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ABSTRACT
Neuroblastoma is a commonly lethal solid tumor of childhood and intensive chemoradiotherapy treat-
ment cures ~50% of children with high-risk disease. The addition of immunotherapy using dinutuximab, 
a monoclonal antibody directed against the GD2 disialoganglioside expressed on neuroblasts, improves 
survival when incorporated into front-line therapy and shows robust activity in regressing relapsed 
disease when combined with chemotherapy. Still, many children succumb to neuroblastoma progression 
despite receiving dinutuximab-based immunotherapy, and efforts to counteract the immune suppressive 
signals responsible are warranted. Animal models of human cancers provide useful platforms to study 
immunotherapies. TH-MYCN transgenic mice are immunocompetent and develop neuroblastomas at 
autochthonous sites due to enforced MYCN expression in developing neural crest tissues. However, GD2- 
directed immunotherapy in this model has been underutilized due to the prevailing notion that TH-MYCN 
neuroblasts express insufficient GD2 to be targeted. We demonstrate that neuroblasts in TH-MYCN-driven 
tumors express GD2 at levels comparable to human neuroblastomas but rapidly lose GD2 expression 
when explanted ex vivo to establish tumor cell lines. This occurs in association with a transition from an 
adrenergic to mesenchymal differentiation state. Importantly, not only is GD2 expression retained on 
tumors in situ, treatment with a murine anti-GD2 antibody, 14G2a, markedly extends survival in such mice, 
including durable complete responses. Tumors in 14G2a-treated mice have fewer macrophage and 
myeloid-derived suppressor cells in their tumor microenvironment. Our findings support the utility of 
this model to inform immunotherapy approaches for neuroblastoma and potential opportunities to 
investigate drivers of adrenergic to mesenchymal fate decisions.
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Introduction

A variety of immunotherapies are altering the treatment land-
scape for many cancers, particularly those of hematologic ori-
gin. Unfortunately, solid tumor immunotherapies are 
frequently hindered by the capacity of the tumor microenvir-
onment (TME) to suppress and exclude immune effector cells. 
Neuroblastoma is a common solid tumor of childhood that 
carries a 5-year mortality rate of ~50% in its high-risk form 
despite the use of intensive treatment with surgery, high-dose 
chemotherapy with stem cell rescue, radiotherapy and biother-
apy with retinoids. Like most pediatric cancers, neuroblasto-
mas manifest a low mutation burden and a paucity of neo- 
antigens for the immune system to target.1–3 Further, its TME 
is enriched with immune and stromal cells that include tumor- 
associated macrophages (TAMs), myeloid-derived suppressor 
cells (MDSCs), T-regulatory cells, and fibroblasts that collec-
tively release immunosuppressive cytokines and attenuate host 
immune responses.4–6

Despite these barriers, dinutuximab, a chimeric antibody 
that targets the GD2 disialoganglioside highly expressed on 
nearly all neuroblastomas, has shown efficacy when combined 
with immune stimulation with interleukin-2 (IL-2) and gran-
ulocyte-macrophage colony-stimulating factor (GM-CSF) in 
front-line maintenance therapy for patients with high-risk 
neuroblastoma (HRNB), leading to its FDA approval, and 
when used in combination with chemotherapy to treat relapsed 
or refractory neuroblastoma.7–9 Although these clinical suc-
cesses substantiate the promise of immunotherapy for neuro-
blastoma, many children still die from tumor progression 
despite receiving dinutuximab.8–10 A more thorough under-
standing of the immunosuppressive TME should provide 
opportunities to improve this therapy. Such mechanistic stu-
dies can be achieved in faithful mouse models of cancer, 
enabling the discovery and preclinical prioritization of novel 
therapeutic approaches, including combination therapies with 
GD2-directed antibodies. Despite differences between the 
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murine and human immune systems, immunocompetent 
transgenic mouse models have been credentialed for the 
study of immunotherapies and a neuroblastoma model that 
uses a cancer-relevant oncogenic driver to initiate tumors in 
immunocompetent mice is paramount to further leverage the 
activity of dinutuximab.11–13

The Tyrosine-Hydroxylase-MYCN (TH-MYCN) transgenic 
mouse provides an established model of HRNB. In this geneti-
cally engineered model, the MYCN gene, the principal onco-
genic driver commonly amplified in human tumors, is highly 
expressed under the control of a tyrosine hydroxylase promo-
ter to target tumor development in paraspinal or intra- 
abdominal sympathoadrenal tissues.14 In addition to sharing 
MYCN overexpression, TH-MYCN tumors resemble human 
neuroblastomas histologically and genetically.15–18 The model 
shows strain-dependent differences in phenotype, and, in the 
most widely utilized 129x1/SvJ background, mice homozygous 
for the TH-MYCN transgene (TH-MYCN+/+) have 100% lethal 
tumor penetrance.15 While each tumor arising in these mice 
shares MYCN overexpression as the initiating event, they have 
distinct cooperating mutations that promote transformation. 
TH-MYCN mice have an intact immune system, and thus each 
tumor undergoes its own unique immunoediting process 
in situ. Unlike transplantable syngeneic tumor models that 
replicate tumors from a single tumor-derived cell line and 
implant them at an orthotopic or remote site, tumors in the 
TH-MYCN model initiate within autochthonous sympathoa-
drenal tissues, modeling interactions among neuroblasts, stro-
mal cells and immune cells throughout the course of tumor 
initiation and progression. The tumor niche is important in 
influencing cancer progression as evidenced by syngeneic neu-
roblastoma transplant models in which subcutaneous implan-
tation is associated with reduced tumor growth and fewer 
infiltrating tumor-suppressive immune cells compared with 
the same tumor cells injected at orthotopic intra-adrenal 
sites.19,20

Despite these advantages, an impediment to adoption of 
the highly penetrant 129x1/SvJ TH-MYCN model for studies 
into GD2-directed immunotherapies is the prevailing notion 
that these tumors lack sufficient surface GD2 to serve as an 
effective tumor antigen, primarily when investigated for syn-
geneic tumor transplantation studies. In the C57BL/6 back-
ground, preferred by many for immunologic studies, tumor 
penetrance for the TH-MYCN transgene is too low for effi-
cient autochthonous modeling, and tumor-derived cell lines 
from this strain are found to express insufficient surface GD2 
for therapeutic targeting unless they are manipulated phar-
macologically or genetically.21 Here, we demonstrate that 
neuroblastomas arising in 129x1/SvJ TH-MYCN mice express 
levels of GD2 nearly comparable to that present in human 
neuroblastomas.16 Importantly, not only is GD2 surface 
expression present in primary tumors in situ, but this antigen 
can be targeted using a GD2-directed monoclonal antibody, 
14G2a, that is analogous to the human therapeutic antibody, 
dinutuximab. Therapy with 14G2a extends survival and pro-
vides durable complete tumor regression in a subset of treated 
mice, accompanied by alterations in the TME, including 
reductions in the frequency of infiltrating monocytic 

