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ABSTRACT 

The review examines the current state of immunotherapy for high-risk neuroblastoma and other GD2-positive tumors in 

children against the background of persistent limitations of standard multimodal treatment and a high relapse rate. 

Particular attention is paid to practical issues of selecting a therapeutic platform and managing patients, since treatment 

tolerability and feasibility often determine the actual clinical effect. It is shown that the inclusion of anti-GD2 therapy in 

maintenance and relapse protocols is associated with improved survival outcomes; however, it is accompanied by a typical 

toxicity profile, including neuropathic pain, fever, hypersensitivity reactions, capillary leak syndrome, and infectious 

complications, which often affects treatment completion and requires protocol-based supportive care. The prospects for 

expanding indications and developing GD2-CAR-T/CAR-NK/NKT platforms are discussed separately, along with the 

significance of response biomarkers, including GD2 expression, effector immune parameters, and FCGR variants, as a 

basis for more accurate patient stratification and optimization of therapeutic strategies. 

 

KEYWORDS: neuroblastoma; GD2; anti-GD2 antibodies; dinutuximab beta; naxitamab; toxicity; capillary leak 

syndrome; neuropathic pain; CAR-T; CAR-NK; response biomarkers. 

 

INTRODUCTION 

In recent years, immunotherapy has become one of the most dynamic areas in pediatric oncology, changing the 

understanding of the possibilities for controlling the tumor process. This is especially evident in embryonal solid tumors, 

where traditional regimens often reach the limits of tolerability. This review focuses on clinically applicable approaches 

and unresolved issues. According to WHO estimates, approximately 400,000 cases of cancer are diagnosed annually 

worldwide in children and adolescents aged 0–19 years [1]. In Russia, according to specialized reports and official 

oncology service platforms, approximately 3,000–4,000 new cases of malignant neoplasms are registered in children each 

year, which corresponds to roughly 12–17 cases per 100,000 children [2]. 

Neuroblastoma is one of the leading solid tumors of childhood and accounts for a significant share of pediatric cancer 

incidence. In countries with well-developed cancer registration systems, the incidence of neuroblastoma is usually 

estimated at approximately 11–13 cases per 1 million children under 15 years of age, with the highest rates occurring 

during the first year of life [1]. Russian estimates cited in materials from federal centers and specialized sources indicate 

approximately 300–350 new cases of neuroblastoma annually [2]. The clinical problem is determined by the fact that the 

disease is often detected at advanced stages, and a substantial proportion of patients belong to the high-risk group at initial 

presentation [3–5]. Even with multimodal treatment, including chemotherapy, surgery, radiation therapy, and high-dose 

therapy with autologous transplantation, long-term outcomes in the high-risk group remain limited, while the risk of 

relapse remains high. Against this background, GD2, which is widely expressed on neuroblastoma cells and several other 

neuroectodermal tumors, has become established as a key therapeutic target [6]. In this review, GD2-directed therapy is 

considered as a spectrum of antibody-based strategies, including dinutuximab/dinutuximab beta and naxitamab, as well 

as cellular platforms, including GD2-CAR-T and CAR-NK/NKT, combined regimens, and approaches to stratification 

based on response biomarkers. 

The introduction of anti-GD2 antibodies into maintenance therapy has improved survival outcomes and has become part 

of standard approaches in leading treatment protocols [8]. However, the clinical cost of effectiveness is considerable: pain 

syndrome, neuropathy, vascular reactions, and other complications often require treatment interruptions, dose 

adjustments, and complex supportive care. In addition to toxicity, questions remain regarding the optimal duration and 
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combinations of therapy, criteria for patient selection, and the role of new platforms, ranging from bispecific antibodies 

to GD2-directed cellular products [12]. The studies conducted to date have significantly advanced the field, but have not 

provided definitive answers on how to simultaneously increase efficacy and reduce treatment burden, especially in 

children with refractory or relapsed disease [11]. In this regard, the relevance of the topic is determined by the need for 

an integrated comparison of evidence and practical limitations. 

