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Abstract Purpose: BBR 3464 is a promising new trinu-
clear platinum complex that has been shown to cir-
cumvent the resistance to cisplatin in a panel of tumor
cell lines and xenografts with acquired or intrinsic re-
sistance to cisplatin. The in vitro and in vivo antitumor
activity of BBR 3464 was evaluated and compared with
that of cisplatin in neuroblastoma. Methods: In in vitro
studies, the short- and long-term cytotoxicities, cell cycle
perturbations, the ability to induce apoptosis, the in-
tracellular platinum accumulation and DNA platination
were evaluated in three neuroblastoma cell lines exposed
to appropriate drug concentrations for 1 h. In in vivo
studies, BBR 3464 was administered i.v. at doses of 0.30
and 0.35 mg/kg three times at intervals of 4 days
(q4dx3), and cisplatin was administered i.v. according to
two different schedules (at 2 and 4 mg/kg three times at
intervals of 4 days and at 6 and 12 mg/kg as single
doses). Results: In a short-term growth inhibition assay,
BBR 3464 was shown to be up to 100-fold more potent
than cisplatin and it was even more potent in a clono-
genic assay. The difference in the antitumor effect of
BBR 3464 on the different cell lines was evident in both
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assays, while cisplatin exerted a comparable antitumor
activity in all lines tested. Cell cycle analysis demon-
strated a longer-lasting block in G,/M phase induced by
BBR 3464 without the early S phase accumulation
induced by cisplatin. The higher potency of BBR 3464
appeared to be unrelated to the induction of apoptosis,
that was lower or at most comparable to cisplatin.
Cellular platinum accumulation and platinum-DNA
adduct formation following BBR 3464 exposure was
higher than following cisplatin exposure. These differ-
ences may have resulted from a different mechanism of
action and may explain the lack of cross-resistance with
cisplatin. In xenografts of neuroblastoma, BBR 3464
was confirmed to be very potent as compared to cispl-
atin (MTD 0.35 mg/kg and 4 mg/kg for BBR 3464 and
cisplatin, respectively). The efficacy of BBR 3464 was
superior to that of cisplatin when both drugs were
administered on a fractionated schedule (q4dx3), while
BBR 3464 appeared equally active to 12 mg/kg cisplatin
administered as a single dose. Conclusions: Our findings
indicate that BBR 3464 has a definite antitumor effect in
neuroblastoma lines and may be a candidate for early
clinical trials in children with neuroblastoma.
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Introduction

Neuroblastoma is one of the most common pediatric
solid tumors, but despite intensive chemotherapy there
has been no substantial improvement in survival rates of
children with advanced disease [5, 13]. Cisplatin either as
a single agent or in combination is one of the most active
compounds in many forms of cancer, including neuro-
blastoma. Although initial responses to chemotherapy in
disseminated or unresectable neuroblastoma are com-
mon, these are invariably followed by the development
of drug resistance and tumor progression. The severe
toxicity of cisplatin, mainly nephrotoxicity and periph-



eral neuropathy, prompted the development of second-
generation platinum compounds with the purpose of
circumventing the resistance to cisplatin and of achiev-
ing the lowest possible toxic profile. Some side effects are
less severe with carboplatin than with cisplatin, but the
spectrum of clinical activity is similar and carboplatin is
unable to circumvent cisplatin resistance.

The attempt to develop new platinum compounds
with comparable antitumor activity but no cross-resis-
tance with cisplatin and carboplatin has led to the
development of a large number of mononuclear and
polynuclear platinum compounds [7, 10]. Recently, from
a systematic study of bifunctional DNA-binding agents
based on charged, polynuclear platinum complexes,
BBR 3464 (trans-{bis[trans-diamminechloroplatinum
(n1,6-hexanediamine)]}diammineplatinum tetranitrate
salt) has been identified as the most promising agent
based on its outstanding efficacy in a panel of human
tumor cell lines and xenografts of different histotype,
with intrinsic or acquired resistance to cisplatin [8, 12].
The purpose of our study was to define the cellular
pharmacological profile of BBR 3464 in three human
neuroblastoma cell lines: SK-N-DZ, LAN-1 and
BE(2)M17. These cell lines were selected as representa-
tive of progressive stages of maturation [4]. We also
evaluated the antitumor activity of BBR 3464 against
SK-N-DZ and BE(2)M17 human tumor xenografts in
nude mice. All studies were conducted comparing BBR
3464 with cisplatin in parallel.

