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Pediatric Central Nervous System (CNS) tumors are the leading cause of cancer-related death in
children, yet effective treatment options remain limited. The tumor-associated antigen GD2 is a
promising target for immunotherapeutic approaches aimed at treating pediatric CNS cancers;
however, its heterogeneous expression within and between tumors can complicate the development
of effective strategies. Here we review different aspects of GD2 biology, including its structure,
synthesis pathway, and cellular and tissue expression, focusing on pediatric CNS tumors.We provide
a detailed overview of the investigational and diagnostic methods for evaluating GD2 expression on
freshly dissociated tumor samples, tissue sections, or tumor-derived cell lines, and as a circulating
marker in liquid biopsy. Furthermore,weprovideacomprehensiveoverviewofGD2-based therapeutic
strategies, such as monoclonal antibodies, CAR T-cells, aptamers, vaccines, and multimodal
approaches, from preclinical studies to recent clinical applications, highlighting both the promise and
challenges of targeting GD2 in these cancers.

GD2 is a tumor-associated antigen (TAA) that has emerged as a promising
target for aggressive pediatric central nervous system (CNS) tumors. Highly
expressed in cancers like neuroblastoma and gliomas, GD2’s selective
expression on tumor cells and limited expression in normal tissues make it
an ideal target for precision medicine. Other TAAs, such as B7-H3, HER2,
IL-13Rα2, EphA2, and survivin, are being investigated for pediatric cancers,
including pediatric CNS tumors. However, based on its tumor specificity,
expression, and clinical relevance, GD2 remains a very promising and ideal
target for precision therapies such as CAR T cells and antibody-based
treatments.

Growing evidence supports the efficacy of GD2-targeted therapies to
treat cancer. However, several hurdles remain, especially for pediatric CNS
malignancies, including managing immune-related side effects, optimizing
the delivery of therapies across the blood-brain barrier (BBB), and
addressing the complex brain tumor microenvironment (TME).

Pediatric CNS tumors occur globally at about 1.8 cases per 100,000
children annually, with a 5-year survival rate of 73–77%, varying by tumor
type.Despite conciderable advancement in thediagnosis andunderstanding
of these cancers, treatment options are still limited. However, results from

early-phase clinical trials indicate that immunotherapeutic approaches
targeting GD2 may represent a promising strategy to treat these deadly
tumor types.

In this review, we explore the future perspectives and emerging stra-
tegies for improving the efficacy of GD2-targeted therapies. These include
theuseof combination therapies,whereGD2-targeting agents are combined
with other treatment modalities. Additionally, the development of
biomarker-driven approaches could help identify patients who would
benefit most from GD2-targeted therapies, paving the way for more per-
sonalized and effective treatments.

This work provides an overview of GD2 biology in terms of synthesis
pathway and expression, as well as a critical review of the GD2-based tar-
geted therapies for pediatric CNS tumors. It highlights current progress and
key challenges, aiming to guide future research and clinical trials to improve
outcomes for pediatric CNS cancer patients.

GD2 structure and synthesis
GD2 is a glycosphingolipid and a member of the ganglioside subfamily. In
particular, GD2 is a disialoganglioside containing 2 sialic acids and 5

1Research Area of Onco-haematology and Pharmaceutical GMP Facility, Bambino Gesù Children’s Hospital-IRCCS, Rome, Italy. 2Università Cattolica del Sacro
Cuore, and Fondazione Policlinico Universitario Agostino Gemelli - IRCCS, Rome, Italy. 3Department of Experimental Medicine, Sapienza University of Rome,
Rome, Italy. 4Pathology Unit, Department of Laboratories, Bambino Gesù Children’s Hospital-IRCCS, Rome, Italy.
5Department of Clinical Medicine and Surgery, Federico II University of Naples, Naples, Italy. 6Department of Life
Sciences and Public Health, Catholic University of the Sacred Heart, Rome, Italy. e-mail: maria.vinci@opbg.net

npj Precision Oncology |           (2025) 9:295 1

12
34

56
78

90
():
,;

12
34

56
78

90
():
,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s41698-025-01079-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41698-025-01079-1&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41698-025-01079-1&domain=pdf
mailto:maria.vinci@opbg.net
www.nature.com/npjprecisiononcology


monosaccharides linked to a ceramide. The cellular synthesis of GD2 is a
complex and well-regulated1. Its biosynthesis starts in the endoplasmic
reticulum (ER) with the formation of the ceramide core, which is trans-
ported to the Golgi apparatus where the glycan chain is elongated and
modified by glycosyltransferases (GT) and sialyltransferases (ST) (Fig. 1).
TheBeta-1,4Galactosyltransferase (B4GALT6)will catalyze the synthesis of
lactosyl-ceramide, which will be subsequently converted in the mono-
sialoganglioside GM3 by the beta-galactoside alpha-2,3-sialyltransferase
(ST3GAL5). Another ST, the alpha-N-acetyl-neuraminide alpha-2,8-sia-
lyltransferase 1 (ST8SIA1), will then transfer a sialic acid molecule to GM3
to produce the disialoganglioside GD3, which will be finally converted by
the Beta-1,4 N-acetylgalactosaminyltransferase 1 (B4GALNT1) in GD22.
This last enzyme can also convert GM3 in the monosialoganglioside GM2.

GD2 can undergo further modifications by the beta 1,3-galactosyl-
transferase IV (B3GALT4), through the addition of a galactose molecule,
leading to the synthesis of the GD1b ganglioside. In addition, the Sialyl
O-Acetyl transferases (SOAT) can add an O-acetyl group to the outer sialic
acid residue, leading to the production of anO-acetylated derivative ofGD2,
the O-Ac-GD2, which significantly alters GD2 immunological properties3,4

(Table 1).
Once the biosynthesis is complete, GD2 is transferred via vesicular

transport to the cytoplasmic membrane5,6, where it will be anchored via the
hydrophobic ceramide and then orient oligosaccharide chains towards the
extracellular environment, allowing interaction with membrane molecules
or extracellular ligands. In these interactions, gangliosides, including GD2,
act as mediators and modulators of signal transduction pathways, as
demonstrated for the epidermal growth factor receptor, the vascular
endothelial growth factor receptor7–10 and for integrins11. It has also to be
noted that GD2 can be shed from the cytoplasmic membrane as micelles or
extracellular vesicles, which can be incorporated into GD2-negative
neighboring cells, influencing their behavior12.

Gangliosides, with their amphiphilic nature, establish hydrophilic
and hydrophobic interactions crucial for cell surface dynamics.
Anchored securely to the plasma membrane via their hydrophobic cer-
amide tails, notably shared among ganglioside species, gangliosides like
GD2 orient their oligosaccharide heads towards the extracellular envir-
onment, interacting through mild hydrophilic bonds with neighboring
membrane molecules or extracellular ligands. This interaction serves to
regulate the responsiveness of signaling molecules and enables ganglio-
sides to function as mediators and modulators of signal transduction9.
Moreover, extending their monosaccharide units into the extracellular
space, gangliosides exhibit antigenic properties vital for cell–cell recog-
nition and adhesion, contributing significantly to cellular communica-
tion and interactions7,9,10.

GD2 cellular and tissue expression
In contrast to other gangliosides present in numerous normal cells and
human tissues, GD2 expression is limited to the surface of healthy cells from
neuroectodermic origin, including the central nervous system (CNS), per-
ipheral sensory nerve fibers and melanocytes13–15 GD2 is also expressed on
mesenchymal stromal cells (MSCs) isolated from adipose tissue, but not on
foreskin fibroblasts16. Moreover, its expression varies depending on the
developmental stages. In CNS, GD2 expression initially constitutes 5–7% of
the total brain gangliosides during gestation and gradually decreases to 2%
in adult brain17,18, indicating a developmental-dependent restriction of GD2
expression19,20. Also, GD2 is potentially associated with neuronal differ-
entiation. For instance, Jin and colleagues demonstrated that the inhibition
of GD2 suppresses the neuronal differentiation of human umbilical cord
blood-derived mesenchymal stem cells (UCB-MSCs) through the down-
regulation of neurogenic helix-loop-helix transcription factors21.

