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ABSTRACT

High-risk neuroblastoma remains a major problem in pediatric oncology, accounting for 15% of childhood cancer deaths. Although
incremental improvements in outcome have been achieved with the intensification of conventional chemotherapy agents and the addition of
13-cis-retinoic acid, only one-third of children with high-risk disease are expected to be long-term survivors when treated with current
regimens. In addition, the cost of cure can be quite high, as surviving children remain at risk for additional health problems related to long-
term toxicities of treatment. Further advances in therapy will require the targeting of tumor cells in a more selective and efficient way so that

survival can be improved without substantially increasing toxicity. In this review we summarize ongoing clinical trials and highlight new
developments in our understanding of the molecular biology of neuroblastoma, emphasizing potential targets or pathways that may be
exploitable therapeutically. J. Cell. Biochem. 107: 46-57, 2009. © 2009 Wiley-Liss, Inc.
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N euroblastoma is the most common extracranial solid tumor
of childhood, and accounts for one of every eight pediatric
cancer deaths. At least 40% of all children with neuroblastoma are
designated as high-risk patients, based on adverse features such as
age >18 months at presentation, the presence of disseminated
disease, unfavorable histologic features, and amplification of the
MYCN oncogene [Park et al., 2008].

Current treatment for high-risk neuroblastoma consists of a
coordinated sequence of chemotherapy, surgery, and radiation
[Matthay et al., 1999; Pearson et al., 2008]. Resection of the primary
tumor is rarely performed at the time of initial diagnosis, since most
patients present with extensive metastatic disease. Instead, patients
first receive intense multiagent chemotherapy designed to reduce
overall disease burden and facilitate later resection of the primary
tumor, which is typically performed after several courses of
treatment. This initial induction chemotherapy usually consists of
varying combinations of alkylating agents, anthracyclines, plati-
num compounds, and epipodophyllotoxins. Following completion
of induction chemotherapy, treatment is consolidated with one
or more courses of high-dose chemotherapy with autologous
hematopoietic stem cell support. Agents used for high-dose therapy
include carboplatin, etoposide, and melphalan (CEM). After recovery

from the acute effects of consolidation, patients receive focal
radiotherapy to the primary tumor site as well as any residual
metastatic sites still identifiable at the completion of induction.
Finally, patients receive six courses of the differentiating agent
13-cis-retinoic acid (CRA), with the intent of eradicating minimal
residual disease that is present in over half of children who have
achieved complete remission by imaging criteria. The total length of
therapy for most patients is up to 1 year when accounting for the
frequent treatment delays and complications.

Even with this aggressive treatment, less than 40% of children are
likely to achieve long-term cure [Matthay et al., 1999; Pearson et al.,
2008; Zage et al., 2008]. Treatment failures usually arise from the
setting of minimal residual disease following high-dose chemother-
apy. Although prolonged disease stabilization can be obtained in
some children following tumor recurrence, nearly all children who
relapse eventually die from disease progression [Lau et al., 2004].
Even patients who appear to achieve a cure with initial
therapy remain at risk for developing long-term complications
related to treatment, including hearing loss, cardiac dysfunction,
infertility, and second malignancies [Laverdiere et al., 2005]. These
observations underscore the need for more effective and less toxic
therapies.
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TABLE I. Selected Ongoing Clinical Trials for Relapsed High-Risk Neuroblastoma

Investigational Class of Patient Phase
agents agents population  of trial Sponsor/institution Comments
Cyclophosphamide + topotecan  Alkylator, Camptothecin Newly diagnosed I COG Incorporated into induction
Ch14.18 Anti-GD2 antibody Post-transplant I COG With CRA versus CRA alone
ABT-751 Anti-mitotic Relapsed I COG Endpoint of PFS
Temsirolimus mTOR inhibitor Relapsed I Wyeth Limited-institution study
Temsirolimus mTOR inhibitor Newly diagnosed I St. Jude Children’s Combined with irinotecan as
Research Hospital upfront window
IMC-A12 IGF-1 receptor antibody Relapsed L 1T CoG To be paired with temsirolimus
in future trials
Beta-glucan Adjuvant to antibody therapy Relapsed 1 Memorial Sloan-Kettering Given together with
Cancer Center 3F8 antibody
BSO/melphalan Chemosensitizer Relapsed I NANT Requires stem cell support
Fenretinide Retinoid Relapsed I NANT Trials for both oral and
iv preparations
CEP-701 TrkB inhibitor Relapsed I NANT Well tolerated oral agent
Nifurtimox Antiparasitic Relapsed I University of Vermont Given +/— cyclophosphamide
and topotecan
Bortezomib Proteosome inhibitor Relapsed 1 University of Michigan Combined with irinotecan
Cancer Center
Bevacizumab Anti-VEGF antibody Relapsed Pilot Cincinnati Children’s Hospital ~ Given together with vincristine,
irinotecan, and temozolomide
Protracted oral etoposide Anti-angiogenic Newly diagnosed Pilot Texas Children’s Hospital Combined with standard
induction chemotherapy
Zactima Small molecule VEGFR, Relapsed I MD Anderson Cancer Center Given together with
EGFR inhibitor cis-retinoic acid
Zoledronic acid Bisphosphonate Relapsed 1 NANT Together with bevacizumab
and cyclophosphamide
%°Y-DOTA-tyr3-octreotide Radiopharmaceutical Relapsed I Holden Comprehensive Cancer Based on adult studies of
Center, University of Iowa octreotide-positive tumors
Irinotecan Camptothecin as radiosensitizer ~Relapsed I NANT With *'I-MIBG
MLN8237 Aurora A kinase inhibitor Relapsed I COoG Notable preclinical activity

Each block of sequenced therapy represents an opportunity for
improvement, and new therapies should be considered in the
context of where they can best fit in to the overall treatment schema.
For example, some agents are well suited for induction therapy,
while others may be more effective for treating the lower tumor

TABLE II. Novel Targets or Approaches With Potential Clinical Utility for Treating High-Risk Neuroblastoma

burden that exists after stem cell transplantation. With these
concepts in mind, we now review the rationale behind selected
clinical trials currently being performed (summarized in Table I).
A list of additional therapeutic targets we believe merit considera-
tion for future studies is provided in Table II.

Target molecule, pathway, function,
or potential therapeutic approach

Targeted interaction or mechanism

References

MYCN

Vaccines

ALK (anaplastic lymphoma kinase)

Interferon B or vy

Neuroblastoma-selective therapy

Invasion/metastasis

MDM2

Oncolytic virus-metalloproteinase inhibitor

Transcriptional regulator of ODC1 expression*

Regulation of histone H3 acetylation by
MYCN-chromatin interactions*

Determinant of NK cell recruitment to tumor foci*

Determinant of invasive potential

Regulation of microRNA expression

Antigens evaluated: MYCB, TH, CD49b, CD59,
survivin, GD2, CX3C1

Cytokines coexpressed: IL-2, -12, -21

GD2-targeted Epstein-Barr virus-specific T-cells*

Inhibition of ALK mutants in a subset of neuroblastoma*
(in contrast to inhibition of ALK fusion proteins in lymphoma)

Sensitizes neuroblastoma cells to doxorubicin, temozolomide
or cyclophosphamide*

Using tumor-tropic stem-like cells of neural, mesenchymal
or lipid origin*

Using liposomes targeting GD2 or various membrane proteins

Using liposomes engineered to localize to the extracellular
milieu of tumors, to deliver prodrugs

ICAM-2 (intercellular adhesion molecule-2) eradicates
development of disseminated tumors in a murine model
of metastatic neuroblastoma*

NCAM, ICF-1R, integrin a1, CD44, GPRP

Inhibition of MDM2 sensitizes neuroblastoma cells to
DNA-damaging agents, with preferential induction of
apoptosis rather than G1 arrest*

Inhibition of MMPs enhances the efficiency of oncolytic HSV*

Hogarty et al. [2008]
Cotterman et al. [2008]

Song et al. [2007]

Tanaka and Fukuzawa [2008]
Schulte et al. [2008]

Pule et al. [2008]
McDermott et al. [2008]

Tong et al. [2008], Sims et al. [2008]
Aboody et al. [2006], Danks et al. [2007]

DiPaolo et al. [2008] (review)

Yoon et al. [2008]

Valentiner et al. [2008]; Qiao et al. [2008]
van Maerken et al. [2006]

Mabhller et al. [2008]

*Molecular targets or approaches discussed in the text.
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CONVENTIONAL CYTOTOXIC THERAPIES

Since there is a direct relationship between response to induction
therapy and event-free survival [Matthay et al., 2003], efforts
are ongoing to improve the 50-60% rate of complete + very good
partial responses seen with contemporary induction regimens
[Matthay et al., 1999; Kreissman et al., 2007]. The incorporation of
novel drug combinations with documented activity against relapsed
neuroblastoma may be one way of achieving this goal. Approxi-
mately one-third of patients with first recurrence of neuroblastoma
will achieve a complete or partial response with cyclophosphamide
and topotecan [Frantz et al., 2004]. A recent pilot study
demonstrated the feasibility of incorporating cyclophosphamide
and topotecan into induction chemotherapy in newly diagnosed
patients [Park et al., 2006], and the efficacy of this approach is now
being studied in a large Phase III trial through the Children’s
Oncology Group (COG).

In a similar fashion, the combination of another alkylating
agent (temozolomide) and camptothecin (irinotecan) is also being
evaluated for recurrent disease, with the idea of potential
incorporation into induction therapy. In addition to showing
activity in relapsed patients [Kushner et al., 2006; Wagner et al.,
in press], this combination is generally less toxic than other
regimens used during induction. This improved tolerance may
allow for the addition of targeted agents onto this cytotoxic
backbone, which is desirable since many targeted therapies are
unlikely to cause regression of bulky tumors when given as
monotherapy. Agents which synergize with chemotherapy by
enhancing the apoptotic response to treatment, such as the proteo-
some inhibitor bortezomib [Armstrong et al., 2008] or the anti-
insulin-like growth factor type I receptor antibody IMC-A12
[Rowinsky et al., 2007], may be particularly attractive for
combination studies.

