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Abstract

Purpose of review: In the era of immune-oncology, a breakthrough in the field of pediatric
solid tumor research has been the demonstration that immunotherapy for patients with high-
risk neuroblastoma improves the event-free and overal survival. Immunotherapeutic approaches
including a monoclonal antibody targeting the cell surface glycosphingolipid disialoganglioside
and cytokines successfully eliminate minimal residual disease.

Recent findings: Since this seminal discovery, clinical trials evaluating immunotherapy in
combination with chemotherapy and cellular therapies have begun to demonstrate effectiveness

in treatment of bulky disease. Broader knowledge has also been gained regarding immunotherapy-
limiting side effects. Furthermore, biologic studies in actively treated patients have contributed to
our growing understanding of the underlying immunologic processes and mechanisms of tumor
response and immune evasion.

Summary: The example of neuroblastoma is beginning to demonstrate that various
immunotherapies combined with more conventional anticancer treatments can be synergistic.
These advancements pose new challenges to both clinical researchers and medical provider and
herald a new era in pediatric cancer therapy.
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Introduction

In the era of immune-oncology, a breakthrough in the field of pediatric solid tumor research
has been the demonstration that immunotherapy for patients with high-risk neuroblastoma
improves the event-free survival. This review will outline the standard of care before and
after the discovery of immunotherapy for these patients. Furthermore, important side effects
and novel immunotherapy approaches will be reviewed.
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Clinical introduction to neuroblastoma

Neuroblastoma is a developmental childhood cancer that arises from the neural crest and
affects young children with an average age of 17.3 months (1, 2). Although most patients are
toddlers, neuroblastoma can also occur in infants or adolescents (1). As the most common
extracranial malignancy in pediatrics, it accounts for about 15% of all cancer-related deaths
in children in the United States (3). About half of all patients present with features that are
associated with a high risk for adverse outcomes (4). These risk categories factor in the age
at diagnosis, primary tumor extent, DNA ploidy, molecular features, and histologic criteria
4, 5).

Neuroblastoma arises along the parasympathetic ganglia chain from presumptive neural
crest tissue. The presenting signs and symptoms are related to the tumor location and
involvement of adjacent anatomic structures. The most common areas of involvement are the
adrenal glands, the abdomen, or the cervical and thoracic paraspinal areas (6). Two-third of
patients have metastatic spread to the regional lymph nodes (7). Other sites of involvement
are the bone, bone marrow, skin, and liver. The extent of distant metastases at diagnosis is
the most important predictive factor of outcome (8, 9).

Neuroblastoma has a very heterogeneous course that ranges from spontaneous involution
with no therapy to fatal outcomes despite extensive multimodal treatment. As an example,
infants with stage 4S neuroblastoma present with disseminated tumors confined to the skin,
liver, and bone marrow that will often regress spontaneously over time in many of these
patients without therapy (5, 10, 11). In contrast, about half of all other children with stage

4 disease (dissemination to distant lymph nodes, bone, bone marrow, liver, skin and/or other
organs except as defined for stage 4S) will fail to attain durable remissions and ultimately
succumb to their disease despite intensive therapy that spans over 1.5 years (12-14).

Therapy regimens for patients with newly diagnosed neuroblastoma

The intensity of therapy for patients with neuroblastoma is risk-adapted. Patients with low-
risk disease undergo surgery alone, which is sufficient to achieve long-term cures in more
than 90% of the patients, even in cases with incomplete resection (15, 16). An exception
applies to children younger than 6 months with small adrenal tumors, who can be observed
(17). However, pre-emptive chemotherapy improves the outcome in infants younger than 2
months with developing hepatomegaly or baseline comorbidities (18).

Patients with intermediate-risk disease receive chemotherapy followed by surgery in some
cases. In the randomized-controlled Phase Il trial by the Children’s Oncology Group
(COG), the duration of neoadjuvant chemotherapy was shortened when patients lacked
unfavorable histology or segmental chromosomal aberrations or had a DNA index of >1.
Surgery was omitted in patients who achieved a partial response with chemotherapy. The
trial reported a 3-year event-free survival (EFS) that exceeded 80% and overall survival (OS)
of 95% (19).

In contrast, the treatment of children with high-risk disease is complex and contains multiple
consecutive phases (Figure 1). During induction, patients receive multi-agent chemotherapy
(13, 14). The goal of chemotherapy is to render the tumor amenable for surgical removal
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and eliminate metastases. The next phase is comprised of consolidation therapy with
autologous tandem bone marrow transplantations (13). Local therapy control is achieved

by radiation (20). The maintenance phase of therapy integrates differentiation therapy with
13-cisretinoic acid and immunotherapy. Patients entering this phase have attained a state of
minimal residual disease (MRD), which was initially thought to be the best suited clinical
scenario to test monoclonal antibody therapy and cytokines (21).

