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Jadwiga Węc»awek-Tompol1, Anna Raciborska2, Monika Mielcarek-Siedziuk1, Jowita Frączkiewicz1,
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A B S T R A C T
The prognosis of resistant or relapsing children with neuroblastoma remains very poor, and the search for new
therapies is ongoing. In this analysis, we assessed the toxicity of a treosulfan, melphalan, and thiotepa (TMT) regi-
men in 17 children with recurrent or refractory neuroblastoma who underwent stem cell transplantation (SCT).
For allogeneic SCT, fludarabine and antithymocyte globulin were added. The stem cell source was autologous in 8
patients, haploidentical in 8 patients, and a matched unrelated donor in 1 patient. The reported nonhematologic
toxicities included grade 3 mucositis, grade 1 to 3 hypertransaminasemia, and in 3 patients, veno-occlusive dis-
ease. No neurologic, cardiac, or dermatologic toxicities were observed. The probability of overall survival (OS) in
patients with primary resistance was superior to that in patients with relapsed disease (100% versus 22.6%;
P = .046). Post-transplantation dinutuximab beta immunotherapy was associated with superior 5-year OS (66.7%
versus 11.4%; P = .0007). The use of an allogeneic donor, previous autologous SCT with busulfan and melphalan,
and pretreatment with high-dose metaiodobenzylguanidine therapy demonstrated no effect on outcomes. In 4
patients, TMT megatherapy alone was enough to achieve complete remission. The TMT conditioning regimen was
well tolerated in heavily pretreated patients with neuroblastoma. The manageable toxicity and addition of new
anticancer drugs with optional post-SCT immunotherapy or chemotherapy support further trials with the TMT
regimen in patients with neuroblastoma.

© 2019 American Society for Transplantation and Cellular Therapy. Published by Elsevier Inc.
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INTRODUCTION
Neuroblastoma is the most common extracranial tumor in

children. Multimodal treatment in the high-risk neuroblas-
toma subgroup includes standard-dose chemotherapy, tumor
resection, megachemotherapy, radiotherapy, and immuno-
therapy with dinutuximab; however, up to 70% of treated
patients die of the disease. The prognosis of resistant or relaps-
ing neuroblastoma remains very poor. Reports on the survival
of patients who relapse after high-dose chemotherapy and
stem cell rescue are uniformly dismal.
According to data from the Center for International Blood
and Marrow Transplant Research, allogeneic stem cell trans-
plantation (SCT) after autologous SCT does not seem to offer an
advantage, with only 19% and 6% of patients alive and in remis-
sion at 1 year and 5 years after allo-SCT, respectively [1]. Cur-
rently, busulfan-based megachemotherapy is the preferred
first-line treatment for neuroblastoma, despite the reported
22% incidence of sinusoidal obstruction syndrome (SOS)/veno-
occlusive disease (VOD) [2].

Due to poor outcome in resistant and relapsing neuroblas-
toma the need for optimized high dose chemotherapy to
improve survival is warranted, but toxicity and increased risk
of non-relapse mortality (NRM) must be considered in the
heavily pretreated patients. The popular revival of high-dose
thiotepa in recent years raises a question concerning the opti-
mal use of the drug in the transplantation setting. The oldest

http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbmt.2019.05.006&domain=pdf
mailto:USSOWICZ@TLEN.PL
mailto:ussowicz@o2.pl
https://doi.org/10.1016/j.bbmt.2019.05.006
https://doi.org/10.1016/j.bbmt.2019.05.006
https://doi.org/10.1016/j.bbmt.2019.05.006
http://www.bbmt.org