Another logical strategy is to add anti-angiogenic agents, given
the vascular nature of neuroblastoma tumors and the correlation
between clinical aggressiveness and extent of angiogenesis [Rossler
et al., 2008]. Preclinical studies have suggested that the anti-VEGF
antibody bevacizumab normalizes tumor-associated vasculature in
neuroblastoma models and improves the intratumoral penetration
and efficacy of campthothecins [Dickson et al., 2007]. This study
provided the rationale for pilot trials combining bevacizumab with
irinotecan-containing regimens, as has been done successfully for
colon cancer [Hurwitz et al., 2004] and glioblastoma [Vredenburgh
et al., 2007]. Tumor-associated vasculature can also be targeted
with low doses of conventional chemotherapeutic agents given
frequently over long periods of time. This metronomic strategy may
target endothelial cells more than tumor cells, and has been
modestly successful in stabilizing disease when using agents such as
cyclophosphamide, etoposide, and vinblastine [Kieran et al., 2005;
Stempak et al., 2006]. This concept is currently being evaluated in a
Texas Children’s Hospital trial adding low-dose daily oral etoposide
to conventional induction chemotherapy. Of note, endothelial
cells had previously been considered attractive therapeutic targets
because they were presumed to be of host and not tumor origin. This
assumption has recently been called into question by a recent study

in which tumor-specific genetic changes (i.e., MYCN amplification)
were observed in endothelial cells associated with primary tumors,
thus raising the question of whether these cells may also be
genetically unstable and prone to chemotherapy resistance [Pezzolo
et al., 2007].

Modulation of the resistance to chemotherapy by the adminis-
tration of chemosensitizing agents has also been proposed. One
example is the use of buthionine sulfoximine (BSO), a selective
inhibitor of glutathione synthesis, together with the alkylating
agent melphalan. This combination has shown impressive pre-
clinical synergy [Anderson et al., 2001], and a clinical trial is
ongoing which exploits the steep dose-response curve of this
combination by using stem cell support following administration
of BSO and increasing doses of melphalan. Another potential
chemosensitizing approach involves the use of 0°-benzylguanine to
circumvent the activity of the DNA repair protein methylguanine-
DNA methyltransferase (MGMT), a repair protein frequently
expressed in neuroblastoma and likely to confer resistance to the
anti-tumor activity of temozolomide [Wagner et al., 2007]. This
strategy could potentially improve the 20% response rate seen
with single-agent temozolomide in relapsed neuroblastoma [Rubie
et al., 2006], although clinical development has been limited by
the availability of 0°-benzylguanine and the increased myelosup-
pression of this combination.

RADIOTHERAPEUTIC TARGETS

Since neuroblastoma tumors are generally radiosensitive, another
way to improve treatment outcomes may be to deliver more
intensive, tumor-specific radiotherapy. '*'I-metaiodobenzylguani-
dine (MIBG) is selectively taken up by norepinephrine receptors, and
intravenous infusion of this radiopharmaceutical represents a
method of selectively delivering radiotherapy specifically to tumor
cells. One main inclusion criteria for MIBG therapy is demonstration
that the tumor is identifiable on a diagnostic '**I- or *'[-MIBG scan,
as is the case for approximately 90% of patients. The feasibility and
accessibility of this treatment continue to improve, and a growing
number of centers worldwide are now capable of delivering this
therapy.

BILMIBG consistently has the highest response rate of any
treatment for relapsed neuroblastoma [reviewed in DuBois and
Matthay, 2008], and recent trials through the new approaches to
neuroblastoma (NANT) consortium have demonstrated that MIBG
therapy can be safely combined with high-dose CEM given 2 weeks
after *'I-MIBG and using peripheral blood stem cell support to
assist hematopoietic recovery [Matthay et al., 2006]. Although MIBG
therapy has typically been reserved for patients with relapsed or
refractory disease, a European trial has shown this treatment can be
given together with induction therapy for newly diagnosed patients
[de Kraker et al., 2008]. The COG is planning a pilot trial to test the
feasibility of MIBG + high-dose CEM as consolidation for newly
diagnosed patients, with the ultimate strategy of using this as a
potential treatment arm for patients with “ultra-high-risk” disease
that have no response to conventional induction chemotherapy.
Other potential strategies include the addition of radiosensitizers
such as irinotecan or the histone deacetylase inhibitor SAHA
(vorinostat) together with MIBG therapy.
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The original method for preparing the clinical formulation of '*'I-
MIBG was relatively inefficient and contained unlabeled “carrier”
meta-iodobenzylguanine (MIBG). Unlabeled MIBG was determined
to compete with radiolabeled MIBG for cellular uptake by
norepinephrine receptors, thereby potentially diminishing the
therapeutic effectiveness. Ultratrace™ is a no-carrier added
formulation of *'I-MIBG which is now being tested in a Phase I
clinical trial for patients with relapsed neuroblastoma, based on the
hypothesis that removal of the carrier will result in greater uptake by
tumor cells and improved anti-tumor effects.

Additional delivery systems for radiopharmaceuticals include
conjugation with the anti-GD2 antibody 3FB. This radiolabeled
antibody has been used in newly diagnosed patients in conjunction
with the intensive N7 induction regimen at Memorial Sloan-
Kettering Cancer Center [Cheung et al., 2001]. Further, since
neuroblastoma tumors can also be identified with octreotide scans,
the use of radiolabeled octreotide [Forrer et al., 2008] is also being
preliminarily explored.

RETINOIDS

The benefit of relatively unconventional “biologic” anti-tumor
agents for therapy of neuroblastoma was first demonstrated in a
landmark trial by the Children’s Cancer Group in which adminis-
tration of the differentiating agent CRA following recovery from
high-dose chemotherapy and stem cell transplantation improved the
3 year event-free survival of patients with high-risk neuroblastoma
[Matthay et al., 1999]. Use of CRA in this setting has now become
standard therapy. Neuroblastoma is the only common pediatric solid
tumor to date in which anything other than conventional cytotoxic
chemotherapy is routinely used as part of front-line therapy. The
study by Matthay et al. also established the benefit of “maintenance
therapy,” based on the observation that over half of patients
evaluated by conventional criteria to be in complete remission
relapsed with progressive disease. This observation inferred that
complete cures would require not only elimination of readily
identifiable tumor, but also eradication of minimal residual disease
that remains after high-dose therapy. CRA exerts growth inhibitory
and differentiating effects through its interaction with nuclear
retinoid receptors, which regulate expression of multiple target
genes. Importantly, the full benefits of this agent likely depend on
achieving adequate drug concentrations. This concept is illustrated
by a European study of patients with advanced neuroblastoma who
had good responses to myeloablative therapy but who showed no
benefit from retinoic acid 0.75 mg/kg daily for up to 4 years [Kohler
et al.,, 2000]. These results contrast sharply with the Children’s
Cancer Group study in which a CRA dosage seven times higher than
that used in the European study was administered for 2 weeks every
month for 6 months significantly improved event-free survival
[Matthay et al., 1999]. In addition to dosage, selection of the
appropriate patient population appears important as well. In the first
Phase II trial of CRA using a single daily dose of 100 mg/m?, little
activity was seen in patients with bulky relapsed disease [Finklestein
et al., 1992], and the agent may have been discarded if attention had
not been given to optimizing both the dosing schedule and the
patient population to whom it was administered.

Because CRA is fairly well tolerated as a single-agent, it may also
serve as a potential backbone on which to build combination
therapies. Currently, the COG is performing a Phase III trial
comparing single-agent CRA versus the combination of CRA and
the chimeric anti-disialoganglioside (GD2) antibody Ch14.18 for the
treatment of minimal residual disease. In addition, a pediatric Phase
I trial of CRA combined with the histone deacetylase inhibitor SAHA
(vorinostat) has been completed [Fouladi et al., 2008], and further
study is reasonable based on the preclinical single-agent activity of
SAHA and synergy with CRA in neuroblastoma models [De los
Santos et al., 2007]. Another combination also being explored is
CRA plus ZD6474 (Zactima), a dual small molecule inhibitor of
receptors for vascular endothelial growth factor and epidermal
growth factor [Natale, 2008].

The success of CRA has also initiated interest in developing
retinoids that may be more effective in patients with measurable
disease. Fenretinide is a synthetic retinoid analogue that has dose-
related cytotoxicity against neuroblastoma cell lines in vitro, in part
by increasing intracellular levels of ceramide [Lovat et al., 2004].
Results of a Phase I trial with fenretinide demonstrate that although
toxicities are modest, feasibility was a significant issue due to a
capsular formulation that is difficult to administer to small children
[Villablanca et al., 2006]. This has led to NANT trials of intravenous
fenretinide, as well as a new orally administered lipid matrix
formulation called Lym-X-Sorb™, designed for a more favorable
pharmacokinetic profile [Maurer et al. 2007].

ANTI-GD2 ANTIBODIES

The ganglioside GD2 is a glycolipid that is expressed by almost all
neuroblastoma tumors, and as such represents a molecular target
that can be exploited both diagnostically and therapeutically.
Monoclonal antibodies against GD2 kill tumor cells through both
complement and cell-mediated lysis [reviewed in Modak and
Cheung, 2007]. Anti-GD2 antibodies have been used in clinical trials
for the past decade, and results from hundreds of patients treated
with this agent suggest that benefit is greatest when used in patients
with minimal residual disease rather than bulky tumors. Early
studies with murine antibodies such as 3F8 were complicated by the
generation of human anti-mouse antibodies (HAMA) which may
limit continued antibody therapy. One of several strategies designed
to reduce the development of HAMA is the use of high-dose
cyclophosphamide to minimize the immune response [Kushner
et al., 2007]. Chimeric mouse-human antibodies such as Ch14.18
also appear to be less immunogenic than 3F8 and potentially
improve anti-tumor activity, although up to one-fourth of patients
still develop human anti-chimeric antibodies [Ozkaynak et al.,
2000].

Other attempts to improve the utility of ant-GD2 antibodies
include the use of beta-glucan, a naturally occurring glucose
polymer that augments the efficacy of anti-GD2 antibodies in
preclinical studies, albeit through poorly understood mechanisms
[Cheung and Modak, 2002]. This approach is currently being tested
in a clinical trial at Memorial Sloan-Kettering Cancer Center in
which oral beta-glucan is given in combination with the murine 3F8
antibody. Cytokines may also be useful to activate effector cells in
vivo and improve the benefits of anti-GD2 antibodies [Kushner and
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Cheung, 1989; Lode et al., 1998]. A second current trial focuses on
administering interleukin-2 and granulocyte-macrophage colony-
stimulating factor along with ch14.18 [Gilman et al., in press].
This approach is being studied in a randomized COG Phase III trial
in which patients receive CRA alone versus antibody + IL-2 +
GMCSF + CRA following high-dose chemotherapy and stem cell
transplant. Another strategy is to use a fully humanized antibody
linked as a fusion protein to human recombinant IL-2 (hu14.18-IL-2
antibody), theoretically reducing immunogenicity and activating
effector cells. As seen with previous anti-GD2 trials, this therapy
had encouraging activity for patients with limited disease (i.e., 29%
response rate for patients with only bone marrow involvement), but
no responses were seen in children with bulky tumors [Shusterman
et al., 2008]. A goal of the ongoing COG Phase III study is to better
define the benefits of antibody therapy given to a select population
of patients presumed to harbor minimal residual disease.