The current standard of immunotherapy for patients with neuroblastoma

The disialoganglioside GD2 is expressed at high levels on neuroblastoma cells (5-10 x
108 molecules per cell) (22). In healthy tissue, this molecule is expressed by cells of
neuroectodermal origin (i.e., neurons, peripheral pain fibers, and melanocytes) (23). The
restricted expression of this antigen in normal tissue made it a desirable candidate for
antibody development.

Antibody-dependent cell-mediated cytotoxicity (ADCC) in cancer therapy is a process
whereby tumor cells are specifically labeled with an antibody and subsequently recognized
and eliminated by immune effector cells such as natural killer (NK) cells or granulocytes
(24). The efficiency by which these effector cells eliminate tumor cells can be enhanced,

for example, by the addition of cytokines (25). In patients with neuroblastoma, granulocyte-
macrophage colony-stimulating factor (GM-CSF) was added to the immunotherapy regimen
to enhance neutrophil-mediated ADCC (26, 27). Interleukin (IL)-2 was included to improve
ADCC by lymphocytes (28).

IL-2 was the first immunotherapeutic agent approved for the treatment of patients with
cancer (29, 30). Common regimens in pediatric immunotherapy trials include low-dose (1
x 108 1U/m?) or higher doses of 1L-2 (3 to 6 x 106 1U/m?2) as intravenous or subcutaneous
injection (21, 31-33). Nevertheless, the benefit of IL-2 is debated owing to severe toxicities
associated with higher doses, and unestablished efficacy at lower doses (34).

Historically, less than 10% of patients with high-risk neuroblastoma achieved long-term
cures (1). Distant metastases and MRD in the bone marrow used to be the main culprit

of late disease relapse; however, consolidation therapy with autologous bone marrow
transplantation and maintenance therapy with 13-cis-retinoic acid significantly increased
the progression-free survival rates to about 50% (31, 35, 36), which was further improved
with the addition of immunotherapy comprised of a monoclonal antibody and cytokines
(i.e., IL-2 and GM-CSF) (21). In a Phase Il trial by the COG, patients who completed
induction and consolidation therapy were randomized to receive immunotherapy together
with 13-cis-retinoic acid or 13-c¢is-retinoic acid alone (21). The addition of immunotherapy
to the maintenance phase significantly lengthened the 2-year EFS (66+£5% vs. 46+5%)

and OS (86+4% vs. 75+5%) of study participants (21) and has marked a breakthrough in
recent pediatric solid tumor research. Since this seminal discovery, the anti-GD2 antibody
ch14.18 (dinutuximab) without cytokines has also been combined with chemotherapy (i.e.,
temozolomide and irinotecan) (37). More than half of the patients with relapsed/refractory
neuroblastoma randomized to the immunotherapy arm showed objective response rates
(53%). In contrast, only 6% of patients treated with chemotherapy alone (i.e., temozolomide,
irinotecan, and temsirolimus) achieved an objective response (37). Another Phase I trial
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by the St. Jude Children’s Research Hospital tested the efficacy of immunotherapy with
another anti-GD2 antibody, hu14.18K322A, IL-2, and GM-CSF administered upfront with
multi-agent chemotherapy to newly diagnosed patients. Thirty-two of the 42 participants
(76%) had a partial response or better after two courses of treatment, which exceeded
response rates in the historical control cohort from the ANBLO2P1 trial, which used
identical chemotherapy without hu14.18K322A/cytokines (40% [22.7-59.4]%) (38).

Recent data from a European Phase 111 trial has raised considerable doubt on the added
benefit of subcutaneous 1L-2 (31, 32, 39). In the cited study, the investigators noted
increased toxicity and lack of efficacy with the addition of 3 x 108 1U/m? of IL-2 (32).
Based on this, IL-2 has been eliminated in the ongoing COG trials for newly diagnosed
children with high-risk disease.

Side effects of immunotherapies in neuroblastoma

Early immunotherapy trials were conducted with the murine monoclonal anti-GD2
antibodies 3F8 (1gG3) and 14G2a (IgG2a) and the chimeric, now FDA-approved version,
ch14.18 (dinutuximab) (40-42). Children receiving these antibodies experienced dose-
dependent pain, fever, tachycardia, capillary leak, and occasionally, allergic reactions,
hypotension, electrolyte imbalances, and gastrointestinal symptoms (40-42). The occurrence
of allodynia and inflammation was attributed to the ability of the antibody to fix complement
after binding to peripheral nerves, resulting in neuronal activation (43). Hu14.18K322A is

