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Abstract

Neuroblastoma s the third most common pediatric cancer in the United States and is responsible
for 15% of pediatric cancer-related deaths. Despite major advances in multimodal therapy, the
clinical outcome for several patients remains poor. Due to the desperate need for innovativation
and improved success in the treatment and management of neuroblastoma, research interestsin
immunotherapy have been on the rise in recent years. Current immunotherapeutic approaches
under investigation include antibodies targeting the neuroblastoma antigen GD2, cytokine
stimulation of immune cells, use of immunocytokine conjugates, radioimmunotherapy, and tumor-
primed dendritic cells. Immunotherapy could serve as a safe aternative or adjunct to current
therapeutic protocols and would presumptively have fewer del eterious effects making it more
favorable to patients.
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INTRODUCTION

Neuroblastoma s the third most common pediatric cancer in the United States as well asthe
most common extra-cranial solid tumor in children [1]. It isresponsible for 15% of
childhood cancer-related deaths with over 500 newly diagnosed cases per year [2]. The
average age at diagnosisis 17 months and more than 50% of patients have metastatic disease
at the time of diagnosis [3]. A unique feature of this disease is that infants less than one year
of age may demonstrate spontaneous tumor regression without recurrence and have a
favorable prognosis; however, children diagnosed after age 18 months tend to have
progressive disease yielding aless favorable prognosig4].

Neuroblastomas are derived from primitive cells, originating in the neural crest, which
migrate during embryogenesis; hence, these tumors are most commonly found in the adrenal
medulla, but they may arise at any point along the sympathetic ganglia[5]. Neuroblastomas
are heterogeneous tumors, whose pathology and prognosis depend on a variety of factors
including age at diagnosis, MY CN gene amplification, vascularization, amount of
Schwanian stroma, chromosomal losses/gains, and DNA index abnormalities[5, 6]. Based
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on these prognostic characteristics, the Children’s Oncology Group (COG) has developed a
categorical system which assigns neuroblastoma patients into low, intermediate, and high-
risk groups |7, 8].

Currently, the treatment of neuroblastomais based on COG risk stratification and includes a
variable combination of surgery, chemotherapy, and radiation therapy [9]. For instance,
patients with low-risk disease are treated with surgery alone, whereas children with
intermediate-risk neuroblastoma receive chemotherapy and surgery [9]. In patients with
high-risk disease, outcome remains poor with chemotherapy, but isimproved for patients
treated with intensive induction chemotherapy, surgery, radiation, myeloablative therapy,
and 13-cigetinoic acid for minimal residual disease [10]. The mainstay of most
neuroblastoma treatment protocols is chemotherapy; however, limitations for pediatric
patients, in particular, include appropriate dosage concerns and the toxic side effects [11].
Therefore, despite major advances in multimodality therapy, aggressive neuroblastomas
continue to remain refractory to treatment resulting in relapse and poor outcome [12]. Asa
result, the three year survival rate in patients with advanced disease remains dismal at
approximately 30% [10, 13-15].

IMMUNOTHERAPY

Due to the unsuccessful results of current regimens in treating aggressive disease, thereisa
tremendous need for innovative treatments involving other therapeutic approaches. Recent
studies are focusing their efforts on therapies utilizing biologically active molecules, factors
that stimulate differentiation, factors inhibiting angiogenesis, and monoclonal antibodies
targeting tumor specific antigens [16]. Earlier investigations have shown that neuroblastoma
elicits a strong immune response /n vivo[17]. In support of these findings, many infants
with neuroblastoma demonstrate spontaneous tumor regression suggesting arole for the
immune system in controlling neuroblastoma cell growth [18]. Unlike chemotherapy and
radiation, therapies that are toxic to both normal and abnormal tissues, immunotherapy
shows promise as tumor-specific therapy while leaving other cells unharmed.
Immunotherapy would serve as a safer alternative or adjunct to chemotherapy, surgery and
radiation therapy, and would presumptively have fewer deleterious effects thereby making it
more favorable and better tolerated by patients. In this monograph, we will highlight afew
of the current advances in neuroblastoma immunotherapy (Fig.).

