doi:10.1093/brain/awab155 BRAIN 2021: 144; 2594-2609 | 2594

Tumour immune landscape of paediatric
high-grade gliomas

James L. Ross,* Jose Velazquez Vega,? Ashley Plant,® Tobey J. MacDonald,*
Oren J. Becher® and Dolores Hambardzumyan®

Over the past decade, remarkable progress has been made towards elucidating the origin and genomic landscape
of childhood high-grade brain tumours. It has become evident that paediatric high-grade gliomas differ from those
in adults with respect to multiple defining aspects including: DNA copy number, gene expression profiles, tumour
locations within the CNS and genetic alterations such as somatic histone mutations.

Despite these advances, clinical trials for children with gliomas have historically been based on ineffective adult
regimens that fail to take into consideration the fundamental biological differences between the two. Additionally,
although our knowledge of the intrinsic cellular mechanisms driving tumour progression has considerably
expanded, little is known about the dynamic tumour immune microenvironment in paediatric high-grade gliomas.
In this review, we explore the genetic and epigenetic landscape of these gliomas and how this drives the creation
of specific tumour subgroups with meaningful survival outcomes. Further, we provide a comprehensive analysis of
the paediatric high-grade glioma tumour immune microenvironment and discuss emerging therapeutic efforts
aimed at exploiting the immune functions of these tumours.
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CAR = chimeric antigen receptor; DIPG = diffuse intrinsic pontine glioma; DMG = diffuse midline
glioma; FIt3L = fms-like tyrosine kinase 3 ligand; H/LGG = high/low-grade glioma; NSG = nod scid gamma;
PRC2 = polycomb repressive complex 2; TAM = tumour-associated macrophage; TIME = tumour immune

microenvironment

Introduction

CNS neoplasms are the most common solid tumours in the paedi-
atric population.’® Approximately 53% of all paediatric
solid tumours are composed of low- (LGG) and high-grade
(HGG) gliomas. Paediatric LGGs (pLGGs) account for approximately
two-thirds, and paediatric HGGs (pHGGs) one-third, of all paediat-
ric CNS tumours.® High-grade gliomas include several disease enti-
ties such as anaplastic astrocytoma, glioblastoma, diffuse midline
glioma (DMG) with the H3K27M mutation (WHO Grade IV) and dif-
fuse intrinsic pontine glioma (DIPG). Less frequently encountered
HGGs include anaplastic oligodendroglioma, oligoastrocytoma and
gliosarcoma. Together, these gliomas occur in 1 per 100000 chil-
dren each year, yet despite their relative rarity, they are respon-
sible for the most cancer-related deaths in children under the age
of 19years.»* To date, there have been very few predisposing con-
ditions causally linked to the development of pHGG, but conditions
such as Li-Fraumeni syndrome, constitutional mismatch repair
deficiency, neurofibromatosis type 1 and Turcot syndrome have
been implicated.”™”

Paediatric HGGs within the brain are found in two general loca-
tions, including the cortical hemispheres (~50%) or the midline/
brainstem (~50%; collectively referred to as DMG) (Fig. 1A).
Hemispheric pHGGs (supratentorial) are typically less aggressive
than those found in the midline or brainstem (infratentorial).
Furthermore, hemispheric pHGGs usually have a median age at
diagnosis of 13 years and median survival of 18 months, compared
with 7-9years and 11 months, respectively, for DMGs.®° Much is
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known about the intrinsic cellular mechanisms driving tumour
progression in pHGGs, yet the tumour immune microenvironment
(TIME) has been less comprehensively characterized. In this re-
view, we discuss the historical data describing the TIME of pHGGs
and explore the implications that the TIME has on tumour dynam-
ics and therapeutic efforts.

Current standard of care

As with adult HGGs (aHGGs), the most effective treatment strategy
for pHGGs is maximal safe tumour resection.'®* However, the dif-
fusely infiltrative nature of HGGs precludes complete tumour re-
section in nearly all cases, owing to inevitable tumour recurrence.
In one study (CCG-945), patients who underwent gross total resec-
tion had a 5-year progression-free survival rate of 35%, while that
of those who received subtotal resection was 17%."? In cases where
over 90% of the tumour is resected, the 5-year progression-free
survival rate is significantly greater than in those with less suc-
cessful resection.'’ Because of the location of DMGs in delicate
regions of the brain such as the brainstem and thalamus, these
tumours are typically rendered inoperable, contributing to their
dismal outlook. Treatment of DMGs thus relies heavily on radio-
therapy with the use of corticosteroids for symptom management
and cerebral oedema.’®*® A range of radiation doses are used to
treat pHGGs, with most patients receiving between 50 Gy and 60 Gy
of fractionated radiation spread over ~6 weeks of 30 fractions.»®**
Unlike aHGGs, pHGGs typically do not respond to chemotherapies
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Figure 1 Clinical features of pHGGs. (A) T, FLAIR magnetic resonance image of a DIPG in the coronal plane and a post-contrast T; MRI of H3/IDH
wild-type hemispheric pHGG in the transverse plane. Corresponding haematoxylin and eosin stained (H&E) images displaying major histological
characteristics, including microvascular proliferation (yellow arrow), pseudopalisading necrosis (red arrow) and brisk mitotic activity (black arrow).
(B) Forty to sixty per cent of pHGGs have PDGFRA amplification. Half of the pHGGs have histone mutations, including H3.1/H3.3K27M mutations
which arise in the brainstem and midline and H3.3G34R/V mutations, which are hemispheric tumours. The other half of pHGGs are histone wild-
type, but commonly possess CDKN2A and TP53 mutations, and typically arise in the hemispheres of the brain.
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and the addition of chemotherapy to radiotherapy adds little bene-
fit.'® Further, unlike aLGGs and aHGGs, which frequently harbour
the prognostically favourable MGMT promoter methylation, the
frequency of this genetic alteration is lower in pHGGs, and it
is unclear whether this has prognostic value in the paediatric set-
ting.’*2° The limited number of long-term pHGG survivors are
often left with detrimental side effects, including endocrine mor-
bidity, psychiatric and neurocognitive impairments, developmen-
tal disorders and a high incidence of secondary tumours.*® These
deleterious outcomes further highlight the necessity for novel
treatment modalities that extend the prognostic outcome while
minimizing toxicities in children with pHGG.

Historically, therapeutic strategies for pHGG have been adapted
from their adult counterparts and have therefore ignored the in-
nate biological differences between the two. Immune checkpoint
blockade strategies targeting adult systemic cancers have largely
failed to produce benefits in pHGG, with the exception of patients
harbouring constitutional mismatch repair deficiency.?"??
Furthermore, there have been few attempts to target the immuno-
logical properties of these tumours, most likely because the role of
the TIME in pHGGs has overwhelmingly been ignored despite the
abundance of non-neoplastic cell types found within them.
Henceforth, we must put more emphasis on delineating the role of
the TIME in pHGGs, including the cell types involved, their bio-
logical functions within the tumour and their potential for thera-
peutic targeting.

