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Abstract

Pediatric glioblastoma is relatively rare compared with its adult counterpart but is associated with a similarly grim prognosis.
Available data indicate that pediatric glioblastomas are molecularly distinct from adult tumors, and relatively little is known
about the pediatric glioblastoma tumor microenvironment (TME). Cancer immunotherapy has emerged as a new pillar of
cancer treatment and is revolutionizing the care of patients with many advanced solid tumors, including melanoma, non-
small cell lung cancer, head and neck cancer, and renal cell carcinoma. Unfortunately, attempts to treat adult glioblastoma
with current immunotherapies have had limited success to date. Nevertheless, the immune milieu in pediatric glioblastoma
is distinct from that found in adult tumors, and evidence suggests that pediatric tumors are less immunosuppressive. As a
result, immunotherapies should be specifically evaluated in the pediatric context. The purpose of this review is to explore
known and emerging mechanisms of immune evasion in pediatric glioblastoma and highlight potential opportunities for

implementing immunotherapy in the treatment of these devastating pediatric brain tumors.
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Introduction

Central nervous system (CNS) tumors are the leading cause
of cancer-related death in children, having surpassed leu-
kemia in recent years [1]. Pediatric high-grade gliomas
(pHGG), in particular, are aggressive primary brain tumors.
Historically, the World Health Organization (WHO) used
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histological features to classify pediatric HGGs as anaplas-
tic astrocytomas (AA; WHO Grade III) or glioblastomas
(GBM; WHO Grade IV). More recently, molecularly defined
subsets of pediatric HGGs, including the H3 K27M mutant
diffuse midline glioma (WHO Grade 1V), were also incor-
porated into the WHO classification system [2].

While GBM is a common intrinsic brain tumor in adults,
pediatric glioblastoma (p-GBM) accounts for only 15% of
pediatric brain tumors [3] and exhibits a number of unique
features (Table S1). P-GBM is usually reported in the sec-
ond decade of life (with the highest incidence occurring in
patients that are 15-19 years of age), though some cases
have been reported in neonates and children under the age
of 5 years, in whom better outcomes have been observed
[4]. To date, ionizing radiation is the only environmental
factor known to have a significant association with p-GBM
[5]. Li-Fraumeni syndrome, constitutional mismatch repair
deficiency syndrome (CMMRD), neurofibromatosis type I,
and Turcot syndrome have also been linked to p-GBM [6].

The current treatment for p-GBM includes maximal safe
resection followed by radiation therapy (in children > 3 years
of age), with variable chemotherapy regimens currently
being explored [3]. However, despite emerging knowledge
that these tumors have a distinct molecular profile compared
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to their adult counterparts [7], reports have shown that most
patients with p-GBM have similarly poor survival outcomes
[8]. New, effective treatment strategies are needed. Cancer
immunotherapy has emerged as a new focus in cancer treat-
ment and is revolutionizing the care of patients with many
advanced solid tumors. However, the rational design of
immunotherapy regimens for the treatment of p-GBM will
require a deeper understanding of intratumoral heterogeneity
[9] and multi-faceted mechanisms of immune evasion [10].
The aim of this review is to explore the known and poten-
tial mechanisms of immune evasion and discuss therapeutic
opportunities that may be unique to p-GBM (Table 1).

Immune evasion in pediatric versus adult
GBM

Effective treatments for p-GBM are currently limited by
an incomplete understanding of immune evasion by tumor
cells, as well as the interaction between the tumor microen-
vironment and the host immune system. Though the immune
system can specifically identify and eliminate tumor cells
based on their expression of tumor-specific antigens, a
process known as immunosurveillance [11], immunologic
recognition of GBM antigens appears to be poor from the
start. These tumor cells escape the immune response and
continue to proliferate [12] resulting in ‘tumor immunoedit-
ing’, whereby tumor cells become less immunogenic, fur-
ther facilitating their continued evasion from the immune

system. An immunosuppressive tumor microenvironment
subsequently develops and contributes to tumor progression.

Mechanisms of innate immune evasion

Innate immunity refers to patterned defense mechanisms that
are rapidly activated upon the appearance of an antigen. In
the CNS, innate immunity is mediated by microglia, mac-
rophages, natural killer (NK) cells, and granulocytes [10].
GBM evades these components of the innate immune system
through a variety of unique mechanisms.

