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Simple Summary: Diffuse intrinsic pontine glioma (DIPG) is a malignant primary glial tumor that
occurs in all age groups but predominates in children and is estimated to account for approximately
10-15% of pediatric brain tumors. The median age at diagnosis was 6-7 years, and the median sur-
vival of children is less than 12 months. At present, there is no effective treatment method for DIPG
in the clinic. The continuous progress in immunotherapy has brought new prospects for the treat-
ment of DIPG. In this review, we summarize the knowledge about the immune profile in DIPG and
existing clinical trial results of DIPG, hoping to clarify the development of novel immunotherapies
for DIPG treatment.

Abstract: Diffuse intrinsic pontine glioma (DIPG) is a primary glial glioma that occurs in all age
groups but predominates in children and is the main cause of solid tumor-related childhood mor-
tality. Due to its rapid progression, the inability to operate and insensitivity to most chemotherapies,
there is a lack of effective treatment methods in clinical practice for DIPG patients. The prognosis of
DIPG patients is extremely poor, with a median survival time of no more than 12 months. In recent
years, there have been continuous breakthroughs for immunotherapies in various hematological
tumors and malignant solid tumors with extremely poor prognoses, which provides new insights
into tumors without effective treatment strategies. Meanwhile, with the gradual development of
stereotactic biopsy techniques, it is gradually becoming easier and safer to obtain live DIPG tissue,
and the understanding of the immune properties of DIPG has also increased. On this basis, a series
of immunotherapy studies of DIPG are under way, some of which have shown encouraging results.
Herein, we review the current understanding of the immune characteristics of DIPG and critically
reveal the limitations of current immune research, as well as the opportunities and challenges for
immunological therapies in DIPG, hoping to clarify the development of novel immunotherapies for
DIPG treatment.
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1. Introduction

Brain tumors are the most common cause of solid cancer mortality in children [1].
Diffuse intrinsic pontine glioma (DIPG) is a primary glial tumor that occurs in all age
groups but predominates in children and is estimated to account for approximately 10—
15% of pediatric brain tumors [2,3]. The median age at diagnosis is 67 years and the me-
dian survival of patients in children is less than 12 months [3]. The standard treatment for
DIPG is performed fractionated radiotherapy with or without chemotherapeutic drugs.
Although this treatment can achieve transient clinical improvement, it is not curative [4,5].
Due to the complexity of the brainstem, DIPGs are not amenable to surgical resection.
Other treatment options, including numerous chemotherapy and targeted therapy drugs,
have not been shown to prolong the survival of DIPG patients alone in clinical trials.
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With the continuous improvement of biopsy technology, the understanding of the
genetic and epigenetic characteristics of DIPG is increasing. In recent years, the greatest
breakthrough of DIPG was the discovery of changes in H3K27M based on epigenetic stud-
ies [6-8]. The hypomethylation of H3K27 is common in DIPG, and it is also found in the
other midline gliomas located in the thalamus, spine, or other parts of the brainstem [9].
This finding led the World Health Organization (WHO) to reclassify this type of glioma
with the alterations in H3K27 as “diffuse midline glioma, H3K27-altered (DMG)” in the
5th edition of the central nervous system (CNS) tumor classification [10]. However, it
should be noted that DMG is not the histological counterpart of DIPG and the two are not
inclusive. DIPG is a clinical diagnosis based on clinical symptoms and typical imaging
features. About 70-85% of DIPG patients have H3K27 alternation and would be diagnosed
as “DMG, H3 K27-altered” [11,12]. Patients with pontine high-grade glioma but no IDH
mutation and H3K27 alternation would be diagnosed as “pediatric diffuse high-grade gli-
oma, H3 wild-type and IDH wild-type” [10].

