally, the presence of this mutation
can be determined by immunohistochemical analysis as part of
standard pathology work-up [16–19]. EGFRvIII expression has
also been documented in glioma stem cells. Even though its
expression is heterogeneous within the tumor, EGFRvIII-
positive cells can influence adjacent cells and subsequently pro-
vide a proliferative signal [20, 21]. In light of these factors,
EGFRvIII was deemed a rationale target for immunotherapy.

The efficacy of EGFRvIII vaccination has been evaluated in
preclinical models. Heimberger et al. [11] reported that vaccina-
tion resulted in a 26% increase in survival of mice bearing intra-
cranial tumors relative to controls. Furthermore, they reported
that mice that received vaccination prior to tumor implantation
were protected from subsequent tumor formation. To evaluate
clinically the safety and efficacy of intradermally administered

Fig 1 Schematic depicting passive and active immunotherapy strategies. TAA tumor-associated antigen, APC antigen-presenting cell, EGFR epidermal
growth factor receptor, IDH1 isocitrate dehydrogenase 1, WT-1 Wilms’ tumor 1, HSP heat shock protein
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EGFRvIII vaccine (CDX-110/rindopepimut) in EGFRvIII-
positive patients, 3 phase II trials were initiated: ACTIVATE
[5], ACT II [22], and ACT III [19]. All 3 trials administered
rindopepimut to patients along with GM-CSF as an adjuvant.
ACT II and ACT III additionally evaluated CDX-110 adminis-
tered in conjunction with temozolomide (TMZ) based on earlier
studies showing that TMZ induces lymphopenia and paradoxi-
cally enhances immunotherapeutic efficacy [16]. Regardless,
median survival time and progression-free survival (PFS) time
were both significantly increased compared with a matched con-
trol cohort receiving standard therapy. ACT II reported a median
PFS time (from histological diagnosis) of 15.2 months in
vaccine-treated patients (n= 22) versus 6.3 months in the historic
control cohort (n = 17). Overall survival times for vaccinated
patients and historical controls were 23.6 and 15 months, respec-
tively. These differences remained significant after adjustment for
patient age and Karnofsky Performance Scale score (p < 0.05).
The larger ACT III trial, consisting of 65 newly diagnosed pa-
tients with EGFRvIII-positive GBM, confirmed the promising
result of the earlier studies (reported median overall survival
24.6 months from diagnosis) [19]. Notably, upon recurrence,
the tumors were noted to be EGFRvIII-negative, indicating anti-
genic loss [5]. Whether this stemmed from the natural disease
course or from immunological elimination is unknown but indi-
cates that targeting heterogeneously expressed antigens is likely
to be insufficient for future approaches. Some promise has also
emerged for the use of chimeric antigen receptor approaches
targeting EGFRvIII. Based on the encouraging results, the
ACT IV phase III trial was initiated. In this placebo-controlled,
double-blind study, patients received rindopepimut/GM-CSF, or
KLH, along with TMZ maintenance therapy (NCT01480479).
Unfortunately, on 7 March 2016, Celldex announced that it was
halting ACT IV. This decision was based on findings from an
interim data analysis showing that patients receiving vaccination
were unlikely to have an improvement in overall survival com-
pared with patients in the control arm. Specifically, the treatment
arm carried a survival of 20.4 months versus 21.1 months in the
control cohort [23]. Despite this result, the ReACT phase II trial
is currently ongoing and combines CDX-110 with bevacizumab;
however, results of this trial are still pending (NCT01498328).

Another agent targeting EGFRvIII (ADU-623) is currently
being evaluated in phase I clinical trials. ADU-623 is a live
attenuated Listeria vaccine targeting both EGFRvIII and NY-
ESO, which is another known tumor antigen with reportedly
high immunogenic capacity [24–27]. This trial is recruiting
patients with recurrent high-grade glioma and results are
pending (NCT01967758).