Microglia and macrophage-mediated immune evasion

Microglia migrate to the brain during embryogenesis and
serve as the brain’s resident phagocytes. Adult GBM is
highly infiltrated by microglia, which along with mono-
cyte-derived macrophages differentiate into tumor associ-
ated macrophages (TAMs) when exposed to the hypoxic
microenvironment and represent up to 30% of the tumor
mass [13-15]. TAMs are generally thought to promote
tumor progression through the release of cytokines that
impact cell proliferation, survival, motility, and immu-
nosuppression. Accordingly, high TAM density has been
correlated with a poor prognosis in adults [13]. On the
other hand, although a small subset of p-GBMs dem-
onstrate increased expression of microglia/macrophage
genes and high levels of TAMs [16, 17], the enrichment

Table 1 Mechanisms of immune evasion and features of the immune microenvironment in pediatric versus adult patients with glioblastoma

Pediatric GBM

Adult GBRBM

Natural Killer Cell Activation
Toll-Like Receptors Unknown

MHC Molecule Expression
molecules

Decreased NKG2D ligand expression
Low levels of NK cell infiltration

High levels of expression of classical MHC T

NKG2D ligand binding results in increased NK cell
activity via perforin and granzyme release

Increased expression of TLR2 by TAMs
Decreased expression of TLR4

Loss of expression of MHC I molecules by tumor cells

Elevated expression of non-classical HLA-G
and HLA-E “inhibitory” peptides

Regulatory T Cells

T Cell Dysfunction Unknown

Immune Checkpoint Proteins CD47 overexpression

Low expression of PD-L1
Low levels of IL-10
HIF-2a overexpression

Cytokine Release
Hypoxia and Angiogenesis

T-reg recruitment by IDO1 and TDO

T-reg recruitment by IDO1 and TDO

T cell exhaustion

T cell depletion/sequestration
T cell anergy

Deletional tolerance

CTLA-4 overexpression
Overexpression of PD-L1
Elevated levels of IL-10
HIF-1 expression

VEGF expression

CTLA-4, cytotoxic T lymphocyte-associated antigen-4; HIF, hypoxia-inducible factor; HLA, human leukocyte antigen; IDO1, indoleamine 2,3
dioxygenase 1; MHC, major histocompatibility complex; NK, natural killer; NKG2D, natural killer group 2 member D; PD-L1, programmed
death-ligand 1; TDO, tryptophan dioxygenase; TLR, toll-like receptor; T-reg, regulatory T cell; VEGF, vascular endothelial growth factor
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of macrophage-related genes has not yet been correlated
with outcome in patients with p-GBM.

TAMs adopt different phenotypes based on the microen-
vironment [18]. Historically, two dominant phenotypes were
described: M1 and M2 macrophages. Activated M1 mac-
rophages produce high levels of pro-inflammatory cytokines
(IL-1pB, TNF-a, and IL-12), up-regulate expression of cell
surface molecules involved in antigen presentation (MHC I,
CD80 and CD86), and stimulate a Th1 response, which pro-
motes a tumoricidal effect. Conversely, M2 macrophages pro-
duce immunosuppressive cytokines (IL-10, IL-6, IL-23, and
TGF-p), promote tissue remodeling, and downregulate MHC
II, CD80 and CD86, thereby facilitating tumor progression
[19]. Later stages of disease progression are associated with
a transition from an M1 to an M2 phenotype, whereas thera-
peutic conversion back to an M1 phenotype is an area of active
exploration [19]. More recent studies, however, have suggested
that the polarization of glioma TAMs into M1 and M2 pheno-
types is an oversimplification. Rather, TAMs appear to express
a continuum of phenotypes, with the ability to co-express M1
and M2 markers [20, 21]. Further studies are needed to better
characterize the population of TAMs present in p-GBM.