The further understanding of genetic and epigenetic features of DIPG inspired us to
identify innovative and more effective therapeutic approaches. Immunotherapy is based
on different techniques aimed at redirecting the patient’s own immune system to specifi-
cally fight cancer cells and has become a powerful clinical strategy for treating cancer [13].
However, immunotherapy research for DIPG is relatively lacking compared with other
tumors partly because of the limited understanding of the immune microenvironment of
DIPG. Therefore, this review clarifies the current understanding and limitations of the
immune characteristics of DIPG, outlines the limitations and possible opportunities for
immunotherapy treatment methods, and introduces current clinical trials of immune ther-
apies in DIPG. Since most patients with DIPG have H3K27 alterations, some DMG studies,
including DIPG, were included in this review. We believe such a review could strengthen
our understanding of the progress in DIPG immunotherapy and thus guide the develop-
ment of novel immunotherapies for DIPG treatment.

2. Immune Characteristics of DIPG

Since DIPG cannot be operated and biopsy is not warranted in most cases because of
its clear characteristics in imaging, there has long been a lack of research on tumor tissue,
and immunological research is even rarer. With the continuous progress in immunother-
apy, researchers have become increasingly interested in the immune characteristics of
DIPG, especially immune cell infiltration, immune checkpoint expression and other char-
acteristics that may be applied for immunotherapy, and the study of immunological char-
acteristics in DIPG is ongoing (Figure 1).

Immune cells are important parts of the tumor immune microenvironment and the
cellular underpinnings of immunotherapy. Bailey et al. analyzed raw RNA-seq data about
220 high-grade glioma (HGG) patients published by Mackay et al. [14] using the CIBER-
SORT algorithm with the standard LM22 matrix. Individual patients were classified ac-
cording to tumor location (brainstem, midline and hemispheric) and histone mutation sta-
tus (wildtype and K27M). Compared with pediatric hemisphere HGG, there were higher
proportions of CD4+ Treg cells; eosinophils; activated dendritic cell (DC) cells; more DCs
and neutrophils; and fewer CD8+ T cells, NK cells, M1 cells and activated mast cells in
DIPG [15]. Unlike CD4+ Treg cells, activated DC cells, eosinophils and other cell types that
correlate positively with prognosis in hemisphere HGG, all these cells do not correlate
significantly with prognosis in DIPG, except neutrophils, which are negatively associated
with prognosis in both hemispheric HGG and DIPG [15]. Another study using immuno-
histochemistry (IHC) to compare immune cell infiltration in pediatric tumors showed that
although the median number of total CD68+ cells accounted for 10% of total cells in pedi-
atric low-grade glioma (pLGG), pediatric high-grade glioma (pHGG) and DIPG, the num-
ber of CD163+ macrophages were 10.4 times and 5.9 times higher than normal tissues in
pLGG and pHGG samples, but there was no significant increase in DIPG. The ratio of
CD163+ to CD68+ macrophages was 8.0-fold larger than the control in pHGG but was not
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different in DIPG [16]. Nevertheless, there was no significant increase in any subset of the
T cells in DIPG tumors compared to the control, whereas T cell infiltration was signifi-
cantly increased in pLGG and pHGG, especially CD8+ T cells (6.5- and 5.1-fold) [16]. In
another study, Lin et al. used flow cytometry to detect immune cell infiltration in DIPG
and adult GBM, and the results showed that compared with adult GBM, there were more
CD11b+ myeloid cells (DIPG: 94.80% = 0.92% vs. adult GBM: 70.34% + 7.20%) and fewer
CD3+ lymphocytes (DIPG: 1.72-2.65% vs. adult GBM: 7.09-50.2%) in DIPG samples [17].
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Figure 1. The epigenetic and immune microenvironment characteristics of DIPG. Most DIPGs have
hypomethylation of H3K27. Compared with other high-grade gliomas, DIPG has lower CD3*T cell
infiltration and a higher proportion of CD11b* cell infiltration in its immune microenvironment.
There is little expression of inhibitory immune checkpoints in DIPG, the expression of immunosup-
pressive cytokines is relatively low and the expression of proinflammatory factors is relatively high
compared with high grade glioma.

