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Abstract

Given that natural killer (NK; CD3 — CD56 +) cells-mediated antibody-dependent cell cytotoxicity (ADCC) plays an impor-
tant role in targeting neuroblastoma (NB) cells, adoptive cell therapy (ACT) utilizing expanded and activated haploidentical
NK cells has emerged as a promising immunotherapeutic approach in pediatric patients with high-risk NB. In this pilot
study, five pediatric patients with high-risk NB were enrolled. After harvesting hematopoietic progenitor cells (HPCs),
patients received an intravenous infusion of high-activity iodine-131 (*'T)-meta-iodobenzylguanidine (**!I-MIBG). Seven
days after the '*'I-MIBG infusion and before the delivery of a single infusion of haploidentical purified NK cells, patients
were administered a preparative regimen to establish a lymphodepleted host environment conducive to improved donor NK
cell survival. Four days after the NK cell infusion, patients underwent the conditioning regimen, then received autologous
hematopoietic stem cell transplantation (AHSCT). All patients achieved successful neutrophil and platelet engraftment. No
adverse reactions were noted during or after the infusion of NK cells. Our study shows that incorporating NK cell infusion
before AHSCT as a component of the conditioning regimen for consolidative therapy in pediatric patients with high-risk
NB can be safe and well tolerated. IRCT Registration Number: IRCT20140818018842N32.
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Introduction

Neuroblastoma (NB) is the most common extracranial
solid tumor in childhood that arises from the neural
crest during embryogenesis [1]. It is quite heterogene-
ous at clinical presentation, with approximately 50% of
the patients classified as having high-risk diseases via the
International Neuroblastoma Risk Group (INRG) staging
system [2]. For high-risk NB, major international coopera-
tive groups (German Pediatric Oncology and Hematology
Society (GPOH), Children’s Oncology Group (COG), and
the International Society of Pediatric Oncology (SIOP))
use intensive multimodal approaches, including induction
with multiagent chemotherapy and surgical resection, con-
solidation with radiation therapy, myeloablative chemo-
therapy followed by autologous hematopoietic stem cell
transplantation (AHSCT), treatment of minimal residual
disease (MRD) with retinoids, and immunotherapy using
a tumor-specific anti-disialoganglioside (GD2) antibody,
granulocyte—macrophage colony-stimulating factor (GM-
CSF), and interleukin (IL)-2 (IL-2) [3].

Additionally, patients with diagnostic iodine-123
(l23I)-meta-iodobenzylguanidine ('?*I-MIBG) avid tumors
may receive iodine-131 (!*'T)-MIBG targeted radiation
therapy before AHSCT as consolidation treatment [4].
However, the outcome is particularly dismal, with long-
term progression-free survival (PFS) of up to 50-60%,
highlighting the need for novel approaches [5].

The incorporation of anti-GD2 antibody as MRD treat-
ment following AHSCT for high-risk NB has emerged as
the standard of care, resulting in a remarkable improve-
ment in event-free survival (EFS) by 20% [6]. The effec-
tiveness of anti-GD2 monoclonal antibodies is influenced
by natural killer (NK; CD3-CD56 +) cell-mediated anti-
body-dependent cell cytotoxicity (ADCC), which is facili-
tated by GM-CSF and IL-2.

NK cells, as immune effector cells, are a heterogene-
ous group of lymphocytes belonging to the innate immune
system, with different maturation statuses and functional
specificities [7]. They are presumed to be key effectors in
the immunosurveillance of cancers and viral infections
by integrating multiple signals of activating and inhibi-
tory killer cell immunoglobulin-like receptors (KIR;
also known as CD158), which bind to specific ligands
expressed on tumor and virus-infected cells [2].

NK cells can target and lyse tumor cells lacking human
leukocyte antigen (HLA)-class I molecules, which repre-
sent ligands of killer inhibitory receptors. Together with
the presence of different ligands for activating receptors
such as NKG2D, NK cell-mediated ADCC contributes to
the killing of NB cells [8, 9]. NKG2D is a multi-subunit
activation receptor. Unlike normal cells, where NKG2D

@ Springer

ligands are expressed transiently, many primary tumors
persistently express NKG2D ligands. Nevertheless, the
prolonged interaction of NKG2D with tumor cell-bound
ligands impairs NKG2D function both in vitro and in vivo
[10].

IL-2 may not be the optimal cytokine for activating NK
cells because of its potential to enhance the proliferation of
regulatory T cells (Tregs), which could diminish NK cell
antitumor efficacy [11]. On the other hand, NB is consid-
ered a poorly immunogenic tumor (cold tumor) due to low/
absent HLA-class I expression, downregulation of molecules
that activate T and NK cells, secretion of immunomodu-
latory cytokines, release of exosomes containing immune
suppressive molecules, and secretion of immunomodulatory
cytokines (e.g., IL-10 and transforming growth factor-f1
(TGF-B1)) [12—14]. Nevertheless, the presence of tumor-
infiltrating lymphocytes (TILs), comprising T cells and NK
cells (constituting up to approximately 30% of TILs), has
been demonstrated in NB in several studies [15, 16].

Given the factors mentioned earlier, it may be essential
to explore alternative approaches to enhance NK cell cyto-
toxicity against neuroblasts to address the high relapse rate
following this treatment. Innovative transplant approaches
involving the selection of the most appropriate hematopoi-
etic stem cell (HSC) donor within an allogeneic context are
under investigation. This selection may involve alloreactive
NK cell subsets that lack inhibitory KIRs specific to the
HLA-I alleles of the recipient, as observed in procedures
such as HLA-haploidentical hematopoietic stem cell trans-
plantation (HSCT) [17].

Consequently, adoptive cell therapy (ACT) utilizing
expanded and activated haploidentical NK cells has emerged
as a promising immunotherapeutic approach for pediatric
patients with high-risk NB. The objective of this study was
to evaluate the safety, feasibility, and possible efficacy of
haploidentical NK cell ACT to eradicate MRD throughout
the consolidation treatment phase before AHSCT.