Materials and methods

Cell lines, growth conditions and drugs

The neuroblastoma cell line SK-N-DZ was kindly provided by Dr.
M.A. Israel (University of California, San Francisco), and LAN-1
and BE(2)M17 were a gift from Dr. J.L. Biedler (Memorial Sloan
Kettering, New York). Cell lines were grown as monolayer cultures
in RPMI-1640 medium (Bio Whittaker, Verviers, Belgium) with
10% fetal calf serum. At least three different experiments were per-
formed in duplicate for each cell line and for each platinum complex.

BBR 3464 prepared as the NO5 ™ salt was supplied by Novus-
pharma, Monza, Milan, Italy. Cisplatin was obtained from Bristol-
Myers Squibb.

Growth inhibition assay

Cell lines were exposed to BBR 3464 and cisplatin for 1 h. They
were then washed and fresh medium was added. Cell counting by
trypan blue dye exclusion was then performed after an additional
72 h of culture. The results are expressed as the concentration able
to induce half-maximal inhibition (ICs).

Clonogenic survival assay

Approximately 0.8—1 x 10* cells were seeded in triplicate into 25-

cm? flasks and exposed, after 24 h attachment, to the appropriate
drug concentration for 1 h. The flasks were then washed gently with
PBS, the medium was replaced and the flasks incubated at 37°C.
After 10 to 12 days, the cells were stained with 1% methylene blue
in 70% ethanol/water and colonies evaluated by visual counting.
The number of colonies in treated cultures are expressed as a
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percentage of control cultures. The mean £SD of colony counts
from replicate cultures was calculated, and ICsy values determined
from survival curves.

Cell cycle analysis

Progression of cells through the cell cycle was examined by flow
cytometry. Exponentially growing cells were treated with serial
concentrations of BBR 3464 and cisplatin or with the medium
alone for 1 h. Cell cycle analysis was carried out after additional 24,
48 and 72 h of culture. The cells were harvested and the nuclei
isolated and stained using a solution containing 0.1% (w/v) sodium
citrate, 0.1% (v/v) NP40, 4 mM EDTA and 50 mg/ml propidium
iodide as a DNA dye [6]. In order to calculate the amount of DNA
fragmentation, all the events falling in the subG,; region were
computed and indicated as percent of DNA fragmentation. These
events were excluded from the cell cycle analysis. DNA was ana-
lyzed flow cytometrically by acquiring a minimum of 10,000 nuclei
using a FacScan flow cytometer (Becton Dickinson Immunocy-
tometry Systems, San Jos¢, Calif.). DNA fluorescence was recorded
in linear and log modes and pulse signal processing was used to set
a doublet discrimination gate. Cell cycle analysis was performed
using the Multicycle software package (Phoenix, San Diego, Calif.).

Morphological analysis of apoptosis

The ability of BBR 3464 and cisplatin to induce apoptosis was
measured by the TUNEL assay using a commercial kit (Apoptos-
1.S., Ylem, Avezzano, Italy), according to the manufacturer’s
instructions. The cells were exposed to equitoxic concentrations
(IC30, ICsg, ICgp, and multiples) of BBR 3464 and cisplatin for 1 h
and analyzed after an additional 72 h of culture. A minimum of 500
cells were examined. Counting and image analysis were performed
using a IAS 2000 System (Delta Sistemi, Rome, Italy). The mor-
phological evaluation was compared with the DNA fragmentation
data obtained by cell cycle analysis.

Platinum accumulation

Total intracellular platinum was measured after 1 h of incubation
with BBR 3464 and cisplatin (10-100 pM, five graded concentra-
tions). The cells were washed twice with ice-cold PBS before har-
vesting and collection. An aliquot was used for cell counting, and
the platinum assay was performed on the remaining cells. The cells
were dried and digested with 100 pl 70% nitric acid and 30 ul 30%
H,0, in a microwave oven. Distilled water (800 ul) was then added
to the samples and a 30-pl aliquot was injected into a Perkin-Elmer
model 4000 atomic absorption spectrometer.