Besides its potential role in development and cell differentiation,
GD2stands out as an ideal target for anti-tumor therapy.Compared toother
gangliosides, GD2 has limited expression in normal tissues, and its upre-
gulation in tumor cells makes it an appealing tumor-associated antigen
(TAA)7,22,23.

GD2 is found expressed mainly at the surface of tumor cells from the
neuroectodermal origin, such as neuroblastoma, melanoma, and small-cell
lung carcinoma, but also in cancer-associated stemcells (e.g., breast, bladder,
and glioblastoma)14,24. Several reports indicate that GD2 may enhance
proliferation, invasion (EMT), metastasis, as well as the motility and cell
adhesion of cancer cells by interacting with the tumor microenvironment
(TME) and regulating stem cell behavior through pathways associated with
ganglioside biosynthesis and cellular signaling, such as ST8SIA125–27.

As mentioned, GD2 can be released from the cytoplasmic membrane
through extracellular vesicles or micelles, and, thus, it can be found in the
serum or be incorporated in neighboring cells. For example, GD2 has been
identified in the serum of patients affected by neuroblastoma and
retinoblastoma28–30. SheededGD2 fromneuroblastoma cells is incorporated
on the surface of T cells, enhancing T cell apoptosis and thereby down-
regulating the immune response31, suggesting that GD2 may contribute to
tumor immune evasion and the shaping of TME. Moreover, one study
reported GD2 expression on T cells, B cells, and dendritic cells in the lymph
nodes of melanoma patients.

Such differences in GD2 expression levels across tissues not only
highlight the complex regulatory networks governing its metabolism but
also suggest that GD2 may have diverse functional roles depending on the
specific cellular context.

The overexpression of GD2 in tumor cells is associated with the
upregulation of enzymes such as ST8SIA1 and B4GALNT1 and the

Fig. 1 | Pathway of ganglioside biosynthesis
showing the key enzymes and the intermediate
gangliosides involved in the synthesis and mod-
ification of GD2. Cer ceramide, Lac-Cer lactosyl
ceramide, Glc glucose.

https://doi.org/10.1038/s41698-025-01079-1 Review

npj Precision Oncology |           (2025) 9:295 2

www.nature.com/npjprecisiononcology


downregulation ofB3GALT414,32–35. Todate, none of these enzymes have yet
been found mutated in cancer.

GD2 expression in tumor cellsmay bemodulated by cell confluence in
several tumors, such as osteosarcoma36, medulloblastoma37, and rhabdo-
myosarcoma cells38. Moreover, the variable expression of GD2 is finely
modulated by epigenetic mechanism in Ewing sarcoma39.

In 2009, the U.S. National Cancer Institute ranked GD2 as the twelfth
most promising target among 75 candidates for anti-cancer therapy, con-
sidering factors like therapeutic efficacy and immunogenicity40. Many
tumors expressing GD2 are pediatric cancers, highlighting the need for
targeting GD2 in pediatric patients.

GD2 in pediatric tumors of central nervous system
CNS tumors are the most prevalent solid neoplasms in childhood, repre-
senting the primary cause of cancer-related mortality. Notably, childhood
CNS tumors exhibit distinct characteristics compared to adult brain tumors,
including variations in their sites of origin, early dissemination, unique
clinical presentation, as well as histological and biological features.

In the past decade, significant progress has been achieved in decon-
voluting the molecular landscape of pediatric brain tumors. This enhanced
understanding has translated into improved diagnostic methods, classifi-
cation systems, and more precise prognostic assessments for many CNS
tumors, thereby reshaping clinical practices. Despite these advancements,
the prognosis for many young patients remains unfavorable41–43.

Historically, the classification of CNS tumors was exclusively based on
histologic features44–47. More recently, novel tumor entities have been
identified based on the integration of classical diagnostic criteria and key
molecular alterations. This shift reflects the recognition of the importance of
molecular features in refining disease classification48. Furthermore,
methylation profiling has emerged as a powerful approach for the classifi-
cation of CNS tumors.

In this review, we discuss various pediatric CNS tumors, including
pediatric-type diffuse high-grade gliomas (PDHGG), pediatric-type low-
grade gliomas (pLGG), ependymomas, andCNSembryonal tumors, such as
medulloblastoma, with a particular focus on GD2 expression
(Tables 2 and 3).

Pediatric-type diffuse high-grade gliomas
PDHGG is a large and heterogeneous family of aggressive tumors of the
CNS. These comprise four main clinico-pathological entities: diffuse mid-
line glioma, H3 K27-altered (DMG-H3K27-altered); diffuse hemispheric
glioma, H3 G34-mutant (DHG-H3G34); diffuse pediatric-type high-grade
glioma, H3-wildtype and IDH-wildtype (DHGG-H3, IDH1 WT); and
infant-type hemispheric glioma (IHG)49.

DMG-H3K27-altered, a rare and aggressive tumor, primarily affects
children and arises in the brainmidline structures. It is commonly found in
the pons, where it is known as diffuse intrinsic pontine glioma (DIPG)50. It
also occurs in the thalamus, appearing bilaterally in children and mono-
thalamically or in the spine in adolescents and young adults51–53. The
prognosis is poor, with a 2-year survival rate lower than 10%54. Treatment
options are limited to radiotherapy as the standard of care. Surgery is
generally not feasible due to tumor location, and chemotherapy has shown

limited benefit, but there is not yet a consensus on themanagement of these
tumors with chemotherapeutic agents55.

In recent years, however, several investigational approaches have
emerged, including the use of targeted agents such as ONC20156, which
shows activity in H3K27-altered tumors, and epigenetic modulators like
panobinostat57. Immunotherapeutic strategies, particularly GD2 and B7H3
targeted CAR T-cell therapy, have also demonstrated early promise in
clinical trials, althoughchallenges related todelivery and toxicity remain58–60.
Additional approaches under investigation include peptide vaccines,
immune checkpoint inhibitors, and convection-enhanced delivery of
anticancer agents directly into the tumor.

Diffuse hemispheric glioma (DHG), H3G34 mutant, is a rare and
aggressive brain tumor, primarily affecting adolescents and young adults,
with a minor number of cases observed in children. Located in the cerebral
hemisphere, these tumors exhibit a diffuse, infiltrative growth pattern that
makes them difficult to completely resect through surgery. The defining
feature is a missense mutation in the H3F3A gene, which leads to a sub-
stitution of glycine with arginine at position 34 of histone H3, along with
other alterations. such as TP53 mutations, ATRX loss, which contribute to
their aggressive nature, poor prognosis, and a tendency for early
recurrence48,61,62. These features highlight the urgent need for novel, biology-
driven therapeutic strategies. Liu and colleagues recently demonstrated that
the interneuronal lineage origin of DHG-H3G34 tumors represents a
therapeutic vulnerability, identifying CDK6 as a clinically actionable target
whose inhibition can promote tumor cell differentiation, suppress growth,
and extend survival63.

Other types of PDHGG, specifically H3-WT and IDH-WT, carry
similar clinical characteristics but lack the typical histone mutations.

In PDHGG, GD2 expression has been strongly associated with the
H3K27M mutation in DMG/PG64. A study from our group65 confirmed
GD2 expression in DMG K27M and observed variable expression patterns
across all the pDHGG subgroups, cytoplasmic and/or nuclear, focal or
diffuse, andwith intensities ranging frommild to strong. This heterogeneity
appeared independent of tumor location and molecular subgroup. Differ-
ently from the results obtainedby IHCon the tissue samples,flowcytometry
analysis performed on primary patient-derived cell lines showed GD2
expression tobemainly restricted to theH3K27M-mutant cells. The authors
hypothesized that TME in patient tissues may influence GD2 expression
independently of histone mutation status65. Haydar and colleagues also
investigatedGD2 expression in various cell lines ofHGG,n = 12, andDIPG,
n = 8 using flow cytometry. Their study demonstrated similar patterns of
GD2 expression across these tumor types. This research contributes to the
understanding ofGD2’s role in pediatric brain tumors, whichwill be further
discussed in relation to the following specific tumor types66.

