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ABSTRACT
Neuroblastoma is a childhood malignancy and in the majority of patients, the primary tumor arises in one 
of the adrenal glands. Neuroblastoma cells highly express the disialoganglioside GD2, which is the primary 
target for the development of neuroblastoma immunotherapy. Anti-GD2 mAbs have shown clinical 
efficacy and are integrated into standard treatment for high-risk neuroblastoma patients. We previously 
reported synergy between the HDAC inhibitor Vorinostat and anti-GD2 mAbs in a heterotopic, subcuta-
neous growing neuroblastoma model. Additionally, we have previously developed an orthotopic intra- 
adrenal neuroblastoma model showing more aggressive tumor growth. Here, we report that anti-GD2 
mAb and Vorinostat immunocombination therapy is even more effective in suppressing neuroblastoma 
growth in the aggressive orthotopic model, resulting in increased animal survival. Intra-adrenal tumors 
from mice treated with Vorinostat were highly infiltrated with myeloid cells, including macrophages, 
displaying increased MHCII and Fc-receptor expression. Collectively, these data provide a strong rationale 
for clinical testing of anti-GD2 mAbs with concomitant Vorinostat in neuroblastoma patients.
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Introduction

Neuroblastoma is the most common extra-cranial solid tumor 
in pediatric oncology accounting for 12% of cancer-related 
deaths in children younger than 15 y.1 Neuroblastoma arises 
from the aberrant growth of neural crest progenitor cells of the 
developing sympathetic nervous system. In approximately 65% 
of patients the primary tumor arises in one of the adrenal 
glands.2 Neuroblastoma cells uniformly and highly express 
the disialoganglioside GD2, a tumor-associated carbohydrate 
antigen. In healthy tissues, GD2 expression is weak and 
restricted to neurons, skin melanocytes, and peripheral pain 
fibers.2–4 The preferential expression of GD2 by neuroblastoma 
cells makes it an ideal target for immunotherapy.5

Therefore, GD2 has been the primary target for the devel-
opment of immunotherapeutic monoclonal antibodies 
(mAbs). Anti-GD2 mAbs effectively mediate lysis of neuro-
blastoma cells via antibody-dependent cell-mediated cytotoxi-
city (ADCC) as well as complement-dependent cytotoxicity.2 

Fc-receptor expressing immune cells have been implicated as 
the main effector cells in the clinical response following anti- 
GD2 mAb therapy.6,7 Anti-GD2 mAbs, including dinutuxi-
mab, proved to be safe and effective in clinical trials and are 
incorporated into standard of care for high-risk neuroblastoma 
patients.4 The standard treatment for high-risk neuroblastoma 
patients therefore now includes chemotherapy, surgical resec-
tion, high-dose chemotherapy with autologous hematopoietic 

stem cell transplantation, external beam radiotherapy, the dif-
ferentiating agent isotretinoin and immunotherapy with anti- 
GD2 mAbs plus cytokines.8,9 Although the prognosis of high- 
risk neuroblastoma patients has improved over the last dec-
ades, the long-term survival still remains poor.10

The immunosuppressive tumor microenvironment ham-
pers immune cell function and limits the success of cancer 
(immuno)therapies.11 Neuroblastomas are highly infiltrated 
with suppressive myeloid cells, including tumor-associated 
macrophages, which are associated with an adverse 
prognosis.12 Counteracting the immunosuppressive microen-
vironment is an important step in improving cancer immu-
notherapy. Epigenetic modifying drugs can cause tumor cells 
to re-express or release otherwise downregulated antigens, 
thereby enabling enhanced detection of tumor cells by the 
immune system. Preclinical studies have shown that epigenetic 
modifying drugs are able to modulate the immunosuppressive 
tumor microenvironment by reducing suppressive immune 
cells, such as myeloid-derived suppressor cells (MDSCs), or 
impairing suppressive functions of regulatory T cells.13,14 

