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Introduction

Treatment of childhood cancer has been a flagship for international collaboration through 

cooperative clinical trials and experimentation in multiple treatment modalities, like 

chemotherapy, radiation and surgery. Advances in our basic understanding of tumor 

immunology and in genomic sequencing of cancers has led to a wealth of information that 

invites development of new pharmacologic drugs for cancer, and the identification of new 

tumor-associated antigens that can be targeted by immune cells or biologics. The ability to 

expand immune cells into large quantities, as well as the availability of clinical grade 

cytokines, antibodies and genetically engineered proteins therapeutics, is now making both 

cell-based and monoclonal antibody treatments a reality. Within the last 5 years, we have 

seen a surge of novel immune-based therapies that are changing the landscape of how 

pediatric oncologists treat children with some of the more deadly cancers. In this review, we 

will discuss what immunotherapies are being developed and tested (if registered with 

clinicaltrials.gov), barriers to widespread application, and the future of immuno-oncology 

for childhood cancer.

Monoclonal Antibodies

Recent clinical trials have demonstrated that monoclonal antibodies (moAbs) show anti-

tumor responses in a variety of childhood cancers[1–26]. MoAb technology has the 

capability to create distinct agents that can bind to virtually any antigen on the tumor cell 

surface, including sugars, lipids, proteins, gangliosides, etc, and either mark that cell for 

destruction by the patient’s immune system (e.g. antibody dependent cellular cytotoxicity or 

ADCC) or carry a toxin or radionuclide capable of killing the cell directly (e.g. 

immunotoxins and radioimmunoconjugates). In addition, moAbs can either act as an agonist 

(e.g. death receptor) or antagonist (e.g. growth receptor) to a given receptor on the tumor 

thereby facilitating cytotoxicity or growth arrest (Figure 1). Ideally, the antigen recognized 

by an immunotherapeutic antibody is preferentially expressed in high quantities on the 

tumor as compared to normal tissues, with little cross-reactivity to antigens on normal 

tissues. Occasionally the use of antibodies that target tumor antigens present on “dispensable 

tissue”, like B cells, is acceptable if that tissue is replaceable, or not essential for health. One 

of the appeals of monoclonal antibody therapies in general is that they are an “off the shelf” 

reagent, meaning they are more tumor-specific than patient-specific, and can be easily stored 

in pharmacies at hospitals and clinics at multiple centers for immediate administration when 
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indicated. There is no need for expertise in cell culture, expansion and activation, in order to 

create an individualized therapeutic product for each patient. In some instances, 

investigators are combining moAbs with cytokines that activate and recruit immune cells to 

the moAb-coated tumor cells in order to enhance ADCC[3, 21, 25]. We will discuss the 

usage of moAbs targeting pediatric solid tumors followed by leukemias and lymphomas.

MoAb Therapy for Pediatric Solid Tumors

Metastatic solid tumors remain one of the most significant challenges in pediatric oncology, 

with survival rates ranging from 40% to less than 5% depending on the tumor type and 

location of the metastatic disease. Fortunately survival for one solid tumor, metastatic 

neuroblastoma, has improved through development of the moAb ch14.18, a chimeric moAb 

against the disialoganglioside GD2[27]. GD2 is restricted to neuroectodermal tissues, 

expressed in high density on neuroblastoma, and is not shed from the cell surface. Recent 

results from a randomized, phase III study showed that 2 year event-free survival of children 

with metastatic neuroblastoma improved from 44% to 64% when these patients were given 

infusions of ch14.18 along with 13-cis-retinoic acid (CRA), interleukin (IL)-2 and 

granulocyte monocyte-colony stimulating factor (GM-CSF) after standard multimodality 

therapy[25]. The addition of IL-2 and GM-CSF to ch14.18 moAb therapy is believed to 

enhance ADCC by lymphocytes, neutrophils and activated macrophages. Because of these 

data, this ch14.18 regimen is now offered as standard of care for children with metastatic 

neuroblastoma, and demonstrates that immunotherapy can be incorporated with traditional 

treatment modalities to enhance survival.

In addition, other anti-GD2 moAbs are in development, and several have already shown 

efficacy in the clinic. The immunocytokine hu14.18-IL2, a humanized 14.18 moAb that is 

conjugated to IL-2, has shown activity in phase II trials in children with relapsed/refractory 

neuroblastoma[21]. Treatment with the anti-GD2 moAb 3F8 when combined with GM-CSF 

and CRA has improved overall survival in patients with metastatic neuroblastoma treated at 

a single institution in a retrospective analysis of consecutive trials[3]. 3F8 conjugated to the 

radionuclide 131Iodine (I-131) has also shown efficacy in treatment of CNS/leptomeningeal 

metastases of neuroblastoma in a phase I study[10], and has shown activity in a phase I trial 

of advanced stage neuroblastoma patients when combined with an oral beta glucan, which 

prime leukocyte dectin and complement receptor 3[13]. Thus patients with advanced 

neuroblastoma have multiple options in terms of moAb therapy (Table 1). Perhaps utilizing 

moAbs in conjunction with other immunotherapies under development may allow for further 

synergy against this aggressive disease.

Targeting essential signaling or growth pathways on the surface of pediatric solid tumor 

cells, or on the tumor stroma supporting tumor growth, such as endothelial cells, has led to 

promising results. The moAb bevacizumab inhibits vascular endothelial growth factor 

(VEGF), a signaling pathway presumed to be critical for vascular supply to solid tumors, 

and has shown activity as a single agent in some studies of children with relapsed 

astrocytoma[2, 8], neuroblastoma and rhabdomyosarcoma[2] but not in other studies[28]. 

When combined with irinotecan, objective responses have been observed in multiply 

recurrent low grade gliomas[5, 16, 18] and medulloblastoma[1]. When compared to adult 
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patients, efficacy is lower for high grade gliomas[5, 14, 29]. Minimal to no efficacy was 

reported in recurrent ependymomas[30], malignant gliomas and brainstem gliomas[31] in 

phase II studies. Combination of bevacizumab with sorafenib and low dose 

cyclophosphamide led to disease responses in rhabdomyosarcoma, rhabdoid tumor and 

medulloblastoma in a phase I study[15]. Although the combination of vincristine, oral 

irinotecan and temozolomide has shown antitumor activity in children, the benefit of adding 

bevacizumab was unclear in a pilot trial that showed responses in Ewing sarcoma[24] but 

encouraging in another phase I study in terms of responses in Wilms tumor, 

medulloblastoma and hepatocellular carcinoma[23]. Thus bevacizumab seems to show 

activity across a variety of tumor types, but we have yet to optimize how to incorporate it 

with standard chemotherapy.

Many moAbs have been developed against the insulin growth factor-1 receptor (IGF-1R), a 

growth pathway used by select pediatric solid tumors, but anti-tumor activity has been 

sparse and variable. AMG 479 is a fully human moAb against IGF-1R that showed 

responses in Ewing sarcoma, including a complete response of 28 months, and in 

neuroendocrine tumors[32]. Figitumumab is a fully human IgG2 moAb against IGF-1R that 

showed objective responses with Ewing sarcoma in a phase I expansion cohort study[17]. 

R1507, another anti- IGF-1R antagonist moAb, did not show objective responses in a phase 

I study[33], whereas a 10% response rate was observed in a multicenter phase II study of 

Ewing sarcoma[19]. While responses can be striking and long lasting, the overall low 

response rates with IGF-1R moAbs may be partially explained by the lack of biomarkers 

that help clinicians select which patients will benefit from this treatment.