E. Wawrzyniak-Dzier _zek et al. / Biol Blood Marrow Transplant 25 (2019) 1792�1797 1793
reports on high-dose thiotepa (TT) with auto-SCT in neuroblas-
toma date back to the early 1990s, but the observed efficacy
was low [3�6]. The combination of TT with a second alkylator,
such as high-dose carboplatin, was found to produce better
outcomes for patients with neuroblastoma, although the fol-
low-up was short [7]. In another study, the combination of TT
with etoposide and cyclophosphamide produced inferior 5-
year event-free survival (EFS) compared with busulfan-mel-
phalan (21% versus 88%), although the study included only 8
patients in the busulfan-melphalan group, for whom the
results were unexpectedly good [8]. Recently, treosulfan has
been viewed as a promising option, especially because the
data support the in vitro activity of treosulfan on neuroblas-
toma lines [9]. However, to date only a few reports have inves-
tigated megachemotherapy with treosulfan in neuroblastoma,
and these reports are limited to single patients [10,11]. Experi-
ence with combinations of treosulfan with melphalan and
thiotepa (TMT) is virtually nonexistent; only an Israeli pilot
study from 2005 reported the use of a TMT protocol in 3
patients with hematologic malignancies [12]. To date, the TMT
combination has not been studied in any trials. The purpose of
this analysis was to determine the feasibility and tolerability of
TMT with SCT and the tumor response in children with recur-
rent or refractory neuroblastoma.
METHODS
Between 2010 and 2018, 17 children with neuroblastoma underwent

megachemotherapy with auto-SCT or allo-SCT at our institution. Patient char-
acteristics and clinical data are presented in Table 1. The cohort for analysis
consisted of children who relapsed after auto-SCT (n = 12) or had primary
therapy-resistant neuroblastoma (n = 5) and had received prolonged chemo-
therapy and previous local irradiation, which made them ineligible for busul-
fan owing to the risk of VOD. The interval from the previous busulfan-
melphalan megatherapy and auto-SCT was 19.1 months (range, 8.9 to 48.74
months). MYCN amplification was identified in 6 of the 17 patients. The
parents of all 17 children provided written informed consent for the treat-
ment and analysis of clinical data.

Megatherapy
For all patients, the conditioning regimen consisted of treosulfan (10 g/m2/day

for 3 days), melphalan (70 mg/m2/day for 2 days), and thiotepa (2£ 5 mg/kg body
weight [BW] for 1 day). In addition, fludarabine (40mg/m2 for 4 days) and antithy-
mocyte globulin (Grafalon; total dose of 30 mg/kg) were added for allo-SCT
(Table 2). High-dose metaiodobenzylguanidine (MIBG) therapy with an intended
dosage of 12 mCi/kg was administered in 8 MIBG-avid patients at 2 to 3 weeks
before the initiation of megachemotherapy.
SCT
The type of SCT performed was based on stem cell availability, previous

mobilization, and transplantation history. The intended dose of progenitor
cells was 3£ 106 CD34 cells/kg BW, but 3 patients received fewer cells owing
to accidental cell loss. In 8 patients, autologous stem cells were used; the
patients underwent stem cell apheresis with a Spectra Optia apheresis sys-
tem (Terumo BCT, Lakewood, CO), and the cells were stored at -196 °C in a
liquid nitrogen tank. Patients without autologous backup and those unable to
undergo stem cell mobilization were scheduled for allo-SCT. Eight children
underwent a haploidentical SCT. All haploidentical donors were mobilized
using G-CSF at a dose of 5 mg/kg twice daily for 5 days and underwent stem
cell apheresis on day -1.

On the day of transplantation, ab T cell depletion was performed using
the CliniMacs Plus system (Miltenyi, Bergisch Gladbach, Germany) with CD3
or ab depletion reagents, a DTS kit, and the Depletion 3.1 program according
to the manufacturer’s instructions. The depletion product contained
7.87£ 106 CD34+ cells/kg BW (range, 2.5 to 14.71£ 106) and 6 to 314£ 103

