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Summary

Glioblastoma (GBM) is one of the most lethal central nervous systems (CNS) tumours in adults. As supplements to
standard of care (SOC), various immunotherapies improve the therapeutic effect in other cancers. Among them,
tumour vaccines can serve as complementary monotherapy or boost the clinical efficacy with other immunotherapies,
such as immune checkpoint blockade (ICB) and chimeric antigen receptor T cells (CAR-T) therapy. Previous studies
in GBM therapeutic vaccines have suggested that few neoantigens could be targeted in GBM due to low mutation
burden, and single-peptide therapeutic vaccination had limited efficacy in tumour control as monotherapy.
Combining diverse antigens, including neoantigens, tumour-associated antigens (TAAs), and pathogen-derived an-
tigens, and optimizing vaccine design or vaccination strategy may help with clinical efficacy improvement. In this
review, we discussed current GBM therapeutic vaccine platforms, evaluated and potential antigenic targets, current
challenges, and perspective opportunities for efficacy improvement.
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Introduction

Glioblastoma (GBM) is one of the most aggressive ma-
lignancies of the central nervous system (CNS) tu-
mours. Standard of care (SOC) therapy for GBM
includes maximum safe surgical resection followed by
adjuvant radiotherapy, temozolomide (TMZ) chemo-
therapy, and tumour-treating fields (TTF). These treat-
ments (with the exception of TTF) have remained
unchanged for almost 20 years without vital progress
and median overall survival (OS) from diagnosis of
roughly 15 months."” Most GBM patients experience
tumour recurrence.”® The high recurrence rate can be
attributed to unresectable sites of quiescent tumour
seeding cells distantly located from the initial tumour at
the early stage of tumorigenesis’ or tumour-normal
brain boundary-infiltrated tumour cells.* The most
recent World Health Organization (WHO) criteria clas-
sifies adult malignant gliomas as astrocytoma, IDH-
mutant (grades II, III, or IV), Oligodendroglioma,
IDH-mutant, 1p/19qg-codeleted (grades II, III), and
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Glioblastoma, IDH-wildtype (grade IV). Important to
note, non-GBM gliomas can also recur as more malig-
nant and lethal higher-grade gliomas.” Insufficient
treatment allows these residual tumour cells to form a
virtual nuclear and cytoplasmic continuum with adja-
cent normal cells,”” whereby they introduce genetic el-
ements and abnormal proteins to change normal cell
phenotype by directly forming gap junctions or
releasing tumour-derived extracellular vesicles,'” as well
as rescue damaged tumour cells. Overall, new supple-
mentary therapies are necessary to further decrease the
unobservable tumour load and attenuate tumour pro-
gression. Provoking host immunity using immuno-
therapy has long been thought promising to achieve a
better clinical outcome in GBM management. Inte-
grating immunotherapy into SOC of GBM is a feasible
next step to improve treatment efficacy for GBM
patients.”

There are several modes of immunotherapy. Prior
work has initiated such type of distinction for the
domain of neuro-oncology'* including the concepts of 1)
restorative immunotherapy (e.g., cytokine stimulations),
2) adoptive cell transfer immunotherapy (e.g. chimeric
antigen receptor T cells (CAR-T) and T cell receptor-
engineered T cells (TCR-T)), 3) passive immuno-
therapy (antibodies), 4) active specific immunotherapy
(vaccines), 5) modulatory immunotherapy (amongst
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others the checkpoint inhibitors), and 6) immunogenic
cell death (ICD) therapy (e.g. tumour-treating fields,
modulated electrohyperthermia, oncolytic virus ther-
apy).”'® Other concepts related to immunotherapy
include those not associated with a concrete patient
phenotype (such as ICD therapy), those personalized in
a manner that an antigen present on that patient’s
tumour is the target, or individualized immunother-
apies that account for the presence of a target and the
patient’s immune identity such as autologous DC vac-
cines or adoptive cell transfer of tumour-infiltrating
leukocyte therapy (TIL therapy). While these defini-
tions have been evolving, the basis remains the same.
According to antigen dependency, immunotherapies
can be separated as antigen-independent therapies, such
as indoleamine 2,3-dioxygenase 1 (IDO) inhibitor,
oncolytic viral therapy, and immune checkpoint
blockade (ICB), and antigen-specific approaches,
including CAR-T, TCR-T, and vaccines.”” The primary
distinction between these antigen dependencies is not
whether tumour antigens are required but rather
whether a known antigen or set of antigens is being
targeted. Antigen-independent therapies often aim to
block the immunosuppressive mechanism within the
tumour microenvironment (TME) to assist T cells to
escape exhaustion, activate antitumor immunity, or
facilitate tumour antigen release. To date, no results
from clinical trials of GBM IDO inhibitor treatment
have been reported (NCT02052648, NCT04047706, and
NCT02502708). Despite dramatic successes against a
variety of solid tumours,'®* several phase III clinical
trials on GBM ICB therapies have reported no
improvement in OS.?>* The efficacy of neoadjuvant ICB
immunotherapy in patients with GBM is controversial.
Some researchers have reported that neoadjuvant ICB
immunotherapy promotes OS in patients with recurrent
GBM?*; however, no significant change in cytotoxic
T-cell function or immune checkpoint expression was
reported in others,”* contributing to an unsatisfactory
survival benefit in GBM patients. Overall, the limited
efficacy of ICB as a monotherapy supplement to SOC
has been attributed to the ‘cold’ (immunologically inert)
TME,” GBM-induced tumour-supportive phenotypic
modifications,”” and low tumour mutation burden
(TMB) of GBM,** which has been recently reported to
be derived from the abnormal epigenome.”® High
mutational load is typically essential for successful ICB
treatments in some types of cancers,’** however, a
recent study reported that very low TMB in recurrent
GBM patients is associated with longer survival after
ICB treatment.”” Furthermore, oncolytic virus pre-
treatment can effectively promote ICB treatment effi-
cacy by increasing antigen exposure.***° Therefore,
enrolment of antigen-specific immunotherapy in a pa-
tient treatment regimen can improve clinical outcomes.
In this review, we broadly discuss antigen-specific
immunotherapies for brain tumours, with a focus on

therapeutic vaccine types and platforms for GBM
vaccination. We also outline current challenges, ongoing
strategies, and perspectives for improving GBM
immunotherapy in the clinic.

Antigen-specific therapies

Recently, antigen-targeting therapy, using mRNA vac-
cines or TCR-T showed a favourable effect in promoting
the regression of pancreatic cancers that acquired
resistance to ICB.”** More than just targeting designed
antigens, some patients treated with these antigen-
targeting strategies exhibit antigen spreading to other
non-targeting antigens.””* These studies provide a
foundation for antigen-targeted therapies for
checkpoint-refractory tumours.

Cancer vaccines aim to generate de novo tumour
antigen-specific T cells through professional antigen-
presenting cell (APC) presentation. Prophylactic
(preventative) anti-viral vaccines to mediate cancer pro-
tection have been extremely successful.“* Furthermore,
therapeutic vaccines against cervical intraepithelial
neoplasia (CIN) associated with the high-risk human
papillomavirus (HPV) subtype, HPV-16 and HPV-18,
can significantly increase the rate of histopathological
regression by around 20%* and even induce a complete
response.® Although no vaccines have been reported to
prevent non-viral cancer, some therapeutic vaccines
show promise for regressing non-viral tumours and
improving outcomes. Triple-negative breast cancer
(TNBC) is the most aggressive form of breast cancer
worldwide. Treating TNBC patients with the HER2
peptide AE37 vaccine demonstrated the clinical benefit
potential of tumour vaccination.*® For GBM patients, the
therapeutic benefit of single peptide vaccines performed
poorly in phase III trials and remains controversial,*
but some early-phase multi-peptide vaccines show
favourable clinical efficacy as a single supplementary
therapy for SOC.”* For cellular antigen-specific thera-
pies, CAR-T cell clinical trials targeting GBM antigens
(epidermal growth factor receptor variant III (EGFR-
vIII),”* human epidermal growth factor receptor 2
(HER2),”” and IL-13 receptor a2 (IL-13Ra2)***) demon-
strated the feasibility, safety, and potential efficacy of this
approach in GBM treatment.