Antibody-Based Studies

Therole of monoclonal antibodiesin the search for novel therapies for neuroblastoma has
increased significantly in recent years [16]. Monoclonal antibodies exert their effects by
attaching to specific tumor surface antigens and subsequently inducing antibody-dependent
cell cytotoxicity (ADCC) of the tumor cells. The ADCC response is mediated by
neutrophils, natural killer (NK), and lymphokine activated killer cells[19, 20]. Many tumor
surface antigens have been used as targets for antibody-mediated therapy including GD2,
GD3, GM3, CD56, L1 CAM, GP58 and GP95 [21]. Of these, GD2 has been studied
extensively and shows promise as atarget for ADCC of neuroblastoma cells.

GD2 isadisialoganglioside that is widely expressed in most tumor cells [22] whileits
expression in normal tissueis limited to neurons, melanocytes, and peripheral pain fibers
[23], making it suitable for targeted anti-tumor therapy. GD2 is thought to be involved in
cellular attachment and metastasis; therefore in tumors like neuroblastoma, high levels of
GD2 expression has a greater propensity toward metastasis and tumor progression [24].
Severd clinica trials have been performed using antibodies either alone or in combination
with cytokines targeting the tumor-associated antigen GD2 [13, 25-29]. In early trias, a
phase | study using IgG3, amonaoclonal antibody specific for GD2, was shown to be active
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in ADCC, complement activation, and a so specifically targeted human neuroblastoma cells
in patients with metastatic disease [25]. In some patients complete remission was induced,
and the clinical utility for diagnosis and therapy of neuroblastoma was established [25].

Since GD2 isaglycolipid and a T cell-independent antigen it usually evokes a poor immune
response in neuroblastoma patients. Riemer et a discovered away to surpass this problem
when they engineered GD2 mimotopes, which are peptide epitopes of the GD2 glycolipid,
capable of stimulating the production of 1gG, recruiting T-lymphocytes and inducing
immune memory [30, 31]. Furthermore, studies have shown that using anti-GD2 antibodies
in conjunction with cytokines has been shown to improve the immune response against
neuroblastoma tumor cells. Ozkaynak et al demonstrated this after the administration of anti-
GD2 antibodies with GM-CSF to children with neuroblastoma. They demonstrated that the
combination of GM-CSF and anti-GD2 antibodies mediated ADCC and complement-
dependent cytotoxicity [26]. ADCC and complement-dependent cytotoxicity are activated
by different leukocyte populations including monocytes and neutrophils. In addition to
leukocytes, NK and lymphokine-activated killer cells are also activated which provide a
number of mediators to stimulate the innate immune response. Of note, patients only
experienced manageabl e toxicities including neuropathic pain, fever, nausea/vomiting,
urticaria, and hypotension. GD2 is highly expressed on nerve tissue; therefore pain after the
administration anti-GD2 antibodies is a common problem that is treated with parenteral
narcotic analgesics. Furthermore, of the patients that developed hypotension, only a small
number required saline or albumin infusion.

Antibody-mediated therapy is promising, but in order to retain function in human models,
the formation of human anti-mouse antibodies (HAMA) must be prevented since their
production is likely to neutralize the therapeutic effect of anti-GD2 monoclonal antibodies
through accelerated clearance and may cause side effects[16]. This was evident when a
phase | clinical trial conducted using murine anti-GD2 antibodies resulted in the formation
of human anti-mouse antibodies against the anti-GD2 antibodies in al patients studied [32].
Another study evaluating the murine monoclonal antibody 3F8, found that patients treated
with 3F8 within 90 days of high-dose cyclophosphamide chemotherapy were less likely to
develop HAMA [33]. This has broad implications in regards to the timing of monoclonal
antibody administration and the previous notion that chemotherapy would have a
detrimental affect on immunity. Since chemotherapy induced granulocytopeniaistransient,
3F8 can mediate tumor lysis through granulocytes [34-36]. HAMA production can only be
avoided with the use of fully human antibodies [16], for even chimeric (mouse-human)
antibodies have been found to induce human anti-chimeric antibodies, although to alesser
degree and without an affect on chimeric antibody levels[37]. Another limitation of
antibody-mediated therapy isthat patients who have undergone chemotherapy usually have
a suppressed immune system and may not be able to mount a sufficient response, and hence
may require antibody infusion therapy [31].