NK cell-mediated immune evasion

NK cells are cytotoxic effectors of the innate immune sys-
tem, playing an important role in the elimination of malig-
nant cells. NK cell activation can be induced through inter-
actions between surface receptors, such as the natural killer
group 2d (NKG2D), and their ligands [22]. Extracellular
lactate dehydrogenase 5 (LDHS) produced by GBM cells
induces the expression of NKG2D ligands including MHC
class I related gene B (MICB) and the UL-16 binding protein
(ULBP-1) on host monocytes [23]. Ligand binding results
in increased NK cell anti-tumor activity through the release
of perforin and granzyme, which are required for effective
tumor cell lysis [22]. However, a recent study showed that
pediatric HGG did not exhibit increased NKG2D ligand
expression relative to normal adjacent brain tissue, nor sig-
nificant myeloid or NK cell infiltration compared to adult
tumors—possibly due to poor trafficking of immune cells to
the tumor site, and thus a lack of immune surveillance [22].
Interestingly, an examination of pediatric glioma samples
indicated that transcriptional expression of NKG2D ligands
only partially predicted protein abundance, suggesting
intrinsic molecular mechanisms that reduce NKG2D ligand
expression by the tumor, and therefore prevent activation of
NK cells [24].

Toll-like receptor-mediated immune evasion

Toll-like receptors (TLRs) are membrane spanning recep-
tors expressed on cells of the innate immune system, which

recognize pathogen-associated molecular patterns. There is
increasing evidence that TLRs might play a role in tumor
progression and the maintenance of cancer stem cells
(CSCs) [25]. For example, increased expression of TLR2
by TAMs has been shown to promote glioma invasion and
growth by upregulating the expression of matrix metallo-
proteinase-9 (MMP9), which plays a role in extracellular
matrix degradation and facilitates the migration of tumor
cells through the extracellular space [26]. In addition, TLR2
activation triggers the downstream MAPK Erk1/2 signal-
ing pathway and ultimately causes the downregulation of
MHC class II molecules by TAMs. Impaired MHC class II
expression limits the activation and maintenance of helper
T cells, thereby diminishing T-cell-dependent anti-tumor
immunity [26].

TLR4 expression, on the other hand, plays a role in tumor
cell differentiation and promotes a non-CSC phenotype.
GBM CSCs do not express TLR4, whereas differentiated
cells do; one explanation is that without TLR4, the innate
immune system remains suppressed, thereby providing
CSCs a survival advantage in the hostile tumor-immune
microenvironment [25]. Upregulation of selected TLRs
in tumors might therefore represent a potential therapy to
sensitize GBM tumor cells to immune responses. How-
ever, the expression of TLRs in p-GBM has not been well
characterized.

Mechanisms of adaptive immune evasion
MHC-mediated immune evasion

The adaptive immune system involves antigen-specific
processes that are associated with a lag period but result
in immunologic memory. The adaptive immune system is
mediated by T cells and B cells. CNS antigen presentation
is thought to occur at so-called CNS ‘immune gateways’ in
deep cervical lymph nodes [27] and at the blood—brain bar-
rier (BBB), where MHC molecules are expressed by antigen
presenting cells (APCs) [28, 29]. Human MHC molecules
are encoded by human leukocyte antigen (HLA) genes [30].
MHC I molecules are expressed by all nucleated cells and
display both “self” and “non-self” antigens to cytotoxic T
cells, while MHC II molecules are only found on APCs,
present pathogenic antigens, and activate helper T cells.

In the context of a tumor, activation of the immune sys-
tem requires that tumor antigens be recognized as foreign.
Therefore, two mechanisms for immune evasion involve: 1)
the loss of expression of MHC I molecules by tumor cells,
and 2) the downregulation of the MHC I antigen presenta-
tion pathway [31, 32]. Either mechanism allows the tumor
cells to “hide” from cytotoxic T lymphocytes (CTLs).

Interestingly, p-GBM cells highly express the classical
MHC class I peptides, suggesting that pediatric glioma cells
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might require a third mechanism for evading the immune
system [33]. Recent studies have shown that p-GBM
expresses HLA-G and HLA-E—-non-classical MCH mol-
ecules that promote inhibitory pathways [34, 35]. HLA-G
has been implicated in immune escape by adult glioma cells
and protects targeted cells from NK cell cytolysis as well as
antigen-specific lysis through interactions with CTL surface
molecules [36]. Similarly, HLA-E binds to CD94/NKG2A,
an inhibitory receptor expressed on both NK cells and CTLs
[10, 37], and upregulation of HLA-E may enhance tumor
cell resistance to NK cell-mediated toxicity.