Therefore, epigenetic regulators are promising therapeutic tar-
gets also in neuroblastoma. Histone deacetylases (HDAC) are 
a group of epigenetic modifiers that remove acetyl groups from 
histone and non-histone proteins and HDAC inhibitors were 
shown to induce cell cycle arrest and differentiation in neuro-
blastoma and other cancers.15–17 Preclinical data have demon-
strated the efficacy of various HDAC inhibitors as single-agent 
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anticancer therapeutics, but the greatest effects were observed 
when HDAC inhibitors are used in combination with other 
therapies.13,18 We have recently reported that the pan-HDAC 
inhibitor Vorinostat synergized with anti-GD2 mAb therapy in 
a subcutaneous transplantable TH-MYCN neuroblastoma 
model.13,19 This model closely resembles high-risk human 
neuroblastoma, including endogenous expression of the 
tumor-associated antigen GD2.19 Vorinostat enhanced GD2 
expression by the neuroblastoma cells and synergized with 
anti-GD2 mAb therapy in reducing neuroblastoma growth. 
Vorinostat created a more permissive tumor microenviron-
ment for tumor-directed mAb therapy, by increasing the num-
ber of potential effector cells expressing high levels of Fc- 
receptors.13,20

Orthotopic models are known to better simulate clinical 
disease compared to heterotopic models, by the better reflec-
tion of tumor biology and tumor microenvironment. We 
recently developed an orthotopic transplantable TH-MYCN 
neuroblastoma model, by injecting MYCN transgenic 9464D 
neuroblastoma cells intra-adrenally using microsurgery in 
C57Bl/6 mice.21 Intra-adrenal neuroblastomas grow faster 
and more aggressively compared to their subcutaneous coun-
terparts. Furthermore, intra-adrenal neuroblastoma exhibited 
a more immunosuppressive tumor microenvironment, as 
tumor-infiltrating macrophages were highly abundant and 
expressed lower levels of MHCII.21

In this study, we investigated whether the combination of 
anti-GD2 mAb and HDAC inhibitor Vorinostat would be 
effective in the more aggressive orthotopic model of neuro-
blastoma. We could demonstrate that immunocombination 
therapy is highly effective in suppressing aggressive orthotopic 
neuroblastoma growth, resulting in increased survival of mice. 
We were able to confirm that Vorinostat treatment altered the 
immune composition of orthotopic tumors, inducing a strong 
increase in the percentage of total leukocytes. Specifically, 
tumor-infiltrating myeloid cells were affected by Vorinostat 
treatment, as shown by an increase in the percentage of F4/ 
80high macrophages, CD11chighMHCIIhigh dendritic cells and 
Ly6ChighLy6Gneg monocytes. Overall, myeloid cells displayed 
a more activated phenotype with significantly higher expres-
sion of the activation markers MHCII and FcRγI after 
Vorinostat treatment. Collectively, these data imply further 
testing of epigenetic modulators with immunotherapy in gen-
eral and confirm a strong rationale for clinical testing of anti- 
GD2 mAbs and Vorinostat immunocombination therapy in 
neuroblastoma patients specifically.

Materials and methods

Animals and cell lines

Six- to eight-week-old female C57Bl/6 J wild-type mice were 
purchased from Charles River (Sulzfeld, Germany). B6(Cg)- 
Tyrc−2J/J were purchased from The Jackson Laboratory (Bar 
Harbor, ME). These mice carry a mutation in the tyrosinase 
gene, resulting in the absence of pigment. Animals were held 
under specified pathogen-free conditions in the Central 
Animal Laboratory (Nijmegen, the Netherlands) and ad libi-
tum access to food and water. All experiments were performed 

according to the guidelines for animal care of the Nijmegen 
Animal Experiments Committee. The transgenic cell line 
9464D was derived from spontaneous tumors from TH- 
MYCN transgenic mice on C57Bl/6 background and was 
a kind gift from Dr. Orentas (National Institutes of Health, 
Bethesda, MD). 9464D-luc cells were generated as described 
previously and were cultured in Dulbecco’s modified Eagle’s 
medium – GlutaMAX (Gibco) containing 10% Fetal Bovine 
Serum (FBS, Greiner Bio-One), 1% non-essential amino acids 
(Gibco), 1% antibiotic–antimytotic (Gibco), 50 μM β- 
mercaptoethanol (Sigma Aldrich) and 1 mg/ml G418 
(Gibco).21

Intra-adrenal injection of 9464D-luc cells

For intra-adrenal tumor growth, 1 × 106 9464D-luc cells were 
injected intra-adrenally. Viability of tumor cells before injec-
tion exceeded 95% as was determined by trypan blue staining. 
For intra-adrenal injections, microsurgery was performed by 
a skilled biotechnician. Institutional protocols and guidelines 
were adhered to for the delivery of anesthesia and analgesia. 
Briefly, a dorsal incision was made right lateral to the spinal 
cord, and the retroperitoneum was accessed. The kidney and 
adrenal gland were located, and using a 0.3-ml Becton 
Dickinson (BD) Micro-Fine™ needle, 1 × 106 9464D-luc cells 
were injected in a volume of 30 μl phosphate-buffered saline 
(PBS) into the adrenal gland. Using sutures, the retroperito-
neum and skin were closed. Within 7 d, sutures could be 
removed and wounds were fully healed without any signs of 
inflammation.

