
A Phase I New Approaches to Neuroblastoma Therapy Study of 
Buthionine Sulfoximine and Melphalan With Autologous Stem 
Cells for Recurrent/Refractory High-Risk Neuroblastoma

Judith G. Villablanca, MD1,*, Samuel L. Volchenboum, MD, PhD, MS2, Hwangeui Cho, PhD3, 
Min H. Kang, PhD3, Susan L. Cohn, MD2, Clarke P. Anderson, MD4, Araz Marachelian, MD1, 
Susan Groshen, PhD5, Denice Tsao-Wei, PhD5, Katherine K. Matthay, MD6, John M. Maris, 
MD7, Charlotte E. Hasenauer, RN, MSN1, Scarlett Czarnecki, RN1, Hollie Lai, MD8, Fariba 
Goodarzian, MD8, Hiro Shimada, MD9, Charles Patrick Reynolds, MD, PhD3

1Department of Pediatrics, Children’s Hospital Los Angeles and Keck School of Medicine, 
University of Southern California, Los Angeles, California

2Department of Pediatrics, University of Chicago Comprehensive Cancer Center, Chicago, Illinois

3Cancer Center and Departments of Cell Biology & Biochemistry, Pediatrics, and Medicine, Texas 
Tech University Health Sciences Center School of Medicine, Lubbock, Texas

4City of Hope National Medical Center, Duarte, California

5Department of Preventative Medicine Statistics, Keck School of Medicine, University of Southern 
California, Los Angeles, California

6Department of Pediatrics, University of California San Francisco, San Francisco, California

7Department of Pediatrics, Children’s Hospital of Philadelphia, Philadelphia, Pennsylvania

8Department of Radiology, Children’s Hospital Los Angeles and Keck School of Medicine, 
University of Southern California, Los Angeles, California

9Department of Pathology and The Saban Research Institute, Children’s Hospital Los Angeles 
and Keck School of Medicine, University of Southern California, Los Angeles, California

Abstract

Background.—Myeloablative therapy for high-risk neuroblastoma commonly includes 

melphalan. Increased cellular glutathione (GSH) can mediate melphalan resistance. Buthionine 

sulfoximine (BSO), a GSH synthesis inhibitor, enhances melphalan activity against neuroblastoma 

cell lines, providing the rationale for a Phase 1 trial of BSO-melphalan.

Procedures.—Patients with recurrent/resistant high-risk neuroblastoma received BSO (3 

gram/m2 bolus, then 24 grams/m2/day infusion days −4 to −2), with escalating doses of 
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intravenous melphalan (20–125 mg/m2) days −3 and −2, and autologous stem cells day 0 using 3 + 

3 dose escalation.

Results.—Among 28 patients evaluable for dose escalation, one dose-limiting toxicity occurred 

at 20 mg/m2 melphalan (grade 3 aspartate aminotransferase/alanine aminotransferase) and one 

at 80 mg/m2 (streptococcal bacteremia, grade 4 hypotension/pulmonary/hypocalcemia) without 

sequelae. Among 25 patients evaluable for response, there was one partial response (PR) and two 

mixed responses (MRs) among eight patients with prior melphalan exposure; one PR and three 

MRs among 16 patients without prior melphalan; one stable disease with unknown melphalan 

history. Melphalan pharmacokinetics with BSO were similar to reports for melphalan alone. 

Melphalan Cmax for most patients was below the 10 μM concentration that showed neuroblastoma 

preclinical activity with BSO.

Conclusions.—BSO (75 gram/m2) with melphalan (125 mg/m2) is tolerable with stem cell 

support and active in recurrent/refractory neuroblastoma. Further dose escalation is feasible and 

may increase responses.
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INTRODUCTION

Survival for children with high-risk neuroblastoma is only 45% despite advances with 

aggressive treatment including chemotherapy induction, myeloablative chemotherapy 

consolidation, radiotherapy, isotretinoin, and immunotherapy.[1,2] Current myeloablative 

regimens for high-risk neuroblastoma often include melphalan (L-phenylalanine mustard).