Patients and methods
Study design, definitions, and endpoints

This prospective phase I/II study was conducted at the
Research Institute for Oncology, Hematology, and Cell Ther-
apy (RIOHCT), affiliated with Tehran University of Medi-
cal Sciences (TUMS), Tehran, Iran after receiving approval
from the institutional review board. Between August 2022
and September 2023, five pediatric patients (age <21 years)
with newly diagnosed high-risk NB, who were candidates
for their first AHSCT as consolidation treatment, were
included in this study. High-risk NB was defined using the
INRG staging system, MYCN status, patient age, and other
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biological features in a schema identical to that used by the
COG [4, 18, 19].

All patients had adequate organ function and were catego-
rized as complete response/remission (CR) or very good par-
tial response (VGPR) according to the International Neuro-
blastoma Response Criteria INRC, A Consensus Statement
from the National Cancer Institute Clinical Trials Planning
Meeting) after completion of the induction phase chemo-
therapy evaluated by bone marrow morphology (bilateral
routine staining of bone marrow), computed tomography
(CT), magnetic resonance imaging (MRI), and/or MIBG
scans. Patients were excluded from '*'I-MIBG therapy if
the MIBG uptake at diagnosis was negative.

All donors and the parents or legal guardians of the
patients provided written informed consent before pro-
ceeding with the trial, authorizing the use of their data for
research purposes in accordance with the Declaration of
Helsinki. No individual data were reported, and all authors
were committed to protecting the privacy of the patients and
donors recruited in this study.

The main goal of this study was to assess the safety and
feasibility of the adoptive transfer of haploidentical donor
NK cells to patients with high-risk NB. The secondary
objective was to investigate preliminary efficacy signals,
particularly PFS, after the administration of alloreactive
haploidentical NK cells in conjunction with AHSCT.

Autologous hematopoietic progenitor cell collection
and processing

All patients received peripheral blood as the source of autol-
ogous hematopoietic progenitor cells (HPCs). To mobilize
HPCs, granulocyte colony-stimulating factor (G-CSF) was
administered at a daily dose of 10 pg/kg body weight for four
days. Peripheral blood leukapheresis was performed when
the absolute peripheral CD34 + count was at least 20/pL to
collect a minimum of 2 x 10® CD34 + cells/kg. Adequate
products were obtained from all five patients. The unpurged
HPC product was cryopreserved according to standard insti-
tutional operating procedures.

1311.MIBG therapy

After harvesting HPCs, patients received an intravenous
infusion of high-activity (8.8—14.2 mCi/kg) '*'I-MIBG in a
radiation-protected isolation room until radiation emissions
met institutional regulations. Concurrent implementation
of thyroid protection with potassium iodide and potassium
perchlorate, and a Foley catheter for bladder protection were
also considered.

The required organ function parameters at the time
of B'I-MIBG administration included an absolute neu-
trophil count (ANC) of >0.5x 10°/L, a platelet count

of >20x 10%/L, total bilirubin levels below twice the upper
limit of normal, alanine aminotransferase (ALT) levels less
than five times the upper limit of normal, a glomerular fil-
tration rate (GFR) or creatinine clearance exceeding 60 mL/
min/1.73 m?, and the absence of clinically significant cardiac
dysfunction or infection.

Haploidentical NK cell collection, processing,
and infusion

Eligible donors were HLA-haploidentical parents who met
the standard criteria for cell donation, according to the
guidelines of the Foundation for the Accreditation of Cel-
lular Therapy (FACT)/National Marrow Donor Program
(NMDP). On day -20, approximately 50 ml of whole blood
was collected via intravenous blood sampling. Peripheral
blood mononuclear cells (PBMCs) were isolated, and NK
cells were expanded under good manufacturing practice
(GMP) conditions. CD3 + T cell-depleted PBMCs were
expanded at a seeding density of 2 x 10° cells/mL in ex-vivo
10 media with 5% albumin, 2 x 10% irradiated autologous
PBMC:s (25 Gy), 10 ng/mL anti-CD3 monoclonal antibody
(OKT3; Orthoclone, USA), and 500 IU/mL of MACS GMP
recombinant human IL-2 (Miltenyi Biotec, USA). OKT3
was added once at the start of expansion to stimulate the
T cell population in the irradiated feeder cells. NK cells
received fresh media with 500 IU/mL of IL-2 every 2-3
days to maintain cellular concentration at 1-2 x 10° until
harvesting on day -10.

Following expansion in culture, the cells were harvested,
and NK cell purity was assessed by flow cytometry (CD3-/
CD56 +). To assess the functional status of NK cells,
intracellular flow cytometry (interferon (IFN)-y), CD107a
degranulation (Biolegend-USA), and lactate dehydroge-
nase (LDH) release assays (Sigma-Germany) against K562
(IBRC-Iran) were used as targets. The cells were washed
using the Sepax System (Biosafe, Eysins, Switzerland)
and suspended in 100 ml Plasma-Lyte supplemented with
0.5% human serum albumin. All NK cell products met the
release criteria, including negative Gram staining, endotoxin
assay < 5 EU/kg patient weight, absence of mycoplasma con-
tamination, and visual inspection showing no contamination
with a cell viability of > 80%. Regarding product quality, the
median purity was 85.6 +£3.6% (CD3-CD56+) with minimal
CD3+T cell contamination of < 5%.

To establish a lymphodepleted host environment condu-
cive to improved donor NK cell survival, patients received
cyclophosphamide (60 mg/kg on days -13 and -12) 7 days
after receiving a high-activity '*'I-MIBG infusion and
before the delivery of haploidentical purified NK cells. A
single infusion of haploidentical purified NK cells (1 x 10/
kg CD56 + cells of patient body weight), expanded over
10 days of collection, was provided on day -10 without
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cryopreservation and via intravenous drip over 1 h employ-
ing a'Y infusion set with a filterless chamber. The premedi-
cation included chlorpheniramine and diphenhydramine.