Monitoring tumor growth by bioluminescence

Tumor growth of 9464D-luc tumors at adrenal sites was mon-
itored over time using bioluminescence. The dorsal skin of the 
mice was shaved before each measurement. Mice were injected 
intraperitoneally (i.p.) with 150 μg D-Luciferin (PerkinElmer, 
MA) in 200 μl PBS and anaesthetized using isoflurane. Ten 
minutes after injection of D-Luciferin, mice were imaged using 
an in vivo imaging system (IVIS) Lumina (Xenogen, Almeda, 
CA) camera by taking consecutive 1 s to 2 min imaging frames.

Anti-GD2 mAb and Vorinostat treatment in vivo

All mice were randomized just before treatment initiation. 
Anti-GD2 mAb or isotype control treatment started on day 3 
following tumor inoculation by i.p. injection of 200 µg mAb 
and was repeated twice weekly. Vorinostat was purchased from 
SelleckChem (Houston, TX). For in vivo use, Vorinostat was 
dissolved to a final concentration of 50 mg/ml in DMSO/PBS 
(2:1). Vorinostat treatment started on day 7 following tumor 
inoculation by injecting 150 mg/kg Vorinostat or vehicle con-
trol i.p. for 3 consecutive days and was repeated every week. To 
study the effect of anti-GD2 mAb, Vorinostat or combination 
therapy on intra-adrenal neuroblastoma growth and subse-
quent tumor microenvironment analysis, the treatment sche-
dule was repeated for 4 weeks (end point at day 37). When 
mice reached the humane end point earlier, tumors were 
excised and weighted. To study tumor growth and survival in 
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B6(Cg)-Tyrc−2J/J mice, the same schedule was used for a total 
of 8 weeks (treatment ceased at day 57). The researcher was not 
blinded to treatment groups during the experiments.

Reagents and antibodies

Purified anti-CD16/CD32 (2.42 G), anti-CD45.2-biotin (104), 
anti-CD45.2-FITC (104), anti-CD11c-APC (HL3), anti-Ly6C- 
APCCy7 (AL-21) and PE-conjugated goat anti-mouse Ig were 
purchased from BD Biosciences (BD Pharmingen). Anti- 
CD11b-A700 (M1/70), anti-F4/80-PECy7 (BM8), anti-MHCII- 
PerCP (M5/114.15.2), anti-CD64-PE (X54-5/7.1), anti-CD16 
/CD32-APC (93), anti-MHCII-biotin (M5/114.15.2), anti- 
CD64-biotin (X54-5/7.1), anti-Ly6G-PECy7 (1A8), anti-CD4- 
PerCP (RM4-5) and streptavidin-PerCP were purchased from 
Biolegend (San Diego, CA). Anti-F4/80-biotin (BM8), anti- 
CD25-APC (PC61.5), anti-FoxP3-PECy7 (FJK-16s) and anti- 
MHCII-PE (M5/114.15.2) were obtained from eBioscience 
(San Diego, CA). Anti-CD8-A700 (53–6.7) was purchased 
from Exbio (Czech Republic). Goat anti-rat Alexa Fluor 555 
was obtained from Invitrogen (Carlsbad, CA). Donkey anti- 
goat HRP was obtained from Santa Cruz Biotechnology (Santa 
Cruz, CA). Mouse anti-GD2 antibody (clone 14G2a) was pur-
ified from a hybridoma cell line (obtained from Dr. Reisfeld, 
Scripps, La Jolla, CA).22 Total mouse IgG control Ab was 
obtained from Jackson Immunoresearch (West Grove, PA).

Generation of single-cell suspensions of tumors

Tumors were excised at the end of the experiment and 
mechanically dissociated and enzymatically digested with 
1 mg/mL collagenase Type III (Worthington) and 30 µg/mL 
DNAse type I (Roche) for 1 h at 37 °C. EDTA was added to 
a final concentration of 1 mM and single-cell suspensions were 
made by passing the tumor fragments over 100 µm cell 
strainers.