Treg-mediated immune evasion

An alternative mechanism of immune invasion involves
regulatory T cells (Tregs), which are a subset of T cells that
suppress the immune system, thereby maintaining homeo-
stasis and promoting tolerance of self-antigens. Tregs come
from four potential sources in the tumor milieu: 1) trafficking
from the thymus, bone marrow, lymph nodes, or blood, 2)
differentiation through modification of APCs, 3) expansion
from dysfunctional dendritic cell stimulation, and 4) conver-
sion of T cells by TGF-f [38]. Tregs shift the tumor cytokine
milieu toward immunosuppression [32], and upregulated
levels of Tregs have been reported in adult GBM [39]. Of
note, indoleamine 2,3 dioxygenase 1 (IDO1) and tryptophan
dioxygenase (TDO) contribute to Treg recruitment and have
been reported in both pediatric HGGs and adult GBM [40,
41]. Therapeutic inhibition of IDO1 and/or TDO therefore
represents a promising strategy for the treatment of p-GBM.

T cell dysfunction-mediated immune evasion

T cell dysfunction has been shown to play a role in tumor pro-
gression and may occur through T cell exhaustion, sequestra-
tion, anergy, and/or deletion. T cell exhaustion occurs in the
setting of prolonged antigen stimulation and significantly limits
the subsequent immune response [42]. Exhausted T cells dem-
onstrate a loss of effector function, sustained upregulation of
inhibitory molecules, and an altered metabolic profile. The Pro-
grammed Death Ligand-1 (PD-L1)/Programmed Cell Death-1
(PD-1) pathway serves as a central regulator of T-cell exhaus-
tion. PD-1 engagement with its ligand PD-L1 downregulates
cytokine production and causes decreased proliferation and
inactivation of T cells. Glioma cells express PD-L1 on their
cell surface and upregulate PD-L1 expression on monocytes
through an IL-10-dependent mechanism [42], contributing to T
cell inhibition. Inhibition of the PD-L1/PD-1 pathway is there-
fore being explored as a therapeutic strategy for adult patients.
However, the recent CheckMate 143 phase III trial did not
demonstrate a survival benefit for adult patients with recurrent
GBM [43]. Furthermore, PD-L1 expression has been found to
be relatively low in p-GBM, suggesting that inhibition of this
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pathway may be even less likely to be successful in pediatric
patients [44, 45]. Further studies are needed to understand the
alternate pathways that mediate T cell infiltration in p-GBM.

T cell depletion is accompanied by tumor-imposed loss of
sphingosine-1-phosphate receptor 1 (SIPR1or S1P1) [46],
one of five G protein—coupled receptors that binds the lipid
second messenger, sphingosine-1-phosphate (S1P) [46].
S1P1 is located on the cell surface of lymphocytes and is
required for trafficking out of the lymph node or thymus.
The concentration of S1P is higher in blood and lymph and
low in most other tissues, therefore establishing a gradient
that directs T-cell egress from lymphoid organs into the
circulation [46, 47]. SIP-S1P1 binding promotes the rapid
internalization and degradation of the receptor and mediates
lymphocyte trafficking from lymphoid organs to the circula-
tion [47]. GBM cells downregulate the expression of these
receptors, thereby resulting in sequestration of these naive
T lymphocytes in the bone marrow [46].

Alternatively, T cell anergy may occur, reflecting a state
of unresponsiveness of the immune system. There are two
types of anergy: clonal anergy from defective co-stimulation
resulting in RAS/MAPK dysfunction, and adaptive anergy
from continuously low levels of antigen exposure and defi-
cient Zap70 kinase activity [48]. T cell anergy is mediated in
part by cytotoxic T-lymphocyte associated protein-4 (CTLA-
4), a protein found on CTLs, Tregs and T helper cells. When
T cells recognize an antigen without strong co-stimulation,
the T cell receptors may lose their ability to deliver activat-
ing signals. Alternatively, the T cells may engage inhibitory
receptors (e.g. CTLA-4) that block activation either by com-
petitively preventing CD28 binding to B7 co-stimulators or
by generating inhibitory signals that attenuate activation via
the T cell receptor and CD28. While adult brain tumors have
shown increased CTLA-4 expression [49], CTLA-4 expres-
sion has not been well characterized in pediatric patients.