Autologous hematopoietic stem cell transplantation
and conditioning

The conditioning regimen prior to the reinfusion of autol-
ogous HPCs, which consisted of intravenous busulfan
(Bu, administered at a weight- and age-adjusted dose of
0.8-1.2 mg/kg every 6 h from days -6 to -3), followed by
melphalan (Mel, 70 mg/m?/day for patients weighing > 10 kg
or 2.3 mg/kg/day for patients weighing < 10 kg, given intra-
venously on days -2 and -1), was initiated 4 days after the
NK cell infusion. Autologous HPC infusion with a median
dose of 4.7 x 10% CD34 + cells/kg (recipient body weight)
was given the day after completing chemotherapy (day 0).
Subsequently, all patients were administered weight-adjusted
G-CSF (filgrastim, 5 pg/kg daily), starting on day +5 post-
AHSCT and continued until neutrophil recovery.
According to our institutional transplant protocol, patients
were administered levetiracetam as seizure prophylaxis
during Bu conditioning. Veno-occlusive disease (VOD)
prophylaxis was provided through oral ursodeoxycholic acid
(UDCA). Infection prophylaxis included antiviral (aciclo-
vir), antifungal (fluconazole), and trimethoprim-sulfameth-
oxazole (TMP-SMX) for coverage of Pneumocystis jiroveci.
Following recovery from the transplant, the patients
underwent radiotherapy targeting the primary tumor site.
Subsequently, they received maintenance therapy with reti-
noids (cis-retinoic acid) at a dose of 160 mg/m?/day for 14
consecutive days every 4 weeks for 9—12 months. This treat-
ment regimen aims to enhance patient outcomes and reduce
the risk of cancer recurrence. Retinoids have shown prom-
ise in reducing the risk of cancer recurrence in high-risk

NB patients after high-dose chemotherapy and stem cell
transplantation. Figure 1 summarizes the overall treatment
schema used in this study.

Toxicity monitoring and response evaluation

Neutrophil recovery was defined as the 1st day of 3 consecu-
tive days with an ANC >0.5x 10°/L, and platelet recovery
was defined as the 1st day of 7 consecutive days with a plate-
let count >20 x 10°/L without transfusion. Hematological
and non-hematological adverse events were graded accord-
ing to the Common Terminology Criteria for Adverse Events
(CTCAE) version 4.03. NK cell infusion-related immedi-
ate adverse reactions were defined as adverse reactions that
developed from the initiation of NK cell infusion to 6 h after
the completion of infusion.

Responses were determined by MIBG scintigraphy and
CT imaging scans every 6 months for up to 2 years, and
defined using response criteria developed by the INRC

group.

Results
Patient characteristics

Five pediatric patients with high-risk NB and a strong affin-
ity for 3'I-MIBG were enrolled in the study. Upon enter-
ing the trial, four of the five participants were identified
as being in CR at the time of their post-induction chemo-
therapy evaluation. Notably, none of the patients received
radiation therapy during the initial induction chemotherapy
course. One individual exhibited amplification of the MYCN
oncogene, whereas two patients were diagnosed with NB at
age < 18 months. The baseline characteristics of the patients

SIMIBG NK cell infusion AHSCT
therapy Mel | [ Mel
| | | l —
Days --------
21 -20 -13 -12 -10 -6 2 -1 0 Maintenance
+/- XRT

b !

HPCs harvest NK cell harvest

Lymphodepletion: Cyclophosphamide; 60 mg/kg/daily on days —13 and —12
Bu: Busulfan (0.8-1.2 mg/kg, intravenously every 6 hours over days —6 to —3)

Haploidentical m m

11
00

Mel: Melphalan (70 mg/m?*/dose for patients > 10 kg or 2.3 mg/kg/dose for patients < 10 kg daily, intravenously on days -2 to —1)

Maintenance: Retinoid +/- Anti-GD2 therapy
XRT: Radiotherapy

Fig. 1 Time diagram of treatment schema
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and treatment details are summarized in Tables 1 and 2,
respectively.

Hematologic and non-hematologic toxicity

All patients successfully achieved neutrophil and platelet
engraftment before day 30 after HPCs infusion. The AHSCT
conditioning regimen led to febrile neutropenia that was
effectively resolved with broad-spectrum antibiotics and
antifungal agents, with no deaths linked to the treatment
protocol. After the reinfusion of HPCs, one patient expe-
rienced engraftment syndrome characterized by skin rash,
fever, and diarrhea, which responded positively to a low dose
of steroids. Importantly, no adverse reactions were noted
during or after infusion of NK cells and MIBG treatment. No
patient developed acute graft-versus-host disease (GVHD).

Response and survival

Six months after AHSCT, all patients demonstrated a CR
based on MIBG scintigraphy and CT imaging, according
to the INRC. All patients were prescribed cis-retinoic acid
starting on day + 90 post-transplant, combined with radio-
therapy. However, due to the limited availability of the anti-
GD?2 antibody, only one patient received it, subsequently
developing pancytopenia after completing the second cycle
of anti-GD2 antibody therapy. Bone marrow aspiration

Table 1 Patients’ baseline characteristics

confirmed a diagnosis of acute myeloid leukemia (AML)
with normal cytogenetic analysis. This AML development
was likely secondary to the cumulative genotoxic effects of
prior therapies, including '*'I-MIBG and alkylating agents,
both recognized contributors to therapy-related myeloid
neoplasms (t-MN). Despite the prompt initiation of induc-
tion chemotherapy, the patient exhibited refractory disease
and ultimately died. The only patient who experienced dis-
ease progression at the primary adrenal site and in the bone
marrow 12 months post-transplant (UPN NB-01) did not
respond to salvage chemotherapy and subsequently died.
The three other patients are alive and progression-free at
their last follow-up (Table 3).