Survivin

Although EGFRvIII is the most studied, there are other antigenic
candidates under investigation for GBM peptide vaccines.
Survivin is a molecule belonging to the inhibitor of apoptosis

protein family. Although its mechanism of action is still being
fully delineated, studies have shown that survivin is both a reg-
ulator of mitosis and a cell death inhibitor [28]. It is upregulated
in several cancers,making it a potential target for immunotherapy
[29]. Importantly, survivin is expressed to a much greater extent
in GBM than in normal tissue, where it is associated a poorer
prognosis [30, 31]. The validity of survivin as a target for immu-
notherapy was evaluated in study using SVN53-67/M57, a pep-
tide vaccine derived from survivin, which can activate an im-
mune response to survivin-expressing cells [32]. This vaccine
is conjugated with KLH and has a single cysteine to methionine
substitution to enhance immunogenicity and increase antitumor
response [32]. SVN53-67/M57 produced cytotoxic T-cell-
mediated killing of human glioma cells in an in vitro.
Furthermore, injection of SVN53-67/M57 (in combination with
GM-CSF) significantly increased survival time and decreased the
tumor burden in mice with GL261 gliomas. Based on these
results and a completed phase I trial (NCT01250470), a phase
II trial of SVN53-67/M57-KLH and TMZ is currently recruiting
patients with malignant glioma and has a targeted enrollment of
50 (NCT02455557).

Isocitrate dehydrogenase 1

Isocitrate dehydrogenase 1 (IDH1) is an enzyme that can be
mutated in gliomas. Mutations most frequently occur in the ar-
ginine 132 residue, resulting in production of the oncometabolite
2-hydroxyglutarate, genomic hypermethylation, and malignant
transformation. IDH1 R132H mutation, in particular, is
expressed in > 90% of secondary GBMs [33, 34]. IDH1
R132H is an excellent target for cancer immunotherapy given
that it is a tumor-specific antigen with reportedly uniform expres-
sion in tumor cells [35]. The clinical experience with EGFRvIII
highlighted the challenge of GBM antigenic heterogeneity in the
development of immunotherapies. It is suggested that targeting
driver mutations, such as IDH, may circumvent heterogeneity-
induced immune escape [36]. A recent study demonstrated that
mice vaccinated with a mutant IDH1 peptide induced a specific
T-cell response. Moreover, vaccination suppressed tumor growth
inmice bearing an IDH1R132H-expressing sarcoma. This effect
was not seen in sarcomas expressing wild-type IDH, confirming
that this response was mutation specific [35]. Further data are
required to determine if an IDH vaccine is applicable in glioma.
There is currently a phase I trial to evaluate the safety of IDH1
peptide vaccine in patients with IDH1 R132H-mutated gliomas
(NCT02454634), with a planned enrollment of 39 patients; re-
sults from this are pending.

WT1

The Wilms' tumor gene WT1 is overexpressed in a variety of
solid tumors and is recognized as an oncogene [37–39].WT1
encodes a zinc finger transcription factor, which is involved in
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cell proliferation and apoptosis [40–43]. Multiple studies have
established the expression of WT1 in gliomas [44–46].
Hashiba et al. [47] reported that Wilms’ tumor 1 (WT1) pro-
tein was detected in 70 of the 73 examined glial tumors
(95.9%) and that expression was correlated with World
Health Organization (WHO) grade. In another evaluation of
829 glioma samples, Rauscher et al. [48] reported that WT1
expression in diffuse astrocytomas increased withWHO grade
and was associated with negative prognostic factors such as
older age and expression of the wild-type IDH [48]. Because
WT1 protein has been identified as a TAA, it is postulated that
WT1 products may be suitable for the development of
peptide-based immunotherapy. A recently published phase I
trial tested the safety of WT1-based peptide vaccination com-
bined with TMZ administration in 7 patients newly diagnosed
with GBM and reported a PFS time of 5.2 to 49.1months [49].
In a small nonrandomized phase II trial, 21 patients withWT1/
human leukocyte antigen (HLA)-A*2402-positive recurrent
GBM were treated with intradermal vaccination of HLA-
A*2402-restricted WT1 peptide. Here, the reported 6-month
PFS was 33.3%, with minimal treatment side effects; howev-
er, none of the patients had a complete radiographic response
[50].