MDSCs. We further show that TH-MYCN neuroblasts 
explanted from TH-MYCN tumors rapidly lose GD2 expres-
sion while propagated in standard tissue culture conditions, 
and that GD2 loss is associated with a transition of tumor cell 
lineage from an adrenergic to a mesenchymal state. Indeed, 
such adrenergic-mesenchymal lineage plasticity has been 
defined in human neuroblastomas with the mesenchymal 
state being correlated with therapy resistance and 
relapse.22,23 Collectively, our work credentials the TH- 
MYCN model as a relevant platform for immunotherapeutic 
studies, including GD2-targeting approaches, and may enable 
further studies into the regulation of mesenchymal state 
switch that renders tumor cells resistant to cytotoxic therapies 
and GD2-directed immunotherapies.

Methods

Mice and treatments

129x1/SvJ-Tg TH-MYCN mice were originally obtained by 
Dr. William Weiss (University of California, San Francisco).14 

All mice were bred and housed in the animal facility at the 
Children’s Hospital of Philadelphia under approved IACUC 
protocols. Heterozygous TH-MYCN+/- mice were bred and all 
studies performed on TH-MYCN+/+ offspring in which tumor- 
onset is fully penetrant. MYCN transgene genotype was deter-
mined from DNA isolated from a 1-cm tail snip by qPCR 
genotyping with the following primers:

Chr18F1 (5’-ACTAATTCTCCTCTCTCTGCCAGTATTT 
GC-3’),

Chr18R2 (5’-TGCCTTATCCAAAATATAAATGCCCAGC 
AG-3’), and

OUT1 (5’-TTGGCACACACAAATGTATATACACAAT 
GG-3’), as described previously.24

Homozygous TH-MYCN mice were randomized to receive 
intraperitoneal injections of 100 μg of anti-GD2 antibody 
(14G2a; BioLegend), 100 μg of a murine isotype-matched anti-
body to control for Fc receptor binding (murine IgG2a/κ; 
Abcam), or phosphate-buffered saline (PBS), twice weekly 
starting between 14 and 17 days of age and continuing 
until day 100 of life (n = 15 per group). Group size was 
powered to detect differences in survival (primary endpoint) 
and immune cell infiltration assessed on available tumors 
obtained at the time of sacrifice. All animals assigned to 
a treatment group were included in survival analyses. Mice 
were palpated for tumor presence and monitored for signs of 
morbidity that included poor mobility, hunching, lethargy, 
weight loss, limb paralysis, neurological changes, dermatitis, 
or rough hair coat. Mice exhibiting such signs were euthanized 
and underwent necropsy (termed “terminal” tumors). Group 
allocation was random, but experiments were not blinded.

To assess the biological impact of 14G2a immunotherapy at 
the time of response, an additional cohort of TH-MYCN+/+ 

mice (n = 6) were treated with twice weekly 14G2a antibody 
beginning between day 14–17 of life and monitored as above. 
Regressing tumors were detected by abdominal palpation, 
typically between days 70–75, and harvested for characteriza-
tion (called “midpoint” tumors).
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TH-MYCN+/+ mice that survived to day 200 (alive without 
tumor symptoms >3 months from the end of therapy; n = 4) 
were re-challenged with a single flank inoculation of HOM2 
cells, a syngeneic TH-MYCN+/+ tumor-derived cell line serially 
passaged in vivo to enhance tumorigenicity (from Dr. Garrett 
Brodeur, Children’s Hospital of Philadelphia). Heterozygous 
TH-MYCN and wild-type (TH-MYCN−/−) 129x1/SvJ mice 
served as controls (n = 4 each) and received a single flank 
injection on the same day using the same cell-line preparation. 
Flanks were shaved and injected with 5 × 106 cells resuspended 
in Matrigel (Corning Inc.) at a 1:1 ratio by volume. Mice did 
not receive any treatment after tumor inoculation. Mice were 
monitored until tumors were established as a firm growing 
mass >500 mm3 (recorded as days to tumor engraftment) or 
until 8 weeks if no tumor was established (recorded as non- 
tumorigenic).

TH-MYCN+/+-derived cell lines

Tumor-bearing mice were euthanized, and tumors removed 
and dissociated into small tissue fragments using the bottom 
of a sterile 3-ml syringe pistol in 5 ml of sterile PBS in a 6-cm 
petri dish. The cellular suspensions were filtered through 
a 40 µm sterile nylon mesh, washed multiple times, and 
resuspended in sterile TAC buffer (UltraPure tris hydrochlor-
ide; Invitrogen and ammonium chloride; Sigma). Cells were 
incubated in a 37°C water bath, spun, and resuspended in 
PBS. These steps were repeated until red blood cells were no 
longer visible. Pellets were then resuspended in complete 
IMDM (Iscove’s modified Dulbecco’s media) with 20% fetal 
bovine serum (FBS), 1% penicillin-streptomycin, 1% 
L-glutamine, 0.6% recombinant human insulin, human trans-
ferrin, and sodium selenite (ITS), and 0.25% gentamicin, 
transferred into a T75 flask via a 40 µm cell strainer and 
incubated at 37°C with 5% CO2. Approximately 60% of 
explanted tumors generate a cell line. Four TH-MYCN+/+ 

tumors were explanted to derive new cell lines (5144, 5150, 
5195, and 5213) that were serially passaged and analyzed by 
flow cytometry analysis to assess GD2 expression and lineage 
defining markers over time. In addition, cryopreserved TH- 
MYCN+/+ tumor-derived cell lines that had been established 
previously and passaged >3 months (3401, 3261, 3393, and 
3392), and 3 isogenic TH-MYCN+/+ tumor cell lines obtained 
from the Brodeur laboratory (HOM2, G2, and G3B) were 
evaluated with flow cytometry for GD2 expression and line-
age defining markers.