Antibodies and flow cytometry

After single-cell suspensions were made, cells were incubated 
for 10 min with PBA containing anti-CD16/CD32 Fc-receptor 
blocking antibody (2.42 G), after which cells were incubated 
with fluorescent antibodies directed against surface molecules 
for 30 min at 4°C. Samples were not blocked when Fc-receptor 
expression was determined. Cells were washed twice with PBA 
and measured on a CyAn ADP flow cytometer (Beckman 
Coulter, Fullerton, CA) and data were analyzed using FlowJo 
software (Tree Star Inc., Ashland, OR). 

Immunohistochemistry

Frozen tumor tissues were sectioned into 5 µm sections. Cryo- 
sections were fixed with acetone at 4°C for 10 min. Sections 
were air-dried and subsequently hydrated by in PBS for 5 min 
at room temperature. Endogenous peroxidase activity was 
quenched with 0,3% H2O2 in methanol for 10 min at room 
temperature. Anti-CD45.2-biotin, anti-F4/80-biotin, anti- 
MHCII-biotin, anti-CD64-biotin and purified anti-CD16 
/CD32 were diluted in primary antibody diluent (Bio-Rad) 

and incubated on the tissue for 45 min at 37°C. Sections were 
washed, and the sections that were incubated with the purified 
anti-CD16/CD32 were subsequently incubated with Goat anti- 
Rat Alexa Fluor 555 for 45 min at 37°C, subsequently washed 
and incubated HRP-conjugated donkey anti-goat for 45 min at 
37°C. Sections were washed and the antibody was detected 
using the ABC Vectastain kit and DAB, 3,3ʹ- 
Diaminobenzidine (Vector Laboratories, Burlingame, CA). 
We performed counterstaining with Hematoxylin (DAKO, 
Agilent, Santa Clara, CA), dehydrated the sections and 
mounted with Histochoice mounting media (VWR 
International) and a coverslip. Images were acquired with 
a Axioimager D2 microscope (Carl Zeiss GmbH, 
Oberkochen, Germany) at 10x magnification.

Statistics

Comparisons between multiple groups were made using one- 
way analysis of variance (ANOVA) followed by Bonferroni’s 
correction. Kaplan-Meier survival curves were analyzed with 
a log-rank test using Prism 5 software (GraphPad Inc, La Jolla, 
CA, USA). P-values <0.05 were considered statistically signifi-
cant (p < .05 *, p < .01 **).

Results

Anti-GD2 mAb and Vorinostat also suppress intra-adrenal 
neuroblastoma growth

Orthotopic neuroblastomas in the adrenal gland grow faster 
compared to their subcutaneous counterparts and exhibit 
a more immunosuppressive phenotype.21 Previously, we 
reported that anti-GD2 mAb and Vorinostat therapy, initiated 
at day 8 and day 14, respectively, synergized in the treatment of 
a subcutaneous neuroblastoma model.13 These data prompted 
us to investigate the effect of anti-GD2 mAbs and Vorinostat 
immunocombination therapy in the more aggressive orthoto-
pic intra-adrenal neuroblastoma model. Mice bearing intra- 
adrenal luciferase-expressing 9464D neuroblastomas were 
treated with anti-GD2 mAbs, Vorinostat or the combination 
of both. During therapy, tumor growth was monitored using 
bioluminescent imaging. Because of the aggressive intra- 
adrenal neuroblastoma growth, treatment was initiated earlier 
compared to the subcutaneous model. Anti-GD2 mAb therapy 
was initiated on day 3 following tumor inoculation and was 
repeated twice weekly for four weeks. Vorinostat treatment was 
started on day 7 and consisted of daily i.p. injections (150 mg/ 
kg) administered for 3 consecutive days and this treatment 
schedule was repeated weekly for four weeks (Figure 1a). 
Bioluminescent imaging showed that anti-GD2 mAb treatment 
alone had minimal impact on tumor growth relative to isotype 
control, whereas Vorinostat monotherapy and in combination 
with anti-GD2 mAbs reduced tumor growth compared to the 
vehicle control (Suppl. Figure S1).