The genetic and epigenetic landscape of
paediatric high-grade gliomas

The genetic differences between pHGGs and aHGGs are striking,
highlighting the need to develop tailored therapeutic strategies
specific to the former. Although both types of tumour share the
same defining histological features, including diffusely infiltrating
tumour margins, vigorous mitotic activity, microvascular hyper-
plasia, and pseudopalisading necrosis, the similarities diverge
from there (Fig. 1A).%*>?* Both pHGGs and aHGGs possess a high fre-
quency of PDGFRA amplification and mutation; however, these
alterations are more frequent in pHGGs (up to 40%) and constitute
the most common genetic alteration in these tumours
(Fig. 1B).>*° Despite demonstrated activation of the PI3K path-
way in pHGGs, alterations in the aHGG subtype-defining genes
EGFR and PTEN are less frequent in pHGGs.?® TERT promoter muta-
tions which are frequent in aHGGs are present in only 2% of DMGs
and 3% of hemispheric pHGGs.” Moreover, chromosomal altera-
tions are much more common in aHGGs.>?®

A prominently unique feature of pHGGs is the presence of
mutations in histone encoding genes. Up to 50% of all cases pos-
sess mutations in H3F3A or HIST1H3B, including 60-80% of DIPGs,
60% of midline HGGs and 15% of hemispheric pHGGs.>?® These
mutations were first identified through whole-genome sequencing
in 2012 by two separate groups, Schwartzentruber et al.>® and Wu
et al.,*® who discovered that DIPGs exclusively possessed heterozy-
gous somatic mutations encoding lysine to methionine alterations
at lysine 27 (K27M) in the H3F3A and HIST1H3B genes.”’” These
mutations were not found in hemispheric pHGGs; however, som-
atic mutations encoding glycine to arginine and less frequently
glycine to valine at glycine 34 (G34R/V) of the H3F3A gene are found
in up to 15-20% of these tumours.?>*' K27M mutations are primar-
ily found in brainstem/midline pHGGs, and G34R/V mutations are
exclusively found in hemispheric pHGGs; yet, the exact mechan-
ism for these location-based differences have yet to be revealed.

The presence of histone mutations appears to be the driving
factor for the subtype-specific groupings of pHGGs. A recent
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meta-analysis of over 1000 pHGGs by Mackay et al.” demonstrated
unique survival statistics for each histone mutant subgroup. H3.1
and H3.3K27M mutations confer the worst survival and occur in
younger patients, while H3.3G34R/V mutations confer slightly
extended survival over K27M and histone wild-type tumours
(Fig. 1B).>*° Activating mutations in ACVR1 are frequently found in
H3.1K27M tumours, and less frequently in H3.3K27M tumours.?”:*?
Almost all G34R/V tumours possess TP53 mutations and ~50% also
have ATRX-DAXX mutations.?®** H3K27M tumours arising outside
of the pons also possess ATRX loss, but at lower frequencies than
G34R/V tumours.?>*>3* Despite possessing similar co-mutations
with IDH1 mutant tumours, histone-mutant pHGGs do not har-
bour IDH1 mutations, and only ~6% of all pHGGs do.****
Furthermore, histone-mutant pHGGs rarely have EGFR amplifica-
tions, BRAF V600E or NF1 mutations, and they typically do not pos-
sess receptor tyrosine kinase fusions (MET, FGFR2, NTRK2/NTRK3)
that are otherwise found in hemispheric histone wild-type
tumours.”***> The heterozygous loss of chromosome arm 10q is
also found in all subgroups of pHGG, including histone-mutant
subgroups.”>*3°

Despite having a more indolent disease course, DMGs harbour-
ing H3.1K27M and H3.3K27M mutations have similar overall sur-
vival and event-free survival rates compared with pHGGs and are
therefore now classified as WHO Grade IV tumours even in the ab-
sence of high-grade histology.*®** Tumours possessing K27M
mutations are thought to arise from neural precursor cells during
CNS development.®® These pHGGs usually possess TP53 overex-
pression or loss-of-function mutations as well as amplifications of
PDGFRA.?’"?° Histone H3.1 is produced during the S-phase of the
cell cycle and is utilized for the packaging of newly synthesized
DNA. H3.3 is synthesized during interphase and is deposited on ac-
tively transcribed genes by the ATRX/DAXX complex independent
of the cell cycle.**™*! Although histone H3 mutant proteins make
up only 3-17% of the total H3 pool in DIPGs, almost complete loss
of H3K27me3 has been observed.*? Even though there is global loss
of H3K27M methylation, it has been shown that patient-derived
DMG cells harbouring the H3.3K27M mutation retain high methy-
lation at a small number of domains such as the HOXD locus. This
is in contrast to H3.1K27M-bearing cells, which do not retain
methylation in these domains.** The mutated histone proteins in-
hibit the enzymatic activity of the polycomb repressive complex 2
(PRC2) subunit EZH2, which leads to global loss of H3K27me3/me2
methylation and increased H3K27 acetylation (Fig. 2).*>** PRC2 tar-
get genes are involved in developmental processes related to stem
cell regulation, cellular proliferation and cellular differenti-
ation.***® Through single-cell RNA sequencing of human and mur-
ine DIPG K27M mutant tumours, groups have shown that few
genes are downregulated in comparison with other tumour types,
and PRC2 target genes are upregulated as a result of hypomethyla-
tion.”®* It has also been demonstrated that the majority of cells
within DIPGs are most similar to self-renewing oligodendrocyte
progenitor cells, indicating the H3K27M mutation likely prohibits
differentiation into oligodendrocytes.*®

Much is known about histone wild-type and K27M mutant glio-
mas. Less is known about pHGGs that harbour H3G34R/V muta-
tions, which arise predominately in the hemispheres of the brain.
H3G34R/V mutations occur in up to 15% of hemispheric pHGGs,
and in a similar manner to K27M tumours, they possess
H3K36me3 hypomethylation; however, this is observed only on
affected histone H3 mutant proteins.*>*? The loss in methylation
is due to the close proximity of H3G34 to K36, leading to dimin-
ished SETD2 enzymatic activity and subsequent loss of
H3K36me3.*>*® Interestingly, much like adult gioblastoma,
H3G34R/V mutant tumours have been shown to possess a methy-
lated MGMT promoter; however, this finding does not confer a
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Figure 2 Histone mutations in pHGGs. (A) In histone wild-type pHGGs, there is maintenance of global H3K27me3 across the genome. (B) However, in
H3.1 or H3.3K27M mutant pHGGs, the methyltransferase activity of the EZH2 enzymatic unit of the PRC2 complex is inhibited, resulting in global
hypomethylation and increased acetylation. (C) In H3.3G34R/V mutant pHGGs, there is loss of H3K27me3 but only on affected histone proteins, due

to the proximity of the G34 position to K36.

survival advantage in patients treated with temozolomide.’*>*°

Unlike H3G34R/V mutant pHGGs, H3K27M pHGGs do not harbour
MGMT promoter methylation®® It has also been found
that H3G34R/V tumours have a greater mutational burden than
other pHGG subgroups, likely due to deficiencies in the DNA
chaperone proteins ATRX and DAXX, which also aid in DNA re-
pair.> Although currently unexplored, these characteristics may
be useful in the development of subtype-specific targeted
immunotherapies.

In the absence of mutations in histone encoding genes, there
are three main subgroups that arise from consensus clustering of
450k methylation data, and these groups have been termed WT-A,
WT-B and WT-C.* A large majority of WT-A samples were found
to be hemispheric, resemble LGG subgroups and driven by BRAF
V600E, NF1 and TP53 mutations, as well as receptor tyrosine kinase
fusions such as MET, FGFR2 and NTRK2/NTRK3.* Interestingly,
these tumours showed upregulation of cytokine signalling and
had the best overall survival of the three histone wild-type sub-
groups—reflective of historical findings, suggesting that pLGGs
have increased cytokine and chemokine signalling compared
with their pHGG counterparts.®?> DNA methylation analysis by
Grabovska et al.>® further demonstrated that WT-A tumours pos-
sessed greater monocyte infiltration and greater tumour infiltrat-
ing lymphocyte infiltration compared with WT-B and WT-C
tumours. It was also found that lower B-cell and CD8 T-cell

infiltration in this group correlated with worse survival. Other
mutations commonly found in histone wild-type tumours that do
not necessarily fall into specific subtypes include CDKN2A/CDKN2B
deletions, RB1 mutations, receptor tyrosine kinase alterations
(MET, IFG1R, NTRK?2), PI3K pathway alterations (PTEN, PIK3CA, TSC2,
PIK3R1) and MAPK pathway mutations (BRAF and NF1).%*
Although not specifically discussed in this review, infant HGGs are
also largely driven by receptor tyrosine kinase alterations (ALK,
ROS, NTRK, MET) and possess their own subgroupings.>*