Combining irinotecan with cetuximab, a moAb against the epidermal growth factor receptor 

(EGFR), led to responses in CNS tumors in a phase I study[22]. Further work is clearly 

needed with moAbs targeting the EGFR pathway in pediatric tumors. Antibodies can also 

induce cell death if they crosslink a cell surface receptor that can initiate a downstream death 

cascade. Lexatumumab is a moAb against tumor necrosis factor-related apoptosis-inducing 

ligand (TRAIL) receptor 2 that did not cause tumor responses, but led to improvement of 

clinical symptoms, changes in PET activity and decreased biomarkers in a phase I study[12]. 

Because of the association of HER2 expression and worse survival in osteosarcoma, 

trastuzumab (an anti HER2 moAb) has recently been used in conjunction with standard 

chemotherapy for HER2 -positive osteosarcoma. There was no significant difference in 

event-free or overall survival between HER2-positive and HER2-negative groups, with 

inferior outcomes reported in both groups[34]. Because HER2 expression in osteosarcoma 

does not result from gene amplification, as it does in breast carcinoma, interrupting HER2 

signaling may not result in death in this tumor. However, this still leaves open the possibility 

to use trastuzumab to induce ADCC for HER2-positive patients by combining the moAb 

with ADCC enhancing cytokines, such as IL2 or GM-CSF.

Lastly, agonist moAbs targeting T cell co-stimulatory molecules like CD40[35–37], 

4-1BBL[38] and OX40[39] , or antagonist moAbs against T cell inhibitory checkpoints like 

CTLA4[40–44], PD-1[44–48] and PDL-1[49], have had dramatic effects in adult solid 

cancers, and clinical trials using these agents in children are either underway or in 
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development (Table 2). Clinical moAbs against other promising tumor antigens in pediatric 

solid tumors have also been proposed[50, 51].

MoAb Therapy for Pediatric Leukemia and Lymphoma

Leukemias and lymphomas combined are the most common malignancies observed in 

children. Fortunately, they express a variety of antigens that can be targeted by moAbs with 

efficacy. A new class of moAbs, called bi-specific antibodies, are molecules that recognize 2 

distinct antigenic targets . Blinatumomab is one such agent, that targets CD19 on B cell 

malignancies (and normal B cells) and CD3 on normal T cells. By bringing the CD19-

expressing cancer physically next to a T cell, and simultaneously activating the T cell 

through its CD3 molecule, the T cell recognizes the cancer and eliminates it, resulting in 

dramatic remissions in patients with a high burden of disease[6, 52, 53]. A multi-center 

phase 2 clinical trial in children is already underway through the Children’s Oncology 

Group (COG).

Other moAbs have been conjugated to toxins (immunotoxins), including RFT5-SMPT-dgA, 

a moAb conjugated to ricin that targets CD25 on Hodgkin lymphoma[54–56]. BL22[57] and 

moxetumomab pasudotox[58] are moAbs conjugated with pseudomonal exotoxin that 

targets CD22 on acute lymphoblastic leukemia (ALL). Combotox is a 1:1 mixture of 2 

immunotoxins against CD19 and CD22 that has also produced complete remissions in 

children with B cell ALL[7].

Conjugating moAbs to radionuclides has been used to increase anti-tumor efficacy and 

potency. An anti-CD25 moAb conjugated to I-131, CHT-25, has shown success in children 

with Hodgkin lymphoma[59], while the anti-CD20 moAb conjugated to 90Yttrium, 

ibritumomab, has shown activity in pediatric non-Hodgkin’s lymphoma[4]. Because these 

therapies result in prolonged cytopenias, they may need to be undertaken in the setting of 

autologous stem cell rescue.

Conjugating moAbs to drugs has been an effective method of delivering toxic therapy with 

greater specificity to tumors. In 2000, the Food and Drug Administration (FDA) approved 

gemtuzumab ozogamicin, an anti-CD33 moAb conjugated with the drug calicheamicin for 

treatment of elderly patients with AML. The agent was withdrawn from the US market in 

2010 after concerns of hepatic veno-occlusive disease (VOD) were described and clinical 

benefit was not documented in an adult AML phase 3 trial (SWOG S0106). However, recent 

data has led to renewed interest in this moAb and clinical trials are currently available for 

children with refractory AML[26]. As gemtuzumab ozogamicin was approved based on its 

activity in advanced AML in adults, this renewed interest is focusing on alternative ways to 

integrate this agent into initial treatment regimens in order to improve efficacy and reduce 

toxicity. Interestingly, using gemtuzumab ozogamicin with busulfan and cyclophosphamide 

as a conditioning regimen for poor-risk CD33+ pediatric AML did not increase the risk of 

VOD[60]. In 2011, the FDA approved Brentuximab vedotin, an anti-CD30 moAb 

conjugated to monomethyl auristatin E, a drug that inhibits microtubules, after 

demonstrating responses in Hodgkin lymphoma and anaplastic large cell lymphoma[61, 62]. 

Lastly, inotuzumab ozogamicin is an anti-CD22-calecheamicin conjugate that has shown 

activity in phase II studies in children with B cell leukemia[9].
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Unconjugated moAbs can be potent in of themselves. Epratuzumab is a moAb that targets 

CD22, and has been combined with chemotherapy to induce remissions in B cell 

leukemia[20]. Ipilimumab, an anti-CTLA4 moAb, has shown activity in adults with B cell 

malignancies[63], and is currently being explored in pediatric cancers. Rituximab has a long 

track record as a moAb against CD20, which is expressed on mature B cells and B cell 

lymphomas. Rituximab showed a 96% overall response rate in one phase II trial for 

lymphocyte-predominant Hodgkin lymphoma, with 75% remaining in remission after one 

year[64]. Another phase II trial showed similar results[65]. Activity has also been reported 

in children with Burkitt lymphoma and diffuse large B cell lymphoma and EBV-associated 

post-transplant lymphoproliferative disease (PTLD) [11].

Lastly, some moAbs that have demonstrated activity in adult hematologic malignancies may 

warrant expanded study in childhood cancers. The anti-CD19 moAb conjugated to a 

mayatansine derivative SAR3419[66], the anti B cell lactosamine moAb mAb216[67] and 

the anti-CD37 IgG fusion protein TRU-016[68] may be promising reagents for pediatric B 

cell ALL. For B cell lymphomas, other potential “second generation” anti-CD20 moAbs that 

could be tested besides rituximab include AME-133v[69], veltuzumab[70], 

obinutuzumab[71], ocrelizumab[72] or ofatumumab[73]. For adult T cell leukemias/

lymphomas, the anti-CCR4 moAb mogamulizumab and the anti-CD4 moAb 

zanolimumab[74] have had activity and thus warrant investigation in children with these 

cancers[75]. For pediatric AML, the anti-inhibitory killer immunoglobulin-like receptor 

(KIR) moAb IPH-2101[76], or the novel anti-CD33 moAbs AVE9633[77] and the alpha 

particle bismuth-213-lintuzumab[78] also warrant investigation. While there is no shortage 

of moAbs that could be tested in children (Table 3), because of the rarity of pediatric 

cancers, prioritization and coordination between centers and cooperative groups will be 

critical in developing multi-institutional phase II studies to accrue enough patients of a given 

tumor type.

Chimeric Antigen Receptors

Advances in transfusion medicine and cell culture technologies, along with the availability 

of clinical grade cytokines and artificial antigen presenting cells, has allowed for the ex vivo 

growth and expansion of high numbers of immune effector cells, like T cells or natural killer 

(NK) cells, that can be potentially reinfused to the patient in order to treat pediatric tumors. 