In addition to the immune cell infiltration, we also focused on the expression of im-
mune checkpoints, cytokines and chemokines in DIPG. There are few studies on the im-
mune checkpoints in DIPG. A study that focused on the immune checkpoint expressed in
the DIPG immune microenvironment showed that PD-L1 was only present at low levels
in the DIPG tumor microenvironment detected by IHC staining [16]. Although B7-H3 was
2.4-fold higher than that in the control, both PD-Lland B7-H3 were significantly lower
than those in glioblastoma cells [16]. However, in other studies with whole-brain HGG,
the results showed that there was no increased expression of PD-L1 in DIPG [16,18]. In a
study of 28 DIPG patients with radiation therapy, RNA-Seq of DIPG tissue found that the
expression levels of PD-L1 and CTLA-4 in tumors were close to those in normal brain
tissue, although PD-L2 levels tended to increase. If “upregulated expression” was defined
as being a more than two-fold increase in RNA level, then 54%, 11%, 21% and 39% of
patients showed upregulated expression of PD-1, PD-L1, PD-L2 and CTLA-4, respectively
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[19]. Although the studies of immunosuppressive checkpoints in DIPG were not suffi-
cient, the expression of PD-L1was not significantly upregulated in DIPG tissues, which is
consistent with the result of existing studies.

In a study on immunosuppressive gene expression and cytokine secretion in DIPG,
RNA-Seq data analysis showed that there were higher expression levels of IDO2, IL10,
FASLG, IL6, VEGFA and VEGFC; higher secretion levels of IFENG and GZMB; and lower
secretion levels of TGF@1 in K27M DIPG samples (1 = 23) than in wildtype hemispheric
HGG samples (1 = 85) [15]. In addition, it has been shown that macrophages in DIPG se-
crete fewer chemokines and cytokines than macrophages in adult HGG [17]. Notably,
studies also found that DIPG cells do not express inflammatory cytokines and chemokines
that may recruit other immune cells to the tumor microenvironment, such as IL-2 [16,17].

According to the results of existing studies, DIPG has the characteristics of no in-
crease in T cell infiltration, no increase in the number and proportion of CD163+ macro-
phages, no increase of inhibitory immune checkpoints and low expression of cytokines,
which suggests that its internal immune microenvironment presents a “cold” or “inert”
status [15-17,19]. However, the “cold” immune state does not mean that DIPG is com-
pletely devoid of specific immune responses. H3.3K27M-specific CD8+ T cells have been
found in the peripheral blood of DIPG patients, suggesting that the immune system can
generate specific cellular immunity against DIPG cells [20]. Additionally, the “cold” im-
mune state does not mean that there is an immunosuppressive state in DIPG. Studies
showed DIPG cells and macrophages in DIPG did not express a large number of immu-
nosuppressive factors, and most DIPG cell cultures do not repolarize macrophages but
can be lysed by NK cells [16].

Of course, the immune characteristics of DIPG still need further study. The current
understanding of the immune characteristics of DIPG is often based on RNA-seq and IHC
staining, which is far from enough. Some novel research technologies, such as single-cell
sequencing technology and spatial transcriptome technology, may help us better under-
stand the infiltration of immune cells, immune checkpoints and the true expression of
immune-related genes in DIPG. However, if the assumption of the inert immune micro-
environment in DIPG is correct, then immunotherapies that could supplement cytotoxic
immune cells into DIPG directly or stimulate immune cells to infiltrate into DIPG, such as
adaptive cell transfer therapy, oncolytic viruses and vaccines, are all reasonable strategies.
On this basis, further use of the immune checkpoint inhibitor (ICI) therapy may yield bet-
ter results.