In addition to promoting GBM regression as mon-
otherapy, vaccination can augment the therapeutic ac-
tivity of other immunotherapies, including both
antigen-dependent and  antigen-independent  ap-
proaches.® For example, amphiphile-ligand with con-
jugated tumour vaccine peptide® is a novel antigen
supplementary strategy to enhance CAR-T cell tumour
regression efficacy in the pre-clinical murine EGFRVIII
GBM model.” It partitions into the membrane of resi-
dent APCs after trafficking from the blood to lymph
nodes through injection, then robustly primes endoge-
nous CD4+ and CD8+ T cell responses and further
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induces antigen spreading. The above evidence suggests
that antigen-specific therapies, including vaccines,
which are the focus of this review, may enhance anti-
tumor immune responses and prolong survival after
SOC. Next, we discuss vaccine platforms, antigen types,
remaining challenges, and opportunities for therapeutic
GBM vaccination.

Vaccine platforms

The general elements for vaccine design include an
antigen, a danger signal, and a vehicle to transport the
antigen. The combination of these three contributes
make the potency and spectrum of the vaccine. Next, we
discussed four vaccine platforms (Fig. 1), which incor-
porate these elements, that have been applied in clinical
trials in vaccines for GBM: peptide vaccines, dendritic
cell (DC) vaccines, mRNA vaccines, and viral vector
vaccines.

Peptide vaccines

Compared to cell-based vaccines, peptide vaccines can
be produced faster and with fewer resources. These
utilize tumour-specific, or tumour-highly-expressed
peptide sequences synthesized chemically in vitro to
immunize patients.” There are two main types of
therapeutic cancer peptide vaccines, minimal peptide
epitopes (~8-11 amino acids, AAs) or synthetic long
peptides (SLPs, ~25-30 AAs).** The minimal peptide

Antigen Type
\/ Neoantigen

-~ Tumor-specific antigen
W (TSA) derives from
tumour specific

mutation, including
EGFRuvIII.

Tumour-associated
antigen

derives from the proteins
with elevated expression
in tumour cells. For
example, survivin and
HSPPC-96.

Pathogen-derived antigen
derives from exogenous
pathogens that infect the
tumour cells specifically,
such as CMV.

epitope could directly bind to the major histocompati-
bility complex (MHC) I-binding groove without an
internalization process. However, it simultaneously
raises the risk of binding to non-APC nucleated cells
that express MHC I molecules but lack costimulatory
molecules, which may lead to insufficient T-cell activa-
tion and even peptide tolerance.” In contrast to the
minimal peptide epitopes, SLPs require APC process-
ing. Its long length allows APC to efficiently present
both MHC I- (by cross-presentation) and MHC II-
restricted epitopes.® After in vivo injection, SLPs are
engulfed and presented by APCs to autologous CD4+
and CD8+ T cells, and then these primed T cells
circulate to the tumour and perform cytotoxicity. Owing
to the lack of capability to activate the innate immune
system, peptide vaccines need to be combined with
additional immune adjuvants. Assist from adjuvants
ensure sufficient costimulatory signals from APCs to
elicit a robust T-cell response.”’ The popular GBM vac-
cines are mainly peptide vaccines, such as rindopepimut
(EGFRVIII) and SurVax (survivin).” More details on
current GBM peptide vaccines will be introduced in a
later section.

Dendritic cell (DC) vaccines

DCs are the most potent professional APCs to provoke
adaptive immune responses. Before antigen uptake,
DCs mainly existed during the immature stage. Antigen
capture promotes DC maturation, with the secretion of

Platform Type

Peptide vaccine
Peptides that mimic the
epitope of the antigen
companying with various
adjuvants.

TAA
DC vaccine ?“Bo
Autologous DC precursors TSA
pulsed with tumour ; O N

antigens to maturation,
then reinfuse into patients.

mRNA vaccine
Single-strand naturally
mimicry mature mRNA

encoding tumour antigens, :“""m
delivered by various ﬂ
packaging particles or 7 ,\ N
reprogrammed DCs. P Sl
- ~
5 G / ARA-Z

Viral vector vaccine
Harmless viruses smuggle
tumour antigens to infected
tumour cells, capturing
tumour-host cell protein
synthesis system to
translate immunogenic
antigens.

mMRNA

S — |

DNA

Fig. 1: GBM vaccine composition. Left, the antigen type for the GBM vaccine. Right, the vaccine platform used in GBM vaccine delivery.
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various cytokines and upregulation of surface MHC and
costimulatory molecules and cytokine receptors.” DCs
play pivotal roles in presenting tumour antigens in the
lymph nodes to elicit T-cell priming and provoke distant
antitumor response.”” Providing DCs with tumour an-
tigens in (peptide vaccines) or ex vivo (DC vaccine) is of
vital importance for inducing tumour-specific effector T
cells. DC vaccines are generated ex vivo by culturing
hematopoietic progenitor cells or monocytes with a
combination of cytokines to induce mature DC differ-
entiation. Then loading the selected tumour antigen
with these DCs.” In addition to priming CD4+ T cells by
peptide-MHC II complex, these tumour antigen-loaded
DCs also elicit effective CD8+ T-cell anti-tumour
response through cross-priming, a process in which
DC presents the exogenous peptide by MHC I mole-
cules to prime CD8+ T cells.”” Compared to the whole
protein directly coming from autologous tumour lysates,
the synthetic peptides are more rapidly and efficiently
processed by APCs, thus enhancing CD8+ T-cell acti-
vation.® To guarantee an effective antitumor response,
the existence of a DC co-stimulatory signal is an
essential parameter. The lack of the necessary DC co-
stimulation signals in the TME hampers DC matura-
tion. Immature DC can present self-antigens to T cells,
which leads to immune tolerance either through T cell
deletion or immunosuppressive phenotype trans-
formation.”” The additional inflammatory stimulus can
help DC maturation and home to cervical lymph nodes”
and T cell immunostimulatory phenotype shift,’*
improving vaccination efficacy. Compared to the pep-
tide vaccine, the DC vaccine ensures DC maturation and
high antigen-presenting efficiency with sufficient exog-
enous costimulatory signals, whereas DC maturation
may be impeded by insufficient costimulatory signals in
patients with a weak primary immune status when
vaccinated with peptides. Recently, a phase III trial on
DC vaccine addition to SOC, DCVax-L,”* revealed a
significant extension of OS in both primary and recur-
rent GBM patients which was well-tolerated. Mean-
while, the phase I clinical trial of the DC vaccine
targeting GBM stem-like cells (GSC) in both newly
diagnosed and recurrent GBM patients” reported
encouraging results for stem-like cell targeting strategy,
consistent with results of a previous DC vaccine phase I1
study targeting GSC marker, CD133.” Beyond the
standard mature DCs, an early-phase clinical trial
revealed that o-type 1 polarized DC (aDC1) is another
feasible DC type that can induce prolonged type-1 T-cell
response more efficiently in GBM patients.”® Different
from incubating selected tumour antigens with autolo-
gous DCs ex vivo, a Sweden research group induced a
type 1 conventional DC (cDC1) phenotype in healthy
human somatic cells” and various human tumour cell
lines* to improve tumour heterogeneous antigen pre-
sentation, including GBM cell lines with favourable
reprogramming  efficiency.* The reprogrammed

cDCl1-like cells engulfed tumour antigen from the TME,
upregulated both MHC I complexes and costimulatory
molecules, and secreted proinflammatory cytokine, such
as IL-12 and IFN-y, reverting immunostimulatory
response due to tumour MHC I degradation.” These
tumour-APCs boost self-immunogenicity and CTL-
killing susceptibility by presenting more endogenous
and exogenous tumour antigens, driving anti-tumour
immunity in vitro and in vivo. This strategy solves the
human leukocyte antigen (HLA) restriction problem in
vaccine design.

mRNA vaccines

mRNA vaccines transduce mRNA into cells, especially
APCs, to present translated peptides. It possesses the
advantages of high potency, versatility, ease of develop-
ment, and low manufacturing costs. mRNA can encode
peptides that may be difficult to synthesize. Addition-
ally, mRNA can induce type I IFN secretion as an
intrinsic adjuvant, recognized by TLR3, 7, 8, and cyto-
solic RNA receptors.” To mimic an mRNA with a
naturally mature structure, the mRNA vaccine was
designed as a single strand with a 5’ cap and 3’ poly(A)
tail. The open reading frame (ORF) of the antigen-
coding region is equipped with start and stop codons,
flanked by untranslated regions (UTRs).*** It is either
delivered directly using various routes, such as cationic
liposomes, mRNA-packaging nanotechnologies,” and
viruses,* or indirectly by in vitro reprogramming
cells.**** Once uptake through endocytosis, the escaped
mRNA from ubiquitous RNase uses the host’s protein
synthesis system to translate tumour antigen proteins
instantly.” These proteins are either further trimmed by
immunoproteasomes and presented by MHC I mole-
cules, or secreted outside the cells and taken up by APCs
to be presented by MHC II molecules or cross-presented
in MHC I molecules.*”** The mRNA vaccine is only
transiently active and completely degrades. In GBM
patients, mRNA either induces the host immune system
by RNA-pulsed DC or is delivered directly by nano-
particles.® Pre-clinical® and early phase clinical trials®
showed that the mRNA has the potency to induce a
favourable anti-tumour response in GBM animal
models or patients and effectively prolongs overall sur-
vival. Clinical trials of mRNA vaccine for GBM are
ongoing (NCT04573140 and NCT04573140) and no re-
sults have yet been reported. Nevertheless, one phase I/
IT nonrandomized trial in stage IV renal cell cancer
patients vaccinated with mRNA that codes the same
tumour antigens for GBM patients, including MAGE-1,
Survivin, and HER-2, reported favourable clinical
benefits.”