The aim of this review is to summarize the current state of immunotherapy for neuroblastoma and other GD2-positive 

tumors in children, systematize data on efficacy and safety, and identify the most promising directions for expanding 

indications. 

The literature search was performed in PubMed/MedLine, Scopus, and eLIBRARY using the keywords “neuroblastoma”, 

“GD2”, “dinutuximab beta”, “naxitamab”, “CAR-T”, “CAR-NK”, and “toxicity” for the period 2020–2026. Clinical 

studies, systematic reviews, and practical guidelines were included in the review, with priority given to publications 

containing DOI/PMID identifiers. 

 

GD2-Positive Tumors and Prerequisites for Immunotherapy 

Osteosarcoma and rhabdomyosarcoma in children remain the most common bone and soft tissue sarcomas, and in some 

cases their classification as a GD2-positive phenotype is discussed as a clinically significant subgroup [13–15]. Current 

treatment regimens are based on surgery, chemotherapy, and, when indicated, radiation therapy, and remission can often 

be achieved in localized disease. However, in metastatic disease and in high-risk patients, the prognosis remains poorer, 

while relapses in formally localized disease continue to be a significant problem [16]. Therefore, the search for new targets 

should not be viewed as an “addition to the standard,” but as a necessity if a sustained antitumor effect is to be achieved. 

GD2 is important in this context because it acts as a tumor-associated antigen: its high expression is typical of 

neuroblastoma, it is detected in a number of pediatric sarcomas, and it has been described in some aggressive central 

nervous system tumors, including diffuse midline gliomas with the H3K27M mutation [18]. This forms the basis for 

immunotherapy: with limited GD2 expression in normal tissues, there is a possibility of more precise targeting, whether 

through anti-GD2 antibodies or cellular approaches. CAR-T therapy has already demonstrated high efficacy in 

hematologic malignancies, and this experience has inevitably become an argument for transferring the technology to solid 

tumors in children. For GD2-positive tumors, the logic of CAR-T therapy is particularly straightforward: modified T cells 

acquire a receptor that recognizes the antigen on the surface of the tumor cell, after which directed cytotoxicity is triggered 

and the potential for long-term disease control is formed [20]. However, it is precisely in solid tumors that major 

limitations become apparent: poor penetration of cells into tumor tissue, limited in vivo persistence, an 

immunosuppressive microenvironment, and heterogeneity of antigen expression, due to which the target may partially 

“disappear” [22].  

In high-risk neuroblastoma, the clinical value of the GD2-directed approach is supported by findings showing that, in 

several studies, the addition of anti-GD2 immunotherapy to maintenance treatment was associated with improved survival 

outcomes, for example, 2-year EFS of 66% versus 46%, 2-year OS of 86% versus 75%, as well as an increase in 5-year 

OS from 50% to 64% in individual protocols [9]. In diffuse midline gliomas with H3K27M, where median overall survival 

is usually close to 11 months and 5-year survival remains below 1%, an early-phase clinical study used GD2-CAR-T 

intravenously at two dose levels, from one to three million cells per kilogram after lymphodepleting therapy. Patients who 

responded then received repeated administrations into the ventricular system of the CNS with dose escalation, which was 

accompanied by tumor regressions and manageable, although frequent, inflammatory neurotoxicity [14–16]. 

Considering the contribution of individual authors, it can be noted that Paina O.V. et al. demonstrated that 

immunotherapeutic approaches in infants with acute lymphoblastic leukemia after haploidentical hematopoietic stem cell 

transplantation are clinically feasible, meaning that they can be applied even in the most vulnerable age group. The work 

of Shpakova D.V., in turn, collected and systematized clinical data on CAR-T therapy in children with ALL, focusing 

primarily on two practical issues — relapse risk and toxicity — without which the assessment of cellular therapy efficacy 

remains incomplete. Finally, the results of Zsigrai E. et al. complemented the discussion of solid tumors by showing that 

anti-GD2 immunotherapy in high-risk neuroblastoma is already used in real clinical practice; however, according to data 

from individual centers, outcomes may vary considerably. In this regard, the GD2 target will be further considered as a 

tumor-associated antigen, including the specific features of its expression, clinical significance, and factors that may limit  

the effectiveness of targeted immunotherapy. 