In addition to being able to generate large quantities of these cells, advances in genetic 

engineering have allowed scientists to manipulate the quality of these cells. In particular, it 

is now possible to genetically modify lymphocytes by transfecting them with a vector that 

produces in them a “chimeric antigen receptor”. These receptors are often single chain Fv 

fragments of a moAb (that recognizes a tumor antigen) fused to the signaling chain of the T 

cell receptor (1st generation CAR). In addition, one can fuse one co-stimulatory molecule, 

like CD28 (2nd generation CAR), or two co-stimulatory signals, like CD28 and CD137 (3rd 

generation CAR), to enhance the T cell activation signal (Figure 2). This technology has led 

to the creation of cells that have the targeting properties of moAbs but the killing capacity of 

effector cells[79]. T lymphocytes bearing these chimeric antigen receptors (CARs) have had 

dramatic results in early clinical studies, and could revolutionize how we treat both newly 

diagnosed and relapsed cancers (Table 4).
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CARs for Pediatric Solid Tumors

Clinical experience with CARs in solid tumors with children or adults has been very limited 

thus far. While many clinical trials involving solid tumors are ongoing, limited but 

promising data has emerged. Children with refractory neuroblastoma were treated with 

autologous activated T cells or Epstein Barr virus specific T cells that were engineered to 

express a first generation CAR against GD2 in a phase I, dose escalation study. Half of the 

subjects were observed to have tumor regressions or necrosis[80]. A follow up analysis 

showed 27% of patients with active disease at the time of GD2 CAR infusion eventually 

achieved a complete response[81]. It is important to note that since the investigators used a 

first generation CAR, which lacks costimulatory molecules, anti-tumor responses and in 

vivo persistence of the CARs may be even better with second or third generation GD2 

CARs, that can have a single or multiple co-stimulatory molecules to enhance T cell 

persistence and activity.

The interleukin-13 receptor alpha (IL-13Rα) is expressed on gliomas and medulloblastomas 

but otherwise not expressed within the central nervous system. CAR T cells have been 

engineered to express a membrane-tethered IL-13, rather than a moAb, to target the CARs to 

the IL-13Rα on gliomas, creating CARs that have been designated as IL13-zetakine[82]. 

While a phase I study is ongoing, 3 patients with glioblastoma multiforme have been treated 

and transient responses were obtained[83]. In addition to IL-13Rα, there is interest in 

targeting the epidermal growth factor receptor variant III (EGFRvIII) since it is also 

expressed on gliomas[84], as well as CD276 (B7H3) which is expressed on gliomas and 

other solid tumors[85]. Clinical trials are ongoing for both IL-13Rα and EGFRvIII CARs 

for high grade gliomas.

A phase 1 CAR trial targeting HER2 positive tumors has also been initiated[86], with 

potential applicability for osteosarcoma and some cases of medulloblastoma. One adult 

patient who received a high dose of HER2 CAR cells unexpectedly died of immune 

mediated toxicity; it has been hypothesized that this toxicity potentially reflected HER2 

CAR recognition of cross reactivity with low levels of HER2 on lung or cardiac 

epithelium[87]. There were two important lessons gleaned from this unfortunate 

complication. First, it suggested that CAR-modified T cells do not necessarily safely target 

antigens that are safely targeted by moAbs. Second, the dose of T cells utilized was much 

higher than used in other CAR studies, and suggests that a dose escalation strategy may be 

necessary when designing future CAR trials.

Clearly, other targets on pediatric solid tumors will have to be validated and tested. 

Promising antigens include the fibroblast growth factor receptor 4[88, 89] and IGF-1R, but 

others will come to light as more results of cDNA microarray and whole genome sequencing 

of pediatric tumors become available[51, 90–95].

CARs for Pediatric Leukemias and Lymphomas

Undoubtedly the most exciting data regarding CARs has come from trials involving B cell 

malignancies. By targeting CD19, a marker present on normal B cells and B cell leukemias/

lymphomas, adults with advanced follicular lymphoma[96, 97], splenic marginal zone 
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lymphoma[97], B cell ALL[98, 99] and refractory chronic lymphocytic leukemia (CLL)[97, 

99, 100] have attained sustained complete remissions at 4 different centers after infusion of 

independently designed CD19 CARs. In one phase I trial, the CD19 CAR-modified T cells 

expanded more than 1000 fold in vivo, were found 6 months after infusion. Based on the 

striking clinical remissions induced by infusions of a relatively small number of CAR T 

cells, it has been calculated that a single CD19 CAR-modified T cell (and its progeny) was 

estimated to kill 1000 CLL cells in vivo [101]. Some of these remissions have lasted at least 

a year without further therapy.

Because B cell ALL is the most common leukemia observed in children, studies with CD19 

CAR in pediatric ALL were performed with similarly dramatic responses. In the first phase I 

study, two children with refractory B cell ALL developed complete remissions, with one 

child ongoing remission at 11 months after treatment and the other child relapsing with 

CD19 negative disease 2 months after treatment.[102] Similar to adults, CD19 CAR-

modified T cells expanded more than 1000 fold in vivo, and were detectable even in the 

cerebral spinal fluid, a common site of B cell leukemia relapse. Both children developed a 

cytokine release syndrome that was reversible. In another phase I study using CD19 CAR-

modified multivirus specific T cells, 2 children with B cell ALL were treated after 

allogeneic hematopoietic stem cell transplant. One child had leukemia at the time of infusion 

and ultimately died of relapse, while the other child was treated in remission and remained 

in remission 2 months thereafter, with follow up still ongoing[99]. The relapse of a CD19 

negative clone in the first study is informative in that the child was previously treated with 

blinatumomab, which may have selected for CD19 negative clones, and indicates that 

targeting other antigens in addition to CD19 may be warranted.

With that notion in mind, CARs against lymphoid antigens like CD22[103], CD30[104] and 

ROR1[105], myeloid antigens like CD33[106] and CD123[107, 108], stress ligands like 

NKG2DLs[109] and B7-H6[110], and signaling pathways like VEGF receptor-1[111] have 

been developed and demonstrated efficacy in preclinical models.

NK Cell Infusions

NK cells are lymphoid cells that eliminate virally infected cells and tumor cells, and with 

proper expansion and activation, have shown potent activity against pediatric tumors[112–

114]. Because of data demonstrating that when the inhibitory killer immunoglobulin-like 

receptors (KIRs) on NK cells are mismatched to host HLA after alloHSCT, there is 

improved survival in adults with AML[115] and in pediatric patients with ALL[116], groups 

have initiated studies by either infusing KIR mismatched NK cells to children with 

refractory cancer or infusing KIR mismatched NK cells after alloHSCT to also take 

advantage of the high levels of homeostatic cytokines (e.g. IL-15) present in the early 

transplant period that are favorable for NK cell expansion. A pilot study of haploidentical 

NK cell infusions administered to children with AML in remission showed no evidence of 

graft-versus-host-disease (GVHD) and maintained remission 2–3 years after infusion[117]. 

In a separate phase I/II trial after haploidentical HSCT, IL-2 activated NK cell infusions 

given to children with high risk leukemia/tumors at day +3, +40 and +100 caused a 

temporary elimination of host immune cells and an increase in various cytokines/
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chemokines when compared to unstimulated NK cells[118]. Ongoing studies are exploring 

NK cell infusions in children with leukemia (Table 5).

