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Tumor-specific monoclonal antibodies (mAbs) have demonstrated efficacy in the 
clinic, becoming an important approach for cancer immunotherapy. Due to its limited 
expression on normal tissue, the GD2 disialogangloside expressed on neuroblastoma 
cells is an excellent candidate for mAb therapy. In 2015, dinutuximab (an anti-GD2 mAb) 
was approved by the US FDA and is currently used in a combination immunotherapeutic 
regimen for the treatment of children with high-risk neuroblastoma. Here, we review 
the extensive preclinical and clinical development of anti-GD2 mAbs and the different 
mechanisms by which they mediate tumor cell killing. In addition, we discuss different 
mAb-based strategies that capitalize on the targeting ability of anti-GD2 mAbs 
to potentially deliver, as monotherapy, or in combination with other treatments, 
improved antitumor efficacy.
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 Aside from the debilitating and sometimes 
life-threatening toxicities associated with 
surgery, chemotherapy and radiotherapy, the 
thoughtful implementation of these thera-
peutic modalities has greatly improved the 
prognosis for many cancers  [1]. However, 
achieving long-term cancer remission using 
these therapies alone remains a challenge, in 
part due to the nonspecific nature of conven-
tional therapy. One approach, with demon-
strated efficacy in a growing number of clini-
cal settings, is tumor-reactive monoclonal 
antibody (mAb) therapy. High-risk pediatric 
neuroblastoma (NBL) is a childhood cancer 
that is often refractory to conventional ther-
apy and is characterized by nearly uniform 
expression of cell surface disialoganglioside 
GD2  [2]. Careful preclinical and clinical 
investigations have enabled the development 
of therapy regimens involving tumor-reactive 
anti-GD2 mAbs with a beneficial impact on 
the clinical management of NBL. Dinutux-
imab, an anti-GD2 mAb, recently received 

USA and European approval for the treat-
ment of high-risk NBL making it the first 
approved tumor reactive mAb directed at a 
glycolipid or intended for use specifically in 
treatment of a childhood malignancy [3].

Continuing investigations into the mecha-
nisms underlying the efficacy of anti-GD2 
mAb therapy have led to the exploration 
of a number of ‘next-generation’ anti-GD2 
mAbs (and mAb-based agents) designed to 
increase treatment efficacy and decrease tox-
icity. While these agents specifically target 
GD2 for use in GD2 expressing malignan-
cies, there is reason to believe that these new 
modalities, or the concepts they represent, 
can be adapted and applied to a wide variety 
of adult and pediatric malignancies.

Tumor-reactive mAb therapy
Tumor-reactive mAb cancer therapy involves 
a lab-generated mAb designed to recognize 
and help destroy tumor. Ideally, the tumor 
antigen targeted by mAb therapy is found 
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preferentially on neoplastic cells as compared with 
healthy tissues. Most tumor-reactive mAbs target 
antigens conserved by a cancer-type and shared by 
a substantial subpopulation of patients with the tar-
geted type of cancer. As a result, mAbs that recognize 
a cell-surface molecule that is overexpressed, or selec-
tively expressed on a fraction of cancers from patients 
with a given histological type of cancer can be more 
readily incorporated into specific cancer treatment 
regimens without the need to tailor the therapy to the 
individual. To date, tumor-reactive mAb therapy has 
been successfully implemented into the treatment regi-
men of a number of distinct adult and pediatric cancers 
(Table 1); additional mAb targets, combinations and 
off-label trials are currently in the pipeline.

Major mechanisms of action of 
unconjugated tumor-reactive mAbs
Antibody-dependent cell-mediated cytotoxicity 
(ADCC)
The process of ADCC in mAb therapy involves: rec-
ognition of a tumor antigen by the mAb; engagement 
of NK cells, neutrophils and macrophages via their cell 
surface Fcγ-receptors; tumor cell phagocytosis (mac-
rophages) or destruction (NK cells and neutrophils). 
ADCC is likely the major antitumor mechanism of 
most tumor-reactive mAbs. Several investigations 
have demonstrated correlations between high affinity 
Fcγ-receptor and favorable clinical response to ther-
apy with a variety of tumor-reactive mAbs, including 
rituximab [4,5], trastuzumab [6], cetuximab [7] and anti-
GD2 mAb [8]. However, other studies have not found 
such associations  [9–11]. The role of NK cells in this 
clinical response to mAbs is supported by correlations 

between NK-cell inhibitory receptor repertoire and 
clinical response [12,13].

Complement-dependent cytotoxicity
In mAb-mediated complement dependent cytotoxic-
ity (CDC), presynthesized, inactive serum proteins 
are rapidly activated upon contact with tumor-bound 
mAb resulting in opsonization and lysis of comple-
ment-coated tumor cells. Despite data demonstrating a 
significant role for mAb-mediated CDC in vitro, some 
cancers (including lung, ovarian and colon) disrupt 
CDC in vivo, such that the contribution of CDC to 
the in vivo antitumor effect of most clinically studied 
mAb seems modest compared with the ADCC [14,15].

Direct cytotoxicity
In the case of tumor antigens that serve a required 
cell-survival function, blockade of these receptors via 
mAb targeting can result in cytotoxicity in addition 
to ADCC. This can include blockade of growth factor 
receptors overexpressed on malignancies  [16]. Intrigu-
ingly, some mAbs targeting tumor markers, not classi-
cally associated with the induction of cell death (such 
as GD2), can induce direct tumor cell death  [17–19]. 
Certain data suggest that this may involve cross-link-
ing of cell surface structures by the mAb, as certain 
structural forms of mAbs and certain membrane anti-
gens, are more susceptible to this type of mAb-induced 
cell death [20].

Anti-GD2 mAb immunotherapy of high-risk 
neuroblastoma
NBL, a malignancy of neuro-ectodermal embryonic 
origin, is the commonest extracranial solid tumor of 

Table 1. US FDA-approved unconjugated monospecific tumor-reactive monoclonal antibodies.

mAb Target Oncologic indication(s)

Alemtuzumab CD52 Chronic lymphocytic leukemia

Cetuximab EGFR Head and neck cancer, colorectal carcinoma

Daratumumab CD38 Multiple myeloma

Dinutuximab GD2 High-risk neuroblastoma

Elotuzumab CD319 Multiple myeloma

Necitumumab EGFR Non-small-cell lung cancer

Obinutuzumab CD20 Chronic lymphocytic leukemia

Ofatumumab CD20 Chronic lymphocytic leukemia

Panitumumab EGFR Colorectal carcinoma

Pertuzumab HER2 Breast carcinoma

Rituximab CD20 Chronic lymphocytic leukemia, non-Hodgkin lymphoma

Tositumomab CD20 Non-Hodgkin lymphoma

Trastuzumab HER2 Breast carcinoma, gastric or gastroesophageal junction cancers
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childhood. Nearly half of newly diagnosed NBL cases 
are determined to be ‘high-risk’, based on clinical fea-
tures of age, tumor stage, histology, biology and genetic 
features [21–23]. For children diagnosed with high-risk 
disease, an aggressive multi-modal therapy regimen 
comprising multi-agent chemotherapy, surgery, autol-
ogous hematopoietic stem cell transplant (HSCT), 
local radiation therapy and treatment with isotreti-
noin still results in refractory or relapsed disease for 
approximately two-thirds of patients [24]. While these 
nonimmunotherapeutic-based approaches are usually 
effective in significantly reducing tumor burden, they 
are unable to completely eradicate malignant cells from 
most patients. These relatively few surviving cells are 
capable of producing relapse with a tumor that is now 
more resistant to previous therapies. Several investiga-
tors reasoned that these children would benefit from a 
targeted therapeutic approach aimed at the detection 
and elimination of residual NBL cells.