 

GD2 Target: Expression, Significance, and Limitations 

In pediatric oncology, GD2 is regarded as a tumor-associated antigen with practical value for solid tumors, especially in 

cases where standard regimens provide limited disease control [24]. This is particularly evident in certain pediatric central 

nervous system tumors, where GD2 is detected quite frequently and therefore becomes the basis for new therapeutic 

approaches that have already moved beyond purely preclinical studies. 

Before discussing treatment, GD2 must be correctly identified in the tumor material. In practice, immunohistochemistry, 

flow cytometry, and molecular imaging methods are most often used, relying on increased antigen expression in a number 

of tumors [25]. Here, not only the sensitivity of the method is critical, but also the comparability of results between 

laboratories, since the decision on targeted therapy in a child must be as well-grounded as possible [28]. Therefore, Table 

1 considers the main limitations associated with the GD2 target, indicating which tumors are characterized by its 

expression, how it varies, which methods confirm it, and which factors may reduce the expected effectiveness of therapy. 
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Table 1. GD2-Directed Therapy: Features of Target Expression and Limitations by Nosology 

Nosology / 

context 

GD2 

expression 

(typical) 

Clinical 

significance 

Verification 

in practice / 

research 

GD2-directed 

approaches 

Limitations and 

risks affecting 

efficacy 

Key 

sources 

Neuroblast

oma: high-

risk; 

relapsed/re

fractory 

disease 

Usually high 

surface 

expression; 

antigen 

density may 

vary after 

therapy 

The most 

“validated” 

GD2 target in 

pediatrics; 

anti-GD2 

therapy is 

included in 

maintenance 

treatment and 

R/R regimens 

IHC of tumor 

tissue; flow 

cytometry, 

including 

bone marrow; 

investigationa

l molecular 

imaging 

mAbs: 

dinutuximab/din

utuximab beta; 

naxitamab + 

GM-CSF; CAR-

T in clinical 

studies 

Neuropathic 

pain and other 

on-target effects; 

immune 

toxicities in 

combinations; 

heterogeneity/an

tigen escape; 

immunosuppress

ive 

microenvironme

nt 

Mora J. 

et al. 

Diffuse 

midline 

glioma 

with 

H3K27M 

mutation, 

DMG/DIP

G 

Often high 

expression 

in tumor 

tissue; 

intratumoral 

heterogeneit

y is possible 

One of the 

main reasons 

for interest in 

GD2-CAR-T 

in pediatric 

CNS tumors; 

early clinical 

signals of 

activity are 

being 

discussed 

IHC/immuno

phenotyping 

of biopsy 

material; 

investigationa

l approaches 

using 

CSF/images 

GD2-CAR-T in 

early-phase 

trials; systemic 

and local 

delivery options 

Risk of 

inflammatory 

neurotoxicity; 

difficulty of 

CNS delivery 

and edema; 

limited tissue 

volume for 

testing; barrier 

conditions of the 

brain 

microenvironme

nt 

DuBois 

S.G. et 

al. 

Medullobl

astoma 

Expression 

has been 

described in 

some cases; 

may be 

uneven 

Potential target 

for precision 

immunotherap

y; more likely 

to be used in 

research and 

subgroup 

selection 

IHC; flow 

cytometry 

when cellular 

material is 

available; 

investigationa

l molecular 

panels 

Antibodies/conj

ugates in 

research; CAR-

T mainly in 

preclinical or 

early-phase 

studies 

Heterogeneous 

expression; 

delivery 

problems across 

the BBB; risk of 

damage to 

normal nervous 

tissue with high 

CNS expression 

Abduras

hidova 

R.R. et 

al. 

