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Abstract

Purpose of review To discuss the current state of glioma vaccine development and highlight
the challenges associated with clinical implementation of these approaches.
Recent findings Vaccination strategies against gliomas have matured considerably during
the past years, although proof-of efficacy from controlled clinical trials is still lacking.
Advances in antigen discovery, including the definition of neoepitopes including epider-
mal growth factor receptor variant III (EGFRvIII), isocitrate dehydrogenase (IDH)1R132H
and Histone (H)3.3K27M, using multi-omic approaches and computational algorithms
allow targeting single antigens, but also implementing truly personalized approaches. In
addition, new concepts of vaccine manufacturing including RNA and DNA vaccines
improve immunogenicity and applicability in personalized settings.
Summary As an increasing amount of clinical data defy the concept of the central nervous
system (CNS) as a strictly immunoprivileged site, novel vaccine approaches enter the clinic
including critical efforts to identify biomarkers of response and resistance and strategies
to overcome the immunosuppressive glioma microenvironment.

http://crossmark.crossref.org/dialog/?doi=10.1007/s11940-018-0498-1&domain=pdf


Introduction

Despite considerable advancements in the understand-
ing of the molecular genetics and immunobiology, gli-
omas remain a major therapeutic challenge. Current
therapeutic approaches are limited due to infiltrative
growth and the primary and acquired resistance to
genotoxic and targeted therapies. Also immunologically,
gliomas are regarded as resistant, as “cold” tumors, sig-
nified by limited intratumoral immune activation [1].
However, under certain circumstances and with
appropriate measures intratumoral immunity can be
elicited to become effective. For instance, checkpoint
inhibitors—antibodies activating peripheral antitumor
immunity—may result in clinical and radiographic re-
sponse in a minority of glioma patients [2•, 3]. For the
majority of glioma patients, however, the paucity of
specific antigens is the first limitation for an effective
immunotherapy [4]. In general, vaccines aim at induc-
ing or enhancing tumor-specific immune responses sim-
ilar to antiviral vaccines. Conceptually, however, tumor
vaccines differ in that the target is preexisting—hence the
term therapeutic vaccine—as opposed to viral vaccines,
which are of preventive nature. In addition, tumor vac-
cines face the general challenge, that it is much more
difficult to induce a potent immune response against a
tumor, which is immunologically rather perceived as self
(or altered self) as opposed to viruses, which are foreign.
Finally, glioma vaccines face the specific challenge, that
an effective peripheral immune response requires trans-
fer to an immunoprivileged site and overcoming the
immunosuppressivemicroenvironment, which is partic-
ularly hostile in glioma [5]. This challenge, however, is
not a general obstacle for glioma therapy. Diseases like
multiple sclerosis illustrate that T cell immunity against
self may be triggered to result in massive—albeit self-
limiting—influx of autoantigen-specific T cells into an
otherwise healthy CNSwith subsequent productive neu-
roinflammation resulting in the destruction of cells ex-
pressing the autoantigen [6]. In addition, expansion of
preexisting self-reactive T cells for instance evoked by
checkpoint inhibitors may result in deleterious CNS
inflammation [7]. Checkpoint inhibitors are blocking
antibodies targeting inhibitory cell surface molecules
on T cells such as programmed death 1 (PD1) or cyto-
toxic T lymphocyte-associated protein 4 (CTLA4), there-
by resulting in expansion and activation of antigen-
specific T cells [8]. While the therapeutic benefit is de-
rived from the expansion and activation of tumor-
reactive T cells, common side effects are organ-specific

autoimmunity evoked by expansion and activation of
autoreactive T cells [7]. Both, preclinical models and
patient studies show that checkpoint inhibition alone
may be sufficient to cause neuroinflammation affecting
meninges or CNS tissue, simply by expanding the pe-
ripheral autoreactive T cell pool [9]. Finally, intravenous
adoptive transfer of antigen-specific T cells reactive
against a tumor antigen and cross-reactive against a
CNS antigen may cause massive neuroinflammation in
patients [10]. In summary, this highlights that the CNS
per se is not a sanctuary site with respect to effective
antigen-specific immune response, but is well permis-
sive for the influx and activity of antigen-specific T cells
under appropriate circumstances [11]. These circum-
stances require proper definition. A prerequisite is cer-
tainly the sufficient peripheral expansion of antigen-
specific T cells with sufficient activity and affinity for
the target antigen [12].