GD2 is a cell surface glycolipid conserved among 
tumors of neuroectodermal origin including NBL, 
melanoma (MEL; adult and pediatric) and some osteo-
sarcomas, ewings sarcomas and certain other cancers. It 
is also expressed at low levels on normal melanocytes 
and peripheral nerve fibers [2,25]. In malignant cells the 
biological function of GD2 is incompletely understood, 
but may modulate cellular adhesion/invasion and/or 
proliferation [26,27]. The preferential expression of GD2 
on tumor cells makes it an attractive target for mAb 
therapy. The sections that follow summarize preclini-
cal and clinical investigations involved in the develop-
ment and refinement of anti-GD2 mAb in NBL ther-
apy. Table 2 summarizes the selected published clinical 
trials with the different anti-GD2 strategies reviewed 
here. Additionally, other anti-GD2 immunotherapeu-
tic approaches currently under development are dis-
cussed, see Figure 1 for a visual representation of these 
approaches.

Development of anti-GD2 mAbs
Murine anti-GD2 mAbs
IgG3 - 3F8 & 14.18
The murine IgG3 antibodies, 14.18 and 3F8, were 
among the first anti-GD2 mAbs described in the 
1980s. These became promising candidates for clinical 
applicability due to their high GD2-binding affinity, 
prolonged stability once bound to antigen and the 
ability to kill tumor cells  [2]. Preclinical testing dem-
onstrated that 3F8 leads to dose-dependent killing 
of tumor cells through immune effector mechanisms 
such as: CDC [28]; ADCC [13,29,30]; and phagocytosis of 
mAb-opsonized tumor cells  [31]. Concurrently, 14.18 
was shown to have in vitro activity by effectively lysing 
tumor cells by ADCC and CDC  [32,33]. Importantly, 

14.18 demonstrated antitumor effects in vivo by sup-
pressing the establishment and growth of human NBL 
tumors in mice [2]. Together, these data provided ratio-
nale for the implementation of anti-GD2 mAb therapy 
in clinical trials.

3F8 became the first anti-GD2 mAb to be tested in 
patients with NBL and MEL [34]. Clinical Phase I and 
II studies demonstrated the antitumor potential of 3F8 
as a single agent in the setting of minimal residual dis-
ease (MRD), by raising event-free survival and achiev-
ing long-term remissions in some patients [34–36]. These 
clinical studies revealed two major considerations for 
the further development of anti-GD2 immunotherapy. 
First, 3F8 infusion was accompanied by substantial 
neuropathic pain; that although reversible and toler-
able with analgesics, limited the dose administered to 
patients. Second, 3F8 proved to be immunogenic, with 
the majority of patients developing human anti-mouse 
antibodies (HAMA) after 3F8 infusion. Patients with 
high HAMA titers did not exhibit side effects or anti-
tumor responses following 3F8 treatment, suggesting 
that high levels of HAMA in the serum interfered with 
3F8 activity [34].

In an effort to amplify the antitumor effect of 3F8, 
cytokines (such as IL2 and GM-CSF) were added to 
the immunotherapeutic regimen to expand the effec-
tor cell populations involved in tumor cell killing 
and activate them for greater cytotoxicity. Preclinical 
data showed an increase in activation markers and 
enhancement of ADCC when combining IL2  [37,38] 
and GM-CSF  [39] with 3F8 in vitro. Phase II clinical 
trials of combination therapy with 3F8 and GM-CSF 
demonstrated that treatment was well tolerated show-
ing promise for the treatment of minimal residual 
NBL  [8,40]. In a retrospective analysis of consecutive 
Phase II trials over 20 years, the combination of 3F8 
with GM-CSF and cis-retinoic acid (CRA) was effec-
tive against chemotherapy-resistant marrow MRD, 
improving overall survival over time (see Figure 2) [41]. 
A recent, large Phase II trial revealed that 3F8 treat-
ment with prolonged exposure to GM-CSF via subcu-
taneous (sc.) injection of GM-CSF appeared superior 
to a historical control group receiving 3F8 together 
with intravenous administration of GM-CSF, raising 
5-year progression-free-survival from 11% in the intra-
venous group to 24% in the subcutaneous group [42]. 
Phase II studies of 3F8 + GM-CSF combination ther-
apy are still ongoing [43].

IgG2a – 14.G2a & ME36.1
To potentially increase the antitumor efficacy of anti-
GD2 mAbs, isotype switch variant hybridomas were 
used to produce murine IgG2a subclasses, which have 
been associated with enhanced ADCC. ME36.1, an 
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Table 2. Selected summary of published clinical trials targeting GD2 molecules.

Intervention  Phase   Disease (number of pts) Clinical response  Ref. 

Murine Abs

3F8 I Metastatic NBL or 
malignant MEL (17)

Antitumor responses occurred in 7/17 pts, ranging from CR 
to MR

[34]

3F8 II Stage 4 NBL (16) 3 pts were long-term survivors between 79 and 130 months 
after treatment

[35]

3F8 II Stage 4 NBL (34) 14 pts are alive and 13 pts are PF 40–130 months. 38% 
long-term PFS

[36]

3F8 + GM-CSF II NBL (136) Median follow-up for survivors was 34 and 36 months for 
OS and PFS. Outcome at 2 yrs, 97% patients with prior 
relapse progressed, 62% with no prior relapse progressed

[8]

3F8 + GM-CSF II NBL (45) 12/15 pts treated for NBL-resistant induction therapy had 
CR, 5/10 patients treated for recurrent NB resistant to 
retrieval therapy had CR

[40]

3F8 + GM-CSF + CRA II Stage 4 NBL (169) At 5 yrs from the start, PFS improved from 44% for 
patients in regimen A to 56% and 62% to patients in 
regimen B and C. OS was 49, 61 and 81%, respectively

[41]

3F8 + GM-CSF II NBL in metastatic 
osteomedullary sites (79)

CR 87% by histology and 38% by MIBG. Five-year PFS was 
24%

[42]

14.G2a I Stage 4 NBL (9) CR in 2 pts and PR in 2 pts [47]

14.G2a I Metastatic MEL (12) PR in 1 pt, MR in 1 pt and SD in 1 pt [48]

14.G2a I Refractory MEL, NBL or 
Osteosarcoma (18)

MR in 3 pts and PR in 2 pts [49]

14.G2a + IL2 I/IB GD2+ malignancies (33) PR in 1 pt and CR in 1 pt [50]

Chimeric Abs

ch14.18 I Refractory NBL (10) and 
osteosarcoma (1)

Although MTD was not reached, clinical responses were 
observed: 1 PR, 4 MR and 1 SD

[56]

ch14.18 I Stage 4 NBL (9) CR in 2 pts, PR in 2 pts, MR in 1 pt, SD in 1 pt [159]

ch14.18 I Stage 4 NBL, under 1 yr 
(59)

3-yr EF: 80.5, 87.5 and 75.0% and 3-yr OS: 90.1, 93.8 and 
91.7% for patients treated with antibody ch14.18, MT and 
no further therapy, respectively.