ANTIMITOTICS

The vinca alkaloid vincristine, an inducer of mitotic arrest, has
been part of several neuroblastoma induction regimens, although
the development of resistance due to expression of MDRI1 or to
expression of mutated B-tubulin may render this agent less
effective. ABT-751 is a novel oral anti-mitotic agent that binds
to the colchicine binding site rather than the vincristine binding
site on B-tubulin, and inhibits polymerization of microtubules.
Importantly, ABT-751 is active against tumor models that are
otherwise resistant to vincristine and doxorubicin [Morton et al.,
2007]. A COG Phase II study of this compound is currently
underway, based on Phase I results showing an encouraging median
time-to-progression of 16 weeks in 35 children with relapsed
neuroblastoma [Fox et al., 2008]. Of note, the primary objective of
the ongoing Phase II trial is to determine the time to progression,
rather than response rate, of this regimen. Time to progression
represents a new clinical endpoint for neuroblastoma trials, and
can be considered for therapies in which long-term administration
is feasible and compatible with a good quality of life.

Vinblastine is another vinca alkaloid that may have clinical
benefit for neuroblastoma. Preclinical models demonstrate that
vinblastine may have cytotoxic effects not just on tumor cells but
also on the microvessel density, possibly by downregulating VEGF
and VEGFR2 expression [Marimpietri et al., 2007]. These effects are
augmented with the addition of the mTOR inhibitor rapamycin,
which itself may have downstream effects on angiogenesis [Humar
et al., 2002]. Combined treatment with both agents prolonged the
lifespan of mice with experimental neuroblastoma compared to
either treatment alone [Marimpietri et al., 2007], leading to plans for
a NANT trial of vinblastine plus the rapamycin analogue
temsirolimus.

Another anti-mitotic agent currently being investigated is
MLN8237, an inhibitor of Aurora A kinase. This protein is critical
for centrosome maturation and spindle formation during mitosis,
and its expression has generally been associated with tumors
with gene amplification, poor histologic differentiation, and poor
prognosis [Gautschi et al., 2008]. In the pediatric preclinical testing
program panel, MLN8237 treatment resulted in maintained
complete responses in three of four neuroblastoma models, a

relatively impressive result that exceeds the preclinical activity of
known active agents such as cisplatin and cyclophosphamide
[Houghton et al., 2008]. This agent is currently in Phase I testing
through the COG.

BISPHOSPHONATES

Neuroblastoma tumors with unfavorable histologic or genetic
features have a remarkable predilection to develop bone metastases,
which substantially contribute to the morbidity and mortality of this
disease. Neuroblastoma bone metastases recruit osteoclasts to sites
of tumor growth, leading to painful destruction of bone. Zoledronic
acid (Zometa) is a new-generation bisphosphonate that binds
to bone matrix. During pathologic bone resorption the drug is
internalized by osteoclasts, leading to induction of apoptosis of
these cells possibly by inhibiting farnesyl diphosphate synthase and/
or the GTPase proteins Ras and Rho. Zoledronic acid is widely
used to delay or treat bone metastases in adult malignancies such as
breast and prostate cancer [Lipton, 2008]. Its use is now being
studied for neuroblastoma in combination with metronomic oral
cyclophosphamide, based on preclinical experiments showing a
delay in bone metastases and improved survival of tumor-bearing
mice treated with these agents [Peng et al., 2007]. Interestingly,
because of its binding to bone matrix, serum levels of zoledronic
acid are far less than those achieved in cortical bone; therefore, this
agent may be most useful for bone lesions rather than soft tissue or
bone marrow disease. A COG pilot trial combining zoledronic acid
with conventional chemotherapy for metastatic osteosarcoma is
currently underway, and this study should provide some estimation
on whether the addition of zoledronic acid may be feasible during
neuroblastoma induction therapy.

NIFURTIMOX

Saulnier Sholler et al. [2006] have recently reported the
serendipitous response of a patient with progressive neuroblastoma
who was being treated for Chagas disease with the anti-parasitic
agent nifurtimox. Although the coadministration of cyclopho-
sphamide and topotecan make the attribution of response difficult,
nifurtimox had cytotoxic effects against a neuroblastoma cell line in
vitro. The mechanism of action was not specifically investigated, but
may involve the generation of free radicals as seen in the treatment
of parasites. This observation has led to the development of a Phase |
trial of nifurtimox alone and in combination with cyclopho-
sphamide and topotecan.

mTOR, IGF-1, and AKT

Signaling through the mammalian target of rapamycin (mTOR)
pathway is important for the growth and survival of many pediatric
solid tumors, including neuroblastoma. Treatment with mTOR
inhibitors causes downregulation of expression of multiple gene
products including VEGF-A and MYCN, and inhibits growth of
neuroblastoma xenografts [Johnsen et al.,, 2008]. Supporting
preclinical observations, a recent Phase I trial of the rapamycin
analogue temsirolimus demonstrated a complete response in a
patient with recurrent neuroblastoma [Spunt et al., 2008]. Phase II
testing is ongoing. Temsirolimus is also being studied in
combination with irinotecan as an upfront Phase Il window during
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induction for newly diagnosed patients at St. Jude Children’s
Research Hospital.

One limitation of mTOR inhibition is the potential for activation
of AKT due to circumvention of negative feedback mechanisms
[O'Reilly et al., 2006]. This phenomenon occurs in a variety of tumor
types, and has been associated with shorter time to progression in a
clinical trial [Cloughesy et al., 2008]. Importantly, this escape
mechanism can be uniquely abrogated by inhibition of signaling
through the insulin-like growth factor type I receptor. This receptor
(IGF-1R) is expressed by a majority of neuroblastoma tumors,
and its overexpression is associated with anti-apoptotic effects and
chemotherapy resistance [Singleton et al., 1996]. Tumor regressions
and improved event-free survival have been noted when small
molecule inhibitors or antibodies against IGF-1R are used to treat
mouse models of neuroblastoma [Liu et al., 1998; Kolb et al., 2008].
As predicted by preclinical investigation with various tumor types,
synergy with inhibitors of IFG-1R and inhibitors of mTOR has also
been demonstrated against neuroblastoma [Coulter et al., 2008]. The
COG is planning Phase I and II trials of the IGF-1R antibody IMC-
A12 as a single-agent and in combination with temsirolimus for
neuroblastoma patients.

The importance of the AKT pathway in cell survival and
proliferation has recently been demonstrated in neuroblastoma,
and activation of AKT correlates with worse event-free and overall
survival [Opel et al., 2007]. Of note, inhibition of AKT in certain
neuroblastoma cell lines destabilizes MYCN protein [Chesler et al.,
2006]. Although no specific inhibitors of AKT are clinically
available at this time, intense investigation continues in this area,
given the role of AKT in multiple pathways associated with tumor
growth and response to therapy [Radhakrishnan et al., 2008; Sartelet
et al., 2008].

CEP-701

The Trk family of neurotrophin receptors is critical in regulating the
biology of neuroblastoma tumors. In particular, the TrkB-mediated
signaling pathway functions in an autocrine fashion to promote
survival of high-risk tumors [reviewed in Schramm et al., 2005]. This
pathway is targeted by the small molecule inhibitor CEP-701
(lestaurtinib). This agent, given orally, is associated with moderate
gastrointestinal and hepatic toxicities in an ongoing NANT Phase I
trial of relapsed neuroblastoma patients, allowing for its potential
combination with conventional chemotherapy regimens such as
cyclophosphamide/topotecan or temozolomide/irinotecan. If toler-
able, such combinations could then be considered for incorporation
into induction therapy.

BORTEZOMIB

Bortezomib is a proteosome inhibitor that is currently approved for
use in multiple myeloma. Bortezomib induces apoptosis in part
through activation of caspases [Combaret et al., 2008], and inhibits
tumor growth and angiogenesis in vivo [Hamner et al., 2007].
This inhibition is associated with improved duration of survival
but no complete regressions without regrowth in a mouse model of
metastatic disease [Brignole et al., 2006]. Preclinical models also
demonstrate synergistic or additive anti-tumor activity with
bortezomib and more conventional chemotherapeutic agents

[Armstrong et al., 2008]. These preclinical data provided the
rationale for a clinical trial at the University of Michigan
investigating bortezomib in combination with irinotecan for
patients with relapsed neuroblastoma.

Historically, targeted therapies have been first tested in patients with
clinical evidence of relapsed or refractory neuroblastoma. However,
the experience with CRA and with anti-GD2 antibodies suggests that
some agents will show efficacy only in patients with minimal tumor
burdens. Therefore, more recent studies in the COG are stratified so
that patients with bulk disease are analyzed separately from those
whose tumor is only identified by bone marrow evaluation or MIBG
imaging, with the hope of identifying agents that have activity
provided the tumor burden is sufficiently low. These trials also
establish the toxicity profile of the agent, which along with the
proposed anti-tumor mechanism of action, provides a basis for
determining which agents may be appropriate to combine with
specific conventional chemotherapy for use during induction or
maintenance therapy or both.

Because the majority of neuroblastoma patients who fail therapy
do so after an initial good response, it would be helpful to identify
the patients who have increasing minimal residual disease, so that
additional treatment could be initiated while the tumor burden
is still low. Multiple studies using sensitive methods such as
immunohistochemistry or RT-PCR have shown that residual occult
neuroblastoma cells remain in the blood or bone marrow following
treatment [reviewed in Beiske et al., 2005]. In early trials, serial
testing with RT-PCR after completion of therapy has allowed
identification of patients destined for relapse before other clinical
signs of treatment failure were evident [Burchill et al., 2001; Fukuda
etal., 2001; Cheung et al., 2003]. If these results can be validated in a
large prospective clinical trial, then intervention with targeted
agents for patients identified to have minimal residual disease would
be an attractive strategy.