Viral vector vaccines

There are diverse recombinant viral vectors that have
been used to deliver antigens clinically.*** Unlike
oncolytic viruses lysing tumour cells, viral vectors are
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genetically modified to insert antigen-encoding se-
quences and lose their toxicity to suit clinically safe ap-
plications. These virus vectors can infect the target cells
and translate antigen peptides by the host protein syn-
thesis system. Due to their capability to deliver multiple
antigens and induce a robust adaptive immune
response mimicking a natural infection, no exogenous
adjuvants are needed.* In addition to inducing a potent
immune response through delivered antigens, the re-
cipient’s immune system is also augmented by the viral
pathogen-associated molecular patterns (PAMPs).
However, long-term usage of viral vectors can induce
anti-viral humoral immunity.** No clinical trial results
have been reported; however, clinical trials on viral
vector vaccines targeting human cytomegalovirus pep-
tide in GBM are ongoing (NCT03382977).

GBM antigen classification

Optimal antigen selection is key to the efficacy of
tumour vaccination. An ideal tumour antigen should
possess high immunogenicity and be expressed specif-
ically by almost all tumour cells. During maturation, T
cells have to pass the negative selection in the thymic
medulla, which will delete the potential self-reactive T
cell with high-affinity TCR for the self-antigen presented
on DCs or thymic epithelial cells (TECs).” Only non-
self-antigens distinguished from peptides present in
normal peripheral tissues can elicit an effective T cell
response. Furthermore, an ideal tumour antigen should
be expressed abundantly and stably during tumour
progression, or tumour cells can escape from exogenous
tumour antigen-induced immunosurveillance due to
antigen loss. Not all tumour-derived peptides exhibit
antigenicity. Impacted by MHC restriction, only pep-
tides that are at fitted length and have matched anchor
residues allow being presented by MHC molecules. A
peptide with high affinity to MHC molecules correlates
with stronger T-cell anti-tumour activity.”" Likewise, the
peptides’ immunogenicity is also influenced by MHC
restriction that TCR recognizes both antigenic peptide
and MHC molecules, which have been discovered with
more than 25,000 alleles.”” Thus, tumour antigen can-
didates should meet the MHC limitation, possess both
antigenicity and immunogenicity, and have tumour
specificity and stable abundance. Tumour antigens can
be divided into endogenous and exogenous types.
Endogenous antigens are antigens that originate from
tumour cell intracellular proteins, including neo-
antigens (tumour-specific antigen, TSA) and tumour-
associated antigen (TAA). Exogenous antigens have
recently gained attention for use in tumour vaccine
therapy. These antigens are derived from the tumour
cells that preferentially infect pathogens and are pre-
sented by tumour MHC to activate the T cell
response.”** Of note, GBM bulk tumour-derived anti-
gen sources including tumour lysate vaccines, such as
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GBM6-AD* and AV-GBM-1,” or tumour-mRNA vac-
cines,* putatively include these categories of antigens
and still not recognized classes of antigens. In the
following section, we discuss each tumour antigen type
in GBM in more detail (Fig. 1).

Neoantigen in GBM

Neoantigens come from somatic mutations whose
clones only exist in the tumour cells. Due to GBM’s low
TMB and high heterogeneity of GBM, only one neo-
antigen, EGFRVIII, has been identified and evaluated as
an off-the-shelf neoantigen approach in clinical trials
related to GBM. Rindopepimut is a peptide vaccine
designed from the EGFRVIII deletion mutation that
occurs in roughly 20-30% of all GBM.**” Although its
phase II clinical trial reported a promising beneficial
potency,* the phase III randomized multicentre clinical
trial on rindopepimut failed to show the clinical benefits
of the EGFRVIII vaccine.”” Roughly 60% of patients after
treatment lose the EGFRVIII expression at recur-
rence,”*** potentially resulting from the cancer
immunoediting effects,”” however this has not been
definitively determined. Nevertheless, the EGFRVIII
vaccine can be used as a complementary therapy to
other immunotherapies. Recently, a study on EGFRvIII
vaccine-boosted CAR T therapy reported an enhanced
response despite the antigen loss in the murine
EGFRvIII GBM model.”* The adjuvant EGFRVIII vac-
cine induced antigen spreading® and promoted endog-
enous DC to engulf more tumour antigens to reinforce
T-cell activation.

Future neoantigen detection

Current GBM neoantigens are mainly selected based on
single nucleotide mutations, which have only one amino
acid difference in the mutated peptide.”*'* Despite their
high privacy and heterogeneity, GBM neoantigens from
structural variation (SV), frameshifting, gene fusion,
and cancer-associated chromosomal abnormalities'' are
actively being explored.

Tumour-associated antigens (TAAs) in GBM

TAAs include 1) developmental antigens, expressed
during embryonic development and decrease or are si-
lent after birth, 2) cancer-testis antigens (CTAs), elevated
in tumour cells and germ cells (e.g. testis) relative to
other tissues and contributing to meiosis, abnormal
chromosome segregation, and aneuploidy,'” and 3)
tumour overexpressed antigens, proteins expressed at a
very high level in tumours compared with healthy or-
gans. Increased CTA expression in GBM cells has been
shown to promote CD8+ T cell activation and cytotox-
icity,"” and immunized GBM patients with TAAs can
extend overall survival,' indicating TAAs’ potential in
GBM vaccination. A recent clinical trial on newly diag-
nosed GBM patients™ revealed that both neoantigens
and TAAs resulted in effective immunotherapies,
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especially for tumours with low TMB. TAA usage solves
the antigen universality problem caused by preexisting
antigenic heterogeneity, and these antigens can be
shared among various patients. Several clinical trials
reported that GBM TAAs, including MAGE-1, HER-2,
gpl00, AIM-2, TRP-2, EphA2," survivin®, IL13Ra2,”
and heat-shock peptide protein complex-96 (HSPPC-
96),"” possess favourable anti-tumour potency’'~
(Table 1). In contrast to GBM neoantigen vaccines,
GBM TAA vaccines tend to be in the form of combi-
nations of peptides, such as SL-701,°' ICT-107,> and
IMA950,” for clinical trial usage to compensate for their
lower immunogenicity compared to neoantigens.'*®
Telomerase (TERT) is a major oncogene responsible
for primary brain tumours, and its promoter mutation is
found in approximately 80% of primary GBM cases,
making TERT-derived peptides an ideal target for GBM
neoantigen vaccines. Phase II clinical trials immunizing
GBM patients with TERT mRNA-transfected DC
(NCT03548571) or TERT-derived helper peptides
(NCT04280848) as supplements to SOC are ongoing.
GSCs play a pivotal role in tumour initiation, progres-
sion, and therapy resistance.'®'"° It shows similar het-
erogeneity'!! to different single-cell subtypes.'? GSCs
highly express TAAs, mainly CTAs'* and MHC mole-
cules,"*" which strongly activate CD4+ and CD8+ T
cells. TAAs, such as CD133,” are ideal targets for potent
immune therapy to reduce the GSC load. Recently,
Wilms’ tumour 1 protein (WT1), a development-specific
transcription factor that contributes to oncogenesis''®
and used to be a TAA of other tumours,"”'** has been
evaluated in several clinical trials on GBM patients
(NCT03149003, NCT02649582, NCT01291420), sug-
gesting that more GBM TAAs can be explored from
existing TAAs of other tumours. However, one main
limitation of TAA clinical usage is HLA restriction,
which has over 25,000 variants in humans.” Clinical
trials for testing GBM TAAs are mainly restricted to the
HLA-A2 allotype,”** and may lose function in patients
with different HLA haplotypes. In addition to these
existing TAAs, there is potential for multiple undefined
TAA candidates worth exploring, such as alternative
splicing or transposable elements.