[59]

ch14.18 II Stage 4 NBL, over 1 yr 
(334)

3-yr OS, Ch14.18 (68.5%) was superior to maintenance 
chemotherapy (56.6%) and no additional therapy (46.85)

[58]

ch14.18 II Stage 4 NBL, over 1 yr 
(334)

The 9-yr EFS rates were 41 ± 4%, 31 ± 5% and 32 ± 6% for 
MAB ch14.18, NB90 MT and no consolidation, respectively

[60]

ch14.18 + GM-CSF I NBL No objective responses [61]

ch14.18 + IL2 IB MEL (24) 1 CR, 1 PR, 8 SD, 1 pt with >50% decrease in metastases [63]

ch14.18 + R24 + IL2 I MEL or Sarcoma (27) PR in 2 pts, SD in 4 pts and 1 pt without evidence of disease [64]

ch14.18 + GM-CSF + IL2 I NBL (25) The estimated 3-yr survival probability was 78% [65]

ch14.18 + GM-CSF + IL2 
+ CRA

II High-risk NBL (126) Immunotherapy was superior to standard therapy with EFS 
(66 ± 5% vs 46 ± 5% at 2 yrs) and OS (86 ± 4% vs 75 ± 5% 
at 2 yrs)

[66]

Humanized mAbs

hu14.18K322A I Refractory/recurrent NBL 
(38)

CR in 4 pts, PR in 2 pts [79]

Abs: Antibodies; CAR: Chimeric antigen receptor; CR: Complete remission; CRA: 13-cis-retinoic acid; CNS: Central nervous system; EFS: Event-free survival; 
MEL: Melanoma; MIBG: Metaiodobenzylguanidine; MR: Mixed responses; MRD: Minimal residual disease; MT: Maintenance chemotherapy; MTD: Maximum 
tolerated dose; NBL: Neuroblastoma; No: Number; OS: Overall survival; PF: Progression free; PFS: Progression-free survival; PR: Partial remission; pts: Patients; 
SD: Stable disease; Yr: Year.
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IgG3 mouse mAb that was class switched to IgG1 and 
IgG2a, recognizes both GD2 and GD3 [44]. Preclinical 
work demonstrated that ME36.1 inhibited growth of 
primary and metastatic MEL in nude mice [45]. 14.G2a, 
a class switch IgG2a variant of 14.18, was developed 
for clinical testing after demonstrating better ADCC 
in vitro when compared with 14.18 and effectively 
suppressing the growth of human NBL xenografts 
in immunodeficient mice  [46]. Comparable to 3F8, 
Phase I studies of 14.G2a in patients with NBL and 
MEL showed excellent tumor localization of radiola-
beled 14.G2a, modest antitumor activity accompanied 
by dose-limiting toxicities and the development of 
HAMA in virtually all patients  [47–49]. Combination 
treatment with IL2 and 14.G2a was tolerable in NBL 
patients resulting in modest antitumor activity [50].

Chimeric & humanized mAbs
ch14.18
 In order to circumvent the immunogenicity associated 
with mouse mAbs, a human/murine chimeric anti-
body was created by joining the mouse variable genes 
of the 14.18 mAb with the human constant IgG1 and 

κ genes  [51]. The ch14.18 mAb has comparable bind-
ing affinity to GD2, equal ability to mediate CDC 
and superior ability to mediate ADCC  [52,53]. Initial 
studies demonstrated that ch14.18 has a longer half-life 
and is less immunogenic when compared with murine 
mAbs [54,55]. Phase I and II clinical trials using ch14.18 
as a single agent resulted in a similar toxicity and effi-
cacy profile to 14.G2a with severe pain continuing 
to be a common adverse effect  [56–60]. The first large 
evaluation of ch14.18 monotherapy for patients follow-
ing completion of conventional therapy, evaluated in a 
nonrandomized trial, showed no significant advantage 
of the ch14.18 therapy  [58]. Subsequent retrospective 
analysis of 11 years of follow-up did demonstrate sig-
nificant benefit of ch14.18 on overall survival over che-
motherapy and no maintenance therapy [60]. Ch14.18 
was combined with GM-CSF [61,62] or with IL2 [63,64], 
where Phase I studies demonstrated that simultaneous 
administration of the mAb with either of these cyto-
kines was safe. To capitalize on the activation potential 
of both of these cytokines, a treatment regimen with 
ch14.18 + GM-CSF + IL2 + CRA was developed by 
The Children’s Oncology Group (COG)  [65]. The 

Intervention  Phase   Disease (number of pts) Clinical response  Ref. 

Immunocytokines

hu14.18-IL2 I Refractory/recurrent NBL 
(27) and MEL (1)

No measurable responses; 3 pts showed evidence of 
antitumor activity

[96]

hu14.18-IL2 I Metastatic MEL (33) No measurable responses; 8 pts had SD [97]

hu14.18-IL2 I/II Stage 4 MEL (9) No measurable responses; 2 pts had SD [98]

hu14.18-IL2 II Metastatic MEL (14) PR in 1 pt, SD in 4 pts [99]

Hu14.18-IL2 II Relapsed/refractory NBL 
(38)

CR in 5 pts [100]

Radiolabeled mAbs

131I-3F8 I GD2+ tumors 
metastasized to CNS and 
leptomeninges (15)

3 pts with objective radiographic and/or cytologic 
responses. 2 pts in remission for more than 3.5 yrs

[160]

131I-3F8 or 131I-8H9 I Recurrent NBL 
metastatic to the CNS 
(21)

17 pts are alive 7–74 months (median 33 months) since CNS 
relapse, with all 17 remaining free of CNS NBL

[117]

CAR T cells

GD2-CAR T cells I High-risk NBL (19) CR in 3 pts [136]

GD2-CAR T cells I Recurrent/refractory 
advanced-stage NBL (11)

CR in 1 pt and 4 pts had evidence of tumor necrosis or 
regressions

[161]

Anti-idiotype vaccine

TriGem I Advanced MEL (47) The Kaplan–Meier derived overall median survival was not 
reached

[162]

Abs: Antibodies; CAR: Chimeric antigen receptor; CR: Complete remission; CRA: 13-cis-retinoic acid; CNS: Central nervous system; EFS: Event-free survival; 
MEL: Melanoma; MIBG: Metaiodobenzylguanidine; MR: Mixed responses; MRD: Minimal residual disease; MT: Maintenance chemotherapy; MTD: Maximum 
tolerated dose; NBL: Neuroblastoma; No: Number; OS: Overall survival; PF: Progression free; PFS: Progression-free survival; PR: Partial remission; pts: Patients; 
SD: Stable disease; Yr: Year.

Table 2. Selected summary of published clinical trials targeting GD2 molecules (cont.).
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regimen had substantial mAb and cytokine related 
toxicity, but was tolerated acceptably by the majority of 
patients. Thus COG chose to initiate a large random-
ized trial of this regimen for patients within 100 days 
of completing the HSCT component of their front-
line NBL treatment. This randomized trial indicated 
that the immunotherapy arm was superior to standard 
therapy with respect to event-free survival (66 ± 5% vs 

46 ± 5%) and overall survival (86 ± 4% vs 75 ± 5%) 
at 2 years (see Figure 3)  [65,66]. Based largely on these 
data, the ch14.18 mAb, as part of this regimen with 
IL2 and GM-CSF and isotretinoin has been approved 
by the US FDA and by the EMA, and is now known, 
generically as dinutuximab  [66]. While improvements 
in OS and EFS are still very much needed, at least in 
the USA, where COG represents approximately 90% 