At day 37 or earlier, mice were sacrificed and tumor weight 
was determined. Tumor weights in the Vorinostat treated 
group were significantly lower compared to the isotype group 
(Figure 1b). Combination therapy with anti-GD2 mAbs and 
Vorinostat significantly reduced tumor weight relative to anti- 
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GD2 mAb therapy alone and isotype control (Figure 1b). 
Strikingly, in the combination treatment group, 5 out of 6 
mice did not have a visible tumor and the adrenal gland weight 
was determined (Figure 1b). These initial results demonstrated 
that the combination of anti-GD2 mAbs and Vorinostat dra-
matically reduced tumor growth in the highly aggressive ortho-
topic neuroblastoma model.

Vorinostat alters the tumor microenvironment 
composition

Next to tumor weight measurements, we assessed the presence and 
phenotype of immune cells in the tumor microenvironment of 
these neuroblastoma tumors following the different treatments by 
flow cytometry using the gating strategy outlined in Suppl. Figure 
2. Since mice in the anti-GD2 mAb with Vorinostat combination 
treatment group had barely any tumor present, we could not 
include these tumors in the analysis. Tumors from mice treated 
with Vorinostat contained significantly more immune cells, as 
defined by the leukocyte marker CD45.2 (Figure 2a). The percen-
tage of myeloid cells, as defined by CD11b, was not different 
between the treatment modalities (Figure 2b). Analysis of the 
tumor-infiltrating myeloid cells showed a significant increase in 
the percentage of F4/80high macrophages as well as 
CD11chighMHCIIhigh dendritic cells upon Vorinostat treatment 
(Figure 2c,d). The markers Ly6C and Ly6G were used to define 
monocytes and neutrophils, respectively. The percentage of 
Ly6ChighLy6Gneg monocytes was enhanced, whereas the 

percentage of Ly6CdimLy6Ghigh neutrophils was decreased in 
Vorinostat treated tumors (Figure 2e,f). The Ly6ChighLy6Gneg 

monocytes detected upon Vorinostat treatment expressed signifi-
cantly higher levels of MHCII, highly indicative of 
a immunostimulatory rather than an MDSC immunosuppressive 
phenotype (Figure 2g). No significant differences were observed in 
T cell infiltration (Figure 2h). NK and B cells are scarcely present in 
the neuroblastoma microenvironment and unaltered by treatment 
(data not shown).

Overall, myeloid cells in the Vorinostat treated tumors treated 
displayed a more activated phenotype with significantly higher 
expression of the activation markers MHCII and FcRγI (Figure 2i, 
j). FcRγII/III expression was slightly increased on the tumor- 
infiltrating myeloid cells (Figure 2k). Next, we analyzed the expres-
sion of GD2 in the treated intra-adrenal growing tumors. In line 
with our findings in subcutaneous growing tumors, Vorinostat 
treatment enhanced expression of the tumor antigen GD2 (Figure 
2l). These results indicate that Vorinostat especially increases the 
presence and alters the phenotype of myeloid cells in neuroblas-
tomas and creates a more immune permissive tumor microenvir-
onment for mAb directed therapy.

Next, we investigated the spatial distribution of tumor- 
infiltrating immune cells by immunohistochemistry. 
Macrophage activation markers MHCII, FcRγI and FcRγII/III 
were included and stainings were performed on consecutive sec-
tions. Using CD45.2 and F4/80 staining, we observed numerous 
tumor-infiltrating leukocytes and macrophages in the neuroblas-
toma microenvironment, respectively. Macrophages infiltrated the 