[3–5] Melphalan resistance can occur through increased glutathione (GSH) production, 

which binds to melphalan and inactivates it.[4–7] The synthesis of GSH, a cellular 

antioxidant, requires glutamate-cysteine ligase (GCL) (γ-glutamylcysteine synthetase).[8] 

Buthionine sulfoximine (BSO), a selective GCL inhibitor, decreases intracellular GSH [9–

11] and enhanced melphalan sensitivity in cancer cell lines,[7,12–16] including ovarian 

cancer, melanoma, multiple myeloma, and neuroblastoma.[17–21] BSO alone has variable 

but minimal cytotoxic effects,[13,16, 22,23] a notable exception being melanoma [24,25] 

and neuroblastoma [20,21] cell lines, where BSO has significant cytotoxicity. However, 

BSO cytotoxicity for neuroblastoma cell lines is not observed in physiological hypoxia [26] 

and is likely due to non-physiological (atmospheric) oxygen levels employed for most cell 

cultures.[27]

GSH depletion by BSO preceding melphalan administration to mice with intracranial 

human glioma xenografts increased survival over melphalan alone.[28] In neuroblastoma, 

BSO significantly enhanced cytotoxicity at melphalan concentrations of 10 μM or greater, 

even in highly melphalan-resistant cell lines.[18,19] The toxicities of BSO with melphalan 

in mice are similar to melphalan alone.[29] Clinical trials of BSO with low dose 

(15 mg/m2) melphalan in adult solid tumors demonstrated tolerability with side effects 

of myelosuppression and mild nausea/vomiting, but only modest activity despite GSH 

Villablanca et al. Page 2

Pediatr Blood Cancer. Author manuscript; available in PMC 2022 April 08.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



depletion to less than 10% of baseline in tumor sections.[30–32] Continuous infusion BSO 

was optimal for GSH depletion.[32]

A previous pilot study in 32 children with neuroblastoma utilized BSO (3 g/m2 bolus and 

either 0.75 or 1 g/m2/hr 72 hr continuous infusion) followed by melphalan (15 mg/m2) 

without stem cell support for one to four courses. Both BSO dose levels were tolerable.

[33] GSH depletion was demonstrated in peripheral blood monocytes. Higher dose BSO 

achieved higher steady state plasma concentrations and area under the curve (AUC). The 

major toxicity was myelosuppression, with one case of grade 3 bilirubin/transaminases 

and five grades 3–4 infections. Two deaths from neurologic toxicity associated with acute 

renal tubular necrosis were attributed to concomitant cephalosporins. Responses were 

encouraging, with four partial responses (PRs) and one mixed response (MR) among 31 

evaluable patients. Three of five responders had received prior myeloablative doses of 

melphalan.

We hypothesized that BSO given with melphalan doses greater than 15 mg/m2 would 

enhance activity against neuroblastoma and be tolerable by adding hematopoietic stem 

cell support to abrogate myelotoxicity, and prohibition of concomitant cephalosporins to 

minimize toxicity. Based on this rationale, we conducted a Phase I study (NCT00005835) 

in the New Approaches to Neuroblastoma Therapy (NANT) (www.NANT.org) consortium. 

The study aims were to determine the maximum tolerated dose (MTD) and toxicities of 

melphalan given with fixed doses of BSO and autologous hematopoietic stem cell support in 

children with recurrent/refractory neuroblastoma, the pharmacokinetics (PK) of melphalan 

in this regimen, and the response rate within the confines of a Phase 1 trial.