Pediatric 

ependymo

ma 

Variable 

expression; 

data usually 

come from 

small series 

Considered a 

promising 

target, but 

requiring strict 

patient 

selection by 

expression 

level 

IHC; 

investigationa

l marker 

panels 

Antibody and 

cellular 

approaches in 

research 

Low/unstable 

expression in 

some patients; 

CNS 

microenvironme

nt and barriers; 

limited clinical 

data 

Davis 

K.L. et 

al. 

Osteosarco

ma 

GD2 

positivity is 

often focal 

and 

heterogeneo

us; antigen 

density may 

be 

insufficient 

Considered a 

subgroup for 

GD2-directed 

strategies, 

mainly cellular 

approaches; 

precise 

stratification is 

important 

IHC; flow 

cytometry of 

cell 

lines/biopsies

; 

investigationa

l assessment 

of antigen 

density 

GD2-CAR-T in 

early studies; 

combinations to 

increase 

expression, 

including 

investigational 

epigenetic 

approaches 

Low GD2 

density in some 

tumors; poor 

cellular 

infiltration into 

solid tumor 

tissue; 

immunosuppress

ive 

microenvironme

nt; metastatic 

niches 

K.M. 

Borokshi

nova et 

al. 

Rhabdomy

osarcoma 

Expression 

is possible, 

but often 

heterogeneo

us; likely 

depends on 

subtype 

Target for 

research and 

potential 

expansion of 

immunotherap

y in selected 

IHC; flow 

cytometry 

when cellular 

material is 

available 

CAR-T / 

antibodies, 

mainly 

investigational 

directions 

Heterogeneous 

expression; risk 

of antigen loss 

under 

therapeutic 

pressure; 

Wieczore

k A. et 

al. 
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GD2-positive 

cases 

immunosuppress

ion in the TME 

Retinoblast

oma 

Expression 

has been 

described; 

data are 

limited and 

depend on 

the method 

used 

Potential 

target, 

especially in 

resistant forms; 

strict toxicity 

risk assessment 

is required 

IHC; 

investigationa

l molecular 

methods 

Antibody and 

cellular 

approaches in 

research 

Limited clinical 

data; safety 

concerns for 

normal ocular 

structures and 

nervous tissue; 

delivery 

challenges 

Del 

Bufalo F. 

et al. 

Note: IHC — immunohistochemistry; BBB — blood-brain barrier; TME — tumor microenvironment. The terms “high,” 

“variable,” and “focal” reflect the typical pattern of expression according to literature data and clinical series. 

 

Therapeutic platforms for GD2 can be conditionally divided into antibody-based and cellular approaches. Monoclonal 

antibodies against GD2 act not only by binding to the tumor cell, but also by recruiting immune effector mechanisms, 

including antibody-dependent cell-mediated cytotoxicity. The contribution of Mora J. et al. is important because they 

clinically evaluated the combination of naxitamab with GM-CSF in relapsed/refractory high-risk neuroblastoma, 

strengthening the rationale for anti-GD2 therapy as a clinically applicable approach. The work of DuBois S.G. et al., 

presented within the Paediatric Strategy Forum, complements this at a more systemic level: the authors described the 

requirements for developing GD2-targeted drugs in children and adolescents that must be met in order to make the 

transition from concept to medicine realistic. 

GD2-CAR-T therapy appears conceptually simple: modified T cells acquire a receptor that recognizes GD2 and then exert 

directed cytotoxicity. However, this is where the limitations of both the target and the tumor as a biological environment 

become especially evident: difficulty of cellular penetration into the tumor, unstable persistence, an immunosuppressive 

microenvironment, and heterogeneous antigen expression, due to which some tumor cells may escape therapeutic 

pressure. A useful practical emphasis is provided by the work of Abdurashidova R.R. et al., which discusses bridge therapy 

before CAR-T in non-Hodgkin lymphomas: the logic of disease control before cellular product infusion is transferable to 

solid tumors as well, since the “window” between preparation and infusion often requires an active clinical strategy. 

