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Purpose of review

Immunotherapy is viewed as a promising approach for glioblastoma and, in particular, therapeutic
vaccines are being intensively studied. Here, we review results provided by recent clinical trials of
glioblastoma vaccination and discuss the required strategies to optimize such approaches.

Recent findings

Two studies showed the feasibility of generating mutation-derived personalized vaccines in the short time
frame given by the fast course of disease in glioblastoma. However, one of these demonstrated lack of
mutation-derived cell surface presented MHC class I or II peptides in tumors with low mutational burden.

Summary

Whereas glioblastoma vaccines are well tolerated, impact on patient survival has yet to be proven.
Combinations with immune checkpoint inhibitors are being tested, but strategies aiming at targeting the
tumor microenvironment should be implemented as well. Finally, accurate immunomonitoring should be
promoted in order to identify the best vaccine strategies, alone or in combination.
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Glioma is a primary tumor of the brain, among
which grade IV tumors, also called glioblastoma
(GBM), are endowed with a dismal prognosis [1].
Novel therapeutic approaches for GBM are based on
combinations in order to target GBM heterogeneity,
and on immunotherapy based on the promise of
vaccines and adoptive cell therapy using chimeric
antigen receptors [2,3]. Cancer vaccines aim at elic-
iting T-cell responses with tumor cell killing prop-
erties [4]. However, the efficacy of cancer vaccines is
limited by the poor availability of immunogenic
shared tumor-specific antigens, the suboptimal
homing of elicited T cells to the tumor and the
immunosuppressive glioma microenvironment [5].

Vaccine antigens should, ideally, be expressed by
tumor cells but not by healthy cells. The reasons for
this are two: preventing destruction of normal tissues
by vaccine-elicited T cells and, in case the antigen is
newtothe immunesystem, inducingTcells thatbeara
high-affinity TCR. Such tumor antigens arise when-
ever a tumor-specific mutation gives rise to a T-cell
epitope (this is a peptide binding to the patient’s HLA
allele) and when the generated epitope (called a neo-
antigen) is distant enough in structure from the cor-
responding wild type epitope to be seen as foreign by
the immune system. The former has been shown to
occur quite infrequently, as it is estimated that only a
few percentage of mutations are presented as
 2019 Wolters Kluwer H
gen-specificT-cell responsesareelicited, T cells have to
home to the tumor, a process that is less efficient than
for pathogen-induced immune responses [9]. Finally,
taken that the elicited T cells have reached the tumor
bed, the immunosuppressive milieu they encounter
prevents efficient effector functions to take place [10].
In addition to these universal features, GBM is
endowed with particular characteristics that further
complicate therapeutic vaccination approaches. First,
GBM is located in the central nervous system (CNS),
which is bathed in immunosuppressive molecules,
further limiting the occurrence of efficient immune
responses [5]. Second, GBM is not highly mutated,
except for rare hypermutated subtypes [11,12], there-
fore, not providing numerous neoantigens to incor-
porate in vaccine approaches. If tumor-associated
ealth, Inc. All rights reserved.
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KEY POINTS

� Most studies published in the last 18 months have used
peptide vaccines or tumor or dendritic cell/
tumor vaccines.

� Mutation-derived peptides presented at the GBM cell
surface are very infrequent, questioning the use of neo-
antigen vaccines in GBM.

� Immunomonitoring should be systematically performed
in order to learn from vaccine studies.