Deletional tolerance may also prevent an anti-tumor
response at the central or peripheral level. Deletion refers to
the elimination of T cells and B cells through apoptosis. Dele-
tional tolerance has been observed in patients with GBM, and
T-cell apoptosis is induced via a FasL-mediated deletion of
invading lymphocytes [46]. An increased T-cell propensity for
apoptosis results from a cooperative interaction between CD70
and gangliosides [32]. CD70, in turn, mediates T-cell apoptosis
through interactions with CD27, a member of the TNF recep-
tor family. However, the role of deletional tolerance in p-GBM
immune evasion remains unclear.

Contribution of the pediatric GBM immune
microenvironment

The above mechanisms of immune evasion rely on the
interface between the tumor microenvironment and the
host immune system (Fig. 1). Among children, glioma cells
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Fig.1 Immune altering mechanisms in pediatric glioblastoma. Cre-
ated with BioRender.com CD80, cluster of differentiation 80; CD86,
cluster of differentiation 86; CD94, cluster of differentiation 94; CSC,
cancer stem cell; CTL, cytotoxic T lymphocyte; DC, dendritic cells;
HIF-1, hypoxic inducible factor 1; HLA, human leucocyte antigen;
IDO1, indolamine 2,3 dioxygenase 1; IL-6, interleukin 6; IL-10,
interleukin 10; LDHS, lactate dehydrogenase 5; MICB, MHC class
I related gene B; MIF, macrophage migration inhibitory factor; miR,

create an immunosuppressive environment through several
parallel pathways involving the release of soluble factors
and hypoxia induction. For example, TGF-f suppresses T
cell growth and IL-2 production, activates Tregs [50], and
downregulates NKGD?2 [38]. Microglia secrete TGF-f in
response to brain tumors, resulting in local and systemic
brain tumor-mediated immunosuppression [51]. Macrophage
migration inhibitory factor (MIF), another cytokine, is pri-
marily upregulated in necrotic areas and adjacent to blood
vessels, particularly in the presence of a TP53 mutation.
MIF acts as an immune checkpoint regulator, enhancing
autophagy in GBM and contributing to the escape of den-
dritic cell surveillance [52].

The tumor milieu skews the inflammatory response away
from a cell-mediated Th1 response towards a humoral Th2
response [10]. Elevated levels of IL-10, a Th2 cytokine, have
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microRNA; MMP9, matrix metalloproteinase-9; PD-1, programmed
cell death protein 1; PDL-1, programmed death ligand 1; p-GBM;
pediatric glioblastoma; PIGF, placental growth factor; S1P1, sphingo-
sine 1 phosphate; S1P1R, sphingosine 1 phosphate receptor; STAT-3,
signal transducer activator of transcription-3; TCR, T cell receptor;
TDO, tryptophan dioxygenase; TLR, toll-like receptor; Tregs, regula-
tory T cells

been associated with enhanced tumor growth, inhibition of
IFN-y and tumor necrosis factor-alpha (TNF-a) production
by the immune system, downregulation of MHC class II
expression by monocytes, and induction of T cell anergy
[53]. A recent study involving p-GBM, however, showed
that although IL-10 was not expressed by these tumors, other
immunosuppressive cytokines were detected in the tumor
microenvironment [24].

The tumor microenvironment is also often characterized
by hypoxia due to morphologically irregular blood vessels,
irregular blood flow, and rapid oxygen consumption by pro-
liferating cells [54]. Hypoxia promotes angiogenesis, and
molecular markers of hypoxia such as hypoxic inducible
factor 1 (HIF-1) and VEGF expression levels are upregu-
lated in adult GBM, though not typically in p-GBM [55].
Hypoxia also activates the signal transducer and activator of
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Table 2 Clinical trials of immunotherapy for pediatric glioblastoma