Monoclonal antibodies have also been linked to toxins to facilitate selective toxin delivery.
Toxin delivery is attractive because it does not require activation of immune effector cells
[38]. Several monoclonal antibody-toxin constructs have been applied, but few have been
used /n vivo. Anti-GD2 antibodies linked to Pseuidomonas exotoxin or diphtheriatoxin have
been found to increase cytotoxicity against neuroblastoma /n vitro[39, 40]. Although toxin
therapy may be anovel target in the treatment of solid tumors, further /n vivoinvestigation
will determineif clinical trials are warranted.

Specific monoclonal antibodies (usually anti-GD2) have also been conjugated with
bifunctional chelated a.-emitting isotypes, which alows for the formation of new, highly
potent and selective a.-emitting anticancer drugs [41]. In neuroblastoma, MIBG avidity
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occurs in 90% of patients which enables the use of radiolabeled MIBG for targeted
radiotherapy in these tumors. In patients with advanced neuroblastoma refractory to
treatment, 1311-MIBG has proven to be effective. lodine-131 linked monoclonal antibodies
have been compared to 1311-metai odobenzylguanidine (MIBG) and found that iodine linked
antibodies may have clinical utility in detecting metastases which do not accumulate 131I-
MIBG, and the antibody may hold potential for radioimmunotherapy [42]. Radiotherapy
with 131I1-MIBG has been investigated in the treatment of patients with advanced neural
crest tumors, including neuroblastoma [43]. In patients with intraperitoneal neuroblastoma,
intraperitoneal injection of 1311-MIBG produced considerably higher tumor accumulation in
comparison to intravenous injection [44]. Pretreatment with chemotherapy has also been
shown to increase neuroblastoma uptake /n vitroand in vivo[45, 46].
Radioimmunoconjugate therapy is a promising avenue in the identification of metastasis and
treatment of advanced-stage neuroblastoma and is currently under investigation in
preclinical trials.

Cytokine-Based Studies

Immunomodulators, also referred to as cytokines, stimulate effector cells. Cytokines
stimulate a broad range of immune cells, including T and B lymphocytes, monocytes,
macrophages, and NK cells. The tumor-specific delivery of cytokines, achieves high
cytokine concentrations within the tumor microenvironment that effectively stimulates
cellular immune responses. Immunotherapeutic studies using cytokines, such as interleukin
IL-2 and IL-12, to modulate neuroblastoma cell growth have shown successin /n vitro
models for years [47-53]. IL-2 is a cytokine that stimulates growth, proliferation and
activation of the T cell, B cell, and NK cell lineage [47]. IL-12 activates the TH1
inflammatory immune response and is a potent stimulator of NK cells and T-lymphocytes
[54]. IL-12 a'so up-regulates CD25, atransmembrane protein present on the surface of
activated lymphocytes which enhances T-cell proliferation in responseto IL-2 [50]. Itis
believed that up-regulation of these cytokines can stimulate a significant anti-tumor
response. Lode et al illustrated the effectiveness of IL-12 as an anti-tumor cytokine when
murine neuroblastoma cells were transduced with 1L-12 [47]. Later, this same group showed
that 1L-2 could enhance the effects of IL-12 [48]. Subsequent studies elucidated that in NK
cells, the anti-tumor activity of IL-12 was actually enhanced by IL-2 via up-regulation of
IL-12 receptors [49]. Recently, Neuro-2A murine neuroblastoma cells were induced to
express high levels of IL-2 and IL-12, which resulted in the destruction of their
tumorigenicty in syngeneic mice [51]. In addition, IL-2 and IL-12 up-regulation stimul ated
an anti-tumor immune response via CD4 and CD8 positive lymphocytes which lead to
complete tumor eradication in a subset of mice [51]. More recently, the same group
demonstrated that intratumor injections of syngeneic fibroblasts transfected with IL-2 and
IL-12 had significant therapeutic effects, causing reduced growth or complete eradication of
tumorsin 90% of mice, along with the generation of immunologic memory [52].