Current strategies for vaccination in glioblastoma Dutoit et al.
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antigens (TAA), which are usually less tumor-selective,
are used, the risk of collateral destruction of brain cells
can potentially lead to severe side effects. It has to be
noted, however, that up to now, no autoimmune
effects of GBM vaccines have been observed [13].
Whether this is because of the limited efficacy of
vaccines and whether we should fear these reactions
when vaccines become more efficient remains to be
elucidated. Finally, T-cell homing to the brain has
been shown to be less efficient as for other sites
[14,15]. Despite all these potential obstacles, interest-
ing and promising observations have been made dur-
ing the last 18 months in the field of GBM vaccines.
PEPTIDE VACCINES

Peptide vaccines have used TAA and tumor-specific
antigens (TSA), usually incorporating multiple anti-
gens in order to prevent tumor escape.
VACCINES INCORPORATING TUMOR-
ASSOCIATED ANTIGENS

Most trials targeting TAA used MHC class I-restricted
epitopes, two trials adding MHC class II-binding
peptides [16,17] to allow for an integrated CD4
and CD8 T-cell response [18]. The only trial enroll-
ing patients with newly diagnosed glioma tested the
IMA950 peptide cocktail with poly-ICLC (Polyino-
sinic-Polycytidylic Acid Stabilized with Polylysine
and Carboxymethylcellulose). This phase I/II trial
for HLA-A2þ grade III and IV glioma patients dem-
onstrated safety and immunogenicity [16]. A signif-
icant finding from this study was that the vaccine
formulation profoundly influenced elicitation of
CD4 and CD8 T-cell responses. Indeed, mixing pep-
tides and adjuvant prior to injection allowed the
elicitation of multipeptide CD8 T-cell responses and
sustained CD4 T-cell responses, which was not
observed when peptides and adjuvant were injected
separately [16]. The other strength of the IMA950
vaccine lies in the identification of the antigens by
 Copyright © 2019 Wolters Kluwe

1040-8746 Copyright � 2019 Wolters Kluwer Health, Inc. All rights rese
peptide elution from the surface of GBM samples,
ensuring peptide presentation at the cell surface
[19]. This vaccine is now being tested in combina-
tion with the anti-PD1 antibody pembrolizumab in
patients with recurrent GBM (NCT03665545,
Table 1). Several other peptide cocktails were tested
in HLA-A24þ patients with recurrent GBM. A phase
III trial of personalized peptide vaccination treated
patients with peptides selected based on preexisting
peptide-specific IgG levels [20]. Results suggested
that vaccination in patients without preexisting
immune responses to the vaccine antigens might
be detrimental, although the reason for this remains
to be determined and is not a common finding [21–
23]. A phase I trial tested WT1-derived MHC class I
and II peptides and observed CD4 and CD8 T-cell
responses lasting up to 1 year after vaccination [17].
Interestingly, authors showed that the WT1 MHC
class II epitope was processed and presented in WT1-
expressing tumor cells. Finally, two pilot studies
tested peptide cocktails including peptides derived
from the VEGFR1 and VEGFR2 proteins in order to
target tumor angiogenesis and demonstrated CD8 T-
cell responses to these peptides [24,25].
VACCINES INCORPORATING TUMOR-
SPECIFIC ANTIGENS

Although the phase III clinical trial testing the EGFR-
vIII mutated peptide in newly diagnosed patients
with EGFRvIIIþGBM failed to demonstrate increased
survival [26], potentially because of instability of the
antigen, many peptide vaccine trials in GBM (or other
glioma) are using TSA. Two trials tested a peptide
covering the IDH1R132H mutation [27], either in
patients with recurrent grade II (RESIST trial,
NCT02193347) or newly diagnosed grade III/IV
(NOA-016 trial, NCT02454634) IDH1R132Hþ glio-
mas and results are awaited. Preliminary data from
the NOA-16 trial showed safety and immunogenicity
of the vaccine, with elicitation of IDH1R132H-spe-
cific cellular and humoral responses in the majority
of patients [28]. This vaccine is now being tested in
combination with the anti-PD-L1 antibodyavelumab
in patients with recurrent grades II, III or IV glioma
(NCT03893903, Table 1). Identification of a muta-
tion in the histone 3 gene (H3.3K27M), preferentially
found in pediatric patients with diffuse intrinsic
pontine glioma (DIPG) [29,30] led to initiation of a
phase I trial in HLA-A2þ children with newly diag-
nosed H3.3K27Mþ DIPG and non-DIPG glioma test-
ing the H3.3K27M peptide combined with poly-ICLC
(NCT02960230, Table 1).