Finally, the limitations of GD2 are also related to the biology of the antigen itself. GD2 belongs to glycosphingolipids; its 

synthesis is determined by the activity of enzymatic pathways, and the enhancement of these pathways in tumor cells may 

support the malignant phenotype and influence prognosis. At the same time, GD2 is not completely tumor-specific: it is 

present in nervous tissue and in small amounts in peripheral nerves and melanocytes, which creates a risk of on-target/off-

tumor effects and requires careful selection of doses, regimens, and monitoring. Therefore, GD2-directed approaches are 

increasingly considered today within combined regimens aimed at simultaneously enhancing the antitumor effect and 

weakening the influence of the microenvironment, while maintaining an acceptable safety profile and real feasibility of 

clinical studies in children. 

 

Anti-GD2 Antibodies in Neuroblastoma 

In clinical practice, anti-GD2 therapy is regarded as a key component of the post-consolidation stage in high-risk patients, 

while the issue of optimal supportive care and administration regimen directly affects the feasibility of completing 

treatment. Some randomized data have shown that intensifying the regimen with IL-2 may increase toxicity without an 

obvious improvement in outcomes, which supports the use of more “sparing” supportive schemes [18]. Neuroblastoma 

is one of the most common extracranial solid tumors of childhood, and before the introduction of intensive multimodal 

programs, overall survival in high-risk patients remained extremely low. The emergence of anti-GD2 antibodies changed 

the logic of the post-consolidation stage: the inclusion of dinutuximab beta in complex treatment is associated with an 

increase in 5-year event-free survival to 56.6% and 5-year overall survival to 73.2% in high-risk children [25]. For a long 

time, the key clinical question was not only the presence of an antitumor effect, but also how to reduce the severity of 

expected adverse events, primarily pain syndrome, while preserving therapeutic activity. 

Against this background, the contribution of Dinikina Yu.V. and Belogurova M.B. is indicative: in their review on the 

personalization of therapy in pediatric oncology, they consistently substantiated the need to select treatment according to 

targets and biomarkers, which in the case of neuroblastoma essentially supports the GD2-oriented strategy as biologically 

justified. The practical aspect of anti-GD2 efficacy in first-line maintenance therapy was further expanded by Yu X. et al., 

who presented observational data on the use of dinutuximab beta in high-risk patients in China. Gong Z.Q. et al. occupied 

a separate niche by retrospectively evaluating an extended-course option of dinutuximab beta in combination with 

chemotherapy in patients with relapsed or refractory neuroblastoma, thereby focusing attention on therapeutic tactics for 

the most difficult patient group. 

Even early studies of antibodies from the ch14.18 family showed that the severity of toxicity depends considerably on the 

infusion rate, which became one of the arguments for revising infusion regimens. This logic led to prolonged dinutuximab 

beta infusion schemes, in which the total course dose is distributed over a continuous 10-day infusion, with treatment 

combined with isotretinoin and, in some protocols, interleukin-2 [26]. Pharmacokinetic observations with this regimen 

indicated that antibody concentrations sufficient for antitumor activity persist even before the beginning of the next cycle, 

indirectly confirming sustained exposure throughout the course of therapy. SIOPEN group materials showed that the 

addition of interleukin-2 at a reduced dose did not improve 2-year survival outcomes compared with the regimen without 

interleukin-2, but was associated with a higher frequency of fever and pain syndrome. Therefore, prolonged infusions 

combined with isotretinoin are considered a rational basis for post-consolidation therapy [29]. 
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Combination Therapy: Chemoimmunotherapy and New Approaches 

Chemoimmunotherapy in high-risk neuroblastoma is a combined approach in which an anti-GD2 antibody, most often 

dinutuximab beta, is administered alongside chemotherapy in order to simultaneously enhance the cytostatic effect on the 

tumor and engage immune effector mechanisms through GD2 binding. This format is especially relevant in relapse or 

disease progression, when chemotherapy alone is usually insufficient and there may be no time to enroll the patient in a 

clinical trial. In European programs, this logic is implemented in temozolomide-based combinations, including regimens 

with topotecan, while efficacy is monitored according to standard response criteria, with regular assessment every two 

cycles using CT/MRI, MIBG scanning, and, when necessary, PET and bone marrow examination [36]. Figure 1 shows 

the management algorithm: confirmation of progression, early initiation of therapy, monitoring every two cycles, and 

selection of the next step. As data on chemoimmunotherapy in neuroblastoma continue to accumulate, a similar logic is 

beginning to be discussed for other GD2-positive nosologies, primarily sarcomas, where a balance is required between 

the intensity of the cytostatic component and the tolerability of the immune component. This makes preliminary 

verification of the target and unification of response criteria especially important. 

