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ABSTRACT
Diffuse midline gliomas (DMG) are a highly aggressive and universally fatal subgroup of pediatric tumors 
responsible for the majority of childhood brain tumor deaths. Median overall survival is less than 
12 months with a 90% mortality rate at 2 years from diagnosis. Research into the underlying tumor 
biology and numerous clinical trials have done little to change the invariably poor prognosis. Continued 
development of novel, efficacious therapeutic options for DMGs remains a critically important area of 
active investigation. Given that DMGs are not amenable to surgical resection, have only limited response 
to radiation, and are refractory to traditional chemotherapy, immunotherapy has emerged as a promising 
alternative treatment modality. This review summarizes the various immunotherapy-based treatments for 
DMG as well as their specific limitations. We explore the use of cell-based therapies, oncolytic virotherapy 
or immunovirotherapy, immune checkpoint inhibition, and immunomodulatory vaccination strategies, 
and highlight the recent clinical success of anti-GD2 CAR-T therapy in diffuse intrinsic pontine glioma 
(DIPG) patients. Finally, we address the challenges faced in translating preclinical and early phase clinical 
trial data into effective standardized treatment for DMG patients.
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Introduction

Central nervous system (CNS) tumors are the most com-
mon solid malignancy in children and are the primary 
cause of pediatric cancer-associated mortality.1 Pediatric 
high-grade gliomas (pHGGs) are aggressive neoplasms 
that originate from glial lineages in the developing CNS. 
While many types of pHGGs commonly occur in the cere-
bral hemispheres, including pediatric glioblastoma (GBM) 
and anaplastic astrocytomas, some of the most lethal sub-
types arise in the thalamus, spinal cord, and/or brainstem, 
where they are subclassified as diffuse midline gliomas 
(DMG). Up to 80% of DMGs arise in the pons, where 
they are also referred to as diffuse intrinsic pontine glioma 
(DIPG).2,3 Pathogenetically, the 2021 World Health 
Organization (WHO) classification of CNS tumors distin-
guishes isocitrate dehydrogenase (IDH)- and histone 3 
(H3)-wildtype pHGGs, which may sometimes arise in mid-
line structures, from H3 lysine 27 (K27)-altered DMG.4 

Irrespective of the location and pathogenetic molecular 
alteration, H3K27-altered DMGs are classified as WHO 
grade 4 tumors and bear dismal prognoses.4

In the United States, there are approximately 400 new 
diagnoses of DIPG per year,2 with a median age at presentation 
of 6.8 years and a median overall survival of 11 months (inter-
quartile range, 7.5 to 16 months).3 Histologic analysis often 
reveals a high-grade astrocytoma, though interestingly tumor 
grade does not correlate with either the rate of tumor progres-
sion nor clinical prognosis. DIPGs often have a rapid local 
infiltration, and approximately 20% of DIPG patients develop 
neuraxis metastases.5 Decades of research have thus far failed 
to produce a therapeutic intervention with any meaningful 
survival benefit, as significant barriers hinder the successful 
study and treatment of DIPG. Apart from the aggressive nature 
of the disease, its anatomically challenging location in the 
brainstem and immunological senescence further complicate 
therapeutic angles. DIPG arises in the pons, a midline structure 
that is a crucial regulator of vital functions such as respiration, 
blood pressure, cardiac rhythm, and sleep-wake cycles. The 
pons also contains critical interneuron tracks that connect 
upper and lower motor neurons and is the site from which 
numerous cranial nerves emerge; accordingly, surgical resec-
tion in this area is contraindicated as damage can result in 
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significant morbidity, including autonomic dysregulation, 
diplopia, hemiparesthesia, dysarthria, gait disturbance, and 
hemiparesis/hemiplegia.6,7 Historically, biopsy was generally 
not performed unless the clinical picture or imaging findings 
were highly atypical. However, the universal failure of early 
phase clinical trials has underscored the importance of under-
standing the molecular biology of these tumors, and studies 
published in recent years have revealed that surgical biopsy can 
be performed safely and with high diagnostic yield, resulting in 
a trend toward tissue diagnosis for many patients with radio-
graphic evidence of DIPG.8–10

Focal radiation therapy remains the standard of care for 
DIPG, primarily due to the failure of surgery and available 
chemotherapeutic agents to provide any clinical benefit. 
Radiation therapy provides temporary symptomatic relief in 
70–80% of patients and is thus largely considered a palliative 
measure.11 For DIPG patients that respond to upfront radia-
tion, there is some evidence to suggest re-irradiation after first 
relapse may lead to meaningful clinical improvement and 
radiologic response with minimal risk of acute toxicity; how-
ever, re-irradiation still does not impact overall survival and 
more data is needed to identify patients most likely to benefit 
from this strategy.12–14

Another major obstacle to therapeutic development and 
advancement is the heterogeneous epigenetic and genetic land-
scapes identified in these aggressive tumors to date. The identifi-
cation of lysine 27 to methionine gene mutations in histone H3.1 
and H3.3 (H3.1K27M and H3.3K27M mutations), which are 
present in upwards of 85% of DIPG tumors, resulted in the 
revision of WHO CNS tumor classification guidelines and moti-
vated studies interrogating the epigenetic landscape and global 
transcriptome dysregulation of DIPG tumors.15 As targeting 
these histone mutations directly has not yet proven to be 
a viable strategy, current focus has shifted to other epigenetic 
aberrations associated with these tumors, such as hypomethyla-
tion and increased acetylation of H3K27 by EZH2 and histone 
deacetylases, respectively.16 Significant inter- and intra-tumoral 
heterogeneity is further evidenced by integrated molecular profil-
ing and genomic analyses of DIPG patient samples. For instance, 
several chromosomal and genetic aberrations, notably gains of 
chromosome 1q along with losses of 11p, 13q, and 14q, can be 
used to differentiate DIPG from other pediatric high-grade 
DMGs. Numerous studies have also revealed genetic alterations 
in PDGFRA, TP53, MYC, PVT-1/MYC, RB1, and PTEN.15,17,18 

Concomitant copy number alterations of TP53, PPM1D, and 
ACVR1 further connote a complex interplay between canonical 
histone aberrations and methylation derangements that may 
accelerate tumorigenesis.17 Genetic or epigenetic-based mono-
therapy or combination approaches have not demonstrated cura-
tive potential in clinical trials to date, highlighting the necessity to 
explore alternative treatment modalities.19

Finally, the etiology underlying tumor recurrence remains 
largely unknown, and most children die shortly after first 
relapse. While this phenomenon remains an active area of 
research, deficiencies in DNA repair mechanisms have been 
posited as a potential cause. Most DIPG tumors overexpress 
poly(ADP-ribose) polymerase (PARP1), a protein essential for 
repairing single-stranded DNA breaks that has been implicated 
in resistance to chemotherapy and is widely dysregulated in 

a number of solid malignancies.18 Further insight into DIPG/ 
DMG mechanisms of resistance to treatment are needed to 
create and refine targeted treatment approaches.