Defining appropriate antigens
The therapeutic efficacy of a tumor vaccine critically relies
on an appropriate induction and enumeration of
antigen-specific T and B cells capable to home to the
tumor and exert antitumor activity by killing tumor cells,
releasing proinflammatory cytokines and/or producing
tumor-specific antibodies. Hence, the identification of
appropriate antigens and monitoring of antigen-specific
immune responses is critical for assessing efficacy of vac-
cines [12]. However, since the antigenic profile of tumors
in general and gliomas in particular is highly variable and
since the appropriate presentation of specific antigens is
dependent on highly variable major histocompatibility
complex (MHC) allelotypes, the definition of appropriate
antigens conceptually requires adequate assessment of
the individual patients both with respect to antigenic
profile and MHC allelotype. For many years, therapeutic
approaches have tried and are—in part—still trying to
circumvent this requirement by using autologous whole
tumor cell lysates or ribonucleic acids (RNA) as vaccines.
Once the process of generating the vaccine under appro-
priate good manufacturing practice (GMP) standards is
achieved, this approach is suitable for all patients, where
enough tumor material can be acquired, but remains for
the most part ignorant of the specific immune response
that is generated. To enhance immunogenicity of tumor
lysates or RNA, the material is commonly loaded onto
patient autologous dendritic cells (DC) with the aim that
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these loaded DC, once injected subcutaneously or
intradermally—compartments, which provide an envi-
ronment for efficient T and B cell priming—induce a
tumor-specific immune response. Conceptually, this ap-
proach comes with twomajor disadvantages: (1) In order
to induce and enumerate a sufficient number of immune
cells, antigensmust be present in sufficient abundance. As
most tumor antigens or tumor-associated antigens are
not highly immunogenic (compared with viral antigens),
an effective vaccine requires a considerable amount of
antigen. For instance, most tumor vaccines utilize be-
tween 100 and 500 μg of a given peptide (usually be-
tween 10 and 30 amino acids long) for a single vaccine
dose. A tumor lysate contains millions of potential anti-
genic proteins, which individually will be present inmost
likely insufficient amounts tomount an effective immune
response. (2) As tumor cell vaccines are ignorant of the
relevant antigens, monitoring of immune responses and
correlation to outcome remain vague. Usually, crude as-
says such as delayed-type hypersensitivity (DTH)—a skin
reaction to reinjection of autologous tumor material after
vaccination—are employed. Since the relevant antigens,
both for the antitumor immune response and the DTH
are not defined, it is impossible to take DTH as a firm
readout even if one assumes that the antigenicity is over-
lapping and truly relevant for antitumor immunity. Final-
ly, these early developments are derived from concepts
developed in immunogenic, so-called “hot” tumors such
as melanoma. As current failures in glioma immunother-
apy cannot simply be attributed to the sanctuary tumor
location in an immunoprivileged organ, but rather by the
profoundly immunosuppressive microenvironment, vac-
cine approaches to gliomas require considerable refine-
ment to be effective.

Tumor-associated antigens and warehouse approaches
Antigens targeted by glioma vaccines have long been
confined to tumor-associated antigens (TAA), which
are—from an immunological point of view—self-anti-
gens, that are enriched if not exclusively expressed by
tumor cells. Hence, vaccines targeting self-antigens are
generally viewed as safe, although autoimmunity to the
CNS caused by cross-reactivity may occur [10]. Histori-
cally, melanoma antigens also expressed by gliomas,
such as MAGE-A1/3, TRP-2, or gp100, have been
exploited, as there are very few glioma-specific TAA.
Over the years, the panel of self-antigens has been ex-
panded by antigens believed to be enriched in glioma
stem cells such as Sox2, HER2, IL13Rα2, and AIM-2. For
these antigens, immunodominant epitopes have been