Pediatric-type low-grade gliomas (pLGGs)
Pediatric-type low-grade gliomas (pLGGs) represent approximately 30% of
pediatric CNS tumors50. This diverse group includes glial, neuronal, and
mixed glioneuronal tumors. These tumors grow slowly and generally have a
favorable prognosis, especially when complete surgical resection is possible,
with 10-year progression-free survival rates often exceeding 85%48. How-
ever, for patients with unresectable tumors, survival drops significantly,

Table 1 | Key enzymes involved in GD2 biosynthesis, showing their substrates and products in the ganglioside synthesis
pathway

Enzyme Abbreviation Catalyzed substrate Reaction Product

Beta-1,4-galactosyltransferase 6 B4GALT6 Glucosylceramide (Glu-Cer) Lactosyl ceramide (Lac-Cer)

ST3 Beta-Galactoside Alpha-2,3-Sialyltransferase 5 ST3GAL5 Lac-Cer GM3

ST8 Alpha-N-Acetyl-Neuraminide Alpha-2,8-Sialyltransferase 1 ST8SIA1 GM3 GD3

Beta-1,4-N-Acetyl-Galactosaminyltransferase 1 B4GALNT1 GM3 or GD3 GM2 or GD2

Beta-1,3-Galactosyltransferase 4 B3GALT4 GM2/GD2 precursors GD1b

Sterol O-Acyltransferase SOAT GD2 O-Ac-GD2
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often necessitating additional therapies that may cause long-term side
effects67.

Molecular profiling has advanced the classification and treatment of
pLGGs, revealing that many pLGG harbor alterations in the RAS/MAPK
signaling pathway, including BRAF and NF1 mutations, which play
significant roles in tumor development68,69. Additional alterations include

FGFR1/2/3, NTRK2, and ALK, as well as rarer mutations such as MYB
and MYBL170,71. Despite advances in the biology and diagnosis of these
tumors, biomarkers like GD2 have not been deeply investigated, as in
other tumor types. Some studies have described the ganglioside profiles
(including GD2) in low-grade glioma tissue samples using mass
spectrometry72,73.

Table 2 | Main characteristics, molecular alterations and GD2 expression of pediatric CNS tumors

Tumor types Tumor subgroups Location Main molecular alterations Other alterations Median age at presentation (y) GD2 expressionand detection

Pediatric-type
diffuse high-
grade glioma

DMG-H3K27-
altered

Midline,
Pons,
Brainste-
m

H3K27M mutation, EGFR
alterations, EZHIP over-
expression

LossofH3K27me3,
ACVR1 mutation

5 to 10 Primary cell lines and tissue via
Flow cytometry, IHC and IF64–66.

DHG-H3G34-
mutant

Hemi-
spheric

H3.3G34R/V mutation TP53, ATRX
mutation, MGMT
methylation

14

DHGG-H3, IDH1 WT Hemi-
spheric

TP53 mutation, PDGFRA,
EGFR and MYCN
amplification

10

IHG Hemi-
spheric

NTRK, ALK, ROS and MET
fusions

0 to 4

Pediatric-type
diffuse low-
grade glioma

Diffuse Astrocytoma
MYB- or MYBL-
Altered

Cortical,
subcorti-
cal areas

MYB- or MYBL-Altered 5 to 10 Tissue via Flow cytometry and
high perfomance liquid
chromatography66,72

Angiocentric glioma Cerebral
Cortex

MYB-QK1 gene fusion 10 to 15

Polymorphous Low-
grade
Neuroepithelial
Tumor (PLNTY)

Cortical,
subcorti-
cal areas
of
temporal
lobe

MAPK Pathway-Altered BRAF mutation or
FGFR fusion

10

Diffuse LGG MAPK
Pathway-Altered

Craniosp-
inal axis

MAPK Pathway-Altered BRAF mutation or
FGFR fusion

5

Pilocytic
Astrocytoma MAPK
Pathway-Altered

Cere-
bellum

MAPK Pathway-Altered BRAF p.V600,
FGFR mutation or
fusion, NF1 and
Noonan Syndrome

5

Ependymal
tumors

Supratentorial
Ependymoma, ZFTA
fusion-positive

Supran-
tentorial

ZFTA fusion gene 10 Tissue and cells detected via Flow
cytometry66

Supratentorial
Ependymoma,
YAP1 fusion-
positive

Supraten-
torial

YAP1 fusion gene with
MAMLD1

0 to 5

PFA Ependymoma Posterior
Fossa

Loss H3K27M TP53 mutation 5

PFB Ependymoma Posterior
Fossa

Retentionof nuclearH3K27M
trimethylation

10

CNS
embryonal -
medullo-
blastoma

WNT-Activated Posterior
Fossa,
spinal

Activation of WNT signaling
pathway

10 Tissue and cells via Flow
cytometry, HPLC, thin layer
chromatography and mass
spectrometry37,66,77,136

SHH-Activated and
TP53 WT

Posterior
Fossa,
spinal

Activation of SHH signaling
pathway with WT TP53 gene
SHH-1,2,3,4

MYCN
Amplification
(10–15%)

5

SHH-Activated and
TP53-Mutant

Posterior
Fossa,
spinal

Activation of SHH signaling
pathway, Mutation
TP53 gene

MYCN
Amplification
(10–15%)

10

Non-WNT,
Non-SHH

Posterior
Fossa,
spinal

MYC overexpression, MYCN
Amplification

10

Other CNS
embryonal
tumors-
AT/RT

ATRT-MYC Supraten-
torial

High MYC expression,
SMARCB1 loss

SMARCA4 0 to 5 Tissue and cells detected via Flow
cytometry66

ATRT-SHH Supra/
Infraten-
torial

SHH pathway activation,
SMARCB1 loss

SMARCA4 0 to 5

ATRT-TYR Infraten-
torial

TYR and melanocytic genes,
SMARCB1 loss

SMARCA4 0 to 10

Retino-
blastoma

Heritable Retina Mutation RB1 gene 0 to 5 Cells detected via Flow
cytometry83

Non heritable Retina Mutation RB1 gene 0 to 5
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Ependymomas
Ependymomas, the third most common CNS tumor in children, account
for 5–10% of cases and are classified into eight subtypes based on a
combination of anatomical, histological, and molecular features. Despite
some progress, treatment methods have remained largely unchanged in
the past decades, with surgery and radiation representing primary
therapies. The use of adjuvant chemotherapy is still controversial and not
well-established50.

A recent study profiled potential chimeric antigen receptor (CAR)-T
cell therapy targets, including GD2, in 49 pediatric brain tumor patient-
derived orthotopic xenografts (PDOX), including 35 ependymomas. The
study revealed heterogeneous antigen expression across tumor types, with
GD2, along with B7-H3 as the most consistently expressed antigens,
highlighting its potential as a target for immunotherapy66.

CNS embryonal tumors
CNS Embryonal tumors, particularly aggressive and driven by genetic
events, primarily affect children74. Medulloblastoma (MB), the most com-
monmalignant embryonal brain tumor in children, accounts for about 20%
of all pediatric CNS cancer. Originating from neuronal precursors in the
posterior cranial fossa, MB is classified as a grade 4 tumor by the WHO.
Prognosis varies across subgroups, some of them showing more favorable
outcomes. Standard treatment involves a multimodal approach, including
surgical resection, followed by adjuvant radiation therapy and systemic
chemotherapy. However, these treatments often lead to significant side
effects75,76.

In cases where standard therapies are inadequate, targeting GD2 has
shown promise. Recently, Paret and colleagues characterized GD2 expres-
sion and related gene signatures (ST8SIA1 and B4GALNT1), which could
help identify medulloblastoma (MB) subtypes likely to respond to GD2-
targeted therapies, with higher GD2 expression found in SHH and group 4
MBs compared to group 3 and WNT subtypes66,77. Ciccone and colleagues
further characterized GD2 expression by flow cytometry in 52 primaryMB
tumor biopsies freshly dissociated, finding GD2 expression in 82.68% of
samples, with the highest levels in SHHandG3-G4 subtypes, and the lowest
in the WNT subtype37.