Mechanism Phase Patient population Intervention Identifier Status
Immune checkpoint 1 Progressive GBM in children  Indoximod with temozolo- NCT02502708 Completed
and adults mide
2 Recurrent GBM in children ABT-414 NCT02343406 Completed
and adults
1 Refractory or recurrent pri- APX005M NCT03389802 Recruiting
mary p-GBM
1 Progressive p-GBM Nivolumab + Ipilimumab NCT04323046 Recruiting
before and after surgery
2 Relapsed or newly diagnosed  Indoximod + chemother- NCT04049669 Recruiting
p-GBM apy +radiation
Cancer vaccine/viral therapy 1 Newly diagnosed and recur- CMYV RNA-Pulsed Dendritic  NCT03615404 Completed
rent GBM in children and Cells
adults
172 Relapsed or refractory p-GBM DSP-7888 NCT02750891 Completed
1 Recurrent p-GBM HSV G207 NCT03911388 Recruiting
1b Recurrent p-GBM PVSRIPO NCT03043391 Recruiting
2 Refractory GBM in children ~ V-Boost immunotherapy NCT03916757 Recruiting
and adults
2 Recurrent p-GBM HSV G207 NCT04482933 Not yet recruiting
Progressive and recurrent HSV G207 +single radiation =~ NCT02457845 Active, not recruiting
p-GBM dose
1 Newly diagnosed or recurrent ~ AdV-tk + prodrug ther- NCT00634231 Active, not recruiting
p-GBM apy +radiation (viral gene
therapy)
1 Recurrent p-GBM Wild type reovirus (viral NCT02444546 Active not recruiting
therapy) with Sargramostim
1 Recurrent GBM in children Dendritic Cell (DC) vaccine NCT01808820 Active not recruiting
and adults
Adoptive cellular immuno- 1 Refractory and recurrent GBM IL13Ra2 CAR T cells NCT02208362 Recruiting
therapy in children and adults
1 Recurrent GBM in children Antigen-specific immuno- NCTO03170141 Enrolling by invitation

and adults

gene-modified T cells

AdV-tk, adenovirus-mediated herpes simplex virus thymidine kinase; CMYV, cytomegalovirus; HSV G207, herpes simplex virus-1 G207;
IL13Ra2 CAR T cells, interleukin 13 receptor alpha 2 subunit chimeric antigen receptor T cells; PVSRIPO: polio/rhinovirus recombinant

transcription-3 (STAT3), which triggers HIF-1 synthesis [32,
50] and induces Treg activation. Elevated STAT3 levels pro-
mote Treg proliferation, as well as the expression of FOXP3,
TGF-f and IL-10, all of which inhibit CTL differentiation
and dendritic cell maturation [10].

Overall, these findings suggest that the p-GBM micro-
environment might be less immunosuppressive than that of
adult GBM. However, a better understanding of the p-GBM
microenvironment and its interaction with the immune sys-
tem is necessary in order to develop effective immunothera-
pies for this patient population.
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Immunotherapeutic strategies for pediatric

GBM

Cancer immunotherapy has demonstrated efficacy in a
number of advanced solid tumors, including melanoma,
non-small cell lung cancer, head and neck cancer, and renal
cell carcinoma. Unfortunately, immunotherapy has so far
had limited success among adult patients with GBM. How-
ever, due to the unique characteristics of p-GBM, there is a
growing interest in exploring immunotherapeutic strategies
for the pediatric population, including immune checkpoint
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inhibitors, cancer vaccines, oncolytic viral therapy, and
adoptive cellular immunotherapy (Table 2).

Immune checkpoint inhibitors

Immune checkpoint blockade functions by interfering with
inhibitory pathways that attenuate the activity of CTLs and
can be used either in isolation to bolster the native immune
response or in tandem with other therapies that would
otherwise be inhibited by the immune system [56]. PD-1
inhibitors have emerged as one option. PD-L1 tumor posi-
tivity, a high tumor mutation burden (TMB), and high T
cell density are associated with a tumoral response to PD-1
blockade [57]. In 2017, the FDA approved pembrolizumab
(KEYTRUDA®), a humanized monoclonal antibody PD-1
inhibitor, for adult and pediatric patients with unresectable
or metastatic TMB-high solid tumors, as well as microsat-
ellite instability-high or mismatch repair (MMR) deficient
solid tumors [58, 59]. A pediatric phase I trial studying pem-
brolizumab for pediatric patients with recurrent, progressive,
or refractory gliomas or medulloblastomas is in the recruit-
ment phase (NCT02359565). Unfortunately, a recent phase
IIT clinical trial (CheckMate 143) found that nivolumab,
an alternate PD-1 inhibitor, did not result in improved sur-
vival relative to bevacizumab in adult patients with recur-
rent GBM [43]. Another phase III trial (CheckMate 548:
NCT02667587) investigating temozolomide plus radiation
therapy with nivolumab vs. placebo is currently ongoing for
adults with newly diagnosed MGMT-methylated GBM, but
pediatric patients have not yet been studied.