Immunocytokine therapy is also under investigation as away to synergistically increase the
immune response with monoclonal antibodies. |mmunocytokines are monoclonal antibodies
against tumors that are genetically linked with cytokines [55]. Recently, a chimeric human/
murine GD2 antibody in combination with IL-2 and GM-CSF was assessed after high-dose
chemotherapy and stem-cell rescue [37]. Patients had manageable and reversible toxicities
and immune activation was confirmed. Only a small humber of patients demonstrated
human anti-chimeric antibody production, which did not affect the serum level of antibody.
Another phase | clinical trial in pediatric patients with recurrent/refractory neuroblastoma,
evaluated a humanized GD2 antibody genetically linked to human IL-2 [56]. A phase |
clinical trial is currently underway.
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One of the main obstacles in neuroblastoma-directed immune therapy has been the inherent
lack of tumor immunogenicity [57]. To overcome this obstacle many are investigating the
role of cytokinesin eliciting immune recognition of neuroblastoma cells. Tumor cells
modified to express immunostimulatory molecules can induce specific cytotoxic T-cell
responses and tumor rejection in murine models, thus leading the investigation into possible
human tumor vaccination [58]. A vaccine targeted specifically against neuroblastoma cells
may prove successful in reducing and/or eliminating neuroblastoma cells /n vivo. In a study
evaluating subcutaneous vaccine injections of lymphotactin and IL-2 secreting allogeneic
neuroblastoma cells, there was complete remission in two patients and partial responsein
one patient [59]. This allogeneic tumor cell vaccine had minimal toxicity and induced an
antitumor immune response. Recently, aphase| trial evaluated a vaccine from autologous
neuroblastoma cells that were genetically modified to secrete IL-2 and lymphotactin [53].
They found that tumor vaccines containing lymphotactin with IL-2 were safe and did in fact
induce an anti-tumor immune response; however, the response failed to overcome active,
recurrent neuroblastoma. When given in conjunction with IL-2, Fractalkine, a chemokine
known to induce leukocyte adhesion and migration induced an effective anti-tumor response
in murine models showing a decrease in primary tumor growth and complete eradication of
liver metastases [60]. Autologous neuroblastoma tumor cells have been modified for
vaccinations to secrete interleukin IL-2 and found to be safe in patients with advanced
neuroblastoma with resultant remission and disease free progression [61].

It has been demonstrated that cytokines are able to stimulate immune cells to mount an anti-
tumor response. While cytokines have been shown to be safe for use in human models [53,
62], studiesimply that they may not be sufficient to stand alone as a single mode of
neuroblastoma therapy. They may, however, serve as an adequate adjunct to other forms of
antitumor therapy, aswasillustrated in studies using antibodies in conjunction with GM-
CSF and anti-GD2 mimotopes with IL-12 and I1L-15 [26, 31]. The continued disadvantages
that an intact immune system isrequired [31].

