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Synergism of Buthionine Sulfoximine and Melphalan Against Neuroblastoma

Cell Lines Derived After Disease Progression
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Background. Despite intensive-alkylator
based regimens, >50% of patients with high-
risk neuroblastoma (NB) die from recurrent dis-
ease that is probably due, in part, to acquired
alkylator resistance. Procedure. Using buthio-
nine sulfoximine (BSO)-mediated, glutathione
(GSH) depletion to modulate melphalan (L-
PAM) resistance, we examined six NB cell lines
established after progressive disease following
either standard chemotherapy, BSO/L-PAM
therapy, or myeloablative therapy and autolo-
gous hematopoietic stem cell transplant

tional) showed high-level L-PAM resistance.
Conclusions. Fixed ratio analysis demonstrated
BSO/L-PAM synergy (combination index >1)
for all cell lines tested. In L-PAM-resistant cell
lines, the minimal cytotoxicity observed for
BSO combined with nonmyeloablative con-
centrations of L-PAM was markedly enhanced
(>4 logs total cell kill) when BSO was com-
bined with myeloablative concentrations of L-
PAM. In alkylator-resistant NB, the optimal use
of BSO may require dose escalation of L-PAM
to levels requiring AHSCT. Med. Pediatr. On-

(AHSCT). Results. Four of the six cell lines
(three p53-nonfunctional and one p53-func-
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INTRODUCTION row suppression as the major clinical toxicity [18-21]. In

this report, we show that BSO synergistically reverses
Most patients with stage 4 neuroblastoma (NB) diag~PAM resistance in a group of highly L-PAM-resistant

nosed at age >1 year or stage 4 <1 year WWtHCN NB cell lines established after disease progression but

amplification initially respond to therapy, but many ulti-only when L-PAM is escalated to levels achievable in the

mately succumb to recurrent disease that is refractoryrityeloablative setting.

chemotherapy [1-5]. Acquired alkylator resistance is one

likely mechanism for treatment failure; current therap

of high-risk NB relies heavily on alkylating agents suc ATERIALS AND METHODS

as cyclophosphamide, carboplatin, cisplatin, and melptze!l Lines

lan (L-PAM) [3,6,7]. We have previously shown that Sjx NB cell lines established from patients who had
sustained resistance (b¢> 40 uM) to the alkylating progressive disease following standard chemotherapy
agent L-PAM occurs in a majority of cell lines estab¢{CHLA-20), BSO/LPAM therapy (CHLA-171), or my-
lished from patients who relapsed after myeloablative

therapy that included intensive L-PAM (210 mg)ndur-

ing the preaUthgo_US hematopoietic St_em cell tran_Splanvision of Hematology-Oncology, Childrens Hospital Los Angeles,
(AHSCT) conditioning [8,9]. However, insofar as high+os Angeles, California

level drUg_ resistance in many NB may be dU? toa |055_ Gfepartment of Pediatrics, University of Southern California, Keck
p53 function [10], modulators of alkylator resistance wilkchool of Medicine, Los Angeles, California

have to achieve cytotoxicity independent of p53 to b®epartment of Pathology, University of Southern California, Keck
effective against such tumors. School of Medicine, Los Angeles, California
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TABLE |I. Summary of Postprogressive Disease Neuroblastoma 102

Cell Lines g \\‘\‘
L-PAM  BSO > 10"
Post- p53 LCyy LGy Cl<lat E
AHSCT Functional (uM) (M) [AHSCT? S 10°
(/2]
CHLA-20 - + 6 133 + =
CHLA-171 - - 42 509 + § 10
CHLA-51 + + 2 5 + o
CHLA-79 + + 4 10 * 5 102 ¢ L-PAM alone
CHLA-90 + - 47 37 + < ©  L-PAM + 500 uM BSO
CHLA-134 + - 52 939 + o
103

FAHSCT], concentration L-PAM achievable in autologous hemato-

poietic stem cell transplantation. | 1 | l | I

Values represent mean + standard error. 0 3 10 20 30 40
L-PAM pM

eloablative therapy and autologous hematopoietic Stgg. 1. L-PAM dose response for CHLA-171. L-PAM as a single
cell transplant (post-AHSCT; CHLA-51, CHLA-79, agent and L-PAM combined with a constant dose of fO0L-(S,R)

CHLA-90, CHLA-134) were used for all studies in thigBSO. Values represent mean + standard error.
report. Cell culture conditions, chemicals, digital image
microscopy (DIMSCAN), glutathione levels, p53 func-c
tion, and statistics were conducted as previously reporte

[8-10,16,17,22,23]. A single-drug dose-response soft- Using a fixed ratio analysis, drug synergy (Cl < 1)

ware program was used to calculate Lethal Concentratiglyeen BSO and L-PAM was observed for all cell lines