Discussion

Given that NK cell-mediated ADCC plays an important role
in targeting NB cells, several studies are currently exploring
the feasibility and safety of combining adoptively transferred
ex vivo-expanded autologous or allogeneic NK cells with
anti-GD2 antibody therapy to enhance treatment responses
[19-21]. However, despite these efforts, no significant clini-
cal advantages have been observed with ACT for the treat-
ment of this aggressive tumor [22].

This study demonstrated the potential of incorporating
ex vivo-expanded and activated haploidentical NK cells into

UPN Sex Age at Dx Age at AHSCT MYCN status Stage at Dx Relapse Disease status prior Time from Dx to
(years) (years) to AHSCT AHSCT (months)

NB-01 F 3 4 NA v No CR 13

NB-02 M <1 2 NA v No CR 18

NB-03 F 5 5 A v No CR 9

NB-04 M 5 NA v No CR 10

NB-05 M <1 2 NA v No VGPR 14

A, amplified; AHSCT, Autologous hematopoietic stem cell transplantation; CR, complete response; Dx, diagnosis; F, female; M, male; NA,
non-amplified; UPN, unique patient number; VGPR, very good partial response

Table 2 Treatment details of patients

UPN Total dose of  Dose of Conditioning regi- CD34 +cell NK cells NK cell dose ~ Post-AHSCT maintenance
BIL.MIBG BII.MIBG men for AHSCT dose (X 106/kg) donor relation (X 106/kg)
(mCi/kg)

NB-01 210 11 Bu+ Mel 5 Father 1 Retinoids

NB-02 97 8.8 Bu+ Mel 5.42 Father 1 Retinoids

NB-03 180 10.2 Bu+ Mel 32 Father 1 Retinoids + Anti GD2
NB-04 200 14.2 Bu+ Mel 4.6 Father 1 Retinoids

NB-05 168 12 Bu+ Mel 5.29 Father 1 Retinoids

AHSCT, Autologous hematopoietic stem cell transplantation; Bu, busulfan; 1311-MIBG, 131I-meta-iodobenzylguanidine; Mel, melphalan; NK,

natural killer; UPN, unique patient number
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Table 3 Treatment outcomes of

. UPN  Neutrophil Platelet Grade 3 to 4 adverse events Final outcome
patients engraftment engraftment — - -
(days) (days) Mucositis (grade) Febrile Sepsis VOD ES

neutrope-

nia
NB-01 9 11 +(I) + - - —  Death/Relapse
NB-02 10 13 +(1I) + - - — Alive/CR
NB-03 10 14 +1I) + - - —  Death/AML
NB-04 10 10 +(I1II) + - - + Alive/CR
NB-05 9 11 + (IID) + - - — Alive/CR

AML: acute myeloid leukemia; CR, complete response; ES, engraftment syndrome; UPN, unique patient
number; VOD, veno-occlusive disease

the consolidation treatment phase before AHSCT. By target-
ing the MRD in patients with high-risk NB, this innovative
approach may significantly enhance the efficacy of pretrans-
plant conditioning regimens. Indeed, this study is the first to
integrate the adoptive transfer of NK cells before transplan-
tation. These findings open new possibilities for improving
outcomes in patients with high-risk NB and highlight the
promising role of NK cells in the field of cancer treatment.

Importantly, as infusion of donor NK cells into a leuko-
penic setting has extensively been shown to support in vivo
NK cell expansion [23, 24], to establish a lymphodepleted
host environment consistent with improved donor NK cell
survival, patients received a high-dose cyclophosphamide-
based chemotherapy regimen known for its anti-NB activity,
immediately before NK cell infusion.

Talleur et al. reported the results of a phase II trial in
which the adoptive transfer of parental haploidentical NK
cells was integrated into consolidation therapy comprising
a Bu/Mel conditioning regimen, AHSCT, and experimen-
tal immunotherapy involving hul4.18K322A (a humanized
anti-GD2 monoclonal antibody), GM-CSF, and IL-2 for
high-risk NB patients. Their study concluded that toxicities
were comparable between patients who received NK cells
and those who did not [19]. Similarly, no adverse reac-
tions were observed during or after NK cell infusion in our
patients.

Another study by Federico et al. was conducted in
patients with recurrent or refractory NB, and no compli-
cations were observed during NK cell administration. The
overall objective response rate was 61.5% (8 of 13 patients)
with a CR/VGPR rate of 38.5% (5 of 13 patients) [25]. In
contrast to our study, unmanipulated haploidentical NK cells
have also been used following AHSCT with subcutaneous
IL-2 and daily intravenous GM-CSF in newly diagnosed NB,
demonstrating increased NK cell cytotoxicity throughout the
treatment period compared to the diagnosis [26].

A significant contributing factor to the recurrence and
metastasis of NB tumors is the presence of cancer stem
cells (CSCs) within the tumor. These cells are typically
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resistant to chemotherapy. However, the presence of NK
cell-activating receptor ligands on CSCs makes them
potential targets for NK cell-based immunotherapy. There-
fore, focusing on CSCs may offer a novel and important
avenue for the future development of NK cell-based immu-
notherapies [27-30].

In this context, a promising therapeutic approach that has
gained attention for stimulating NK cell-mediated antitu-
mor responses involves plasmacytoid dendritic cells (pDCs).
These specialized dendritic cells play a role in both innate
and adaptive immune responses and are recognized for their
production of substantial amounts of type I IFNs, cytokines,
and chemokines, all of which are closely linked to enhancing
NK cell cytolytic activity, exhibiting the potential of pDCs
to enhance immune responses against tumors [31, 32]. Cord-
eau et al. illustrated that pDC-mediated NK cell activation,
combined with anti-GD2 treatment, heightened the cytotox-
icity of NK cells against NB cells. This interaction results in
increased surface expression of tumor necrosis factor-related
apoptosis-inducing ligand (TRAIL), increased expression of
Fas ligand (FAS-L) and CD69 (a classical marker of T cell
activation) in CD56dim cytotoxic cells, and the promotion
of robust IFN-y production [11]. These findings highlight
the therapeutic potential of activated pDCs in high-risk NB
patients.