a humanized anti-GD2 antibody that possesses an amino acid substitution in the constant
region of the antibody designed to decrease or eliminate complement activation. Consistent
with that, in a Phase | trial of hul4.18K322A, none of the participants developed capillary
leak syndrome (44). Pain was still present but easier to control (45). The incidences of

the other side effects were similar compared to dinutuximab. Currently, hul4.18K322A

is administered as a 4-hour infusion with extensions possible if patients have persistent

pain despite concomitant analgesia with intravenous narcotics (33). Per the manufacturer’s
recommendation, dinutuximab is given for 10 to 20 hours (Unituxin [dinutuximab]
prescribing information. Silver Spring, MD: United Therapeutics Corp; March 2017). The
SIOPEN Phase Il trial (APN-311-202) administered ch14.18/CHO as a long-term infusion
over 10 consecutive days together with subcutaneous IL-2 at 6 x 108 1U/m? per day as

two 5-day blocks. The investigators reported lower pain scores and morphine requirements.
Future studies are necessary to delineate the ideal antibody dosing and infusion schedule for
patients with neuroblastoma.

Similar to previous reports, patients with neuroblastoma receiving IL-2 experience dose-
dependent acute inflammatory reactions and cardio-respiratory problems caused by capillary
leaking, fever, and leukocytosis (34), which is more common during co-administration with
dinutuximab (21). While low-dose IL-2 is better tolerated, it potentiates the proliferation of
immune-suppressive regulatory T cells (39, 46).

Other rare side effects, such as fatal hemophagocytic lymphobhistiocytosis (HLH), a life-
threatening hyper-inflammatory syndrome, have been associated with the experimental
administration of hul4.18K322A and haploidentical adoptive NK cells during autologous
bone marrow transplantation (47).
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In general, the acute toxicities engendered by experimental or standard immunotherapies

in patients with neuroblastoma are distinct from side effects caused by conventional
chemotherapy or radiation therapy. Immunotherapy is currently administered in experienced
centers with sufficient expertise and a supportive infrastructure. Optimal surveillance
protocols are being developed as we learn more about the long-term sequelae of
immunotherapies (e.g., autoimmune conditions) in childhood cancer survivors.

Novel immunotherapy approaches to target neuroblastoma

In the following section, we will review ongoing clinical trials and the rationale behind them
(Figure 2).

GM-CSF gene vaccine—To generate the GM-CSF gene vaccine (GVAX) against
neuroblastoma, autologous neuroblastoma cells are obtained from the patient and genetically
engineered to secrete human GM-CSF. The cells are subsequently irradiated to abrogate
future proliferation. Upon infusion into the patient, secretion of GM-CSF is thought to
induce immune activation and enhance ADCC as demonstrated in animal studies (48).

In an ongoing Phase |1 trial, GVAX is administered with immune checkpoint blockade

(ICB; i.e., nivolumab and ipilimumab) to patients with relapsed/refractory neuroblastoma
(NCT04239040).

Antibody-mediated immunotherapy—Racotumomab is an anti-idiotype antibody,
which can bind to the variable region of another antibody. Through this mechanism, it
mimics N-glycolyl GM3 (NGcGM3) and induces an immune response similar to other
cancer vaccines. NGcGM3 is a ganglioside but, unlike GD2, it is undetectable in healthy
human tissues and fluids due to genetic deletion of CMP-N-acetyl hydroxylase that is
required for its enzymatic synthesis during evolution (49). However, NGcGM3 is enriched
in several cancers, including neuroblastoma (50). Racotumomab finished Phase I testing,
which demonstrated a favorable toxicity profile. However, out of 14 participating patients,
only two patients had stable disease, while 12 patients had progressive disease and died (51).
Racotumomab is currently in Phase 11 testing (NCT02998983), where it is given to children
with high-risk neuroblastoma that have achieved a complete or very good partial response
after standard therapy. An additional arm contains patients with relapsed/refractory disease
that receive racotumomab with metronomic chemotherapy.

Chimeric antigen receptor (CAR) T cells—The main challenges with monoclonal
anti-GD2 antibody therapy is the limited persistence of the antibody (44), the lack of
efficacy as monotherapy against bulky disease (52), and failure to penetrate the blood-brain
barrier (53). CAR T cells have the potential to overcome all of these issues. Previous studies
in adults and children with leukemia and other hematologic malignancies who received
CD19 or CD22 CAR T cells demonstrated that the adoptive T cells can persist as memory
CAR T cells, are effective against tumor masses (e.g., chloroma or in cases of lymphoma),
and detectable in the central nervous system (54-56).

CAR T cells are made from autologous T cells that undergo genetic engineering to
express a CAR. First, peripheral blood mononuclear cells are collected from the patients,
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and T cells are expanded and enriched in culture in the presence of cytokines. Under

good manufacturing conditions, the cells are transduced with a vector, enabling them to
produce a CAR that targets a tumor-specific antigen. At the end, patients receive preparative
chemotherapy and are subsequently infused with the CAR T cell product. CAR T cells have
achieved unprecedented responses in patients with leukemia and are now FDA-approved for
several indications (57).