TAAs from alternative splicing

Alternative splicing occurs in approximately 92%-95%
of multi-exon genes in humans," whose changes
reshape cancer-associated phenotypes by promoting
angiogenesis,’” inducing cell proliferation,’”” and
avoiding apoptosis.'* Alternative splicing changes can
be another tumorigenesis driver that is mutually exclu-
sive of the mutation driver.'” Changes in the expression
of core or auxiliary splicing factors in tumour cells
generate oncogenic splicing variants, and a relatively
small change in splicing factors or their downstream
transcript abundance is sufficient to trigger oncogenic
effects in cells.”** By aberrant alternative splicing events,

tumour cells can generate abnormal proteins with
gained/loss domains to remodel the intracellular
protein—protein interaction (PPI) network, and these
newly formed peptide sequences, especially located at
the splicing junction, may be ideal candidates for alter-
native splicing-derived antigen vaccines.

TAAs from transposable elements

Epigenetic dysregulation in tumours lead to de-
repression of transposable elements (TEs).'”” As a
result, the non-coding genome from TEs in normal
adult somatic cells aberrantly translates into peptides in
GBM cells.'” These tumour-associated peptides with
potential immunogenicity can be further presented by
MHC I molecules’” and may function as GBM TAA
targets.

Pathogen-derived antigen in GBM

Viral-derived antigen

Human cytomegalovirus (CMV) nucleic acids and pro-
teins are initially distinctively detected in GBM tissues,
but not in the surrounding normal brain, from >90% of
patients.'”'? However, the presence of CMV in GBM
cells is still under significant debate because some
rigorously performed studies have failed to detect CMV
proteins or DNAs in GBM clinical samples.”**"** Some
of these failures may be due to sample preparation
methodologies and detection strategies or fragmented/
discontinuous viral genomes in the bulk short-read
sequencing data generated from next-generation
sequencing (NGS),"”*** which may be improved by
optimizing the protocol”*'** or wusing long-read
sequencing technology.”® Despite the debated CMV
existence, some clinical trials have reported that target-
ing pp65 CMV immunodominant epitope with one in-
jection of autologous tumour lysate-pulsed DC
immediately invoked a CMV-specific CD8+ T cell
response in GBM patients,”*** revealing CMV viral an-
tigen as an attractive exogenous immunotherapeutic
target.”* Clinical trials conducted by the Khanna group
in Australia reported that autologous CMV-specific T
cell transduction is a safe adjuvant immunotherapy to
improve the clinical outcomes of patients with pri-
mary'” and recurrent GBM."* In addition, lysed CMV-
infected tumour cells expose more tumour antigens to
the TME,"* allowing APCs to present various antigens,
thereby promoting antigen spreading.” Despite the
increasing expansion of primed CD8+ T cells, some is-
sues related to the anti-CMV T cell strategy remain to be
resolved before conducting further clinical trials, such
as immune dysfunction and loss of susceptibility.'”

Intratumoural bacteria

Intratumoural bacteria potentially induce strong
immunogenic antitumor efficacies and have signifi-
cantly extended survival rates with effective immuno-
logical memory in various murine cancer models."**'*!
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Antigen Target

Antigen Platform

Antigen Classification

Phase Status

NCT Identifier

Autologous GSC lysate

Autologous tumour lysate

EGFRvIII

GSC Antigen

Survivin

WT1

HSPPC-96

Combined TAA

mv

Other

Autologous glioma stem-like cell antigens
Autologous tumour and GSC lysate
Autologous tumour antigens
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate
Autologous tumour lysate

EGFRuvIII

EGFRuvIII

EGFRvIII

EGFRvII, IL13Ro2, EphA2, Her2/neu, YKL-40
GSC antigens

GSC antigens

GSC antigens, survivin and hTERT
SurVaxM (survivin)

SurVaxM (survivin)

Wilms' tumour protein 1 (WT1)
Wilms' tumour protein 1 (WT1)
Wilms' tumor protein 1 (WT1)
HSPPC-96

HSPPC-96

HSPPC-96

HSPPC-96

HSPPC-96

ICT-107 (MAGE-1, HER-2, AIM-2, TRP-2,
gp100, IL13Ra2)

IMA950 (BCAN, CSPG4, FABP7, IGF2BP3,
NRCAM, NLGN4X, PTPRZ1, TNC, survivin, c-
met)

IMAQ50 (BCAN, CSPG4, FABP7, IGF2BP3,
NRCAM, NLGN4X, PTPRZ2, TNC, survivin, c-
met)

SL-701 (survivin, IL-13Ra2, and EphA2)
CMV (gB and pp65)

CMV (pp65)

CMV (pp65)

CMV (pp65)

CMV (pp65)

Dendritic and Glioma Cells Fusion vaccine
Telomerase (TERT)-derived helper peptides
VXMO1 (VEGFR2)

E02401 (IL13Ra2, BIRC5, FOXM1)

DC

DC
Uncertain
Peptide
DC

DC

DC

DC

DC

DC

DC

DC

DC

DC

DC

DC

DC

DC

DC

DC
Peptide
Peptide
Peptide
Peptide
DC

DC

DC
Peptide
Peptide
Peptide
DC

DC
Peptide
Peptide
Peptide
Peptide
Peptide
DC

Peptide

Peptide

Peptide
Virus vector
DC

DC

DC

DC

DC

Peptide

Attenuated Salmonella bacteria

Peptide

Personalized antigen
TSA + TAA
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
Personalized antigen
TSA

TSA

TSA

TSA + TAA

TSA + TAA

TSA + TAA

TSA + TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

TAA

Pathogen-derived antigen
Pathogen-derived antigen
Pathogen-derived antigen
Pathogen-derived antigen
Pathogen-derived antigen
Personalized antigen

TAA

TAA

TAA

1 Completed
nm Unknown
Il Completed
/i Not yet recruiting
[/l Recruiting
I Recruiting
Il Active

Il Active

Il Completed
1l Completed
1l Completed
1l Completed
Il Recruiting
Il Recruiting
Il Recruiting
Il Unknown
Il Withdrawn
1] Active

1] Not yet recruiting
1l Unknown
1l Completed
Il Completed
Il Completed
Il Withdrawn
Il Recruiting
Il Unknown
1/ Active

] Active

] Recruiting
1l Completed
71l Completed
i Recruiting
1 Completed
1 Recruiting
I Completed
1l Completed
I Terminated
1l Completed

171 Active

11l Completed

1 Completed
I/ Recruiting
I Active

Il Active

Il Completed
1l Terminated
I Recruiting
I Active

11 Active

/1l Active

NCT00846456
NCT01759810
NCT00014573

NCT05685004
NCT03879512

NCT04801147
NCT01204684
NCT03400917
NCT00323115

NCT01213407

NCT00576537
NCT01006044
NCT04523688
NCT04115761

NCT03395587
NCT02772094
NCT03014804
NCT00045968
NCT05100641
NCT04277221

NCT00643097
NCT00458601
NCT01480479
NCT02754362
NCT04888611
NCT01567202

NCT03548571
NCT02455557
NCT05163080
NCT03149003
NCT01291420
NCT02649582
NCT00293423
NCT03650257
NCT00905060
NCT03018288
NCT01814813
NCT01280552

NCT03665545

NCT01920191

NCT02078648
NCT03382977
NCT02465268
NCT03688178
NCT02366728
NCT03927222
NCT04388033
NCT04280848
NCT03750071
NCT04116658

Table 1: Current phase II/Ill clinical trials of GBM vaccines.
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Bacteria-derived peptide-recognized memory T cells,
which are pre-stimulated by bacteria-derived or tumour-
derived antigens, exist in both peripheral blood and
tumours.'*? As a result of molecular mimicry,'* cross-
reactivity between human tumour antigens and bacte-
rial antigens allows tumour antigen recognition by
CD4+ T cells'” and CD8+ cytotoxic T cells.** These
bacteria-derived peptides can be used in combination
with other tumour vaccines. GBM contains distinct
microbial communities compared with adjacent normal
tissues.”® Both GBM tissues and cell lines present
bacteria-specific peptides via MHC II molecules. After
bacterial peptide stimulation, tumour-infiltrating lym-
phocytes secrete more pro-inflammatory cytokines and
recruit CD8+ T cells to promote tumour-killing.” For
patients that hardly detect intratumoural bacterial
nucleic acids or peptides, injecting tumour antigen-
engineered commensal bacteria subcutaneously to
elicit distant anti-tumour immune reactions is a novel
and safe approach,'' and is worth exploring for GBM
treatment. By lysing subcutaneously engineered bacte-
ria, epidermal Langerhans cells further present tumour
peptides in MHC molecules for T-cell priming, and then
distant primed CD8+ T cells enter the circulation and
infiltrate into tumours for cytotoxicity. This vaccination
strategy avoids HLA restriction and tumour desertifica-
tion,"** in which tumour cells disturb antigen uptake by
DCs via various immunosuppressive mechanisms.