DNA platination

Approximately 1x10” cells were harvested after a I-h treatment
with BBR 3464 and cisplatin (10-100 pM), and washed twice with
PBS. Cell pellets were incubated overnight at 50°C with 0.5 ml lysis
buffer (10 mM Tris-HCI, pH 8, 1 mM EDTA, 0.5% SDS, 20 pg/ml
proteinase K; Sigma). The lysates were then treated with 20 pg/ml
RNase A (Sigma) for 1 h at 37°C. DNA was extracted with phenol-
chloroform and its content was determined by spectrophotometry.
The platinum assay was performed by atomic absorption spect-
rometry as above. The DNA-bound platinum levels are expressed
as picograms platinum per microgram DNA.

In vivo evaluation in human tumor xenograft models

CDI nu/nu male nude mice (Charles River, Calco, Italy) at 5 weeks
of age were used throughout the study. All experimental animal
investigations complied with the guidelines of the Istituto Superiore
di Sanita’ (Rome, Italy) on experimental neoplasia in animals. Mice
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were injected subcutaneously with 30x10° cells of both SK-N-DZ
and BE(2)M17 cell lines. We tried to obtain LAN-1 xenografts in
nude mice twice, but tumors grew only in a limited percentage of
mice. Drug administration was started 2 weeks after transplanta-
tion when tumors weighed approximately 100-200 mg. BBR 3464
was administered three times i.v. at doses of 0.30 and 0.35 mg/kg
every 4th day (q4dx3), which had previously been determined as
the maximum tolerated dose (MTD), with no toxic deaths. This
dose resulted in a mean weight loss of 10-15% of the initial weight.
Cisplatin was administered i.v. according to two different sched-
ules: 2 and 4 mg/kg q4dx3 and 6 and 12 mg/kg as single doses. The
fractionated schedule enabled cisplatin given as repeated doses to
be compared with BBR3464 and the cisplatin single doses, so that
the two drugs administered at their optimal schedule were com-
pared. In all the experiments control mice received the corre-
sponding vehicles.

For evaluation of antitumor activity, each control or drug-
treated group included five mice bearing bilateral subcutaneous
tumors. Tumor growth was monitored and tumor weight (TW) was
determined by measuring the tumor diameters with a vernier caliper
and using the formula: TW = tumor volume = d? x D/2, where d
and D are the shortest and longest diameter, respectively. Drug
efficacy was assessed as the percentage tumor weight inhibition
(TWI) in treated versus control mice and as logq cell kill (LCK)
achieved by the drug treatment, according to the formula
T — C/DT x 3.32, where T is the mean time (days) required for
treated tumors and C for the control tumors to reach an established
weight (500 mg), and DT is the mean doubling time of control
tumors. The drug was considered effective when TWI was >80%
and/or LCK was >1 [11]. The statistical significance of differences in
TWI between cisplatin- and BBR 3464-treated mice was evaluated
using Student’s z-test.

Results
Cytotoxicity

Short- and long-term cytotoxicities were evaluated by a
3-day growth inhibition assay and a clonogenic survival
assay, respectively. In both assays BBR 3464 was more
potent than cisplatin. ICsy values calculated from the
dose-survival curves obtained from the short-term
cytotoxicity assay are shown in Table 1. The LAN-1 cell
line showed the highest sensitivity to BBR 3464. The
ICso values obtained from the clonogenic assay are
shown in Table 2. The 1Cs, values for cisplatin from the
two assays were very similar, while BBR 3464 was dra-
matically more cytotoxic in the long-term assay. The
LAN-1 cell line was by far the most sensitive line,
followed in order by BE(2)MI17 and SK-N-DZ.

Cell cycle analysis and apoptosis

Progression of cells through the cell cycle was evaluated
24, 48 and 72 h after a 1-h drug exposure (Figs. 1 and 2).