3. Immunotherapy Research in DIPG

Immunotherapy for DIPG is currently under investigation. According to the regis-
tration data on the ClinicalTrials.gov website (https://www.clinicaltrials.gov/), there were
108 ongoing DIPG registration clinical trials as of 14 June 2022, including 25 immunother-
apy clinical trials, mainly involving adoptive cell transfer therapy, vaccines, oncolytic vi-
rus therapy, immune checkpoint inhibitor (ICI) therapy and combination therapy (Figure
2, Table 1).
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Figure 2. Immunotherapy strategies for DIPG. CAR T cells and TCR T cells are designed to target
DIPG cells. Oncolytic viruses are designed to infect DIPG cells, kill them directly or attenuate their

progression. A vaccine is injected to activate the adaptive immune system, especially CD8+

cytotoxic

T cells. Anti-PD-1 and anti-CTLA-4 antibodies bind to PD-1 and CTLA-4, impeding the inactivation
of CD8+ T cells, respectively. '*I-omburtamab can kill DIPG cells by targeting B7-H3 and internal
irradiation. CAR T, chimeric antigen receptor T cells; TCR T, T-cell receptor-gene engineered T cells;
CTLA-4, cytotoxic T-lymphocyte-associated protein 4; PD-1, programmed cell death protein 1; DC,

dendritic cell.

Table 1. The clinical trials of immunotherapies for DIPG.
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3.1. Adoptive Cell Transfer Therapy

Current research shows that there is an immunodeficiency microenvironment in
DIPGs [15-19]. Therefore, many current studies attempt to directly supplement immune
cells into DIPG to change its immune status and kill tumor cells. Chimeric antigen recep-
tor-modified T (CAR-T) therapy and T cell receptor-gene engineered T (TCR-T) therapy
were the two main therapies for this purpose.

3.1.1. CAR-T Therapy

A chimeric antigen receptor (CAR) is a fusion protein comprised of an antigen recog-
nition moiety and T-cell signaling domains. The clinical trials of CAR T cells have shown
clear efficacy in multiple hematologic malignancies [21].

Disialoganglioside (GD2), a proper target for CAR-T therapy, is widely and specifi-
cally expressed in DIPG [22-25]. An animal experiment with CAR-T cells targeting GD2
showed that the systemic administration of GD2-targeted CAR-T cells could kill almost
all transplanted tumor cells in vivo, except for a small number of tumor cells without GD2
expression [22]. Although GD2 CAR-T cells have shown good therapeutic effects in vivo,
some data have proven that GD2 CAR-T-cell treatment may result in severe neuroinflam-
mation in the acute phase and lead to fatal brainstem edema and hydrocephalus in exper-
imental animals [22]. Fortunately, some drugs and operations can be used to treat these
severe complications. In a clinical study of GD2 CAR-T therapy for H3K27 M-mutated
diffuse midline gliomas (DMGs) (clinicaltrials.gov: NCT04196413), four patients (three
DIPG patients and one spine DMG patient) received 1 x 106 GD2-CAR T cells per kg ad-
ministered intravenously and three exhibited significant radiographic and clinical bene-
fits. Neither on-target nor off-tumor toxicity was observed. Although proinflammatory
cytokine levels were increased in the plasma and cerebrospinal fluid, brainstem inflam-
mation induced by CAR-T-cells was reversible with intensive supportive care. The sys-
temic inflammatory response was suppressed by clinical drugs (IL-6R inhibitor, IL-1R in-
hibitor, corticosteroids), and hydrocephalus was controlled by releasing cerebrospinal
fluid (CSF) (hypertonic saline, corticosteroids or an Ommaya reservoir) [24,26]. They also
identified that multiple doses could provide a greater radiographic and clinical benefit
than a single dose and different modes of administration could influence the neuroinflam-
matory response, whereby intracerebroventricular injection resulted in higher levels of
proinflammatory cytokines, lower levels of immunosuppressive cells in the CSF, and
fewer neurotoxic effects than intravenous injection [24]. Another study confirmed that
IGF1IR/IR in combination with GD2 CAR-T cells could further enhance the anti-tumor ef-
ficacy and increase the T-cell central memory profile in DMG/DIPG patients [23]. These
results underscored the promise of GD2 CAR-T therapy for patients with H3K27M-mu-
tated DIPG.