Cell-Mediated Studies

Dendritic cells are antigen-presenting cells which present antigensin MHC class | and |1 and
assist in primary and secondary immune responses. Pulsed dendritic cells have been used in
clinical trials with interesting findings. In preclinical trias, Jarnjack-Jancovich et al
demonstrated that peripheral blood monocyte-derived dendritic cells pulsed with tumor
RNA are able to successfully activate CD4 and CD8 T lymphocytes /n vitro[63].
Subsequent clinical trials showed that monocyte-derived dendritic cells pulsed with tumor
RNA could induce an anti-tumor immune response and was a safe and feasible therapy in
children with high-risk neuroblastoma[64]. In the aforementioned study, some dendritic
cells were loaded with apoptotic neuroblastoma cells while others were pulsed with tumor
RNA. They found that dendritic cells loaded with tumor RNA expressed more CD25 than
dendritic cells loaded with apoptotic tumor cells. This provides evidence that more favorable
results would most likely be obtained when dendritic cells are pulsed with tumor RNA

rather than loaded with cellular fragments. The most likely reason for this occurrenceis that
MRNA can mediate specific gene transfer in dendritic cells, whereas apoptotic tumor cells
will not generate the amount of antigens needed for effective and sustained immunization.
Recently, dendritic cells transfected with tumor RNA were able to recognize neuroblastoma
tumor-associated antigens and killed tumor cells. Taken together, these studies show that
dendritic cells have promise as potential anti-tumor therapy [3].

There are several benefits of cell-mediated therapies, one of which isthat it has a decreased
risk of secondary tumor formation, unlike chemotherapy and radiation therapy. This type of
therapy might also be successful in cases where conventional methods have failed. Also, a
cell-mediated approach is likely to be less toxic and therefore more tolerable to patients than
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other therapies. One of the major drawbacks, as seen in the other forms of immunotherapy,
isthat the patient must have an intact, functioning immune system in order to mount a
sufficient anti-tumor response. In studies performed by Caruso et al, monocyte-derived
dendritic cells pulsed with tumor RNA were able to successfully activate CD4 and CD8 T
lymphocytes [64]. Unfortunately, the patients in this study had already undergone
chemotherapy and although there was an initial T-cell response to tumor cells, tumor
regression was not demonstrated due to insufficient immune function. Another potential
problem isthat gangliosides are highly expressed in neuroblastoma cells, as previously
mentioned, and findings suggest that GM 2, specifically, may hinder the devel opment of
dendritic cells[65].

CONCLUSIONS

In spite of the major advances in cancer treatment, high-risk neuroblastoma continues to
remain arelentless disease claiming many children’slives. The past two decades of research
discoveries have given us many new insights into the pathophysiology, cytogenetics as well
as molecular biology of neuroblastoma fostering the quest for more novel ways to treat the
disease. The therapies that are currently used to treat neuroblastoma are very general in
treatment protocol; hence a major advantage of immunotherapy isthat it is tumor-specific.
In addition, the effectiveness of immunotherapy in the treatment of cancers has been
illustrated in colon cancer [66], lymphoma [67, 68], breast cancer [69, 70], leukemia[71]
and pediatric solid tumors including neuroblastoma [72]. Another attribute of
immunotherapy isthat it can be used as first-line treatment or even second-line therapy in
patients who have experienced an unfavorable response to current regimens and tumor
recurrence.

Antibody, cytokine, and cell-mediated studies have proven effective in animal models and
some human clinical trials [33, 37, 56, 63, 73]. Immunotherapy is based upon the concept of
modul ating the immune response, therein rests the necessity of afunctioning immune
system. The main underlying drawback of al modes of immunotherapy isthat in order to
achieve maximum efficacy, they al require an intact immune system. Monoclonal antibody-
toxin delivery and radioimmunotherapy are two therapies that do not rely as much on
immune function due to their mechanism of action which focuses on tumor ablation by
toxins or radioisotopes. These therapies are currently under investigation, but the majority of
immunotherapies require a considerable immune response to be effective. Thisis especially
important for patients who have previously undergone chemotherapy, as would be the case
in the mgjority of patients. While thereis still much to be discovered about
immunotherapeutic targets for neuroblastoma, as a group they demonstrate great promise as
effective treatment for refractory disease and hence, may make a significant impact in
patient survival rates.
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