Of the numerous potential approaches to therapy for neuroblastoma,
several have shown compelling results in preclinical models. In the
following section, we highlight selected molecules, pathways or
strategies that appear promising as points of therapeutic interven-
tion (Table II).

MYCN

Amplification of the MYCN gene is an independent prognostic
indicator for poor outcome of patients with neuroblastoma, and so
this pathway represents an obvious therapeutic target. However,
MYCN protein appears to have various functions, and the specific
function(s) that contributes to tumor development and prog-
ression is unknown. Interestingly, data of Tang, et al. argue
that inhibition of MYCN protein function would have anti-tumor
effects only in MYCN-amplified, MYCN-overexpressing tumors,
consistent with their observation that MYCN-overexpression in
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MYCN-non-amplified tumors is associated with favorable clinical
outcome [Tang et al., 2006]. Therefore, assuming for discussion that
inhibition of MYCN protein function is therapeutically desirable,
several MYCN-associated functions merit consideration as mole-
cular targets. At a minimum, MYCN is a transcription factor that
positively regulates expression of multiple genes including
ornithine decarboxylase (ODC). Interestingly, Hogarty et al.
[2008] recently proposed that ODC1 expression is a critical
determinant of MYCN-mediated neuroblastoma oncogenesis and
that MYCN is a key regulator of ODC1 expression, with the inference
being that inhibition of ODC would have anti-tumor efficacy.
Of particular interest was the evaluation of combinations of
a-difluoromethylornithine (DFMO), an ODC inhibitor, with
cyclophosphamide or with cisplatin. DFMO + cyclophosphamide
increased the tumor-free survival of 3-month-old TH/MYCN +/+
mice to 80%, compared to 20% with cyclophosphamide alone. While
the results with DFMO + cisplatin in this model were not as
impressive as DFMO + cyclophosphamide and the toxicity of
DFMO may limit its use clinically, the potential utility of ODC1
(or the polyamine synthesis pathway) as a therapeutic target in
neuroblastoma merits further investigation.

Another important function of MYCN protein may be its
regulation of histone acetylation and methylation through its
interactions with thousands of genic and intergenic sites, thereby
indirectly influencing the expression and/or function of a myriad of
gene products. Based on demonstrated safety in clinical trials of
histone deactylase inhibitors, it may be possible to develop tolerated
agents that inhibit, in a relatively selective manner, MYCN/
chromatin interactions. Whether such inhibitors would nullify the
oncogenic functions of MYCN is unknown; but if the hypothesis of
Cotterman et al. [2008] is correct then such an inhibitor might
impact multiple MYCN-mediated effects simultaneously and
circumvent the tumor-promoting functions of this protein.

Song et al. [2007] recently reported that fourfold fewer natural
killer T-cells (NKT) were found in the bone marrow of MYCN-
amplified patients with marrow disease compared to non-amplified
controls. Interestingly, NKT localization to tumor sites correlates
with favorable outcome in neuroblastoma patients, but no direct
evidence supports the hypothesis that NKT cells contribute directly
to immune-mediated anti-tumor responses. Further, the signifi-
cance of the observed fourfold difference in specimens from
25 patients is not known. The suggestion that MYCN initiates or
mediates a unique immune escape mechanism in neuroblastoma
tumors is intriguing. Unique MYC-mediated protein-protein
interactions that enable high-risk neuroblastoma tumors to escape
immune recognition might represent useful therapeutic targets.

VACCINES

Alternatively, Himoudi et al. [2008] suggested that, rather than
attempt to inhibit MYCN expression or function, a relatively high
level of MYCN expression could be exploited by using a vaccine
approach to stimulate immune responses to MYCN-expressing cells.
This idea is intuitively attractive from the standpoint that normal
tissues express low-levels of MYCN and an MYCN-based vaccine
may have a commensurately low potential for eliciting an

autoimmune response. This idea is also interesting from the
standpoint of attempting to exploit a “negative” characteristic of
aggressive neuroblastoma tumors, which may potentially be more
achievable than selectively inhibiting MYCN expression or its
multiple functions sufficiently to impact tumor cell viability.
However, as has been true for numerous other attempts to design
effective vaccines to treat neuroblastoma, the potency of this
approach was moderate even in an in vitro assay. These results are
similar to the relatively modest anti-tumor responses noted with
vaccines to multiple other neuroblastoma tumor antigens including
tyrosine hydroxylase [Huebener et al., 2008], CD49b [Yan et al.,
2008], CD59 [Donev et al., 2008], survivin [Coughlin et al., 2006],
GD2 [Bolesta et al., 2005; Fest et al., 2006], and fractalkine
(CX3CL1)[Zeng et al., 2007]. Similarly, equivocal responses have
been observed with vaccines engineered to express interleukin-2,
-12, and/or -21 [Barker et al., 2007; Croce et al., 2008]. Collectively,
these results suggest that “simple” immunostimulatory approaches
are unlikely to mediate dramatic or sustained responses, due to
multiple factors that may include overwhelming tumor burden at
time of administration, weakly immunogenic target antigen, tumor-
initiated immune evasion, lack of expression of costimulatory
molecules by tumor cells, and transient association of T-cells with
tumor cells.

Recently, Pule et al. [2008] addressed concerns of tumor-
selectivity, duration of survival of targeted T-cells, and strength of
immune response by engineering Epstein-Barr virus-specific
cytotoxic T-lymphocytes to express a GD2-specific antigen receptor
(a sequence derived from the GD2 recognition sequence of the
14G2a antibody). These modified T-cells survived for weeks in vivo
and were nontoxic. One patient of 11 who were treated with this
vaccine achieved a sustained (>12 months) remission, and 3 others
had transient responses. Most enigmatic was the lack of detectable
engineered T-cells at necrotic tumor sites in biopsy specimens and
the inability to relate responses to tumor size, genetic markers or
dose of T-cells, prompting the authors of that study to suggest that
*“...observed tumor responses may have resulted from indirect
mechanisms of cytotoxicty.” Perhaps, redundancy of function of
cellular and molecular components that contribute to immune
responses will make it very difficult to develop effective immune-
based therapies for neuroblastoma. It is likely that substantial
benefits from vaccines may require combination with more
conventional approaches.

ALK (ANAPLASTIC LYMPHOMA KINASE)

There is recent interest in the possibility that the gene product of
the anaplastic lymphoma kinase (ALK) gene might represent a
therapeutic target for neuroblastoma. New studies suggest activat-
ing mutations of ALK are present in 8-12% of primary high-risk
neuroblastoma tumors [George et al., 2008; Mossé et al., 2008]. ALK
is a receptor tyrosine kinase that comprises part of a protein fusion
that results from a chromosomal translocation present in a majority
of large cell lymphomas [Ma et al., 2000]. Several ALK inhibitors
have been developed, and tumor cells expressing ALK fusion
proteins are exquisitely sensitive to these inhibitors [McDermott
et al., 2008]. The situation with neuroblastoma differs somewhat
from lymphomas and non-small-cell lung cancers in that the latter
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tumors express fusion proteins that include ALK. In contrast,
neuroblastomas express mutated forms of ‘“un-fused” ALK.
Neuroblastoma cell lines that express a specific mutant ALK vary
in their sensitivity to ALK inhibitors, suggesting that the anti-tumor
responses to ALK inhibitors may also vary. Further development of
ALK inhibitors and their combination with conventional chemo-
therapy are likely forthcoming.

INTERFERONS (3 AND vy

Developing approaches to increase the efficacy of agents with
demonstrated anti-tumor activity for neuroblastoma patients seems
an obvious approach toward designing better therapies for this
disease. Published data indicate that exposure of neuroblastoma
cells to interferon vy prior to doxorubicin [Tong et al., 2008] or
exposure to interferon B prior to temozolomide or cyclopho-
sphamide [Rosati et al., 2008; Sims et al., 2008] may enhance the
anti-tumor efficacy of these drugs. Because of the systemic toxicity
of relatively high-levels of interferon 8 in plasma, Sims et al. used
neural stem/progenitor cells to deliver this cytokine selectively to
orthotopic neuroblastoma tumors in murine models, since intrave-
nously administered neural stem/progenitor cells are inherently
tumor-tropic. The combination of local expression of interferon 8
by intravenously administered stem cells and cyclophosphamide
significantly enhanced the anti-tumor effect of the cyclopho-
sphamide. Importantly, no increase in plasma concentration of
interferon 3 was detected, suggesting that neural stem cells may
comprise effective tumor-selective delivery vehicles in neuroblas-
toma.

NEUROBLASTOMA-SELECTIVE DELIVERY METHODS

Neural stem cells have also been used to selectively deliver enzymes
such as rabbit carboxylesterase (CE), which efficiently activates the
prodrug irinotecan. CE-expressing stem cells migrated to tumor sites
irrespective of tumor size or anatomic location [Aboody et al., 2006],
and in vivo levels of CE expression were sufficient to achieve
>1 year tumor-free survival in 90% of mice. Importantly, those
studies used clinically relevant doses of irinotecan, and circulating
levels of CE and SN-38 (the active form of irinotecan) were not
elevated [Danks et al., 2007]. These results demonstrated that stem
cell delivery of the therapeutic transgene CE increased the
therapeutic efficacy of irinotecan, without added toxicity. The
use of stem-like cells harvested from various sources (bone marrow,
lipid, or neural tissue) as tumor-selective delivery vehicles has
tremendous untapped potential for tumor-selective delivery of
well-chosen therapeutic genes and gene products.

While multiple other approaches have been evaluated for their
potential to achieve tumor-selective delivery, targeted liposomes
have been investigated specifically for neuroblastoma. Liposomes
have been designed to bind with high affinity to various membrane
proteins or the ganglioside GD2 and used to deliver various
chemotherapeutic agents [Pastorino et al., 2006 and reviewed in
DiPaolo et al., 2008]. Liposomes have also been designed to localize
to the extracellular milieu of neuroblastoma tumors and deliver
prodrugs that are activated by enzymes secreted by neuroblastoma
cells [Wu et al., 2006]. Cell- or liposome-based delivery of

therapeutic moieties has the potential to enhance the therapeutic
efficacy and the therapeutic index of multiple approaches to therapy
of metastatic and/or residual neuroblastoma.