Immunotherapeutic challenges

Immunotherapy has emerged as a novel treatment modality for 
both solid and hematologic malignancies and has been incor-
porated into the standard of care for many adult and pediatric 
cancers.20 However, the applicability and efficacy of immuno-
modulatory treatment methods for DMG patients have not yet 
been established. The advancement of next-generation sequen-
cing technology and more robust in vitro and in vivo disease 
models has broadened our knowledge of the molecular and 
genetic heterogeneity of DMG tumors and enabled identifica-
tion of antigenic regions specific to mutated tumor cells that 
may ultimately serve as therapeutic targets. One notable risk 
inherent to immunotherapy is that of sequelae from wide-
spread immunological activation and the induction of a pro- 
inflammatory state that could cause significant edema and 
extravasation of fluid within midline structures such as the 
brainstem, thus worsening tumor-associated symptoms. 
Activating an effective immune response while minimizing 
potentially devastating side effects of inflammation is 
a central consideration in designing and implementing safe 
immunotherapies for DIPG/DMG.21,22

Another physical obstacle to treatment of DMG is the 
blood–brain barrier (BBB), which limits the distribution of 
systemically administered therapeutic agents.23 While some 
small and lipophilic molecules delivered systemically can 
enter the brain by crossing the BBB, high doses are typically 
needed to achieve therapeutic levels in target tissues that can 
lead to substantial toxicity.23,24

In addition to anatomic considerations, DIPG has been 
shown to be remarkably immunologically senescent, even in 
comparison to other “immune-cold” tumors like adult 
GBM. For instance, DIPG samples contain a smaller abso-
lute number of glioma-associated microglia/macrophages 
(GAMs) as compared to adult GBM tissue.25,26 In turn, 
DIPG-GAMs secrete markedly fewer chemokines/cytokines 
and express significantly lower levels of inflammatory mar-
kers such as IL6, IL-1α, IL-1β, CCL3, and CCL4.27 The 
paucity of chemotactic cues and soluble mediators of 
inflammation in the DIPG microenvironment is mirrored 
by an expected decrease in the magnitude of infiltrating 
CD3+ T-lymphocytes. Bulk and single-cell sequencing ana-
lyses have also shown transforming growth factor beta 1 
(TGFβ1), a known immunosuppressive growth factor, to 
be upregulated in DIPG, suggesting that TGFβ1 may pre-
vent appropriate T-lymphocyte activation against DIPG.27 

However, DIPG was found to have a greater inflammatory 
milieu compared to hemispheric pHGGs; although the rela-
tively “colder” immune signature of DIPG presents unique 
difficulties in developing effective immunomodulatory treat-
ment methods, the ability to manipulate the immunosup-
pressive microenvironment of this tumor may represent an 
alternative and complementary avenue for treatment.
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Immunotherapy approaches

The current literature on immunotherapy in DIPG/DMG is 
somewhat limited; however, there is a growing body of pre-
clinical and clinical data on the use of immunotherapy in other 
brain tumor types that may inform therapeutic design. The 
basis of inducing an immune response to a tumor involves first 
increasing the antigenicity of the tumor, and second manipu-
lating the immune system to attack the cancerous tissue. This 
review will highlight adoptive cell transfer therapies, oncolytic 
viruses, immune checkpoint inhibition, tumor vaccines, and 
immune cell engineering approaches as promising modalities 
of immunotherapy for DMGs (Figure 1).

Adoptive cell transfer

Adoptive cell transfer (ACT) is a form of immunotherapy in 
which immune cells are isolated from a patient, modified, 
expanded ex vivo, and then transferred back into the patient 
(Figure 2).27 T-cells genetically modified to express chimeric 
antigen receptor (CAR-T) have shown remarkable rates of 
clinical response and remission in the setting of various hema-
tologic malignancies and have since become the first FDA- 
approved ACT for the treatment of acute lymphoblastic leuke-
mia and diffuse large B-cell lymphoma.28 CAR-T cells are 
engineered to specifically target tumor-associated antigens 
and are composed of an extracellular Fc domain, 

Figure 1. Immunotherapeutic and combination therapy modalities in DMG. DMGs are highly aggressive and often fatal tumors of the pediatric central nervous system. As the 
anatomical location of these tumors precludes total surgical resection, chemo- and radiotherapies comprise the current mainstays of treatment. Unfortunately, these treatment 
modalities have not significantly improved the dismal prognoses of DMGs, underscoring the urgency of identifying efficacious alternatives. Obstacles to therapeutic development 
include addressing intra- and intertumoral heterogeneity, overcoming blood-brain barrier penetrance, and modulating the relatively “cold” immune environment of DMGs. 
Despite these obstacles, emerging evidence demonstrates strong potential for immune checkpoint blockade, adoptive cell transfer, oncolytic viral therapies, and tumor vaccines 
as novel therapies for DMG. Pre-clinical studies and clinical trials are also interrogating the synergistic effects of these immunotherapies with chemotherapy and radiotherapy.
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a transmembrane domain, and an intracellular domain that 
allow for potent cytotoxicity completely independent of major 
histocompatibility complex (MHC) activation.29 There are 
now several generations of signaling domains that have been 
utilized, with recent advances leading to significantly enhanced 
and sustained T-cell response.30

To date, four clinical trials have been conducted using CAR- 
T therapy in adult GBM with preliminary results showing no 
dose-limiting toxicities and evidence of an antitumor response 
in a small number of patients.31 The antigens targeted – epi-
dermal growth factor receptor variant III (EGFRvIII), human 
epidermal growth factor receptor 2 (HER2), and interleukin 13 
receptor subunit alpha 2 (IL-13Rα2) – are also expressed in 
a subset of pediatric HGGs.30,32–34 While previous trials in 
DIPG based on data extrapolated from adult GBM trials have 
uniformly failed, it is possible that this targeted approach may 
extend to DIPG given the overlap in antigen profile. These 
targets are being explored in the ongoing BrainChild-01 

(HER2; NCT03500991) and BrainChild-02 (EGFR; 
NCT03638167) pediatric clinical trials. Of note, CAR-T cell 
infusion has been trialed both intracranially35 and intrave-
nously (IV) in other disorders36,37 with imaging and pathology 
data demonstrating appropriate infiltration of inflammatory 
cells and the presence of CAR-T cells via both routes of 
administration.38 The ability to deliver CAR-T cells via IV 
administration for the treatment of brainstem tumors would 
bypass the risk and difficulty associated with direct intra- 
tumoral CAR-T injection, thereby transforming this therapeu-
tic approach.