Human neuroblastoma cell lines

Patient-derived neuroblastoma cell lines COGN603, 
CHLA122, IMR5, NLF, CHLA20, SKNBE1, SKNBE2C, 
CHLA95, CHLA108, SHEP, and COGN203 were obtained 
from the cell-line bank at the Children’s Hospital of 
Philadelphia. Many were previously received from C. Patrick 
Reynolds (Texas Tech University of Health Sciences; cccells. 
org). Cells were thawed, plated in complete RPMI (10% FBS + 
1% penicillin-streptomycin + 1% L-glutamine), and passaged 
at ~80% confluency using Versene solution, 0.48 mM EDTA 

(Gibco). IMR5 (predominantly adrenergic state) and SHEP 
(predominantly mesenchymal state) cells were used as controls 
in assessing lineage-defining proteins.

Flow cytometry to assess GD2 expression and characterize 
tumor-infiltrating leukocytes

Tumor-bearing mice were euthanized at midpoint or terminal 
timepoints. Tumors (ranging from 1.4 to 5 g in total weight) 
were cut into fragments of 1–3 mm3 and placed in RPMI 
Medium 1640 with L-glutamine (Gibco) and 10% heat- 
inactivated fetal bovine serum (FBS, Life Technologies) before 
undergoing tissue dissociation with a GentleMACS TM disso-
ciator (Miltenyi Biotech) using the manufacturer’s recom-
mended protocol with media including Collagenase Type IV 
(STEMCELL Technologies, Cambridge MA) and DNAse 
I (Sigma-Aldrich). After dissociation, suspensions were passed 
via a 70 µm filter, washed, and subjected to red blood cell lysis 
with ACK buffer (Gibco). Single-cell samples were assessed for 
viability using Trypan Blue 0.4% stain then frozen in fetal 
bovine serum with 10% dimethyl sulfoxide (Thermo Fisher 
Scientific) and stored at −80°C before staining for flow cyto-
metry. Multiple flow-cytometry panels were used sequentially 
as long as sufficient viable cells remained (see consort diagram 
for tumor sample availability, Fig. S1).

To characterize tumor-infiltrating leukocytes and mesench-
ymal stem cells (MSCs), primary anti-mouse and anti-human 
antibodies specific for the following antigens were purchased 
from BioLegend (alternate names in parentheses; clone names 
in brackets): CD3 [17A2], CD45 [30-F11], NK1.1 [PK136], 
CD335 (NKp46) [29A1.4], Ly49A [YE1/48.10.6], CD314 
(NKG2D) [CX5], CD159a (NKG2A) [16A11], GD2 [14G2a], 
MHC I (H-2 K/H-2D) [28-8-6], Rae-1γ [CX1], TGF-1 (LAP) 
[TW4-2F8], CD11b [M1/70], CD11c [N418], F4/80 [BM8], Ly- 
6 G/Ly-6C (Gr-1) [RB6-8C5], Ly-6 G [1A8], CD38 [90], 
CD107a (LAMP-1) [1D4B], TCR γδ [GL3], CD56 [HCD56], 
CD13 [R3-242], CD73 [TY/11.8]. Additional antibodies 
include Ly49H [3D10], and MHC Class II (I-A/I-E) [M5/ 
114.15.2] from eBioscience, IL-15 Rα [888220], ULBP-1 
[237104], and NCAM1 [809220] from R&D Systems, 
TGFβR-1 [RM0016-3A11] from Signalway, ULBP-1 from 
ThermoFisher Scientific, PGP9.5 [31A3] from Novus 
Biologicals, YAP1 [G6], and Phox2b [B11] from Santa Cruz 
Bio. PBS57-loaded CD1d tetramers were obtained from the 
NIH Tetramer Facility (Atlanta, GA). Cells were washed in 
PBS without serum and incubated with Zombie Aqua viability 
dye (BioLegend) according to manufacturer’s instructions and 
subsequently washed with FACS buffer (PBS supplemented 
with 2.5% FBS; Thermo Fisher Scientific) before Fc blockade 
with TruStain FcX (BioLegend) and subsequent surface marker 
staining. Cells were analyzed on a FACSVerseTM flow cyt-
ometer (BD Bioscience).

Flow analysis and gating strategy

FCS files were analyzed using FlowJo software (Tree Star: 
Ashland OR). TH-MYCN neuroblastoma cell lines were 
gated by selecting live single CD45-NCAM1+ cells, while 
human neuroblastoma cell lines were gated by selecting live 
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single CD45-CD56+ cells, as previously described.25–28 For 
further characterization of TH-MYCN neuroblastoma cell 
lines as well as to distinguish neuroblasts from MSCs, the 
CD45-NCAM1+ population was evaluated for neuroblast 
markers including PGP9.5 and Phox2B, in addition to the 
MSC markers CD13 and CD73. Tumors from mice treated 
with 14G2a, isotype-control antibody, and PBS were ana-
lyzed using the same gating strategy. Frequencies of lym-
phoid and myeloid cells were determined from live doublet- 
excluded CD45+ parent cell populations. Among the lym-
phocyte populations, NK cell frequencies were defined as 
CD3-NK1.1+ NKp46+ cells, T-cell frequencies were defined 
as CD3+NK1.1-NKp46- cells, invariant natural killer T cells 
were defined as CD1d tetramer-binding CD3+, and γδ 
T cells were defined as γδ TCR+CD3+ cells. NK cell surface 
expression of activating (Ly49H, IL15Rα, and NKG2D) and 
inhibitory (Ly49A, NKG2A, and TGFβR-1) receptors were 
assessed. Among the myeloid populations, dendritic cells 
(DCs) were defined as F4/80-CD11c+CD11b+, monocytic 
myeloid-derived suppressor cells (M-MDSCs) were defined 
as Gr-1+CD11b+Ly6G-, granulocytic myeloid-derived sup-
pressor cells (G-MDSCs) were defined as Gr-1+CD11b 
+Ly6G+, and macrophages were defined as MHC-II+F4/80 
+CD11c-.