INVASION/METASTASIS

Specific attempts to limit the metastatic potential of neuroblastoma
cells is a worthy therapeutic goal, since patients who die from
neuroblastoma usually do so because of uncontrolled metastatic
disease. The major obstacle to be overcome for development of this
type of approach is the identification of specific molecular targets
that act as key control points for the invasive process. Yoon et al.
[2008] recently reported the identification of such a protein. These
investigators observed that while intercellular adhesion molecule-2
(ICAM-2) had no effect on tumorigenic potential of neuroblastoma
cells, expression of this membrane protein eradicated development
of disseminated disease in a murine model of metastatic neuro-
blastoma. ICAM-2 expression limited tumor cell motility, likely
through interactions with the actin cytoskeleton, a known primary
determinant of cell motility. Further, an association between ICAM-
2 expression and favorable outcome was observed by immunobhis-
tochemical analysis of primary tumor specimens. Since ICAM-2 is
expressed by few normal tissues, ICAM-2-associated molecular
interactions may comprise useful targets to limit the invasive
potential of neuroblastoma cells.

A primary consideration in evaluating ICAM-2 and other
adhesion molecules as potential therapeutic targets is the degree
to which each protein controls the invasive process. In the study
noted above, 100% of mice injected with neuroblastoma cells
expressing relatively high-levels of ICAM-2 survived tumor-free
for >1 year, in contrast to 0% survival of mice injected with
neuroblastoma cells that expressed little or no ICAM-2. Many other
adhesion molecules such as NCAM, IGF-1R, and integrin a1 appear
to modulate the invasive potential of neuroblastoma cells, but it is
unclear that these proteins regulate essential processes that cannot
be performed by other proteins with redundant functions. Therefore,
the utility of the latter three proteins as primary regulators of the
invasive step of metastasis, and therefore their utility as therapeutic
targets, is doubtful. Recent reports suggest that CD44 and gastrin-
releasing peptide receptor (GRPR) may also be key regulators of the
metastatic potential of neuroblastoma [Qiao et al., 2008; Valentiner
et al., 2008], although published data investigating the impact of
GRPR on development of metastatic neuroblastoma in a murine
model evaluated mice only at relatively short time points. More
extensive in vivo experiments will be necessary to adequately
evaluate whether GRPR is a key regulator of the metastatic potential
of neuroblastoma cells. We propose that pathways in which CD44
and ICAM-2 participate merit further investigation as potential
therapeutic targets.

MDM2

Prior to therapy, most neuroblastoma tumor cells express wild-type
p53. While p53 has multiple functions, in neuroblastoma cells
exposed to DNA-damaging agents the predominant function of p53
is to induce apoptosis [McKenzie et al., 1999]. MDM2 ubiquitinates
p53 and targets it for degradation. In theory, inhibition of MDM2
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in neuroblastoma cells that express wild-type p53 would increase
levels of p53 protein and enhance induction of apoptosis by
DNA-damaging agents such as doxorubicin or temozolomide. van
Maerken et al. [2006] confirmed that inhibition of MDM2 by nutlin-
3 increased the p53 content of neuroblastoma cells expressing
wild-type p53. The obvious next experiment is to test the hypothesis
that nutlin-mediated inhibition of MDM2 sensitizes neuroblastoma
cells that express wild-type p53 to DNA-damaging agents. We could
find no reports in the literature that examined this hypothesis.
Intuitively, MDM2 inhibitors such as the nutlin class of agents has
untapped potential for the treatment of neuroblastoma, and the
utility of MDM2 inhibitors needs to be evaluated in combination
with chemotherapeutic agents that induce DNA damage.

ONCOLYTIC VIRUS-METALLOPROTEINASE INHIBITOR

While the concept of oncolytic or selectively replicative virus for
anti-tumor treatment is not new, few efforts of this type have been
reported for treating neuroblastoma. Recently Mahller et al. [2008]
evaluated the use of an oncolytic Herpes simplex virus. Particularly
noteworthy was the “arming” of this virus to express TIMP3, a
member of the tissue inhibitor metalloproteinase protein (MMP)
family. TIMP3 has been reported to inhibit all known MMPs. Further,
relatively low-levels of expression of TIMPs correlate with
unfavorable prognosis in neuroblastoma. The hypothesis in the
study conducted by Mahller et al. was that inhibition of
metalloproteinases would augment the anti-tumor effect of the
HSV-derived oncolytic virus. Mice bearing subcutaneous LA-N-5
neuroblastoma xenografts that had been treated with multiple doses
of the oncolytic HSV-TIMP3 harbored lower tumor burdens a month
after implantation than mice treated with unmodified oncolytic
HSV. While a month’s follow-up does not provide compelling
support for the approach, it is noteworthy that, in contrast to control
and HSV only treatment groups, tumors in HSV-TIMP3-treated mice
became detectable only after treatment was discontinued. Possibly,
optimization of the construct and/or of administration dose and
schedule will improve this dual faceted approach. Of particular
interest will be the development of strategies that circumvent
the need for intratumoral injection, and identification of oncolytic
viral approaches which can be combined with conventional
chemotherapy.

Our understanding of the molecular biology and clinical behavior of
neuroblastoma tumors has expanded dramatically in the past two
decades. The current challenge is to use this understanding as the
basis for translational applications that effectively and selectively
target neuroblastoma cells for eradication of minimal residual
disease in high-risk patients.

REFERENCES

Aboody KS, Bush RA, Garcia E, Metz M, Najbauer J, Justus KA, Phelps DA,
Remack JS, Yoon KJ, Gillespie S, Kim SU, Glackin C, Potter PM, Danks MK.
2006. Neural progenitor cells expressing a therapeutic transgene target

metastatic neuroblastoma and mediate long-term survival in a mouse model.
PLoS ONE 1(1):e23. DOI: 10.1371/journal.pone.0000023.

Anderson CP, Seeger RC, Satake N, Monforte-Munoz HL, Keshelava N, Bailey
HH, Reynolds CP. 2001. Buthionine sulfoximine and myeloablative concen-
trations of melphalan overcome resistance in a melphalan-resistant neuro-
blastoma cell line. J Pediatr Hematol Oncol 23:500-505.

Armstrong MB, Schumacher KR, Mody R, Yanik GA, Opipari AW, Jr., Castle
VP. 2008. Bortezomib as a therapeutic candidate for neuroblastoma. J Exp
Ther Oncol 7:135-145.

Barker SE, Grosse SM, Siapati EK, Kritz A, Kinnon C, Thrasher AJ, Hart SL.
2007. Immunotherapy for neuroblastoma using syngeneic fibroblasts trans-
fected with IL-2 and IL-12. Br J Cancer 97:210-217.

Beiske K, Ambros PF, Burchill SA, Cheung IY, Swerts K. 2005. Detecting
minimal residual disease in neuroblastoma patients—The present state of the
art. Cancer Lett 228:229-240.

Bolesta E, Kowalczyk A, Wierzbicki A, Rotkiewicz P, Bambach B, Tsao CY,
Horwacik I, Kolinski A, Rokita H, Brecher M, Wang X, Ferrone S, Kozbor D.
2005. DNA vaccine expressing the mimotope of GD2 gangliside induces
protective GD2 cross-reactive antibody responses. Cancer Res 65:3410-3418.

Brignole C, Marimpietri D, Pastorino F, Nico B, Di Paolo D, Cioni M, Piccardi
F, Cilli M, Pezzolo A, Corrias MV, Pistoia V, Ribatti D, Pagnan G, Ponzoni M.
2006. Effect of bortezomib on human neuroblastoma cell growth, apoptosis,
and angiogenesis. J Natl Cancer Inst 98:1142-1157.

Burchill SA, Lewis 1J, Abrams KR, Riley R, Imeson J, Pearson AD, Pinkerton R,
Selby P. 2001. Circulating neuroblastoma cells detected by reverse tran-
scriptase polymerase chain reaction for tyrosine hydroxylase mRNA are an
independent poor prognostic indicator in stage 4 neuroblastoma in children
over 1 year. J Clin Oncol 19:1795-1801.

Chesler L, Schlieve C, Goldenberg DD, Kenney A, Kim G, McMillan A,
Matthay KK, Rowitch D, Weiss WA. 2006. Inhibition of phosphatidylinositol
3-kinase destabilizes Mycn protein and blocks malignant progression in
neuroblastoma. Cancer Res 66:8139-8146. Erratum in: Cancer Res. 66:
10227.

Cheung NK, Modak S. 2002. Oral (1->3),(1->4)-beta-p-glucan synergizes
with antiganglioside GD2 monoclonal antibody 3F8 in the therapy of
neuroblastoma. Clin Cancer Res 8:1217-1223.

Cheung NK, Kushner BH, LaQuaglia M, Kramer K, Gollamudi S, Heller G,
Gerald W, Yeh S, Finn R, Larson SM, Wuest D, Byrnes M, Dantis E, Mora J,
Cheung IY, Rosenfield N, Abramson S, O’Reilly RJ. 2001. N7: A novel multi-
modality therapy of high ris: Neuroblastoma (NB) in children diagnosed over
1 year of age. Med Pediatr Oncol 36:227-230.

Cheung IY, Lo Piccolo MS, Kushner BH, Kramer K, Cheung NK. 2003.
Quantitation of GD2 synthase mRNA by real-time reverse transcriptase
polymerase chain reaction: Clinical utility in evaluating adjuvant therapy
in neuroblastoma. J Clin Oncol 21:1087-10893.

Cloughesy TF, Yoshimoto K, Nghiemphu P, Brown K, Dang J, Zhu S, Hsueh T,
Chen'Y, Wang W, Youngkin D, Liau L, Martin N, Becker D, Bergsneider M, Lai
A, Green R, Oglesby T, Koleto M, Trent J, Horvath S, Mischel PS, Mellinghoff
IK, Sawyers CL. 2008. Antitumor activity of rapamycin in a Phase I trial for
patients with recurrent PTEN-deficient glioblastoma. PLoS Med 5:e8.

Combaret V, Boyault S, lacono I, Brejon S, Rousseau R, Puisieux A. 2008.
Effect of bortezomib on human neuroblastoma: Analysis of molecular
mechanisms involved in cytotoxicity. Mol Cancer 7:50.

Cotterman R, Jin VX, Krig SR, Lemen JM, Wey A, Farnham PJ, Knoepfler PS.
2008. N-Myc regulates a widespread euchromatic program in the human
genome partially independent of its role as a classical transcription factor.
Cancer Res 68:9654-9662.