Another significant recent advancement in CAR-T therapy 
for DIPG was the development and assessment of anti- 
disialoganglioside 2 (GD2) CAR T-cells to target DIPG and 
other DMGs.39 Gangliosides are glycosphingolipids that are 
commonly found on the surface of cells in the mammalian 
nervous system.40 While the majority of gangliosides are poor 
therapeutic targets given their near ubiquitous expression 

Figure 2. Generation of CAR-T cells for anti-DMG therapy. CAR-T cells present a powerful new approach to precision immunotherapy in DMG. CAR-T cells are generated 
from a DMG patient’s own T cells (a) and directed against tumor-specific antigens/neoantigens by genetic introduction of a chimeric antigen receptor (CAR) gene (b). 
Clonally expanded CAR T cells (c) are then reinfused into the originating patient and are activated to promote enhanced tumor cell-specific destruction (d). Treatment of 
4 DMG patients with GD2-directed CAR-T cells recently demonstrated both radiologic and clinical benefit, evidencing the transformative potential of this novel therapy.
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across a variety of normal tissue types, GD2 is unique given its 
differential overexpression in many solid tumor types com-
pared to surrounding healthy tissue, including gliomas, neuro-
blastoma, and osteosarcoma.41 The anti-GD2 antibody 
dinutuximab was approved by the U.S. Food and Drug 
Administration (FDA) for the treatment of high-risk pediatric 
neuroblastoma in 2015, motivating further translational and 
clinical investigation into anti-GD2 therapies.42 High expres-
sion of GD2 was identified in four independent patient-derived 
DIPG cultures bearing the H3K27M mutation, providing evi-
dence for targeting GD2 in these high-grade tumors. Given 
that anti-GD2 antibodies had limited penetrance of the BBB, 
GD2-CART cells, which readily cross the BBB, proved an 
attractive alternative.41

Initial results from the first dose level of a pediatric phase 
I clinical trial employing GD2-CAR T cell therapy for DIPG 
and other H3K27M-mutated DMGs have demonstrated 
a tolerable safety profile and clear signs of T cell expansion 
and activity including clinical responses.22,43,44 In the largest 
clinical series of CAR-T in DIPG to date, Majzner et al. 
described the treatment of 4 pediatric or young adult patients 
with H3K27M-mutated DIPG or DMG with GD2-directed 
CAR-T cells.22 Three of the 4 reported patients experienced 
clinical and radiographic improvement following the initial IV 
infusion of GD2-CAR T cells; 1 patient experienced a 90% 
reduction in her spinal DMG, while another demonstrated 
improved motor function and decreased midbrain tumor sig-
nal by MRI.22 All 3 of these patients received at least one 
intracranial infusion of GD2-CAR T cells in the months fol-
lowing their initial IV therapy due to stagnation or worsening 
of their clinical or radiographic disease, with one patient 
receiving five total GD2-CAR T cell treatments before passing 
away.22 In the sole patient who did not respond to IV GD2- 
CAR T cell therapy, quantitative polymerase chain reaction 
analysis of autopsy brain tissue revealed evidence of GD2- 
CAR T cell infiltration specifically into her tumor with sparing 
of normal cortex,22

In April of 2022, Majzner et al. presented preliminary find-
ings for the 3 + 3 phase I dose escalation trial of GD2-CAR T in 
H3K27M DMGs, which included 11 treated patients out of 13 
total enrollees.45 Nine of the 10 follow-up patients experienced 
clinical and radiographic improvement after initial IV infusion, 
similar to the previously reported patients; all 9 also received at 
least one subsequent intracranial infusion.45 Two patients 
experienced dramatic reductions in tumor volume (over 95% 
and 98% respectively), and 4 patients were still receiving infu-
sions at the time of data release.45 These promising phase 
I studies therefore not only portend an important role for 
CAR-T cells in the future of DIPG/DMG management, but 
also highlight the necessity for careful clinical planning and 
monitoring of these patients during therapy.

Clinical benefit notwithstanding, the side effect profile of 
CAR-T therapy presents a clinical challenge.46 Cytokine release 
syndrome (CRS), cytokine release encephalopathy syndrome 
(CRES), and tumor inflammation-associated neurotoxicity 
(TIAN) are CAR-T-associated complications that can range 
from mild inflammatory changes and confusion to fluid over-
load, respiratory failure, seizures/obtundation, and death.22,46 

A significant cause of morbidity in CAR-T-treated patients 

with hematologic malignancies, these toxicities may become 
more pronounced in anatomically constrained solid neurologic 
tumors. The pathogenesis of both CRS, CRES, and TIAN stems 
from the induction of IL-1 and IL-6 mediated inflammation 
with sharp upregulation of T-cell activity after engaging with 
tumor antigens. Tocilizumab and siltuximab, both anti-IL-6 
monoclonal antibodies, have been used in conjunction with 
corticosteroids to treat CRS, CRES, and TIAN, allowing for 
toxicity abrogation as necessary.46 Anakinra, an IL-1 antago-
nist, can similarly be used to mediate the neurotoxic inflam-
matory effects of tumor CAR-T therapy.22 Studies of adult 
GBM patients infused with CAR-T cells demonstrated toler-
able side effect profiles, with none of the patients requiring 
tocilizumab infusions.47 In the phase I study of GD2-CAR T in 
DMG, however, all 4 patients required aggressive management 
of TIAN using tocilizumab and either anakinra or corticoster-
oids after their initial IV infusion. Two of 3 patients required 
similar treatment following their subsequent intracranial 
infusion(s); the spinal DMG patient required a cocktail of 
anakinra, siltuximab, corticosteroids, and dasatinib to suppress 
CAR-T activity.22 In general, patients experienced worse cyto-
kine release syndrome after IV infusion of GD2-CAR T cells 
compared to subsequent intracranial infusions.22 Single-cell 
RNA-sequencing analysis of CSF samples isolated from 
patients revealed differential enrichment of pro-inflammatory 
myeloid cells during peak post-intracranial infusion inflamma-
tory periods compared to peak post-IV inflammatory 
periods.22 Of the patients from the recently reported 3 + 3 
trial (NCT04196413), all experienced TIAN symptoms that 
were managed with anakinra with additional corticosteroids 
or CSF drainage as required.45 Together, the data from these 
monumental clinical investigations demonstrate the power of 
an immune-based therapeutic approach to DMGs and empha-
size opportunities for future investigation in this arena.