Figure 1. Immunocombination therapy using anti-GD2 mAb and Vorinostat dramatically reduces intra-adrenal neuroblastoma tumor weight. (a) Diagram shows the 
treatment schedule for immunocombination therapy using anti-GD2 mAb and Vorinostat. Mice were inoculated intra-adrenally with 1 × 106 9464D-luc cells on day 0. 
Anti-GD2 mAb therapy (200 μg per injection, i.p.) was initiated on day 3 and repeated two times per week. Vorinostat therapy (150 mg/kg) was initiated on day 7 and 
given for 3 consecutive days and this scheme was repeated weekly for four weeks. Tumor growth was monitored using bioluminescent imaging. (b) Left; picture of 
tumors that were excised at day 37. Right; tumor weight was recorded from the excised tumors at day 37 or when mice were sacrificed earlier (Isotype n = 5, anti-GD2 
mAb n = 6, Vorinostat n = 6, anti-GD2 mAb + Vorinostat n = 6).
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Figure 2. Vorinostat treated tumors are highly infiltrated with leukocytes, expressing high levels of MHCII and Fc-receptors. Mice bearing intra-adrenal 9464D tumors 
were treated with isotype, anti-GD2 mAb or Vorinostat according to schedule of Figure 1a. At day 37 tumors were excised and single-cell suspension were made of 
available tumors. (a-f) Bar graphs show mean percentages ± SD of tumor-infiltrating CD45.2+ immune cells (a), CD11b+ myeloid cells (b), F4/80high macrophages (c), 
CD11chighMHCIIhigh dendritic cells (d), Ly6ChighLy6Gneg monocytes (e) and Ly6CdimLy6Ghigh granulocytes (f). (g) Bar graphs show mean fluorescent intensity (MFI) ± SD of 
MHCII on Ly6GnegLy6Chigh monocytes. (h) Bar graphs show mean percentages ± SD of tumor-infiltrating CD8+ T cells, CD4+ T cells and CD25+FoxP3+ regulatory T cells. 
(i-k) Bar graphs show MFI ± SD with representative histogram of MHCII (i), FcRγI (j) and FcRγII/III (k) on CD11b+ myeloid cells. (l) Bar graphs show mean MFI ± SD of GD2 
on single cells. (Isotype n = 2, anti-GD2 mAb n = 4, Vorinostat n = 3–4).
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neuroblastoma as diffusely scattered cells. In the Vorinostat treated 
mice, we observed more densely infiltrated areas with high accu-
mulation of leukocytes and macrophages (Figure 3a,b). 
Furthermore, macrophages in Vorinostat treated tumors 
expressed high levels of MHCII and Fc-receptors (Figure 3c-e). 
Altogether, the immunohistochemical analysis matches the 
immune cell infiltration and marker expression as shown by flow 
cytometry.

Anti-GD2 mAb plus Vorinostat combination therapy 
enhances survival

The black fur and pigment of C57Bl/6 mice can signifi-
cantly block the luminescent signal coming from the 
tumor. Therefore, the tumor growth experiment described 

above was repeated using C57Bl/6 albino mice that lack 
pigmentation in fur. Treatment schedule in these mice 
was similar as the wildtype C57Bl/6 mice, although treat-
ment was continued for eight weeks (Figure 4a). The 
combination of anti-GD2 mAb with Vorinostat therapy 
resulted in a strong reduction of tumor growth (Figure 
4b). After the treatment was ceased at day 57, the mean 
tumor volume in the combination treatment group started 
to increase (Figure 4b). Although tumors ultimately 
relapsed, the combination treatment significantly 
increased the median survival from 37 d to 65 d (Figure 
4c). In conclusion, these data show that the combination 
of anti-GD2 mAb-based immunotherapy and Vorinostat 
results in a strong suppression of tumor growth and 
improved survival in this aggressive orthotopic neuroblas-
toma model.

Figure 3. Immunohistochemical detection of CD45.2, F4/80, MHCII, FcRγI and FcRγII/III positive cells in neuroblastoma tumor sections. Mice bearing intra-adrenal 9464D 
tumors were treated with isotype, anti-GD2 mAb or Vorinostat according to schedule of Figure 1a. At day 37 tumors were excised and available tumors were snap 
frozen. Immunohistochemistry staining for CD45.2 (a), F4/80 (b), MHCII (c), FcRγI (d) and FcRγII/III (e) in two representative isotype control and Vorinostat treated mice.
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Discussion

In this study, we report that anti-GD2 mAb and Vorinostat 
immunocombination therapy elicits a strong anti-tumor effect 
in a highly aggressive orthotopic intra-adrenal neuroblastoma 
mouse model. Vorinostat monotherapy significantly reduced 
intra-adrenal tumor weight. Strikingly, 5 out of 6 mice treated 
with the combination therapy of anti-GD2 mAb and 
Vorinostat barely had any tumor present in the adrenal 
gland. We confirmed that Vorinostat treatment has 
a profound effect on the neuroblastoma microenvironment 
which contained significantly more immune cells. Specifically, 
tumor-infiltrating myeloid cells were affected by Vorinostat 
treatment, as shown by an increase in the percentage of F4/ 
80high macrophages, CD11chighMHCIIhigh dendritic cells and 
Ly6ChighLy6Gneg monocytes, and a decrease in the abundance 
of Ly6CdimLy6Ghigh neutrophils. Overall, myeloid cells dis-
played a more activated phenotype with significantly higher 
expression of the activation markers MHCII and FcRγI after 
Vorinostat treatment. No significant differences were observed 
in T cell, B cell and NK cell infiltration in the neuroblastoma 
microenvironment following therapy. Using albino C57Bl/6 
mice and luciferase reporting neuroblastoma cells, we demon-
strated that combination treatment strongly reduced tumor 
growth and significantly increased survival. The fact that we 
observed remarkable anti-tumor activity in the aggressive 
tumor model is encouraging. Orthotopic models better reflect 
the complex organ-specific aspects of tumor biology as well as 
the tumor microenvironment.23 The latter is of high impor-
tance, as the local tumor microenvironment can influence 
tumor biology and progression, as well as immune responses 
to cancer upon therapy.