METHODS

Eligibility

Eligible patients were 9 months–30 years of age with recurrent/refractory high-

risk neuroblastoma (Table I) who either had progressive disease (PD) any time 

before enrollment, or had no response, MR, or PR after at least four cycles of 

induction chemotherapy. Patients with PR to induction required a biopsy demonstrating 

neuroblastoma. Other requirements included cardiac shortening fraction greater than 30%, 

glomerular filtration rate greater than 100 cc/min/1.73 m2, creatinine less than 1.5 times 

age normals, no neurologic toxicity, absolute neutrophil count (ANC) greater than 500/m3, 

platelets greater than 20,000/m3, aspartate aminotransferase less than 2.5 times normal, 

alanine aminotransferase less than 113, and hemoglobin greater than 10 gm/dl (transfusion 

allowed). Prior therapy exclusions included myeloablative therapy within 3 months of 

enrollment. Prior metaiodobenzylguanidine (MIBG) cumulative dose was limited to 24 

mCi/kg completed at least 8 weeks prior to therapy start. Initially, eligibility included no 

radiation therapy to kidneys, liver, heart, skull, or face for 6 months; less than 25% of liver 

receiving more than 1,800 cGy, less than 20% of one kidney receiving more than 1,200 

cGy, and less than 10 cc3 brain receiving more than 1,000 cGy. After the 17th patient, the 

prior brain radiation restriction was amended to exclude only prior radiation to the brain 

parenchyma. Available autologous hematopoietic stem cells were required to be either ≥1.5 

× 106 CD34+/kg unpurged peripheral blood stem cell (PBSC), ≥ 1 × 106 viable CD34+ 
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cells/kg immunomagnetic purged PBSC,[4] or ≥ 1 ×108 mononuclear cells/kg purged bone 

marrow (BM) with no tumor cells detected by immunocytology.[4] Protocol approval from 

each local institutional review board and written informed assent/consent from all patients 

and/or legal guardians were obtained.

Patients were required to have at least one of the following tumor sites at enrollment: BM 

metastases by routine morphology, a soft tissue mass at least 20 mm in size on magnetic 

resonance imaging (MRI) or computed tomography (CT) scan, or at least 10 mm on spiral 

CT scan, and/or at least one MIBG-avid site. If all tumor sites had received prior radiation, a 

biopsy of one site was required to document neuroblastoma. Patients with intraparenchymal 

brain lesions or meningeal/parameningeal lesions with intracranial extension were ineligible. 

The study was amended after 20 patients enrolled to allow prior febrile seizures, if the 

patient was seizure free for 1 year before enrollment.

Study Design

BSO was given in fixed doses as an intravenous (IV) bolus of 3 g/m2 Day −4 over 30 

min, followed by a 72 hr continuous IV infusion of 1 g/m2/hr (total dosage BSO 75 g/m2). 

Melphalan dose was escalated (Table II) using a standard 3 + 3 design [34] on days −3 

and −2. BSO (NSC #326321) was provided by the National Cancer Institute from April 

2000 until June 2004; subsequently it was provided under investigational new drug (IND)# 

69,112. Study enrollment was suspended for 14 months for the IND transfer. Stem cells 

were infused Day 0, and filgrastim (G-CSF) was initiated and continued until ANC was 

greater than 1,500/m3. Only one course of therapy was allowed. The study was amended 

after 20 patients enrolled to require hospitalization until neutrophil engraftment and standard 

supportive care for myeloablative therapy.

Antibiotics, antifungals, and antiviral agents were prohibited for 7 days prior to BSO. 

Cephalosporins and acetaminophen were prohibited from 7 days before BSO until 14 days 

after BSO completion. Nystatin and trimethoprim/sulfamethoxazole were prohibited from 7 

days prior to BSO until 7 days after BSO completion.

Toxicity was graded using the Common Terminology Criteria for Adverse Events version 

3.0. Patients were evaluable for dose escalation if they completed assigned doses of BSO 

and melphalan, received stem cells, and completed 28 days of follow-up or experienced 

dose-limiting toxicity (DLT) earlier. Engraftment was defined as three consecutive ANCs 

≥ 500 and platelets ≥ 20,000. Response was evaluated 28 days after stem cell infusion, or 

after engraftment and resolution of grades 3–4 toxicities (whichever occurred later). Patients 

were evaluable for response if they completed BSO and the assigned melphalan dose. 