In addition to the IDH1R132H and H3.3K27M
antigens, which are shared by a subpopulation of
patients with glioma, other studies aimed at
r Health, Inc. All rights reserved.
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targeting patient-specific mutations, with the goal of
personalized tumor targeting. In a phase I/Ib trial,
eight newly diagnosed GBM patients with unmethy-
lated MGMT promoter were vaccinated with a cock-
tail of up to 20 peptides predicted to bind their
respective HLA alleles, together with poly-ICLC
[31

&

]. T-cell responses were induced only in the
two patients who did not receive dexamethasone
in the vaccine priming phase, illustrating the diffi-
culty to induce immune responses in patients who
often require steroids to reduce cerebral inflamma-
tion. In these two patients, a thorough immunomo-
nitoring revealed that vaccine-induced T cells were
able to migrate to the tumor site in the brain but that
these tumor-infiltration lymphocytes (TIL) expressed
multiple checkpoint molecules, suggesting impor-
tance of combining with immune checkpoint inhib-
itors [31

&

]. However, this study did not formally
demonstrate presentation of mutation-derived pep-
tides on the tumor cell surface in vivo. As suggested
above [7], this might strongly limit the potential of
such vaccines. This issue was indeed tested in another
trial including 15 HLA-A2þ-restricted and HLA-A24þ-
restricted newly diagnosed GBM patients, in which
patients were vaccinated first with a set of personal-
ized TAA and then with mutation-containing pep-
tides together with GM-CSF and poly-ICLC [32

&&

]. In
that trial, peptide elution was performed from each
patient’s tumor, allowing, on one hand, to identify
patient-tailored tumor-presented TAA and, on the
other hand, to validate presentation of mutation-
derived peptides at the GBM cell surface. Strikingly,
of the 643 mutations identified for the whole cohort,
none was identified in the HLA class I and II pepti-
domes of the respective patients by high-sensitivity
mass spectrometry [32

&&

]. This important result con-
firmed previous reports [6,33] and suggested that, for
tumors with low mutation burdens such as GBM,
exploitation of TAA might be more suitable. Impor-
tantly, these two studies were a proof-of-concept of
the feasibility of identifying personalized (neo)anti-
gens in a short time frame that still allowed vaccina-
tion to take place in the first 9 months after diagnosis.
TUMOR VACCINES

Several trials of tumor vaccination have been pub-
lished in the last 18 months, using either tumor
lysates [34], tumor-derived heat-shock proteins [35]
or tumor-loaded DCs [36–44]. Interim results from
the placebo-controlled phase III DCVax-L trial in
patients with newly diagnosed GBM unfortunately
did not report awaited results, such as PFS, which
was the primary endpoint of the study [36]. Further-
more, multiple methodological flaws in the analysis
prevent interpretation of the data, as discussed in
 Copyright © 2019 Wolters Kluwe

1040-8746 Copyright � 2019 Wolters Kluwer Health, Inc. All rights rese
depth elsewhere [45]. A phase II randomized trial
performed a detailed analysis of biomarkers associ-
ated with overall survival (OS) in newly diagnosed
GBM patients receiving tumor-loaded DCs. This
showed that prevaccination blood CD8þ T-cell
counts and Granzyme B production in response to
the vaccine were significantly correlated with OS
[38]. However, these results have to be taken with
caution, as no multiple testing corrections were
applied. Another study testing a heat shock protein
peptide complex-96 vaccine in newly diagnosed
GBM patients showed that high levels of postvac-
cine immune responses were associated with longer
survival [35], although no raw data were presented.
Finally, a study for newly diagnosed GBM patients
showed that vaccination with CMV pp65 RNA-
loaded DCs after adoptive transfer of CMV pp65-
specific CD8 T cells increased the frequency of
polyfunctional CMV-specific CD8 T cells, which
was not observed in patients receiving physiological
saline [42]. These increases in polyfunctional CMV-
specific CD8 T cells correlated with OS.