Figure 1. Effector mechanisms of anti-GD2 mAbs and mAb-based approaches. Binding of naked anti-GD2 mAbs to the surface of NBL 
cells leads to three possible effector mechanisms: the recruitment of FCR expressing effector cells such as NK cells and granulocytes 
to mediate ADCC and monocytes and macrophages to mediate phagocytosis; induction of CDC by binding of C1q to the mAb, 
subsequent activation of the complement cascade and delivery of MAC to the tumor cell membrane; and direct cytotoxicity by 
crosslinking of the mAbs and the induction of apoptosis. IL2-based immunocytokines concentrate IL2 at the tumor site and lead to 
the activation of effector cells for tumor cell killing via engagement of both their IL2R and FCRs. Radiolebled mAbs serve as markers 
for radioimmunodetection and can deliver tumoricidal doses of radiation to the tumor cells for cell death. Immunotoxins and drug 
conjugates deliver different agents to the cell membrane where they are internalized allowing the intracellular release of the toxic 
cargo leading to subsequent cell death. CAR T cells have been ex vivo engineered to recognize the tumor antigen and lead to tumor 
cell lysis. Bispecific mAbs exist in various formats, such as hybrid bifunctional mAbs with two different antigen-specific regions or as 
BITE with the main goal of simultaneously engaging tumor antigen and costimulatory molecules, such as CD3 to redirect T cells for 
tumor lysis. 
ADCC: Antibody-dependent cell cytotoxicity; BITE: Bispecific T-cell engagers; CAR: Chimeric antigen receptor; CDC: Complement-
dependent cytotoxicity; FCR: Fc-receptor; IL2R: IL2 receptor; mAb: Monoclonal antibody; MAC: Membrane attack complex.
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of institutions treating children with cancer, this regi-
men is the current ‘standard’ for children with newly 
diagnosed high-risk NBL following HSCT.

Continued research is evaluating the components of 
this regimen clinically. As substantial toxicity is associ-
ated with the IL2 courses, the European Neuroblas-
toma Consortium, SIOPN, has evaluated a separate 
regimen of IL2 by subcutaneous injection [67] and more 

recently combined this with ch14.18 mAb. Initial anal-
yses, based on intent to treat assignments, suggest no 
added benefit for including the IL2, from this study. 
However the toxicity associated with the IL2 in this 
study prompted more of the IL2 patients to receive less 
of the assigned mAb. For those patients that completed 
all assigned therapy, there was a trend toward benefit 
from the IL2 [68]. In addition, Lode et al. have found 

Figure 2. Progression-free survival over two decades for 169 patients with stage 4 neuroblastoma in first 
remission after consecutive immunotherapy regimens. 3F8 alone (regimen A – HR; n = 43), 3F8 + intravenous GM-
CSF + CRA (regimen B – HR; n = 41) and 3F8 + subcutaneous GM-CSF + CRA (regimen C – HR; n; = 57 and regimen 
C – UHR; n = 28); p = 0.018 (derived from log-rank test to compare progression-free survival among these four 
groups).  
CRA: 13-cis-retinoic acid; HR: High risk; UHR: Ultra high risk. 
Adapted with permission from [41] © American Society of Clinical Oncology (2012). All rights reserved.

Figure 3. Event-free survival for 226 patients randomized into the treatment groups. 13-cis-retinoic acid (CRA) 
alone (standard therapy) versus immunotherapy (ch14.18 monoclonal antibody + GM-CSF + IL-2 + CRA) for high-
risk neuroblastoma. Data are shown for event-free survival for all 226 patients. The estimated survival (±SE) at 
2 years is indicated in the plot.  
Adapted with permission from [66] © Massachusetts Medical Society (2010). Reprinted with permission from 
Massachusetts Medical Society.
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that the neuropathic pain associated with four daily 
infusions of ch14.18 is substantially lessened when the 
same total mAb dose per course is given as a 10-day 
constant infusion  [69]. SIOPN is now evaluating this 
10-day mAb regimen, with and without a modified 
IL2 subcutaneous regimen. Ongoing studies by COG 
are evaluating the potential for using the ch14.18 mAb 
in the same courses as chemotherapy, rather than after 
completion of chemotherapy  [70] (clinicaltrials.gov 
NCT01767194).

Hu14.18K322A mAb
Chimeric mAbs are less immunogenic than murine 
mAbs but the remaining mouse component in the 
antigen-binding region of ch14.18 can still stimulate 
human anti-chimeric antibodies (HACA) [54,63,65,71,72]. 
To reduce the HACA response, humanized mAbs 
have been developed by introducing the hypervariable 
regions of the murine 14.18 mAb into the human IgG1 
mAb framework. By limiting the rodent characteris-
tics to only the hypervariable regions the percentage 
of original mouse mAb capable of inducing allergic 
reactions is decreased. The hu14.18K322A mAb was 
created with three major differences aimed at improv-
ing clinical applicability: humanized mAb to be less 
immunogenic  [73], single amino acid substitution in 
the Fc region virtually abrogating complement activa-
tion to induce less neuropathic toxicity  [74] and pro-
duction in YB2/O cell lines to decrease fucosylation 
in the Fc region to augment interaction with FcRs and 
increase ADCC  [75]. Preclinical work demonstrated 
that in combination with CD40/CpG, hu14.18K322A 
induced a better antitumor effect in mice through 
interactions with myeloid and NK cells  [76]. Clini-
cal studies confirmed that the murine hypervariable 
regions within hu14.18K322A retained antigen speci-
ficity, with hu14.18K322A being able to reach tumor 
targets without nonspecific uptake as seen for murine 
and chimeric mAbs [77]. Studies evaluating the toxicity 
of hu14.18K322A demonstrated a dramatic decrease in 
CDC while retaining ADCC activity in vitro and a sig-
nificant decrease in pain in patients. This reduction in 
pain made therapy more tolerable allowing an increase 
in the maximum tolerated dose [73,78,79]. Pilot clinical 
studies are underway to test combination treatments 
predicted to augment antitumor effects, such as the 
addition of standard chemotherapy, IL2, GM-CSF and 
infusion of NK cells (clinicaltrials.gov NCT02130869, 
NCT01576692, NCT01857934).

Hu3F8 mAb
The original murine 3F8 (mu3F8) mAb has also been 
humanized to circumvent HAMA responses. In vitro 
analysis demonstrated that hu3F8 was 200-fold more 

efficient in mediating ADCC than m3F8, but had 
substantially lower ability to activate complement. 
Since CDC has been associated with the downregula-
tion of ADCC and implicated in the pain side effects 
observed in anti-GD2 therapy, this selective increase 
in ADCC could potentially translate into a more 
effective and tolerable agent in the clinic  [80]. Early 
results from Phase I clinical trials demonstrate low 
immunogenicity, favorable pharmacokinetics and less 
dose limiting pain side effects for hu3F8 than for the 
mu3F8. [43]

Anti-O-Acetyl GD2
O-acetyl-GD2 (OAc-GD2) is a naturally occurring 
GD2 derivative that is highly expressed on the sur-
face of GD2 positive tumor cells, somewhat compa-
rable to GD2 on those tumor cells [81,82]. Appealingly, 
unlike GD2, OAc-GD2 appears to not be expressed 
on peripheral nerves. Therefore, targeting this anti-
gen might reduce the neuropathic pain associated 
with anti-GD2 mAb therapy while retaining anti-
tumor efficacy. 8B6 is an anti-OAc-GD2 mAb with 
no cross reaction to GD2  [82,83]. When compared 
with 14.G2a, 8B6 demonstrates comparable epitope 
binding affinity and in vitro suppression of tumor 
growth [82]. In animal models, 8B6 is as efficient but 
better tolerated than 14.G2a, highlighting the poten-
tial use of this mAb to avoid anti-GD2 associated 
neuropathic side effects [82].