Coughlin CM, Fleming MD, Carroll RG, Pawel BR, Hogarty MD, Shan X,
Vance BA, Cohen JN, Jairaj S, Lord EM, Wexler MH, Danet-Desnoyers GA,
Pinkus JL, Pinkus GS, Maris JM, Grupp SA, Vonderheide RH. 2006. Immu-
nosurveillance and survivin-specific T-cell immunity in children with high-
risk neuroblastoma. J Clin Oncol 24:5724-5734.

54 NEW THERAPIES FOR HIGH-RISK NEUROBLASTOMA

JOURNAL OF CELLULAR BIOCHEMISTRY



Coulter DW, Blatt J, D’Ercole AJ, Moats-Staats BM. 2008. IGF-I receptor
inhibition combined with rapamycin or temsirolimus inhibits neuroblastoma
cell growth. Anticancer Res 28:1509-1516.

Croce M, Meazza R, Orengo AM, Fabbi M, Borghi M, Ribatti D, Nico B, Carlini
B, Pistoia V, Corrias MV, Ferrini S. 2008. Immunotherapy of neuroblastoma
by an interleukin-21-secreting cell vaccine involves survivin as antigen.
Cancer Immunol Immunother 57:1625-1634.

Danks MK, Yoon KJ, Bush RA, Remack JS, Wierdl M, Tsurkan L, Kim SU,
Garcia E, Metz MZ, Najbauer J, Potter PM, Aboody KS. 2007. Tumor-targeted
enzyme-prodrug therapy mediates long-term disease-free survival of mice
bearing disseminated neuroblastoma. Cancer Res 67(1): 1-4.

de Kraker J, Hoefnagel KA, Verschuur AC, van Eck B, van Santen HM, Caron
HN. 2008. Iodine-131-metaiodobenzylguanidine as initial induction therapy
in stage 4 neuroblastoma patients over 1 year of age. Eur J Cancer 44:551-
556.

De los Santos M, Zambrano A, Aranda A. 2007. Combined effects of retinoic
acid and histone deacetylase inhibitors on human neuroblastoma SH-SY5Y
cells. Mol Cancer Ther 6:1425-1432.

Dickson PV, Hamner JB, Sims TL, Fraga CH, Ng CY, Rajasekeran S, Hagedorn
NL, McCarville MB, Stewart CF, Davidoff AM. 2007. Bevacizumab-induced
transient remodeling of the vasculature in neuroblastoma xenografts results
in improved delivery and efficacy of systemically administered chemother-
apy. Clin Cancer Res 13:3942-3950.

DiPaolo D, Pastorino F, Brignole C, Marimpietri D, Loi M, Ponzoni M, Pagnan
G. 2008. Drug delivery systems: Application of liposomal anti-tumor agents
to neuroectodermal cancer treatment. Tumori 94:246-253.

Donev RM, Gray LC, Sivasankar B, Hughes TR, van den Berg CW, Morgan BP.
2008. Modulation of CD59 expression by restrictive silencer factor-derived
peptides in cancer immunotherapy for neuroblastoma. Cancer Res 68:5979-
5987.

DuBois SG, Matthay KK. 2008. Radiolabeled metaiodobenzylguanidine for
the treatment of neuroblastoma. Nucl Med Biol 35:S35-548.

Fest S, Huebener N, Weixler S, Bleeke M, Zeng Y, Strandsby A,
Volkmer-Engert R, Landgraf C, Gaedicke G, Riemer AB, Michalsky E,
Jaeger IS, Preissner R, Forster-Wald E, Jensen-Jarolim E, Lode HN.
2006. Characterization of GD2 peptide mimotope DNA vaccines effective
against spontaneous neuroblastoma metastases. Cancer Res 66:10567-
10575.

Finklestein JZ, Krailo MD, Lenarsky C, Ladisch S, Blair GK, Reynolds CP,
Sitarz AL, Hammond GD. 1992. 13-cis-retinoic acid (NSC 122758) in the
treatment of children with metastatic neuroblastoma unresponsive to con-
ventional chemotherapy: Report from the Childrens Cancer Study Group.
Med Pediatr Oncol 20:307-311.

Forrer F, Riedweg I, Maecke HR, Mueller-Brand J. 2008. Radiolabeled
DOTATOC in patients with advanced paraganglioma and pheochromocy-
toma. Q J Nucl Med Mol Imaging 52:334-340.

Fouladi M, Park JR, Sun J, Ingle AM, Ames MM, Stewart CF, Gilbertson R,
Zwiebel JA, Adamson PC, Blaney SM. 2008. A phase I trial and pharmaco-
kinetic (PK) study of vorinostat (SAHA) in combination with 13 cis-retinoic
acid (13cRA) in children with refractory neuroblastomas, medulloblastomas,
primitive neuroectodermal tumors (PNETs), and atypical teratoid rhabdoid
tumor. J Clin Oncol 26: abstr 10012.

Fox E, Maris JM, Widemann BC, Goodspeed W, Goodwin A, Kromplewski M,
Fouts ME, Medina D, Cohn SL, Krivoshik A, Hagey AE, Adamson PC, Balis
FM. 2008. A phase I study of ABT-751, an orally bioavailable tubulin
inhibitor, administered daily for 21 days every 28 days in pediatric patients
with solid tumors. Clin Cancer Res 14:1111-1115.

Frantz CN, London WB, Diller L, Seeger R, Sawyer K; Dupont Hospital,
Wilmingon, DE; COG Statistics Dept, Gainesville, FL; Dana-Farber Cancer
Institute, Boston, MA; Children’s Hospital Los Angeles, Los Angeles, CA;
University of Maryland, Baltimore, MD. 2004. Recurrent neuroblastoma:
Randomized treatment with topotecan + cyclophosphamide (T+C) vx.

topotecan alone(T). A POG/CCG Intergroup Study. J Clin Oncol 22: abstr
8512.

Fukuda M, Miyajima Y, Miyashita Y, Horibe K. 2001. Disease outcome may
be predicted by molecular detection of minimal residual disease in bone
marrow in advanced neuroblastoma: A pilot study. J Pediatr Hematol Oncol
23:10-13.

Gautschi O, Heighway J, Mack PC, Purnell PR, Lara PN, Jr., Gandara DR.
2008. Aurora kinases as anticancer drug targets. Clin Cancer Res 14:1639-
1648.

George RE, Sanda T, Hanna M, Frohling S, Luther W, Zhang J, Ahn Y, Zhou
W, London WB, McGrady P, Xue L, Zozulya S, Gregor VE, Webb TR, Gray NS,
Gilliland DG, Diller L, Greulich H, Morris SW, Meyerson M, Look AT. 2008.
Activating mutations in ALK provide a therapeutic target in neuroblastoma.
Nature 455:975-978.

Gilman AL, Ozkaynak MF, Matthay KK, Krailo M, Yu AL, Gan J, Sternberg A,
Hank JA, Seeger R, Reaman GH, Sondel PM. 2009. Phase I study of ch14.18
with granulocyte-macrophage colony-stimulating factor and interleukin-2
in children with neuroblastoma after autologous bone marrow transplanta-
tion or stem-cell rescue: A report from the Children’s Oncology Group. J Clin
Oncol 27:85-91.

Hamner JB, Dickson PV, Sims TL, Zhou J, Spence Y, Ng CY, Davidoff AM.
2007. Bortezomib inhibits angiogenesis and reduces tumor burden in a
murine model of neuroblastoma. Surgery 142:185-191.

Himoudi N, Yan M, Papanastasiou A, Anderson J. 2008. MYCN as a target for
cancer immunotherapy. Cancer Immunol Immunother 27:693-700.

Hogarty MD, Norris MD, David K, Liu X, Evageliou NF, Hayes CS, Pawel B,
Guo R, Zhao H, Sekyere E, Keating J, Thomas W, Cheng NC, Murray J, Smith
J, Sutton R, Venn N, London WB, Tuxton A, Gilmour SK, Marshall GM, Haber
M. 2008. ODC1 is a critical determinant of MYCN oncogenesis and a
therapeutic target in neuroblastoma. Cancer Res 58:9735-9745.

Houghton PJ, Morton CL, Maris JM, Courtright J, Carol H, Lock RB, Friedman
HS, Keir ST, Gorlick R, Kolb EA, Reynolds CP, Kang M, Smith M. 2008.
Pediatric Preclinical Testing Program (PPTP) evaluation of the Aurora A
Kinase inhibitor MLN 8237. Proceedings of the 99th American Association
for Cancer Research Annual Meeting April 12-16, 2008. San Diego, CA, abstr
2997.

Huebener N, Fest S, Strandsby A, Michalsky E, Preissner R, Zeng Y, Gaedicke
G, Lode HN. 2008. A rationally designed tyrosine hydroxylase DAN vaccine
induces specific antineuroblastoma immunity. Mol Cancer Ther 7:2241-2251.

Humar R, Kiefer FN, Berns H, Resink TJ, Battegay EJ. 2002. Hypoxia enhances
vascular cell proliferation and angiogenesis in vitro via rapamycin (mTOR)-
dependent signaling. FASEB J 16:771-780.

Hurwitz H, Fehrenbacher L, Novotny W, Cartwright T, Hainsworth J, Heim W,
Berlin J, Baron A, Griffing S, Holmgren E, Ferrara N, Fyfe G, Rogers B, Ross R,
Kabbinavar F. 2004. Bevacizumab plus irinotecan, fluorouracil, and leucov-
orin for metastatic colorectal cancer. N Engl J Med 350:2335-2342.

Johnsen JI, Segerstrom L, Orrego A, Elfman L, Henriksson M, Kagedal B,
Eksborg S, Sveinbjérnsson B, Kogner P. 2008. Inhibitors of mammalian
target of rapamycin downregulate MYCN protein expression and inhibit
neuroblastoma growth in vitro and in vivo. Oncogene 27:2910-2922.

Kieran MW, Turner CD, Rubin JB, Chi SN, Zimmerman MA, Chordas C,
Klement G, Laforme A, Gordon A, Thomas A, Neuberg D, Browder T, Folkman
J. 2005. A feasibility trial of antiangiogenic (metronomic) chemotherapy in
pediatric patients with recurrent or progressive cancer. J Pediatr Hematol
Oncol 27:573-581.

Kohler JA, Imeson J, Ellershaw C, Lie SO. 2000. A randomized trial of 13-Cis
retinoic acid in children with advanced neuroblastoma after high-dose
therapy. Br J Cancer 83:1124-1127.