Multipeptide Vaccines

In terms of practicality, peptide vaccines offer several benefits,
including ease of manufacturing in mass production, straight-
forward administration (e.g., intradermal), and limited
intervaccine variability [51]. One limitation of several of the
peptide vaccines (but not the EGFRvIII peptide) is that they
are restricted to the HLA-A 02 haplotype; however, patients
with GBM present with a variety of haplotypes, restricting the
generalizability of this therapy [52]. One of the reasons a 14-
mer was selected for the EGFRvIII peptide vaccine was to
allow some degree of antigen processing for presentation in
a variety of major histocompatibility complex (MHC) interac-
tions [11]. A second limitation is that only a small subset of
patients with GBM will ultimately benefit from targeting a
single tumor antigen. Lastly, the primary disadvantage of pep-
tide vaccines, particularly single peptides, is the heterogeneity
of antigen expression in GBM [20]. Vaccines targeting a sin-
gle antigen can lead to the development by the tumor of anti-
genic loss escape variant cells. This phenomenon was demon-
strated in the EGFRvIII vaccine trials when tumor recurred
post-CDX-110 vaccination, with 82% of cases demonstrating
loss of the target antigen (EGFRvIII) [5]. This indicates that
recurrence postvaccination requires an alternate treatment or a
combination therapy.

In order to circumvent these issues, multipeptide vaccines
that target a variety of tumor antigens have been developed.
To identify potentially immunogenic tumor antigens, peptides
were eluted from the HLA complex on GBM cells. Using

liquid chromatography–mass spectrometry, 3000 peptides
were identified, from which a panel was selected based on
high tumor but low or absent expression in normal tissues
[53]. A subsequent 11-peptide panel designated IMA950 en-
compasses the following proteins: brevican; chondroitin sul-
fate proteoglycan 4; fatty acid binding protein 7, brain;
insulin-like growth factor 2 mRNA binding protein 3;
neuroligin 4, X-linked; neuronal cell adhesion molecule; pro-
tein tyrosine phosphatase, receptor-type, Z polypeptide 1;
tenascin C; Met proto-oncogene; baculoviral inhibitor of apo-
ptosis protein repeat-containing 5; and hepatitis B virus core
antigen. The first phase I/II trial of IMA950 (plus GM-CSF)
was completed in 45 patients with newly diagnosed GBM
who underwent surgical resection followed by standard ther-
apy. The authors reported a PFS of 74% at 6 months and 31%
at 9 months (NCT01222221) [54]. A second phase I study of
IMA-950 in combination with cyclophosphamide, GM-CSF,
and imiquimod at the National Cancer Institute was terminat-
ed secondary to poor accrual (NCT01403285). Additionally,
there is a phase I/II trial testing the use of this vaccine in
combination with polyinosinic-polycytidylic acid stabilized
by lysine and carboxymethylcellulose, a potent vaccine adju-
vant shown to promote T-cell differentiation in glioma [55];
however, no results have been posted yet (NCT01920191).
IMA950 in combination with polyinosinic-polycytidylic acid
stabilized by lysine and carboxymethylcellulose and anti-
CD27 is now to be evaluated in patients with low-grade glio-
mas at Univers i ty of Cal i forn ia , San Francisco
(NCT02924038). Of note, it is is also unclear whether the
degree of clonotypic T-cell expansion using these types of
peptides and adjuvant approaches is sufficient for tumor erad-
ication. SL701 is another recently developed multipeptide
vaccine currently being evaluated in clinical trials
(NCT07078648). SL-701 consists of 3 peptides correspond-
ing to targets overexpressed in glioma: a highly immunogenic
mutant to target survivin, IL-13 receptor α-2, and ephrin A2.
Results of this trial are pending.