Overall response was graded utilizing the NANT Response Criteria,[35] which integrates 

three components: Curie scoring [36] for MIBG-avid sites, Response Evaluation Criteria in 

Solid Tumors (RECIST 1.0) [37] for soft tissue sites, and standard morphology for BM. 

An overall complete response (CR) or PR required a CR or PR for one component, with 

noninvolvement or a CR or PR, respectively, for each of the other two components. An 

overall MR was defined as CR or PR for at least one response component, with stable 

disease (SD) for at least one component, and no PD for any component. Soft tissue lesions 

with stable size were considered SD, even if MIBG uptake resolved. BM responses were 
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graded as follows: CR defined as no tumor cells on two bilateral BM aspirates and biopsies 

at least 3 weeks apart; PD defined as either (i) tumor seen on two consecutive BMs done 

at least 3 weeks apart if BM negative at enrollment or (ii) BM metastases at enrollment 

with an increase to at least 25% tumor and doubling of baseline amount; or SD defined 

as any residual BM tumor not qualifying as CR or PD. If the overall response was CR 

or PR, then MIBG scans, CT/MRI scans, and BM biopsy slides were centrally reviewed. 

Patients with an overall response of SD had central review of scans and BM slides only if 

they demonstrated tumor at enrollment per treating site assessment. Progression free survival 

was defined as time from treatment start to PD or death (whichever came first), or last 

follow-up. Event-free survival (EFS) was defined as time from treatment start to PD, second 

malignancy, or death (whichever came first), or last follow-up. Overall survival (OS) was 

defined as time from treatment start to death or last follow-up.

Pharmacokinetics

Peripheral blood samples for melphalan PK were obtained day −3: prior to start and at end 

of melphalan; and at 5 min, 10 min, 15 min, 1 hr, 2 hr, and 4 hr after melphalan completion 

into heparinized tubes placed on ice, then centrifuged for 10 min at 2,500 revolutions per 

minute. Plasma was stored in polyethylene tubes at ≤ −70°C until analyzed.

Plasma levels of melphalan and its spontaneous degradation products, mono- and 

dihydroxymelphalan (MHM and DHM), were determined using a liquid chromatography/

tandem mass spectrometry assay. The analytes and spiked internal standard (propylparaben 

[PPB], 2 μl of 10 μg/ml solution) were extracted from plasma (0.1 ml) by protein 

precipitation with methanol (0.2 ml). After vortexing for 1 min and centrifuging for 15 

min at 15,700 × g at 4°C, 10 μl of the supernatant was injected into a high-performance 

liquid chromatography instrument (Agilent 1200; Agilent Technologies, Santa Clara, CA) 

operated by Analyst™ software (version 1.5). The separation column was an Agilent 

ZORBAX Eclipse XDB-Phenyl (Agilent Technologies) (3.0 × 100 mm, 3.5 μm). Gradient 

elution with methanol (0.1% formic acid) and 2 mM ammonium formate in water (0.1% 

formic acid) was used at a flow rate of 0.3 ml/min. The column effluent was connected 

to an electrospray ionization interface operated in the positive mode (500°C and 4,000 V 

ionization voltage); nebulizer gas = 50 pounds per square inch (psi) and turbo gas = 30 

psi, collision-activated dissociation gas was set at medium and curtain gas at 25 psi of the 

tandem mass spectrometer (Applied Biosystems 4000 QTRAP; Life Technologies; Grand 

Island, NY). The collision energy for melphalan, MHM, DHM, and PPB were 47, 55, 

41, and 29 eV, respectively. Analyte detection used multiple reaction monitoring, and the 

transitions were m/z 306.0 → m/z 169.2 for melphalan, m/z 288.0 → m/z 198.7 for MHM, 

m/z 269.1 → m/z 176.2 for DHM, and m/z 180.9 → m/z 95 for PPB. Melphalan, MHM, 

and DHM calibration standards were prepared at 30–6,000 ng/ml (melphalan) and 7.5–

1,500 ng/ml (MHM and DHM). Regression parameters of slope, intercept, and correlation 

coefficient were calculated by least-squares linear regression analysis using a weight factor 

of 1/x2.