Because of the preclinical data showing that NK cells can recognize and lyse pediatric solid 

tumors, some studies have focused on infusing NK cells to children with high-risk 

neuroblastoma or sarcomas. In an ongoing phase I/II trial, allogeneic IL-2 activated 

haploidentical NK cells have been used for high-risk neuroblastoma and help remove levels 

of soluble MHC class I chain-related gene A (MICA)[119], which is secreted by tumors to 

neutralize circulating NK cells. In a pilot study of children with refractory solid tumors, 

haploidentical HSCT led to 50% survival at 14 months, with KIR mismatch correlating with 

complete and partial remissions[120], and in a separate study, resolution of lung metastases 

in a child with rhabdomyosarcoma[121]. Ongoing trials are exploring NK cell infusions in 

children with refractory solid tumors (Table 5). The optimal parameters for using NK cell 

infusions have still not been defined. Although still somewhat controversial, NK cells do not 

seem capable of immunologic memory (at least not in the same way memory T cells retain 

specificity). For this reason it is likely that several NK cell infusions may be needed for 

optimal anti-tumor effects. With the development of cytokines like IL-15, there may 

opportunities to expand NK cells in patients after infusion, improving anti-tumor activity 

further. In addition, the availability of several active tumor moAbs in the clinic could be 

combined with NK cell infusions as a means of promoting ADCC.

Tumor Vaccines

In order to augment existing T cell responses to tumor-associated antigens, vaccines have 

been explored for decades as a means of directing T cells towards tumors. However, prior 

usage of vaccines in cancer has been more successful in the setting of minimal residual 

disease than with bulky tumors[122]. With the FDA approval of sipuleucel-T for prostate 

cancer in 2010, and promising data for Biovax-ID from phase III trials in B cell lymphoma, 

there is now precedent for successfully moving cell based vaccines to the clinic and 

demonstrating activity in patients with metastatic bulky disease.

Vaccines for Pediatric Solid Tumors

Because of the relative rarity of most pediatric solid tumors, creating a broadly applicable 

cancer vaccine therapy strategy will be complex. As there are clear biologic differences 

between different subtypes of histologically similar tumors, identifying a universal tumor 

antigen for a given histologic type will be difficult. Furthermore, as the T cells activated by 

a vaccine will need to recognize that vaccine’s epitope as presented by the patients own 

HLA antigens, the vast polymorphisms of HLA within our species will make the selection of 

a vaccine “cocktail” that might contain epitopes that can be presented by the HLA repertoire 

of most individuals, quite complex. Nevertheless for neuroblastoma, scientists have used 

peptides derived from the MYCN oncogene, which is amplified in a fraction of high-risk 

patients, and have shown that these peptides can induce immune responses that are able to 

lyse tumor cells in children with HLA A1+ tumors[123]. Dendritic cells (DCs) pulsed with 

overlapping peptides derived from full length cancer-testis antigens like MAGE-A1, 

MAGE-A3, and NY-ESO-1 were given along with decitabine into neuroblastoma patients in 

a phase I study, with one patient harboring residual bone marrow disease after standard 
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therapy reported to achieve a complete remission[124]. In one pilot trial, DCs pulsed with 

peptides generated from translocation breakpoints in Ewing sarcoma and alveolar 

rhabdomyosarcoma have been administered with continuous infusion IL-2 to children with 

refractory disease, but no clinical responses were observed[125]. When this approach was 

combined with autologous T cell infusions, the 5-year survival was 43% in those patients 

that successfully completed immunotherapy, which is favorable compared to historical 

controls for these very high risk patients[126]. Pulsing monocytes with RNA derived from 

autologous tumor, and using this as a vaccine, has the theoretical advantage of presenting 

peptides from whatever immunogenic epitopes might be expressed by the tumor. This 

approach, pulsing monocytes with RNA from a child’s tumor, has been used in 

neuroblastoma patients after completing chemotherapy, but none of the patients showed a 

response[127]. One child with a pleomorphic xanthoastrocytoma showed a partial response 

when this approach was used for brain tumors[128].

Rather than having the scientist select the appropriate tumor antigen for vaccination, 

approaches using tumor lysates or tumor lysate-pulsed DCs have also been employed to 

allow the patient’s immune system to select the most immunogenic antigen. In a phase I 

trial, tumor-lysate pulsed DCs were given to children with relapsed solid tumors with a 20% 

response rate[129], including a significant regression in a patient with metastatic 

fibrosarcoma[130]. Vaccination with tumor lysate-pulsed IL-12 secreting DCs showed a 

mixed response in adrenocortical carcinoma[131]. Vaccines of tumor lysate-pulsed DCs 

have also been used in children with high grade gliomas, with sustained remissions achieved 

in some patients treated at a time of minimal disease[132]. Genetically-modified 

neuroblastoma cells encoded with IL-2[133–135] or IL-2 and the chemokine 

lymphotactin[136–138], as a means of attracting immune cells to the vaccine, have been 

used in phase I/II trials with mixed results; responses were seen in some trials but not in 

others.

Vaccines for Pediatric Leukemias and Lymphomas

There is limited experience using vaccines for pediatric leukemias and lymphomas at this 

time, partly due to the fact that most very high-risk patients go onto allogeneic 

hematopoietic stem cell transplant (alloHSCT). For Epstein Barr virus-positive lymphomas, 

manipulating the tumor to overexpress LMP2 has led to clinical responses. The Wilms 

tumor-1 (WT1) antigen is a transcription factor that is expressed on leukemia cells and is 

being explored as a potential vaccine to augment the graft-versus-leukemia (GVL) effect 

after alloHSCT[139]. For myeloid leukemias, there is also interest in vaccinating against 

PR1, an epitope that is shared by proteinase-3 and elastase. T cell specific responses against 

both WT1 and PR1 have been associated with improvement in GVL effects in adult 

leukemias[140, 141], but definitive data is still lacking in children.

As was stated earlier in identifying targets for moAbs and CARs, further work is needed in 

determining the optimal antigens for vaccination. Whether tumor vaccines should be used to 

treat bulky disease or in the setting of minimal residual disease, or even while in remission 

to prevent recurrence, remains to be determined (Table 6).
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Strategies to Enhance Immune-Based Therapies

While moAbs and adoptive cell therapies have shown potent efficacy in their own right, 

developing clinical grade reagents that could be given concurrently to enhance these effects 

would be highly desirable. For example, the success of the moAb ch14.18 was contingent on 

combining it with GM-CSF and IL-2 to recruit and activate immune cells capable of 

initiating ADCC. In addition, the preliminary anti-tumor effects of alpha interferon has 

made this agent a candidate drug to treat children with melanoma and brain tumors.

Interleukins and cytokines

IL-2 is in the gamma (c) cytokine family and is FDA approved for adults with malignant 

melanoma and renal cell carcinoma. It was one of the first cytokines studied in children, 

with no anti-tumor responses observed as a single agent therapy. More recently, other 

clinical grade gamma (c) cytokines have been developed and tested in adults, namely IL-7, 

IL-15, and IL-21[142], with potential promise in children. A recent pilot trial using a 

modified DC vaccine for pediatric sarcomas has incorporated IL-7 to enhance immune 

reconstitution and hopefully increase the number of tumor-reactive T cells (NCT00526240).

Tumor necrosis factor alpha (TNF-α) and dactinomycin was first administered to children in 

phase I trials over 20 years ago, with some antitumor responses observed in metatstatic 

Ewing sarcoma, non-Hodgkin’s lymphoma and Wilms tumor, [143, 144]. In a more recent 

phase II study of TNF-α and dactinomycin for recurrent Wilms tumor, 15.8% of patients 

had complete responses but unfortunately the study terminated early because the TNF-α was 

no longer available[145].