The less immunogenic chimeric c.8B6 with a human 
IgG1 isotype, retains the binding affinity and has been 
shown to have similar functional properties to ch14.18 
both in vitro and in vivo, sharing the same anti-NBL 
effects but with much less allodynic activity  [84]. The 
lack of OAc-GD2 expression on nerves and the lack of 
pain associated with c.8B6 provide a rationale for the 
future clinical application of c.8B6 in high-risk NBL 
patients.

Anti-GD2 mAb-based fusion strategies to 
enhance therapeutic potential
Immunocytokines
Numerous preclinical and clinical trials administering 
anti-GD2 mAbs together with cytokines, such as IL2, 
IL15 and GM-CSF, have demonstrated clinical ben-
efit over mAb monotherapy  [41,42,50,61–66]. In order to 
capitalize on the antitumor effects observed with these 
combination therapies immunocytokines (ICs) were 
created. By combining a tumor-specific mAb and an 
immunostimulatory cytokine into one fusion protein, 
ICs concentrate cytokines within the tumor micro-
environment leading to localized immune cell activa-
tion and the potential reduction of systemic cytokine-
induced toxicities [85].
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IL2-based ICs
The ch14.18-IL2 fusion protein was the first anti-GD2 
IC created by combining one human IL2 molecule to 
each of the heavy chains of an intact ch14.18 mAb [86]. 
ch14.18-IL2 is able to bind GD2 expressed on the 
surface of cells indicating that it retains its antigen 
binding ability and can effectively target IL2 to the 
tumor site leading to tumor lysis  [87]. In vitro analy-
ses showed that ch14.18-IL2 activated human effec-
tor cells to the same extent as soluble human IL2 and 
was able to mediate ADCC effectively; demonstrating 
that both the IL2 and Fc components of the fusion 
protein remained intact and able to interact with their 
respective receptors [86,88]. When tested in mice, phar-
macokinetics studies demonstrated that fusion protein 
prolonged the half-life of IL2 when compared with 
soluble IL2, highlighting the potential for ch14.18-
IL2 to lead to more efficient IL2-induced immune cell 
activation in vivo  [89]. Moreover, ch.14.18-IL2 dem-
onstrated superior antitumor effects when compared 
with equivalent amounts of the ch14.18 or hu14.18 
mAb and IL2 administered simultaneously as sepa-
rate agents  [87,90,91]. The promising preclinical data 
with ch14.18-IL2 led to the development of a hu14.18-
IL2, a humanized IC, to recapitulate in patients the 
antitumor effects observed with ch14.18-IL2 while 
minimizing the immunogenicity associated with the 
chimeric mAb  [92]. Mice studies in various tumor 
models indicated that hu14.18-IL2 elicited a pro-
longed antitumor response via NK- and T-cell involve-
ment, eradicated metastases and exhibited protective 
immunity to tumor re-challenge  [93–95]. Accordingly, 
Phase I trials in children with refractory or recurrent 
NBL and adults with advanced MEL demonstrated 
that intravenous hu14.18-IL2 could be administered 
safely with reversible toxicities at doses that induced 
immune activation  [96,97]. Nevertheless, no complete 
or partial responses were seen, suggesting that greater 
antitumor activity might be seen in patients with less 
bulky tumors  [96]. Furthermore, Phase II trials in 
patients with MEL demonstrated immune activation 
with reversible toxicities [98,99] and some patients with 
refractory NBL that only exhibited disease evaluable 
by metaiodobenzylguanidine or bone marrow histol-
ogy demonstrated clear evidence for antitumor activity 
in the setting of nonbulky disease [100].

In an effort to further decrease IL2 related toxici-
ties and enhance efficacy, a new generation of ICs has 
been recently created by fusing the IL2 molecules to 
the C-terminus of the light chains on the hu14.18 mAb 
rather than on the heavy chains [101]. This modification 
creates a sequestering effect that results in hindered 
binding of the IL2 to intermediate affinity IL2Rs by 
limiting access to a critical contact residue of IL2 by the 

IL2R β-chain, but maintaining binding and activation 
of the high affinity IL2Rs [101]. Changing the location 
of the IL2 molecules allows for preferential targeting 
and activation of high affinity IL2Rs (associated with 
antitumor effects) and reduced stimulation of inter-
mediate affinity IL2Rs (associated with IL2-induced 
toxicity). This new platform for constructing ICs with 
varying degrees of affinity for IL2Rs represents an 
innovative strategy to potentially reduce dose-limiting 
side effects while retaining the desired efficacy.

IL15-based ICs
IL15 has similar biologic activity to IL2, including the 
generation and persistence of cytotoxic T cells and NK 
cells associated with antitumor benefit  [102]. Unlike 
IL2, IL15 does not activate T regulatory cells capable 
of attenuating the desired immune responses [103]. Due 
to the nature of IL15 trans-presentation to the IL15 
receptor (IL15R), the soluble IL15/IL15Rα complex 
exerts higher immune stimulatory effects than IL15 
alone  [103]. The c.60C3-RLI IC was created by fusing 
one RLI (IL15Rα/IL15 fusion protein) molecule to each 
of the heavy chains of the anti-GD2 mAb c.60C3 [104]. 
Preclinical studies demonstrated that the c.60C3-RLI 
retained the cytokine activity of RLI as well as the mAb 
effector functions (ADCC and CDC), displaying strong 
antitumor effects in mouse models. Like the IL2-based 
ICs, its therapeutic potency was higher than those of 
RLI and anti-GD2 alone or in combination [104,105]. The 
potential decrease in Treg activation and the retained 
efficacy expected from IL15-based ICs indicates these 
may be attractive candidates for clinical application.

Immunotoxins
Immunotoxins were designed to capitalize on the 
highly specific targeting potential of anti-GD2 mAbs 
by delivering toxins of plant or bacterial origin directly 
into malignant cells. These molecules are predicted 
to kill tumor cells by binding to the surface of tumor 
cells through antigen recognition and entering the 
cells via endocytosis; leading to release of the toxin 
and destruction of the target cell by intracellular toxin-
induced death pathways [106].

Initial experiments using 14.G2a-RA, created by 
conjugating Ricin A (a plant-derived ribosome inac-
tivating lectin) to 14.G2a, demonstrated that GD2 
expression and internalization rate by tumor cells 
were key factors in determining cytotoxic potency 
in vitro  [107]. Further work with various chemically 
linked ricin A anti-GD2 ICs demonstrated significant 
in vivo antitumor activity and increased survival in 
the human NBL model in SCID mice  [108,109]. Alter-
natively, 14.G2a has also been coupled to gelonin, a 
separate ribosome-inactivating plant toxin reported to 
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localize better within tumors and exert more potent 
effects than ricin A [110]. Other strategies utilizing the 
fusion of single chain anti-GD2 antibody Fv fragments 
(scFvs) with bacterial toxins aim to mediate targeted 
cell death independent of the host’s immune function. 
Fusions comprising anti-GD2 scFvs linked to toxins 
include: DT5F11 (containing the catalytic domain of 
diphtheria toxin) and 14.18-ETA (containing a dele-
tion mutant of pseudomonas exotoxin A). These were 
each shown to directly kill GD2+ tumor cells through 
inhibition of protein synthesis [111,112].

Radiolabeled mAbs
Radioimmunotherapy refers to the use of mAbs as car-
riers to deliver radioactivity to the tumor site, either as 
tracers or as targeted therapeutics  [113]. This targeted 
approach is appealing for radiation sensitive tumors 
such as NBL and decreases the toxicity associated with 
external beam radiation.