CD3 ab lymphocytes/kg BW (median, 43.95£ 103). Post-transplantation
immunosuppression after haploidentical SCT consisted of mofetil mycophe-
nolate if the transplanted CD3 ab lymphocyte dose exceeded 5£ 104 cells/kg
BW. In vivo B cell depletion before haploidentical SCT was performed with
administration of rituximab at a dose of 375 mg/m2 on day -1. A single trans-
plantation from an unrelated donor was performed. Graft-versus-host dis-
ease prophylaxis consisted of cyclosporine A from day -1 and methotrexate
at a dose of 10 mg/m2on days +1, +3, and +6 post-transplantation for this
patient.
Post-Transplantation Therapy
Four patients received radiation therapy to the primary tumor at a total

dose of 21 to 36 Gy fractioned into 1.5-Gy single doses. Post-transplantation
dinutuximab beta therapy was administered to 6 patients at a dose of 100
mg/m2 as a continuous infusion over 10 days, repeated for 5 cycles. Patients
treated with dinutuximab beta received isotretinoin (13-cis-RA) 160 mg/m2/
day divided into 2 equal doses given orally twice daily for 14 days, followed
by a 14-day rest, for a total of 6 cycles. In 3 patients not eligible for dinutuxi-
mab beta, temozolomide-irinotecan (TEMIRI) chemotherapy was adminis-
tered as a 5-day course of irinotecan 50 mg/m2 (1-hour infusion) and
temozolomide 150 mg/m2 (oral) every 3 to 4 weeks, for up to 6 cycles [13].

Statistical Analysis
The main study endpoint was the evaluation of the organ-specific toxic-

ities. Toxicity data from the patients’ medical records were graded in accor-
dance with the Common Toxicity Criteria, version 5 from the National
Institutes of Health [14]. SOS/VOD was diagnosed and graded according to
the 2018 European Group for Blood and Marrow Transplantation pediatric
criteria [15].

The secondary endpoints were overall survival (OS), defined as the time
from transplantation to death or the last report from patients with no event,
and EFS, defined as the time from transplantation to progression, relapse, sec-
ond malignancy or death. Survival curves were estimated using the Kaplan-
Meier method. Statistical analysis and data presentation were performed
with the computer software GraphPad Prism (GraphPad Software, La Jolla,
CA) and Statistica 13.0 (StatSoft, Tulsa, OK).

RESULTS
Evaluation of Toxicity

The median duration of hospitalization 31 days (range, 21
to 51 days) and was shorter in the auto-SCT group compared
with the allo-SCT group (median, 25 days versus 40 days;
range, 21 to 45 days versus 28 to 51 days; P = .014). All 17
patients had grade 4 leukopenia and neutropenia, and 13
(76%) had fever. Two patients were transferred to the intensive
care unit for treatment of septic shock, but both recovered and
continued hospitalization in the transplantation unit. Revers-
ible grade 3 nonhematologic toxicities included mucositis
(n = 15; 88%) with total parenteral nutrition (n = 15; 88%) and
diarrhea (n = 5; 29%). One patient exhibited elevated alkaline
phosphatase activity, and 6 patients (35%) had elevated amino-
transferase activity. Grade 1 hypertransaminasemia was found
in 4 patients (23%), and grade 2 or 3 was seen in 2 patients
(12%), who developed VOD after previous busulfan-melphalan
conditioned auto-SCT, and 1 of these patients experienced
recurrence of hepatic VOD after TMT therapy. In total, 3
patients developed hepatic VOD (18%), including 1 patient
with a very severe type, but all recovered completely after
therapy with defibrotide. In all patients, the maximum creati-
nine concentration was within the normal range during the
procedure and at 30 days post-transplantation, but 8 patients
(47%) had elevated urea concentrations. No neurologic, cardiac,
or dermatologic toxicities were observed. Neutrophil engraft-
ment was achieved in all patients at median of 9 days (range, 8
to 16 days) after auto-SCT and 10 days (range 9 to 26 days)
after allo-SCT. The median duration of follow-up after SCT was
25 months (range, 3.9 to 79 months).