As more preclinical and clinical data become available and 
our understanding of the genetic makeup of DIPG/DMG 
expands, the use of CAR-T cells to target neo-antigens may 
prove to be a viable, precision immunotherapeutic option for 
patients. Further studies assessing the tolerability of neuroin-
flammatory related side effects in children are needed, and 
further delineation of neo-antigens along with maturation of 
administration techniques will be critical.

NK/CAR-NK therapy
While CAR-T therapy remains the predominant ACT 
approach in DMG and other tumors, recent studies are also 
investigating novel CAR-natural killer (CAR-NK) cell strate-
gies. In general, CAR-NK approaches have several advantages 
over CAR-T cell-based therapies. For instance, current clinical 
protocols often are limited to autologous CAR-T cells to pre-
vent graft-versus-host disease, whereas patients can safely 
receive allogeneic NK/CAR-NK cell therapies.48,49 

Additionally, CAR-NK cells can be derived from a variety of 
sources, including autologous or non-HLA-matched periph-
eral blood mononuclear cells, cord blood, induced pluripotent 
stem cells, and others; most CAR-T cells are generated from 
patient leukapheresis, although novel allogeneic forms of CAR- 
T cells are under investigation.49 Finally, preliminary evidence 
suggests that CAR-NK therapy may have higher anti-tumoral 
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efficacy with lower neurotoxicity and cytokine release syn-
drome-related sequelae compared to CAR-T cells; the innate 
immune functions of CAR-NK cells augment the CAR- 
mediated cytotoxicity of these cells compared to their CAR-T 
counterparts.49,50

NK cells have demonstrated cytotoxic potential against 
DIPG cells in vitro, mediated by binding between the NKG2D- 
activating receptor on NK cells and stress-response ligands 
upregulated on the DIPG cell surface.51 Investigation of 
immune cell infiltration and survival in DIPG suggests that 
increased NK cell infiltration is correlated with better prog-
nosis, supporting the translational study of CAR-NK in this 
disease.52 Combining NK-based therapy with existing cancer 
therapies may also augment the resulting anti-tumoral 
immune response. For instance, current agents undergoing 
clinical trial for DIPG may further enhance NK-mediated kill-
ing. The narrow-spectrum histone deacetylase inhibitor enti-
nostat increases NKG2D expression on NK cells and thus 
cytotoxic capacity.53 Lysine-specific demethylase-1 (LSD1) 
inhibitors increased expression of NK cell-activating ligands 
on DIPG cells in vitro, corresponding to increased NK cell- 
mediated tumor cell lysis following LSD1 inhibitor therapy.52

Several obstacles exist for the development and clinical 
implementation of NK cell-based therapies. Critically, CAR- 
NK cells persist for shorter times in vivo compared to CAR-T 
cells, which may necessitate larger and/or more frequent infu-
sions to achieve similar tumor infiltration levels.49 

Additionally, viral transduction of NK cells is more challenging 
and less successful than in T cells, requiring investigators to 
pursue alternative methods of vector integration.50,54 Finally, 
NK cells proliferate at a much lower rate than T cells, making it 
more difficult to generate an expanded pool of CAR-NK cells 
for clinical application.54 While it will likely require years of 
additional investigation and refinement before NK cell-based 
immunotherapies are ready for clinical trials in the treatment 
of DMG, the above studies demonstrate the potential of 
manipulating innate immunity as a therapeutic approach.

Oncolytic viruses

Oncolytic viruses (OVs) are an emerging class of immune- 
oncologic agents that are used to promote a robust antitumor 
immune response through selective tumor lysis and induction 
of anti-tumor immunity.55 OVs have become a promising and 
evolving modality of therapy in many types of CNS and extra-
cranial solid tumors. A select number of native OVs (Seneca 
Valley virus, Newcastle virus, and reovirus) demonstrate 
potent antitumor efficacy while others (oncolytic herpes virus 
(oHSV), oncolytic adenoviruses, and oncolytic measles virus) 
have been modified to improve specificity, immunogenicity, 
and safety.56 The selectivity of OVs for cancer cells is thought 
to arise from intrinsic abnormalities of cell signaling and anti-
viral machinery that confer a selective advantage for viral 
replication.57 Subsequent OV-mediated cytolysis is dependent 
upon 1) viral entry into cancer cells, 2) viral replication within 
the tumor, and 3) the secondary immune response to the virus, 
a coordinated series of events that underlies both the safety and 
efficacy of OVs (Figure 3).56,58

Oncolytic herpes simplex virus (oHSV)
Virus uptake into tumor cells is the first step in being able to 
target aberrant tissue, and the exploitation of specific surface 
uptake proteins can enhance viral entry and subsequent onco-
lysis. For example, nectin-1 (CD111) is an important receptor 
molecule in promoting oHSV entry and can be used to predict 
sensitivity to herpes oncolytic therapy in medulloblastoma and 
HGG pediatric xenograft models.59 Expression of CD111 was 
significantly higher in pediatric brain tumor xenografts relative 
to adult GBM, suggesting that pediatric brain tumors may be 
ideally suited for oHSV virotherapy.60 Critically, a clinical trial 
utilizing the oHSV G207 in recurrent pediatric cerebellar brain 
tumors is currently recruiting patients.61 A second phase 
I study focusing on G207 as a treatment for pHGG 
(NCT02457845) recently reported safety of the approach and 
impressive efficacy results with radiographic, neuropathologi-
cal, and/or clinical responses demonstrated in 11 out of 12 
patients.62 The median overall survival was 12.2 months in 
those patients who received G207 compared to 5.6 months in 
historical controls. Such work demonstrates the potential of 
OVs as treatments for DMG and should comprise a central 
area of future research. Notably, no pediatric or adult patient 
treated with G207 in multiple phase I trials suffered from virus- 
associated neurotoxicities such as encephalitis.63–65 Upcoming 
trials will further elucidate the safety profile for oHSV therapy 
in DIPG/DMG.

