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Evolving landscape of pediatric 
high-grade gliomas
CNS tumors are the second most common 
neoplasms in children but the number one 
cause of cancer-related deaths (1). While 
there have been remarkable advancements 
in therapies for childhood cancers over the 
past 50 years, treatments for CNS tumors 
have lagged, and survival rates have only 
seen moderate gains (2). Recent advance-
ments in our understanding of pediatric 
brain tumors have identified considerable 
molecular heterogeneity within broad cat-
egories of tumors and distinct drivers and 
characteristics of pediatric brain tumors 
compared with histologically similar tumors 
affecting adults (3). These advancements 
must be considered when designing thera-
pies that specifically target more homoge-
nous subgroups of tumors to improve sur-
vival for patients with these deadly diseases.

Pediatric high-grade gliomas (pHGGs) 
illustrate these challenges in treating 
childhood CNS tumors. pHGGs make up  

approximately 10% of pediatric CNS 
tumors but are responsible for 40% of CNS 
tumor–related deaths (2). Recent studies 
have demonstrated that pHGGs are dis-
tinct from their adult counterparts and 
consist of a heterogeneous group of tumors 
with a variety of biological drivers and 
responses to therapy (4). The most recent 
WHO classification of CNS tumors divides 
pHGGs into 4 subgroups: H3 K27-altered, 
H3-G34–mutant, H3 wild-type and IDH 
wild-type, and infant-type hemispheric 
gliomas (5). However, standard therapies 
are the same for all pHGGs and are large-
ly derived from treatments for adult HGG. 
As a result, the 5-year overall survival rate 
remains less than 20% (6).

Molecular mechanisms of G34-
mutant pHGG
In this issue of the JCI, Haase et al. make 
important advancements toward improving 
therapies for pHGG by identifying unique 
pathway vulnerabilities in the H3-G34–

mutant subgroup of pHGGs. The authors 
then designed and characterized a therapy 
for targeting these tumors (7). The H3-G34–
mutant subgroup of pHGG accounts for 
approximately 16% of all hemispheric 
pHGGs, which usually affect adolescents 
and young adults, and can coexist with inac-
tivating mutations in P53 and ATRX (4, 8, 
9). The prognosis for this subgroup is mod-
erate compared with other pHGG tumors, 
favorable compared with H3 K27–altered 
tumors, but unfavorable compared with the 
H3 wild-type and IDH wild-type subgroup  
(4). Mutations in histone 3.3 at glycine 34 
result in an arginine (G34R) or, less com-
monly, a valine (G34V) substitution, but  
the biological effects of the mutation are not 
yet well understood (10).

To better characterize these tumors, 
Haase and colleagues developed a genet-
ically engineered mouse model (GEMM) 
to mimic the biological characteristics of 
H3.3-G34R–mutant tumors and clarify 
their driving molecular mechanisms. They 
compared gene expression in this model 
with an H3.3 wild-type GEMM and also 
compared an H3.3-G34R–mutant human 
cell line with an H3.3 wild-type cell line. 
DNA repair pathways were downregulated 
in G34R-mutant tumors, which increased 
DNA damage, the accumulation of ext-
rachromosomal DNA, and activated the 
cyclic GMP-AMP synthase/stimulator of 
IFN gene signaling (cGAS/STING) path-
way to induce the release of proinflamma-
tory cytokines (Figure 1). The authors then 
targeted these abnormalities in the DNA 
repair pathway by combining standard radi-
ation therapy with DNA damage response 
inhibitors. The PARP inhibitor pamiparib 
combined especially effectively with radia-
tion, resulting in more than 50% long-term 
survivors beyond 90 days compared with a 
median survival of 32, 39, and 44 days in the 
nontreated, pamiparib alone, and radiation 
alone treatment arms, respectively (7).

Notably, there has already been a  
Children’s Oncology Group–led (COG-led)  
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drivers of human cancers that arise de novo 
within the mouse. However, these models 
are not without limitations. The GEMM 
model of pHGG was created on the basis of 
brain neural precursor cells incorporating 
the H3.3-G34R mutation, knockdown of 
p53 and Atrx using shRNA, and expression 
of constitutively active NRAS to represent 
RTK/RAS/PI3K activation (7). However, 
some human H3.3-G34R/V tumors may not 
have inactivating mutations in P53 and/or 
ATRX, and the mechanism of RTK/RAS/
PI3K activation is more variable (4). From a 
biological standpoint, it is difficult to know 
if this model accurately represents H3.3-
G34R tumors, a minor subset of this group, 
or is entirely distinct from human tumors. 
An alternative approach to modeling these 
tumors could include humanized mice, 
that is, immunocompromised mice that 
have been engrafted with a partial human 
immune system. However, humanized mice 
are complex to produce, expensive, and 
carry other limitations, such as the develop-
ment of graft-versus-host disease (14). Tra-
ditional syngeneic tumor models also have 
the benefit of a competent immune system 