(LC) values, with LG, defined as the respective CONCENSt concentrations of L-PAM achievable in the AHSCT

tzrg]uogir%gﬁug sregglrred ggtwgegnocﬁs;&egi;egsedo [ai_ssetting (Table I). In p53 functional, postprogressive dis-
calculated gls’iny fixge){j ratio (BSO:L-PAM at 1:1 foro2o€ Celllines (CHLA-20, CHLA-51, and CHLA-79), the
9 - ) combination of BSO and L-PAM was synergistic at L-

CHLA-51, at 10:1 for all other cell lines) analysis [25— . . d
27], with synergy defined as a combination index (CI&A'\/I concentrations=3 pM) achievable in the nonmy-

<1. Synergy was also calculated by fixed ratio analysis fieaplative setting. importantly, in highly L-PAM resis-
generate computer-simulated isobolograms (not shovJﬁé‘t' p53 nonfunctional cell lines (CHLA-90, CHLA-
at values of LG, [24-27]. Dose combinations (L-PAM/ 134, CHLA-171), drug synergy was not seen until the
BSO) for synergy testing were as follows: for CHLA-51c0ncentration of L-PAM was escalated to levels of L-
0.6 wM/0.6 M, 1.25 pM/1.25 pM, 2.5 puM/2.5 pM, 5 PAM that are achievable only in the myeloablative set-
wM/5 uM, and 10.M/10 wM:; for all other cell lines, 3 ting (=10 wM). The ability of L-PAM at myeloablative
wM/30 wM, 10 wM/100 wM, 20 uM/200 pM, 30 wM/ doses to synergize with BSO was particularly striking for
300 uM, and 40uM/400 uM. CHLA-171 and CHLA-90 when 4QuM L-PAM was
combined with 40QuM BSO, resulting in greater than a
4 log increase of cell kill compared to 4M of L-PAM
RESULT_S . alone. The dose response curve of L-PAM (049) in
Cytotoxicity Assays of BSO and L-PAM as combination with a constant level of 500M for the
Single Agents representative cell line CHLA-171 is shown in Figure 1.

The results of the cytotoxicity assays by DIMSCAN
for L-PAM and BSO as single agents are summarized (autathione (GSH) Decreased by BSO
Table | for all six cell lines. CHLA-171 and CHLA-134
were moderately resistant (LG=509 uM) to L-(S,R) All cell lines were incubated in various concentrations
BSO. Among the three p53 functional cell lines, CHLAOf BSO (0-5001.M) for 24 hr, assayed for total GSH,
51 was highly sensitive (L& 2 M) to L-PAM at non- and found to have depletion of GSH to <50% baseline.
myeloablative levels£3 uM achieved using 15 mg//iy  The concentrations of GSH (both baseline and following
whereas CHLA-20 and CHLA-79 were intermediately 24 hr incubation with 50Q.M BSO) in a representative
L-PAM sensitive (4uM and 6 uM, respectively). L-PAM-resistant cell line (CHLA-171) are compared to
CHLA-171, CHLA-90, and CHLA-134 (all p53 non-the mean GSH under the same conditions for 10 previ-
functional) were highly resistant to L-PAM (Ldg 47.0 ously reported [16] NB cell lines (Fig. 2). The baseline
LM + 5 wM) at concentrations exceeding plasma levelsvel of GSH in CHLA-171 was 0.49 + 0.02 nmol/pg
obtained in the myeloablative setting [28,29]. protein compared to a mean of 0.59 + 0.08 nmol/pg

étotoxicity Assays of BSO Combined With L-PAM
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Mean of 10 CHLA-171 cell lines (including those lacking p53 function), a
Cell lines marked and sustained resistance to L-PAM exists, and
BSO-mediated GSH depletion will not overcome the al-
kylator resistance that occurs frequently in NB cell lines
established after AHSCT when L-PAM levels obtainable
in the nonmyeloablative setting are used. However, the
current data suggest that BSO may overcome high levels
of L-PAM resistance (even in those cell lines lacking
functional p53) if the L-PAM dose can be escalated to
levels requiring hematopoietic stem cell support. Thus, if
BSO/L-PAM is tolerable in the myeloablative setting,
BSO may enhance the activity of L-PAM against drug-
resistant NB and could improve outcome for NB patients
undergoing myeloablative therapy after developing pro-
Cont. BSO Cont. BSO gressive disease. A clinical trial is in progress to deter-
mine the maximally tolerated dose of L-PAM given to-

Fig. 2. Glutathione levels following BSO treatment. Values repre- . .

GSH (nmol/ug protein)
COLOCO0O0OO
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