In this study, using the highly aggressive intra-adrenal neu-
roblastoma model, anti-GD2 mAb therapy was initiated on day 
3 following tumor inoculation which is earlier compared to the 

subcutaneous model where mAb therapy was initiated on day 
8. This treatment regimen was chosen as the intra-adrenal 
neuroblastomas grow faster compared to their subcutaneous 
counterparts. However, in both studies, treatment was initiated 
with anti-GD2 mAbs followed by Vorinostat therapy as studies 
suggested that immune activation preceding HDAC inhibitor 
therapy results in better immune cell survival and function.24

Tumor-infiltrating macrophages are more abundant in 
intra-adrenal neuroblastomas and show a more immunosup-
pressed phenotype with lower MHCII expression levels com-
pared to their subcutaneous equivalents.21 Converting these 
large amounts of pro-tumoral macrophages into cells capable 
of performing anti-GD2 mAb mediated ADCC could explain 
the highly effective anti-tumor effect observed. Furthermore, 
the percentage of Ly6ChighLy6Gneg monocytes was enhanced 
upon Vorinostat treatment, whereas the abundance of 
Ly6CdimLy6Ghigh cells decreased. Monocytic MDSCs and poly-
morphonuclear MDSCs are also identified by the expression of 
Ly6C and Ly6G, respectively, and discrimination of these 
MDSCs subsets from bonafide monocytes and neutrophils is 
challenging.25 The Ly6ChighLy6Gneg monocytes detected in the 
Vorinostat treated tumors expressed significantly higher levels 
of MHCII, highly indicative of an inflammatory monocyte 
phenotype with immunostimulatory properties rather than 
a phenotype corresponding to MDSC. Functional characteriza-
tion would be essential to further validate these findings. 
Although our study suggests that Fc-receptor expressing mye-
loid cells are the main effector cells in the efficacy of Vorinostat 
plus anti-GD2 mAb therapy, we cannot exclude that other Fc- 
receptor expressing cells, such as NK cells, also participate. We 
previously reported that NK cells are involved in the natural 
immune response against 9464D tumors.19 Whether Fc- 
receptor expression on NK cells is altered upon Vorinostat 
treatment and affects treatment outcome remains to be 

Figure 4. Combined treatment with anti-GD2 mAbs and Vorinostat increases survival of intra-adrenal tumor-bearing C57Bl/6 albino mice. (a) Diagram shows the 
treatment schedule for immunocombination therapy using anti-GD2 mAb and Vorinostat. C57Bl/6 albino mice were inoculated intra-adrenally with 1 × 106 9464D-luc 
cells on day 0. Anti-GD2 mAb therapy was initiated on day 3 and repeated two times per week. Vorinostat therapy was initiated on day 7 and given for 3 consecutive 
days and this scheme was repeated weekly for eight weeks (until day 57), where after treatment was stopped. Tumor growth was monitored using bioluminescent 
imaging. (b) Intra-adrenal neuroblastoma tumor growth was monitored twice weekly using bioluminescence. Quantification of the bioluminescent count represents 
tumor growth. Arrows indicate start and end of treatment regimen. Mean tumor volumes of each treatment group are depicted (# p < .05 for anti-GD2 vs. Vorinostat + 
anti-GD2 mAb) (* p < .05 for Vorinostat vs. Vorinostat + anti-GD2 mAb). (c) Kaplan-meier curves show survival percentages of mice inoculated intra-adrenally with 
9464D-luc cells receiving isotype, anti-GD2 mAb, Vorinostat or anti-GD2 mAb + Vorinostat treatment (n = 6 per group, one mouse in the isotype group was excluded 
from the analysis due to a water kidney).
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elucidated, preferentially by detecting Fc-receptor protein 
expression using flow cytometry.