Challenges for the GBM vaccine

To identify additional GBM antigens, many studies have
attempted to predict GBM neoantigens''* and
TAAs"*'* from tumour lysates, peptides isolated from
purified tumour MHC molecules,** and next-generation
sequencing analysis. Because existing GBM neoantigen
predictions are mainly based on single nucleotide mu-
tations, there are still plenty of GBM neoantigens
derived from structural variants, frameshifts, and
changes in chromosome structure waiting to be
explored. Immunopeptidome applications help detect
HLA-presented peptides on the tumour surface, accel-
erating GBM antigen prediction progression and
increasing reliability."*"** Apart from the lack of valid
GBM antigens, other challenges need to be considered
to improve the clinical outcome of vaccination (Fig. 2).

Challenges from GBM tumour features

Low tumour mutation burden

CNS tumours, including GBM, which may initiate
mainly from epigenetic lesions,” have regularly low
TMB.*** Because neoantigen presentation is a proba-
bilistic process dependent on neoantigen abundance,
few mutations can be present in GBM cells as neo-
epitopes™ for efficient autologous T-cell recognition.
Although some neoantigens occasionally possess
immunogenicity and are presented by APCs, only a

minority of mutations are processed to MHC-presented
neoepitopes that can be targeted by T cells.””'** Among
the presented neoantigens, most arise from passenger
mutations and have limited potency because tumour
subclones without these highly antigenic tumour-
specific mutant peptides escape from T-cell-dependent
immunoselection.”™ Additionally, antigen spreading, a
critical mechanism of immunotherapy response, occurs
after therapeutic tumour vaccination.” It is induced by
increased tumour antigen exposure, which is attributed
to the initial vaccine-mediated tumour lysis. A smaller
antigen pool due to low TMB allows fewer immuno-
genic neoantigens to be exposed following vaccination,
which may reduce the benefits from antigen spreading
after immunotherapy.

T-cell sequester

In GBM patients, including treatment-naive patients, it
has been reported that the majority of T cells, including
both CD4+ and CD8+ T cells, have been sequestered in
the bone marrow due to tumour-imposed loss of
S1P1,” leading to insufficient T cell homing to sec-
ondary lymph organs or circulating in the peripheral
blood, resulting in less T cell infiltration into GBM.
Although high microvessel density correlates with gli-
oma grade, these dysfunctional vessels are poorly
perfused.”® Dysfunctional glioma vasculature hampers
T cell recruitment and tertiary lymphoid structure (TLS)
neogenesis,””'** resulting in a hypoxic and immuno-
suppressive TME that aggravates with tumour grade.
With increasing intratumoural hypoxia levels, more
CD8+ cytotoxic T cells will be entrapped in pseudopa-
lisading hypoxic zones formed by hypoxic GBM cells in
immunocompetent hosts, limiting inflammatory
spread.” Sequestered CD8+ cytotoxic T cells will
transform to immunosuppressive phenotype by experi-
encing hypoxia and interacting with trapped immuno-
suppressive tumour-associated macrophages (TAMs)
that mainly migrate from peripheral blood. Hypoxia-
associated T-cell sequesters may counteract the clinical
benefits of bevacizumab therapy.” Thus, before per-
forming efficacy studies, when feasible, early-phase tri-
als should evaluate antigen-targeted T-cell infiltration as
it is an essential step in achieving a response. Poor
infiltration of T-cells in many GBM remains a barrier to
progress and future studies are warranted to understand
and improve the infiltration and biodistribution of im-
mune cells throughout GBM.

Immunosuppressive TME

In GBM, effector T cells gain exhaustion features that
are attributed to various factors in the TME." IL-10 plays
a crucial role in conferring immunosuppressive TME in
GBM'' by inhibiting APCs, hampering T-cell prolifer-
ation, and inducing the activity of regulatory T (Treg)
cells.’” It induces tolerogenic DC maturation, thereby
promoting Treg differentiation.” Previous studies have
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Fig. 2: Challenges that hamper GBM vaccine efficacy. The purple means the challenges related to GBM tumour features. The green represents

the challenges caused by the patient’s clinical features.

revealed that glioma patients exhibit an increased frac-
tion of CD4+ Treg cells in both the blood'® and tu-
mours.'** High levels of Treg cells decrease the T cell
antitumor response by upregulating immune check-
point molecules or secreting immunosuppressive cyto-
kines,”*'*> and treating mice with neutralizing
antibodies against CD25 to eliminate the suppressive
function of Tregs'*® can rescue the inhibited cytotoxic T
cell antitumor functions. Moreover, intratumoural Tregs
have a distinct TCR repertoire that specifically recog-
nizes tumour neoantigens'”” or TAAs,'*® suggesting that
the tumour antigens may lead to tumour antigen-
recognized Treg cell clonal expansion. Depleting Treg
clones that recognize tumour antigens will promote
anti-tumour responses of effector/memory T cells tar-
geting identical tumour antigens.'® Tumour-associated
myeloid cells (TAMC), consisting of tumour-associated
macrophages (TAM) and myeloid-derived suppressor
cells (MDSC), are another critical component in the
formation of an immunosuppressive TME in GBM.
TAMCs account for 30%-50% of the mass in GBM'*'7°
and are the major source of PD-L1 expression in GBM
TME to hamper adaptive immune response.'”’ Targeting
PD-L1 on GBM TAMCs can profoundly reverse their
immune inhibitory effects, reactivate CD8+ T cells, and
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prolong OS in GBM mouse models.””” Approximately
85% of TAMs originate from peripheral blood (bone
marrow-derived macrophage/monocyte, BMDM) and
are recruited to perivascular areas in GBM with the
remaining resident TAMs (microglia) located sur-
rounding the GBM tumour mass.”> TAMs from
BMDMs (macrophages) preferentially exhibit non-
polarized (undifferentiated) or immunosuppressive
phenotypes,”* and their abundance in the GBM TME
may be associated with ICB resistance and poor T-cell
infiltration.'””” Resident TAMs (microglia) can promote
tumour immune evasion by mTOR signalling to hinder
effector T cell infiltration and proliferation within the
GBM TME."* Co-culture of human CD14+ monocytes
from healthy donors with GBM cells induces MDSC-like
properties in these monocytes.”® A previous study
depicted MDSC accumulation in the peripheral blood of
GBM patients.””*'”” As a result of the upregulated GM-
CSF expression in the GBM TME, GBM:-infiltrated
myeloid cells increase their Interleukin-4 receptor-o
(IL-4Ra) expression, which mediates IL-13-induced
production of arginase, thereby suppressing T-cell pro-
liferation and function.”” The inhibition of T-cell func-
tion can be significantly restored after removing MDSCs
from peripheral blood.”” Additionally, for patients who
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accept tumour vaccination, T cells persistently accu-
mulate at the vaccination site owing to the antigen
concentration gradient. Constant interaction with the
vaccine for at least five days drives T cell anergy medi-
ated by IFN-y and MDSCs."”” Although short-term IFN-y
secretion can promote MHC I complex expression in
GBM cells,” accumulation of IFN-y induces T cell
anergy and upregulates the expression of various im-
mune checkpoint genes,”” promoting a profoundly
exhausted phenotype of T cells during long-term vacci-
nation courses.”