Table 1 ICs, values (uM) assessed by cell count at 72 h after a 1-h
treatment with cisplatin or BBR 3464

In all the cell lines both drugs induced a dose-dependent
increase in cells blocked in the G,/M phase. However,
the two drugs exhibited different behavior. In the case of
cisplatin, at the highest doses, the G,/M block observed
at 48 h (data not shown) was preceded by an accumu-
lation in the S phase at 24 h (Fig. 1C). On the other
hand, equipotent doses of BBR3464 (as detected by the
3-day growth inhibition assay) induced a dose-depen-
dent G,/M cell cycle arrest at 24 h (Fig. 1B) that lasted
for up to 72 h (Fig. 2B), with no early S phase accu-
mulation. Following this finding, we tested the hypoth-
esis that BBR3464 might induce an S phase block with
an earlier kinetics with respect to cisplatin. Therefore,
cell cycle analysis was performed after 12 h of culture,
and again no S phase arrest was found in BBR 3464-
treated cells (data not shown).

Along with the dose-dependent accumulation in the
G,/M phase, we also noted an increase in DNA frag-
mentation over time. This behavior is a hallmark of the
presence of apoptosis. Therefore, we performed a mor-
phological analysis of apoptosis by the TUNEL assay
after a 1-h exposure to equitoxic doses (IC3q, ICsq, ICgq)
of the drugs and an additional 72 h of culture. As shown
in Table 3, the ability of BBR 3464 to induce apoptosis
at the doses tested in all three cell lines was lower or at
most comparable to that of cisplatin.

Intracellular platinum accumulation

Up to the highest concentration tested (100 pM), a
nonsaturable and dose-dependent accumulation of both
BBR 3464 and cisplatin occurred. Platinum accumula-
tion following BBR 3464 exposure was threefold higher
than following cisplatin exposure in BE(2)M17 and SK-
N-DZ cells, and reached a ninefold higher concentration
in LAN-1 cells (Fig. 3).

DNA platination

Platinum binding to DNA after a 1-h exposure to the
drugs was nonsaturable and dose-dependent, resembling
intracellular platinum accumulation. Following BBR
3464 exposure the rate of platinum adduct formation in all
three cell lines was higher than that obtained with cisplatin
at equimolar drug concentrations. Dose-DNA platina-
tion curves (Fig. 4) showed a 12- and 15-fold difference in
platinum adduct formation in SK-N-DZ and BE(2)M17
cells, respectively, and a much higher rate of platination
was noted in LAN-1 cells (about 54-fold). In BE(2)M 17

Table 2 1Csq values (M) assessed by colony forming assay after a
1-h treatment with cisplatin or BBR 3464

Cell line Cisplatin BBR 3464 Cisplatin/BBR Cell line Cisplatin BBR 3464 Cisplatin/BBR
3464 3464

SK-N-DZ 5.40+1.90 0.3740.10 15 SK-N-DZ 6.37+1.28 0.12£0.025 53

BE(2)M17 6.97+0.75 0.13+0.05 54 BE(2)M17 5.50+0.82 0.017£0.003 323

LAN-1 6.67+2.21 0.067 +£0.02 100 LAN-1 7.40+1.64 0.0017+£0.0005 4353




cells, cisplatin induced platinum-DNA adduct formation
to a higher extent than in the other two cell lines,
according to the intracellular platinum accumulation.

In vivo evaluation in human tumor xenograft models

The antitumor activity of BBR 3464 was evaluated
in nude mice against two human neuroblastoma xeno-

Fig. 1A-D Cell cycle analysis 100

performed 24 h after a 1-h A
exposure to BBR 3464 (A, B) or 80 F
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Fig. 2A-D Cell cycle analysis
performed 72 h after a 1-h

exposure to BBR 3464 (A, B)
and to cisplatin (C, D) on the
three neuroblastoma cell lines
BE(2)M17 (open bars), SK-N-
DZ (filled bars) and LAN-1