The hypoxic tumor microenvironment is another obstacle
for invading immune cells, resulting in immune suppression.
The presence of tumor-associated macrophages (TAMs) can
inhibit T cell responses, cause T cell apoptosis via Fas—Fas
ligand interactions, activate myeloid-derived suppressor
cells (MDSCs), and stimulate Tregs, thereby suppressing
the active immune response [33, 34]. Furthermore, NB cells
express high levels of gangliosides, including GD2, which
contribute significantly to an immunosuppressive microen-
vironment [35].

A recent study revealed that metastatic NB exhibits
greater infiltration of TAMs than locoregional tumors [36].
Given the complexity of NB tumor microenvironment, the
development of innovative immunotherapeutic approaches
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appears to be a fundamental aspect of future directions in
NB treatment [37].

Natural Killer T cells (NKTs; CD3 + CD56 +) are innate-
like lymphocytes that exhibit features of both NK and T
cells. NKTs are divided into type I, known as invariant
NKTs (iNKTs), and type II NKTs. The presence of iNKTs
within a tumor or in the bloodstream has been linked to
enhanced survival and decreased progression of various
cancers including NB. Adoptive transfer of iNKTs could
potentially play a therapeutic and complementary role in NB
by targeting TAMs and boosting or restoring the cytotoxicity
of NK and T cells [38].

The involvement of NK cells in GVHD development
remains a topic of debate. Various studies have explored the
adoptive transfer of haploidentical NK cells following lym-
phodepleting preparative regimens in a non-HSCT setting
and have noted graft-versus-tumor (GVT) effects, transient
expansion of NK cells, and no evidence of GvHD occur-
rence [39-41]. To mitigate the risks of GvHD and B-cell
lymphoproliferative disease, we used highly purified NK
cells with minimal T- or B-cell contamination.

Although the number of infused NK cells plays a crucial
role in their persistence after infusion, the optimal dose or
timing of NK infusion has not been definitively established
[42]. Studies have shown that administration of a large num-
ber of ex vivo-expanded and highly activated NK cells is
safe, feasible, and effective in maintaining the effector arm
of the host immune response [43]. It is important to high-
light that in the present study, NK cells were used to target
the remaining NB cells before AHSCT, with the long-term
persistence of NK cells not being the main focus of this
study.

Conclusion

Our study showed that incorporating NK cell infusion before
AHSCT as a component of the conditioning regimen for
consolidative therapy in pediatric patients with high-risk NB
can be safe and well tolerated. However, in this pilot study,
the efficacy of allogeneic NK cells in eliminating residual
disease could not be definitively determined.

Acknowledgements We are grateful to our coworkers for their contri-
bution to the clinical management of the patients.

Author contributions T.R., Mo.A. (Mohammad Ahmadvand), and
A Ki. conceptualized the study. T.R., A.Ka., M.R.R., and A.Ki. organ-
ized the study. Mo.A. conducted NK cell collection and processing.
B.C. and M.R.S.N. performed flow cytometry assessments and molec-
ular tests. T.R., Mj.A. (Mojtaba Azari), and Mr.A. (Morteza Azari)
wrote the manuscript. T.R., A.Ki., R.A., and G.J. reviewed and revised
the whole manuscript. All authors agreed on all aspects of the work and
approved the final version of the manuscript.

Funding This work was supported by the Research Institute for Oncol-
ogy, Hematology and Cell Therapy (RIOHCT) at Tehran University
of Medical Sciences (TUMS), Tehran, Iran (Grant No.1400-1-107—
51527, issued on 03.16.2021).

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

Declarations
Conflict of interest The authors declare no competing interests.

Ethics approval This study was performed in line with the principles of
the Declaration of Helsinki. Approval was granted by the Committee
on Medical Ethics of the Research Institute for Oncology, Hematol-
ogy, and Cell Therapy (RIOHCT), affiliated with Tehran University
of Medical Sciences (TUMS), Tehran, Iran (IR.TUMS.HORCSCT.
REC.1400.003).

Consent to participate Written informed consent was obtained from all
the donors and the parents or legal guardians of the patients.

Open Access This article is licensed under a Creative Commons
Attribution-NonCommercial-NoDerivatives 4.0 International License,
which permits any non-commercial use, sharing, distribution and repro-
duction in any medium or format, as long as you give appropriate credit
to the original author(s) and the source, provide a link to the Creative
Commons licence, and indicate if you modified the licensed material.
You do not have permission under this licence to share adapted material
derived from this article or parts of it. The images or other third party
material in this article are included in the article’s Creative Commons
licence, unless indicated otherwise in a credit line to the material. If
material is not included in the article’s Creative Commons licence and
your intended use is not permitted by statutory regulation or exceeds
the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this licence, visit http://creativeco
mmons.org/licenses/by-nc-nd/4.0/.

References

1. Johnsen JI, Dyberg C, Wickstrom M (2019) Neuroblastoma: a
neural crest derived embryonal malignancy. Front Mol Neurosci
12:9. https://doi.org/10.3389/fnmol.2019.00009

2. Morandi F, Sabatini F, Podesta M, Airoldi I (2021) Immunothera-
peutic strategies for neuroblastoma: present, past and future. Vac-
cines 9(1):43. https://doi.org/10.3390/vaccines9010043

3. FengJ, Cheng FW, Leung AW, Lee V, Yeung EW, Lam HC et al
(2020) Upfront consolidation treatment with 1311-mIbG followed
by myeloablative chemotherapy and hematopoietic stem cell
transplantation in high-risk neuroblastoma. Pediatric Investiga-
tion 4(03):168-177. https://doi.org/10.1002/ped4.12216

4. Seitz CM, Flaadt T, Mezger M, Lang A-M, Michaelis S, Katz M
et al (2021) Immunomonitoring of stage IV relapsed neuroblas-
toma patients undergoing haploidentical hematopoietic stem cell
transplantation and subsequent GD2 (ch14. 18/CHO) antibody
treatment. Front Immunol 12:690467. https://doi.org/10.3389/
fimmu.2021.690467