Survival Analysis
The response to TMT chemotherapy was observed in 4 SCT

recipients in partial remission (PR) who subsequently achieved
complete remission (CR) directly after initiation of the TMT
regimen. Two of these 4 patients relapsed during the follow-
up period. Five other patients achieved long-lasting CR follow-
ing immunotherapy (3) or TEMIRI therapy (2). In these
patients, the 5-year OS and EFS were 33.6% and 17.8%, respec-
tively (Figure 1A). The probability of relapse or progression at
4 years post-SCT was 55.4% (Figure 1B). NRM was observed in
2 of 8 patients after allo-SCT, due to acute graft-versus-host



Table 1
Patient Characteristics

UPN Sex Age at SCT, yr Diagnosis Previous Megatherapy
and SCT

Status Pre-TMT-SCT Pre -SCT HD MIBG SCT Type Post-SCT Therapies Best Post-SCT
Response

Current Status

709 F 3.1 NBL stage 4/M, metastatic
relapse

Bu-Mel, auto-SCT CR2 Yes Haplo TCD None CR DOD

737 F 6.2 NBL stage 4/M, MNA, meta-
static relapse

Bu-Mel, auto-SCT CR2 No Haplo TCD None CR DOD

773 F 5.7 NBL stage 4/M, MNA, meta-
static relapse

Bu-Mel, auto-SCT PR2 Yes Haplo TCD Anti-GD2 CR AWD

823 M 7.3 NBL stage 4/M, MNA, meta-
static relapse

Bu-Mel, auto-SCT PR2 No Haplo TCD RTX, anti-GD2 CR DOD

836 M 5.7 NBL stage 4/M, MNA, meta-
static relapse

Bu-Mel, auto-SCT CR2 No Autologous RTX, anti-GD2 CR A&W

841 F 9.4 NBL stage 4/M, metastatic
relapse

Bu-Mel, auto-SCT PR2 Yes Haplo TCD None CR DOD

883 M 4.1 NBL stage 3 /L2, relapse None CR2 No Haplo TCD None CR DOD

893 M 5.9 NBL stage 4/M, metastatic
relapse

Bu-Mel, auto-SCT Progression No Haplo TCD TEMIRI PR DOD

947 F 7.4 NBL stage 4/M, metastatic
relapse

Bu-Mel, auto-SCT PR2 Yes Haplo TCD None CR TRM

972 M 4.0 NBL stage 4/M, MNA,
nonremission

Bu-Mel, auto-SCT PR1 No Autologous RTX, anti-GD2 CR A&W

995 F 7.0 NBL stage 4/M,
nonremission

Bu-Mel, auto-SCT PR1 Yes Autologous Anti-GD2 SD AWD

1005 F 8.9 NBL stage 4/M,
nonremission

None PR1 Yes Autologous Anti-GD2 CR A&W

1033 M 3.6 NBL stage 4/M, metastatic
relapse

Bu-Mel, auto-SCT PR2 No Autologous None SD DOD

1100 F 9.0 NBL stage 4/M, MNA, meta-
static relapse

None CR2 No Autologous None CR DOD

1107 M 7.0 NBL stage 4/M,
nonremission

None PR1 Yes MUD RTX, anti-GD2 SD AWD

1108 M 6.0 NBL stage 4/M, metastatic
relapse

None SD2 Yes Autologous TEMIRI CR A&W

1173 M 3.5 NBL stage 4/M, metastatic
relapse

Bu-Mel, auto-SCT CR2 No Autologous TEMIRI CR A&W

UPN indicates unique patient number; NBL, neuroblastoma; Bu-Mel, busulfan and melphalan; Haplo TCD, haploidentical with T cell depletion; DOD, died of disease; MNA, MYCN-amplified; AWD, alive with disease; RTX, local radiother-
apy; A&W, alive and well in remission; TRM, treatment-related mortality; MUD, matched unrelated donor; SD, stable disease.
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Table 2
TMT Chemotherapy Backbone

-8 -7 -6 -5 -4 -3 -2 -1 0

Treosulfan 10 g/m2 � � �
Thiotepa 5 mg/kg � �
Melphalan 70 mg/m2 � �
Fludarabine* 40 mg/m2 �* �* �* �*
* Added only in allo-SCT.