An alternative approach has been to generate personalized
peptide vaccines based on the antigenic profile of individual
tumors. One strategy has been to prepare a vaccine from pa-
tients’ surgically removed tumor tissue along with pooled al-
logenic antigens from other resected tumors. ERC-1671
(Gliovac) is a multiple peptide vaccine composed of GBM
tumor lysates, autologous tumor cells from the patient (gener-
ated from resected tumor), and tumor cells from 3 different
GBM donors. This vaccine construction is directed to maxi-
mize patient exposure to a heterogeneous set of GBM tumor
antigens. With exposure to a larger panel of allogeneic and
autologous tumor associated antigens, ideally the chance of
immune escape by the tumor is decreased. ERC-1671 has
shown promising results in clinical evaluation [56, 57].
Administration of ERC 1671 in 9 patients with recurrent
GBM, receiving standard chemoradiation and bevacizumab,
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resulted in increased survival times compared with controls.
Specifically, 6-month survival for the patients on Gliovac was
100% versus 33% in the historical control group [57]. Based
on these results, a phase II trial is underway to evaluate the
safety and clinical efficacy of ERC1671 (in combination with
GM-CSF and cyclophosphamide) plus bevacizumab among
patients with recurrent GBM (NCT01903330).

Given the efforts of The Cancer Genome Atlas and the in-
creasing widespread availability of both academic and com-
mercial next-generation sequencing, new antigens may be
identified or immunotherapies may be better tailored to specific
patients. However, one does need to bear in mind that a genetic
alteration does not necessarily give rise to an aberrant protein,
and even if there is a resulting antigen it does not necessarily
mean it is immunogenic or that it can induce sufficient numbers
of clonotypic Tcells to mediate tumor clearance. The avidity of
an antigen influences the clonal dominance of the effector T-
cell population [58], and most tumor antigens are unable to
generate sufficient antitumor reactivity in physiological effector
to target ratios to exert a therapeutic effect [59].

Certainly, peptide vaccines could be considered in com-
bination with immune checkpoint inhibitors. Although this
has obvious theoretical appeal, it may prove challenging to
implement. For example, although 30% of GBMs have
EGFRvIII target expression for rindopepimut/CDX-110
[16], only 6% also have programmed death 1 (PD-1)+ T
cells presents within the tumor and 1% have PD ligand 1
(PD-L1) co-expression [60]. Granted, PD-1+ T cells and/or
PD-L1 expression may only be enrichment biomarkers for
response to immune checkpoint inhibitors and patients can
respond in the absence of these biomarkers [61–63]; none-
theless, these data suggest that this type of combination
may only benefit a small minority of patients. High tumor
mutational loads have been found to correlate with re-
sponses to immune checkpoint inhibitors in other cancers
[64–68], but these levels (12 mutations per megabase) are
only seen in < 10% of patients with glioblastoma [69].
Finally, no one has demonstrated that the mechanism of
peptide vaccine failure is related to enhanced immune
checkpoint expression rather than antigen loss.

Heat Shock Protein Vaccines

Heat shock proteins (HSPs) are chaperone proteins that
play an important role in the cellular stress response by
preventing protein aggregation and guiding the degrada-
tion of misfolded proteins [70]. Certain subsets of HSPs,
including HSP70 and HSP90, have been shown to bind
tumor antigens in GBM and to simulate both innate and
adaptive responses [71]. The HSP–antigen complex un-
dergoes receptor-mediated uptake via CD91 expressed
on the APCs. Upon internalization, the complex is proc-
essed via proteasomes for loading onto MHC class I

molecules for presentation to CD8 cytotoxic T cells.
Furthermore, HSP–antigen complexes also bind to macro-
phages via various receptors (i.e., CD36, CD91, CD40,
CD14, TLR2, and TLR4) and stimulate the production
of proinflammatory cytokines [72]. HSP vaccination en-
tails purification of HSPs from a patient’s resected tumor
and subsequent re-administration to the patient in order
for HSPs to interact with host APCs and prime effector
cells with antigenic peptides [72]. HSPs facilitate the pre-
sentation of antigenic peptides to circulating APCs, and
an immune response is subsequently elicited when APCs
bind to HSPs, endocytose their chaperone proteins, and
present these antigenic peptides for targeting T-cell-
mediated cytotoxic destruction [73–75].