Stratification between WT-B and WT-C tumours is less robust,
yet differences do exist between them. WT-B tumours were found
more evenly dispersed among the brain’s anatomical locations,
had strong upregulation of MYC target genes and had the worst
overall survival of the three histone wild-type subgroups.’
Furthermore, they demonstrated the lowest level of CD4 T-cell in-
filtration between the three subgroups.”® WT-C tumours were
mostly hemispheric in nature yet their expression signature
reflected that of midline tumours. These tumours harboured
PDGFRA and MET amplifications and were associated with the pro-
neural gene signature of adult gioblastoma, which is characterized
by a relatively inert immunological landscape.®*°

It is well-established that pHGGs are highly heterogeneous in
terms of region-specific differences in age at diagnosis, molecular
alterations and survival. To date, in-depth studies investigating
how the tumour location (midline versus cerebral hemispheres) or
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presence of onco-histones (H3K27M or H3G34R/V) impact the TIME
have been lacking. We believe a focus on these areas will propel
therapeutic discovery; therefore, we will now thoroughly discuss
our current understanding of the pHGG TIME.

The immune landscape of paediatric
high-grade gliomas

Studies specifically designed to enhance our understanding of the
TIME of pHGGs are sparse yet informative. Several studies have
broadly compared pLGGs to pHGGs; however, as the importance of
the TIME in aHGG subtypes with respect to survival and response
to therapy has dramatically increased, the pHGG TIME is becoming
more heavily studied. A study carried out by Griesinger et al.>®
demonstrated through flow cytometry that the number of infiltrat-
ing CD45+ and CD11b+ myeloid cells is significantly higher in
paediatric pilocytic astrocytoma and ependymoma compared with
gioblastoma and medulloblastoma samples. The latter two sam-
ples also displayed an immunosuppressed phenotype with a high
proportion of CD163 and CD206 expression, as well as a smaller
frequency of CD4+ and CD8+ T cells compared with pilocytic
astrocytoma and ependymoma samples. It must be noted that the
study did not provide sample sizes; however, it was one of the first
to analyse the immune infiltrates of pHGGs.

Much of our knowledge about the pHGG TIME has been
obtained through immunohistochemical analyses. Lieberman
et al.>? used a set of pLGG (19 pilocytic astrocytoma, four ganglio-
glioma), pHGG (one anaplastic astrocytoma, 16 glioblastoma) and
DIPG (n =9, autopsy) samples for tissue microarray analysis and
compared the findings with normal adjacent brain tissue (n=12).
There were minimal differences in the amount of CD68 + CD163 +
tumour-associated macrophages (TAMs) between tumour types;
however, pLGG and pHGG samples had significantly more TAMs
compared with the control tissue, while DIPG samples did not. The
same trend held true for CD3+ and CD8+ T cells, highlighting the
scarcity of lymphocytes in DIPGs. NanoString analysis of CCL2-4
demonstrated higher expression in pLGGs compared with pHGGs
and DIPGs, while pHGGs and DIPGs had higher expression of
CXCL8 than pLGG and non-tumour tissue. Interestingly, pHGG and
DIPG samples demonstrated the highest expression of PDL1, again
suggesting that the TIME of pHGGs is immunosuppressive in na-
ture. Lastly, VEGFA expression was highest in DIPGs and pHGGs,
likely indicative of the highly vascularized nature of these
tumours.>> Robinson et al.>” performed multiplex immunohisto-
chemical analysis of 18 pLGG (five pleomorphic
xanthoastrocytoma, seven ganglioglioma and six pilocytic astrocy-
toma) and eight pHGG (four histone wild-type, three H3G34R and
one H3K27M) tissue samples. This analysis revealed that pLGGs
exhibit significantly higher amounts of CD3 + T-cell infiltration, al-
though CD3 staining was highly variable among all samples. The
same group also performed single-cell mass cytometry (CyTOF) on
eight pLGGs and one pHGG (fresh tumours), and they found the
predominant infiltrating T-cell subtype to be CD69 + CD45RO + tis-
sue resident memory cells. Furthermore, TCF1+ T cells were
observed to localize in perivascular areas, while CD103+ T cells
were further away from CD31+ blood vessels.”” The number of
high-grade samples in this study were low, yet they corroborated
other findings of low T-cell infiltration in pHGGs.

A more integrated approach to comparing pLGGs and pHGGs
was taken by Plant et al.,*® who performed immunohistochemistry
on formalin fixed-paraffin embedded tumour samples and
supplemented these data with flow cytometry on fresh tumour
samples. The immunohistochemistry findings from 27 paediatric
gioblastomas and 32 pLGGs demonstrated significantly greater
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infiltration of CD45+ myeloid cells, CD8+ T cells and PD1+ cells
in pLGGs. The majority of samples were negative for PDL1
expression, and there were no correlations between immuno-
histochemical markers and overall survival in pHGGs.
Additionally, OncoPanel™ results were available for a subset of
patients which showed there to be seven or fewer mutations per
tumour type, indicating that the mutational load of pLGGs and
PHGGs was small. Flow cytometry on 10 pLGGs and three pHGGs
further demonstrated a higher level of lymphocytic infiltration in
pPLGGs compared with pHGGs; however, statistical significance
was not met. Interestingly, pHGG samples had significantly higher
levels of CD45+CD19+ B cells and CD38+IgD+ activated B cells
compared with pLGGs, yet the significance of these findings was
not determined. In the same study, frozen blood samples from
four pLGG and four pHGG patients were used for T-cell receptor
sequencing. This analysis found little sharing of T-cell clones be-
tween tumour and corresponding blood samples, likely due to the
limited T-cell infiltrate in these tumours.>® Overall, this study once
again demonstrated the paucity of an immunogenic microenviron-
ment in pHGGs, especially with respect to infiltrating T cells.
These results suggest other immune cell types such as TAMs
should take precedent when studying the TIME of pHGGs.

Studies carried out by our laboratory have further supported
historical findings of scarce T-cell infiltration in pHGGs.*® Through
the immunohistochemical analysis of human formalin fixed-
paraffin embedded pHGG tissue samples, including 12 DIPG (7/12
K27M) and 11 paediatric gioblastoma (3/11 G34R) samples, we
found few CD3+ and CD8+ T cells present and no differences be-
tween subtype or tumour location. In a larger cohort of 33 samples,
including 17 DIPG (10/17 K27M) and 16 paediatric gioblastoma (4/16
G34R) samples, we did, however, find considerable infiltration of
IBA1+ TAMs among all tumour types, with high sample-to-sample
variability. Again, no differences were observed between tumour
subtype, molecular subgroup or tumour location, but this does not
preclude the existence of these differences. To make conclusive
observations concerning subtype-specific differences, larger stud-
ies must be done. Regression analysis revealed significant correla-
tions between CD3 and IBA1 positivity in matched samples, as
well as for CD3 and CD31, CD3 and PDGFRB, IBA1 and CD31,
PDGFB, and PDGFRB, suggesting the stromal compartment of the
tumour may play a pivotal role in influencing immune cell
infiltration.