Figure 1. Outcomes after the TMT conditioning regimen: OS and EFS (A); incidence of NRM, relapse, or progression (B); OS after allo-SCT and after auto-SCT (C);
impact of primary resistant or relapsing disease before SCT (D); post-transplantation dinutuximab beta immunotherapy (E); preconditioning with MIBG therapy (F);
previous busulfan-melphalan therapy (G), and post-transplantation radiotherapy (H).
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disease in 1 patient and Epstein-Barr virus (EBV)-induced post-
transplantation lymphoproliferative disorder in the other
patient. The difference in probability of survival between auto-
SCT recipients and allo-SCT recipients was not statistically sig-
nificant (75% versus 16.7%; P not significant) (Figure 1C). All
allo-SCT recipients achieved full donor chimerism within 4
weeks post-transplantation. OS at 48 months in patients who
underwent transplantation in first PR was superior to that in
those who relapsed but achieved second CR or second or
greater PR (100% versus 22.6%; P = .046) (Figure 1D). Six
patients who received dinutuximab beta immunotherapy after
SCT had superior 5-year OS (66.7% versus 11.4% in patients
who did not receive dinutuximab; P = .0007) (Figure 1E). Pre-
conditioning with MIBG in patients with neuroblastoma did
not affect OS (62.5% versus 16.4%; P not significant) (Figure 1F).
No difference in OS was observed between patients who
received TMT as the first megatherapy or the second mega-
therapy following relapse after receiving a busulfan-melphalan
regimen (60% versus 30.6%; P not significant) (Figure 1G). The
use of radiotherapy did not affect OS (50% versus 33.8%; Pnot
significant) (Figure 1H).

A second malignancy was diagnosed in 2 patients. The first
patient had myelodysplastic syndrome with excess blasts after
auto-SCT, and the second patient developed EBV-associated
post-transplantation lymphoproliferative disorder after hap-
loidentical SCT. The patient with treatment-induced myelodys-
plastic syndrome with excess blasts underwent a third SCT
from an unrelated donor with treosulfan-fludarabine-thiotepa
conditioning, without significant toxicity and with full donor
engraftment.
DISCUSSION
Although future therapies may be more targeted and

increase efficacy while decreasing toxicity, high-dose chemo-
therapy is still recommended for management of high-risk
neuroblastoma. With the current state of knowledge, chemo-
therapy still has fundamental advantages for controlling high-
risk disease in pediatric malignancies and must not be
neglected for the uncertain and noncurative benefits of future
therapies.

In this population of heavily pretreated patients, the condi-
tioning TMT regimen was well tolerated and toxicity was gen-
erally manageable. The in-hospital stay in both groups was
typical for uncomplicated cases after auto-SCT or allo-SCT.
Shorter hospitalization and lack of both opportunistic infec-
tions and graft-versus-host disease-related issues might speak
in favor of auto-SCT.

The regimen did not demonstrate significant hepatic or
renal toxicity. The low-degree liver toxicities and the low inci-
dence of VOD support the safety of this conditioning regimen,
even for patients with a previous history of busulfan or radio-
therapy. The combination of TT-melphalan was reported to be
well tolerated in patients with renal impairment, and TMT
showed minimal nephrotoxicity [16].

An advantage of TMT chemotherapy is the possibility of
inducing remission by a direct cytotoxic effect using a new
drug combination and continuation with post-transplantation
therapy. Post-transplantation anti-GD2 immunotherapy with
dinutuximab beta is an important therapy in neuroblastoma
that has shown an advantage even in our selected group, but
immunotherapy is more feasible after auto-SCT than after
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allo-SCT. Low-intensity chemotherapy with TEMIRI can be ini-
tiated without complications within 2 to 3 months after trans-
plantation, which may be a viable option for patients ineligible
for immunotherapy.

An alternative approach in neuroblastoma is to investigate
tandem transplantations with incorporation of thiotepa into 1
of the procedures, but this requires a higher number of
hematopoietic stem cells, the collection of which can be diffi-
cult in overtreated patients with a decreased bone marrow
reserve [17,18]. The randomized Children’s Oncology Group
(COG) Phase 3 trial (NCT00567567) compared tandem auto-
SCT (thiotepa-cyclophosphamide [TC] followed by modified
carboplatin-etoposide-melphalan [CEM]: TC:CEM) with single
auto-SCT (CEM) and found significantly higher EFS at 3 years
in the patients randomized to TC:CEM compared with those
randomized to single auto-SCT (61.8% versus 48.8%; P = .0082)
[19]. Owing to improved survival probability, the inclusion of
thiotepa in upfront neuroblastoma treatment is expected in US
protocols.