The majority of HSP vaccine trials have used HSP–peptide
complex-96 (HSPPC-96), comprising antigenic peptides
chaperoned by HSP glycoprotein-96 [76, 77]. In a phase I trial
consisting of 12 patients with recurrent GBM, treatment with
HSP vaccine showed no significant toxicities and demonstrat-
ed a tumor-specific immune response in 11 of 12 patients
(observed both in the tumor microenvironment and peripheral
blood) [78]. In a subsequent single-armed, nonrandomized
phase II trial, after surgical resection, 41 patients with recur-
rent GBM received a dose of HSPPC-96 every week for
4 weeks. Median PFS and overall survival were 19.1 and
42.6 weeks, respectively [79]. A phase II trial of HSPPC-96
in patients with newly diagnosed GBM undergoing standard
therapy with chemoradiation has recently been completed and
is pending publication (NCT00905060). Additionally, another
randomized phase II trial combining HSPPC-96 and
bevacizumab in patients with recurrent GBM is also actively
recruiting, with an estimated enrollment of 222 patients
(NCT01814813).

This treatment strategy is strengthened by its ability to
present various types of potentially antigenic proteins during
vaccination. HSP vaccines are also potentially capable of
stimulating both the innate and adaptive immune system re-
sponses through multiple mechanisms. In addition to cytotox-
ic T cells, HSPs induce macrophages to secrete proinflamma-
tory cytokines, such as tumor necrosis factor-α, GM-CSF, and
IL-12, and so on. IL-12 subsequently activates cytotoxic ac-
tivity in lymphocytes and natural killer cells. HSP complexes
are also able to increase production and secretion of nitric
oxide in DCs and macrophages. Lastly, HSPs induce imma-
ture DCs to undergo maturation [80, 81], which may contrib-
ute to a more robust immune response postvaccination. It
should be noted that HSP vaccines are limited in that a signif-
icant amount of tissue is required to generate the vaccine [72].
This criterion restricts the eligibility of the vaccine to patients
undergoing a substantial resection and essentially excludes
those simply receiving a stereotactic biopsy. Additionally,
the basis for HSP vaccination is subject to criticism because
its efficacy has not been substantially validated in preclinical
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glioma studies, and it has shown limited therapeutic benefit in
multiple randomized phase III clinical trials for other ad-
vanced malignancies [82, 83].

Cell-Based Vaccination

DC Vaccines

DCs are professional APCs and are the most powerful activa-
tors of the cell-mediated immune response. DCs present anti-
gens to naïve T cells after phagocytosis, processing, and pre-
sentation in the context of the MHC, triggering antigen-
specific CD8+ and CD4+ lymphocyte responses. In addition
to this, T-cell functionality is augmented by activated DC se-
cretion of proinflammatory cytokines [84]. Because of these
capabilities, DCs are ideal for vaccine development. In vac-
cine preparation, DCs are extracted from the patient, cultured
ex vivo, and loaded with TAAs. These primed DCs are subse-
quently reintroduced into the patient to facilitate antigen-
specific T-cell activation (Fig. 2).

DC vaccines have been studied in GBM [85–87].
Successful preclinical studies and small clinical studies have
generated interest in identifying the optimal molecules to load
onto DCs to generate the most robust and tumor-specific re-
sponse. Although the process of constructing DC vaccines is
considerably more laborious than that of peptide vaccines, its
greatest advantage lies in its flexibility of being able to provide
the DCs with a wide range of stimuli, including peptides,
tumor lysates, and cancer stem cells, all of which are tailored
to the individual make-up of the tumor.