Anti-GD2 radiolabeled mAbs have been tested in the 
clinic for radioimmunodetection of primary and meta-
static disease. 131I-3F8 was sensitive and specific at detect-
ing sites with metastatic disease as shown by CT/MRI, 
and identifying tumors that were confirmed histologi-
cally as NBLs  [114]. Likewise, 99Tc-14.18 demonstrated 
superior sensitivity in the detection of tumor recurrence 
and metastases when compared with metaiodobenzyl-
guanidine, demonstrating the value of these reagents for 
the assessment of therapy response, disease progression 
and early detection of metastases [115].

Radioimmunotherapy seeks to kill malignant cells 
directly by delivering tumoricidal doses of radioac-
tivity to the tumor site, particularly against MRD. 
Early preclinical studies demonstrated that 3F8 could 
target 131I to established NBL xenograft in nude mice 
leading to 95% tumor shrinkage and tolerable toxici-
ties [116]. In a Phase I study of patients with recurrent 
metastatic CNS NBL, 131I-3F8 was well tolerated and 
significantly improved survival when compared with 
historical results [117].

Recently, 5F11-scFv-SA, an anti-GD2 single chain 
variable fragment coupled to Streptavidin was created 
with the purpose of pretargeting biotin-conjugated 
radioisotopes. This multi-step approach involves the 
administration of 5F11-scFv-SA, followed by a chemi-
cal clearing agent to remove unbound mAb and then 
111In-DOTA-biotin (DOTA is a molecule that chelates 
radionuclides)  [118]. By separating the administration 
of the mAb from the cytotoxic agent, unwanted sys-
temic radiation damage due to slow plasma clearance 
of radiolabeled mAbs can be decreased. Initial studies 
demonstrated selective tumor uptake of 5F11-scFv-SA 
and favorable tumor-to-nontumor ratios when com-
pared with single step radiolabeled-mAb treatment [118].

Drug delivery via anti-GD2 mAbs
Anti-GD2 mAbs have also been used in the develop-
ment of drug delivery systems designed to facilitate 
tumor-specific delivery of active agents while reduc-
ing systemic toxicities associated with conventional 
‘free’ drugs. One approach known as antibody–drug 
conjugates combines cytotoxic drugs through a linker 
region with the tumor specific mAb. The anti-GD2 
antibody–drug conjugate created by linking 14.G2a to 
a chemically stable calicheamicin analog (DNA-dam-
aging antibiotic) was found to suppress tumor growth 
and dissemination of liver metastasis in a syngeneic 
model of murine NBL [119].

Furthermore, anti-GD2 mAbs can be used to impart 
selectivity to nanoparticle-based carriers which have 
the potential to load and transport higher amounts of 
drugs, increase penetration to the tumor and meta-
static sites and overcome the limiting pharmacokinetic 
properties that result in insufficient drug delivery asso-
ciated with other agents  [120]. Different nanoparticle 
formats that have been bioconjugated with anti-GD2 
full size mAbs or Fab fragments include: liposomes, 
which have small diameter and are able to differen-
tially accumulate and penetrate into solid tumors 
(with highly permeable capillaries) relative to normal 
tissue (with less permeable tight junctions)  [121–124]; 
porous silica nanoparticles, which are inert, biodegrad-
able, nontoxic and more stable due to uniform particle 
size [125]; gold nanorods and carbon nanotubes capable 
of absorbing near-infrared laser light leading to in vitro 
photothermal destruction of tumor cells [126,127].; and 
iron-based nanoparticles that enable direct delivery of 
drugs carried by the nanoparticle [128].

Nanoparticles can be loaded with a variety of cyto-
toxic or other anti-cancer agents. There have been 
many studied, including: doxorubicin (chemothera-
peutic drug) [122]; antisense oligonucleotide (downreg-
ulate c-myb and c-myc proto-oncogenes) [121,123].; fen-
retinide (HPR), a synthetic retinoid acid derivative that 
promotes apoptosis of NBL cells in vitro [124]; miR-34a 
(multi-gene targeting microRNA capable activating 
caspase-mediated apopototic pathways)  [125]. Some 
of these targeted nanoparticles showed promising 
antitumor effects in vivo.

Redirecting T cells for tumor cell killing via 
anti-GD2 mAbs
Bi-specific mAbs
Bi-specific mAbs (biAbs) have two different bind-
ing specificities able to crosslink different target anti-
gens expressed on the same cell or two different cells. 
This dual specificity allows biAbs to engage tumors 
through antigen binding while simultaneously activat-
ing immune effector cells by targeting costimulatory 
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molecules or receptors  [129]. Due to their lack of Fc 
receptors, the potent tumoricidal capacity of T cells is 
underutilized in traditional mAb therapy. Therefore, 
most biAbs under development target the CD3 com-
plex expressed on T cells which initiates the signal-
ing cascades that lead to T-cell activation. This strat-
egy bridges uncommitted T cells with tumor targets, 
forming effective immune synapses and redirecting 
the cytotoxic potential of T cells in order to kill cancer 
cells in a non-MHC-restricted manner [130]. Preclinical 
data with biAbs produced by fusing anti-CD3 scFvs 
to anti-GD2 IgG mAbs [131] or heteroconjugating full 
anti-CD3 and anti-GD2 mAbs  [109,132] have demon-
strated their ability to cross-link GD2+ tumors to 
CD3+ CTLs in the absence of MHC expression by the 
tumor cell, leading to specific cytolysis of tumor cells 
via perforin and granzyme B injection.

Second generation biAbs under development include 
a tri-functional biAb containing a chimeric mouse 
IgG2a/rat IgG2b Fc region which has been geneti-
cally engineered to preferentially bind activating FcRs 
in order to effectively engage antigen presenting cells, 
such as macrophages and dendritic cells [133]. Recently, 
Cheng  et  al. optimized an anti-GD2/anti-CD3 biAb 
using the monovalent scFv platform which joins two 
scFvs as a single polypeptide chain in tandem. Also 
referred to as bispecific T-cell engager (BITE) technol-
ogy, these BITE biAbs seek to improve therapeutic effi-
cacy by monovalently binding T cells with lower affinity 
thus avoiding nonspecific T-cell activation until being 
presented in a multivalent manner by a target cell. Pre-
clinical work using this anti-GD2 BITE biAb was suc-
cessfully validated in vitro against a panel of GD2+ cell 
lines and in vivo in xenograft tumor models [134].

Anti-GD2 chimeric antigen receptor (CAR) T cells
In the anti-GD2 CAR T-cell immunotherapeutic 
strategy, peripheral T cells are collected from a patient, 
genetically altered to express a monoclonal scFv specific 
to GD2 that is linked to intracellular costimulatory 
molecule(s), grown in cell culture to high number and 
re-infused into the same patient  [135]. This approach 
allows T cells to recognize and destroy GD2+ tumor 
cells irrespective of HLA restriction. Studies show that 
anti-GD2 CAR-T cells induce long-term antitumor 
efficacy without the neuropathic pain associated with 
anti-GD2 mAb infusion.  [136]. In 11 high-risk NBL 
patients with active disease at the time of treatment 
with anti-GD2 CAR T cells, three patients achieved 
complete remission; two of whom remained without 
evidence of disease at 5 years post treatment  [136]. In 
these patients, the CAR-T’s were potent EBV-reactive 
T cells designed (by gene transfer) to also recognize 
GD2 expressing cells, in an effort to promote in vivo 

CAR-T-cell expansion. This proved effective for some 
patients and favorable long-term clinical responses/
remission was correlated with CAR-T persistence 
in circulation  [137]. Current clinical trials involving 
anti-GD2 targeting CAR-T include: NCT01953900 
(varicella zoster virus and GD2 specific CAR-T), 
NCT01822652 (anti-GD2 CAR-T + anti-PD1 check-
point blockade mAb), NCT02107963 (anti-GD2 
CAR-T) and NCT02439788 (anti-GD2 NKT CAR). 
While undoubtedly more complicated and less ‘widely 
available’ than mAb-based therapies, as the CAR-T 
approach requires individualization of therapy, the 
CAR-T approach to GD2 positive malignancies 
has produced some very exciting results warranting 
cautious optimism.