Another CNS embryonal tumor, the Atypical Teratoid/Rhabdoid
Tumor (AT/RT), is typically characterized by the inactivation of
SMARCB1 (or SMARCA4) and includes three genetically, epigenetically,
and clinically distinct molecular subgroups: ATRT-TYR, ATRT-SHH,
and ATRT-MYC78. Haydar et al. examined GD2 cell surface expression
across AT/RT subtypes using flow cytometry. They found that the pro-
portion of GD2-positive cells ranged from 0% to 78% in ATRT-MYC
tumors and from 12% to 75% in ATRT-SHH tumors66.

Retinoblastoma
Retinoblastoma (RB) is the most frequently occurring eye cancer in child-
hood, representing 3% of all pediatric cancers79. It may develop in one or
both eyes and is typically linked to amutation in theRB1 (retinoblastoma 1)
gene located on chromosome 13q14 and essential for regulating the cell
cycle. The loss of functionofRB1 causes a proliferation of retinal cells during
early ocular development, leading to tumor formation80.

The extent and severity of the disease determines the treatment of
retinoblastoma. Current options include various forms of chemotherapy
(intravenous, intra-arterial, and intravitreal), cryotherapy, radiotherapy,
and surgery. Chemotherapy is essential for tumor control and preventing
metastasis, with intra-arterial chemotherapy improving local control.
Cryotherapy is often used alongside chemotherapy, while radiation therapy
is considered a last option. Surgery is required for advanced cases to prevent
metastasis. Despite these treatments, there remains an urgent need for new
targeted therapies to enhance patient outcomes and preserve vision81,82. In
recent years, GD2, among others, seems a promising target for RB83. GD2 is
found to be expressed in vitro in cell lines, in the bonemarrow ofmetastatic
RB patients, as well as in the serumof RB patients. In fact, in the early 90 s, it
had already been identified as a potential serum marker for RB since its
serum level was found to be higher than in healthy individuals and its level
decreased rapidly in successfully treated patients28. Based on this, recent
efforts with GD2-CAR T-cell therapy and anti-GD2 mAbs Dinutuximab
represent promising immunotherapeutic approaches for RB.

Pediatric CNS tumors vary widely in their clinical, histological, and
molecular profiles, with GD2 emerging as a potential immunotherapeutic
target across several tumor types. The table below outlines the main char-
acteristics of each tumor type, including tumor subgroups, location, peculiar
molecular alterations, age at diagnosis, and specific references on GD2
expression.

Investigational and diagnostic tools for GD2: advance-
ments and perspectives
The heterogeneity of antigen expression may significantly challenge any
effective GD2-based targeting strategy, complicating the efforts to leverage
this ganglioside for accurate and reliable cancerdiagnosis and treatment. For
this reason, it is crucial to understand and standardize the detection of GD2
considering its diagnostic and prognostic value in the context of cancer.
Investigations on GD2 are conducted both in vitro and in vivo. Samples of
interest may include tissue sections, freshly dissociated cells, or cultured
cells. Given the potential diagnostic and prognostic value of GD2, the
challenge lies in establishing reliable and standardized detection assay
protocols. One of themost common andwell-standardizedmethods for the
detection and quantification of GD2 is Flow Cytometry, allowing a precise
identification and characterization of GD2-positive cells within cell sus-
pensions from either cultured cells and/or freshly dissociated tissues, pro-
viding direct, valuable insights intodisease progression, response to therapy,
or even potential therapeutic targets24,84. Flow cytometry represents a fast
and robust method to investigate GD2 expression with directly conjugated
antibodies34,37,38,64,65. While very useful in assuring the preservation of the
antigen, a disadvantage of this technique is the need to work with cell
suspension, therefore missing the information on the antigen spatial loca-
lization in the tissue. Another issue may be the need to work with enough
cells, which, for example, for tiny biopsy may not be feasible after tissue
dissociation. In addition, it necessitates a fresh tumor sample and/or viable
cryopreserved tumor cells, often requiring a dedicated sampling process as
these are not part of standard practice.

Recently, scientists have described a GD2-specific blood test for neu-
roblastoma patients. The test, called Epitope Detection in Monocytes

Table 3 | List of Abs anti-GD2 with the main characteristics including isotope, host, code, applications, and references

Isotope Manufacturer Code Host Application Reference

14,2Ga Sigma MAB2052 Mouse FACs, IF, IHC 24

14,2Ga BD bioscience 562100 Mouse FACs, IF, IHC 34,37,38,64,65

14,2Ga Abcam ab68456 Mouse ICC, IF 137

14,2Ga Ls Bio LS-C63496 Mouse FACs, ICC, IF, IHC, IHC-Fr 65

14,2Ga Santa Cruz sc-53831 Mouse IHC, IF 138

IgG3 Abcam ab82717 Mouse TLC 139

REAL924 Miltenyi 130-127-115 Mouse MICS, IF, IHC 85,140
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(EDIM), relies on the detection by flow cytometry of antigen expression by
macrophages, which phagocytize fragments of neoplastic cells, extracellular
vesicles, or circulating tumor cells85. In this study, the blood of 19 neuro-
blastoma patients and 22 healthy control patients was analysed, showing
that 15/19 patients (79%) had positive EDIM-GD2 values, whereas none of
the healthy individuals (0%) had a positive EDIM-GD2 level. This approach
may represent a valuable liquid biopsy approach for the diagnosis or the
follow-up of GD2-positive cancer types, though further research is needed
before EDIM can be widely adopted as a standard diagnostic method.

Interestingly, in the 1990’s the first steps and initial protocols for
detecting GD2 in tissue included a preliminary ganglioside extraction step,
followed by chromatographic separation utilizing high-performance thin-
layer chromatography and densitometric scanning28,29. Currently, advanced
and improved techniques are being developed to detect circulating GD2
more simply and effectively, using high-performance liquid chromato-
graphy coupled with mass spectrometry, an approach that offers increased
sensitivity and better separation of GD2 subspecies30. In a recent study, a
liquid biopsy approach using a sensitive, cost-effective liquid
chromatography-tandem mass spectrometry (LC-MS/MS) method
demonstrated robust detection of different lipoforms of circulating GD2 in
plasma samples, providing valuable diagnostic and prognostic insights for
neuroblastoma patients and enabling non-invasive, longitudinal monitor-
ing with minimal sample volume86. As a further novel approach, Galan and
colleagues recently detected GD2 and GD3 in serum samples from ovarian
cancer patients using the ELISA technique. The authors demonstrated the
feasibility of such tests to diagnose ovarian cancer and showed thatGD2and
GD3canbeusedas biomarkers for ovarian cancer subtype classification and
to track tumor progression87. In the same study, the authors used immu-
nohistochemistry (IHC) to investigate the expression of GD2 and GD3
directly on tissue samples andwere able to optimally score the staining in the
different tissues analysed, establishing thatGD2 andGD3were expressed in
all ovarian cancer subtypes and stages analysed, but not in the surrounding
healthy or control tissues.

IHC is an importantmethod generally considered the gold standard in
the diagnostic practice for the detection of clinically relevant biomarkers,
allowing the precise localization and quantification of the antigens of
interest. However, in the case of GD2, this method is still investigational. In
fact, GD2 detection on tumor biopsies is often challenging, due to its het-
erogenous expression across all solid tumors, its glycolipid structure, and
membrane anchorage39,88. By employing a range ofGD2-specific antibodies,
researchers can assess GD2 levels in various tumor types, enabling accurate
scoring of GD2 positivity. This scoring serves as a biomarker for patient
selection, ensuring that those most likely to benefit from GD2-targeted
therapies are identified.