Antigen loss and reduced antigen processing and presentation
In addition to the overexpression of checkpoint inhibitor
molecules,'™ antigen loss, resulting from the down-
regulation of antigen-originated proteins or antigen
presentation,' and degradation of MHC molecules,*
are other key challenges for successful immuno-
therapy. GBM is one of the refractory tumours with high
heterogeneity,'*>'** especially at the molecular level.''>*
Apart from diverse bulk’"'® and single-cell"*** tran-
scriptional subtypes, the tumour exhibits high plasticity
that enables its dynamic phenotype to change to adjust
to variable pressures,”'*’ leading to most GBM antigens
being highly changeable private antigens, even in
different regions of the same tumour.” The currently
evaluated GBM neoantigen vaccine targeting EGFRVIII
face the risk of antigen loss, and the phase III clinical
trial of rindopepimut reported that approximately 60%
of GBM patients lost EGFRVIII expression during
recurrence.” The disappearance of clonal or subclonal
mutations during GBM clonal evolution® mediated by
chromosomal deletions and loss of heterozygosity
(LOH),"® abnormal chromosomal structure,”>"”' and
epigenetic modifications contribute to GBM antigen
loss, thereby decreasing its immunogenic antigenic
protein expression. Furthermore, during post-surgery
recurrence, the immunoediting effect” and the bal-
ance between immune supervision function and
tumorigenesis consistently sculpts the tumour antigen
pool. During the escape phase, the loss of abundant
immunogenic antigens'” and the dominance of
immunosuppressive features challenge immunotherapy
efficacy. Of note, the kinetics of antigenic change over
time with therapy pose challenges in vaccine design.
One group is now trying to solve this problem by using
immunogenic cell death-induced serum-derived anti-
genic extracellular microvesicles and apoptotic bodies,
which results in an actualized antigenic profile at the
time of effective vaccination.” Mutation, down-
regulation, or release of MHC molecules is another
immune evasion mechanism in GBM.**"**** Loss-of-
function mutations or LOH"* of MHC-I and beta-2-
microglobulin (B2M) are frequently enriched across
tumours™"'*° and the adaptive immune system pro-
motes evolutionary selection by killing tumour cells that
present immunogenic antigens. During the proposed

equilibrium and escape phase of the GBM “immunoe-
diting” process,” the tumour cells that lost immuno-
genic antigen presentation survived under adaptive
immune system supervision. As evidence for the
importance of MHC expression, upregulating glioma-
derived exosomal MHC-I expression can assist CD8+
T cells in recognizing tumour cells, interrupting glioma
cells from evading immunosurveillance.””” Coopera-
tively, a large scale of stochastic mutation induced by
TMZ>*% will accelerate this selection progression to
promote surface immunogenic MHC-antigen complex
loss. Thus, clonal evolution,” subtype switching,** and
LOH in MHC and B2M genes'” after treatment poten-
tially alter the GBM antigen repertoire longitudinally,
resulting in antigen loss for vaccine therapy.”’

Challenges from GBM patient clinical features

Age

GBM frequently occurs in the older population (median
age:64 years), with the highest occurrence between 75
and 84 years,”*”' and patients at younger ages receive
more benefits from tumour vaccination.” Natural
changes in the immune system with age can negatively
affect the efficacy of tumour vaccination. Memory T
cells, especially virtual memory T cells (Ty,),** which
have a memory phenotype in the absence of foreign
antigens, accumulate with age, erode the naive CD8+ T
cell compartment, and restrict the T-cell receptor (TCR)
pool and neoplastic antigen recognition in older pa-
tients. This naive:memory ratio imbalance of T cells has
been attributed to thymus involution.””® During age-
related thymus involution, thymocytes decrease and
are replaced by adipocytes, resulting in diminished pe-
ripheral T-cell repertoire diversity and immunose-
nescence,””* compromising the detection and response
to new stimulants. Deep cervical lymph nodes (DcLNs),
considered the main secondary lymph organ response
to CNS tumours, also experience age-related atrophy,*”
thereby further shrinking the T cell compartment.
Dural lymph vessel cerebrospinal fluid (CSF) drainage
function decreases with age. Old age is associated with
dysmorphology, increased lymphatic channel thick-
ness,” and dysfunction of dural lymph vessels.”® These
alterations impair metabolic waste clearance from the
CNS,”” and hamper the circulation of GBM antigens
through the lymph as well.**® Simultaneously, age-
related inflammageing condition*® may further inhibit
antigen-specific immunity and reduce the vaccination
effectiveness.”® In a phase I/II trial of oncolytic DNX-
2401 virotherapy plus ICB in recurrent GBM, patients
with complete response (CR) were under 30 years old
suggesting age as a potential beneficial factor.** Conse-
quently, measures to enhance the basal immune reac-
tivity of elderly GBM patients may be needed to render
tumour vaccine therapy more efficacious. The Thymus
Regeneration, Immunorestoration, and Insulin Mitiga-
tion (TRIIM) clinical trial results’"’ point to a future
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direction to overcome age-associated unfavourable fac-
tors for enhancing anti-tumour immunity. It succeeded
in causing thymic regeneration and an expansion of the
pool of naive T cells by a combination of growth hor-
mone, metformin, and dehydroepiandrosterone in nine
healthy 51-65-year-old men for one year. This may be a
potential method for enhancing the immune response
following vaccination in GBM patients.

Postsurgical lymphatic structure destruction

The brain was considered devoid of lymphatics until the
exact dural lymphatic vessels were observed in 2015.>?
The discovery of structural lymphatic vessels”**"> and
the glymphatic system”* in the brain has helped re-
searchers understand the accurate process of tumour
antigen  presentation  from  parenchymal to
dcLNs.2#1221% Surgery is the primary treatment option
for GBM patients. For visual exposure, GBM resection
involves incision and peeling of the membranes above
the tumour, perturbing the proximal structures around
the tumour. The procedure may irreversibly destroy the
dural lymph vessel’*? and the subarachnoid
lymphatic-like membrane (SLYM)*" proximal to the
primary site, where APCs, particularly DCs, localize or
migrate for immune surveillance. Due to lymph struc-
ture damage, tumour antigens from the post-resection
remaining tumour that invade the surrounding brain
parenchyma may not adequately reach the secondary
lymph nodes. This is supported by data demonstrating
that CNS lymphatic drainage and neuroinflammation
are regulated by meningeal lymphatic vasculature.””
Meanwhile, the postoperative inflammageing condition
of patients may exacerbate immunosuppression.’*?"
More work is warranted to identify the precise mecha-
nism of brain tumour antigen drainage into the lymph
nodes.

Adjuvant therapies decrease T cell clone diversity and
function

Apart from age-induced immunosenescence, multiple
antineoplastic therapies, such as radiotherapy and
chemotherapy, deplete lymphoid precursors, induce
thymocyte apoptosis,”® and accelerate thymus involu-
tion,*”” thereby damaging the normal T cell development
process and leading to prolonged deficiency in the
adaptive immune system.”* Antigen-induced clonal
expansion in lymph nodes cannot resolve this impair-
ment.”’” TMZ is the primary alkylating agent used for
GBM adjuvant chemotherapy. Despite significant
survival-prolonged benefits,"” TMZ treatment pro-
motes GBM gain by more than 10 times mutations
stochastically at recurrence (mainly C>T transitions),”*
including the DNA mismatch repair (MMR)-encoding
genes (MSH2, MSH5, MSH6, MHS4, MLH1, MLH2,
PMS1, and PMS2),”" whose deficiency contributes to
post-treatment hypermutation’”” and TMZ resistance.””
By increasing genome instability within GBM, TMZ
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treatment limits the effectiveness of antigen-targeting
therapies.”* Genes containing TMZ-induced hyper-
mutated loci are more highly expressed in recurrent
GBM, but the increased neoantigen load fails to improve
the effects of immunotherapy.?* Additionally, standard
TMZ eradicates both proliferating CD4+ and CD8+ T
cells and promotes CD8+ T cell exhaustion, thereby
hindering immunotherapy effectiveness.””* Edema is a
common complication of GBM. To limit the progres-
sion of peritumoral edema, physicians often choose
corticosteroids. Theoretically, corticosteroid mediated
depletion of immune cells may counteract the anti-
tumour effects of tumour vaccines,’*** however, there
is no phase III clinical trial data yet definitely reporting
the adverse effect on GBM patients’ survival. Alterna-
tives to steroids should also be considered in conjunc-
tion with GBM vaccines. Bevacizumab performs well in
controlling brain edema.”* Combining GBM vaccine
therapy with bevacizumab is a feasible strategy to con-
trol edema as a steroid alternative.””