 

 
Figure 1. Combination Therapy in High-Risk Neuroblastoma: Chemoimmunotherapy and Promising 

Approaches. 

 

It is practically important that the results of chemoimmunotherapy in real clinical practice may be comparable across 

different chemotherapy “backbones,” but patients’ baseline status differs substantially and directly affects treatment 

outcomes [35]. Combinations with topotecan and cyclophosphamide are often prescribed after failure of temozolomide-

containing regimens; therefore, expected responses and the duration of disease control should be interpreted with regard 

to prior resistance. Weaker responses in local relapses within the primary tumor area are also noted, which emphasizes 

the need to plan local methods, such as surgery or radiation therapy, in advance as part of the strategy rather than as a 

“reserve” option [19]. 

New approaches within chemoimmunotherapy are primarily related to optimizing treatment duration and sequencing: it 

remains under discussion whether a limited number of cycles is sufficient and how to manage patients with stable disease 

but without complete remission after completing the course. Options for continuation include additional cycles, transition 

to maintenance therapy, or use as a “bridge” to cellular technologies, including GD2-directed CAR-T. At the same time, 

protocols increasingly require measurement of GD2 expression before retreatment and at progression [22]. Safety remains 

a key part of assessment: toxicity combines complications of cytostatic agents and effects of GD2-directed therapy, 

including neuropathic pain, fever, and manifestations of increased vascular permeability. Therefore, the goal of current 

regimens is to ensure reproducibility and manageability, rather than simply to “soften” treatment. 

 

Toxicity of Anti-GD2 Therapy: Profile and Management of Complications 

The clinical efficacy of anti-GD2 therapy in high-risk neuroblastoma is accompanied by a predictable spectrum of adverse 

events, which essentially represents the “cost” of improved survival and requires a systematic approach to the prevention 

and treatment of complications. The most typical manifestations of toxicity during dinutuximab beta therapy include 

severe pain, fever, hypersensitivity reactions, and capillary leak syndrome. These events often become limiting factors 

for treatment intensity and completion in real clinical practice. 

For example, data from the study by Hoshi Y. et al. show that even with high feasibility of maintenance anti-GD2 

immunotherapy, toxicity remains the main limitation, primarily pain, fever, and catheter-associated infections. Across 124 

treatment courses, 310 episodes of grade ≥3 adverse events and 33 grade 4 episodes were recorded in 19 of 26 patients; 

bloodstream infections related to central venous access occurred in 81% of patients, and 4 episodes required intensive 

care treatment. At the level of the evidence base, the overall safety profile and practical applicability of anti-GD2 therapy 

were further clarified in the review by Mohd A.B. et al., while Wieczorek et al. contributed real-world data on maintenance 

therapy with dinutuximab beta in the first-line setting and in relapsed/refractory disease, showing that the complication 

profile and requirements for supportive care persist beyond clinical trials. These figures directly define the practical 

priorities for complication management: protocol-based analgesia, early assessment of fever with exclusion of sepsis, and 

strict measures for the prevention and control of central line infections. Complementing the toxicity profile, randomized 
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data on dinutuximab beta show that the addition of subcutaneous IL-2 worsens tolerability and reduces completion of the 

assigned regimen, 62% versus 87% without IL-2, without a convincing efficacy benefit, with 3-year EFS of 56% versus 

60%. All this emphasizes that intensification of immunostimulation may increase toxic burden and complicate 

management without proportionally improving clinical outcomes. In practical terms, these data mean that key decisions 

about treatment continuation are often determined not only by oncological response, but also by the team’s ability to 

control pain, fever, and central venous access complications. Therefore, clinical recommendations for adverse event 

management effectively become part of the standard of care rather than an optional addition to therapy. 