Plasma concentrations (C) versus time (t) data were fitted to a biexponential equation and 

pharmacokinetic parameters were calculated assuming an open two-compartment model for 
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melphalan disposition as follows: ln C = ln (A·e−α·t + B·e−β·t), Kel = elimination constant = 

α·β/k21, AUC = area under the C versus t curve = (A/α) + (B/β), CL = systemic clearance = 

dose/AUC, Vd = apparent volume of distribution = CL/kel.

RESULTS

Patient Characteristics

Thirty-one patients enrolled from April 2000 to January 2013. One patient was declared 

ineligible 2 years off therapy due to an audit finding that the patient had a febrile seizure 

prior to enrollment (an eligibility exclusion). The study was subsequently amended to allow 

prior febrile seizures occurring more than 1 year prior to enrollment. This ineligible patient 

had no DLT and was included in dose escalation and response analyses. Including this 

patient, 28 patients were evaluable for dose escalation (Table I). Three patients were enrolled 

but taken off protocol prior to any therapy due to bacteremia that required protocol-excluded 

antibiotics (n = 1) or tumor progression (n = 2) and were considered inevaluable for dose 

escalation, response, and engraftment.

Engraftment

One patient stopped protocol therapy after BSO and did not receive melphalan or stem 

cells, thus 27 patients were evaluable for engraftment. Median stem cell dose was 3.6 × 106 

(range 1.2–19.6 × 106) CD34+/kg. Median time to neutrophil engraftment (n = 24) was 10 

days (range 9–14 days). Three patients never had an ANC < 500 (at 20 mg/m2 melphalan). 

Median time to platelet engraftment (n = 21) was 12 days (range 7–49). Six patients never 

had < 20,000 platelets [at dose levels of 20 (n = 3), 50 (n = 1), and 125 (n = 2) mg/m2 

melphalan].

Toxicity/MTD

Toxicity details are in Tables II and III. Study accrual was suspended for 16 months after 

the first patient (treated at 40 mg/m2 melphalan) due to review by the National Cancer 

Institute of two fatal toxicities on a prior pilot of BSO-melphalan using the same dose 

of BSO and 15 mg/m2 melphalan [33]. The study was amended before reactivation to 

include modified eligibility, more stringent toxicity monitoring, and a lower dose escalation 

schedule. The first patient treated was included in evaluation of the new Dose Level 1 (20 

mg/m2 melphalan). After the first seven patients were accrued, the dose escalation schema 

was amended to accrue at Dose Level 1a (40 mg/m2 melphalan). No MTD was determined 

at melphalan dose levels ranging from 20 to 125 mg/m2 (Table II), with only 2 DLTs 

among 28 evaluable patients. Twenty patients had grade 3 or 4 infections. Three patients 

were treated without DLT at 125 mg/m2 melphalan, the highest dose evaluated. Grade 3–4 

toxicities (Table III) were as expected for a myeloablative regimen. The study was stopped 

prior to reaching a MTD due to slow accrual.

Response

Overall responses included two PRs and five MRs among 25 evaluable patients (Table IV). 