Oncolytic adenovirus
Oncolytic adenoviruses have also been genetically engi-
neered to selectively infect tumor cells by targeting aber-
rancies in the retinoblastoma tumor suppressor (Rb) 
signaling pathway that are present in most gliomas.66,67 

Wild-type (WT) adenovirus produces early region 1A 
(E1A) proteins upon cell entry, which bind to Rb and 
release E2F-family transcription factors from preexisting 
Rb-E2F cellular complexes. Collectively, this promotes cell 
cycle progression and transcriptional activation. By intro-
ducing a deletion in the Rb binding domain of E1A, Fueyo 
and colleagues created a tumor-selective adenovirus that 
showed impressive cytolytic activity in vitro and in vivo.67 

Critically, Rb mutations appear in 59% of pHGG cell lines, 
suggesting this strategy may also be efficacious in treating 
patients with DMGs.68 Additional alterations of oncolytic 
adenoviruses may enhance glioma tropism, as evidenced by 
DNX-2401, a modified oncolytic adenovirus containing an 
integrin binding RGD-4C motif. A phase I clinical trial 
completed in adults using DNX-2401 in recurrent malig-
nant glioma (NCT00805376) demonstrated a 3-year survival 
of 20%.69 Importantly, pathologic analysis showed evidence 
of DNX-2401 viral replication and lymphocytic infiltration 
within tumor cells.70 Additional preclinical data demon-
strating the oncolytic effect and robust immune response 
induced by DNX-240171 motivated additional phase I/II 
clinical trials (NCT03178032). Of note, the results of 
using DNX-2401 in combination with radiotherapy for 
newly diagnosed DIPG have recently been reported with 
exciting responses to the virus having been noted.72
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“Armed” oncolytic viruses

Second-generation oncolytic viruses modified to express 
immune adjuvants such as cytokines and/or immune 
checkpoint proteins have demonstrated enhanced antitu-
mor activity and augmented antitumor immune memory 
in a myriad of models;56,73 as an example such an 
approach is being evaluated in brain tumors using engi-
neered forms of oHSV with M002 (expressing murine IL- 
12) and M032 (expressing human IL-12) showing high 
tumor affinity and robust CD4+, CD8+, and NK cell 
infiltration.74 Similar findings were reported in primate 
studies, supporting the safety of intracranial engineered 
oHSV inoculation for use in phase I trials in adults with 
GBM.75 Though additional safety and long-term outcomes 
data are needed, preclinical and early trial results for 
oncolytic viral therapy with armed viruses in HGG are 
encouraging and may transform the treatment and out-
look of DMGs.

Mesenchymal stem cells (MSC)-carrying oncolytic viruses
The efficacy of OV-mediated immunotherapy for brain cancer 
is influenced by targeted delivery. The homing capacity of 
mesenchymal stem cells (MSCs) to tumors makes them excel-
lent carriers of anticancer therapeutics. MSCs can cross the 
BBB and reach brain tumor tissue following systemic 
administration.76 A recent preclinical study showed that OV- 
carrying MSCs delay elimination of the virus by the host 
immune system,77 and decreases neuroinflammatory response, 
thereby providing neuroprotection to normal peritumoral 
brain.78 Endovascular, intra-arterial delivery techniques with 
perfusion guidance have also shown promising results in other 
HGGs that may be translatable to DMG.79 The results from the 
preclinical studies in GBM models led to a phase I clinical trial 
investigating the safety of MSC carrying OV for treating GBM 
patients (NCT03072134). MSCs also successfully deliver OV to 
DIPG patient-derived xenograft (PDX) models and increase 
survival using an intranasal delivery approach.80 Carceller et al. 

Figure 3. Mechanisms of DMG targeting by immunovirotherapy. Oncolytic viruses (OV) are promising novel therapies for DMG as they can be delivered directly via 
intratumoral injection (a), bypassing the BBB. OV entry (b) and replication (c) within DMG cells induces direct oncolysis and release of new viral particles into the tumor 
bed, facilitating further inoculation and lysis of surrounding tumor cells (d). Tumor cell debris increases the exposure of the patient’s immune system to both existing 
and novel tumor antigens, bolstering immune-mediated anti-tumoral effects.
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reported a case of intra-arterial administration of autologous 
MSCs infected with an oncolytic adenovirus, ICOVIR-5, for 
the treatment of DIPG in a 9-year-old girl.81

These experimental approaches may ultimately inspire a less 
invasive therapeutic modality that is capable of facilitating CNS 
delivery via an IV route (see Table 1 for a summary of major 
clinical trials using adoptive cell transfer and oncolytic viruses 
for DIPG/DMG patients).

Vaccines

Tumor vaccines are a form of immunotherapy that provokes 
a T-cell response to tumor-specific antigens. Vaccines are often 
conjugated to immunostimulatory biological adjuvants, which 
enhance the potency of the epitope-specific adaptive immune 
response (Figure 4). Current tumor vaccines being evaluated 
for efficacy in the treatment of DIPG/DMG82 include 
a H3K27M peptide vaccine and imiquimod (INTERCEPT- 
H3; NCT04808245), H3.3-K27M neoantigen vaccine 
(ENACTING; NCT04749641), TTRNA-DC vaccine with GM- 
CSF (TTRNA-xALT; BRAVO; NCT03396575) combined with 
chemotherapy, K27M peptide with nivolumab 
(NCT02960230), rHSC-DIPGVax (NCT04943848), adjuvant 
dendritic cell vaccine (ADDICT-pedGLIO; NCT04911621), 
and PEP-CMV (NCT05096481) (see Table 2). As our under-
standing of the genomic landscape of these tumors has 
expanded, our ability to identify tumor-specific neoantigens 

Table 1. Major current clinical trials of treatment using adoptive cell transfer and 
oncolytic virus for DMG patients.