One of the major gaps in many preclinical 
studies is the use of immunocompromised 
host organisms. It has been recognized in 
recent years that the immune system is crit-
ical to the successful treatment of cancers. 
The development of immunotherapy has 
enormously improved cancer outcomes. 
In addition, immune responses contribute 
to the success of more traditional therapies 
like chemotherapy and radiation as well as 
of treatments using many small-molecule 
inhibitors (13). While these therapies are 
often designed for their direct cytocidal 
effects, they also have an important impact 
on the tumor microenvironment including 
influencing resident and recruited immune 
cells (13). In contrast, some small-molecule 
inhibitors may tamp down the immune 
response, thereby limiting their efficacy. 
Immunocompromised preclinical models 
of cancer likely miss these important treat-
ment effects and may not accurately predict 
the effects of therapy on human cancers.

Haase et al. address this issue with the 
development of their GEMM model of 
pHGG. GEMM tumor models were specif-
ically designed to recapitulate the genetic 

clinical trial (ACNS1721) testing the PARP 
inhibitor veliparib in combination with 
radiotherapy for pHGG, which was closed 
early due to poor outcomes compared with 
historical controls (11). However, Haase 
et al. noted that veliparib showed weaker 
potency compared with pamiparib, and 
veliparib was ineffective when combined 
with radiation to treat their models of 
pHGG (7). The COG trial also highlights 
the importance of developing treatments 
for the more homogenous subgroups of 
tumors, as we would not expect the same 
DNA repair defects or similar respons-
es to PARP inhibitors in other subgroups 
of pHGG. While the number of patients 
enrolled in ACNS1721 may be inadequate 
to make broad conclusions, it would be 
interesting to assess whether patients with 
G34-mutant HGG responded any better to 
combination therapy in this trial (11).

Cancer models and the tumor 
microenvironment
Inadequate tumor modeling has contributed 
to the limited efficacy of translating preclini-
cal studies into successful clinical trials (12). 

Figure 1. Targeting vulnerabilities in DNA damage response pathways in G34R-mutant pHGG induces cell death and immunological memory. DNA repair 
pathways are downregulated in G34R-mutant pHGGs, leading to increased DNA damage and activation of the cGAS/STING immune response. Radiation 
combined with DNA damage response inhibitors or a STING agonist leads to cell death and immunological memory, and extends survival in models of 
G34R-mutant pHGG. Chk1/2i, Chk1/2 inhibitor; PARPi, PARP inhibitor.

https://doi.org/10.1172/JCI164420


The Journal of Clinical Investigation      C O M M E N T A R Y

3J Clin Invest. 2022;132(22):e164420  https://doi.org/10.1172/JCI164420

	 5.	Louis DN, et al. The 2021 WHO classification of 
tumors of the central nervous system: a summa-
ry. Neuro Oncol. 2021;23(8):1231–1251.

	 6.	Braunstein S, et al. Pediatric high-grade glioma: 
current molecular landscape and therapeutic 
approaches. J Neurooncol. 2017;134(3):541–549.

	 7.	Haase S, et al. H3.3-G34 mutations impair DNA 
repair and promote cGAS/STING-mediated 
immune responses in pediatric high-grade glio-
ma models. J Clin Invest. 2022;132(s):e154229.

	 8.	Schwartzentruber J, et al. Driver mutations 
in histone H3.3 and chromatin remodelling 
genes in paediatric glioblastoma. Nature. 
2012;482(7384):226–231.

	 9.	Sturm D, et al. Hotspot mutations in H3F3A 
and IDH1 define distinct epigenetic and bio-
logical subgroups of glioblastoma. Cancer Cell. 
2012;22(4):425–437.

	 10.	Lowe BR, et al. Histone H3 mutations: an updated 
view of their role in chromatin deregulation and 
cancer. Cancers (Basel). 2019;11(5):660.

	 11.	Karajannis M, et al. HGG-06. Phase 2 study of 
veliparib and local irradiation, followed by main-
tenance veliparib and temozolomide, in patients 
with newly diagnosed high-grade glioma without 
H3 K27M or BRAF mutations: a report from the 
Children’s Oncology Group ACNS1721 Study.  
Neuro-Oncology. 2022;24(suppl_1):i60–i61.