(hatched bars). This is a repre-
sentative of three experiments
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grafts, SK-N-DZ and BE(2)M17 and compared with
that of cisplatin. The highest dose of each drug was
approximately the LD, estimated in non-tumor-bearing
mice following the corresponding schedules for testing
antitumor activity. The data are reported in Table 4 and
growth curves are shown in Fig. 5. BBR 3464 showed an
antitumor effect at both doses (0.30 and 0.35 mg/kg)
with a TWI of >80% in both tumor xenografts. At
0.35 mg/kg, the LCK value was > 1 in both xenografts.
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Table 3 Induction of apoptosis following drug treatment at three different inhibitory concentrations. Apoptosis level is calculated as the

percentage of apoptotic cells in the whole cell population

Cell line IC values Drug concentration (pM) Percent apoptosis®
BBR 3464 Cisplatin BBR 3464 Cisplatin
SK-N-DZ ICs0 0.1 2.6 3.5 35
1Cso 0.37 5.4 11.0 10.0
1Cg 3.00 14.0 24.5 38.0
BE(2)M17 ICso 0.1 2.0 1.2 1.0
1Cso 0.13 7.0 1.4 2.1
I1Cgo 0.77 17.0 3.2 16.8
LAN-1 1Cyg 0.014 2.73 0.2 2.0
1Cso 0.067 6.67 0.3 4.5
ICgo 0.8 27.0 23.0 26.0
#Treated cells over untreated cells
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Fig. 3A, B Intracellular platinum accumulation in the three
neuroblastoma cell lines following a 1-h exposure (A) to cisplatin
(® LAN-1, B BE(2)M17, A SK-N-DZ), and (B) to BBR 3464 (O
LAN-1, O BE(2)M17, A SK-N-DZ). The mean values from two
separate experiments are shown

Interestingly, very high TWI values (90%) were main-
tained up to the end of the observation time (33 and
42 days) in both SK-N-DZ and BE(2)M17 xenografts,
respectively, treated with 0.35 mg/kg BBR 3464. Cispl-
atin administered in the q4dx3 schedule had no effect on
tumor growth, while the single-dose cisplatin schedule
was active in both tumor xenografts at the 12 mg/kg
dose (TWI 90% and LCK 1.00 in SK-N-DZ, TWI 86%
and LCK 1.09 in BE2)M17).

drug concentration (UM)

Fig. 4A, B Platinum DNA adduct formation following a 1-h
exposure (A) to cisplatin (@ LAN-1, B BE(2)M17, A SK-N-DZ),
and (B) to BBR 3464 (O LAN-1, OO0 BE(2)M17, A SK-N-DZ). The
mean values from two separate experiments are shown

Discussion

Neuroblastoma is one of the most common pediatric
solid tumors and cisplatin is among the most active
drugs utilized in the treatment of this disease. Although
an initial response to a multiagent treatment protocol is
a relatively frequent event, the development of drug re-
sistance and tumor recurrence almost invariably follow.
In this context, new platinum analogues non-cross-
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Table 4 Antitumor activity of cisplatin and BBR 3464 against human tumor xenografts (7W1 tumor weight inhibition, LCK log, cell

kill)
Tumor Drug Dose (mg/kg)* Schedule TWI (%) LCK Comments
SK-N-DZ BBR 3464 0.30 q4dx3 81* 0.85 Active
0.35 q4dx3 89** 1.30 Active
Cisplatin 2 q4dx3 63 0.20 Inactive
4 q4dx3 72 0.50 Inactive
6 Single dose 73 0.55 Inactive
12 Single dose 90 1.00 Active
BE(2)M17 BBR 3464 0.30 q4dx3 80* 0.68 Active
0.35 q4dx3 90** 1.00 Active
Cisplatin 2 q4dx3 50 0.20 Inactive
4 q4dx3 68 0.30 Inactive
6 Single dose 38 0.20 Inactive
12 Single dose 86 1.09 Active

*P<0.05, **P<0.01, Student’s r-test, BBR 3464 vs cisplatin (4 mg/kg)
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Fig. 5A, B Growth curves of SK-N-DZ (A) and BE(2)M17 (B) in
nude mice treated with CDDP or BBR 3464. Drug treatment
was administered three times at 4-day intervals (4 untreated con-
trol, M cisplatin 2 mg/kg, A cisplatin 4 mg/kg, x BBR 3464 0.30 mg/
kg, BBR 3464 0.35 mg/kg)

resistant with cisplatin may be a new and effective
therapeutic tool to improve disease-free survival.
Among the new platinum coordination compounds, the
trinuclear platinum complex BBR 3464 appears the most
promising and has been able to circumvent the inherent
or acquired cisplatin-resistance in vitro and in vivo in a
panel of human adult tumor models [8, 12].