Treatment 
type Study Phase Status NCT number

Adoptive cell transfer
GD2 CAR 

T cells
GD2 CAR T Cells in DIPG 

& Spinal DMG
I Recruiting NCT04196413

B7H3-specific 
CAR T cells 
(SCRI- 
CARB7H3)

Study of B7-H3-Specific 
CAR T Cell 
Locoregional 
Immunotherapy for 
DIPG/DMG and 
Recurrent or 
Refractory Pediatric 
Central Nervous 
System Tumors

I Recruiting NCT04185038

(C7R)-GD2.CAR 
T cells

C7R-GD2.CAR T Cells for 
Patients With GD2- 
expressing Brain 
Tumors (GAIL-B)

I Recruiting NCT04099797

Oncolytic virus
DNX2401 

(adenovirus)
Oncolytic Adenovirus, 

DNX-2401, for Naive 
DIPG

I Recruiting NCT03178032

Wild type 
Reovirus

Wild-Type Reovirus in 
Combination With 
Sargramostim in 
Treating Younger 
Patients With High- 
Grade Relapsed or 
Refractory Brain 
Tumors

I Active, not 
recruiting

NCT02444546

DIPG = diffuse intrinsic pontine gliomas, DMG = diffuse midline gliomas; CAR T 
=chimeric antigen receptor T cell

Figure 4. Combination vaccination therapy and/or immune checkpoint blockade in DMG. a) Cancer vaccination exposes dendritic cells to tumor-specific antigens which 
are ultimately presented to T cells in secondary lymphoid organs, activating cytotoxic CD8+ T cells and thereby promoting their migration into the tumor 
microenvironment. b) Immune checkpoint proteins (e.g., those expressed on DMG cells) bind to receptors on infiltrating lymphocytes, promoting T cell anergy and 
resistance to immunotherapy. Combining cancer vaccination with immune checkpoint blockade (ICB) inhibits such immunosuppressive interactions, facilitating anti- 
tumoral inflammation and therefore cancer cell destruction. Current ICB targets in DMG include the PD-1/PD-L1, CD47/SIRPa, and IDO axes.
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to serve as vaccine targets has increased in tandem. Our current 
understanding of these therapies is based on decades of studies 
that have investigated the activity of vaccines against a myriad 
of tumors including breast, lung, melanoma, pancreatic, color-
ectal, and renal cancers with varying degrees of success.83 

Tumor vaccine design must consider and address inter- and 
intratumoral heterogeneity, which may drive escape variant 
selection and preclude therapeutic efficacy if a single antigen 
is utilized.

In addition to appropriate antigen selection, the subsequent 
immune response to the vaccine is critical in determining its 
effectiveness. It was initially assumed that antitumor activity 
would largely be conferred by tumor cytolysis, making an 
MHC class-I predominant vaccine the optimal choice. 
However, findings from murine models have shown that sig-
nificant fractions of non-synonymous tumor mutations are 
immunogenic and recognized by CD4+ T cells, which help 
orchestrate and potentiate a systemic antitumor response.84 

This work demonstrated that MHC class II-restricted epitopes 
resulted in a more equal distribution of CD4+ and CD8+ T-cell 
responses in accordance with marked inhibition of tumor 
growth in vivo. An approach using tumor exome sequencing 
to build a poly-neoepitope vaccine may therefore be highly 
beneficial in DMG.

Criteria that govern antigen selection include 1) differen-
tial expression within the tumor cell population, 2) necessity 
for cellular survival, and 3) immunogenicity. DMG contains 
several exciting antigen prospects, most notably the 
H3.3K27M mutation. The exact mechanism this unique 
mutation plays in cell division has not yet been completely 
elucidated, but extensive work has detailed the multifaceted 
role of histones in architecting the epigenetic landscape of 
oncogenesis.85 Initial attempts to target H3.3K27M support 
its candidacy as a tumor antigen of interest; for instance, 
experimental implementation of a peptide vaccine directed 
against H3.3K27M produced an effective, mutation-specific 
CD4+ and CD8+ mediated immune response with antigen 
presentation on both MHC classes I and II.86 They observed 
tumor regression in vivo using murine DIPG models, though 
these were not orthotopic. This vaccine epitope is currently 
being tested in a phase I clinical trial in combination with 
checkpoint inhibitors (NCT02960230).

In conjunction with antigen-vaccine specificity, the vector 
construct of the vaccine also plays a critical role in the potency 
of the immune response. There are multiple classes of vectors 
used in vaccine construction, including peptides, viral vectors 
(used in cancers typically associated with viral infections), 
nucleic acids (both RNA and DNA), and cellular vaccines.87 

Single-peptide antigen vaccines have been insufficient in pro-
ducing robust, clinically beneficial immune responses,88 poten-
tially secondary to the use of short peptide chains (<15 amino 
acids) that bind effectively to MHC class I molecules but do not 
require processing by antigen-presenting cells (APCs). 
Consequently, there is no co-stimulation of immune effector 
cells required to prevent cytotoxic T cell dysregulation, pro-
moting the development of antigen tolerability. The addition of 
toll-like receptor (TLR) agonists and synthetic long peptides 
(SLPs) containing both MHC class I and II epitopes to peptide 

vaccines elicit a far more potent immune response with 
a balanced induction of CD8+ and CD4+ T cells.87

Antigen presentation by professional APCs also plays 
a pivotal role in tumor-specific vaccination; numerous ongoing 
trials are evaluating the efficacy of APCs transfected with 
tumor antigens, such as whole tumor cells, peptide extract, or 
tumor-derived RNA, in inducing tumoral immunity (e.g., 
NCT04749641). In particular, dendritic cell (DC)-based thera-
pies may prove a promising treatment modality for pediatric 
brain tumors, including DIPG/DMG. Investigators looked at 
DC activity against multiple tumor antigens including 
peptides,89 tumor homogenate,89 and ribonucleic acid 
(RNA).90 Application of DCs pulsed with EGFRvIII glioma 
homogenate to a syngeneic TGF-β-secreting murine glioma 
model demonstrated both safety and tolerability, as well as 
tumor regression and upregulation of CD4+ and CD8+ cells.91 

As techniques to load cells with antigen and subsequently 
deliver them to patients have improved, the limiting factor in 
the progression of APC vaccination development is largely 
attributable to a lack of understanding of the DIPG/DMG 
neoantigen profile. The discovery of mutant H3.3K27M has 
inspired multiple studies investigating its use in APC vaccines 
that will inform the utility of this strategy.15,68,92,93

In summary, vaccines in cancer immunotherapy are an 
innovative and attractive strategy given their safety profile 
and proven efficacy in other disease contexts. However, clinical 
benefit has remained elusive as improvements in the abilities of 
vaccines to induce a dual CD4+ and CD8+ mediated immune 
response, increased immunogenicity with addition of co- 
stimulatory adjuncts, and the use of multiple epitopes have 
produced only modest gains in antitumor efficacy. While vac-
cination as monotherapy may not be sufficient to treat DMG, 
its use as an adjuvant in combination with other forms of 
immunotherapy may prove efficacious.