Tumor Peptide-Loaded DCs

At the most basic level, DCs can be stimulated with the same
types of peptide epitopes that are the basis of peptide vaccines.

The EGFRvIII was one of the earliest peptides loaded into
DCs in clinical trial applications. In a phase I study, 12 patients
with newly diagnosed GBM underwent inoculation of DCs
pulsed with EGFRvIII-specific peptide (PEPvIII)–KLH after
surgical resection and radiation therapy [88]. The median time
to progression and overall survival time (from vaccination)
were reported as 6.8 and 18.7 months, respectively (10.2
months and 22.8 months from diagnosis). No serious adverse
reactions or toxicities were observed. DC loading is not lim-
ited to single tumor peptides. Phuphanich et al. [89] conducted
a phase I trial of ICT-107, an autologous vaccine consisting of
patient DCs pulsed with 6 GBM-associated peptide antigens
(AIM-2, MAGE1, TRP-2, gp100, HER2/neu, and IL-13 re-
ceptor α-2), in combination with traditional chemoradiation
[89]. In their preliminary data from 21 patients, vaccination
yielded favorable survival with median PFS and overall sur-
vival times of 16.9 months and 38.4 months, respectively.
Patients are currently being recruited for a phase III trial eval-
uating this treatment (NCT02546102).

Tumor Lysate-Loaded DCs

In this technique, tumor lysate is prepared from autologous
tumor cells obtained during surgical resection. Patient tumor
cells are lysed to generate cellular fragments and are subse-
quently pulsed into DCs. Exposure of DCs to these tumor
fragments allows for phagocytosis and subsequent peptide
antigen presentation to MHC class I and II [90–92]. The ad-
vantage of using tumor lysates is the unbiased stimulation of
DCs to the full complement of patients’ unique TAAs. This
can include the presentation of thus-far unrecognized tumor
antigens as well [93]. Alternatively, this may generate non-
tumor-specific immune responses or may dilute clonotypic
expansion of T cells to weakly immunogenic antigens. In a
phase I study, the safety and bioactivity of autologous tumor
lysate-based DC vaccine was determined. Activity of lysate-
reactive CD8+ T cells after introduction of these tumor lysate-
loaded DCs was observed, confirming the specificity of the
resulting immune response. Additionally, the median survival
time for patients with recurrent GBM (n = 8) was an impres-
sive 133 weeks [4]. Among the more developed therapies in
this subtype of vaccine is DC-VaxL, which consists of autol-
ogous DCs pulsed with autologous whole-tumor lysate. DC-
VaxL is currently in a phase III clinical trial, and its results are
highly anticipated (NCT00045968) [94].

mRNA-Loaded DCs

DCs can also be loaded with tumor-derived mRNA. In contrast
to tumor protein, mRNA can be amplified in vitro, giving this
technique a practical advantage. Amplification permits a relative-
ly small cell source to be used for the production of a large
number of antigen-loaded DCs [95]. Additionally, previous

Fig 2 Schematic depicting the process of dendritic cell (DC) vaccine
generation. TAA tumor-associated antigen
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studies have shown that RNA is superior to DNA in the induc-
tion of T cells by DCs [96]. There are currently several clinical
trials implementing this technique (NCT02649582,
NCT02709616).