5. Pinto NR, Applebaum MA, Volchenboum SL, Matthay KK,
London WB, Ambros PF et al (2015) Advances in risk classifi-
cation and treatment strategies for neuroblastoma. J Clin Oncol
33(27):3008. https://doi.org/10.1200/JC0O.2014.59.4648

6. Yu AL, Gilman AL, Ozkaynak MF, London WB, Kreissman
SG, Chen HX et al (2010) Anti-GD2 antibody with GM-CSF,

@ Springer


http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://doi.org/10.3389/fnmol.2019.00009
https://doi.org/10.3390/vaccines9010043
https://doi.org/10.1002/ped4.12216
https://doi.org/10.3389/fimmu.2021.690467
https://doi.org/10.3389/fimmu.2021.690467
https://doi.org/10.1200/JCO.2014.59.4648

160 Page8of9

Cancer Immunology, Immunotherapy (2025) 74:160

10.

12.

13.

14.

15.

16.

17.

18.

19.

interleukin-2, and isotretinoin for neuroblastoma. N Engl J Med
363(14):1324-1334. https://doi.org/10.1056/NEJM0a0911123
Guillerey C, Huntington ND, Smyth MJ (2016) Targeting
natural killer cells in cancer immunotherapy. Nat Immunol
17(9):1025-1036. https://doi.org/10.1038/ni.3518

Castriconi R, Dondero A, Corrias MV, Lanino E, Pende D,
Moretta L et al (2004) Natural killer cell-mediated killing of
freshly isolated neuroblastoma cells: critical role of DNAX
accessory molecule-1—-poliovirus receptor interaction. Can
Res 64(24):9180-9184. https://doi.org/10.1158/0008-5472.
CAN-04-2682

Castriconi R, Dondero A, Augugliaro R, Cantoni C, Carnemolla
B, Sementa AR et al (2004) Identification of 4Ig-B7-H3 as
a neuroblastoma-associated molecule that exerts a protec-
tive role from an NK cell-mediated lysis. Proc Natl Acad Sci
101(34):12640-12645. https://doi.org/10.1073/pnas.04050
25101

Coudert JD, Scarpellino L, Gros F, Vivier E, Held W (2008)
Sustained NKG2D engagement induces cross-tolerance of mul-
tiple distinct NK cell activation pathways. Blood. J American
Society Hematol 111(7):3571-3578. https://doi.org/10.1182/
blood-2007-07-100057

. Cordeau M, Belounis A, Lelaidier M, Cordeiro P, Sartelet H,

Herblot S et al (2016) Efficient killing of high risk neuroblas-
toma using natural killer cells activated by plasmacytoid dendritic
cells. PLoS ONE 11(10):e0164401. https://doi.org/10.1371/journ
al.pone.0164401

Marimpietri D, Petretto A, Raffaghello L, Pezzolo A, Gagliani
C, Tacchetti C et al (2013) Proteome profiling of neuroblastoma-
derived exosomes reveal the expression of proteins potentially
involved in tumor progression. PLoS ONE 8(9):e75054. https://
doi.org/10.1371/journal.pone.0075054

Morandi F, Rizzo R, Fainardi E, Rouas-Freiss N, Pistoia V (2016)
Recent advances in our understanding of HLA-G biology: lessons
from a wide spectrum of human diseases. J Immunol Res. https://
doi.org/10.1155/2016/4326495

Schreiber RD, Old LJ, Smyth MJ (2011) Cancer immunoediting:
integrating immunity’s roles in cancer suppression and promotion.
Science 331(6024):1565-1570. https://doi.org/10.1126/science.
1203486

Coughlin CM, Fleming MD, Carroll RG, Pawel BR, Hogarty MD,
Shan X et al (2006) Immunosurveillance and survivin-specific
T-cell immunity in children with high-risk neuroblastoma. J Clin
Oncol 24(36):5725-5734. https://doi.org/10.1200/JC0O.2005.05.
3314

Wienke J, Dierselhuis MP, Tytgat GA, Kiinkele A, Nierkens S,
Molenaar JJ (2021) The immune landscape of neuroblastoma:
challenges and opportunities for novel therapeutic strategies in
pediatric oncology. Eur J Cancer 144:123-150. https://doi.org/
10.1016/j.ejca.2020.11.014

Illhardt T, Toporski J, Feuchtinger T, Turkiewicz D, Teltschik
H-M, Ebinger M et al (2018) Haploidentical stem cell transplan-
tation for refractory/relapsed neuroblastoma. Biol Blood Marrow
Trans 24(5):1005-1012. https://doi.org/10.1016/j.bbmt.2017.12.
805

DuBois SG, Macy ME, Henderson TO (2022) High-risk and
relapsed neuroblastoma: toward more cures and better outcomes.
Am Soc Clin Oncol Educ Book 42:768—-780. https://doi.org/10.
1200/EDBK_349783

Talleur AC, Triplett BM, Federico S, Mamcarz E, Janssen W, Wu
Jetal (2017) Consolidation therapy for newly diagnosed pediatric
patients with high-risk neuroblastoma using Busulfan/Melphalan,
autologous hematopoietic cell transplantation, anti-GD?2 antibody,
granulocyte-macrophage colony—stimulating factor, interleukin-2,
and haploidentical natural killer cells. Biol Blood Marrow Trans
23(11):1910-1917. https://doi.org/10.1016/j.bbmt.2017.07.011

@ Springer

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Navid F, Sondel PM, Barfield R, Shulkin BL, Kaufman RA,
Allay JA et al (2014) Phase I trial of a novel anti-GD2 mono-
clonal antibody, Hul4. 18K322A, designed to decrease toxicity
in children with refractory or recurrent neuroblastoma. J Clinic
Oncol. 32(14):1445. https://doi.org/10.1200/JC0O.2013.50.4423
Federico SM, McCarville MB, Shulkin BL, Sondel PM, Hank JA,
Hutson P et al (2017) A pilot trial of humanized anti-GD2 mono-
clonal antibody (hul4. 18K322A) with chemotherapy and natural
killer cells in children with recurrent/refractory neuroblastoma.
Clinical Cancer Res 23(21):6441-6449. https://doi.org/10.1158/
1078-0432.CCR-17-0379