Immune checkpoint blockade

One of the earliest forms of cancer immunotherapy, immune 
checkpoint inhibitors (ICIs) enhance anti-tumoral adaptive 
immunity by restoring cytotoxic T cell activity (Figure 4). 
The most common ICIs currently in clinical use employ anti-
bodies against cytotoxic T lymphocyte-associated antigen-4 
(CTLA-4), programmed cell death protein-1 (PD-1), or pro-
grammed cell death ligand protein-1 (PD-L1).94 These proteins 
and others are involved in regulation of T cell anergy and are 
co-opted by malignant cells to escape T cell-mediated 
destruction.94

The success of ICIs in other solid tumors, most notably 
metastatic melanoma, has generated significant interest in 
their application to pediatric brain tumors such as DMGs. 
Unfortunately, preliminary use of ICIs in DIPG has yet to 
prove successful; for instance, one cohort study found that 
anti-PD-1 treatment worsened symptomology and outcomes 
in patients with progressive DIPG.43 Another institutional 
study found no significant difference in outcomes between 
progressive DIPG patients treated with combination PD-1 
blockade and re-radiation therapy vs. re-radiation therapy 
alone.95 This lack of response may be explained by the lack of 
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PD-L1 expression on DIPG cells,96 suggesting that immuno-
suppression in these tumors may not act via the PD-1/PD-L1 
axis. Given the rapid development of checkpoint inhibitors and 
the small patient pool from which to draw clinical trial parti-
cipants, further study will be required to assess the utility of 
classic ICIs as monotherapies in DIPG/DMG. To this end, 
several ongoing clinical trials are exploring the safety profiles 
and survival benefits of anti-PD-1, anti-PD-L1, and anti-CTLA 
-4 therapies either as single agents or in combination, including 
nivolumab, durvalumab, avelumab, pembrolizumab, and 
ipilimumab.97

Outside of the PD-1/PD-L1 axis, other immune checkpoint 
pathways have emerged as potential immunotherapeutic tar-
gets in DMG. For instance, recent attention has turned to 
inhibiting immunosuppressive tumor-myeloid interactions, 
such as the CD47-signal retention protein alpha (SIRPa) sig-
naling pathway. CD47, also known as integrin associated pro-
tein, is a known anti-phagocytic ligand that is overexpressed on 
a wide variety of solid and hematological tumors.98 Binding 
between tumor cell-bound CD47 and macrophage or dendritic 
cell-bound SIRPa decreases the phagocytic capacity of tumor- 
infiltrating myeloid cells and thus promotes immune evasion 
by the tumor.98,99 CD47 overexpression has been correlated 
with increased tumor progression and worse patient prognoses 
across tumor types, making it an attractive target for recent 
therapeutic design.100 Thus far, humanized anti-CD47 and 
anti-SIRPa antibodies comprise the predominant strategy of 
blocking the interactions of these two proteins and inducing 
macrophage reactivation within the tumor environment. 
Translational evidence has demonstrated both safety and effi-
cacy in inhibiting CD47/SIRPa in the microenvironments of 
pediatric GBM and DIPG.100 CD47 was found to be highly 
expressed in cell lines, gene expression datasets, and primary 
frozen tumors derived from pediatric GBM and DIPG 
patients.100 Administration of a humanized anti-CD47 anti-
body, Hu5F9-G4, in mouse models of these two malignant 
tumor types significantly increased phagocytosis and overall 
survival as compared to control-treated tumors.100 These pro-
mising results provided some of the preclinical rationale for 
a clinical trial employing the anti-CD47 antibody magrolimab 
to disrupt the CD47-SIRPalpha axis in recurrent or progressive 
malignant brain tumors in children and adults. However, this 
trial excludes DIPG/DMG patients from participating, mean-
ing that additional studies will be necessary to understand the 
role of anti-CD47 therapy in these aggressive tumors 
(NCT05169944).

Another emerging immunotherapy target is indoleamine 
2,3-dioxygenase (IDO), a catalyst of tryptophan catabolism 
that has been implicated in both normal immune tolerance 
mechanisms and tumor immune evasion.101 IDO degrades 
intratumoral tryptophan into secreted kynurenine; the 
increased kynurenine:tryptophan ratio in the immune micro-
environment contributes to regulatory T cell induction, T cell 
proliferation inhibition, and establishment of an overall anti- 
inflammatory milieu.102,103 IDO overexpression has been iden-
tified across solid tumor types, including melanoma, pancreatic 
cancer, squamous cell carcinoma, and GBM, and is associated 
with poor patient prognosis.104 Two small molecule inhibitors 
have been developed to target the IDO pathway: epacadostat 

competitively blocks IDO without interfering with other tryp-
tophan catabolism enzymes, while indoximod opposes the 
downstream effects of IDO signaling by reactivating mTOR 
and inhibiting regulatory T cell differentiation.105,106 

Indoximod has been trialed as part of a combination therapy 
with radiation and chemotherapy in pediatric patients with 
newly diagnosed DIPG, the preliminary results of which were 
published in 2021.107 The 13 patients in this phase IB trial 
experienced longer median overall survival compared to his-
torical patient data, which correlated with increased circulating 
monocytes following administration of idoximod.107 These 
data have motivated an ongoing phase 2 study, which will 
further elucidate the capacity for idoximod to augment current 
standards of care for newly diagnosed DIPG patients 
(NCT04049669).

The immune checkpoint pathways discussed above repre-
sent only a small portion of those currently being targeted by 
experimental or approved ICIs. However, limited or no data 
exists describing the role of other immunosuppressive path-
ways including Tim3/Gal9, CD155/TIGIT, or LAG3 in DMG. 
Despite the accelerated pace of immunotherapy development, 
assessing the utility of current and new ICIs will require similar 
advancements in the understanding of the composition of and 
interactions between the immune microenvironment and 
DMGs.

Combination therapy approaches

Across adult and pediatric oncology, interest is accelerating in 
the implementation of immunotherapies in combination with 
other standards of care, such as chemotherapy and radiation, 
and/or with other immunomodulatory agents. Motivation for 
this approach stems from mounting data that suggests high 
levels of resistance in patients treated with singular immu-
notherapy and a limited duration of response to immunother-
apy in general. Moreover, combining different treatment 
modalities may augment the efficacy of individual immu-
notherapies through auxiliary molecular and immune mechan-
isms. Ongoing clinical trials in patients with newly diagnosed 
and recurrent or progressive DMG employ several combina-
torial approaches to understand the optimal usage of immu-
notherapy in the treatment of these aggressive tumors.