defined for the most common MHC class I allelotypes,
HLA-A2, and HLA-A24 [13]. The induction of an effica-
cious antitumor immunity may be hampered on an
individual patient level independent of the major class
I allelotype and TAA expression by the tumor, for in-
stance by the expression of self-antigens in the thymus,
resulting in central T cell tolerance and the development
of antigen-specific immunosuppressive T regulatory
cells [14]. Therefore,many current clinical trials targeting
self-antigens combine multiple epitopes. For regulatory
reasons, some approaches even select one or multiple
vaccines from a warehouse of vaccines based on indi-
vidual antigen expression, antigen presentation, and/or
preexisting immune responses. ICT-107 is a dendritic
cell (DC)-based vaccine comprised of six antigens
enriched in glioma stem cells: HER2, TRP-2, gp100,
MAGE-A1, IL13Rα2, and AIM-2 [15]. After a random-
ized, double-blind phase 2 clinical trial showed a slight
survival signal in the experimental group particularly in
HLA-A2 positive (HLA-A2+) patients [16], a random-
ized, double-blind, placebo-controlled phase 3 registra-
tion trial was initiated in 500 HLA-A2+ patients with
newly diagnosed glioblastoma (EORTC1587,
NCT02546102). This trial is currently suspended
due to insufficient funds provided by the company.
Vaccine trials targeting TAA assume that expression
in tumors result in recognition by the immune sys-
tem. Only recently, presentation of TAA in glioblas-
toma tissue has been addressed experimentally using
mass-spectrometry-based HLA ligandome analyses
[17•]. Integrating such ligandome analyses into the
TAA discovery algorithm consisting of expression
analyses and immunogenicity testing helps to signif-
icantly enrich the pool of relevant TAA. IMA950 is a
warehouse pool of tumor-associated peptides
(TUMAP) selected based on HLA ligandome, expres-
sion, and immunogenicity analyses, which has dem-
onstrated safety and immunogenicity in a phase 1
clinical trial (NCT01920191) in HLA-A2+ patients
with newly diagnosed glioblastoma [18].

All vaccines targeting TAA in glioma suffer from the
lack of proof of efficacy from controlled clinical trials.
Themost important question to be addressed is whether
the magnitude and phenotype of a peripheral immune
response induced by a vaccine is sufficient to translate
into an effective intratumoral antiglioma immunity. The
answer to this question clearly requires new treat-
biopsy-treat trial concepts. The important impact of the
immunosuppressive glioma microenvironment is
discussed elsewhere [5].
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Targeting non-neoplastic cells
Themajority of vaccines target tumor antigens or tumor-
associated antigens with the aim at inducing immune
responses attacking tumor cells. The tumor-specific na-
ture of non-neoplastic tumor compartments such as the
vasculature or stromal cells, however, offer the possibil-
ity to target antigens present in the non-neoplastic tu-
mor compartment. The idea is that creating an immune
response against tumor-specific non-neoplastic cells
contributing to the malignant phenotype of tumors will
result in a therapeutic effect. One example is a vaccine
targeting the vascular endothelial growth factor receptor
type 2 (VEGFR2), which is strongly expressed on prolif-
erating endothelial cells of the glioblastoma vasculature
[19]. An oral vaccine (VXM01) consisting of an VEGFR2
expression plasmid encoded in live, attenuated Salmo-
nella bacteria has been developed. After oral ingestion,
the antigen is presented in the gut-associated lymphatic
tissue following infectionwith VEGFR2-encoding Salmo-
nella and induces antibody and T cell responses against
VEGFR2 [20]. After proof-of-principle studies in pancre-
atic cancer [21], a phase I clinical trial has been conduct-
ed in eight patients with recurrent operable glioblasto-
ma. To allow assessment of intratumoral immune re-
sponses, patients with recurrent glioblastoma were in-
cluded prior to a planned re-resection. The vaccine was
initiated and re-resection was postponed to allow for
four vaccines prior to re-resection. VXM01 was then
continued after resection in four-weekly intervals.
VXM01 was safe and resulted in specific peripheral im-
mune responses as well as accumulation of tumor-
infiltrating T cells in post-vaccine tumor tissue. Magnetic
resonance imaging (MRI) parameters of tumor angio-
genesis were affected by the treatment implying vascular
normalization and there was one patient with an objec-
tive response [22]. A trial combining VXM01with check-
point blockade is underway.