Macrophage checkpoint blockade represents another
option. Humanized monoclonal antibodies have been devel-
oped that target the macrophage immune checkpoint CD47,
which has been shown to be particularly enriched in p-GBM.
CDA47 is overexpressed on the cell surface of tumor cells
and inhibits the phagocytosis of tumor cells by macrophages
upon binding of its ligand [60]. While the signaling cascade
downstream of CD47 is not well understood, inhibitors tar-
geting CD47 have been developed and are currently under
investigation in adults with hematologic malignancies [60].
Pre-clinical investigations have demonstrated that by inhibit-
ing CD47, macrophages can be “unlocked” to phagocytize
tumor cells in several pediatric brain tumor models [58].

Immune checkpoint inhibition is less effective in tumors
with a low TMB. Although GBM is typically associated
with a low mutational load [61], p-GBM that arises in the
context of CMMRD is characterized by a particularly high
TMB [62]. Due to the high frequency of genomic mutations
that are present in patients with CMMRD, there may be an
increased likelihood of generating immunogenic tumor neo-
antigens by the host immune system, and CMMRD + tumors
may therefore be more likely to benefit from PD-1 blockade
[63, 64]. In particular, this therapy could be beneficial for a

subset of pediatric patients showing evidence of microsatel-
lite instability [65].

Cancer vaccines and oncolytic viral therapy

Cancer cell vaccines are designed to elicit an endogenous
immune response using synthetic peptides, fragments of DNA/
RNA, or tumor cell lysate as immunogens to boost and/or elicit
long-term immune responses [66]. Although peptide vaccines
have shown promise in pre-clinical and clinical studies, they are
usually restricted to a specific HLA haplotype, therefore limit-
ing the number of patients who can be treated. Alternatively,
autologous dendritic cell (DC) and DNA/RNA vaccines involve
loading patient derived DCs with tumor antigens from cell
lysates or exposing them to tumor cDNA libraries. Though this
approach has been explored in the pediatric population [67],
an ongoing challenge involves eliciting an immune response
against relatively weak “self” tumor antigens [58]. Clinical tri-
als involving p-GBM patients include a phase I trial evaluating
a tumor lysate pulsed dendritic cell vaccine (NCT01808820).
A trial that evaluated a heat shock protein vaccine (HSPPC-96)
was terminated due to a lack of efficacy (NCT02722512).
Oncolytic viral therapies also aim to activate the immune
system, converting an immunosuppressed environment to a
pro-inflammatory environment. Mechanistically, oncolytic
viral therapy effects an anti-tumor response via two main
mechanisms: 1) direct lysis of cancer cells due to viral rep-
lication, and 2) activation of an immune response against the
tumor because of the release of neoantigens into the micro-
environment following immunogenic cell death. The latter
mechanism also has the potential to establish long-term
immunological memory that may prevent tumor recurrence.
Oncolytic viral therapy HSV G207 is currently being evalu-
ated for the treatment of children with recurrent GBM [68].

Adoptive cellularimmunotherapy

Adoptive cellular therapies involve manipulating effector
immune cells ex vivo before reintroducing them to the patient.
One approach consists of harvesting tumor-infiltrating lympho-
cytes (TILs) from the tumor bed, or alternatively immune cells
isolated from peripheral blood or lymph nodes. The cells are
stimulated ex vivo with cytokines and/or tumor antigen, and
then infused back into the patient. Despite reports of immune
activation, this therapy was clinically ineffective at mounting
an anti-tumor immune response in patients with progressive
primary or recurrent malignant gliomas [69].