Patient #15 had a CR for MIBG lesions (baseline Curie score was 5), but was a MR due to 

minimal (< 5%) persistent BM tumor. The remaining patients had SD (n = 10) and PD (n = 
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8). Six of 31 enrolled patients were inevaluable for response: three were withdrawn prior to 

any protocol therapy, one did not have a complete disease evaluation at therapy completion, 

one received only BSO due to hepatic DLT, and one was found on central review to have no 

tumor sites at enrollment. This patient remained eligible and evaluable for dose escalation, 

since eligibility was based on the treating institution’s assessment of tumor sites. Response 

(PR + MR) rates among patients with history of prior melphalan (3/8 = 37.5%) were not 

significantly different than for patients without prior melphalan history (4/16 = 25%) (P = 

0.65). One of 25 patients with response of SD had an unknown prior melphalan history. The 

two overall PRs occurred in patients with a history of tumor relapse prior to enrollment. 

Among the 28 patients evaluable for dose escalation, the median PFS and EFS was 5.2 

months (95% CI 3.2–9.1). There were no second malignancies. Median OS was 20.6 months 

(95% CI 9.2–36.8).

Pharmacokinetics

PK sampling was performed in 17 patients, with analyses done in 15 patients, and two 

patients with three or more samples missing excluded (Table V). Melphalan plasma 

disposition was well described by a first-order, two-compartment open pharmacokinetic 

model. Figure 1 shows concentration versus time curves of melphalan generated using this 

model and data from a representative patient at each dose level. Monohydroxymelphalan or 

dihydroxymelphalan was not detected in any samples.

DISCUSSION

We demonstrated that this BSO-melphalan regimen is tolerable with hematopoietic stem cell 

support and achieved responses in patients with recurrent/refractory high-risk neuroblastoma 

after extensive prior therapy including myeloablative doses of melphalan. In contrast to 

the prior pediatric neuroblastoma pilot of BSO-melphalan,[33] there were no serious renal 

or neurological toxicities, which may reflect restriction of concomitant cephalosporins, 

acetaminophen, and sulfonamides and/or requiring adequate renal function at enrollment. 

While the etiology of the two of 32 deaths due to neurologic and renal toxicity on the prior 

pilot study [33] cannot be definitively confirmed, we demonstrated that this regimen can be 

given safely using our eligibility and monitoring criteria. Based on our toxicity data, future 

trials could be safely amended to allow less complex eligibility criteria to facilitate patient 

accrual.

Systemic exposure to melphalan (AUC) in our study patients ranged from 0.7 to 5.5 μg/ml‧
hr, with higher exposure seen with higher dose levels. The systemic clearance ranged from 

7.8 to 33.4l/hr/m2, but did not appear to be correlated with dose level. Our pharmacokinetic 

results (Table V) of melphalan given with concurrent BSO are similar to those reported 

in children for melphalan alone or given with other agents excluding carboplatin, which is 

known to decrease melphalan clearance and volume of distribution.[38,39] This suggests 

that BSO does not affect melphalan PK. Other studies of high-dose melphalan (140–180 

mg/m2) showed similar systemic clearance results ranging from 15.4 to 29.9 l/hr/m2.[40–42]

The melphalan Cmax achieved in this study remained below the 10 μM levels needed for 

significant preclinical activity with BSO against multidrug resistant neuroblastoma until a 
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melphalan dose of 125 mg/m2 (Table V). However, only one of three patients treated at 

the 125 mg/m2 dose level had PK. Despite suboptimal melphalan levels, two PRs occurred 

at melphalan doses of 40 and 80 mg/m2. One patient with a PR and two patients with 

MRs had received previous myeloablative melphalan doses. Overall response rates were 

not significantly different for patients who had or had not received prior melphalan, which 

supports our hypothesis that BSO may reverse resistance to melphalan. It is also possible 

that these responses indicate that high-dose melphalan remains active against neuroblastoma 

that has progressed after prior therapy with myeloablative melphalan doses. Based on the 

acceptable systemic toxicities and the lack of DLT for 125 mg/m2 of melphalan given 

with BSO, further dose escalation of melphalan in this regimen is feasible. This may 

enhance tumor responses if melphalan plasma levels ≥ 10 μM are tolerable, based on the 

dose–response data from our preclinical studies.[19,20] This study was stopped prior to 

determination of the melphalan MTD due to slow accrual, which was due to several factors. 