A drawback of studies investigating tandem transplanta-
tions is the high incidence of long-term complications, espe-
cially when total body irradiation was administered [20�22].
The efficacy of total body irradiation in neuroblastoma therapy
has never been proven, and thus its inclusion should not be
encouraged.

A different strategy is offered for patients undergoing allo-
SCT. The evolution of conditioning regimens in allo-SCT has led
to the widespread use of reduced-intensity/toxicity protocols
or even nonmyeloablative regimens and to a greater impor-
tance of the graft-versus-malignancy effect.

In our cohort, 9 patients underwent allo-SCT, mostly from a
haploidentical parent. Haploidentical SCT can take advantage of
both the direct megatherapy effect and post-transplantation
graft-versus-tumor activity as a consequence of HLA-related
mechanisms mediated by T lymphocyte and natural killer (NK)
lymphocyte non-HLA-related mechanisms [23]. Alloreactivity
can be observed in neuroblastomas, but there its importance is
far less evident than in lymphoid or myeloid malignancies. NK
cell activity modulated by KIR ligand mismatches, and the KIR
genotype is suggested to play a role in the graft-versus-tumor
effect [24]. Indeed, according to Delgado et al [25], the response
to anti-GD2 immunotherapy can be improved through KIR-
associated mechanisms. Erbe et al [26] reported that in COG
study ANBL0032, patients with neuroblastoma with the “all
KIR-ligands present” genotype, as well as patients with inhibi-
tory KIR2DL2 with its ligand (HLA-C1) together with inhibitory
KIR3DL1 with its ligand (HLA-Bw4), showed improved clinical
outcomes when treated with immunotherapy.

Haploidentical SCT with reduced-intensity conditioning in
relapsing and refractory patients was considered as a viable
strategy after initial reports by Toporski et al [27]. The haploi-
dentical SCT approach was summarized in 2018 by Illhardt
[28], showing a 5-year EFS of 19%. The patients in that study
had a 75% risk of relapse in the first year after transplantation.
This finding could be explained by the lack of immune-medi-
ated cytotoxicity during the early immune reconstitution
phase. Although the survival rate was low, COG data from chil-
dren with recurrent or refractory neuroblastoma show a 1-
year PFS of 21% and a 4-year PFS of 6% [29], suggesting some
survival benefit accruing from the haploidentical strategies
and warranting future studies. Owing to the availability and
efficacy of plerixafor in poor mobilizers, a second auto-SCT is
possible in overtreated patients, but for patients unable to
mobilize autologous stem cells, an allogeneic donor may be a
source of rescue [30,31].
Megatherapy with TMT may also expose patients to an
increased risk of second malignancy, especially with auto-SCT.
Two of the 17 patients had a second malignancy; however, no
direct causality with the TMT regimen was recorded. Myelo-
dysplastic syndrome with excess blasts was observed in a
patient with a history of intensive chemotherapy with topo-
isomerase II and alkylating agents. In addition, EBV-associated
lymphoproliferative disorder occurred in a child who under-
went T cell-depleted haploidentical SCT. Nevertheless, due to
pretreatment of neuroblastoma patients and combined
chemotherapy and radiotherapy, the follow up must include
evaluation for secondary malignancies, hypothyroidism, and
drug-specific complications, such as anthracycline-induced
cardiomyopathy.

In conclusion, the TMT chemotherapy backbone is a well-
tolerated conditioning regimen that can be used in heavily pre-
treated patients with neuroblastoma, especially in children
without previous thiotepa megatherapy. The manageable tox-
icities, as well as the addition of new anticancer drugs and
effective myeloablative effects allowing for engraftment, make
the protocol feasible in auto-SCT, and with the addition of flu-
darabine and antithymocyte globulin, it can be adapted for
allo-SCT. We conclude that consolidation with TMT in therapy-
resistant children can be a step in post-transplantation immu-
notherapy or chemotherapy. The results presented by our
group warrant prospective study evaluating TMT protocols in
patients with neuroblastoma.
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