Perspective: future direction and opportunities

to improve GBM tumour vaccine efficacy

GBM vaccine is a feasible approach to improve patients’
clinical outcomes with SOC. Although the previously
mentioned challenges can hamper the efficacy of cur-
rent GBM vaccines, there are many promising oppor-
tunities to improve their therapeutic effects (Fig. 3).

Personalized multi-peptide vaccine

Due to interpatient heterogeneity, except for some
common driver mutations, such as EGFRvIII muta-
tion, among GBM patients vary from each other,
resulting in the majority of neoantigens derived from
these mutations being seldom shared. Testing of
personalized vaccines for GBM patients began over 20
years ago, which harvested tumour lysates, primed T
cells from the peripheral blood of GBM patient, stim-
ulated and expanded them in vitro, and then infused
tumour antigen-target T cells back into the patient.””*
This clinical trial reported an increased antitumor im-
mune response but no survival benefit in the test
cohort (median OS:12 months). Compared to priming
T cells with all tumour lysate proteins unselectively,
personalized neoantigen design from bioinformatic
prediction shows potential for improving GBM patient
clinical vaccine efficacy.” Meanwhile, by integrating
diverse private tumour antigens, a large proportion of
tumour cells that present different antigens will be
recognized by primed T cells, thereby effectively
reducing the tumour load, and counteracting the anti-
gen loss risk. The multi-peptide combination strategy
has been evaluated to improve the prognosis of pa-
tients with newly diagnosed GBM.**** Generally, neo-
antigens are expected to be highly immunogenic, but
tend to be private (most mutations are unique to

11


www.thelancet.com/digital-health

Review

12

1
Personalized Vaccine

SN

1 Nucleotide 10

2
Optimize Vaccine Design

Promising
3 Advancement 4

Prime CD4+ T cell

Cancer
cell death

Tcell
(effector)

T cell
(helper)

Combination Therapy

Cancer cell

Vaccine

antigen

Tumour '\’6\
P

CD8+ T cell

Type 1

Lysed Tumour
<DC (cDCT)

Fig. 3: Promising advancements for GBM vaccine efficacy.

individual tumours; exceptions include some well-
known driver mutations), whereas TAAs are widely
applicable with less immunogenicity."”® Combining
both neoantigens and TAAs in GBM patient vaccina-
tion can boost the vaccine effect compared with the
monotype vaccine. Personalized multi-peptide vaccine
design containing both neoantigens and TAAs detected
by exome sequencing, transcriptome sequencing, and
HLA immunopeptidomes may yield a favourable CD8
cytotoxic T cell intratumoural infiltration and survival
extension.”* In two small-scale clinical trials of the
GBM personalized vaccine, two study groups tested the
efficacy of personalized antigens with/without TAAs in
aged cohorts (median age:52.5, 65 years) of newly
diagnosed GBM.**** Even with more mutations, the
cohort receiving a personalized vaccine composed of
neoantigens showed shorter OS than the other cohort
being vaccinated by both neoantigens and TAAs (me-
dian 0S:29 months vs. 16.8 months), indicating TAA
supplementation in the personalized multi-peptide
design can further extend patients’ survival. Addition-
ally, a therapeutic vaccine prepared via GSC mRNA-
transfected DC can significantly prolong PFS in GBM
patients,””” which offers an additional option for
personalized multi-peptide vaccine design.

Optimize vaccine peptide design

Long-length peptide designs can induce minimal T-cell
sequestration at the vaccination site, attenuate T-cell
exhaustion, and enhance anti-tumour responses after
tumour vaccination.””” On the one hand, long peptides
require cleavage in vivo by APCs, preventing over-
whelming peptide presentation by various cells,
including B cells, thus trapping fewer T cells at the
vaccination site. On the other hand, it allows injected
peptides to be trimmed into various short-length pep-
tides to fit the binding grooves of multiple MHC allo-
types, including MHC I (through cross-presentation)
and MHC II molecules.” In addition to direct tumour
cell killing mediated by MHC-I-peptide primed CD8+ T
cells, MHC-II-peptide primed CD4+ T cells can provide
sufficient co-stimulatory signals to CD8+ T cells to
enhance their cytotoxicity.**!

Short-lived vaccine’s fast degradation of the vaccine
peptides, attributed to the lack of persistent peptide-
holding adjuvants, decreases the probability of T-cell
sequestration at the vaccination site and T-cell apoptosis
mediated by vaccine-induced high levels of IFN-y.”
Continued tumour antigen exposure impairs T-cell
effector function and drives T-cell epigenetic remodel-
ling to a dysfunctional state.”” Short-lived vaccines can
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promote T cell localization to tumours, prevent T cell
dysfunction, and attenuate T cell apoptosis at the
expense of reduced T cell priming efficiency.”” How-
ever, this shortcoming can be rescued by combination
with immunostimulatory supplements.

Vaccine adjuvant and neoadjuvant

Vaccine adjuvants refer to immunostimulatory compo-
nents, given in addition to the antigen, to enhance the
durability and magnitude of the immune response.
Owing to the low immunogenicity of cancer peptide
vaccines, combination with adjuvants is likely to
improve the induction of effective antigen-targeting
immune responses.”**** After in vivo injection with
tumour antigens, the adjuvant typically activates the
innate immune system by introducing pathogen-
associated molecular patterns (PAMPs) or damage-
associated molecular patterns (DAMPs), inducing
cytokine production, and recruiting innate immune
cells to enhance adaptive immune responses.”” Insol-
uble aluminium salt (alum) is the most commonly used
adjuvant in humans and in infectious disease vaccines
such as hepatitis B#¢ and malaria.?”” Alum mainly pro-
motes the Th2-type response,”® making it less suitable
as a tumour vaccine complement, in which a proin-
flammatory response is the typical goal. For tumour
vaccines, incomplete Freund’s adjuvant (IFA) is widely
used in clinical research on various cancers, which can
protect against antigen degradation and release antigens
slowly to APCs.”*? However, it can cause T-cell
sequestration at the vaccination site and destroy long-
lived CD8+ T-cell immunity."”” Adjuvants on the mar-
ket used in prophylactic vaccines are typically thought to
not effectively induce a CD8+ T-cell response.”* AS04,
an aluminium salt absorbing 3-O-desacyl-4-mono-
phosphoryl lipid A (MPL), which is a detoxified form of
lipopolysaccharide (LPS) extracted from Salmonella
Minnesota, can provoke a prominent Thl-type response,
suggesting the added value of the Toll-like receptor
(TLR) agonist MPL (TLR4 agonist) as a human cancer
vaccine adjuvant.”*' Targeting TLRs has great potential
as tumour vaccine adjuvants. In mice, delivering anti-
gens with TLRs ligands can induce antigen-specific
CD8+ T-cell responses.”>** A phase I clinical trial in
GBM patients reported significantly increased T cell
chemoattraction after complementing CpG-
oligodeoxynucleotides (CpG-ODN), a TLR9 ligand,
with a peptide vaccine from hTERT.*** Polyinosinic—
polycytidylic acid (poly (I:C)), a TLR3 agonist, potently
induces antitumor CD8+ T cytotoxic responses.’”® Sta-
bilizing this synthetic double-stranded RNA (poly (I:C))
with poly-L-lysine forms its RNase-resistant analog,
ploy-ICLC, which can be a reliable and authentic mi-
crobial mimic for upregulating interferon and inflam-
masome signals in innate immune cells.?** Poly-ICLC is
often used in GBM vaccine clinical trials
(NCT03665545, NCT05557240, NCT02078648,
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NCT02510950, NCT01920191) with or without
granulocyte-macrophage colony-stimulating factor (GM-
CSF) (NCT02149225), a widely used adjuvant’”’ to
advance APC function and boost antitumor
response.”**** The stimulator of interferon genes
(STING) pathway is a sensor of central cellular cytosolic
double-stranded DNA (dsDNA), which can be activated
by intrinsic self-dsDNA release from cancer cells. Its
activation attenuates the early progression of tumour
cells by mediating immune cell infiltration, such as T
cells and natural killer (NK) cells, and upregulating
proinflammatory cytokines, such as type I IFNs and
chemokine secretion.”® STING agonists are another
potential adjuvant for tumour vaccine activation.” Its
usage significantly enhances T-cell infiltration and in-
hibits tumour size in a dose-dependent manner
compared with GM-CSF alone.””' In addition to the
available adjuvants mentioned above, novel adjuvants
for tissue damage, cell death, metabolic modulation, and
epigenetic modulation are worth further exploration.?*