Tesfaye M, Savoldo B (2018) Adoptive cell therapy in treating
pediatric solid tumors. Curr Oncol Rep 20:1-12. https://doi.org/
10.1007/s11912-018-0715-9

Zitvogel L, Apetoh L, Ghiringhelli F, Kroemer G (2008) Immu-
nological aspects of cancer chemotherapy. Nat Rev Immunol
8(1):59-73. https://doi.org/10.1038/nri2216

Beum PV, Lindorfer MA, Taylor RP (2008) Within peripheral
blood mononuclear cells, antibody-dependent cellular cytotoxicity
of rituximab-opsonized Daudi cells is promoted by NK cells and
inhibited by monocytes due to shaving. J Immunol 181(4):2916—
2924. https://doi.org/10.4049/jimmunol.181.4.2916

Federico SM, McCarville MB, Shulkin BL, Sondel PM, Hank JA,
Hutson P et al (2017) A pilot trial of humanized anti-GD2 mono-
clonal antibody (hul4.18K322A) with chemotherapy and natural
killer cells in children with recurrent/refractory neuroblastoma.
Clin Cancer Res 23(21):6441-6449. https://doi.org/10.1158/1078-
0432.CCR-17-0379

Nguyen R, Sahr N, Sykes A, McCarville MB, Federico SM,
Sooter A et al (2020) Longitudinal NK cell kinetics and cytotox-
icity in children with neuroblastoma enrolled in a clinical phase II
trial. J Immunother Cancer 8(1):¢000176. https://doi.org/10.1136/
jitc-2019-000176

Sartelet H, Imbriglio T, Nyalendo C, Haddad E, Annabi B, Duval
M et al (2012) CD133 expression is associated with poor outcome
in neuroblastoma via chemoresistance mediated by the AKT path-
way. Histopathology 60(7):1144—1155. https://doi.org/10.1111/j.
1365-2559.2012.04191.x

Khalil M, Hrabeta J, Cipro S, Stiborova M, Vicha A, Eckschlager
T (2012) Neuroblastoma stem cells: Mechanisms of chemoresist-
ance and histonedeacetylase inhibitors. Neoplasma 59(6):737.
https://doi.org/10.4149/mneo_2012_093

Rong X-X, Wei F, Lin X-L, Qin Y-J, Chen L, Wang H-Y et al
(2016) Recognition and killing of cancer stem-like cell popu-
lation in hepatocellular carcinoma cells by cytokine-induced
killer cells via NKG2d-ligands recognition. Oncoimmunology
5(3):e1086060. https://doi.org/10.1080/2162402X.2015.1086060
Wei F, Rong X-X, Xie R-Y, Jia L-T, Wang H-Y, Qin Y-J et al
(2015) Cytokine-induced killer cells efficiently kill stem-like can-
cer cells of nasopharyngeal carcinoma via the NKG2D-ligands
recognition. Oncotarget 6(33):35023. https://doi.org/10.18632/
oncotarget.5280

Lande R, Gilliet M (2010) Plasmacytoid dendritic cells: key play-
ers in the initiation and regulation of immune responses. Ann N
Y Acad Sci 1183(1):89-103. https://doi.org/10.1111/j.1749-6632.
2009.05152.x

Lelaidier M, Diaz-Rodriguez Y, Cordeau M, Cordeiro P, Haddad
E, Herblot S et al (2015) TRAIL-mediated killing of acute lymph-
oblastic leukemia by plasmacytoid dendritic cell-activated natu-
ral killer cells. Oncotarget 6(30):29440. https://doi.org/10.18632/
oncotarget.4984

Pelizzo G, Veschi V, Mantelli M, Croce S, Di Benedetto V,
D’Angelo P et al (2018) Microenvironment in neuroblastoma:
isolation and characterization of tumor-derived mesenchymal
stromal cells. BMC Cancer 18:1-12. https://doi.org/10.1186/
$12885-018-5082-2


https://doi.org/10.1056/NEJMoa0911123
https://doi.org/10.1038/ni.3518
https://doi.org/10.1158/0008-5472.CAN-04-2682
https://doi.org/10.1158/0008-5472.CAN-04-2682
https://doi.org/10.1073/pnas.0405025101
https://doi.org/10.1073/pnas.0405025101
https://doi.org/10.1182/blood-2007-07-100057
https://doi.org/10.1182/blood-2007-07-100057
https://doi.org/10.1371/journal.pone.0164401
https://doi.org/10.1371/journal.pone.0164401
https://doi.org/10.1371/journal.pone.0075054
https://doi.org/10.1371/journal.pone.0075054
https://doi.org/10.1155/2016/4326495
https://doi.org/10.1155/2016/4326495
https://doi.org/10.1126/science.1203486
https://doi.org/10.1126/science.1203486
https://doi.org/10.1200/JCO.2005.05.3314
https://doi.org/10.1200/JCO.2005.05.3314
https://doi.org/10.1016/j.ejca.2020.11.014
https://doi.org/10.1016/j.ejca.2020.11.014
https://doi.org/10.1016/j.bbmt.2017.12.805
https://doi.org/10.1016/j.bbmt.2017.12.805
https://doi.org/10.1200/EDBK_349783
https://doi.org/10.1200/EDBK_349783
https://doi.org/10.1016/j.bbmt.2017.07.011
https://doi.org/10.1200/JCO.2013.50.4423
https://doi.org/10.1158/1078-0432.CCR-17-0379
https://doi.org/10.1158/1078-0432.CCR-17-0379
https://doi.org/10.1007/s11912-018-0715-9
https://doi.org/10.1007/s11912-018-0715-9
https://doi.org/10.1038/nri2216
https://doi.org/10.4049/jimmunol.181.4.2916
https://doi.org/10.1158/1078-0432.CCR-17-0379
https://doi.org/10.1158/1078-0432.CCR-17-0379
https://doi.org/10.1136/jitc-2019-000176
https://doi.org/10.1136/jitc-2019-000176
https://doi.org/10.1111/j.1365-2559.2012.04191.x
https://doi.org/10.1111/j.1365-2559.2012.04191.x
https://doi.org/10.4149/neo_2012_093
https://doi.org/10.1080/2162402X.2015.1086060
https://doi.org/10.18632/oncotarget.5280
https://doi.org/10.18632/oncotarget.5280
https://doi.org/10.1111/j.1749-6632.2009.05152.x
https://doi.org/10.1111/j.1749-6632.2009.05152.x
https://doi.org/10.18632/oncotarget.4984
https://doi.org/10.18632/oncotarget.4984
https://doi.org/10.1186/s12885-018-5082-2
https://doi.org/10.1186/s12885-018-5082-2