IFN-α2a is approved by the FDA for the adjuvant therapy of adults with stage III melanoma, 

hairy cell leukemia, Kaposi sarcoma and chronic myelogenous leukemia, all of which are 

very rare in pediatrics. An ongoing clinical trial is examining the use of IFN-α2a in children 

with melanoma. Ongoing phase I trials are also exploring the role of pegylated IFN-α2a for 

plexiform neurofibromas and brain tumors in children.

IFN-α2b is FDA approved in adults for hairy cell leukemia, malignant melanoma and 

Kaposi sarcoma. One pilot study reported some benefit in children with recurrent 

craniopharyngioma[146], while a phase I trial showed responses in children with plexiform 

neurofibromas[147]. A phase II trial showed a delay in time to progression in children with 

diffuse intrinsic pontine glioma, but no improvement in 2-year survival[148].

Toll like receptors

In regards to adoptive cell therapies, activating toll like receptors (TLRs) is one potential 

strategy to further stimulate immune effector cells and/or directly cause anti-tumor effects. 

TLRs are part of our innate immunity and allow cells to be activated by damage associated 

molecular patterns (DAMPs) or from microbes (MAMPs) (e.g. DNA, RNA or 

lipopolysaccharide [LPS]). In fact, the FDA has already approved the TLR2 and TLR4 

agonist Bacillus Calmette-Guerin cell wall skeleton (BCG-CWS) for the treatment of adults 

with bladder cancer, the TLR4 agonist monophosphoryl lipid A as an adjuvant for the 

human papilloma virus vaccine and the TLR7 agonist imiquimod for basal cell cancer[149]. 
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The TLR4 agonist Mifamurtide demonstrated improved overall survival in patients with 

nonmetastatic osteosarcoma[150], but is only approved in Europe. The TLR3 agonists 

Ampligen, Hiltonol, and polyadenylic polyuridylic acid; TLR4 agonists LPS and Picibanil; 

TLR5 agonist CBLB502; TLR7 and TLR8 agonists Resiquimod, 852A, and VTX-2337; 

TLR9 agonists Agatolimod, GNKG168, and CpG-28; and poly TLR agonists Immuvac and 

IMM-101 have been safely given to adults with advanced cancers[151].

Elimination of immunosuppressive cell subsets

It is now evident that the tumor microenvironment is conducive toward attenuating or 

abrogating immune responses, thus targeting immunosuppressive cell subsets present in 

pediatric tumors may enhance the effectiveness of adoptively transferred T or NK cells. For 

example, M2 macrophages localize into the hypoxic regions of tumors and secrete 

immunosuppressive cytokines. Because pediatric tumors are infiltrated with 

macrophages[152] that may negatively influence outcome[153], therapies should be 

developed and explored that selectively deplete this population to prepare the patient for 

further immunotherapy. Regulatory T cells (Tregs) in the tumor also produce 

immunosuppressive cytokines like IL-10 and transforming growth factor-beta, suppressing 

effector cell function. Tregs have been described in the peripheral blood[154] and in 

metastases of children with solid tumors[155]. Because Tregs express the high affinity IL-2 

receptor, CD25, and clinical grade moAbs against CD25 are available, combining Treg 

depletion with immunotherapies is an attractive concept[156, 157]. Lastly myeloid-derived 

suppressor cells (MDSCs) cause a reduction in arginine levels within the tumor, increasing 

nitric oxide, which inhibits T cell activation. MDSCs also produce a tryptophan metabolite 

called indoleamine-2,3-oxygenase that suppresses immune function. A subset of MDSCs, 

called fibrocytes, have recently been described in pediatric cancers[158]. Thus therapies that 

either differentiate MDSCs, like all trans retinoic acid[159], or that inhibit MDSCs, like 

Polyphenon E[160] or cyclooxygenase-2 inhibitors[161, 162], may be advantageous in 

enhancing immunotherapies by eliminating this suppressor cell subset.

Overview of Immunotherapy Support and Infrastructure Barriers

Advancements in developing novel and/or improved immunotherapies for pediatric cancer 

are occurring at a rapid pace. Discoveries are occurring in academic, industrial and 

government laboratories. Scientific exchange and collaborations in the field of 

immunotherapy are being fostered by multiple scientific and clinical societies in North 

America, Europe and Asia. Most promising therapies are being tested initially at the single 

institutional level through phase I trials, although in childhood cancer there is precedent for 

moving the most exciting therapies to multi-institutional phase I, phase II, and even phase 

III, trials through the Children’s Oncology Group. In addition, more focused consortiums 

such as New Agents for Neuroblastoma Therapy, Pediatric Blood and Marrow Transplant 

Consortium and the “Pediatric Cancer Dream Team” sponsored by Stand Up to Cancer and 

the St. Baldrick’s Foundation, are available to test various immunotherapies in defined 

populations of childhood cancer. Another potential avenue, the Cancer Immunotherapies 

Trials Network, with support from the National Cancer Institute, is testing clinical grade 

biologics in adults, but there may be opportunities for pediatric cancer patients through this 
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mechanism as well. Funding in the United States is being driven at the federal level by both 

traditional grant mechanisms and translational research initiatives like Production Assistance 

for Cellular Therapies from the National Heart, Lung, and Blood Institute. Because of flat 

NIH budgets and sequestration, research support for preclinical and clinical research cannot 

keep up with inflation or the need to expand, and thus support from industry partners and 

private charitable foundations focused on childhood cancer are becoming increasingly 

important.

Conclusions

For some childhood cancers, like ALL and Wilms tumor, we have seen great strides with 

cure rates pushing 90%. Yet for many other tumors, like metastatic sarcomas and high grade 

brain tumors, survival has plateaued despite advances in surgical techniques, chemotherapy 

and radiation therapy treatments. Especially in the last 5 years there have been significant 

strides in moving novel immune-based therapies from the lab to the clinic with bona fide 

responses, and prolonged survival documented in children with certain high-risk cancers. 

Treatment strategies, like the combination of ch14.18, IL-2 and GM-CSF, demonstrate that 

immune-based therapies can be incorporated into standard multimodality regimens, and 

improve survival, as demonstrated in randomized trials. Similar observations were made 

with mifamurtide for osteosarcoma. The last decade has shown us just a sample of what is 

evolving into a true paradigm shift in the care for children with cancer – the dawn of 

immunotherapy.

However, as fast as discoveries in the lab are moving to the clinic, we still have much to 

learn about how to properly use immunotherapies safely and effectively in patients. For 

example, we have learned that these therapies are different from traditional pharmaceuticals 

drugs, in that many cell-based therapies can increase in number and potency in vivo, rather 

than be metabolized and have decreased potency over time. We also learned, in the setting 

of CARs, that effects predicted from moAbs do not necessarily predict effects observed 

when the scFv from the same moAb is attached to a highly activated T cell. Lastly, the pace 

of publishing data showing efficacy in preclinical models, moving to early phase testing in 

patients and then to large scale phase III trials is difficult, expensive and too slow. While 

advancements in technology will help speed discoveries into the clinic, changes in the 

political and regulatory climate will be equally necessary to help the science continue to be 

translated into better clinical outcomes, hopefully with less long term treatment-related side 

effects.

References

1. Aguilera D, Mazewski C, Fangusaro J, et al. Response to bevacizumab, irinotecan, and 
temozolomide in children with relapsed medulloblastoma: a multi-institutional experience. Child’s 
nervous system : ChNS : official journal of the International Society for Pediatric Neurosurgery. 
2013; 29(4):589–596.