The expression of GD2 in DMG and DIPG was analyzed using IHC
and immunofluorescence (IF), which facilitated the precise localization and
characterization of GD2 expression patterns within tumor samples and
patient-derived cell lines. This comprehensive approach allowed de Billy
and colleagues to assess GD2 as a therapeutic target, supporting the
development of GD2-CAR T-cell therapies in combination with selected
inhibitors to enhance treatment effectiveness in pediatric high-grade
gliomas65. Moreover, GD2 detection via IHC in other solid tumors, such as
breast cancer, demonstrates its potential as a predictive biomarker, with its
expression linked to favorable tumor characteristics, although it does not
correlate with improved survival outcomes88.

The ability to accurately score GD2 expression through IHC holds
significant implications for clinical trials, as this scoring system can
identify and select patients with elevated GD2 expression who may
benefit from targeted therapies. A recent study tackled the potential
difficulty of detecting GD2 in formalin-fixed paraffin-embedded (FFPE)
tissues by employing an immunofluorescence protocol that uses Tyr-
amide for signal amplification to enhance sensitivity39. This approach
seems to allow a reliable and robust detection of GD2, which could
provide a solution to longstanding technical limitations in its assessment.
A critical step for the detection of gangliosides on tissue sections, while

preserving their structural integrity and ensuring a reliable staining, is the
fixation. FFPE tissue sections are fixed in formalin, but then, during the
dewaxing and rehydration steps, the use of ethanol may contribute to
solubilizing the gangliosides. On the other side, frozen tissue sections
may be fixed with acetone, which, used in its anhydrous form, has been
shown to preserve ganglioside localization with minimal loss89.

While IHC and/or IF may provide precise localization and contextual
information aboutGD2 expressionwithinTME,ELISAoffers a quantitative
measurement of GD2 levels in biological samples87. These methods can
complement each other, and it may be beneficial to consider using them in
tandem to enhance our understanding of GD2 as a biomarker.

Alternatively, an indirect approach, such as the RT-qPCR for quanti-
fying the ganglioside biosynthesis enzyme B4GALNT1, stands out for its
high sensitivity compared to other techniques. This indirect method shows
even greater sensitivity than the traditional immunohistochemistry
approach90. Although it has been shown that B4GALNT1 is directly
responsible for producing GD291, its gene expression level correlates with
the expression of GD2. For example, in neuroblastoma cell lines, a stronger
correlation between the expression of GD2 with ST8SIA1 compared to
B4GALNT1has been shown34. InDIPGprimarypatient-derived cell lines, it
has been shown in general a good correlation between the expression of
B4GALNT1 andGD2, except for a cell line that showed a high expression of
GD2 and a low expression of B4GALNT164. Interestingly, in a recent study,
where gene expression level in different cancer and normal tissues was
analysed frompublic databases, itwas found that a2-gene signature givenby
ST8SIA1+ B4GALNT1 shows synergistic properties for the prediction of
GD2-positive tissue phenotype32. Based on that,methods such as qRT-PCR,
NanoString assay, and/or targeted RNA sequencing could be adopted and
implemented in the diagnostic workflow and would be of particular impact
for GD2-based clinical trials.

Many clinical trials based on GD2-directed therapies (see section
“GD2-based therapeutic approaches” and Table 5) are established on pre-
vious in vitro and in vivo studies; therefore, it is important to have reliable
assays and investigational tools that can be robustly translated to the clinic.
Interestingly, recent studies have shown that the expression of GD2 in vitro
is affectedby cell confluence in2Dcellmonolayers and3Dtumor-spheres in
several tumor types, including osteosarcoma, medulloblastoma, and
rhabdomyosarcoma36–38. The exact mechanism is unknown, but it may
involve conditions such as hypoxia and oxidative stress driven by nutrient
depletion in crowded cultures. Moreover, these environmental stressors
might lead to changes in gene activation or silencing, revealing an intriguing
connection between cell density and GD2 expression. These studies high-
light how different cell environments affect GD2 expression and how
important it is to model in vitro the patient disease to provide translatable
results.

A variety of antibodies have been employed in GD2 research to
enhance detection and characterization across different cancer types. These
antibodies are used in a range of techniques, including flow cytometry, IHC,
and more recent liquid biopsy approaches, allowing for a deeper under-
standingofGD2expression and its role as a potential therapeutic target. The
following table provides an overviewof themain antibodies used inmultiple
studies, highlighting their specific applications and contributions to
advancing GD2-related diagnostics and treatments.

Overall, significant advancements have been made for GD2 detection,
each method offering distinct advantages and limitations (Table 4). Flow
cytometry remains widely used due to its sensitivity, but is less suited for
standard pathology workflows. IHC continues to provide valuable insights
into tissue-based GD2 expression, aiding therapeutic decisions and clinical
trial enrollment. However, the membrane-bound and glycolipid nature of
GD2 can complicate consistent detection by IHC.

Emerging liquid biopsy/blood-based tests, such as EDIM-GD2, ELISA,
and LC/MS, may represent promising non-invasive methods. To our
knowledge, so far, only in two studies has GD2 been detected in cere-
brospinalfluid of patientswith retinoblastoma, either by an indirectmethod
with anRT-PCR forGD2 synthasemRNAor by flow cytometry (Laurent V
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et al., 2013; Shen H et al., 2012). Further research into these liquid biopsy
methodswouldbeof particular interest for applications in themonitoringof
GD2-positive CNS malignancies.

Despite innovations, challenges like sample requirements, detection
consistency, and method validation still limit the widespread adoption of
these techniques in investigational and clinical practice. Further research is
needed for standardization to allow the integration of reliable and cost-
effective methods into clinical practice. This will be helpful for enrollment
into future clinical trials, but also necessary to establish the prognostic value
of GD2 for CNS tumors.

GD2-based therapeutic approaches
Several innovative therapies are being explored for pediatric CNS tumors
(Fig. 2), ranging from immunotherapeutic approaches, including GD2-
specific antibodies and GD2-redirected CAR T-cell therapy, and multi-
modal strategies that harness the synergistic potential of different ther-
apeutic modalities.

This evolving landscape reflects a strategic change towards more
effective and personalized interventions with fewer adverse effects parti-
cularly important for the treatment of pediatric patients with CNS tumors.

These effortsarebeing translated into several ongoingclinical trials targeting
GD2 for the treatment of CNS tumors (Table 5).

Monoclonal antibodies targeting GD2
Thefirst therapeutic strategy for targetingGD2beganwith the development
of mAbs, anti-GD2 mAbs, paving the way for additional immunotherapy
approaches to broaden treatment options. Anti-GD2 mAbs can be pro-
ducedusingmurine, chimeric, humanized, and fully human antibodies. The
murine IgG3mAb3F8was thefirst specific anti-GD2antibodydeveloped in
1985, which demonstrated killing of GD2-positive tumor cell92. In contrast
to murine mAbs, the chimeric and the humanized anti-GD2 mAbs
demonstrated reduced immunogenicity, prolonged half-lives, and
enhanced effectiveness in promoting effector functions93,94.

MAbs targeting GD2 are thought to kill tumor cells expressing this
ganglioside through three main mechanisms: (i) triggering macrophage-
mediated phagocytosis and promoting antibody-dependent cell-mediated
cytotoxicity (ADCC) by natural killer (NK) cells and granulocytes; (ii)
inducing tumor cell lysis via complement-dependent cytotoxicity (CDC);
and (iii) promoting apoptotic cell death by directly and specifically binding
of the anti-GD2 mAbs to GD2 on tumor cells95,96.

Fig. 2 | Principal Anti-GD2 immunotherapies for
pediatric CNS tumors.