Another approach to adoptive cellular immunotherapy
involves the use of chimeric antigen receptors (CARs),
which are artificial fusion proteins that incorporate an
extracellular ligand recognition domain, a transmembrane
domain, and an intracellular signaling domain to induce
T cell activation upon antigen binding [55]. CAR T-cell
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therapy consists of isolating the patient’s T cells. The col-
lected T cells are engineered to express the CAR receptor,
which “reprograms” the T cells to target tumor cells. The
modified CAR T-cells are expanded in the lab and subse-
quently infused back into the patient. CAR T-cell therapy
has been successful in the treatment of malignancies such
as acute lymphoblastic leukemia and chronic myeloid leu-
kemia [70]. Recently, CAR T-cells have shown promise in
mediating anti-tumor activity in adult patients with GBM
by targeting HER2 or IL13Ra2 [58]. CAR T-cell therapy
targets cell surface neoantigens, which may be limited in
the case of p-GBM. However, recent studies demonstrated
that driver mutations can be targeted with bispecific antibod-
ies and CAR T-cells [71]. This approach could potentially
be applied to common oncogenic mutations that are other-
wise difficult to target in patients with p-GBM.

Current limitations and future directions

The existing challenges to finding effective treatments for
p-GBM are multifactorial, and include: 1) inadequate ani-
mal models, 2) tumor heterogeneity and plasticity, and 3)
an incomplete understanding of the tumor microenviron-
ment. A general lack of experimental models that recapitu-
late intratumoral heterogeneity remains a major limitation
of p-GBM research. However, a recently developed novel
alpha thalassemia/mental retardation syndrome X-linked
(ATRX)-deficient GBM mouse model has been promis-
ing [72]. These mice begin to develop brain tumors in the
first few weeks of life, and demonstrate similar mutations
as children and adolescent patients with the disease. Fur-
thermore, the ATRX — deficient mouse model exhibits a
functional immune system, thereby facilitating the devel-
opment and implementation of immunotherapy strategies
for the treatment of p-GBM [72].

Tumor heterogeneity and plasticity represents another
limitation, particularly with regard to CAR T-cell therapy,
as the loss of tumor-associated antigens (TAAs) allows some
tumor cells to escape the CAR T-cells. As a result, CAR
T-cells that target single antigens often result in antigen-
negative relapses in pre-clinical and clinical studies [73].
Such relapses have prompted the development and design
of CARs that can target multiple TAAs, such as bi-specific,
trivalent, tandem, split, and synNotch CARs [73]. The
first three strategies have been explored for adult patients,
while bi-specific antigens are currently being explored
in pediatric patients with refractory and recurrent GBM
(NCT02208362).

An incomplete understanding of the p-GBM micro-
environment remains a key limitation to effective treat-
ment. Adult GBM models do not accurately recapitulate
the pediatric tumor microenvironment, and as described
above, recent work has suggested that pHGG might be
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less immunosuppressive than adult tumors. The presence
of distinct immunophenotypes suggests a need for differ-
ent immunotherapeutic approaches in adult vs. pediatric
patients [74].

Ultimately, an improved understanding of the tumor
biology and epigenetic landscape of p-GBM has provided
an opportunity to better assess patient prognosis, but the
translation of this knowledge into the development of new
therapies has proven difficult. Despite its limitations, immu-
notherapy may represent a promising new line of treatment
for these patients and remains an innovative focus for future
studies.

Conclusion

While the immune infiltrate of adult GBM has been exten-
sively studied, less is known about the tumor microenviron-
ment and immune response in p-GBM. There is growing
evidence that p-GBM undergoes less infiltration by immune
cells and may also employ fewer immunosuppressive strate-
gies compared with adult GBM. Until recently, the treat-
ment of the p-GBM population has primarily been based on
data obtained from adult trials. However, a growing under-
standing of the molecular and cellular features of p-GBM
has demonstrated that optimal treatment requires the iden-
tification of biomarkers and therapies specific to pediatric
patients. An expanded and updated understanding of the
immunosuppressive processes and the tumor microenviron-
ment of p-GBM will facilitate the development of pediatric-
specific therapeutic strategies.
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