Overall, allpublishedtumorvaccinetrialswerewell
tolerated.Onlyaminorityof studies,however, reported
monitoring of vaccine-induced immune responses.
ONGOING CLINICAL TRIALS

Ongoing glioma vaccine trials are testing TAA and
TSA peptide (n¼10), heat-shock protein (n¼3),
CMV-based (n¼8) and tumor (n¼11) vaccines in
the adult and pediatric population (Table 1, includ-
ing trials initiated in 2015 and after). Many trials of
peptide vaccines are using either long peptides or a
combination of MHC class I and II peptides, and the
majority are using poly-ICLC as adjuvant. Four trials
are combining peptide vaccines with immune check-
point molecules, either PD1, CTLA4 or CD27. A
significant number of trials are testing the potential
of CMV as target in GBM, the majority originating
from the same center and using CMV pp65-LAMP-
mRNA-transfected dendritic cell (DC) or the PEP-
CMV compound (Table 1). Interestingly, some of
these studies are performing a tetanus/diphtheria
toxin boost to induce inflammation and augment
DC draining to lymph nodes, and are assessing migra-
tion of DC in vivo (NCT02366728, NCT03688178
and NCT03927222). The majority of tumor vaccine
trials are testing DCs transfected with tumor or
antigen-coding RNA, one study combining with
nivolumab.
IMMUNOMONITORING

Most studies testing peptide vaccines have
performed monitoring of vaccine-induced responses.
r Health, Inc. All rights reserved.
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Technological advances now allow sensitive detec-
tion of immune responses ex vivo, without the
need for prior in-vitro amplification [32

&&

]. This is
clearly an asset, as ex-vivo analysis may not only
assess the presence of specific T cells, but also their
function, which is less relevant after in vitro culture.
Importantly, one trial performed extensive immuno-
monitoring in a limited number of patients, and
showed migration of induced T cells to the brain
[31

&

]. Unfortunately, a limited number of trials test-
ing tumor vaccines are performing accurate vaccine-
specific immunomonitoring, partly because of the
lack of identified antigens. This is, however, a very
important effort to make, as relying on influence of
the vaccine on survival alone may prevent learning
from these trials. Indeed, immunomonitoring data
could provide us with clues of why vaccines are able
or not to influence outcome, and how to move
forward to optimize vaccines and design rationale
combinations with other immunotherapies or treat-
ments. Another limitation of vaccine immunomoni-
toring is the usually limited access to postvaccine
tumor samples. Consequently, immunomonitoring
is performed in the peripheral blood, which might
not be representative of what is happening in situ.
Assessment of vaccine-induced T cells in the brain, as
performed in a limited number of studies
[16,31

&

,32
&&

] will potentially enable us to design
modalities to improve T-cell trafficking to the brain.
In line with this, two studies (NCT03665545 and
NCT03893903) testing peptide vaccines in patients
with recurrent GBM have a planned surgery after
vaccine initiation.
CONCLUSION

Intense research is ongoing in the field of GBM
vaccines, but influence on patient survival has yet
to be proven. Potential limitations to the efficacy of
vaccines, in GBM but also in other indications, are
the nature of the antigen, the lack of knowledge of
the best way to vaccinate (where, in what format, at
what frequency, how long, using what adjuvant),
the lack of efficient homing of T cells to the tumor
site and the immunosuppressive microenviron-
ment. It is probable that vaccination alone will
not have a major impact on survival, and we should,
in addition to finding ways to improve vaccine
formulation and T-cell homing to the brain, con-
centrate on combining with immune checkpoint
inhibitors and molecules targeting the glioma
microenvironment. In addition, the best way to
combine vaccine and other immunotherapies with
standard of care (radiotherapy, temozolomide, or
bevacizumab) has also to be explored. Altogether,
vaccines, which are well tolerated and relatively easy
 Copyright © 2019 Wolters Kluwer H
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to produce, should be tested in rational designs,
accompanied by a thorough monitoring of immune
responses in order to bring benefit to patients in
the future.
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