In addition to GD2 CAR-T cells, B7-H3 CAR-T cells are being explored in an ongoing
clinical trial related to DIPG (clinicaltrials.gov: NCT04185038). B7-H3, also known as
CD276, has been found to be highly expressed in most neuroectodermal tumors. B7-H3-
targeting CAR-T therapy has shown favorable safety and efficacy in children with stage
IV CNS metastasis and high expression of B7-H3 neuroblastoma [27]. A previous study
showed that the mRNA level of B7-H3 in DIPG tissues (n = 9) was significantly higher
than that in non-DIPG tumors and normal brain tissues. IHC staining results were con-
sistent with mRNA results, demonstrating abnormally high expression of B7-H3 in DIPG
[2]. However, there were no results of B7-H3-targeting CAR-T therapy on DIPG published
before, and the effect needs to be further explored.

3.1.2. TCR-T Therapy

The main target of current TCR-T research is the H3.3K27M mutation. Marie-Anne
reported that the substitution from lysine (K) to methionine (M) at position 27 of H3.3
(H3.3K27M mutation) was present in more than 70% of DIPG cases [12]. In animal
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experiments, TCR-transduced HLA-A2+ CD8+ T cells were able to efficiently kill HLA-
A2+ H3.3K27M+ glioma cells in an antigen-dependent manner and significantly inhibit
tumor progression [20]. In addition, Hideho et al. illustrated that the key amino acid resi-
dues required for recognition by the H3.3K27M-targeted TCR were absent in all known
human proteins, suggesting that this H3.3K27M-targeted TCR-T therapy could be safely
administered to patients. However, to date, no clinical data on H3.3K27M-targeted TCR-
T therapy have been reported, and further clinical studies are needed.

3.2. Vaccine Therapy

Vaccine therapy is an important aspect of immunotherapy. Using tumor-specific bi-
ological macromolecules as antigens, enhancing the specific recognition and killing the
ability of tumors to attack the immune system are the main ways in which vaccine im-
munity exerts an effect. In cancer vaccine immunotherapy experiments, life-threatening
and lethal events are mainly caused by cross-reactivity of on- or off-target T cells against
normal cells. This requires that the antigens used in tumor immunotherapy be tumor-
specific as much as possible, such as mutation-derived antigens, to achieve safety and
efficiency. However, there are few molecules that can act as specific antigens for DIPG.
Specific antigens discovered in the field of glioma in recent years mainly include epider-
mal growth factor receptor vIII (EGFRVIII) and mutant isocitrate dehydrogenase 1 (IDH1)
[28-30]. The K27M mutation (H3.1 and H3.3) is the predominant mutation in DMG and
DIPG and is also the most concerning specific vaccine antigen of DIPG at present
[9,12,14,31,32].

3.2.1. H3K27M Peptide Vaccine

A prominent feature of DIPG is the presence of the K27M mutation of H3.3 or H3.1.
This specific molecular epigenetic change is uniformly found in DIPG but not in normal
cells, constituting an excellent target for vaccine therapy [33]. In MHC-humanized mice
(HLA-A*0201, HLA-DRA*0101 and HLA-DRB1*0101), vaccination with the 27-amino acid
H3K27M peptide fragment was able to effectively induce an immune response and drive
IFNy immune responses in cytotoxic T cells and Th1 cells, whereas no immune responses
to H3K27 WT peptides were observed. The induced immune response effectively sup-
pressed the growth of subcutaneous H3K27M tumors [34]. Although there was a lack of
therapeutic studies on orthotopic H3K27M tumors, previous studies have shown that
H3.3K27M-specific cytotoxic T cells could be isolated from the peripheral blood of DIPG
patients [20], which indicates that H3.3K27M may induce an immune response in DIPG
patients. A clinical trial (NCT02960230) on H3.3K27M-specific vaccine responses in dif-
fuse midline glioma patients that included 19 DIPG patients showed that the H3.3K27M
peptide vaccine is safe for DIPG patients with HLA-A*0201 H3.3K27M characteristics,
with no grade 4 treatment-related adverse reactions observed [35]. In terms of the treat-
ment effect, 39% (7/18) of all patients developed an immune response to the H3.3K27M
peptide vaccine, resulting in detectable H3.3K27M-specific CD8+ T cells in peripheral
blood, and the overall survival (OS) in responders was prolonged by 6.1 months com-
pared with nonresponders (16.1 months vs. 10 months, n = 6) [35]. This result is encour-
aging. At present, three clinical studies related to the H3K27M vaccine (clinicaltrials.gov:
NCT02960230, NCT04749641, NCT04808245) are still in progress, and further results are
expected to be released.