Accrual was suspended for a total of 30 months for the IND transfer and an amendment to 

add complex eligibility and monitoring criteria due to the toxic deaths on the predecessor 

pilot. These complex criteria limited the number of eligible patients.

The Phase 2 Children’s Oncology Group (COG) study of irinotecan/temozolomide for 

neuroblastoma patients in first relapse found a CR/PR rate of 15%.[43] Our study was not 

limited to first relapse, and 39% of patients had received a prior transplant. One of the PRs 

occurred in a patient who had received a prior carboplatin, etoposide, melphalan (CEM) 

transplant. Our 8% CR/PR rate and 28% CR/PR/MR rate in this BSO-melphalan study 

occurred in a patient population with extensive prior therapy and a very poor prognosis.

Melphalan is currently a standard component of frontline myeloablative regimens for high-

risk neuroblastoma. The CEM regimen that utilized carboplatin, etoposide, and melphalan 

(180–210 mg/m2) was employed in multiple COG trials for high-risk neuroblastoma.

[4,44] Current COG trials utilize busulfan-melphalan (Bu-Mel; 140 mg/m2) based on a 

randomized International Society of Pediatric Oncology Europe Neuroblastoma (SIOPEN) 

trial demonstrating superior EFS and OS with Bu-Mel versus CEM.[45] While CEM [4] was 

associated with an 8% incidence of grades 3–5 sinusoidal obstruction syndrome (SOS), and 

Bu-Mel [45] had an 18% incidence of grade 2 or greater SOS in the SIOPEN trial, SOS 

was not seen with BSO-melphalan. BSO-melphalan could potentially be randomized against 

these other regimens to determine if it achieves better EFS and/or OS.

We conclude that BSO 75 g/m2 with melphalan 125 mg/m2 and autologous stem cell 

support is feasible and tolerable in recurrent/refractory neuroblastoma patients. Future 

BSO-melphalan studies in neuroblastoma could include exploring its use in patients with 

refractory disease at the end of induction therapy, or as an alternative myeloablative 

consolidation regimen for high-risk patients. Our study also provides safety data to support 

further clinical trials of myeloablative BSO-melphalan, which are in development for 

multiple myeloma (which has demonstrated activity with this regimen in preclinical models 

[46]), and pediatric solid tumors.
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ANC absolute neutrophil count
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BSO buthionine sulfoxime

Bu-Mel busulfan-melphalan

CEM carboplatin, etoposide, melphalan

COG Children’s Oncology Group

CR complete response

DHM dihydroxymelphalan

DLT dose-limiting toxicity

EFS event-free survival

GCL glutamate-cysteine ligase

GSH glutathione

IND investigational new drug

IV intravenous

MIBG metaiodobenzylguanidine

MHM monohydroxymelphalan

MR mixed response

MTD maximum tolerated dose

NANT New Approaches to Neuroblastoma Therapy

OS overall survival

PBSC peripheral blood stem cell
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PD progressive disease

PPB propylparaben

PR partial response

psi pounds per square inch

SD stable disease

SIOPEN International Society of Pediatric Oncology Europe Neuroblastoma

SOS sinusoidal obstruction syndrome
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Fig. 1. 
Melphalan plasma concentration versus time curves on day –3 from six patients representing 

each dose level. The dose of melphalan is the total dose given over 2 days. X-axis: minutes 

from end of melphalan (L-PAM) infusion. Open circle: observed concentrations; solid line: 

fitted for two-compartment model. Dashed line: 10 μM concentration of melphalan.
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TABLE I.