Detection of lineage-defining proteins

For immunoblots, 30 µg of protein lysate was electrophor-
esed through a 4–12% Bis-Tris NuPAGE gel and trans-
ferred to PVDF membranes using an iBlot gel transfer 
device. Membranes were blocked for 60 min with a 5% 
milk in 0.1% Tween-20 in TBS (TTBS) solution followed 
by TTBS wash, then incubated overnight at 4°C with anti-
bodies for Phox2B (1:1000; Santa Cruz Biotechnology, clone 
B-11), Yap1 (1:1000; Cell Signaling, polyclonal), or β- 
tubulin (Sigma Aldrich, clone AA2). Secondary antibody 
(1:1000–1:2000) was applied for 60–120 min at room tem-
perature, followed by wash steps and detection via horse-
radish peroxidase chemiluminescent substrate (Millipore). 
For testing cell lines by immunocytology, 10–20 × 106 live 
cells were suspended in a 1% agarose solution in isosmotic 
PBS at 50°C and transferred to a 1.5 mL Eppendorf tube 
and placed on ice until solid, then removed and fixed with 
formalin. For testing primary TH-MYCN tumors or tumor 
cell-line xenografts, tumors were removed in terminal sur-
geries and formalin-fixed and paraffin embedded. Slides of 
FFPE materials were deparaffinized, blocked with 5% horse 
serum, and stained. Yap1 (Cell Signaling Technology, clone 
D8H1X) and Phox2B (Abcam, clone EPR14423) were both 
used at 1:50. Slides were counterstained with hematoxylin. 
Images were captured using a Nikon 80i upright micro-
scope using the 10x and 20x lenses. For assessing lineage 
markers in the TH-MYCN-derived cell lines by flow- 
cytometry, live, singlet cells were further characterized 
with CD13 and CD73 (MSC markers), Phox2B (adrenergic 
marker), and NCAM-1 and PGP9.5 (markers associated 
with neuroblastoma), as well as MHC-I.

Statistical analyses

Statistical analyses were performed using Prism software 
(GraphPad). Survival curves were compared using the method 
of Kaplan–Meier with a log-rank test for significance. For 
comparison of groups in flow cytometry analyses, groups 
were compared using unpaired two-tailed Student’s t-tests. 
For comparison of viability of cell suspensions, the Mann– 
Whitney U-test was used. For all, the significance was set as 
p ≤ .05 and trends as p > .05 and ≤0.10.

Results

GD2 is highly expressed on tumor cells within TH-MYCN 
neuroblastomas in situ but is lost during propagation as 
tumor-derived cell lines

End-stage intra-abdominal TH-MYCN+/+ mouse primary 
tumors were harvested at the time of sacrifice for sympto-
matic progression (per consort diagram in Fig. S1) and 
examined for the expression of GD2 on neuroblasts 
(Figure 1a). GD2 was expressed by the majority of CD45- 
NCAM1+ cells (median positivity: 86% [range 56–96%]; 
mean fluorescence intensity (MFI): 7504 [range 2,701– 
10,013]) from all unmanipulated TH-MYCN tumors (n = 7), 
using the gating strategy shown in Fig. S2. To further char-
acterize the CD45-NCAM1+GD2+ cells and confirm their 
identity as neuroblastoma cells, we evaluated the expression 
of additional neuroblast markers (PGP9.5, Phox2b) and MSC 
markers (CD13 and CD73). While a moderate percentage 
(~16%) of these cells expressed both the additional neuroblast 
marker PGP9.5 and the MSC marker CD73, very few (<1%) 
expressed both CD73 and CD13, indicating few tumor- 
infiltrating MSCs and validating this population as overwhel-
mingly neuroblastoma cells. We next assessed GD2 expres-
sion on cell lines previously established and passaged from 
tumors arising in our TH-MYCN colony (using gating strat-
egy in Fig. S3A). Despite robust GD2 expression on primary 
tumor cells, tumor-derived cell lines uniformly had <5% GD2 
expression though they remained tumorigenic (data not 
shown). To assess for temporal variability in surface GD2 
levels, we passaged these TH-MYCN cell lines weekly, yet 
GD2 expression remained consistently low. We compared 
this with GD2 expression on human neuroblastoma cell 
lines (Fig. S3B). These latter cell lines retained stable and 
high GD2 expression despite having been passaged exten-
sively in tissue culture, with the exception of one outlier 
(NLF) with a stable lower frequency of GD2+ cells (Figure 
1a and Fig. S3C).

To reconcile these findings, we explanted four separate TH- 
MYCN primary tumors into tissue culture and serially exam-
ined the expression of GD2 over time from explant through 
outgrowth of a cell line. Nearly all CD45-NCAM1+ live neuro-
blasts expressed high levels of GD2 at the time of initiation of 
the culture (with a median of 95% GD2+ NCAM1+ CD45- live 
cells [range 93–99%]). However, the proportion of such tumor 
cells expressing GD2 subsequently decreased over time to 
<10% positive (Figure 1b). The kinetics of GD2 loss varied 
but all reached a stable low or absent level between 6 and 
24 weeks of propagation. Therefore, while human 
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neuroblastoma cells maintain GD2 expression while propa-
gated ex vivo, TH-MYCN-derived cell lines variably lose sur-
face GD2 expression after they are explanted to tissue culture 
conditions. Given the loss of GD2, we sought to validate that 
these TH-MYCN cell lines were indeed neuroblastoma cells 
and not an outgrowth of MSCs or another stromal cell popula-
tion. These cell lines generally remained tumorigenic and 
retained MycN expression and were absent CD13/CD73 dou-
ble-positive cells characteristic of MSCs (data not shown).29

TH-MYCN tumors possess an adrenergic-predominant 
state, whereas TH-MYCN tumor-derived cell lines possess 
a mesenchymal-predominant state

Human neuroblasts and cell lines have lineage plasticity and 
can trans-differentiate between an adrenergic (sympathetic) 
and mesenchymal (neural-crest-like) state.22,23 Since these epi-
genetic phenotypes associate with distinct transcriptional out-
puts, we determined the lineage state of TH-MYCN tumor cells 

using a consensus adrenergic marker, Phox2b, and a consensus 
mesenchymal marker, Yap1 by immunoblot, immunocytology, 
and/or immunohistochemistry.22,23 All TH-MYCN primary 
tumors expressed abundant Phox2b but were absent Yap1, 
supporting an adrenergic-predominant state (Figure (1c-d)) 
in association with their high GD2 expression. In contrast, all 
established TH-MYCN tumor-derived cell lines expressed 
abundant Yap1 and were absent Phox2b, consistent with 
a mesenchymal-predominant state (Figure (1c-d) and Fig. 
S4) in association with their low GD2 expression. We next 
studied TH-MYCN tumor explants at intermediate time-points 
in tissue culture. The nascent TH-MYCN cell lines 5144 and 
5195 both lost surface GD2 expression rapidly (Figure (1b)) 
and expressed mesenchymal markers even at early time-points 
(Figure (1c)). However, the two TH-MYCN cell lines with 
prolonged retention of GD2 expression were found to retain 
an adrenergic expression pattern (5150) or express markers of 
each lineage, including retained Phox2b (5213), when assessed 
at intermediate time-points. Overall, there was striking 