Glioma Stem Cell-Loaded DCs

Glioma cancer stem cells (GSCs) are a cellular subtype
that is unique compared with the rest of the tumor cell
mass, and shows self-renewal capability [97]. GSCs are
known to be chemoradiation resistant and responsible for
recurrence [98, 99]. GSCs also have the capacity to inhib-
it T-cell proliferation and activation, to induce regulatory
T cells, and to trigger T-cell apoptosis [100]. GSCs have
been studied as a target for DC immunotherapy, as suc-
cessful destruction of these drivers of tumor-mediated im-
munosuppression may allow for greater efficacy [8, 98].
Pellegatta et al. [101] reported that DCs loaded with
GL261 neurospheres (enriched with stem cells) cured
80% of GL261 tumor-bearing mice compared with 50%
of mice treated with DCs loaded with standard GL261
lysate. Vik-Mo et al. [102] reported on 7 patients treated
with a DC vaccine targeting stem cells in a phase I/II
(NCT00846456). For this, GBM specimens were dissoci-
ated and patient stem cells were isolated and expanded
in vitro. After this, stem cell mRNA was amplified and
loaded into DCs. In the patients receiving vaccination, no
severe toxicities were observed. Moreover, treated pa-
tients showed a PFS interval that was 2.9 times longer
than that of matched controls (694 days vs 236 days, re-
spectively; p = 0.0018). A current phase I trial is testing
the safety of ICT-121, a DC-based vaccine targeting
CD133+ (a stem-cell marker) cells in patients with recur-
rent GBM (NCT02049489). It should be noted that the
technique using the GSC generation/harvesting is expen-
sive and difficult, which may limit the generalizability of
this treatment.

Viral Antigen-Loaded DCs

The existence of human cytomegalovirus (CMV) and its
gene products in GBM was initially identified in 2002,
and CMV is deemed to have a relevant role in pro-
oncogenic pathways [103, 104]. With this in mind, ex-
tensive research has been dedicated to exploiting this
feature for development of immunotherapy for GBM.
The human CMV virion is enveloped by a matrix re-
ferred to as the tegument, which contains most of the
viral proteins. The most abundant tegument protein is
pp65 [105], and this CMV antigen can be utilized for
targeted immunotherapy. A clinical trial is currently
evaluating a CMV-based strategy for the treatment of
GBM. In this study, autologous DCs are loaded with

CMV pp65-lysosomal-associated membrane protein
mRNA and administered in combination with the anti-
CD 2 5 m o n o c l o n a l a n t i b o d y ( b a s i l i x i m a b )
(NCT00626483). The role of anti-CD25 is to inhibit
suppressive T regulatory cells and to enhance CMV-
specific T-cell activity. Recent data also indicate that
preconditioning of the vaccine site with the recall anti-
gen tetanus/diphtheria (Td) toxoid can facilitate homing
of the DCs to the lymph nodes and the efficacy of DC
vaccination. In a blinded clinical trial of 12 patients
with GBM, participants were randomized to precondi-
tioning with either mature DCs or Td toxoid prior to
vaccination with DCs pulsed with pp65 RNA. The au-
thors reported that patients pretreated with Td toxoid
had enhanced DC migration and significantly improved
survival [106]. ELEVATE is a phase II randomized clin-
ical trial currently recruiting patients newly diagnosed
with GBM who have undergone resection and complet-
ed standard chemoradiation (NCT02366728). On a larg-
er scale, this trial will further evaluate the impact of
preconditioning (with either tetanus or basiliximab) prior
to treatment with a CMV-specific DC vaccine, on DC
migration and subsequent patient survival.

DCs in Combination Therapies

Owing to the preclinical and clinical promise of DC vac-
cination, this immunotherapeutic strategy has been com-
bined with other forms of immunotherapy to enhance the
desired immune response. Immune system inhibitory
pathways may specifically undermine the effect of DC
vaccination. Immune checkpoints are well-studied recep-
tors involved in these pathways. A recent preclinical study
evaluated the efficacy of tumor lysate-pulsed DCs in com-
bination with immune checkpoint blockade, specifically
inhibition of the PD-1/PD-L1 axis. This signaling axis
has been implicated in several cancers and has been dem-
onstrated to decrease activation of effector T cells and to
promote tumor immunoescape [107, 108]. In glioma-
bearing mice, combination treatment with DC vaccination
and PD-1 antibody resulted in upregulation in markers of
immunologic memory and homing (i.e., L-selectin,
integrin α-4 chain) in tumor-infiltrating lymphocytes.
Furthermore, animals treated with combination therapy
survived significantly longer than those treated with
monotherapy. Specifically, there was no therapeutic bene-
fit observed with monotherapy, but there was 40% long-
term survival in the combination treatment group [109]. A
phase I trial (AVERT) is testing the combination of a
CMV-specific DC vaccine with nivolumab (anti-PD-1 an-
tibody) and is currently recruiting patients with recurrent
high-grade glioma (NCT02529072).
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Limitations of DC Vaccines