To supplement our findings using immunohistochemistry, we
also performed NanoString analysis on 22 human pHGG samples,
including 10 DIPG (8/10 K27M) and 12 pHGG (3/12 G34R) samples.
Interestingly, there were considerable differences in the inflam-
matory signalling pathways between the two HGG subtypes.
Unsupervised hierarchical clustering of signalling pathway scores
indicated that the majority of DIPG samples cluster together, while
their hemispheric counterparts cluster together, with DIPGs pos-
sessing greater expression of genes involved in almost all inflam-
matory pathways. Moreover, cell type analysis indicated that
DIPGs showed greater representation of genes associated with
T cells, dendritic cells, Thl cells, natural killer cells, neutrophils
and macrophages. When examining differentially expressed
genes, DIPGs showed significant expression of genes involved in
the CXCR2 signalling pathway, including CXCL1, CXCL2, CXCL5,
CXCL6 and IL8. These results were further supported by
NanoString analysis on 11 murine pHGGs, including five H3.3K27M
DIPGs and six H3.3WT hemispheric gioblastomas. This analysis
again demonstrated that DIPG tumours found in the brainstem
were more inflammatory than hemispheric pHGGs. Lastly, when
we performed unsupervised clustering of human and murine
PHGGs, we found that hemispheric pHGGs clustered together and
DIPGs clustered together, regardless of species, indicating that the
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Figure 3 The tumour microenvironment of pHGGs. The pHGG tumour
microenvironment is composed of a vascularized tumour bulk with
invasive tumour margins. Infiltrating bone marrow-derived tumour
associated macrophages are found in perivascular areas, while brain

resident microglia are found at the periphery of the tumour. T cells are
typically sparse, yet are found in perivascular areas.

tumour location, molecular subtype or both influence the inflam-
matory microenvironment of pHGGs. Our results suggest that des-
pite the lack of infiltrating T cells, pHGGs still possess an
inflammatory TIME characterized by considerable TAM infiltration
(Fig. 3), again highlighting the emerging role of TAMs in pHGG. We
are currently investigating subtype-specific differences in pHGGs
to determine how the molecular signature or tumour location dic-
tates the TIME.

A study by Mackay et al.*° on the HERBY phase II randomized
trial in pHGGs further supported several key findings on our
understanding of the immune response in pHGGs. The HERBY trial
was designed to study the efficacy of adding an anti-angiogenic
agent, bevacizumab, to the current standard of care, which
included radiotherapy and/or temozolomide in 121 patients with
newly diagnosed non-brainstem pHGG. As previously demon-
strated in the field, they found histone mutant tumours (both
K27M and G34R) were considerably immune cold, based on the ab-
sence of immunohistochemical staining of CD8+ T cells. PXA-like
HGGs, however, were significantly enriched for CD8+ T cells, as
were four hypermutator cases that were found to have mutations
in POLE, POLD1 and MLH1. Patients with tumours possessing
greater CD8+ T-cell infiltration had a significantly better overall
survival and were more likely to respond to temozolomide/radio-
therapy with the addition of bevacizumab. It is important to note,
however, that 17/18 cases with a high presence of CD8+ T cells
were hemispheric tumours, further supporting the notion of a
relatively barren TIME of midline and brainstem pHGGs.
Additionally, the impact of tumour resection on survival is difficult
to control for, and ascribing positive results to high CD8 + T-cell in-
filtration must be done cautiously. These results contrast with
findings from Bailey et al,*° who demonstrated through
CIBERSORT that the presence of CD8+ T cells in histone wild-type
hemispheric tumours negatively correlated with survival. A case
report by Bouffet et al.** of two siblings aged 6 and 3.5 years, both
harbouring PMS2 and POLE germline mutations, demonstrated
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that mismatch repair deficiency induces a significantly higher mu-
tational load in paediatric gioblastoma. Because of their relatively
high mutational burden (both over 20000 mutations per exome),
the children were selected for nivolumab (anti-PD1) treatment.
After 9 and 5months of therapy, both patients’ tumours were sig-
nificantly reduced and a reduction in peritumoral oedema and
nodular lesions was also observed. The patients were declared
clinically stable after treatment, highlighting the importance of
neoantigens and their influence on the response to immunother-
apy. Although mismatch repair-deficient pHGGs are infrequent,
evidence suggests a significant prognostic value exists in deter-
mining their presence in patients with pHGGs.

Another histological study by Jha et al.®* compared PDL1 ex-
pression in 126 adult and paediatric DMGs, and found PDL1 expres-
sion to be highest in H3K27M/IDH1 wild-type DMGs in both age
groups. PDL1 expression significantly correlated with tumour-infil-
trating lymphocyte infiltration in both age groups and patients
whose tumours were PDL1-negative had a longer overall survival
compared to PDL1 tumour-positive patients. Paediatric DMGs did
not differ from adult DMGs in terms of CD3+ T cells; however,
adult DMGs showed a significantly greater presence of CD8+
T cells, suggesting immunotherapeutic approaches must be tail-
ored not only to specific tumour types, but also to specific age
groups.

Other important findings from the Mackay et al.*® analysis of
the HERBY trial showed that pHGGs with MAPK alterations had a
greater T-cell signature and M2 macrophage response in RNA-seq
data compared with those that did not have MAPK alterations.
Furthermore, immunohistochemical staining for CD68 in pHGGs
found heterogeneous infiltration of TAMs that were found to clus-
ter around areas of necrosis and perivascular lymphocytes.
Another study found in xenograft models of DIPG into NOD scid
(severe combined immunodeficiency) gamma (NSG) mice that
there were CD68 + and CD163 + cells resembling macrophages and
microglia in the tumour parenchyma, with limited CD3 + T-cell in-
filtration.®? Becaue of the limited infiltration of T cells in pHGGs,
analyses that focus on TAMs may prove to be more beneficial to
our understanding of the TIME. Lin et al.®* performed immuno-
fluorescence on DIPG tissue obtained from biopsy and found that
DIPGs and adult gioblastomas showed high IBA1+ staining com-
pared with normal cortical tissue. They also performed flow
cytometry on early post-mortem DIPG tissue samples and found
that DIPGs had a smaller CD45+CD11b- lymphoid population
compared with adult gioblastomas. DIPGs however had signifi-
cantly greater infiltration of CD45+CD11b+ TAMs compared with
adult gioblastomas. TAMs from six DIPGs, four adult gioblastomas
and three paediatric cortical control samples were flow sorted and
RNA sequencing was performed. They did not find an enrichment
of M1- or M2-associated genes in DIPG TAMs, indicating they may
not necessarily fall discretely into classically- or alternatively-acti-
vated phenotypes. Compared with control samples, DIPG TAMs
show upregulation of genes associated with interferon gamma
(IFNy) signalling, type 1 interferon signalling and antigen process-
ing and presentation. Yet genes that were differentially expressed
between adult gioblastomas and DIPGs were compared, inflamma-
tory genes, including IL6, CCL4, IL1A, IL1B and CCL3, were upregu-
lated in the adult gioblastoma samples. To determine if the DIPG
tumour cells were producing inflammatory signals, they analysed
the cytokine and chemokine secretome using an ELISA array on
DIPG patient-derived cell cultures. Their findings again indicated
that DIPG tumour cells produce significantly fewer cytokines and
chemokines than adult gioblastomas.®® RNA sequencing data fur-
ther supported these findings and in general point towards the
conclusion that DIPGs are non-inflammatory when compared to
adult gioblastomas; however, they did not directly compare DIPGs
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to non-brainstem pHGGs. These results highlight two key consist-
ent findings; DIPGs possess sparse T-cell infiltration, yet are char-
acterized by high TAM infiltration, and the inflammatory profile of
DIPG-associated TAMs is quite different from that of adult gioblas-
toma TAMs.

Immunotherapeutic studies

Because of the limited efficacy of chemotherapy and a limited lon-
gitudinal response to radiotherapy, there has been increasing
efforts to harness the immune system for antitumour treatment in
PHGGs. Ideally, targeted immunotherapies would be designed to
eliminate tumour cells, while sparing permanent neurological dys-
function. Targeting tumour-specific neoepitopes would achieve
this and limit autoimmune reactions. Several therapeutic strat-
egies are emerging as likely candidates for pHGG, including chi-
meric antigen receptor (CAR) T-cell therapy, tumour vaccines and
viral therapies. All these approaches are designed to induce tu-
mour-specific T-cell killing, while limiting pathological insults
to adjacent normal brain tissue and vasculature, including blood-
brain barrier integrity.