Figure 1. GD2 and lineage marker expression in TH-MYCN tumors, primary explants and cell lines, and human neuroblastoma cell lines. (a) TH-MYCN+/+ neuroblastomas 
(NB), previously established and propagated TH-MYCN+/+ and human NB cell lines were examined for surface GD2 expression by flow cytometry in single, live, CD45- 
cells, and NCAM1+ and CD56+ for mouse and human NBs, respectively. Cell lines were passaged for 3 weeks to assess GD2 stability. (b) Fresh TH-MYCN+/+ tumors were 
explanted and carried in tissue culture to monitor the GD2+ proportion of tumor cells over time ex vivo. (c) Immunoblot detection of a principal adrenergic marker, 
Phox2b, principal mesenchymal marker, Yap1, and β-tubulin loading control. IMR5 and SHEP are neuroblastoma cell lines with a predominantly adrenergic or 
mesenchymal lineage, respectively. TH-MYCN+/+ primary tumors are predominantly adrenergic marker expressing. TH-MYCN+/+ tumor-derived cell lines are largely 
mesenchymal marker expressing when propagated ex vivo (>3 months, 3000-series cell lines) whereas marker expression is heterogeneous during earlier passage ex 
vivo (5000-series cell lines). (d) Immunocytochemistry and immunohistochemistry to detect Phox2b and Yap1 from FFPE cell line pellets or primary tumors are shown, 
concordant with immunoblot results.
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concordance between GD2 expression and adrenergic lineage 
in the TH-MYCN models. Further, expression of B4galnt1, the 
terminal galactosaminyl-transferase in GD2 synthesis, was pre-
sent in TH-MYCN primary tumors (adrenergic state) but 
absent in TH-MYCN cell lines (mesenchymal state; Fig. S4B). 
To assess whether 5213 cells included tumor cells that co- 
expressed Phox2b and Yap1 or an admixture of both lineage 
states, we studied cell pellets by immunocytology, which 
showed a subpopulation of Phox2b expressing cells and 
a subpopulation of Yap1 expressing cells (Figure 1d). We 
next determined whether the tissue-culture adopted mesench-
ymal state could readily revert to the adrenergic state in situ, as 
human mesenchymal-predominant neuroblastoma cell lines 
do when re-implanted as tumor xenografts.22 We established 
Yap1+ TH-MYCN cell lines as allografts in the flank of syn-
geneic mice and then used immunohistochemistry to detect 
Phox2b and Yap1, demonstrating that they retained their 
mesenchymal status (Fig. S4C). In contrast, we processed 
a primary Phox2b+ TH-MYCN+/+ tumor as a single-cell sus-
pension that was allografted into the flank of a syngeneic TH- 
MYCN+/- recipient mouse, without any intervening tissue cul-
ture propagation. The allografted tumor retained expression of 
adrenergic lineage markers (Fig. S4D). These data support 
a lineage switch from adrenergic to mesenchymal state when 
TH-MYCN murine neuroblasts are cultured ex vivo leading to 
loss of GD2 expression, likely due to loss of adrenergic tran-
scriptional programs.

Treatment of TH-MYCN tumor-bearing mice with an 
anti-GD2 antibody induces tumor regression and 
extends survival

Since TH-MYCN neuroblasts retain high levels of GD2 expres-
sion in situ despite losing GD2 expression in tissue culture, we 
sought to determine the effect of treatment with an anti-GD2 
antibody.19 TH-MYCN mice (n = 15 per treatment arm) were 
randomly assigned to therapy with 14G2a (a murine anti-GD2 
antibody), an isotype-matched control antibody, or PBS 
(Figure 2a). Mice received their assigned treatment twice 
weekly from day of life 14–17 (~1–2 weeks after tumor initia-
tion, as identified by histologic audits) until they were sacri-
ficed for signs of morbidity from tumor progression (poor 
mobility, hunching, lethargy, weight loss, limb paralysis, neu-
rological changes, dermatitis, and rough hair coat), or until day 
100.30 All mice treated with an isotype-control antibody or PBS 
had progressive tumor growth and were euthanized while still 
receiving therapy (median survival time of 46 and 49 days, 
respectively; Figure 2b). In contrast, mice treated with 14G2a 
antibody had significantly extended survival (median survival 
time of 81 days; p < .001 compared with either control arm) 
with 7 mice completing assigned treatment through day 100, 
beyond which they continued to be observed for signs of tumor 
progression. 14G2a monotherapy led to objective tumor 
regression in 6 of the 15 mice (40%), and 4 of these mice 
(27%) had complete regression to palpation that was main-
tained until day of life 200.

TH-MYCN mice achieving durable tumor control 
following anti-GD2 therapy are not protected against 
re-challenge with syngeneic tumor

Four 14G2a-treated TH-MYCN+/+ mice appeared healthy with 
no palpable tumor at day 200 (100 days after therapy comple-
tion). To assess whether a memory T cell response had devel-
oped in these mice in response to neo-epitopes uncovered as 
a result of the antibody therapy or other immune changes 
evoked, we re-challenged them with a subcutaneous injection 
of a tumorigenic TH-MYCN-derived cell line (HOM2 cells). 
HOM2 cells had been serially passaged in vivo and demon-
strated a reduced latency to tumor take and partial retention of 
GD2 expression (in ~20% of cells). Tumor-free TH-MYCN+/- 

(n = 4) and TH-MYCN−/− (n = 4; wild-type) mice were con-
currently challenged. Tumorigenicity was 100% across all mice, 
with tumors established at a median of 11.5 and 9 days, respec-
tively, for TH-MYCN+/- and TH-MYCN−/− control mice and 
15 days in re-challenged TH-MYCN+/+ mice whose original 
autochthonous tumors had regressed with anti-GD2 therapy 
(Fig. S5A). Like other TH-MYCN cell lines, HOM2 cells pre-
dominantly express mesenchymal markers as do their estab-
lished allografted tumors (Fig. S5B).

Characteristics of tumor-infiltrating immune cells in 
TH-MYCN tumors

TH-MYCN tumors recruit an immunosuppressive microenviron-
ment similar to human neuroblastomas, with a reduction in 
cytolytic T cells and increase in TAMs, dendritic cells, and 
MDSCs.31–33 To determine the impact 14G2a antibody therapy 
had on the TME, we examined the overall frequencies of intratu-
moral leukocytes in tumors harvested at terminal timepoints 
among treatment arms. In addition, we sought to identify early 
immune changes at the time of tumor regression in 14G2a-treated 
mice (midpoint tumors), as some changes might lessen over time 
and some terminal timepoint mice completed therapy prior to 
being sacrificed. Given that mice were enrolled over a 3-month 
period, we viably froze aliquots of single-cell tumor suspensions 
before thawing, staining, and running the cells through a flow 
cytometer for TIL characterization to reduce batch effects. 
Viability tested prior to freezing and after thawing did not differ 
(Supplementary Table 1). It is possible that the freeze–thaw event 
contributed to changes in selective TIL populations or marker 
expression, yet this would apply across all samples.