Patient Characteristics of 28 Patients Evaluable for Dose Escalation

Number of patients (%)

Male:Female 21 (75%):7 (25%)

Median age at diagnosis (years) 5 (2–17)

Median months from diagnosis to enrollment 18 (5–75)

Stage at diagnosis

 2b 1 (4%)

 3 3 (11%)

 4 24 (86%)

MYCN status at diagnosis

 Amplified 4 (14%)

 Nonamplified 18 (64%)

 Unknown 6 (21%)

Histopathology at diagnosis

 Unfavorable 17 (61%)

 Favorable 0 (0%)

 Unknown 11 (39%)

History of relapse at any time prior to enrollment

 Yes 22 (79%)

 No 6 (21%)

Therapy received prior to enrollment

 Chemotherapy 28 (100%)

 Prior melphalan
a 10 (36%)

 No prior melphalan 17 (61%)

 Prior melphalan history unknown 1 (3%)

 Prior myeloablative stem cell transplant 11 (39%)

 No prior myeloablative stem cell transplant 17 (61%)

 Prior radiation therapy 16 (57%)

 No prior radiation therapy 12 (43%)

Median baseline GFR
b
(range)

125 (102–181)

Sites of tumor at enrollment

 CT/MRI 20 (71%)

 MIBG 25 (89%)

 Bone marrow 19 (68%)

Type stem cells infused

 Unpurged PBSC 26 (93%)

 Purged PBSC 1 (4%)

 No stem cells infused 1(4%)

a
Nine of 10 patients with prior melphalan received myeloablative dose;

b
glomerular filtration rate.
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TABLE III.

Grades 3–4 Toxicities (Excluding Those Unrelated to Protocol Therapy) in 28 Patients Evaluable for Dose 

Escalation

Dose level Toxicity

Number of patients experiencing maximum grade toxicity

Grade 3 Grade 4

1 (4/00) (n = 1) Infection-blood 1 0

1 (8/01) (n =5) ALT 1 0

AST 1 0

GGT 1 0

Infection + normal absolute neutrophil count; skin/cellulitis 1 0

Infection-blood 1 0

Infection-cathether related 1 0

PTT 1 0

Anorexia 0 1

Nausea 1 0

Vomiting 0 1

Hypokalemia 1 0

1a (n = 3) ALT 1 0

Febrile neutropenia 2 0

Infection/lip perioral HSV-1 1 0

Sinus infection 1 0

Anorexia 2 0

PTT 1 0

Hypokalemia 1 0

2a (n = 3) Febrile neutropenia 2 0

Infection—blood 1 0

Hypokalemia 1 0

3a (n = 3) GGT 1 0

Fever 1 0

Febrile neutropenia 1 0

Infection—catheter related 0 1

Infection—respiratory 1 0

Anorexia 1 0

4a (n = 6) ALT 1 0

Hypoxia 0 1

Cardiac left ventricular function 1 0

Cardiac troponin 0 1

Cardiopulmonary arrest 0 1

Hypotension 0 1

Febrile neutropenia 3 0

Infection—blood 1 1

Infection—catheter related 1 0
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Dose level Toxicity

Number of patients experiencing maximum grade toxicity

Grade 3 Grade 4

Anorexia 4 0

Mucositis/pharyngitis/stomatitis 1 0

Nausea 2 0

Vomiting 1 0

Hypocalcemia 0 1

5a (n = 3) Fever 1 0

Febrile neutropenia 2 0

Infection—blood 2 0

Infection—respiratory 1 0

Infection—urinary tract 1 0

Pain—abdominal 1 0

Anorexia 3 0

Mucositis/pharyngitis/stomatitis 2 0

Nausea 2 0

Vomiting 1 0

6a (n = 3) Hypoxia 1 0

Febrile neutropenia 3 0

Infection—urinary tract 1 0

Pain—abdominal 1 0

Pain—oral cavity 1 0

Anorexia 2 0

Mucositis/pharyngitis/stomatitis 1 0

Nausea 1 0

AST, aspartate aminotransferase; ALT, alanine aminotransferase.
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