Checkpoint blockade in adult gioblastoma has historically shown
no benefit to overall survival either alone or in combination with
bevacizumab (anti-VEGF). The underlying mechanisms driving re-
sistance to immunotherapy are yet to be determined; however,
work with immunocompetent genetically engineered mouse mod-
els (GEMMs) of gioblastoma has shown that resistance is con-
served across genetic subtypes and is not improved with adjuvant
radiotherapy.®* Checkpoint blockade in the paediatric population
has also shown little promise, with the exception of patients har-
bouring hypermutator phenotypes.?’ The limited amount of tu-
mour-infiltrating lymphocytes in pHGGs may contribute to the
lack of efficacy of checkpoint blockade therapy; however, the
PHGG TIME should be further examined to determine the exact
underlying mechanisms responsible for resistance. There are sev-
eral ongoing phase I and II clinical trials investigating the use of
anti-PD1 and anti-CTLA4 therapies in children with newly diag-
nosed or refractory HGGs (Table 1).°°°®” After the conclusion of
these trials, it will be imperative to report both successful and
unsuccessful cases. Combinatorial therapeutic strategies will
likely be most efficacious and may be required for the treatment
of pHGGs and need further investigation. Currently, other
immune-modulatory strategies show promise and will therefore
be further discussed in this review.

The list of tumour-specific antigens for pHGGs is low, yet due to
the distinct expression of mutated histone proteins in H3K27M
and H3G34R pHGGs, there have been increasing efforts to develop
CAR T-cell and peptide therapies specifically designed to target
these proteins. Mutant onco-histone proteins are ideal targets, be-
cause normal brain tissue does not express these tumour-specific
antigens; therefore, the risks of off-target toxicity are low.
Moreover, due to the low mutational burden of these tumours, epi-
tope spreading and antigen escape may be limited, allowing for a
more durable response to immunotherapy. Because of the relative-
ly impermeable blood-brain barrier, monoclonal antibodies do not
easily infiltrate into the brain parenchyma, which may explain
their lack of success in pHGG. However, activated immune cells,
including T cells and dendritic cells, can cross the blood-brain bar-
rier.®® CAR T cells are produced by collecting a patient’s
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lymphocytes via leukapheresis, engineering a single-chain vari-
able fragment of a particular antibody with the T-cell receptor sig-
nalling domain CD3 and often including co-stimulatory domains
in the engineered cells.®® The CAR T cells are then reintroduced
into the patient, where they can recognize tumour-specific anti-
gens without necessarily being stimulated by antigen-presenting
cells, thus allowing for a robust and effective cytolytic immune re-
sponse to take place (Fig. 4). To date, there have been few studies
investigating the efficacy of CAR T-cell therapies in pHGG. There
are currently multiple ongoing phase I clinical trials involving the
use of IL13RA2, HER2 and EGFR modified CAR T cells for adult and
paediatric HGG; however, to achieve maximum therapeutic
responses, more tailored approaches might be necessary to ac-
count for the biological characteristics of pHGG.*"""°

Majzner et al.”* assessed the efficacy of B7-H3 CAR T cells for
paediatric solid tumours. B7-H3 is believed to be a checkpoint mol-
ecule that is aberrantly expressed in a variety of cancers while
being minimally expressed in normal tissue.”> The authors
showed B7-H3 to be highly expressed in paediatric solid tumours,
including HGGs and DIPG.”* Staining for B7-H3 demonstrated that
it was ubiquitously expressed in all tumour cells, a desirable trait
for CAR T-cell therapy. Interestingly, B7-H3 staining intensity was
less in DIPG samples compared with HGGs, indicating that this
therapy may be effective in both tumour types, although this was
not tested. When co-cultured with patient-derived DIPG cultures,
the B7-H3 CAR T cells produced high levels of IFNy, TNFa and IL2,
indicating that the CAR T cells possess high cytotoxic potential.
The authors did not test the engineered B7-H3 CAR T cells in
mouse models of pHGG or DIPG; however, they did observe signifi-
cant reductions in tumour growth and a subsequent extension of
survival in NSG medulloblastoma xenografts. A phase I clinical
trial involving the use of B7-H3 CAR T cells is currently active for
their use in DIPG or refractory pHGG (NCT04185038).

Another study by Mount et al.”® sought to identify potential
targets for CAR T-cell therapy in DIPG. Using patient-derived cell
cultures, they found that disialoganglioside GD2 was highly
expressed on the surface of all H3K27M mutant DIPG cultures
examined, while expression was much lower on H3-WT DIPG sam-
ples. Unlike other gangliosides, GD2 is minimally expressed in nor-
mal tissue and shows extensive expression in multiple tumour
types.”* Mount et al.”® generated GD2-specific CAR T cells and dem-
onstrated in vitro cytotoxic specificity for H3K27M DIPG tumour
cells, but not H3WT DIPG tumour cells, through the production of
IFNy and IL2. They further demonstrated specificity by CRISPR-
Cas9-mediated deletion of GD2 synthase in patient-derived cell
cultures and found that the cytotoxic effects of GD2 CAR T cells
were ablated. Using post-mortem DIPG patient tissue, they created
mouse xenografts into NSG mice to test the therapeutic efficacy of
their GD2 CAR T cells. Significant tumour clearance was observed
in GD2 CAR intravenously-treated animals, resulting in prolonged
survival; however, a small portion of H3K27M + tumour cells were
found to remain, which did not express GD2. It is possible that
these GD2-negative tumour cells could survive through selective
pressure and eventually repopulate the eradicated tumour.
Combination therapies may reduce the likelihood of such events.
Further histological analysis revealed extensive neuroinflamma-
tion within the brainstem and ventricles, including infiltration of
CAR T cells and IBA1+ TAMs, especially around apoptosing
cells. Unfortunately, ventriculomegaly and hydrocephalus were
observed in a subset of animals with fourth ventricular compres-
sion. The authors hypothesized this treatment-induced cerebral
oedema was due to on-target tumour-specific cytotoxic activity
and not due to cytotoxicity on non-tumour cells.

Further analysis of GD2 CAR T cells and other CAR constructs
in immunocompetent mouse models should be pursued to
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CAR T-Cells
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Figure 4 CAR T-cell therapy in pHGGs. CAR T-cell therapies that have
been investigated for pre-clinical use in paediatric high-grade gliomas
include anti-GD2, anti-IL13RA2, anti-B7H3 and K27M-peptide specific
CARs. CAR T-cell therapy stimulates the adaptive immune response,
allowing for direct tumour cell killing and priming of antigen present-
ing cells to further amplify the immune response.

delineate the mechanisms underlying treatment induced oedema.
This is especially important for tumours located in the brainstem,
such as DIPGs; however, it would also be important for hemispher-
ic pHGGs as well. Other investigational studies are currently being
conducted on the use of HER2 and EGFR-specific CAR T cells in
clinical trials; however, due to the limited frequency of EGFR
amplifications in pHGG, the outcomes of these trials may not be as
promising as pHGG-specific therapies.®’”> A phase I clinical trial
for the use of GD2 CAR T cells modified with a constitutively sig-
nalling cytokine receptor, C7R, is currently active for children with
DIPG or HGG (NCT04099797). The addition of the cytokine receptor
allows for IL-7 signalling to occur within the engineered T cells
without effecting bystander lymphocytes, thus causing the CAR T
cells to survive longer and provide a more durable response.”®
Approaches using tumour-specific peptides arising from onco-
histone proteins have also been pursued to induce the cytotoxic
T-cell response (Fig. 5). Ochs et al.”” recently described the identifi-
cation of a H3K27M 27mer peptide (H3K27M p14-40) that binds to
HLA-A"0201. Humanized mice expressing HLA-A*0201, HLA-
DRA0101 and HLA-DRB*0101, while lacking major histocompatibil-
ity complex (MHC) class I and II (A2.DR1 mice), were used to study
vaccination with the identified peptide. Vaccination in a non-tu-
mour setting induced mutation-specific CD4 and CD8+ T cell
responses, including proliferation and the production of IFNy.
Utilizing a subcutaneous sarcoma model in A2.DR1 mice, H3K27M
peptide vaccination resulted in reduced tumour size and increased
infiltration of IFNy producing CD4 and CD8+ T cells compared to
vaccination with the wild-type H3 peptide. Ideally, vaccination
into an MHC-humanized glioma model would be preferred; how-
ever, the authors stated that such a model does not exist. The
authors also demonstrated the ability to detect H3K27M-specific
cytotoxic T cells in the peripheral blood of three patients harbour-
ing H3K27M mutant gliomas. Similarly, Chheda et al.”® discovered
a 10mer peptide (H3K27M p26-35) that binds with high affinity to
HLA-A*0201. Using human peripheral blood samples from HLA-
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Figure 5 Tumour peptide vaccination in pHGGs. Patient-derived tu-
mour cell lines from a tumour bank or tumour cells from surgical resec-
tion are cultured to produce tumour antigens. Tumour cells are lysed to
release the tumour antigens, which are then administered to the pa-
tient to stimulate antigen-presenting cells and cytotoxic T cells to kill
tumour cells.