Conventional T cell, invariant natural killer T (iNKT) cell, 
gamma-delta (γδ) T cell, dendritic cell, and NK cell frequen-
cies were not statistically different in 14G2a-treated tumors 
when compared with isotype-control antibody or PBS- 
treated tumors (Figure 2c). NK cells were more frequent in 
midpoint 14G2a-treated tumors when compared with PBS- 
treated terminal tumors (p = .05) but not isotype-control 
treated tumors (p = .19). There were reduced monocytic- 
MDSCs (M-MDSCs) in 14G2a-treated tumors compared 
with isotype-control antibody at both midpoint (p = .02) 
and terminal timepoints (trend, p = .08). Additionally, 
macrophages (TAMs) and granulocytic-MDSCs (G-MDSC) 
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were all present at reduced frequencies at both midpoint and 
terminal timepoints when compared with PBS treated but 
not isotype-treated tumors.

Since NK cells are postulated to be major effectors of the 
therapeutic response induced by GD2-directed antibody 
therapy,34,35 we examined their pattern of inhibitory and acti-
vating receptors and found a trend toward increased frequen-
cies of intratumoral NK cells expressing the inhibitory TGFβ 
receptor type 1 (TGFβR1) and Ly49A receptor (p = .06 and 
0.08, respectively), and a decrease in the activating Ly49H 
receptor (p = .01) in the 14G2a-treated group compared with 

isotype-treated controls. For Ly49H, these changes were also 
significant when compared with midpoint tumors and com-
pared with PBS-treated tumors (Figure 3a-b). There were no 
differences in the proportions of NK cells expressing NKG2D, 
NKG2A, or interleukin-15 receptor-α (IL-15Rα) among treat-
ment groups at terminal timepoints, although significantly less 
IL-15Rα expression was observed in midpoint tumor NK cells 
compared with isotype and 14G2a-treated terminal groups 
(Figure 3a). Cell surface expression of CD107a, a biomarker 
of cytotoxic degranulation, was also higher in iNKT and γδ 
T cells from 14G2a-treated tumors relative to the isotype- 

Figure 2. Experimental summary and survival of TH-MYCN+/+ mice and immune cells in the tumor microenvironment. (a) Transgenic TH-MYCN+/+mice were enrolled into 
3 treatment groups: PBS, 14G2a, and Isotype. Mice were treated with intraperitoneal (IP) injections twice weekly until death or significant morbidity, and then had 
tumors isolated in terminal surgeries. (b) Kaplan–Meier survival curve shown by treatment group. 4 mice living at day 200 in the 14G2a-treated group were censored for 
re-challenge with flank implantation of a TH-MYCN-derived neuroblastoma cell line. Log-rank (Mantel-Cox) test was used to compare survival curves with significance 
set as p < .05. (c) TH-MYCN+/+ neuroblastoma tumors were isolated from 14G2a midpoint (Mid), 14G2a terminal (Term), Isotype, and PBS treatment groups. Single cell 
suspensions of tumors were immunostained with fluorescent antibodies specific for markers of T, natural killer (NK), natural killer T (NKT), and gamma delta (γδ) T cells, 
in addition to markers for tumor associated macrophage (TAM), dendritic cells (DCs), granulocytic myeloid-derived suppressor cells (G-MDSCs) and monocytic myeloid- 
derived suppressor cells (M-MDSCs). Specified cell frequencies are reported as a percentage of single, live, CD45+ parent populations, by treatment group. Groups were 
compared with two-tailed Student’s t-test with significance set as p ≤ .05 (trend p ≤ .10).
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control group for both midpoint and terminal tumors 
(Figure 3d-e). Similarly, the expression of CD38 remained 
elevated in γδ T but not NKT cells in the 14G2a terminal 
groups. It has been suggested that ligation of CD38 may acti-
vate T and NK cells and be important for iNKT cell survival.36– 

38 Overall, while altered TAM and MDSC frequencies suggest 
that the balance of intratumoral immunosuppressive to effector 
cells may favor tumor control, NK cell expression of activation 

and inhibitory receptors are inversely altered, suggesting that 
tumor-infiltrating NK cells may be more immune tolerant than 
pro-inflammatory. Conversely, iNKT cells from 14G2a-treated 
tumors appear to have upregulated CD107a, but iNKT cell 
frequencies were not altered with treatment. Finally, to evalu-
ate for changes in mice responding to 14G2a-treatment, we 
evaluated the frequency of intratumoral NK and T cells in mice 
living ≥ vs. <81 days, the median survival in the 14G2a 

Figure 3. NK, NKT, and γδ T cell surface markers in the TH-MYCN+/+ TME. Cell surface protein expression from TH-MYCN+/+ neuroblastoma-derived natural killer (NK), 
invariant natural killer T (NKT), and gamma delta (γδ) T Cells from 14G2a midpoint (Mid), 14G2a terminal (Term), Isotype, and PBS groups. (a) NK Inhibitory receptor 
expression including transforming growth factor beta receptor-1 (TGFBR-1), interleukin-15 receptor-alpha (IL-15Rα), Ly49A, and NKG2A. (b) NK Activation receptor 
expression of Ly49H and NKG2D. (c-e) Expression of markers of cellular activation CD38 and CD107a are shown for NK, NKT, and γδ T cells. Two-tailed Student’s t-test 
performed to compare groups with significance set as p ≤ .05 (trend p ≤ .10).
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treatment group. We found that the mean T cell frequency in 
mice living ≥81 days was greater than that in mice living 
<81 days (22.73% vs 7.29%, p = .001) and NK-cell frequency 
was not significantly different in the mice “responding” to 
14G2a (0.77% vs 1.9%, p = .32; Fig. S6A). Furthermore, the 
frequency of intratumoral T cells, but not NK cells, was directly 
correlated with the length of survival (R2 = 0.64, p = .01; Fig. 
S6B), while the relationship between intratumoral T-cell fre-
quency and length of survival was not observed in isotype and 
PBS-treated controls (data not shown).