2. Benesch M, Windelberg M, Sauseng W, et al. Compassionate use of bevacizumab (Avastin) in 
children and young adults with refractory or recurrent solid tumors. Annals of oncology : official 
journal of the European Society for Medical Oncology / ESMO. 2008; 19(4):807–813. [PubMed: 
18056650] 

Capitini et al. Page 12

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



3. Cheung NK, Cheung IY, Kushner BH, et al. Murine anti-GD2 monoclonal antibody 3F8 combined 
with granulocyte-macrophage colony-stimulating factor and 13-cis-retinoic acid in high-risk 
patients with stage 4 neuroblastoma in first remission. Journal of clinical oncology : official journal 
of the American Society of Clinical Oncology. 2012; 30(26):3264–3270. [PubMed: 22869886] 

4. Cooney-Qualter E, Krailo M, Angiolillo A, et al. A phase I study of 90yttrium-ibritumomab-
tiuxetan in children and adolescents with relapsed/refractory CD20-positive non-Hodgkin's 
lymphoma: a Children's Oncology Group study. Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2007; 13(18 Pt 2):5652s–5660s. [PubMed: 17875803] 

5. Couec ML, Andre N, Thebaud E, et al. Bevacizumab and irinotecan in children with recurrent or 
refractory brain tumors: toxicity and efficacy trends. Pediatric blood & cancer. 2012; 59(1):34–38. 
[PubMed: 22287258] 

6. Handgretinger R, Zugmaier G, Henze G, Kreyenberg H, Lang P, Von Stackelberg A. Complete 
remission after blinatumomab-induced donor T-cell activation in three pediatric patients with post-
transplant relapsed acute lymphoblastic leukemia. Leukemia. 2011; 25(1):181–184. [PubMed: 
20944674] 

7. Herrera L, Bostrom B, Gore L, et al. A phase 1 study of Combotox in pediatric patients with 
refractory B-lineage acute lymphoblastic leukemia. Journal of pediatric hematology/oncology. 
2009; 31(12):936–941. [PubMed: 19875969] 

8. Hwang EI, Jakacki RI, Fisher MJ, et al. Long-term efficacy and toxicity of bevacizumab-based 
therapy in children with recurrent low-grade gliomas. Pediatric blood & cancer. 2013; 60(5):776–
782. [PubMed: 22976922] 

9. Kantarjian H, Thomas D, Jorgensen J, et al. Inotuzumab ozogamicin, an anti-CD22-calecheamicin 
conjugate, for refractory and relapsed acute lymphocytic leukaemia: a phase 2 study. The lancet 
oncology. 2012; 13(4):403–411. [PubMed: 22357140] 

10. Kramer K, Humm JL, Souweidane MM, et al. Phase I study of targeted radioimmunotherapy for 
leptomeningeal cancers using intra-Ommaya 131-I-3F8. Journal of clinical oncology : official 
journal of the American Society of Clinical Oncology. 2007; 25(34):5465–5470. [PubMed: 
18048828] 

11. Meinhardt A, Burkhardt B, Zimmermann M, et al. Phase II window study on rituximab in newly 
diagnosed pediatric mature B-cell non-Hodgkin's lymphoma and Burkitt leukemia. Journal of 
clinical oncology : official journal of the American Society of Clinical Oncology. 2010; 28(19):
3115–3121. [PubMed: 20516455] 

12. Merchant MS, Geller JI, Baird K, et al. Phase I trial and pharmacokinetic study of lexatumumab in 
pediatric patients with solid tumors. Journal of clinical oncology : official journal of the American 
Society of Clinical Oncology. 2012; 30(33):4141–4147. [PubMed: 23071222] 

13. Modak S, Kushner BH, Kramer K, Vickers A, Cheung IY, Cheung NK. Anti-GD2 antibody 3F8 
and barley-derived (1 --> 3),(1 --> 4)-beta--glucan: A Phase I study in patients with chemoresistant 
neuroblastoma. Oncoimmunology. 2013; 2(3):e23402. [PubMed: 23802080] 

14. Narayana A, Kunnakkat S, Chacko-Mathew J, et al. Bevacizumab in recurrent high-grade pediatric 
gliomas. Neuro-oncology. 2010; 12(9):985–990. [PubMed: 20363768] 

15. Navid F, Baker SD, Mccarville MB, et al. Phase I and clinical pharmacology study of 
bevacizumab, sorafenib, and low-dose cyclophosphamide in children and young adults with 
refractory/recurrent solid tumors. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2013; 19(1):236–246. [PubMed: 23143218] 

16. Okada K, Yamasaki K, Tanaka C, Fujisaki H, Osugi Y, Hara J. Phase I Study of Bevacizumab Plus 
Irinotecan in Pediatric Patients with Recurrent/Refractory Solid Tumors. Japanese journal of 
clinical oncology. 2013

17. Olmos D, Postel-Vinay S, Molife LR, et al. Safety, pharmacokinetics, and preliminary activity of 
the anti-IGF-1R antibody figitumumab (CP-751,871) in patients with sarcoma and Ewing's 
sarcoma: a phase 1 expansion cohort study. The lancet oncology. 2010; 11(2):129–135. [PubMed: 
20036194] 

18. Packer RJ, Jakacki R, Horn M, et al. Objective response of multiply recurrent low-grade gliomas to 
bevacizumab and irinotecan. Pediatric blood & cancer. 2009; 52(7):791–795. [PubMed: 
19165892] 

Capitini et al. Page 13

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



19. Pappo AS, Patel SR, Crowley J, et al. R1507, a monoclonal antibody to the insulin-like growth 
factor 1 receptor, in patients with recurrent or refractory Ewing sarcoma family of tumors: results 
of a phase II Sarcoma Alliance for Research through Collaboration study. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2011; 29(34):4541–
4547. [PubMed: 22025149] 

20. Raetz EA, Cairo MS, Borowitz MJ, et al. Chemoimmunotherapy reinduction with epratuzumab in 
children with acute lymphoblastic leukemia in marrow relapse: a Children’s Oncology Group Pilot 
Study. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2008; 26(22):3756–3762. [PubMed: 18669463] 

21. Shusterman S, London WB, Gillies SD, et al. Antitumor activity of hu14.18-IL2 in patients with 
relapsed/refractory neuroblastoma: a Children’s Oncology Group (COG) phase II study. Journal of 
clinical oncology : official journal of the American Society of Clinical Oncology. 2010; 28(33):
4969–4975. [PubMed: 20921469] 

22. Trippett TM, Herzog C, Whitlock JA, et al. Phase I and pharmacokinetic study of cetuximab and 
irinotecan in children with refractory solid tumors: a study of the pediatric oncology experimental 
therapeutic investigators' consortium. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology. 2009; 27(30):5102–5108. [PubMed: 19770383] 

23. Venkatramani R, Malogolowkin M, Davidson TB, May W, Sposto R, Mascarenhas L. A phase I 
study of vincristine, irinotecan, temozolomide and bevacizumab (vitb) in pediatric patients with 
relapsed solid tumors. PloS one. 2013; 8(7):e68416. [PubMed: 23894304] 

24. Wagner L, Turpin B, Nagarajan R, Weiss B, Cripe T, Geller J. Pilot study of vincristine, oral 
irinotecan, and temozolomide (VOIT regimen) combined with bevacizumab in pediatric patients 
with recurrent solid tumors or brain tumors. Pediatric blood & cancer. 2013; 60(9):1447–1451. 
[PubMed: 23630159] 

25. Yu AL, Gilman AL, Ozkaynak MF, et al. Anti-GD2 antibody with GM-CSF, interleukin-2, and 
isotretinoin for neuroblastoma. The New England journal of medicine. 2010; 363(14):1324–1334. 
[PubMed: 20879881] 