3.2.2. EGFRVIII and Survivin Vaccines

In addition to the H3K27M vaccine, some vaccine studies targeting other antigens
also explore whether they have therapeutic effects on DIPG, such as the EGFRVIII vaccine
and Survivin vaccine. EGFR variant III is the most common EGFR gene rearrangement
and the most common gene mutation in GBM, which can be detected in approximately
25%-33% of GBM patients [36]. A study exploring the expression of EGFRVIII in eleven
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DIPG samples showed that it could be detected in 54.5% (6/11) of DIPG tissue [37]. As this
mutation is only present in tumors, it is considered a good tumor-specific antigen for vac-
cine immunotherapy. Accordingly, a peptide-specific vaccine targeting EGFRvIII, Rindo-
pepimut, a synthetic mutant EGFRVIII neoantigen-specific peptide conjugated to KLH
and administered granulocyte-macrophage colony-stimulating factor (GM-CSF) was de-
signed and tested [38]. Both phase I and phase II clinical trials of Rindopepimut in GBM
have been successful, with good safety and efficacy [39,40]. The PES rate was 66% at 5.5
months, and the median overall survival (OS) was 21.8 months in 65 patients [40]. Based
on this success, the U.S. Food and Drug Administration (FDA) granted Rindopepimut the
breakthrough therapy designation in February 2015 [38]. Encouraged by these results, a
phase I clinical trial of the EGFRVIII vaccine in DIPG patients (clinicaltrials.gov:
NCT01058850) is ongoing.

Survivin is a protein expressed during fetal development. There is low or even un-
detectable expression of survivin in normal human terminal tissues and high expression
in multiple malignant tumors, including approximately 85% of GBM patients [41-43]. Ad-
ditionally, the high expression of survivin was confirmed in most DIPG tissues, as de-
tected by RNA-seq, Western blotting and RT-PCR [44]. This provides a rationale for clin-
ical trials using the survivin vaccine for DIPG. A clinical trial of SurVaxM (a kind of sur-
vivin vaccine, clinicaltrials.gov: NCT04978727) for the treatment of various childhood ma-
lignant intracranial tumors, including DIPG, is currently underway, although the results
have not yet been published.

3.2.3. DC Vaccines

DC cells, as the main antigen-presenting cells in the body, have been studied in the
vaccine therapy of tumors for many years and have shown effects in the treatment of gli-
oma in vitro [45]. Stimulating DCs with tumor-specific peptides, tumor lysates or vectors
encoding specific tumor antigens could enhance the antitumor effects in GBM and other
brain tumors [46-48], and some studies have shown that the autologous dendritic cell
vaccine (ADCV) could satisfactorily induce a sustained antitumor immune response in
high-grade glioma and DIPG [49,50]. For DIPG, a clinical trial (clinicaltrials.gov:
NCT02840123) enrolled nine patients with newly diagnosed DIPG and treated them with
ADCYV prepared from monocytes obtained by leukapheresis. Five ADCV doses were ad-
ministered intradermally during the induction phase. In the absence of tumor progres-
sion, patients received three