In the present study we evaluated in vivo and in vitro
the antitumor activity of BBR 3464 in human neuro-
blastoma cell lines. Our findings indicate that this
compound is endowed with a definite antitumor effect
in neuroblastoma. As compared to cisplatin, BBR 3464
appears more active although with differing degrees of
antitumor effect depending on the cell line tested and
the assay utilized. In the short-term growth inhibition
assay, BBR 3464 was up to 100-fold more potent than
cisplatin and even more potent than cisplatin when the
antitumor effect was tested in the clonogenic assay.
The difference in the antitumor effect of BBR 3464 on
the different cell lines was evident in both assays, while
cisplatin exerted a comparable antitumor activity in all
cell lines. In addition, the antitumor effect of cisplatin,
as evaluated in the clonogenic assay, produced ICs,
values very close to those obtained in the short-term
assay. The possible mechanism underlying the discrep-
ancy between the two assays has recently been reviewed
by Brown and Wouters [2]. It is evident that the clo-
nogenic assay is the best way to assess the overall level
of cell killing, while the short-term assay may under-
estimate the drug cytotoxic effect since this assay is
mainly influenced by mechanisms causing early death,
such as apoptosis or necrosis. Indeed, the induction of
apoptosis by BBR 3464 in the dose range tested ap-
peared to be lower than or at most comparable with
that induced by cisplatin, so that the increased antitu-
mor activity of BBR3464 appears not to be related to
an apoptotic mechanism.

The higher antitumor effect of BBR 3464 was
mainly related to delayed cytotoxicity, suggesting a
different mechanism of action that may be at the basis
of the lack of cross-resistance with cisplatin. The results



504

of other studies and our study indicate that BBR 3464
exposure results in higher DNA platinum binding than
exposure to cisplatin and, as shown by Brabec et al. [1],
in long-range intra- and interstrand crosslinks. Perego
et al. [10] and Brabec et al. [1] have suggested that the
different pattern of DNA lesions rather than the higher
level of DNA-bound platinum might be responsible for
the difference in the antitumor activity of BBR 3464.
Cisplatin-induced lesions are repaired both by nucleo-
tide excision and DNA mismatch repair systems. Most
probably these mechanisms are not involved in re-
pairing BBR 3464 genotoxic insults, since alterations in
these mechanisms have been reported not to affect
BBR 3464 activity [9]. A possible explanation is that, if
DNA lesions produced by BBR 3464 are not restored
by either of these DNA repair systems, progression
through the cell cycle is hampered for a long time; the
results of the cell cycle analysis appear to support this
hypothesis.

The antitumor activity of BBR 3464 was confirmed in
neuroblastoma xenografts obtained by injecting nude
mice with SK-N-DZ and BE(2)M17 cells. The BBR 3464
MTD in nude mice bearing tumors was determined as
0.35 mg/kg administered i.v. in a q4dx3 schedule. BBR
3464 at this dose and in this schedule exerted an anti-
tumor activity comparable to that of 12 mg/kg cisplatin
administered i.v. as a single dose, with an approximately
11-fold cisplatin/BBR 3464 dose ratio. The longer-last-
ing growth-inhibitory effect of BBR 3464 (TWI 90% up
to the end of the observation time) as compared to cis-
platin was consistent with our in vitro data.

BBR 3464 entered clinical trials in June 1998 and
phase I studies in adult patients are in progress [3].
Grade 3—4 neutropenia and diarrhea have been observed
(15 patients) but no drug-related renal, neurological
or lung toxicity. Doses administered in clinical trials
(0.2-1.1 mg/m?) are from 50- to 70-fold lower than cis-
platin doses currently utilized in adult tumors. The
encouraging results obtained in these studies in neuro-
blastoma experimental models and the manageable
toxicity observed in adult studies could support a phase
I clinical study to test BBR 3464 safety and efficacy in
pediatric patients affected by advanced neuroblastoma.
We hope that our preclinical results will be confirmed in
the clinical setting and that children with neuroblastoma
may benefit from this new compound.
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