Cancer Immunology, Immunotherapy (2025) 74:160

Page90of9 160

34.

35.

36.

37.

38.

39.

Vanichapol T, Chutipongtanate S, Anurathapan U, Hongeng S
(2018) Immune escape mechanisms and future prospects for
immunotherapy in neuroblastoma. BioMed Res Int. https://doi.
org/10.1155/2018/1812535

Suzuki M, Cheung N-KV (2015) Disialoganglioside GD2 as a
therapeutic target for human diseases. Expert Opinion Therapeutic
Targets 19(3):349-362. https://doi.org/10.1517/14728222.2014.
986459

Asgharzadeh S, Salo JA, Ji L, Oberthuer A, Fischer M, Berthold
F et al (2012) Clinical significance of tumor-associated inflamma-
tory cells in metastatic neuroblastoma. J Clin Oncol 30(28):3525-
3532. https://doi.org/10.1200/JC0O.2011.40.9169

Bottino C, Dondero A, Bellora F, Moretta L, Locatelli F, Pistoia V
et al (2014) Natural killer cells and neuroblastoma: tumor recogni-
tion, escape mechanisms, and possible novel immunotherapeutic
approaches. Front Immunol 5:79437. https://doi.org/10.3389/
fimmu.2014.00056

McNerney KO, Karageorgos SA, Hogarty MD, Bassiri H (2020)
Enhancing neuroblastoma immunotherapies by engaging iNKT
and NK cells. Front Immunol 11:873. https://doi.org/10.3389/
fimmu.2020.00873

Shah NN, Baird K, Delbrook CP, Fleisher TA, Kohler ME,
Rampertaap S et al (2015) Acute GVHD in patients receiving
IL-15/4-1BBL activated NK cells following T-cell-depleted
stem cell transplantation. Blood. J American Society Hematol
125(5):784-792. https://doi.org/10.1182/blood-2014-07-592881

40.

41.

42.

43.

Rubnitz JE, Inaba H, Ribeiro RC, Pounds S, Rooney B, Bell T et al
(2010) NKAML.: a pilot study to determine the safety and feasibil-
ity of haploidentical natural killer cell transplantation in childhood
acute myeloid leukemia. J Clin Oncol 28(6):955. https://doi.org/
10.1200/JC0.2009.24.4590

Locatelli F, Pende D, Mingari MC, Bertaina A, Falco M, Moretta
A et al (2013) Cellular and molecular basis of haploidentical
hematopoietic stem cell transplantation in the successful treat-
ment of high-risk leukemias: role of alloreactive NK cells. Front
Immunol 4:15. https://doi.org/10.3389/fimmu.2013.00015

Choi YB, Son MH, Cho HW, Ma Y, Lee JW, Kang E-S et al (2019)
Safety and immune cell kinetics after donor natural killer cell
infusion following haploidentical stem cell transplantation in chil-
dren with recurrent neuroblastoma. PLoS ONE 14(12):e0225998.
https://doi.org/10.1371/journal.pone.0225998

Yang Y, Lim O, Kim TM, Ahn Y-O, Choi H, Chung H et al (2016)
Phase I study of random healthy donor—derived allogeneic natu-
ral killer cell therapy in patients with malignant lymphoma or
advanced solid tumors. Cancer Immunol Res 4(3):215-224.
https://doi.org/10.1158/2326-6066.CIR-15-0118

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer


https://doi.org/10.1155/2018/1812535
https://doi.org/10.1155/2018/1812535
https://doi.org/10.1517/14728222.2014.986459
https://doi.org/10.1517/14728222.2014.986459
https://doi.org/10.1200/JCO.2011.40.9169
https://doi.org/10.3389/fimmu.2014.00056
https://doi.org/10.3389/fimmu.2014.00056
https://doi.org/10.3389/fimmu.2020.00873
https://doi.org/10.3389/fimmu.2020.00873
https://doi.org/10.1182/blood-2014-07-592881
https://doi.org/10.1200/JCO.2009.24.4590
https://doi.org/10.1200/JCO.2009.24.4590
https://doi.org/10.3389/fimmu.2013.00015
https://doi.org/10.1371/journal.pone.0225998
https://doi.org/10.1158/2326-6066.CIR-15-0118

	Ex vivo-expanded and activated haploidentical natural killer cells infusion before autologous stem cell transplantation in high-risk neuroblastoma: a phase III pilot study
	Abstract
	Introduction
	Patients and methods
	Study design, definitions, and endpoints
	Autologous hematopoietic progenitor cell collection and processing
	131I-MIBG therapy
	Haploidentical NK cell collection, processing, and infusion
	Autologous hematopoietic stem cell transplantation and conditioning
	Toxicity monitoring and response evaluation

	Results
	Patient characteristics
	Hematologic and non-hematologic toxicity
	Response and survival

	Discussion
	Conclusion
	Acknowledgements 
	References