Prime CD4 T cells

The CD4+ helper T cells, are important for tumour
antigen specific CD8+ T cell population maintenance.
After presenting tumour antigens, DCs prime CD4+ T
cells, resulting in IL-2 production, which facilitates T
cell proliferation and expansion.”” CD8+ T cells primed
by interacting with both DCs and activated CD4+ T cells
will gain a robust primary induction, including long-
term maintenance and higher proliferative ability
when suffering a secondary challenge, compared to
those primed without CD4+ T cells.”* Primed CD4+ T
cells promote CD8+ T cells to gain a cytotoxic phenotype
by IL-21 secretion against differentiation to exhaustion
subclones.”*** A recent study identified a cellular triad
associated with antitumor efficacy.””* The intratumoural
cellular triad consists of DCs, CD4+ T cells, and CD8+ T
cells. The triads of spatially attracted CD4+ T cells and
DCs to the periphery of CD8+ T cells promote local
CD8+ T cell differentiation into effector T cells and
enhance CD8+ T cell cytotoxic potency. Antigen-induced
antitumor responses require both tumour-antigen-
primed CD4+ and CD8+ T cells.”* CD4+ T cell prim-
ing guarantees effective tumour rejection during vacci-
nation.”*** Disregarding CD4+ T cells, the level of
CD8+ T cell infiltration alone is not a significant prog-
nostic factor in glioma patients,”” revealing the impor-
tance of CD4+ T cells which has been underestimated in
previous glioma antigen studies. GBM vaccine
expanded both CD4+ and CD8+ T cells. Traditionally,
TAAs have been designed to elicit sustained responses
of effector and central memory CD8+ T cells. A recent
study targeting a neoantigen, IDH1 R132H,*** was
developed to induce CD4+ T cells of T helper Type 1.**
Thus, the CD4+ T cell response is vital to neoantigen-
induced antitumor immunity, whose expanded TCR
clone can react to IDH R132H.” In addition to
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supporting CD8+ T cell cytotoxicity as a helper or
regulator, the primary antitumor immunity response of
CD4+ T cells is also non-negligible.**** CD4+ T cells
effectively eliminated MHC-deficient tumour cells. For
example, CD8+ T cells are unable to kill MHC-I-
deficient tumour cells, whereas CD4+ T cells can erad-
icate MHC-I-downregulated tumour cells in cooperation
with the innate immune system,””*"' or mediate CD8+
T cell anti-tumour response through CD40L signalling
to kill tumour cells that lack MHC II molecule expres-
sion.”**** Additionally, CD4+ T cells can elicit cytotox-
icity to kill tumour cells in an MHC II-dependence
manner.””?* After priming, cytotoxic CD4+ T cell
clones expand and enrich within tumours with various
inflammatory cytokine secretions, such as IFN-y and
TNF-a, functioning as cytotoxic T cells. Consequently,
considering MHC I and MHC II molecules’ compatible
peptides and their TCR avidity together when designing
a GBM vaccine can improve future vaccination efficacy.

Combination therapy

Long-term vaccine usage upregulates immune check-
point gene expression owing to the accumulation of
[FN-y. To combat this immunosuppressive mechanism,
ICB is an ideal complement to vaccines. Combined ICB
therapy augments vaccine anti-tumour efficacy in both a
preclinical murine cancer model** and a clinical trial,*”
and was even able to induce a rapid and durable com-
plete response in tumour patients with metastasis.”*®
ICB combination with neoantigen vaccine augments
survival benefits in an ICB-resistant GBM murine
model.*® A small-scale clinical trial on recurrent GBM
(n = 3 patients/group) revealed that neoadjuvant ICB
plus DC vaccine treatment prolonged the patient OS
compared with treatment with DC vaccine without
neoadjuvant ICB (median OS:15.3 vs 8 months)
(NCT02529072). Another study reported on a GBM case
with long-term combinational therapy consisting of
autologous DC vaccines expressing mRNAs encoding
both TAAs and neoantigens, with anti-PD-1 and poly I:C
in which the patient exhibited 69 months of
progression-free survival.”® Other clinical trials of ICB
and vaccine combinations for GBM treatment are
ongoing (NCT02287428, NCT04888611, NCT04201873,
NCT03018288), and no results have been reported.
Another issue for immunotherapy in GBM is the ‘cold’-
immune excluded TME.”" Intratumoural injection of
oncolytic virus, DNX-2401, can transform the ‘cold’
GBM TME to ‘hot’ TME in patients with recurrent GBM
by lysing tumour cells and exposing tumour antigens,*”?
benefiting GBM regression even to a best response of
CR in two patients when combined with intravenous
ICB.** A phase I/II clinical trial reported favourable
survival extension and tumour regression after oncolytic
virus treatment with expected blood-brain barrier (BBB)
penetration in an intravenous delivery cohort.””> Despite
the direct virus-mediated pro-antitumor effect, arming

viruses with immunoregulatory genes can confer addi-
tional antitumor functions. The Yu group inserted an
extra sequence that encodes anti-CD47 IgGl or IgG4
antibodies into the oncolytic virus, resulting in anti-
CD47 antibody secretion from infected GBM cells,
which blocked the phagocytosis inhibitory immune
checkpoint.””# In addition to directly lysing tumour cells,
the oncolytic virus activates innate immune cells by
translating anti-CD47 antibodies, thereby improving the
antitumor response and survival. Other studies evalu-
ating armed oncolytic viruses for GBM are ongoing.””
This technique offers the possibility of integrating
tumour antigens with oncolytic viruses to enhance their
antitumor properties. Additionally, a multiphase com-
bined treatment approach may be a promising regimen
complement after SOC.”® During chemotherapy and
oncolytic virus treatment, the TME can transform from
‘cold’ to ‘hot’, with tumour-lysed antigens exposed in the
TME. These tumour-lysed antigens are important
sources of ICD-induced antigens. The efficacy of sub-
sequent DC vaccine therapy will be boosted by diverse
ICD-induced antigens in addition to its preload
antigens.">”’

Conclusion

GBM tumour vaccination holds promise as a comple-
mentary therapy to SOC. Compared to single-peptide
vaccination, personalized multi-peptide vaccines con-
sisting of neoantigens and TAAs exhibit better tumour
regression and stronger anti-tumour responses. Due to
the unique epigenetic mechanism of gliomagenesis,
neoantigens are likely to be limited in number for GBM
immunotherapy, and TAAs and pathogen-derived anti-
gens may be useful in increasing the arsenal of vaccine
antigens. Patient age, immune fitness, and treatment
regimens can affect the efficacy of GBM vaccines. The
optimal combination of tumour vaccines and SOC will
be the focus of future clinical applications of GBM
tumour vaccines. Optimizing vaccine design (antigen
and adjuvant selection), concentrating on the role of
CD4+ T cells in tumour vaccines, and combination
immunotherapy will become new keys to increasing the
efficacy of GBM vaccines.

Outstanding questions

Tumour vaccine is a potent strategy to improve the
therapeutic effect of patients with GBM after SOC. As a
malignant tumour possibly derived from an abnormal
epigenome, GBM has low TMB and few neoantigens,
which may hamper the efficacy of immunotherapy.
Various clinical trials on GBM vaccines reported un-
satisfactory results for few clinical benefits. Optimizing
vaccine design, including personalized antigen selec-
tion, multi-antigen targeting, and improving vaccine
platform or adjuvant, will be future topics for improving
GBM vaccine efficacy. Another challenge is activating
robust anti-tumour response in patients against the
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Search strategy and selection criteria

Data for this Review were identified by searches of
MEDLINE, PubMed, and references from relevant articles

using the search terms “glioblastoma”, “vaccine”, “antigen”,

“clinical trial”, and “immunotherapy”. Abstracts and reports
from meetings were included only when they were related
directly to previously published work. Only articles
published in English between 1996 and 2023 were
included.

immunosuppressive effects of GBM. How to strengthen
a GBM patient’s immunity weakened by age, treatment,
or tumour immune escape mechanism is worth
considering when performing tumour vaccine therapy.
Tumour vaccine works well when combining to other
immunotherapies, such as ICB. Combinational treat-
ment and immunizing premalignant LGG patients are
novel aspects of improving vaccine treatment regime
design. While there are numerous established and
presumed advantages and disadvantages of each vaccine
platform (mRNA vs. peptide, vs DC loaded, vs viral
vector) and antigen source, ongoing and future trials
should empirically determine the difference between
each.
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