26. Zwaan CM, Reinhardt D, Zimmerman M, et al. Salvage treatment for children with refractory first 
or second relapse of acute myeloid leukaemia with gemtuzumab ozogamicin: results of a phase II 
study. British journal of haematology. 2010; 148(5):768–776. [PubMed: 19995399] 

27. Maris JM. Recent advances in neuroblastoma. The New England journal of medicine. 2010; 
362(23):2202–2211. [PubMed: 20558371] 

28. Glade, Bender JL.; Adamson, PC.; Reid, JM., et al. Phase I trial and pharmacokinetic study of 
bevacizumab in pediatric patients with refractory solid tumors: a Children’s Oncology Group 
Study. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2008; 26(3):399–405. [PubMed: 18202416] 

29. Parekh C, Jubran R, Erdreich-Epstein A, et al. Treatment of children with recurrent high grade 
gliomas with a bevacizumab containing regimen. Journal of neuro-oncology. 2011; 103(3):673–
680. [PubMed: 21038110] 

30. Gururangan S, Fangusaro J, Young Poussaint T, et al. Lack of efficacy of bevacizumab + 
irinotecan in cases of pediatric recurrent ependymoma--a Pediatric Brain Tumor Consortium 
study. Neuro-oncology. 2012; 14(11):1404–1412. [PubMed: 23019233] 

31. Gururangan S, Chi SN, Young Poussaint T, et al. Lack of efficacy of bevacizumab plus irinotecan 
in children with recurrent malignant glioma and diffuse brainstem glioma: a Pediatric Brain Tumor 
Consortium study. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology. 2010; 28(18):3069–3075. [PubMed: 20479404] 

32. Tolcher AW, Sarantopoulos J, Patnaik A, et al. Phase I, pharmacokinetic, and pharmacodynamic 
study of AMG 479, a fully human monoclonal antibody to insulin-like growth factor receptor 1. 
Journal of clinical oncology : official journal of the American Society of Clinical Oncology. 2009; 
27(34):5800–5807. [PubMed: 19786654] 

33. Bagatell R, Herzog CE, Trippett TM, et al. Pharmacokinetically guided phase 1 trial of the IGF-1 
receptor antagonist RG1507 in children with recurrent or refractory solid tumors. Clinical cancer 
research : an official journal of the American Association for Cancer Research. 2011; 17(3):611–
619. [PubMed: 21127194] 

Capitini et al. Page 14

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



34. Ebb D, Meyers P, Grier H, et al. Phase II trial of trastuzumab in combination with cytotoxic 
chemotherapy for treatment of metastatic osteosarcoma with human epidermal growth factor 
receptor 2 overexpression: a report from the children's oncology group. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2012; 30(20):2545–
2551. [PubMed: 22665540] 

35. Vonderheide RH, Flaherty KT, Khalil M, et al. Clinical activity and immune modulation in cancer 
patients treated with CP-870,893, a novel CD40 agonist monoclonal antibody. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2007; 25(7):876–883. 
[PubMed: 17327609] 

36. Beatty GL, Chiorean EG, Fishman MP, et al. CD40 agonists alter tumor stroma and show efficacy 
against pancreatic carcinoma in mice and humans. Science. 2011; 331(6024):1612–1616. 
[PubMed: 21436454] 

37. Vonderheide RH, Burg JM, Mick R, et al. Phase I study of the CD40 agonist antibody CP-870,893 
combined with carboplatin and paclitaxel in patients with advanced solid tumors. 
Oncoimmunology. 2013; 2(1):e23033. [PubMed: 23483678] 

38. Ascierto PA, Simeone E, Sznol M, Fu YX, Melero I. Clinical experiences with anti-CD137 and 
anti-PD1 therapeutic antibodies. Seminars in oncology. 2010; 37(5):508–516. [PubMed: 
21074066] 

39. Moran AE, Kovacsovics-Bankowski M, Weinberg AD. The TNFRs OX40, 4-1BB, and CD40 as 
targets for cancer immunotherapy. Current opinion in immunology. 2013; 25(2):230–237. 
[PubMed: 23414607] 

40. Yang JC, Hughes M, Kammula U, et al. Ipilimumab (anti-CTLA4 antibody) causes regression of 
metastatic renal cell cancer associated with enteritis and hypophysitis. Journal of immunotherapy. 
2007; 30(8):825–830. [PubMed: 18049334] 

41. Hodi FS, O’day SJ, Mcdermott DF, et al. Improved survival with ipilimumab in patients with 
metastatic melanoma. The New England journal of medicine. 2010; 363(8):711–723. [PubMed: 
20525992] 

42. Robert C, Thomas L, Bondarenko I, et al. Ipilimumab plus dacarbazine for previously untreated 
metastatic melanoma. The New England journal of medicine. 2011; 364(26):2517–2526. 
[PubMed: 21639810] 

43. Lynch TJ, Bondarenko I, Luft A, et al. Ipilimumab in combination with paclitaxel and carboplatin 
as first-line treatment in stage IIIB/IV non-small-cell lung cancer: results from a randomized, 
double-blind, multicenter phase II study. Journal of clinical oncology : official journal of the 
American Society of Clinical Oncology. 2012; 30(17):2046–2054. [PubMed: 22547592] 

44. Wolchok JD, Kluger H, Callahan MK, et al. Nivolumab plus ipilimumab in advanced melanoma. 
The New England journal of medicine. 2013; 369(2):122–133. [PubMed: 23724867] 

45. Hamid O, Robert C, Daud A, et al. Safety and tumor responses with lambrolizumab (anti-PD-1) in 
melanoma. The New England journal of medicine. 2013; 369(2):134–144. [PubMed: 23724846] 

46. Brahmer JR, Drake CG, Wollner I, et al. Phase I study of single-agent anti-programmed death-1 
(MDX-1106) in refractory solid tumors: safety, clinical activity, pharmacodynamics, and 
immunologic correlates. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology. 2010; 28(19):3167–3175. [PubMed: 20516446] 

47. Topalian SL, Hodi FS, Brahmer JR, et al. Safety, activity, and immune correlates of anti-PD-1 
antibody in cancer. The New England journal of medicine. 2012; 366(26):2443–2454. [PubMed: 
22658127] 

48. Lipson EJ, Sharfman WH, Drake CG, et al. Durable cancer regression off-treatment and effective 
reinduction therapy with an anti-PD-1 antibody. Clinical cancer research : an official journal of the 
American Association for Cancer Research. 2013; 19(2):462–468. [PubMed: 23169436] 

49. Brahmer JR, Tykodi SS, Chow LQ, et al. Safety and activity of anti-PD-L1 antibody in patients 
with advanced cancer. The New England journal of medicine. 2012; 366(26):2455–2465. 
[PubMed: 22658128] 

50. Scotlandi K, Baldini N, Cerisano V, et al. CD99 engagement: an effective therapeutic strategy for 
Ewing tumors. Cancer research. 2000; 60(18):5134–5142. [PubMed: 11016640] 

Capitini et al. Page 15

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



51. Orentas RJ, Yang JJ, Wen X, Wei JS, Mackall CL, Khan J. Identification of cell surface proteins as 
potential immunotherapy targets in 12 pediatric cancers. Frontiers in oncology. 2012; 2:194. 
[PubMed: 23251904] 

52. Bargou R, Leo E, Zugmaier G, et al. Tumor regression in cancer patients by very low doses of a T 
cell-engaging antibody. Science. 2008; 321(5891):974–977. [PubMed: 18703743] 