One strategy currently being assessed in DMG patients is 
the combination of immunotherapy with radiotherapy. This 
combination has been applied to tumors across the anatomic 
spectrum, as radiation is an integral component of many can-
cer treatment algorithms.108–110 In addition to inducing apop-
tosis of rapidly dividing cells, radiation also influences the 
immune microenvironment by several tumor-intrinsic and - 
extrinsic mechanisms. First, radiotherapy increases MHC 
I expression on tumor cells, which can prime cytotoxic CD8+ 

T cells for an antitumoral response.111 Additionally, radiation 
may stimulate pro-inflammatory, type I interferon responses in 
myeloid and cytotoxic T cells via activation of the stimulator of 
interferon genes (STING/cGAS) pathway.112,113 Not only does 
activating this pathway promote tumor infiltration by immune 
cells, but it also enhances the anti-tumoral efficacy of these 
cells.114 Radiation may also promote downregulation of CD47 
on the surface of tumor cells, augmenting the effect of anti- 
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CD47 or anti-SIRPa antibody therapies.115 However, one of the 
strongest rationales for combining radio- and immunothera-
pies is the immunosuppressive sequelae that radiation pro-
duces in the tumor environment that are optimally targeted 
by ICIs. For example, post-radiation STING activation may 
also upregulate the activity of IDO, motivating the combina-
tion approach of indoximod and chemotherapy/radiotherapy 
in the aforementioned active clinical trial.113 Radiated tumor 
cells may also upregulate expression of immune checkpoint 
targets such as PD-L1, which can be targeted by anti-PD-L1 
antibodies.116 Finally, radiotherapy has been posited to sensi-
tize tumor cells to CAR T-mediated apoptosis; the combina-
tion of these two therapies has primarily been interrogated in 
the setting of hematological malignancies, which may motivate 
future studies in DMG.117

Another promising future combinatorial approach for ICIs 
in brain tumors may include the use of OVs. As discussed 
above, OV therapy promotes not only direct tumor lysis, but 
also recruitment and proliferation of activated T lymphocytes. 
Recent studies in non-CNS and CNS tumors suggest that OV 
treatment may upregulate expression of immune checkpoint 
proteins on tumor cells,118,119 promoting resistance to vir-
otherapy. Ongoing clinical trials are exploring combined OV/ 
ICI therapy in a wide range of cancer types including recurrent 
gliomas/GBM;120 early results from these trials already demon-
strate the promise of this combinatorial approach.121,122

A third combinatorial strategy utilizes ICIs with other immu-
nomodulatory agents to maximize the antitumor immune 
response. For example, combining a humanized anti-CD47 anti-
body with an agonistic anti-CD40 antibody increased macro-
phage recruitment and decreased tumor burden in mice bearing 
DIPG patient-derived xenografts.123 CD40 agonism promotes 
the activation of cytotoxic T cells, macrophages, and other 
myeloid cells; combining anti-CD47 therapy with CD40 activa-
tion may therefore increase the phagocytic, anti-tumoral activity 
of the DIPG immune microenvironment.124 Another ongoing 
clinical trial combines nivolumab, an anti-PD-1 therapy, with 
lirilumab, which targets the killer-cell immunoglobulin like 
receptor KIR2DL1/KIR2L3 (NCT02813135). KIR2DL1/KIR2L3 
are expressed on the surface of NK cells and recognize MHC 
class I molecules on tumor cells, suppressing the NK cell anti-
tumoral response. In theory, the application of these two sepa-
rate therapies would alleviate both T cell and NK inhibition in 
the tumor microenvironment, enhancing innate and adaptive 
cytotoxicity and subsequent tumor destruction. The combina-
tion of nivolumab and lirilumab has also been studied in bladder 
cancer and squamous cell carcinoma of the head and neck, 
demonstrating excellent patient tolerance but mixed clinical 
results.125–127 Finally, another trial is currently determining the 
safety and toxicity profiles of combining nivolumab and bempe-
galdesleukin in malignant pediatric brain tumors, including 
DIPG (NCT04730349). Bempegaldesleukin is a polyethylene 
glycol-bound IL-2 agonist that promotes cytotoxic CD8+ T cell 
activation over regulatory T cell activation.128 Combining nivo-
lumab and bempegaldesleukin may not only alleviate immuno-
suppression of cytotoxic T cells, but also prime them for 
antitumoral activity, producing a synergistic effect compared to 
ICI monotherapy. Thus far, the nivolumab/bempegaldesleukin 
combination has been trialed in advanced solid tumors 

including melanoma, renal cell carcinoma, and non-small cell 
lung cancer.129 Although the phase III trial of nivolumab/bem-
pegaldesleukin in metastatic melanoma failed to meet statistical 
significance of its primary endpoint, the ongoing trial in pedia-
tric high-grade brain tumors will determine the efficacy of this 
combinatorial approach in DIPG/DMG.130

Conclusion & future directions

The ever-increasing understanding of the genetic and molecular 
underpinnings of DMG has informed recent advances in immu-
notherapy trials. Adoptive cell transfer, OVs, vaccines, and ICB 
are the major immunotherapy approaches whose pre-clinical 
and clinical trials demonstrate promise in treating DIPG/DMG.

A fundamental question that remains incompletely 
addressed in the field of pediatric neuro-oncology is how the 
cellular and molecular biology of DMG, and therefore the 
potential responsiveness to immunotherapy, changes between 
initial diagnosis and tumor recurrence and/or metastasis. 
Retrospective clinical analyses have demonstrated some effi-
cacy in re-radiating recurrent DIPG, an approach also under 
investigation in an ongoing clinical trial (NCT03126266).131 

However, no direct evidence yet exists to inform differential 
algorithms for immunotherapy application in newly diagnosed 
versus recurrent disease across DMG patients due to limited 
availability of representative animal models and access to pri-
mary tumors samples from recurrent DMG. As the use of 
immunotherapy continues to advance in DMG, charting the 
biological evolution of these tumors in response to therapeutic 
pressure should therefore be a central focus of future basic and 
translational studies.

Despite the persistent poor prognosis associated with DMG, 
the compelling results of recent translational and clinical trials 
suggest the promise of immunotherapy as a powerful new 
avenue for treating these aggressive tumors. Numerous ongoing 
clinical trials in DMG and other malignant pediatric brain 
tumors will elucidate not only the efficacy and safety of immu-
notherapeutic approaches, but also shed light on risk factors and 
biomarkers that will guide the design of future precision med-
icine endeavors.97 Importantly, the success of immunotherapy 
in DMG will require significant investment from academic and 
pharmaceutical institutions, as the rarity and lethality of DMG 
limits the number of patients and primary samples available for 
study. Continued advancements in basic, translational, and 
clinical investigations of these treatment modalities will ulti-
mately reveal the true benefit of immunotherapy in the manage-
ment of DMG and other intractable tumors of the CNS.
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