Neoantigen-specific vaccines
Neoantigens are tumor antigens, which arise de novo
frommutated or variant proteins, oftentimes constituted
by a single nucleotide variant. They are exclusively pres-
ent only in the tumor tissue and not in healthy tissue.
With few exceptions, most neoantigens are private anti-
gens as they are derived from patient-specific alterations
[14]. Relevant examples of shared neoantigens in glio-
mas include the variant III of the epidermal growth
factor receptor (EGFRvIII), the most common point mu-
tation in the gene for isocitrate dehydrogenase type 1
(IDH1) resulting in the variant protein IDH1R132H,

and the most common point mutation in the histone-3
gene H3F3A resulting in the variant protein H3.3K27M.
EGVRvIII is generated by alternative splicing of exons 2–
7, resulting in a fusion of exons 1 and 8. The peptide
sequence spans a neoantigen generated by the fused
exons. EGFRvIII is present in 20–30% of glioblastomas
and commonly co-expressed with the wild-type variant,
even in single tumor cells [23]. A peptide vaccine
targeting EGFRvIII conjugates the peptide to the adju-
vant keyhole limpet hemocyanin (KLH). The vaccine
induces anti-EGFRvIII antibody responses in patients
with EGFRvIII-positive tumors [24]. Following non-
controlled phase I/II studies [25], a randomized registra-
tion trial was conducted (ACT-IV) to test the efficacy of
EGFRvIII Pep-KLH (rindopepimut®) combined with
standard radiochemotherapy in patients with newly
d iagnosed EGFRv I I I -pos i t i v e g l iob la s toma
(NCT01480479). Treatment with rindopepimut® did
not result in prolongation of overall survival compared
with placebo vaccination [26•]. It is unclear, whether the
vaccine was not active at all or not active enough as only
antibody responses but not T cell responses were report-
ed and as the antibody responses did not correlate with
the outcome. The loss of EGFRvIII in about 60% of
recurrent tumor tissue, which has initially been thought
to be a mechanism of immune escape [27] appears to
reflect the natural course of disease progression [28] as it
has been observed both in the vaccine and the control
arm of the ACT-IV trial with similar frequency. In view of
this spontaneous antigen loss the results of the ReACT
trial (NCT01498328), which is a placebo-controlled,
randomized phase II study in patients with recurrent
glioblastoma, where rindopepimut® was given in com-
bination with the antiangiogenic agent bevacizumab,
have to be viewed with caution [29]. While the trial
demonstrated an increase in overall survival, but not
progression-free survival—the primary endpoint—in
the experimental arm, the majority of patients were in-
cluded based on the EGFRvIII status in the primary
tumor tissue, while EGFRvIII status at recurrence
remained unknown [30]. While there is no evidence of
immune evasion, targeting a subclonal antigen, which is
not expressed in all cells of a given tumor, such as
EGFRvIII, is a conceptual challenge for vaccines, particu-
larly when there is evidence of spontaneous antigen loss
due to clonal selection during disease progression [26•].
In contrast, targeting a clonal antigen, which is expressed
in all tumor cells, should offer a therapeutic advantage.
Clonality of a neoantigen is usually observed with driver
mutations, such as IDH1R132H and H3.3K27M.
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A peptide vaccine spanning the amino acid exchange
at position 132 has been developed after preclinical data
demonstrated that (a) the mutated peptide is presented
on MHC class II molecules of common allelotypes [31],
(b) peptide vaccination induced mutation-specific CD4+
T helper cell responses in MHC-humanized mice suffi-
cient to control the growth of syngeneic IDH1-mutant
sarcomas, and (c) spontaneous mutation-specific CD4+
T helper cell and antibody responses can be detected in
somepatients with IDH1R132H-mutated gliomas [32••].
The development of this vaccine, which does not induce
mutation-specific CD8+ cytotoxic T lymphocytes (CTL)
[33], supports the relevance of T helper cell responses in
tumor immunology [34•] and expands the breadth of
targetable antigens. The multicenter first-in-man phase I
Neuro-oncology Working Group of the German Cancer
Society (NOA-16) trial (NCT02454634) has completed
accrual with 33 evaluable patients with newly diagnosed
IDH1R132H-expressing high-grade astrocytomas at eight
German sites [35]. Patients have received a total of eight
vaccines comprised of a 20-mer peptide emulsified in
Montanide-ISA51® in addition to combined radiochemo-
therapy. Mature outcome data are expected in Q2 2018.
More recently, H3.3K27M, which is present as a clonal
single nucleotide variant (SNV) in the majority of diffuse
intrinsic pontine gliomas (DIPG) has been identified as a
neoantigen. Unlike IDH1R132H, H3.3K27M comprises a
class I and class II-restricted epitope, capable of inducing
both CD4+ and CD8+ T cell responses in preclinical
models [36].While a peptide vaccine trial in childrenwith
DIPG is currently ongoing (NCT02960230), the cloning
of an H3.3K27M-specific T cell receptor recognizing the
neoantigen on HLA-A2-positive tumor cells [37•] opens
the possibility for adoptive T cell therapy.