Table 4 | Overview of themain GD2 detectionmethods, including sample types, sensitivity, and clinical applications in research
and diagnostics

Detection method Sample type Sensitivity Clinical/diagnostic utility

Flow cytometry (FACS) Freshly dissociated cells,
cultured cells

High Precise quantification; limited by need for fresh samples
and enough cells

IHC (Immunohistochemistry) FFPE tissue sections Moderate to high Advantage for spatial localization; limited application for
lack of standardization method

IF (Immunofluorescence) Tissue sections, frozen tissue
section and cells

High Advantage for spatial localization; limited application for
lack of standardization method

EDIM (Epitope detection in monocytes) Peripheral blood high (one study) Non-invasive liquid biopsy; early-stage; needs broader
validation

ELISA Serum High Non-invasive liquid biopsy; costly; useful for monitoring
tumor progression

HPTLC (Thin layer chromatography) Extracted gangliosides from
tissues

Low to moderate Old technique; limited current clinical utility

HPLC-MS (High performance liquid
chromatography – MS)

Serum/plasma Very high Non-invasive liquid biopsy; advanced quantitative
technique for circulating GD2
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Anti-GD2 mAbs mediated tumor cell death combine features remi-
niscent of both apoptosis and necrosis. The ADCC is dose-dependent, with
the strongest anti-tumor effects observed in cells with highGD2 expression,
indicating the specificity of the mechanism of action. Cell death appears to
be mediated through the alteration of the mitochondrial membrane
potential and the subsequent permeabilization of the plasma membrane, a
key characteristic of apoptotic cell death induction95,97.

For brain tumors, Fleurence et al. demonstrated the anti-tumor
efficacy of mAb8B6 anti-O-Ac-GD2 antibody mediated by an increase
in apoptotic death of glioma cells, both in vitro and in vivo98. A phase II
clinical trial demonstrated the safety and potential clinical utility of the
murinemAb-antiGD2 (3F8) for the treatment of high-risk or recurrent
medulloblastoma99.

The clinical benefit deriving from the use of anti-GD2 antibodies is
highlighted by the FDA approval in 2015 of Dinutuximab for the treatment
of high-risk neuroblastoma patients. Nevertheless, their clinical application
is hampered by several limiting factors. Toxicity associated to the expression
of GD2 by normal tissues and neurologic adverse effects of on-target/off-
tumor is frequently observed in the clinic. Furthermore, resistance or relapse
following anti-GD2 therapy is often observed in patientswithGD2-positive
cancer.

As for other antibody therapeutic strategies, other limitations are the
insufficient affinity to the target, the limited penetration into the tumor
mass, and, in the context of brain tumor, the low capability to cross the BBB.
In this context, strategies to enhance anti-GD2 treatment involve either
augmenting the dose of antibodies, constrained by side effects, or investi-
gating alternative GD2-targeting immunotherapeutic strategies.

Aptamers
MAbs like dinutuximab, despite the promising therapeutic outcomes, have
their limitations for the treatment of brain tumors, given their large size and
subsequent difficulty in crossing the BBB. Aptamers offer a compelling
alternative to antibodies. These single-stranded DNA or RNA molecules
combine high specificity and affinity for their targets with structural
adaptability100. Unlike antibodies, their small size allows for deep tissue
penetration, which is crucial for reaching the CNS. Their low antigenicity
reduces their immunogenicity, making them safer for repeated use. Che-
mically synthesized, aptamers enable scalable production at lower costs
compared to biologics. Moreover, their versatility allows conjugation with
agents like chemotherapeutics, siRNA, and nanoparticles for precise, tar-
geted therapy101.

Preclinical studies have demonstrated the ability of GD2-specific
aptamers to effectively bind GD2-positive cells and deliver drugs such as
doxorubicin, showcasing their potential for both treatment and imaging.
Moreover, aptamers offer a unique safety feature: complementary oligo-
nucleotides can be used as antidotes to disrupt their function in vivo,
mitigating potential off-target effects102. So far, two DNA-based GD2
aptamers have been developed for neuroblastoma that also incorporate
doxorubicin into their structure: one is a pH-sensitivemolecule (DB67) that
more specifically targets and deliver the drug to the tumor cells based on the
different pH between tumor and normal cells103 while the other one is more
specifically directed against the MYCN amplified/overexpressed NB cells
through a MYCN-siRNA (DB99)104. Despite their potential, further
research is needed to optimize aptamer stability, enhance their pharmaco-
kinetics through chemical modifications, and validate their efficacy in
diverse preclinical and clinical settings. To the best of our knowledge, the
development of GD2-aptamers for brain tumors has not been explored yet,
despite their potential activity.

Vaccines
GD2 vaccines work by stimulating the immune system to target GD2-
expressing tumor cells, often incorporating immune adjuvants or delivery
systems to enhance their efficacy andprevent a recurrence105. These vaccines
have shown particular promise as a therapeutic strategy for high-risk neu-
roblastoma. Cheung and colleagues demonstrated that the GD2/GD3T
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vaccine combined with β-glucan elicits strong antibody responses, even in
patients with prior disease progression. A significant association was
observed between elevated anti-GD2-IgG1 titers and improved
progression-free and overall survival, highlighting the prognostic impor-
tance of antibody responses. These findings support the GD2/GD3 vaccine
as a safe and promising option for enhancing long-term outcomes in
patients106.

Another possible strategy consists of idiotypic vaccines, or anti-Id
vaccines, designed to extend the immune response based on anti-idiotypic
antibodies developed during previous anti-GD2 mAb therapies. This
strategy uses the idiotype network theory (INT), which describes how
antibodies can recognize not only antigens but also other antibodies,
creating a regulatory network107.

The development of ganglidiomab, an anti-idiotype antibody targeting
the anti-GD2 antibody family 14.18, has shown promise by inducing
humoral responses in murine models and patients previously treated with
anti-GD2 mAbs, with good tolerability and no significant side effects108,109.
Similarly, ganglidiximab, another anti-idiotype antibody mimicking GD2,
might offer a novel approach to enhance immune responses and refine
GD2-targeted therapies110. Research is ongoing to determine the optimal
design and application of these vaccines, as well as their potential combi-
nation with other treatments to enhance therapeutic outcomes. Although
not yet applied for brain tumormalignancies,GD2vaccines could opennew
therapeutic avenues for these high aggressive CNS cancers.

GD2-based CAR-T cell therapy
Oneof themost significant advancements in the onco-immunotherapyfield
involves the development of T cells engineeredwith CAR to target a specific
antigen expressed at the surface of the tumor cells in a major histo-
compatibility complex (MHC)-independent manner. This is achieved by
geneticmodification of the T cells, either through viral vectors (retroviral or
lentiviral transduction) or via non-viral methods, such as the Sleeping
Beauty transposition, which is a synthetic transposon/transposase tool that
enables stable genomic integration of the CAR constructs111. These
approaches enable the expression of a chimeric receptor directed toward a
specific tumor-associated antigen. The CAR is constituted by the variable
portion of a monoclonal antibody fused to the signal transduction domain
of the CD3z chain of the TCR. Several variations of the CAR have been
subsequently implemented by adding one or two co-stimulatorymolecules,
such as CD28, 4-1BB, OX40, in order to improve the persistence and
enhance the anti-tumor efficacy of CAR T-cells112.

The therapeutic benefit deriving fromCART-cells is highlighted by the
FDA approval of several CAR T-cell products, which include: Kymriah®
(tisagenlecleucel), Tecartus® (brexucabtagene autoleucel), Breyanzi® (liso-
cabtagene maraleucel), and Yescarta® (axicabtagene ciloleucel). These
therapies target theCD19 antigen for the treatment of blood cancers such as
acute lymphoblastic leukemia (ALL) and non-Hodgkin lymphoma (NHL).
In addition, Abecma® (idecabtagene vicleucel) and CARVYKTITM (cilta-
cabtagene autoleucel),which targets theB-cellmaturation antigen (BCMA),
have been approved for the treatment of relapsed and refractory multiple
myeloma in adult patients113. Building on the successful experience in blood
cancers, this therapeutic approach has been expanded to solid tumors,
including neuroblastoma and brain cancers. GD2-CAR T cells have shown
particular promise in neuroblastoma, a challenging pediatric cancer with
high relapse rates and poor outcomes. Recent phase I/II clinical studies have
demonstrated the safety, feasibility, and efficacy of GD2-CAR T cells,
showing encouraging signs of sustainedbenefit in patientswith relapsedand
refractory neuroblastoma114.