	 12.	Seyhan AA. Lost in translation: the valley of death 
across preclinical and clinical divide — identifica-
tion of problems and overcoming obstacles. Trans 
Med Commun. 2019;4(1):18.

	 13.	Medler TR, et al. Immune response to cancer 
therapy: mounting an effective antitumor 
response and mechanisms of resistance. Trends 
Cancer. 2015;1(1):66–75.

	 14.	Guil-Luna S, et al. Humanized mouse models to 
evaluate cancer immunotherapeutics. Ann Rev 
Cancer Biol. 2021;5(1):119–136.

	 15.	Olson B, et al. Mouse models for cancer immunother-
apy research. Cancer Discov. 2018;8(11):1358–1365.

	 16.	Robert C. A decade of immune-checkpoint 
inhibitors in cancer therapy. Nat Commun. 
2020;11(1):3801.

	 17.	Long AH, et al. Checkpoint immunotherapy in 
pediatrics: here, gone, and back again. Am Soc 
Clin Oncol Educ Book. 2022;42:1–14.

	 18.	Cesaire M, et al. Combining PARP inhibition, 
radiation, and immunotherapy: A possible strat-
egy to improve the treatment of cancer? Int J Mol 
Sci. 2018;19(12):3793.

	 19.	Musacchio L, et al. Combining PARP inhibition 
and immune checkpoint blockade in ovarian can-
cer patients: a new perspective on the horizon? 
ESMO Open. 2022;7(4):100536.

	20.	Sasikumar PG, Ramachandra M. Small molecule 
agents targeting PD-1 checkpoint pathway for 
cancer immunotherapy: mechanisms of action 
and other considerations for their advanced 
development. Front Immunol. 2022;13:752065.

immune consequences of targeted treat-
ments may help researchers develop addi-
tional combination therapies harnessing 
the immune system to overcome therapy 
resistance and drive more durable adaptive 
immune responses to improve survival.

Conclusion
The Haase et al. study highlights the value 
of the GEMM model in identifying targe-
table pathways and testing candidate ther-
apies in an immunocompetent host and 
supports the growing body of evidence for 
tailor-made therapies based on the molec-
ular stratification of tumors in pediatric 
neuro-oncology (7). It remains to be seen 
if the therapeutic approaches of radia-
tion therapy combined with PARP inhibi-
tion, cell-cycle checkpoint inhibition, and 
cGAS/STING agonist therapy will trans-
late to the clinic, however, this approach 
holds promise for a group of patients in 
dire need of better treatments.
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but may not faithfully model a true prima-
ry tumor microenvironment or immune 
response, given the necessity of orthotopic 
injection of preexisting tumor cells (15).

Immune responses to precision 
therapies
The immunocompetent model used by 
Haase et al. allowed the authors to identify 
the activation of the cGAS/STING pathway 
in G34-mutant pHGG after radiation thera-
py and the subsequent increase in secreted 
IFN-β. Strikingly, the authors demonstrated 
that activation of the cGAS/STING pathway 
led to immune memory by showing that 
rechallenging mice with tumors implanted 
into the contralateral cerebral hemisphere 
did not lead to new tumor growth. These 
results show that radiation combined with 
pamiparib not only caused cytocidal effects 
on cancer cells but also contributed to an 
adaptive immune response that has the 
potential for longer-term benefits (7).

Precision therapies and immunothera-
pies are often considered to be two distinct 
pathways to improve cancer treatments. 
However, an improved understanding of 
the immune consequences of precision 
therapies like PARP inhibitors suggest 
that there may be untapped synergies in 
combining these categories of therapies to 
improve outcomes. Checkpoint inhibitors 
effectively treat many cancers by combat-
ing cancer-driven immunosuppression and 
T cell exhaustion of the immune system, 
however the efficacy of checkpoint inhib-
itors has been limited in the treatment 
of pediatric cancers (16, 17). The results 
reported in the study by Haase and col-
leagues hint that immune stimulation from 
radiation and PARP inhibitors in G34- 
mutant pHGG could lead to potential 
synergies in combination with check-
point inhibitors to further amplify the 
immune response against these cancers 
and improve survival (7). In fact, preclin-
ical studies and clinical trials are start-
ing to emerge using a similar treatment 
approach with some early success (18–20). 
Further studies designed to understand the 
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