One of the primary drawbacks of DC vaccination relates
to its practical application. Overall, the cost–benefit ra-
tio of cell-based therapy is considered suboptimal. For
DC vaccines specifically, their production is expensive,
and the time needed to culture and prime cells can be
extensive [110, 111]. Tumor growth in patients with
recurrent GBM can at times be rapid and associated
with progressive neurological decline, and the time nec-
essary to manufacture a DC vaccine may make this
treatment difficult to implement in the clinical setting.
Moreover, it has been suggested that the optimal time
for vaccination is when tumor burden is minimal, be-
cause tumor-induced immunosuppression, which can
counteract the desired immune response, has been cor-
related with amount of tumor present [112, 113]. This
makes the time-consuming nature of vaccine preparation
a critical issue. Additionally, most DC vaccine studies
have used DCs generated from a patient’s monocytes
ex vivo. It has been suggested that the process of cul-
turing and differentiating these monocytes may deplete
the immunological functional capacity of the cells.
Fortunately, this particular issue may be addressed by
the use of naturally circulating DCs, such as myeloid
or plasmacytoid DCs, as alternative sources. The time
required to load naturally occurring DCs with TAAs is
significantly shorter than with monocyte-derived DCs.
Furthermore, production is highly standardized, and nat-
ural DCs have shown a favorable safety profile in ad-
dition to inducing antigen-specific T-cell responses [111,
114, 115].

Even though several DC vaccination studies have demon-
strated specific immune responses [4, 116], few have actually
demonstrated an objective clinical response—defined as a
complete or partial response by the World Health
Organization or Response Evaluation Criteria In Solid
Tumors (RECIST) [117]. A systematic review of all DC vac-
cine clinical trials reported that in terms of objective response,
the clinical benefit of this treatment strategy is very modest.
Specifically, objective response rates were reportedly 8.5%,
7.1%, and 15.6% for melanoma, prostate cancer, and glioma
trials, respectively [118]. Despite the fact that multiple
nonrandomized trials have reported a survival benefit [119,
120], lack of an objective clinical response remains an impor-
tant area of criticism for DC vaccines.

Conclusion

Tumor vaccines allow the immune system to be directed to a
tumor target and, in an appropriate context, could induce a
long-term immune response. There are currently multiple clin-
ical trials exploring this treatment platform (Table 1). BasedT
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on the cumulative experience thus far with tumor vaccines,
future studies should focus ideally on combining vaccination
therapy with conventional therapy, combining vaccines
targeting different antigens and potentially other forms of im-
munotherapies (e.g., checkpoint inhibition, adoptive transfer
therapy). Combination therapy may decrease the potential for
tumor immunoresistance and escape. Additionally, a more
precise understanding of the timing of immunotherapy treat-
ment, along with standardization of vaccination protocols, ad-
juvants, andmethods tomonitor patient immune responses are
needed. Moreover, the issue of frequent concurrent steroid use
in this patient population will also need to be addressed be-
cause steroid treatment, which is often needed to reduce intra-
cranial pressure and symptomatology, may undermine the de-
sired immune response [93]. The impact of tumor factors on
the efficacy of vaccine therapy is also not fully elucidated—
especially for low-grade gliomas. Specifically, this includes
factors such as tumor site, extent of resection, primary versus
secondary GBM, and recurrent disease versus initial treatment
[75]. Overall, vaccine therapy is a treatment strategy with
potential but which still requires further optimization.
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