Already some years ago, Louis et al. demonstrated a clinical benefit in
the treatment of high-risk neuroblastoma using two different types of CAR-
T cells, EBV-specific cytotoxic T lymphocytes (CAR-CTLs) and poly-
clonally activated T cells (CAR-ATCs), redirected against GD2. Among 19
patients treated, 3 out of 11with active disease achieved complete remission.
Prolonged persistence of CAR-ATCs (up to 192weeks) andCAR-CTLs (up
to 96weeks)was associatedwith survival benefits and correlatedwithhigher

levels ofCD4+ cells and centralmemorymarkers (CD45RO+CD62L+) in
the infused cells115. More recently, Che-Hsing and colleagues reported that
one of the patients with active disease who achieved complete remission
benefits from long-term survival over 18 years116.

More recently, Del Bufalo et al. reported on a GD2-directed CAR
construct featuring two costimulatory domains, namely CD28 and 4-1BB.
To mitigate potential neurotoxic effects linked to the utilization of these
third-generation CAR T cells (GD2-CART01), they incorporated the gene
for inducible caspase 9 (iC9) into the construct as a safety switch. This
inclusion allows the adoptively transferred cells to be eliminated in the
presence of life-threatening toxicities117,118. The study demonstrated
impressive 3-year overall survival and event-free survival rates of 60% and
36%, respectively, in patients with relapsed or refractory high-risk
neuroblastoma119. Even better results were obtained in patients with a
limited tumor burden.

Quintarelli and colleagues have recently demonstrated that
ALLO_GD2-CART01, an allogeneic GD2-specific CAR T cell therapy,
exhibits robust antitumor activity, offering a novel treatment option
for relapsed or refractory neuroblastoma. Unlike autologous CAR
T cells, ALLO_GD2-CART01 uses T cells derived from healthy donors,
making it accessible to patients with profound lymphopenia or
insufficient T cell numbers for autologous production. ALLO_GD2-
CART01 demonstrated significant expansion, persistence, and efficacy
in patients who had exhausted other therapeutic options. This therapy
may overcome challenges like lymphopenia or resistance to autologous
CAR T therapies, but future studies are needed to further establish its
potential and long-term safety in other GD2-expressing tumors like the
CNS malignancies120.

InCNS tumors, GD2has been foundhighly expressed in glioblastoma,
medulloblastoma, and in DMG H3K27M-mutant, as well as hemispheric
high-grade glioma37,65,66. In all these tumor types, GD2-CAR T-cells have
been shown to be effective both in vitro and in vivo. Interestingly, Mount
et al. found high expression of GD2 specifically in DMG cells harboring the
H3K27Mmutation. In the same study, the systemic administration ofGD2-
CAR T-cells in patient-derived orthotopic xenograft models of H3K27M-
mutant DMGdemonstrated potent antitumor efficacy. This work led to the
opening in 2020 of the first GD2-CAR T-cell clinical trial (NCT04196413)
for patients affected by DMG H3K27M-mutant64. Early clinical data have
been reported for the first 4 DMG patients demonstrating improved out-
come with signs of manageable and reversible tumor inflammation-
associated neurotoxicity following intensive supportive care. The clinical
trial is still ongoing to determine the optimal dose, schedule, and route,
intravenous (IV) or intracerebroventricular (ICV), of GD2-CAR T cell
administration, with the aim to improve anti-tumor efficacy and toxicity58.
A recent update of this trial showed promising results, with significant
tumor regression observed in many patients after initial IV infusions, while
subsequent ICV treatments appeared to enhance therapeutic responseswith
lower toxicity profiles. This combined administration approach marks an
important advance in the treatment of high-mortality brain cancers and
suggests a strong potential for improved patient outcomes through opti-
mized delivery methods and treatment protocols for targeted CAR T cell
therapy121. Another trial (NCT04099797) started the same year for CNS
pediatric cancer patients with histologically confirmed GD2 expression.
Eleven patients have received either GD2-CAR T-cells or a modified GD2-
CAR T-cells with a constitutively active IL-7 receptor, the latter demon-
strated improvedclinical benefit and radiographic tumor regression in some
of the patients122.

In addition, a recent preclinical study demonstrated that CAR-T cells
targeting the modified form of GD2, O-Ac-GD2, particularly Vδ2 T cells,
effectively eliminated pHGG cells both in 2D and 3D models, highlighting
its promise for an off-the-shelf allogeneic immunotherapeutic approach4.
This is particularly promising as, compared to GD2, O-Ac-GD2 is largely
absent in normal tissues, making it an interesting target, with reduced off-
tumor toxicity123,124.However, its detection remains challenging, as standard
anti-GD2 antibodies often fail to distinguish between the two forms.
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GD2-based multimodal therapy
Despite the preclinical and clinical evidence on the feasibility and the tol-
erability of different anti-GD2-based therapeutic approaches, the anti-
tumor efficacy is often partial and transient, resulting in tumor relapse.
Several factors, including the antigen escape mechanisms122, the hetero-
geneous intra-tumor expression of GD265, as well as the cold TME of CNS
tumors125, contribute to impairing the efficient anti-tumor efficacy. A
multimodal approach consisting of combining different therapeutic agents
will be more suitable to obtain a more efficacious and safe treatment.

The use of anti-GD2 antibodies in initial treatment protocols has
markedly decreased relapse rates in neuroblastoma. Nevertheless, a notable
proportion of patients still experience relapses, and the mechanisms
underlying resistance, as well as the possibility of the occurrence of antigen
escape to anti-GD2, remain poorly elucidated126–128. However, Mabe and
colleagues identified preclinically a mechanism by which tumor cells reg-
ulate GD2 expression on their surface. They found that the expression of
GD2 on neuroblastoma varies depending on the cell states, with a reduced
expression associated with the mesenchymal state and correlates with
resistance to anti-GD2 antibody. Moreover, they found that EZH2 inhibi-
tion triggers an epigenetic modification and re-establishes the efficacy of
anti-GD2 therapy by restoring GD2 expression at the cell surface through
the transcriptional upregulation of the GD3 synthase ST8SIA134.

Similarly, Ciccone et al. showed that inhibition of EZH2 with Taze-
metostat in medulloblastoma cells re-establishes the expression of ST8SIA1
and consequently restores GD2 on the tumor cells, sensitizing low GD2
medulloblastoma cells to GD2-CAR T-cells37. The promising results of this
experimental study support the ongoing phase I clinical trial
(NCT05298995) currently evaluating the safety and therapeutic efficacy of
CAR-GD2 therapy in relapsed and refractory MB and other pediatric CNS
tumors. On the other hand, by increasing GD2 expression, Tazemetostat
may not only increase tumor aggressiveness, but it is also responsible for
some treatment-related adverse events, including asthenia, nausea, anemia,
and vomiting in patients with advanced solid tumors129. Therefore, a mul-
timodal therapeutic approach, including Tazemetostat, should be strictly
controlled during all treatment courses.

In linewith the regulationof ST8SIA1,Pilgrimet al. explored the role of
YAP inhibition in augmenting anti-GD2 antibody responses in neuro-
blastoma. This study revealed that genetic inhibition of YAP sensitizes
neuroblastoma cells to anti-GD2 antibody treatment both in vitro and
in vivo. Furthermore, YAP transcriptionally suppresses ST8SIA1, indicating
its potential as a therapeutic target to enhance patient responses to immu-
notherapeutic approaches targeting GD2. These findings suggest that YAP
may serve as a mediator and potential biomarker of anti-GD2 antibody
resistance in clinical settings130.

Recent findings by Rouaen and colleagues underscore the potential of
integrating copper chelation to enhance anti-GD2 antibody therapy in
neuroblastoma. Elevated copper levels within the TME have been linked to
immune evasion mechanisms, including neutrophil dysfunction and
immunosuppression. The study highlights that copper chelation, particu-
larly with the FDA-approved agent TETA (Cuprior), remodels the TME,
promoting pro-inflammatory cytokine activity and facilitating immune cell
infiltration, especially neutrophils. This combination strategy not only
improves ADCC but also prolongs animal survival in preclinical models.
These results advocate for clinical trials to evaluate copper chelationas a safe,
effective combination with anti-GD2 therapies to offer a promising avenue
for the treatment of other solid cancers, including CNS tumors131.