Although our results suggest that the combination therapy 
is more effective in the orthotopic intra-adrenal neuroblastoma 
model, we cannot directly compare the subcutaneous with the 
orthotopic model, as we did not perform a comparative study. 
Nevertheless, based on our previous work in the subcutaneous 
model, tumors in mice from the combination therapy group 
started to appear and grow out at day 45,13 while in the more 
aggressively orthotopic model there is still no tumor detected 
at this time point. Even though the combination of anti-GD2 
mAb with Vorinostat therapy resulted in a synergistic reduc-
tion of tumor growth, tumors ultimately relapsed when treat-
ment was ceased. It is plausible that the combination therapy 
besides direct cytotoxic effect also exerts cytostatic effects 
which could be responsible for the immediate outgrowth of 
tumor cells after discontinuation of therapy. As alternative 
explanation, neuroblastoma cells that are still residing within 
the adrenal gland could be present in a dormant state or have 
downregulated the tumor antigen GD2. This latter explanation 
seems less likely as GD2 expression is rarely lost after treatment 
with anti-GD2 mAb.26,27 The presence of resistant neuroblas-
toma cells in this model, a well-known clinical problem, allows 
for further studies into the mechanisms of tumor therapy 
evasion in the future.

Tumor-associated macrophages often have net pro-tumor 
effects,28 but their embedded location and plasticity provides 
a rationale for therapeutic strategies to turn them into anti- 
tumor immune cells. Interestingly, a selective class IIa HDAC 
inhibitor, TMP195, was shown to modulate macrophage phe-
notype and induced recruitment and differentiation of highly 
phagocytic and stimulatory macrophages within tumors. 
Thereby, TMP195 reduced tumor growth and pulmonary 
metastases in a preclinical breast cancer model.29 Further 
research is needed to unravel the precise mechanisms under-
lying macrophage reprogramming and recruitment after 
HDAC inhibition. Furthermore, it would be interesting to 
study the effect of class or isotype selective HDAC inhibitors, 
to prevent potential side-effects of the pan-HDAC inhibitors.

Fc-receptor expressing immune effector cells are highly 
important for the clinical response following tumor-directed 
mAb therapy, including anti-GD2 mAb therapy. Anti-GD2 
mAb alone did not significantly alter the tumor microenviron-
ment nor inhibited tumor growth. This is in line with observa-
tions in neuroblastoma patients, where there is a need to 
activate the immune system with cytokines, including IL-2 
and GM-CSF, to obtain effective anti-GD2 therapy.9 The com-
bination with Vorinostat may, similarly to cytokines, enable 
activation of the immune system and thereby work synergisti-
cally with the anti-GD2 mAb therapy. Besides its targeting 
efficacy to direct immune-mediated killing, GD2 is also an 
ideal target for tumor-selective delivery of radioisotopes or 
immune stimuli. Interestingly, anti-GD2 mAb conjugates, 
like anti-GD2 mAb coupled to IL-2, have been generated and 
show clinical efficacy.30 Nevertheless, a major side effect is 
pain, thought to be a consequence of complement activation, 
which remains a clinical burden.9,31 There are efforts to opti-
mize the efficacy of anti-GD2 mAb-based (combination) thera-
pies while reducing its side effects, for example, by using CAR 

T cells or carbohydrate-based vaccines.32,33 Also, it has been 
suggested that O-acetyl-GD2 is specifically expressed on neu-
roblastoma cells, but not on peripheral nerves.34 The used 
14G2a anti-GD2 mAb in this study recognizes both GD2 and 
the O-acetylated form of GD2. Therefore, anti-O-acetyl-GD2 
antibodies might show higher tumor specificity and less 
adverse effects.

In summary, we have demonstrated that the combination of 
anti-GD2 mAbs and Vorinostat is highly effective in an ortho-
topic neuroblastoma mouse model. The combination not only 
demonstrated a significant growth inhibition but also signifi-
cantly increased the survival of these mice. These results are 
encouraging, given that orthotopic models are more clinically 
relevant and better predictive of clinical drug efficacy than 
heterotopic models. Our findings underscore the potential 
clinical benefit of HDAC inhibition to reprogram the tumor 
microenvironment for subsequent improved response to 
immunotherapy. Importantly, anti-GD2 mAbs and 
Vorinostat are FDA approved and both are already clinically 
used in pediatric oncology. Our study therefore not only pro-
vides a strong rationale but the results may also be readily 
translated into clinical testing of anti-GD2 mAbs and 
Vorinostat immunocombination therapy in neuroblastoma 
patients.
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