Anti-idiotype vaccines
As previously discussed, clinical study of the host 
response to mAb therapy has demonstrated that a sub-
set of patients mount an antibody response against the 
therapeutic mAb. When such an endogenous antibody 
is directed against the mAb’s antigen binding region 
(idiotype or ID) it is termed anti-ID. In tumor-reactive 
mAb therapy, high levels of anti-ID mAbs are a con-
cerning development as they can decrease the detect-
able level of mAb in serum and interfere with desired 
mechanisms of antitumor action of the mAb [138,139].

Though at first counterintuitive, some studies have 
shown the development anti-ID antibody after tumor-
reactive mAb therapy to be correlated with clinically 
evident antitumor activity  [140]. One explanation 
for this paradoxical phenomenon relies on the idiot-
ype network theory  [141]. Briefly, this theory suggests 
that after the development of an anti-ID Ab by the 
treated patient, the immune response continues and 
subsequently develops an antibody response capable 
of recognizing the specific idiotype component of the 
anti-ID Abs (see Figure 4). In some cases, this patient-
derived antibody is not only an ‘anti-anti-ID’, but can 
also recognize the original tumor antigen that was 
recognized by the therapeutic mAb. As this is now an 
‘active’ immune response, generated by the patient’s 
immune system (rather than a passive antibody reac-
tion relying only on the presence of the therapeutic 
mAb), it has the potential for resulting in long-term 
antitumor immunity. In fact, in a trial of NBL patients 
treated with anti-GD2 mAb, long-term progression-
free survival and overall survival were significantly cor-
related with the induction of an anti-anti-ID antibody 
network [142].

The anti-anti-ID approach to cancer immunotherapy 
has been supported in a number of preclinical settings. 
In preclinical models of NBL, vaccination with 1A7 
(a murine mAb directed against the 14.18-idiotype 
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anti-GD2 mAbs) resulted in sera with GD2 reactivity 
capable of mediating ADCC in vitro [143]. When tested 
in 47 patients with advanced MEL, 1A7 was well toler-
ated with virtually no toxicity, detectable levels of GD2-
specific antisera in 40/47 patients and some signs of a 
possible antitumor effect  [144]. In a separate approach, 
racotumomab, an anti-ID mAb mimicking a differ-
ent but similar ganglioside to GD2, was evaluated in 
a Phase I trial demonstrating its relative safety, though 
this study was not designed to evaluate efficacy [145].

Using anti-GD2 mAb injected intratumorally 
to function as an ‘in situ’ vaccine & induce 
an adaptive T-cell response
While one purpose of tumor-reactive mAb therapy 
is to enable systemic delivery to target microscopic 
undetected metastasis and induce CDC or ADCC 
against them, certain additional immune activation 
can be obtained by direct intratumoral delivery of 
mAbs. When an anti-GD2 based IC (hu14.18-IL2) 
is injected intratumorally, a superior antitumor effect 
is seen than when the same amount of IC is injected 
intravenous  [146]. In mice bearing relatively small 
GD2+ tumors, intratumorally was superior to intra-
venous treatment resulting in the resolution of both 
primary and distant tumors, increasing numbers of 
tumor infiltrating lymphocytes, achieving better IC 
retention, enhancing the antitumor effect and improv-
ing mice survival [146,147]. Importantly, tumor burden 
appeared as a strong predictor of IC-induced lympho-
cyte infiltration and treatment outcome, with smaller 
tumors responding better [148]. This antitumor effect 
involves both NK cells and T cells [147,148].

More recent data indicate that pretreatment with 
‘palliative dose’ radiation therapy (12 Gy) can allow 
intratumoral injection of the hu14.18-IL2 to eradi-
cate macroscopic (200 mm3) GD2+ murine tumors in 
syngeneic mice, leaving most mice tumor free [149,150]. 
These tumor-free mice subsequently demonstrate a 
tumor specific, T-cell mediated, memory response, 
enabling them to reject rechallenge with GD2+ or 
GD2-variants of the GD2+ MEL that they initially 
destroyed. In this setting, the anti-GD2 IC, when 
combined with radiotherapy, is enabling the exist-
ing tumor to function as an ‘in situ vaccine’, which 
that results in protective, functional adaptive immu-
nity (see Figure 5). Further preclinical development 
is ongoing in order to move this concept into clinical 
testing.

Future perspective
In some patients with clinically evident cancer, his-
tologic analyses show evidence for an adaptive, albeit 
ineffective, endogenous antitumor adaptive immune 
response. It appears that these patients are the most 
likely to benefit from the implementation of ‘check-
point blockade’ via targeting of the CTLA-4 and/or 
PD-1 axis  [151]. This strategy has shown promising 
results in a subset of patients for almost every type of 
solid tumor studied  [152–154]. The expression of these 
surface molecules on the tumor cells is required for 
the success of this therapeutic strategy. Therefore, the 
fact that there is evidence demonstrating that PD-L1 
is upregulated in NB cell lines [155] as well as in tumor 
cells isolated from NB patients [156], supports the use of 
this strategy in the clinic. In contrast, patients whose 
tumors show little evidence for an ongoing adaptive 
immune response are less likely to benefit from check-
point blockade  [157]. These patients may benefit from 
approaches designed to engage the innate immune 
defenses toward tumor eradication, via tumor recog-
nition facilitated through tumor-directed mAbs and 
their derivatives. After recognition of the tumor by the 
mAb-derived treatment, these patients may become 
candidates for additional therapies to subsequently 
augment their adaptive immune response. One pos-
sibility is the combination of treatments that target 
additional NB-associated surface molecules in order 
to increase the possibility of binding tumor cells that 
might selectively downregulate surface molecules and 
evade one of the targeting mAbs. One example of this 
strategy is the recent work by Kramer et al., combining 
radio-iodinated anti-GD2 and anti-B7-H3 mAbs [117].

The clinical benefit observed with Dinutuximab 
implementation into the therapeutic regimen for 
high-risk NBL occurred only after careful analysis 
of preclinical and clinical data which revealed: the 

Figure 4. Development of an anti-anti-idiotypic monoclonal antibodies 
network. The α-GD2 therapeutic mAb (green) acts as an antigen, eliciting 
the production of an α-id mAb (red) that recognizes the antigen-binding 
site of the α-GD2 mAb. This α-id mAb mimics the structure of GD2 leading 
to the generation of an anti-α-id mAb (purple) with parental antigenic 
specificity capable of recognizing the antigen-binding site of the α-id mAb 
and the original antigen, GD2.
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patient population (patients with MRD) most likely 
to benefit; the predominantly NK and neutrophil–
macrophage-associated ADCC responsible for antitu-
mor effect; the NK cell and neutrophil-macrophage 
activating effects of IL2 and GM-CSF, respectively; 
and the timing of these interventions. As the various 

forms of anti-GD2 therapies move into extended clin-
ical development, questions of patient selection, ther-
apeutic combinations and timing of immunotherapy 
will require more focus to further improve antitumor 
efficacy. Which patients are most likely to benefit 
from a particular form of anti-GD2 treatment? Might 