Multiple clinical trials with CAR T cells targeting GD2 are also underway for patients with
neuroblastoma (NCT03373097, NCT02765243, NCT02761915, NCT02173093). Some of
these studies performed additional modifications to the GD2 CAR T cells. For example,
the cells may constitutively express 1L-15 for cell activation and the inducible caspase 9
as a safety switch (NCT03721068). IL-7 is critical for T cell survival (58). Thus, some
groups have engineered a constitutively activated IL-7 receptor to prolong the persistence
of the adoptive CAR T cells (NCT03635632). Additional CAR T cell products target
B7H3, a type | transmembrane glycoprotein molecule that is homogenously expressed on
a variety of cancer cells, including neuroblastoma but very restricted in healthy tissues
(NCT04483778) (59). Another target is CD171 (LICAM; NCT02311621), which is a
transmembrane adhesion molecule that is important for neural cell migration and survival
and found on neuroblastoma cells (60).

Immuno-modulatory agents—In the 1960s, thalidomide was incidentally found to
improve inflammatory lesions in a patient with erythema nodosum leprosum (61).
Lenalidomide is a derivative of thalidomide, which lacks the neurologic side effects but

has activity against various solid and hematologic malignancies (62, 63). It can modulate
the immune system in many ways. For example, lenalidomide interferes with the cytokine
balance by inhibiting the production of the proinflammatory cytokines TNF-a, IL-1,

IL-6, IL-12 and increasing the levels of the anti-inflammatory cytokine I1L-10 (64). It

can also induce co-stimulation and clonal expansion of T cells through direct tyrosine
phosphorylation of CD28 and activation of downstream pathways that reverse the ICB

by CTLA-4 (65). Lenalidomide also enhances NK cell function and ADCC indirectly by
decreasing the levels of IL-6 and tumor growth factor-f and increasing the I1L-2 production
of by-stander T cells (66, 67). A current clinical Phase | trial assesses the feasibility of
combining lenalidomide with dinutuximab and autologous, expanded NK cells in patients
with recurrent/refractory neuroblastoma (NCT02573896). Preclinical and clinical testing of
other immune-modulatory small molecule combinations with immunotherapy hold promise
in the future (68, 69).

Conclusion

The rapidly evolving field of immunotherapy has shaped new treatment approaches in
pediatric oncology. Neuroblastoma is an example in which over a short period of time,
complex regimens have evolved to treat these patients which have yielded encouraging
improvements in long term survival for our patients. Despite the challenges that these new
therapies pose to researchers, clinicians and our patients, immunotherapy has heralded a new
era in pediatric cancer treatment with promising advances that will improve the survival and
possibly lessen our patients’ long-term toxicities in the near future.
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Key Bullet Points

. Immunotherapy with a monoclonal antibody targeting GD2 and cytokines
eliminates minimal residual disease, thereby improving the event-free survival
for patients with high-risk neuroblastoma.

. Dose-limiting toxicities of anti-GD2 antibody therapy are allodynia and
capillary leak syndrome, but these side effects are less common and less
severe with newer generation antibodies that lack complement activation.

. Current clinical trials test the feasibility and efficacy of cancer vaccines,
adoptive cell transfer, and immune-modulatory treatments in patients with
neuroblastoma.

. New synergistic combinations of immunotherapies with more conventional
anticancer treatments are promising but pose clinical challenges to
researchers, clinicians, and our patients.
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Therapy regimen of patients with high-risk neuroblastoma. Patients undergo different phases
of therapy starting with induction chemotherapy (1). Surgery is performed during induction.
Consolidation therapy (2) consists of tandem transplant (BMT). Patients undergo radiation

therapy to the primary tumor bed after consolidation therapy to prevent local tumor

recurrence (3) and maintenance therapy in the end (4).
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Figure 2:

Immunotherapy approaches to target neuroblastoma. (1) Monoclonal antibodies can either
target cancer antigens or serve as self-antigens (i.e., as idiotype antibody that can be bound
by the variable region of other antibodies or by T or B cell receptors). (2) The administration
of exogenous cytokines can directly influence the immune or cancer cells. (3) Adoptive
cells are collected from a donor or the patient, can be manipulated ex vivo, and are infused
back into the patient. (4) Vaccine strategies can either provide a cancer antigen to induce
immunogenicity or alter the immunologic equilibrium through the release of cytokines such
as GM-CSF with the GVAX vaccine. (5) Immune-modulatory drugs have a direct or indirect
impact on the endogenous immune cells.
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