A*0201" DIPG patients and healthy donors, they found the peptide
stimulated antigen-specific increases in IFNy production. To dem-
onstrate H3K27M cytotoxic specificity, they cloned a T-cell recep-
tor specific for HLA-A*0201*H3K27M™* glioma cells and found that
it significantly induced in vitro IL2 and IFNy production in
J76CD8*/~ Jurkat T cells and primary human CD8* T cells, respect-
ively. They further demonstrated the cytotoxic capability of T-cell
receptor-transduced T cells in response to HLA-A*0201 *H3K27M*
glioma cells in vitro. Most importantly, in vivo activity of their T cell
receptor-transduced T cells was tested in NSG mice bearing
H3.3K27M mutant U87 glioblastoma cells. They found that mice
receiving the T-cell receptor-transduced T cells showed significant
reduction in tumour size compared with those receiving mock
transduced T cells. The majority of the infiltrating CD4 and CD8 +
T cells within the tumours were positive for the HLA-A*0201-
H3K27M dextramer, and there were even dextramer-positive
T cells found in the peripheral blood. Unfortunately, survival could
not be assessed, as the animals receiving the mock-transduced
and T-cell receptor-transduced T cells succumbed to graft-versus-
host disease. The same group has recently implemented a pilot
study to evaluate an H3.3K27M-26-35 peptide vaccine in children
with H3.3K27M + DIPG or HGG (NCT02960230) and their results are
encouraging.”®

There are multiple studies reporting the immune stimulatory
effects of polyinosinic-polycytidylic acid (poly[I:C]) stabilized by ly-
sine and carboxymethylcellulose (poly-ICLC) treatment alone
against aHGG and pLGG, making it a potentially effective immune
adjuvant for pHGG as well.®#* A study by Pollack et al.®> investi-
gated the combination of three glioma-associated antigen peptides
combined into a vaccine administered to DIPG or non-brainstem
HGG patients. They identified HLA-A2 restricted epitopes from
IL13RA2, EPHA? and survivin peptides and administered them in
combination with poly-ICLC. No instances of high-grade reactions
or autoimmunity occurred in the patient cohort. Vaccine-induced
immune responses as denoted by IFNy production were observed
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in 13 of 21 patients, with no discrimination between patients who
received prior radiotherapy alone or in combination with chemo-
therapy. Interestingly the IL13RA2 epitope invoked the highest
magnitude of response, and in one patient the immune response
diminished after receiving high-dose dexamethasone and
returned after dexamethasone tapering. This highlights the im-
portance of determining optimal timing and therapeutic strategies
in combining the use of immunotherapies with dexamethasone as
a remedy for treatment-associated inflammation. The median sur-
vival of the overall patient cohort of this study was 13.3months
from diagnosis, 12.7months for brainstem tumours and
25.1months for non-brainstem HGGs. More importantly, two
patients had disease-free status; these patients had undergone
prior gross total resection, again emphasizing that the extent of tu-
mour resection directly affects disease outcome in pHGGs.
Although survival was negligibly extended, this study effectively
showed the safety and immunogenic capability of combinatorial
peptide vaccines for pHGG.

Dendritic cell therapy

Dendritic cells are the professional antigen-processing cells in the
body and are responsible for priming cytotoxic lymphocytes dur-
ing the adaptive immune response.®® Once dendritic cells have
encountered an antigen, they migrate to draining lymph nodes via
CCR5 and CCR7 upregulation, where they then activate the T-cell
response.®” This process can be triggered or amplified through the
isolation and ‘training’ of dendritic cells to specific antigens in a
process known as dendritic cell vaccination (Fig. 6). There have
been few studies investigating the use of dendritic cell vaccines in
PHGG. Initial studies by Caruso et al.*® demonstrated the safety
and feasibility of RNA-based dendritic cell vaccines in patients
with recurrent high-grade brain tumours. While most patients in
the study had eventual disease progression, one patient with ana-
plastic astrocytoma had stable disease after five vaccines and
21 months of follow-up. Unfortunately, the authors were unable to

Dendritic Cell Vaccination

Dendntlc celr isolation
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Dendritic cell maturation

Tumour lysate pulse
Tumour RNA stimulation

Administer antigen-loaded
DCs to patient

Immune stimulation

Cytotoxic killing

Pendritc.cell of tumour cells

Figure 6 Dendritic cell vaccination in pHGGs. Dendritic cells are
collected through leukapheresis, cultured in vitro and stimulated with
tumour cell lysate or tumour RNA. Mature antigen-loaded dendritic
cells are then readministered back into the patient to stimulate the
adaptive immune response and cause cytotoxic killing of tumour cells.
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detect significant in vitro production of IFNy or T-cell proliferation
with treated patient samples. In a larger cohort of patients with
relapsed HGG, De Vleeschouwer et al.®® demonstrated the efficacy
of autologous dendritic cell adjuvant therapy after tumour resec-
tion in adults and children. No analysis of the immune response
was performed; however, survival analysis indicated that patients
under the age of 35years had a better overall survival than older
patients. Additionally, patients who had a greater extent of tu-
mour resection had better progression-free survival and overall
survival than those who had suboptimal resection. A similar study
was performed by Ardon et al.” in a cohort of 33 recurrent pHGGs
using autologous dendritic cell vaccination. At the time of last fol-
low-up, there were 7/33 patients still alive with multiple patients
surviving 35-85months. Five of the long-term survivors also
received chemotherapy during or after immunotherapy, suggest-
ing that combined therapy is more effective. Another study by
Lasky et al.,”® in which 2/3 patients receiving autologous tumour
lysate dendritic cell vaccination in combination with chemother-
apy survived 40 and 51months, respectively, further supported
these findings. For a disease with such a dismal prognosis, these
initial results were encouraging.