Figure 5. Combination of radiation therapy and intratumoral injection of anti-GD2 monoclonal antibodies as an 
‘in situ’ vaccine to induce an adaptive immune response. Pretreatment with palliative doses of radiation therapy 
leads to the elimination of T regulatory cells and immunogenic tumor cell death. Followed by mAb/IL2 therapy, 
which facilitates tumor cytotoxicity and creates a favorable environment for antigen presentation and the 
induction of adaptive immunity with the creation of long-term tumor-specific memory. 
ADCC: Antibody-dependent cell cytotoxicity; APC: Antigen-presenting cell; CTL: Cytotoxic T lymphocyte; FCR: Fc-
receptor; IL2R: IL2-receptor; MHC: Major histocompatibility complex; NBL: Neuroblastoma; NK cell: Natural killer 
cell; TCR: T cell receptor; Treg: T regulatory cell.
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Executive summary

Tumor-reactive monoclonal antibody therapy
•	 Tumor-specific mAbs recognize antigens expressed on tumor cells, leading to the recruitment and activation of 

immune cells that destroy the targeted tumor cells.
•	 Targeting conserved cancer antigens shared by populations of patients, allows for a more broadly applicable 

treatment regimen that is not limited to individual tailoring.
Major mechanisms of action of unconjugated tumor-reactive mAbs
•	 Antibody-dependent cell-mediated cytotoxicity (ADCC)

–– Likely the major antitumor mechanism of tumor reactive mAbs.
–– Mediated by immune effector cells that express Fc receptors, such as natural killer (NK) cells, neutrophils 

and macrophages. Engagement of Fc receptors on these cells leads to tumor cell destruction or 
phagocytosis, respectively.

•	 Complement-dependent cytotoxicity
–– Mediated by inactive serum proteins that become activated by tumor bound mAb, leading to lysis of the 

tumor cell.
Anti-GD2 mAb immunotherapy of high-risk neuroblastoma
•	 Neuroblastoma (NBL) is the most common extracranial pediatric solid tumor, with half of newly diagnosed 

patients determined to be ‘high-risk’.
•	 GD2 is highly expressed on NBL tumors with low expression on normal tissue, thus it can be targeted by anti-GD2 

monoclonal mAbs.
Development of anti-GD2 mAbs
•	 IgG3 – 3F8 & 14.18

–– Demonstrated GD2 binding affinity, stability and the ability to kill tumor cells via ADCC, complement 
dependent cytotoxicity and phagocytosis.

–– In vivo experiments showed antitumor effects with the suppression of human NBL in mice providing 
rationale for clinical trials.

–– 3F8 was the first anti-GD2 mAb to be tested in the clinic, demonstrating antitumor potential as 
monotherapy and better efficacy when combined with immune activating cytokines such as IL2 and GM-
CSF.

•	 IgG2a – 14.G2a & ME36.1
–– IgG3 mAbs were class switched to IgG2a subclasses in order to increase antitumor efficacy since IgG2a is 

associated with enhanced ADCC.
–– 14.G2a demonstrated better ADCC in vitro and effectively suppressed NBL tumors in immunodeficient 

mice.
–– In clinical trials, 14.G2a showed comparable antitumor activity to 3F8 both as a monotherapy and when 

combined with IL2.

genotyping for polymorphisms of immune function 
or more detailed tumor characterization identify 
separate groups of patients that respond differently 
to different forms of treatment? How should these 
distinct anti-GD2 therapies be combined with other 
immunotherapies, with conventional chemotherapy, 
radiation therapy and surgery, or with newer small 
molecule targeted therapies? In addition, when in a 
patient’s treatment course is the optimal time to be 
incorporating these distinct forms of anti-GD2-based 
immunotherapy?

Conclusion
 In 2013, immunotherapy was recognized as the sci-
entific breakthrough of the year [158]. The excitement 
and scientific energy invested into immunotherapy 
is typified by the immunotherapeutic approaches 
targeting GD2. After scientific advances allowed for 
the generation of monoclonal antibodies, early work 

revealed the potential for an antitumor effect achiev-
able by targeting GD2. Even so, translation into clini-
cal benefit in the setting of an aggressive malignancy 
proved to be a substantial challenge. The unrelenting 
study, diligent data examination and worldwide col-
laboration by numerous effective teams and collab-
orative groups has led to the safe and clinically ben-
eficial implementation of anti-GD2 mAb therapy for 
NBL. While the current clinical results show benefit, 
the majority of children with high risk NBL are still 
dying of relapsed or refractory disease. More improve-
ments in treatment outcome are urgently needed. As 
the increasingly effective application of cancer immu-
notherapy continues forward, further advances in our 
understanding of the immune system, cancer biology 
and bio-manufacturing capabilities are essential. All 
involved are hopeful that substantial improvements 
in treatment outcome, now visible on the horizon, 
will soon become reality.
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Executive summary (cont.)

•	 Chimeric and humanized mAbs
–– Ch14.18, a human/chimeric anti-GD2 mAb created to reduce immunogenicity in patients, was US FDA 

approved in 2015 for the treatment of high-risk NBL.
–– Hu14.18K322A, a humanized anti-GD2 mAb, appears to be less immunogenic and less painful in patients.

•	 Anti-O-acetyl-GD2 targets a GD2 derivative that is highly expressed on tumor cells but not on peripheral 
nerves, therefore targeting this antigen might reduce neuropathic pain.

Anti-GD2 mAb based fusion strategies to enhance therapeutic potential
•	 Immunocytokines (ICs) combine a tumor-specific mAb and a cytokine into one fusion protein able to 

concentrate cytokines within the tumor microenvironment and locally activate immune cells while reducing 
systemic toxicities.

•	 Immunotoxins deliver toxins directly to the tumors by binding malignant cells, undergoing endocytosis and 
intracellularly releasing the toxin to induce cell death.

Radiolabeled mAbs are used for radioimmunodetection of disease and can also serve as carriers of tumoricidal 
doses of radioactivity directly into radiosensitive tumors.
Drug delivery via anti-GD2 mAbs
•	 Antibody–drug conjugates combine cytotoxic drugs through a linker region with an anti-GD2 mAb in order to 

facilitate tumor specific delivery of the active agent while reducing the toxicity of the ‘free drug’.
•	 Nanoparticles-based carriers that load and transport higher amounts of drugs are bioconjugated with anti-

GD2 mAbs to impart tumor specificity and have shown promising preclinical antitumor effects in vivo.
Redirecting T cells for tumor cell killing via anti-GD2 mAbs
•	 Bi-specific antibodies combining anti-CD3 with anti-GD2 mAbs are able to cross-link GD2+tumors to CD3+ CTLs 

in the absence of MHC leading to efficient inhibition of tumor growth in various mouse tumor models.
•	 Anti-GD2 CAR-T cells can destroy GD2+ tumors irrespective of HLA restrictions, potentially leading to long-

term antitumor efficacy without neuropathic pain.
•	 Anti-anti-ID mAbs that recognize the anti-ID component of anti-ID mAbs (generated by the patients in 

response to the anti-GD2 mAb) and also GD2 have the potential for long-term antitumor immunity.
Using anti-GD2 injected intratumorally to function as an ‘in situ’ vaccine & induce and adaptive T-cell 
response
•	 Additional immune activation is obtained when ICs are injected intratumorally, resulting in a superior 

antitumor effect involving NK and T cells.
•	 When combined with radiation, intratumorally IC is capable of eradicating macroscopic tumors producing 

long-term immunity that protects mice against tumor rechallenge.
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