To further probe whether the changes noted in intratumoral 
NK cells reflected alterations in the susceptibility of neuroblasts to 
immune control, we examined neuroblast expression of ligands 
that regulate NK cell reactivity to putative targets, including NK 
cell activating ligands retinoic acid early-inducible protein 
1-gamma (Rae-1γ) and UL16 binding protein 1 (ULBP-1), and 
NK cell inhibiting ligands major histocompatibility class I (MHC- 
I) and latency-associated peptide (LAP; Figure 4a,d). We found 
that a lower proportion of 14G2a-treated neuroblasts expressed 
ULBP-1 relative to isotype control (p = .04), while there was no 
difference in expression of Rae-1γ. MHC-I expression was lower 
in 14G2a-treated mice at terminal timepoints relative to PBS 
control (trend, p = .06) but not isotype. The frequencies of LAP- 
expressing neuroblasts were lower in 14G2a-treated versus PBS- 
treated mice (p = .04), but not significantly different when com-
pared with isotype. NK cells are activated via binding of NKG2D 
to ULBP-1; therefore, the observed decreased expression of 
ULBP-1 in 14G2a-treated mice tumors may reflect 
a mechanism for neuroblast immune evasion under increased 
pressure with 14G2a treatment. CD8+ T cells recognize tumor 
antigens on MHC-I, and the trend toward decreased MHC-I 
expression in 14G2a-treated mice may reflect a well-described 
mechanism of T-cell immune evasion in neuroblastoma, although 
MHC downregulation would also allow for NK cell activation.39,40 

Collectively, these data highlight the complexities of interactions 
and alterations in the TH-MYCN neuroblastoma TME associated 
with anti-GD2 treatments.

Discussion

The use of models of cancer that faithfully recapitulate human 
disease has enabled the discovery and preclinical prioritization 
of novel therapies. Here, we credential the TH-MYCN trans-
genic mouse for neuroblastoma immunotherapy studies. TH- 
MYCN mice activate the principal oncogenic driver of neuro-
blastoma, MYCN, to initiate tumors at autochthonous sym-
pathoadrenal sites whose distinct cooperating mutations 
influence the immunoediting process. This in situ immunoedit-
ing results in the recapitulation of the genomic, microenviron-
mental, and immunologic heterogeneity that defines cancer. As 
such, the TH-MYCN model presents distinct advantages over 
syngeneic transplant models for investigating the activity of 
immunotherapies, such as dinutuximab. Although the model 
is well established, it has been underutilized as a platform to test 
GD2-directed therapies due to the pervasive impression that 
TH-MYCN tumor cells express insufficient surface GD2 to be 
targeted. Here, we show that tumors in situ express GD2 levels 
at high frequencies, and that this expression is therapeutically 
actionable. We observed a profound survival benefit with 14G2a 
therapy with near doubling of median survival time, 40% of 
mice had objective tumor regressions, and 30% had durable 
complete responses beyond 200 days. In addition, tumors aris-
ing in TH-MYCN+/- mice were recently shown to respond to 
14G2a therapy combined with cyclophosphamide, similar to 
findings in children with relapsed neuroblastoma in the COG 
ANBL1221 chemoimmunotherapy trial.7,19

Notably, 7 of 15 14G2a-treated mice in our trial lived with-
out morbidity beyond cessation of antibody administration 
at day 100, while none of the mice in the control groups 
survived beyond day 70. This finding prompted us to consider 
whether the mice with prolonged survival had gained immu-
nologic memory due to epitope-spreading resulting from anti- 
GD2 antibody therapy. This was tested in a re-challenge study 
in the four mice that lived past day 200. Yet, there was no 
decrease in tumorigenicity or significant change in time to 
tumor establishment among these groups. This observation 

Figure 4. Surface expression of NK ligands on TH-MYCN+/+ neuroblasts. Tumors from 14G2a midpoint (Mid), 14G2a terminal (Term), Isotype, and PBS-treated TH-MYCN 
+/+ mice were isolated. Single cell suspensions were immunostained and CD45-, GD2+, live cells were analyzed for cell surface expression of specified NK Ligands. (a-d) 
Retinoic acid early-inducible protein 1-γ (Rae1-γ), UL16 Binding Protein-1 (ULBP-1), Major Histocompatibility Complex Class I (MHC-I), and Latency Associated Peptide 
(LAP) expression on live, CD45-, GD2+ neuroblasts is shown. Bars show the mean and standard error of the mean. Groups were compared with Students t-test with 
significance set as p ≤ .05.
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suggests a lack of strongly protective anamnestic responses in 
the re-challenged mice, although we did not perform in-depth 
analyses to rule out more subtle memory responses to TH- 
MYCN neuroblast cell lines. It should be noted, however, that 
this finding is limited by the switch in lineage state in the cell 
line used for re-challenge, which restricts the interpretation of 
this finding to mesenchymal GD2-negative cell lines from TH- 
MYCN mice. Finally, we do not believe that the lack of GD2 
expression in this cell line would lead to loss of T cell-mediated 
protection, as GD2 is a disialoganglioside rather than a protein 
antigen to which conventional T cells could respond.

We also show that established TH-MYCN tumor-derived cell 
lines have markedly reduced GD2 expression in the absence of 
prior exposure to an anti-GD2 immunotherapy, confirming the 
findings of others.20,21 Importantly, TH-MYCN neuroblasts lose 
GD2 during the process of explanting the primary tumor and 
propagating as a cell line, such that serial syngeneic tumor 
allografts are unlikely to be useful for GD2-directed therapeutic 
studies, as shown previously.20,21 The majority of GD2 expres-
sion was lost in <8 weeks of propagation, suggesting the in situ 
TME provides a stimulus for GD2 expression, or that tissue 
culture conditions induce its loss. It has previously been shown 
that neuroblastomas exist in distinct epigenetic states that can 
interconvert.23 Indeed, we show that a change in lineage state 
with conversion from a predominantly adrenergic state to 
a mesenchymal state accompanies loss of GD2 from the tumor 
cell surface. This change in state has been genetically associated 
with NOTCH-family transcription factor signaling, loss of 
ARID1A expression, and with TNF-α and epidermal growth 
factor exposure in vitro.41–43 It has previously been suggested 
that GD2 is expressed more highly at cell–cell junctions and it is 
possible that disruption of these contacts and removal from the 
sympatho-adrenal location contribute to GD2 loss in tissue 
culture.44 Notably, the expression of GD2 synthases, in particu-
lar the B4GALNT1 enzyme that catalyzes the final step in synth-
esis, is confined to sympathoblasts (adrenergic) in single-cell 
RNAseq studies.45 Plausibly, GD2 is expressed as part of the 
transcriptional output of the adrenergic state and is lost as 
a consequence of the mesenchymal lineage change. Our finding 
that TH-MYCN-derived tumor cells can assume a mesenchymal 
state both in culture and in reestablished allografts may prove 
important. Emerging evidence suggests that adrenergic and 
mesenchymal states have profound differences in inflammatory 
signaling and immune susceptibility, and an immunocompetent 
model to study these states is lacking.46 However, these findings 
also support that allografts of TH-MYCN cell lines that have 
been engineered to re-express GD2 are unlikely to recapitulate 
the predominantly adrenergic state of primary tumors and may 
not be faithful models for GD2-directed immunotherapies.