More recently, Kasprowicz et al. performed a siRNA screen to identify
inducers of O-Ac-GD2 expression and showed that inhibition of CERK, a
kinase involved in glycosphingolipid metabolism, promotes the upregula-
tion ofO-Ac-GD2 expression level. The inhibition ofCERK in combination
with the chimeric c8B6 anti-O-Ac-GD2 antibody and in co-culture with
NK-cells, increased the cytotoxicity in vitro against DIPG cells (DIPG13)33.
Several combination strategies to boost the antitumor activity of GD2-
targeting agents against tumor cells are being developed through the co-
administration with agents such as MEK, PD-1, CTLA-4, and LAG-3

inhibitors. For example, antibodies targeting the immune checkpoint
molecule PD1 have been used in combination with the GD2-targeting
monoclonal antibody dinutuximab132 or with GD2-CAR T-cells, demon-
strating synergistic anti-tumor effect in xenograft model, with, however,
modest or partial responses in the clinic for refractory neuroblastoma
patients.

In pediatric brain tumor and DIPG in particular, de Billy et al. have
identified the small molecules and dual IGF1R/IR inhibitors BMS754807
and linsitinib as enhancers of GD2-CAR T-cells anti-tumor efficacy in
preclinical models of DMG-H3K27Mmutant.Moreover, they demonstrate
that linsitinib exhibited selective toxicity towardsDMGH3K27Mcellswhile
decreasing the induction of CAR T-cell exhaustion markers. The combi-
nation ofGD2-CART-cellswith linsitinib showed a synergistic reduction in
DIPG cell invasion in ex vivo organotypic pontine brain slices and a sus-
tained anti-tumor response in vivo. Importantly, this study showed that
GD2 is not restricted to DMG-H3K27M mutant but, although hetero-
geneous, it is also expressed in other pediatric high-grade gliomas, sug-
gesting potential broad applicability of GD2-CAR T cell therapy beyond
histone-mutant DMG65.

Interestingly, when primary cell lines were derived from hemispheric
high-grade glioma, both H3G34mutant and H3 wild-type/IDH1 wild-type
tumors,GD2expressionwas lost in culture. This highlights the complexand
heterogeneous nature of GD2 expression within pediatric high-grade glio-
mas, underscoring the importance of comprehensive characterization for
tailored therapeutic approaches.

GD2-based treatment-related toxicities
GD2-targeted therapies are associatedwith a spectrumof toxicities that vary
depending on the therapeuticmodality, delivery route, and tissue specificity.
GD2-CAR T cell therapy, particularly in the context of DMGs, has shown
promising efficacy but is challenged by significant toxicities. High-dose
intravenous (IV) infusion can trigger dose-limiting cytokine release syn-
drome (CRS), a systemic inflammatory response that limits therapeutic
dosing. In contrast, intracerebroventricular (ICV) delivery offers improved
tolerability, even in the presence of elevated local cytokine levels, under-
scoring the importance of route optimization for safety133,134. Beyond CRS,
several types of toxicities associated with CAR T therapies have been
described. These include immune effector cell-associated neurotoxicity
syndrome (ICANS), prolonged cytopenias, and syndromes like hemopha-
gocytic lymphohistiocytosis.

In the CNS, tumor inflammation-associated neurotoxicity (TIAN)
emerges as a distinct neurotoxicity observed during CAR T treatment in
patients with brainstem tumors133. Within the TIAN spectrum, two main
categories of neurotoxicity are described: Type 1 TIAN is driven by
mechanical factors, such as increased intracranial pressure; Type 2 TIAN is
primarily due to local neural dysfunction. In this case, local inflammation
and clinical symptoms are driven by myeloid-related cytokines such as
MCP1/CCL2, suggesting a key role for innate immune activation. These
findings point to the delicate balance required to activate anti-tumor
immunity in sensitive CNS structures without provoking excessive
inflammation121,133.

Treatment options may include corticosteroids (e.g., dexamethasone),
anti-edema measures such as mannitol or hypertonic saline, and anti-
seizure prophylaxis. In cases of hydrocephalus or significant mass effect,
neurosurgical intervention may be required133.

Outside the CNS, toxicity can result from low levels of GD2 expres-
sion in normal tissues, leading to on-target off-tumor effects. Peripheral
nerves, for instance, express GD2 at low levels, and targeting this antigen
can lead to acute neuropathic pain and, in some cases, neuroinflammation.
Althoughmonoclonal antibodies aremore frequently associatedwith these
effects, CAR T cells can also induce peripheral toxicity, particularly when
high doses or potent lymphodepletion regimens are used. Prolonged
cytopenias are another concern, especially in heavily pretreated patients,
correlating with cumulative immunosuppression and the intensity of
conditioning regimens. Intermediate-affinity CARs and incorporation of
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safety switches like suicide genes have helpedmitigate the severity of these
non-CNS toxicities, but dosing remains a key determinant of patient
safety133,135.

GD2-targeting monoclonal antibodies, such as dinutuximab, are
typically combined with other agents like IL-2, GM-CSF, and isotretinoin.
While many patients complete the standard six-course regimen, toxicities
are frequent and can be severe. Pain, often requiring opioid treatment, is a
hallmark toxicity due to the GD2 expression on peripheral nerves. Fever,
systemic inflammatory symptoms, and catheter-related infections are also
common. These side effects can necessitate dose modifications or early
cessation of therapy, highlighting the ongoing need for improved toxicity
management strategies in GD2 antibody-based treatments135.

Conclusions
GD2 is a tumor-associated antigen with significant potential for the treat-
ment of solid cancers. In particular, formany pediatric CNS tumors that are
known to express GD2, new GD2-based therapeutic strategies are being
studied at both preclinical and clinical levels, providing new hopes, espe-
cially for untreatable cancers, such asDMGand other aggressive high-grade
brain tumors.

The detection of GD2 typically involves methods such as IHC, flow
cytometry, or molecular imaging, which capitalize on its consistent over-
expression in tumors. Accurate detection is essential for both diagnostic
purposes and to guide targeted therapies, especially in pediatric patients,
where precision and safety are critical.

Therapeutic strategies targeting GD2 open new opportunities beyond
conventional treatments, which have often shown limited therapeutic
benefits. Several approaches are being explored for pediatric CNS tumors.
Thefirst promising strategy includesmAbs,which not only bind specifically
to tumor cells but also recruit immune effector cells, mediating ADCC.
These therapies have demonstrated significant clinical efficacy and safety,
though not yet in CNS tumors. On the other hand, GD2-CAR T-cell
therapies have made significant advances in treating aggressive pediatric
CNS tumors by engineering cells that recognize GD2 and exert direct
cytotoxic effects on tumor cells58. Next-generation CAR designs will aim to
improve persistence, reduce adverse effects, and overcome challenges such
as the immunosuppressive TME.

Combining GD2-targeting agents with other tumor-targeting
approaches shows promise. These multimodal strategies may include the
use of CAR T cells alongside immune checkpoint inhibitors, epigenetic
modulators, cytokines, or potentiate immune effectors, tailored to the
unique biology of pediatric CNS tumors34,37,65.

Future research on GD2-targeted therapies must address key chal-
lenges to ensure they are safe, scalable, and cost-effective for broader clinical
applications. The low incidence of CNS malignancies has made enrolling
sufficient patients in clinical trials a significant barrier, slowing the progress
of these treatments. Future research should aim to improve CAR T-cell
therapies by reducing cell exhaustion, enhancing their persistence, and
improving safety and efficacy. Similarly, optimizing antibody-based thera-
pies by improving BBB penetration, minimizing off-tumor toxicity, and
overcoming antigen heterogeneity is crucial for enhancing their efficacy.
Through these innovations and strategies to improve trial feasibility, GD2-
directed therapies hold the potential to transform the management of
pediatric CNS tumors, offering new hope for improved outcomes in these
challenging cases.

Data availability
No datasets were generated or analysed during the current study.
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