If specific complications are considered, neuropathic pain during anti-GD2 therapy requires not merely “symptomatic” 

treatment, but protocol-based management, including premedication, timely use of an opioid component, adjuvant 

therapy, and assessment of response using pain scales, since pain most often determines the need to slow the infusion or 

reduce the dose. Fever and inflammatory reactions, especially against the background of IL-2, are important because they 

may mask an infectious process; therefore, the practical approach includes parallel assessment for sepsis, central line 

monitoring, and a low threshold for early initiation of antibacterial therapy when clinically indicated. 

Capillary leak syndrome and hemodynamic instability are among the most clinically significant complications: large 

series have described fatal outcomes associated with CLS and infection-associated ARDS; therefore, monitoring of 

circulating blood volume, urine output, body weight, and early infusion support should be integrated into each treatment 

course. As a comparable example within the class of anti-GD2 agents, data on naxitamab show that even with clinically 

meaningful activity in patients with residual disease in bone and bone marrow, the toxicity profile remains “vascular-

pain” in nature: grade 3 adverse events included hypotension in 58% and pain in 54%, meaning that the leading risks 

recur regardless of the specific antibody used. 

Considering the contribution of individual authors to understanding the clinical field, it should be noted that organizational 

accessibility of therapy and the quality of complication management may influence real-world outcomes. Against this 

background, the toxicity of anti-GD2 therapy appears not as a secondary detail, but as a mandatory condition for the safe 

implementation of targeted technologies. 

 

Prospects: Expansion of Indications, CAR-T/NK, and Response Biomarkers 

The prospects for the development of GD2-directed approaches are currently shaped not only by the accumulated 

experience in high-risk neuroblastoma, but also by the expansion of indications to other GD2-positive tumors, where the 

need for new therapeutic options remains substantial. At the same time, movement toward broader application inevitably 

depends on the balance between efficacy and tolerability: first-generation antibodies are associated with predictable 

complications, while cellular platforms still raise important questions regarding the controllability of inflammatory 

reactions and the reproducibility of response. Within this framework, optimization of antibody administration regimens, 

including prolonged infusions, is becoming increasingly important, alongside the parallel development of GD2-CAR-T, 

CAR-NK, and CAR-NKT technologies, which may potentially enhance the cytotoxic component and reduce some off-

tumor effects. Against this background, response biomarkers are becoming not an additional element, but a key tool: the 

efficacy of anti-GD2 treatment is largely determined by the activity of the effector arm, primarily NK cells, the ability to 

implement ADCC, and the specific features of interaction between the Fc fragment of the antibody and Fcγ receptors, 

including FCGR polymorphisms, which may alter the “strength” of the immune response. 

In practical terms, this means a transition toward more precise patient stratification based on a combination of parameters: 

the level and heterogeneity of GD2 expression, immune profile, including NK and monocyte components, FCGR 

genotype, and drug exposure indicators. These parameters can guide the choice of the optimal platform, whether antibody 

therapy, CAR-T, or CAR-NK/NKT, as well as the required supportive care. At the same time, expansion of indications 

requires standardization of methods for confirming GD2 positivity and consideration of interlesional variability; 

otherwise, some patients may enter therapy without a sufficient “target,” which would distort the assessment of outcomes. 

Thus, the further development of this field can be described as a transition from proven efficacy in neuroblastoma to a 

broader oncological niche, where success will be determined by accurate patient selection, choice of technology, and a 

pre-established system for toxicity control. 

 

CONCLUSION 

This study reviewed the key directions determining the further evolution of GD2-directed therapy, including expansion 

of indications, development of cellular platforms, and the role of response biomarkers. The findings substantiate the need 

for a standardized approach to assessing the target and the patient’s immune status before treatment initiation, as well as 

to monitoring tolerability throughout the course. The presented analysis may serve as a basis for further refinement of 

patient selection criteria and for the development of practical algorithms for therapy support in clinical settings. 
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