Personalized vaccine concepts
The fact that most neoepitopes are private necessitates
the generation of personalized vaccines based on the
patient-individual neoepitope profile. Neoepitope dis-
covery algorithms are based onwhole exome sequencing
(WES) followed by a computational pipeline predicting

HLA-binding of mutated epitopes [34•]. It is assumed
that roughly 1–3% of all non-synonymous mutations
result in immunogenic neoepitopes [38]. In glioblasto-
ma, the average number of non-synonymous mutations
is 30–50 per megabase, which is at least an order of
magnitude lower than that in classic immunogenic tu-
mors such as melanoma [39]. Patient-specific vaccines
constitute a regulatory challenge in that approval needs
to be obtained for the full process starting from
neoepitope discovery to formulation of the patient-
specific vaccine(s). Based on a proof-of-concept study
in melanoma [40••, 41••], a phase I study in patients
with newly diagnosed O6-methylguanine DNA methyl-
transferase (MGMT)-promoter unmethylated glioblasto-
ma (NeoVax) is ongoing. This study aims at testing
feasibility, safety, and immunogenicity of a personalized
peptide vaccine (NeoVax) encompassing neoepitopes
relevant for the individual patient (NCT02287428).
The vaccine is given after completion of radiotherapy.
The European Glioma Actively Personalized Vaccine
Consortium (GAPVAC), has added another level of com-
plexity in addition to integrating a personalized vaccine
into the primary treatment of patients with newly diag-
nosed glioblastoma. GAPVAC-101 (NCT02149225) is a
multicenter phase I feasibility, safety, and immunogenic-
ity trial, for which the selection and production of the
personalized peptide vaccine was based not only onWES
but also onHLA ligandome analyses providing addition-
al information of the actual presentation of relevant
epitopes on HLA molecules in the tumor tissue. While
efficacy and immunogenicity data from this trial await
reporting, this trial demonstrates that performing com-
plex epitope discovery for generating a personalized vac-
cine product, that can then be applied within three ad-
juvant temozolomide cycles, is feasible. Future efforts
will have to aim at increasing cost-effectiveness as well
as immunogenicity and clinical efficacy of personalized
vaccine approaches. In this regard, proof-of-concept
studies support the application of RNA as a vaccine to
enhance neoepitope-specific immune responses and to
facilitate the generation of patient-specific vaccines [42].

Conclusions

Although proof of efficacy from controlled clinical trials is still lacking, vaccine
development for glioma immunotherapy has gained a considerable momen-
tum in the past years with an increasing breadth in approaches (Table 1). Recent
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studies have clearly demonstrated that regulatory challenges can be overcome
and complex multi-omic approaches can be integrated into personalized strat-
egies taking the heterogeneity of the disease into account. Also, trial designs
have evolved to help answer important translational questions to vaccines.
Future efforts will have to be directed towards defining appropriate antigens,
maximizing specific immune response, translating peripheral immunity into
intratumoral immunity and maintaining an effective antiglioma immunity
despite the immunosuppressive glioma microenvironment. These efforts re-
quire a constant evolution within scientifically driven clinical trials.
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