Kolb EA, Gorlick R, Houghton PJ, Morton CL, Lock R, Carol H, Reynolds CP,
Maris JM, Keir ST, Billups CA, Smith MA. 2008. Initial testing (stage 1) of a
monoclonal antibody (SCH 717454) against the IGF-1 receptor by the
pediatric preclinical testing program. Pediatr Blood Cancer 50:1190-1197.

JOURNAL OF CELLULAR BIOCHEMISTRY

NEW THERAPIES FOR HIGH-RISK NEUROBLASTOMA 55



Kreissman SG, Villablanca JG, Diller L, London WB, Maris JM, Park JR,
Reynolds CP, von Allmen D, Cohn SL, Matthay KK. 2007. Response and
toxicity to a dose-intensive multi-agent chemotherapy induction regimen for
high-risk neuroblastoma (HR-NB): A Children’s Oncology Group (COG
A3973) study. J Clin Oncol 24: abstr 9505.

Kushner BH, Cheung NK. 1989. GM-CSF enhances 3F8 monoclonal anti-
body-dependent cellular cytotoxicity against human melanoma and neuro-
blastoma. Blood 73:1936-1941.

Kushner BH, Kramer K, Modak S, Cheung NK. 2006. Irinotecan plus temo-
zolomide for relapsed or refractory neuroblastoma. J Clin Oncol 24:5271-
5276.

Kushner BH, Cheung 1Y, Kramer K, Modak S, Cheung NK. 2007. High-dose
cyclophosphamide inhibition of humoral immune response to murine mono-
clonal antibody 3F8 in neuroblastoma patients: Broad implications for
immunotherapy. Pediatr Blood Cancer 48:430-4304.

Lau L, Tai D, Weitzman S, Grant R, Baruchel S, Malkin D. 2004. Factors
influencing survival in children with recurrent neuroblastoma. J Pediatr
Hematol Oncol 26:227-232.

Laverdiere C, Cheung NK, Kushner BH, Kramer K, Modak S, LaQuaglia MP,
Wolden S, Ness KK, Gurney JG, Sklar CA. 2005. Long-term complications in
survivors of advanced stage neuroblastoma. Pediatr Blood Cancer 45:324-
332.

Lipton A. 2008. Emerging role of bisphosphonates in the clinic-antitumor
activity and prevention of metastasis to bone. Cancer Treat Rev 34:S25-
S30.

Liu X, Turbyville T, Fritz A, Whitesell L. 1998. Inhibition of insulin-like
growth factor I receptor expression in neuroblastoma cells induces the
regression of established tumors in mice. Cancer Res 58:5432-5438.

Lode HN, Xiang R, Dreier T, Varki NM, Gillies SD, Reisfeld RA. 1998. Natural
killer cell-mediated eradication of neuroblastoma metastases to bone marrow
by targeted interleukin-2 therapy. Blood 91:1706-1715.

Lovat PE, Corazzari M, Goranov B, Piacentini M, Redfern CP. 2004. Molecular
mechanisms of fenretinide-induced apoptosis of neuroblastoma cells. Ann
NY Acad Sci 1028:81-89.

Ma Z, Cools J, Marynen P, Cui X, Siebert R, Gesk S, Schlegelberger B, Peeters
B, De Wolf-Peeters C, Wlodarska I, Morris SW. 2000. Inv(2)(p23q35) in
anaplastic large-cell lymphoma induces constitutive anaplastic lymphoma
kinase (ALK) tyrosine kinase activation by fusion to ATIC, an enzyme
involved in purine nucleotide biosynthesis. Blood 95:2144-2149.

Mahller YY, Vaikunth SS, Ripberger MC, Baird WH, Saeki Y, Cancelas JA,
Crombleholme TM, Cripe TP. 2008. Tissue inhibitor of metalloproteinase-3
via oncolytic Herpesvirus inhibits tumor growth and vascular progenitors.
Cancer Res 68:1170-1179.

Marimpietri D, Brignole C, Nico B, Pastorino F, Pezzolo A, Piccardi F, Cilli M,
Di Paolo D, Pagnan G, Longo L, Perri P, Ribatti D, Ponzoni M. 2007.
Combined therapeutic effects of vinblastine and rapamycin on human
neuroblastoma growth, apoptosis, and angiogenesis. Clin Cancer Res
13:3977-3988.

Matthay KK, Villablanca JG, Seeger RC, Stram DO, Harris RE, Ramsay NK,
Swift P, Shimada H, Black CT, Brodeur GM, Gerbing RB, Reynolds CP. 1999.
Treatment of high-risk neuroblastoma with intensive chemotherapy, radio-
therapy, autologous bone marrow transplantation, and 13-cis-retinoic acid.
Children’s Cancer Group. N Engl J Med 341:1165-1173.

Matthay KK, Edeline V, Lumbroso J, Tanguy ML, Asselain B, Zucker JM,
Valteau-Couanet D, Hartmann O, Michon J. 2003. Correlation of early
metastatic response by 123I-metaiodobenzylguanidine scintigraphy with
overall response and event-free survival in stage IV neuroblastoma. J Clin
Oncol 21:2486-2491.

Matthay KK, Tan JC, Villablanca JG, Yanik GA, Veatch J, Franc B, Twomey E,
Horn B, Reynolds CP, Groshen S, Seeger RC, Maris JM. 2006. Phase I dose
escalation of iodine-131-metaiodobenzylguanidine with myeloablative che-
motherapy and autologous stem-cell transplantation in refractory neuro-

blastoma: A new approaches to Neuroblastoma Therapy Consortium Study.
J Clin Oncol 24:500-506.

Maurer BJ, Kalous O, Yesair DW, Wu X, Janeba J, Maldonado V, Khankal-
dyyan V, Frgala T, Sun BC, McKee RT, Burgess SW, Shaw WA, Reynolds CP.
2007. Improved oral delivery of N-(4-hydroxyphenyl)retinamide with a
novel LYM-X-SORB organized lipid complex. Clin Cancer Res 13:3079-
3086.

McDermott U, Iafrate AJ, Gray NS, Shioda T, Classon M, Maheswaran S, Zhou
W, Choi HG, Smith SL, Dowell L, Ulkus LE, Kuhlmann G, Greninger P,
Christensen JG, Haber DA, Settleman J. 2008. Genomic alterations of
anaplastic lymphoma kinase may sensitize tumors to anaplastic lymphoma
kinase inhibitors. Cancer Res 68:3389-3395.

McKenzie PP, Guichard SM, Middlemas DS, Ashmun RA, Danks MK, Harris
LC. 1999. Wild-type p53 can induce p21 and apoptosis in neuroblastoma
cells but the DNA damage-induced G1 checkpoint function is attenuated.
Clin Cancer Res 5:4199-4207.

Modak S, Cheung NK. 2007. Disialoganglioside directed immunotherapy of
neuroblastoma. Cancer Invest 25:67-77.

Morton CL, Favours EG, Mercer KS, Boltz CR, Crumpton JC, Tucker C, Billups
CA, Houghton PJ. 2007. Evaluation of ABT-751 against childhood cancer
models in vivo. Invest New Drugs 25:285-295.

Mossé YP, Laudenslager M, Longo L, Cole KA, Wood A, Attiyeh EF,
Laquaglia MJ, Sennett R, Lynch JE, Perri P, Laureys G, Speleman F,
Kim C, Hou C, Hakonarson H, Torkamani A, Schork NJ, Brodeur GM,
Tonini GP, Rappaport E, Devoto M, Maris JM. 2008. Identification of ALK
as a major familial neuroblastoma predisposition gene. Nature 455:930-
935.

Natale RB. 2008. Dual targeting of the vascular endothelial growth factor
receptor and epidermal growth factor receptor pathways with vandetinib
(ZD6474) in patients with advanced or metastatic non-small cell lung cancer.
J Thorac Oncol 3:5128-S130.

Opel D, Poremba C, Simon T, Debatin KM, Fulda S. 2007. Activation of Akt
predicts poor outcome in neuroblastoma. Cancer Res 67:735-745.

O’Reilly KE, Rojo F, She QB, Solit D, Mills GB, Smith D, Lane H, Hofmann F,
Hicklin DJ, Ludwig DL, Baselga J, Rosen N. 2006. mTOR inhibition induces
upstream receptor tyrosine kinase signaling and activates Akt. Cancer Res
66:1500-1508.

Ozkaynak MF, Sondel PM, Krailo MD, Gan J, Javorsky B, Reisfeld RA,
Matthay KK, Reaman GH, Seeger RC. 2000. Phase I study of chimeric
human/murine anti-ganglioside G(D2) monoclonal antibody (ch14.18)
with granulocyte-macrophage colony-stimulating factor in children
with neuroblastoma immediately after hematopoietic stem-cell trans-
plantation: A Children’s Cancer Group Study. J Clin Oncol 18:4077-
4085.

Park JR, Stewart CF, London WB, Santana VM, Shaw PJ, Cohn SL, Matthay
KK. 2006. A topotecan-containing induction regimen for treatment of high-
risk neuroblastoma. J Clin Oncol 24:abstr 9013.

Park JR, Eggert A, Caron H. 2008. Neuroblastoma: Biology, prognosis, and
treatment. Pediatr Clin North Am 55:97-120.

Pastorino F, Brignole C, Di Paolo D, Nico B, Pezzolo A, Marimpietri D, Pagnan
G, Piccardi F, Cilli M, Longhi R, Ribatti D, Corti A, Allen TM, Ponzoni M.
2006. Targeting liposomal chemotherapy via both tumor cell-specific and
tumor vasculature-specific ligands potentiates therapeutic efficacy. Cancer
Res 66:10073-10082.

Pearson AD, Pinkerton CR, Lewis IJ, Imeson J, Ellershaw C, Machin D,
European Neuroblastoma Study Group, Children’s Cancer and Leukaemia
Group (CCLG formerly United Kingdom Children’s Cancer Study Group).
2008. High-dose rapid and standard induction chemotherapy for patients
aged over 1 year with stage 4 neuroblastoma: A randomised trial. Lancet
Oncol 9:247-256.

Peng H, Sohara Y, Moats RA, Nelson MD, Jr., Groshen SG, Ye W, Reynolds CP,
DeClerck YA. 2007. The activity of zoledronic Acid on neuroblastoma bone

56 NEW THERAPIES FOR HIGH-RISK NEUROBLASTOMA

JOURNAL OF CELLULAR BIOCHEMISTRY



metastasis involves inhibition of osteoclasts and tumor cell survival and
proliferation. Cancer Res 67:9346-9355.