Dinutuximab is purported to exert its antitumor effect 
via antibody-dependent cellular cytotoxicity (ADCC) as 
well as complement-dependent cytotoxicity.9 In our evalua-
tion of the TH-MYCN TME, we did not observe differences 
in intratumoral NK, T, and iNKT cell frequencies between 
14G2a and isotype-control groups at terminal timepoints 
but did observe an increase in NK cells at the time of 
response to 14G2a (midpoint tumors) compared with the 
PBS-treated group, and an association between T cell fre-
quency and survival length in the 14G2a-treated group. NK 

cells are known to transactivate iNKT cells, and we did 
observe an increase in CD107a expression in 14G2a- 
treated intratumoral iNKT cells.47 These findings suggest 
that the anti-GD2 antibody may result in downstream 
iNKT cell degranulation. Additionally, it has been shown 
that activated iNKT cells reshape the immunosuppressive 
TME through recognition and lysis or reprogramming of 
TAMs and MDSCs.48 It was therefore interesting to find 
that macrophage, M-MDSC, and G-MDSC populations 
were reduced in 14G2a-treated groups. As TAMs and 
MDSCs are known to provide critical support for neuro-
blastoma growth and are enriched in metastases, the 
reduced intratumoral frequency of these cells in the 14G2a- 
treatment group may represent a beneficial effect of 14G2a 
contributing to the prolonged survival seen in TH-MYCN 
mice.33,49–51 Our analyses of the TME was limited by rela-
tively small numbers of mice in each treatment group. 
However, significant findings including the decreased 
TAM and MDSC frequency in 14G2a-treated mice com-
pared with controls and an increase in T-cell infiltration in 
TH-MYCN tumors responding to 14G2a therapy provide 
useful preliminary data to guide future studies of this 
immunocompetent mouse model.

Intratumoral NK cells treated with 14G2a had lower 
expression of the activating receptor Ly49H and greater 
expression of inhibitory receptors TGFβ-R1 and Ly49A rela-
tive to the isotype control antibody cohort. We speculate 
that this finding indicates that the mice who eventually 
succumb to disease are ones in whom the 14G2a-induced 
immune pressure has diminished. This altered NK receptor 
profile following anti-GD2 antibody treatment provides 
potential opportunities for enhancing 14G2a-mediated effi-
cacy. For instance, binding of TGFβ to the increased TGFβ- 
R1 could diminish NK cell gamma interferon- γ (IFN-γ) 
production and ADCC, thereby contributing to 14G2a 
resistance.52 Use of TGFβ-R1 blockade with galunisertib 
has been used in vitro and in immunocompromised mice 
with improved efficacy of GD2-directed antibody therapy, 
but not in immunocompetent TH-MYCN mice.53

We also show that a lower frequency of TH-MYCN neuro-
blasts from 14G2a-treated mice expresses the NK cell activat-
ing ligand ULBP-1 than those from isotype-treated control 
mice. Conversely, a trend toward a larger proportion of neu-
roblasts expressed Rae-1γ in mice treated with 14G2a relative 
to the isotype control antibody, although this did not reach 
statistical significance. Percentages of neuroblasts expressing 
LAP and MHC-I were decreased in 14G2a-treated terminal 
tumors relative to PBS-treated terminal tumors. MHC-I 
downregulation, which is commonly found in human neuro-
blastoma at diagnosis, has previously been described as 
a mechanism for T cell immune evasion39. This finding in 
14G2a-treated tumors may represent a response to increased 
immunologic pressure although, as noted previously, 
decreased MHC-I expression also allows for NK 
activation.34 The downregulation of MHC-I in this mouse 
model may therefore reflect the TH-MYCN tumor immune 
evasion response to an increased frequency of T cells with 
prolonged survival seen in those treated with 14G2a 
(Fig. S6B).
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The TH-MYCN mouse model offers many advantages for 
the study of immune:tumor interactions although there are 
limitations including the low frequency of macrometastases.17 

Anti-GD2 therapies against neuroblastoma have been studied 
in orthotopic models of human cell lines or patient-derived 
xenografts established in immunodeficient mice.17,54,55 These 
studies showed promising results regarding the augmented 
cytotoxic effect of anti-GD2 immunotherapy in combination 
with soluble IL-15/IL-15Rα and GM-CSF or ex vivo activated 
human NK cells following tumor resection but are limited by 
their reduced immune repertoire and non-native TME.54,55 

A combination of complementary pre-clinical mouse models 
may provide an ideal approach to evaluate GD2-directed 
immunotherapies in neuroblastoma. Collectively, our findings 
support the utility of the TH-MYCN immunocompetent mouse 
for pre-clinical assessments of the efficacy of immunotherapies, 
including combination approaches that may synergize with 
GD2-targeted therapies. We also demonstrate the usefulness 
of the model for evaluating TME changes, which may inform 
future therapeutic approaches, though validating these findings 
using non-cryopreserved tumor suspensions across larger 
numbers is warranted given their translational relevance. 
Such pre-clinical assessments have potential for expediting 
the discovery of new treatment options for high-risk 
neuroblastoma.

List of abbreviations

ADCC Antibody-dependent cellular cytotoxicity
DCs Dendritic Cells
FBS Fetal bovine serum
γδ T cell Gamma delta T cell
G-MDSC Granulocytic myeloid-derived suppressor cells
HRNB High-risk neuroblastoma
IFN- γ Interferon- Gamma
IMDM Iscove’s modified Dulbecco’s Media
iNKT Invariant natural killer T cells
LAP Latency-associated peptide
MFI Mean fluorescence intensity
MHC Major histocompatibility complex
MDSC Myeloid-derived suppressor cells
M-MDSC Monocytic myeloid-derived suppressor cells
NK Cell Natural killer cell
NCAM1 Neural cell adhesion molecule-1
PBS Phosphate-buffered saline
TAM Tumor associated macrophage
TGFβR1 TGFβ receptor type 1
TH-MYCN Tyrosine Hydroxylase-MYCN
TME Tumor microenvironment
ULBP-1 UL16 binding protein 1
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