A recent study by Benitez-Ribas et al.”” investigated the feasibil-
ity and safety of administering autologous dendritic cells pulsed
with tumour cell line lysate to nine newly diagnosed children with
DIPG. Patient dendritic cells were collected by leukapheresis after
the discontinuation of dexamethasone and were loaded with lys-
ate obtained from eight allogeneic DIPG tumour cell lines (ATCL) ex
vivo. Mature, ATCL-pulsed dendritic cells were then administered
intradermally 3-6 weeks after the completion of radiotherapy and
then once every other week during the induction phase, with a
subsequent booster 3 months later during the maintenance phase.
Before administration, dendritic cells were confirmed to have
increased expression of CD80 (co-stimulatory molecule), CD83 (ac-
tivation), CCR7 (migration) and MHC-II (antigen presentation),
indicating a mature and activated population of dendritic cells fol-
lowing ATCL loading. No adverse reactions were noted during the
course of the study, demonstrating the safety of dendritic cell ad-
ministration to patients. Analysis of peripheral blood and CSF indi-
cated ATCL-specific proliferative responses and the production of
IFNy by patient T cells. Unfortunately, at the time of publication,
there were no clinical outcome data available for this study; how-
ever, it was the first study to demonstrate the feasibility of ATCL
pulsed dendritic cell therapy for DIPG. Although this method was
adapted for the use of tumour cell line lysates, it could be applied
to individual patient tumours as well. This would likely be costly
and resource-intensive; however, it may offer a more effective and
personalized approach compared with using a generalized cocktail
of tumour cell lines. Since this approach would require a surgical
biopsy or tumour sample after resection, further considerations
would be required for tumours located in precarious regions such
as the brainstem and midline regions (thalamus/hypothalamus),
where surgery poses potential irreversible harm. The efficacy and
feasibility of actively personalized vaccines has recently been
demonstrated in adult gioblastoma and these findings will likely
serve as templates for their use in pHGG.?*** One challenge to con-
sider for dendritic cell vaccination therapies is that there must be
adequate time for vaccine production, which may allow for subse-
quent growth of remaining tumour to cause morbidity and mortal-
ity. There also must be enough time between the weaning of
steroids and other chemotherapeutic agents before vaccination.
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Viral therapies

To date, clinical trials investigating the use of oncolytic viruses for
the treatment of pHGGs and DIPG are in the early stages and have
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not progressed to phase II studies. Most studies have been per-
formed in vitro, with minimal supporting in vivo studies. Tejada
et al.®>% previously examined the safety and efficacy of DNX-2401
for the treatment of newly diagnosed DIPG. DNX-2401 (also known
as Delta-24-RGD) is an oncolytic adenovirus that targets cells with
a defective Rb pathway. The virus demonstrated therapeutic effi-
cacy in recurrent human aHGG, murine models of pHGG and mur-
ine models of DIPG, and therefore was adapted for use in human
pHGG.” 1% In an immunocompetent murine model of aHGG uti-
lizing the GL261 glioma cell-line injected into C57BL/6 mice, Jiang
et al.® performed intratumoral injections of Delta-24-RGD. They
observed an increase in natural killer cell, CD3 +, CD4 + and CDS8 +
lymphocyte infiltration, as well as activated antigen-presenting
cell populations after injections. Furthermore, they noted an in-
crease in IFNy production, as well as a significant survival advan-
tage, in treated mice, demonstrating the effectiveness of the virus
to elicit an antitumour immune response. Utilizing both immuno-
deficient and immunocompetent mouse models of pHGG and
DIPG, Martina-Velez et al.®® further supported the immune stimu-
latory abilities of Delta-24-RGD. Intratumoral injection resulted in
a significant increase in survival, accompanied by an increase in
CD3+, CD4+ and CD8+ lymphocyte infiltration. They also ana-
lysed human tumour samples in silico and determined that the ma-
jority of pHGGs and DIPGs are susceptible to Delta-24-RGD
infection, based on the aberrant expression of Rb pathway genes
such as CCND1, CDKN2A and E2F1. These findings resulted in a
study by the same authors in which they combined Delta-24-RGD
with radiotherapy to study the synergistic effects in pHGG and
DIPGs.”® They found combination therapy significantly extended
survival in both pHGG- and DIPG-bearing mice compared with sin-
gle treatments. Combination therapy resulted in the greatest infil-
tration of cytotoxic lymphocyte populations and increased
expression of granzyme B and IFNG mRNA compared with viral
monotherapy or radiotherapy alone. However, it is important to
note that both monotherapies also induced an immune response.
A case report on a patient with a H3.3K27M mutated DIPG treated
with DNX-2401 validated the safety of administering the oncolytic
virus to paediatric patients.”® The virus was injected immediately
after tumour biopsy into the resection cavity using the biopsy tract
and no virus-related toxicities were noted 4 weeks after injection.
Unfortunately, the authors did not provide any immunological
studies or survival statistics on the patient.

Multiple laboratories have studied the use of oncolytic herpes
simplex virus (HSV) in vitro. Cockle et al.’®* studied the efficacy of
HSV1716 to inhibit cell migration and invasion of pHGG and DIPG
cell lines in vitro. They found that HSV1716 significantly reduced
both aspects of cell motility. In vitro time-lapse imaging demon-
strated that HSV1716 treatment induced a loss of cell polarity and
reduction in cell velocity compared with controls. Injection of an
HSV1716-treated DIPG cell line into the fourth ventricle of NSG
mice resulted in reduced infiltration of tumour cells into surround-
ing brain structures. However, no immune analyses were per-
formed. Friedman et al.’*? studied the oncolytic HSV G207 and HSV
MO002, due to their clinical significance for use in early phase I clin-
ical trials (NCT02457845 and NCT02062827, respectively).’9%103
They found that paediatric patient-derived tumour cells were
more sensitive to both viruses than adult gioblastoma tumour cells
in vitro. This sensitivity was accounted for by increased expression
of the HSV entry molecule CD111 on the surface of the paediatric
tumour cells compared with the adult tumour cells. Treatment of
tumour-bearing mice resulted in an increase in survival with
MO002; however, these were nude mice lacking an intact immune
system.’®? These results suggest that CD111 expression may be a
useful biomarker for predicting the efficacy of HSV therapy in the
paediatric population.

J. L. Ross et al.

The promising effects of a recombinant polio-rhinovirus chi-
mera (PVSRIPO) vaccine in recurrent adult gioblastoma—in which
eight patients survived to 24months and five survived to
36 months—has prompted ongoing investigational use of this vac-
cine in recurrent malignant glioma in children (NCT03043391).*%*
Other viruses studied for oncolytic potential in pHGG include
parvovirus and picornavirus. Because of the success of H1l-parvo-
virus (H-1PV) in aHGG and rat glioma models, Josupeit et al. studied
H-1PV in adult and paediatric HGG glioma stem cell neurosphere
cultures to determine the ability of H-1PV to eradicate glioma stem
cells in vitro and in vivo.'*>*%® Using four pHGG cell lines, including
two DIPG and two paediatric gioblastoma lines, H-1PV was shown
to induce cell death and reduce metabolic activity in a viral-dose
dependent manner.'” Engraftment of virally-infected adult gio-
blastoma stem cells into NSG mice was reduced along with tumour
volume compared with mock infected mice; however, again this
analysis was performed in immunocompromised mice and no
paediatric cell lines were investigated. Using seneca valley virus
001 (SSV-001), a member of the picornavirus family that has shown
tumoricidal effects in medulloblastoma, Liu et al.'°® demonstrated
antitumour activity in pHGG.'%®'%° Freshly isolated human pHGG
tumour cells from xenograft mouse models were treated with the
virus in vitro (multiplicity of infection = 0.5), resulting in significant
cell death in 4/6 models tested, with 2/6 resistant to SSV-001-
induced cell death. Infection of glioma stem-like neurospheres
was also demonstrated, indicating that SSV-001 can also target
historically treatment-resistant populations. A single injection of
SSV-001 into Rag2-SCID mice with orthotopically xenografted
tumours significantly extended survival compared with placebo-
treated mice. Analysis of sialic acids on permissive and resistant
tumour cells indicated that SSV-001 infection was higher in cells
with more ¢2,6- and «2,3-linked sialic acids, indicating SSV-001
viral therapy may have differential activity in humans and should
therefore be investigated further to determine which patients will
best respond to treatment. Future studies involving H-1PV and
SSV-001 oncolytic tumour viruses need to be performed in im-
munocompetent mouse models to determine their oncolytic cap-
acity when the innate and adaptive immune systems are intact.