Pezzolo A, Parodi F, Corrias MV, Cinti R, Gambini C, Pistoia V. 2007. Tumor
origin of endothelial cells in human neuroblastoma. J Clin Oncol 25:376-
383.

Pule MA, Savoldo B, Myers GD, Rossig C, Russell HV, Dotti G, Huls MH, Liu E,
Gee AP, Mei Z, Yvon E, Weiss HL, Liu H, Rooney CM, Heslop HE, Brenner MK.
2008. Virus-specific T cells engineered to coexpress tumor-specific receptors:
Persistence and antitumor activity in individuals with neuroblastoma. Nat
Med 14:1264-1270.

Qiao J, Kang J, Ishola TA, Rychahou PG, Evers BM, Chung DH. 2008.
Gastrin-releasing peptide receptor silencing suppresses the tumorigenesis
and metastatic potential of neuroblastoma. Proc Natl Acad Sci 105:12891-
12896.

Radhakrishnan SK, Halasi M, Bhat UG, Kurmasheva RT, Houghton PJ, Gartel
AL. 2008. Proapoptotic compound ARC targets Akt and N-myc in neuro-
blastoma cells. Oncogene 27:694-699.

Rosati SF, Williams RF, Nunnally LC, McGee MC, Sims TL, Tracey L, Zhou J,
Fan M, Ng CY, Nathwani AC, Stewart CF, Pfeffer LM, Davidoff AM. 2008.
IFN-f sensitizes neuroblastoma to the antitumor activity of temozolomide by
modulating 0°-methylguanine DNA methyltransferase expression. Mol Can-
cer Ther 7:3852-3858.

Réssler J, Taylor M, Geoerger B, Farace F, Lagodny J, Peschka-Siiss R,
Niemeyer CM, Vassal G. 2008. Angiogenesis as a target in neuroblastoma.
Eur J Cancer 44:1645-1656.

Rowinsky EK, Youssoufian H, Tonra JR, Solomon P, Burtrum D, Ludwig DL.
2007. IMC-A12, a human IgG1 monoclonal antibody to the insulin-like
growth factor I receptor. Clin Cancer Res 13(18 Pt 2):5549s-5555s.

Rubie H, Chisholm J, Defachelles AS, Morland B, Munzer C, Valteau-Couanet
D, Mosseri V, Bergeron C, Weston C, Coze C, Auvrignon A, Djafari L, Hobson
R, Baunin C, Dickinson F, Brisse H, McHugh K, Biassoni L, Giammarile F,
Vassal G, Société Frangaisedes Cancers de I'Enfant, United Kingdom Children
Cancer Study Group-New Agents Group Study. 2006. Phase II study of
temozolomide in relapsed or refractory high-risk neuroblastoma: A joint
Société Francaise des Cancers de I'Enfant and United Kingdom Children
Cancer Study Group-New Agents Group Study. J Clin Oncol 24:5259-5264.

Sartelet H, Oligny LL, Vassal G. 2008. AKT pathway in neuroblastoma and its
therapeutic implication. Expert Rev Anticancer Ther 8:757-769.

Saulnier Sholler GL, Kalkunte S, Greenlaw C, McCarten K, Forman E. 2006.
Antitumor activity of nifurtimox observed in a patient with neuroblastoma.
J Pediatr Hematol Oncol 28:693-695.

Schramm A, Schulte JH, Astrahantseff K, Apostolov O, Limpt V, Sieverts H,
Kuhfittig-Kulle S, Pfeiffer P, Versteeg R, Eggert A. 2005. Biological effects of
TrkA and TrkB receptor signaling in neuroblastoma. Cancer Lett 228:143-
153.

Schulte JH, Horn S, Otto T, Samans B, Heukamp LC, Eilers UC, Krause M,
Astrhantseff K, Klein-Hitpass L, Buettner R, Schramm A, Christiansen H,
Eilers M, Eggert A, Berwanger B. 2008. MYCN regulates oncogenic micro-
RNAs in neuroblastoma. Int J Cancer 122:699-704.

Shusterman S, London WB, Gillies SD, Hank JA, Voss S, Seeger RC, Hecht T,
Reisfeld RA, Maris JM, Sondel PM. 2008. Anti-neuroblastoma activity of
hu14.18-1L2 against minimal residual disease in a Children’s Oncology Group
(COG) phase II study. J Clin Oncol 26:asbstr 3002.

Sims TL, Hamner JB, Bush RA, Williams RF, Zhou J, Kim SU, Aboody KS,
Danks MK, Davidoff AM. 2008. Neural progenitor cell-mediated delivery of
interferon beta improves neuroblastoma response to cyclophosphamide. Ann
Surg Oncol 15:3259-3267.

Singleton JR, Randolph AE, Feldman EL. 1996. Insulin-like growth factor I
receptor prevents apoptosis and enhances neuroblastoma tumorigenesis.
Cancer Res 56:4522-4529.

Song L, Ara T, Wu HW, Woo CW, Reynolds CP, Seeger RC, DeClerck YA,
Thiele CJ, Sposto R, Metelitsa LS. 2007. Oncogene MYCN regulates localiza-

tion of NKT cells to the site of disease in neuroblastoma. J Clin Invest
117:2702-2712.

Spunt SL, Grupp S, Vik T, Santana VM, Greenblatt DJ, Gilbertson R, Hewes B,
Boni J, Esteves B, Speicher L. 2008. Phase I safety, pharmacokinetic and
exploratory biomarker study of intravenous temsirolimus in children with
advanced solid tumors. Proc Am Soc Ped Hem/Onc, Cincinnati, OH.

Stempak D, Gammon J, Halton J, Moghrabi A, Koren G, Baruchel S. 2006.
A pilot pharmacokinetic and antiangiogenic biomarker study of celecoxib
and low-dose metronomic vinblastine or cyclophosphamide in pediatric
recurrent solid tumors. J Pediatr Hematol Oncol 28:720-728.

Tanaka N, Fukuzawa M. 2008. MYCN downregulates integrin alphal to
promote invasion of human neuroblastoma cells. Int J Oncol 33:815-821.

Tang XX, Zhao H, Kung B, Kim DY, Hicks SL, Cohn SL, Cheung NK, Seeger
RC, Evans AE, Tkegaki N. 2006. The MYCN enigma: Significance of MYCN
expression in neuroblastoma. Cancer Res 66:2826-2833.

Tong HX, Lu CS, Zhang JH, Zhang JH. 2008. Enhanced effect of [IFNgamma
on the induced apoptosis of neuroblastoma cells by cytotoxic drugs. Pediatr
Hematol Oncol 25:549-558.

Valentiner U, Valentiner FU, Schumacher U. 2008. Expression of CD44 is
associated with a metastatic pattern of human neuroblastoma cells in a SCID
mouse xenograft model. Tumour Biol 29:152-160.

van Maerken T, Speleman F, Vermeulen J, Lambertz I, DeClercq S, DeSmet E,
Yigit N, Coppens V, Phillippe J, DePaepe A, Marine JC, Vandesompele J.
2006. Small-molecule MDM2 antagonists as a new therapy concept for
neuroblastoma. Cancer Res 66:9646-9655.

Villablanca JG, Krailo MD, Ames MM, Reid JM, Reaman GH, Reynolds CP.
2006. Phase I trial of oral fenretinide in children with high-risk solid tumors:
A report from the Children’s Oncology Group (CCG 09709). J Clin Oncol
24:3423-3430. Erratum in: J Clin Oncol 24:4223.

Vredenburgh JJ, Desjardins A, Herndon JE II, Dowell JM, Reardon DA,
Quinn JA, Rich JN, Sathornsumetee S, Gururangan S, Wagner M, Bigner
DD, Friedman AH, Friedman HS. 2007. Phase II trial of bevacizumab
and irinotecan in recurrent malignant glioma. Clin Cancer Res 13:1253-
1259.

Wagner LM, McLendon RE, Yoon KJ, Weiss BD, Billups CA, Danks MK. 2007.
Targeting methylguanine-DNA methyltransferase in the treatment of neu-
roblastoma. Clin Cancer Res 13:5418-5425.

Wagner LM, Villablanca JG, Stewart CF, Crews KR, Groshen S, Reynolds CP,
Park JR, Maris JM, Hawkins RA, Daldrup-Link HE, Jackson HA, Matthay KK.
2009. Phase I trial of oral irinotecan and temozolomide for children with
relapsed high-risk neuroblastoma: A New Approaches to Neuroblastoma
Therapy Consortium study. J Clin Oncol [Epub ahead print].

Wu W, Luo Y, Sun C, Liu Y, Kuo P, Varga J, Xiang R, Reisfeld R, Janda KD,
Edgington TS, Liu C. 2006. Targeting cell-impermeable prodrug activation to
tumor microenvironment eradicates multiple drug-resistant neoplasms.
Cancer Res 66:970-980.

Yan X, Johnson BD, Orentas RJ. 2008. Induction of a VLA-2 (CD49b)-
expressing effector T cell population by a cell-based neuroblastoma vaccine
expressing CD137L. J Immunol 181:4621-4631.

Yoon KJ, Phelps DA, Bush RA, Remack JS, Billups CA, Khoury JD. 2008.
Intercellular adhesion molecule-2 mediates a membrane-actin link, confers a
nonmetastatic phenotype and reflects favorable tumor stage or histology in
neuroblastoma. PLoS ONE 3(11):e3629. DOI: 10.1371/journal.pone.0003629.

Zage PE, Kletzel M, Murray K, Marcus R, Castleberry R, Zhang Y, London WB,
Kretschmar C, Children’s Oncology Group. 2008. Outcomes of the POG 9340/
9341/9342 trials for children with high-risk neuroblastoma: A report from
the Children’s Oncology Group. Pediatr Blood Cancer 51:747-753.

Zeng Y, Huebener N, Fest S, Weixler S, Schroeder U, Gaedicke G, Xiang R,
Schramm A, Eggert A, Reisfeld RA, Lode HN. 2007. Fractalkine (CX3CL1)-
and interleukin-2-enriched neuroblastoma microenvironment induces era-
dication of metastases mediated by T cells and natural killer cells. Cancer Res
67:2331-2338.

JOURNAL OF CELLULAR BIOCHEMISTRY

NEW THERAPIES FOR HIGH-RISK NEUROBLASTOMA 57