An impressive study by Mendez et al.°® demonstrated the effi-
cacy of adenoviral delivery of thymidine kinase and fms-like tyro-
sine kinase 3 ligand (FIt3L) gene therapy in an immunocompetent
mouse model of ACVR1-mutant DIPG. This approach utilizes thy-
midine kinase to convert the prodrug ganciclovir into ganciclovir-
triphosphate, which induces DNA damage and cell death
(Fig. 7).™° Further administration of FIt3L recruits dendritic cells
into the TME, allowing them to process antigens from dying tu-
mour cells and inducing cytolytic T-cell activity.'’ Using the
sleeping beauty transposase system, which allows the integration
of transposon DNA into the host genome through a cut-and-paste
method, ACVR1 mutant or ACVR1 wild-type tumours were
induced with the co-mutations short hairpin p53 and mutant
NRAS in C57BL/6 mice. Primary neurospheres obtained from gen-
erated tumours were first treated in vitro with thymidine kinase
and ganciclovir to demonstrate that thymidine kinase gene ther-
apy induces the generation of damage associated molecular pat-
terns. In response to thymidine kinase and ganciclovir treatment,
the neurospheres released significant levels of ATP, calreticulin
and HMGB1. To demonstrate the efficacy of thymidine kinase gene
therapy in vivo, neurospheres were then injected into the pons of
recipient C57BL/6 mice, and after tumour formation mice were
intratumourally injected with thymidine kinase and FIt3L alone or
in combination with radiotherapy. Thymidine kinase/FIt3L ther-
apy significantly increased the median survival of mice from
18 days to 36 days compared with saline-treated animals. The add-
ition of radiotherapy did not add an additional survival benefit to
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Figure 7 Viral therapy in pHGG. A tumour cell-specific virus is injected
into the tumour bulk or resection cavity. A pro-drug such as ganciclovir
is then administered and subsequently converted by the virus to a cyto-
toxic agent, which kills tumour cells and induces and amplifies an ac-
tive immune response.

thymidine kinase/FIt3L therapy; however, it also did not reduce
the efficacy of the viral therapy. Additionally, viral therapy
induced a significant increase in intratumoral CD8 T-cell infiltra-
tion, while sparing deleterious neuroinflammation in
normal brain tissue. The CD8 T cells had significantly greater IFNy
production, proliferation and cytolytic potential compared with
CD8 T cells isolated from saline-treated animals. This study estab-
lished a working immunocompetent mouse model for testing
adenoviral gene therapy in DIPG. The same model could also be
used for preclinical studies in other pHGG tumour types harbour-
ing different genetic driver mutations. Moving forward, careful
considerations must be made and diligent preclinical analysis
done to ensure minimal neuroinflammation results after the ad-
ministration of oncolytic viruses in pHGG and DIPG. Because of the
unresectable nature of many DIPGs and pHGGs, therapeutic mech-
anisms stimulating the patient’s immune system may benefit cur-
rent treatment strategies.

Concluding remarks

Remarkable progress in elucidating the origin and genomic land-
scape of childhood brain tumours has been made in the past dec-
ade. Much is known about the intrinsic cellular mechanisms
driving tumour progression, yet the role of the TIME remains
poorly understood. It is apparent that the TIME is a key driver of
immunotherapy resistance through the orchestration of multiple
complementary mechanisms blocking effector immune cell infil-
tration and activation. Therefore, the success of immunotherapy-
based clinical trials and conventional cancer cell-targeted thera-
pies hinges on a more mature understanding of the pHGG TIME.
The utilization of pHGG GEMMs will help address these needs.
Multiple groups have used these models to characterize the tu-
mour microenvironment of pHGGs, demonstrating that
they faithfully recapitulate the human disease with regard to
histological hallmarks, tumour genetics and immune infil-
trate,*”°268112113 Because the majority of studies are carried out
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using patient-derived xenograft (PDX) models alone, which exhibit
an immunocompromised status and species incompatibilities be-
tween immune cells and signalling molecules, there is a need for
more studies investigating the use of immunotherapies in im-
munocompetent mouse models of pHGG.**

Despite the growing popularity of studying the TIME of pHGGs,
we have yet to determine why they have fewer infiltrating im-
mune cells than pLGGs and other tumour types. This review has
demonstrated that pHGGs have low amounts of infiltrating
T cells, yet they still recruit macrophages, including brain resident
microglia and bone marrow-derived monocytes. Although efforts
designed to efficiently target tumour cells have been studied, it is
imperative to determine if microglia and infiltrating monocytes
have differential functions in pHGG and how amenable they are
for therapeutic use. These distinctions between microglia and
bone marrow-derived macrophages are of paramount importance
in light of recent advances illuminating substantial differences be-
tween the two populations in terms of their ontogeny, proliferative
capacity, locations and biological functions.'***® Determining
whether the TAM lineage has functional consequences in pHGG is
an important topic that needs to be addressed. Furthermore, al-
though TAMs are genetically stable, their expression profiles are
responsive to signals derived from tumour cells; therefore, cancer
cell heterogeneity inevitably leads to heterogeneity within the
TIME, impacting the effectiveness of therapeutic strategies. This
leads to another important question; how do TAMs respond to
chemotherapy, radiotherapy, and immunotherapy? Do they help
accelerate cytotoxic clearing of tumour cells or do they contribute
to therapeutic resistance? Answering these questions will enable
us to design more effective therapeutic strategies that can easily
be tested in immunocompetent mouse and PDX models of pHGG
and eventually in human clinical trials.

Additional considerations should incorporate the possibility of
cell-type specific, location-based differences within the brain,
including microglia, myeloid cells and other cell types that are im-
portant for immune regulation. As previously discussed, tumour
mutations can be specific to the location of the tumour within the
brain, such as K27M mutations found in brainstem gliomas. It is
now known that brain microenvironments are conducive to culti-
vating particular transcriptional and phenotypic profiles of the
constituent cells present. For example, neuronal diversity has
been documented through single cell RNA sequencing analysis,
demonstrating that different subsets of neurons can be found in
specific anatomic locations of the brain.’® Microglia have been
demonstrated to be found in different densities, display distinct
morphological features and possess unique transcriptomic pro-
files, depending on the brain region sampled.***?* Myeloid cell di-
versity among brain compartments has also been described.’®*
This suggests a tumour found in the brainstem may possess a
unique cellular milieu compared to a hemispheric tumour for
more reasons than tumour genetics alone. We have demonstrated
one example of this in our GEMMs of hemispheric pHGG and brain-
stem DIPG, where we found that blood-brain barrier permeability
is influenced not by H3.3K27M status but rather by tumour loca-
tion.’® Although these concepts are not highly novel, they have
been largely ignored in brain tumour studies. Understanding how
individual microenvironments are conducive for the phenotypic
profiles of constituent cells will facilitate our understanding of the
overall immune profile of pHGGs, therefore enhancing therapeutic
discovery efforts and allowing us to better predict outcomes of
immunotherapeutic strategies in clinical trials.

One example where our efforts utilizing GEMMs will lead to
deeper understandings of therapeutic resistance in pHGG is by
studying how and why patients with constitutional mismatch re-
pair deficiency respond better to immunotherapy. Establishing a
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causal link between biallelic mismatch repair mutations and
checkpoint inhibitor responses in pHGG will allow us to mechanis-
tically dissect the underlying reasons for checkpoint inhibitor re-
sistance in the broader pHGG population and will therefore enable
us to design therapies that bypass these mechanisms. Moving for-
ward, preclinical studies involving mouse models of pHGG will be
critical to the advancement of immunotherapies as they will allow
us to determine effective therapeutic combinations as well as
delineate the mechanisms driving treatment resistance.
Furthermore, because standard treatment protocols involve the
use of immune-modulating steroids for the management of cere-
bral oedema, GEMMs will enable us to determine optimal timing
and treatment strategies for pHGG."**'%’ In conclusion, a deeper
understanding of the pHGG TIME is essential to the development
and progression of more efficacious therapeutic strategies for this
dismal disease.
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