53. Topp MS, Kufer P, Gokbuget N, et al. Targeted therapy with the T-cell-engaging antibody 
blinatumomab of chemotherapy-refractory minimal residual disease in B-lineage acute 
lymphoblastic leukemia patients results in high response rate and prolonged leukemia-free 
survival. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2011; 29(18):2493–2498. [PubMed: 21576633] 

54. Engert A, Diehl V, Schnell R, et al. A phase-I study of an anti-CD25 ricin A-chain immunotoxin 
(RFT5-SMPT-dgA) in patients with refractory Hodgkin's lymphoma. Blood. 1997; 89(2):403–410. 
[PubMed: 9002941] 

55. Schnell R, Vitetta E, Schindler J, et al. Clinical trials with an anti-CD25 ricin A-chain experimental 
and immunotoxin (RFT5-SMPT-dgA) in Hodgkin's lymphoma. Leukemia & lymphoma. 1998; 
30(5–6):525–537. [PubMed: 9711915] 

56. Schnell R, Vitetta E, Schindler J, et al. Treatment of refractory Hodgkin’s lymphoma patients with 
an anti-CD25 ricin A-chain immunotoxin. Leukemia. 2000; 14(1):129–135. [PubMed: 10637488] 

57. Wayne AS, Kreitman RJ, Findley HW, et al. Anti-CD22 immunotoxin RFB4(dsFv)-PE38 (BL22) 
for CD22-positive hematologic malignancies of childhood: preclinical studies and phase I clinical 
trial. Clinical cancer research : an official journal of the American Association for Cancer 
Research. 2010; 16(6):1894–1903. [PubMed: 20215554] 

58. Kreitman RJ, Tallman MS, Robak T, et al. Phase I trial of anti-CD22 recombinant immunotoxin 
moxetumomab pasudotox (CAT-8015 or HA22) in patients with hairy cell leukemia. Journal of 
clinical oncology : official journal of the American Society of Clinical Oncology. 2012; 30(15):
1822–1828. [PubMed: 22355053] 

59. Dancey G, Violet J, Malaroda A, et al. A Phase I Clinical Trial of CHT-25 a 131I–Labeled 
Chimeric Anti-CD25 Antibody Showing Efficacy in Patients with Refractory Lymphoma. Clinical 
cancer research : an official journal of the American Association for Cancer Research. 2009; 
15(24):7701–7710. [PubMed: 20008855] 

60. Satwani P, Bhatia M, Garvin JH Jr, et al. A Phase I study of gemtuzumab ozogamicin (GO) in 
combination with busulfan and cyclophosphamide (Bu/Cy) and allogeneic stem cell 
transplantation in children with poor-risk CD33+ AML: a new targeted immunochemotherapy 
myeloablative conditioning (MAC) regimen. Biology of blood and marrow transplantation : 
journal of the American Society for Blood and Marrow Transplantation. 2012; 18(2):324–329.

61. Schnell R, Staak O, Borchmann P, et al. A Phase I study with an anti-CD30 ricin A-chain 
immunotoxin (Ki-4.dgA) in patients with refractory CD30+ Hodgkin's and non-Hodgkin's 
lymphoma. Clinical cancer research : an official journal of the American Association for Cancer 
Research. 2002; 8(6):1779–1786. [PubMed: 12060617] 

62. Younes A, Bartlett NL, Leonard JP, et al. Brentuximab vedotin (SGN-35) for relapsed CD30-
positive lymphomas. The New England journal of medicine. 2010; 363(19):1812–1821. [PubMed: 
21047225] 

63. Ansell SM, Hurvitz SA, Koenig PA, et al. Phase I study of ipilimumab, an anti-CTLA-4 
monoclonal antibody, in patients with relapsed and refractory B-cell non-Hodgkin lymphoma. 
Clinical cancer research : an official journal of the American Association for Cancer Research. 
2009; 15(20):6446–6453. [PubMed: 19808874] 

64. Rehwald U, Schulz H, Reiser M, et al. Treatment of relapsed CD20+ Hodgkin lymphoma with the 
monoclonal antibody rituximab is effective and well tolerated: results of a phase 2 trial of the 
German Hodgkin Lymphoma Study Group. Blood. 2003; 101(2):420–424. [PubMed: 12509381] 

65. Ekstrand BC, Lucas JB, Horwitz SM, et al. Rituximab in lymphocyte-predominant Hodgkin 
disease: results of a phase 2 trial. Blood. 2003; 101(11):4285–4289. [PubMed: 12586628] 

66. Blanc V, Bousseau A, Caron A, Carrez C, Lutz RJ, Lambert JM. SAR3419: an anti-CD19-
Maytansinoid Immunoconjugate for the treatment of B-cell malignancies. Clinical cancer 
research : an official journal of the American Association for Cancer Research. 2011; 17(20):
6448–6458. [PubMed: 22003072] 

Capitini et al. Page 16

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



67. Liedtke M, Twist CJ, Medeiros BC, et al. Phase I trial of a novel human monoclonal antibody 
mAb216 in patients with relapsed or refractory B-cell acute lymphoblastic leukemia. 
Haematologica. 2012; 97(1):30–37. [PubMed: 21993685] 

68. Robak T, Robak P, Smolewski P. TRU-016, a humanized anti-CD37 IgG fusion protein for the 
potential treatment of B-cell malignancies. Current opinion in investigational drugs. 2009; 10(12):
1383–1390. [PubMed: 19943209] 

69. Forero-Torres A, De Vos S, Pohlman BL, et al. Results of a phase 1 study of AME-133v 
(LY2469298), an Fc-engineered humanized monoclonal anti-CD20 antibody, in FcgammaRIIIa-
genotyped patients with previously treated follicular lymphoma. Clinical cancer research : an 
official journal of the American Association for Cancer Research. 2012; 18(5):1395–1403. 
[PubMed: 22223529] 

70. Milani C, Castillo J. Veltuzumab, an anti-CD20 mAb for the treatment of non-Hodgkin’s 
lymphoma, chronic lymphocytic leukemia and immune thrombocytopenic purpura. Current 
opinion in molecular therapeutics. 2009; 11(2):200–207. [PubMed: 19330725] 

71. Sehn LH, Assouline SE, Stewart DA, et al. A phase 1 study of obinutuzumab induction followed 
by 2 years of maintenance in patients with relapsed CD20-positive B-cell malignancies. Blood. 
2012; 119(22):5118–5125. [PubMed: 22438256] 

72. Morschhauser F, Marlton P, Vitolo U, et al. Results of a phase I/II study of ocrelizumab, a fully 
humanized anti-CD20 mAb, in patients with relapsed/refractory follicular lymphoma. Annals of 
oncology : official journal of the European Society for Medical Oncology / ESMO. 2010; 21(9):
1870–1876. [PubMed: 20157180] 

73. Gupta IV, Jewell RC. Ofatumumab, the first human anti-CD20 monoclonal antibody for the 
treatment of B cell hematologic malignancies. Annals of the New York Academy of Sciences. 
2012; 1263:43–56. [PubMed: 22830942] 

74. D’amore F, Radford J, Relander T, et al. Phase II trial of zanolimumab (HuMax-CD4) in relapsed 
or refractory non-cutaneous peripheral T cell lymphoma. British journal of haematology. 2010; 
150(5):565–573. [PubMed: 20629661] 

75. Ishida T, Joh T, Uike N, et al. Defucosylated anti-CCR4 monoclonal antibody (KW-0761) for 
relapsed adult T-cell leukemia-lymphoma: a multicenter phase II study. Journal of clinical 
oncology : official journal of the American Society of Clinical Oncology. 2012; 30(8):837–842. 
[PubMed: 22312108] 

76. Vey N, Bourhis JH, Boissel N, et al. A phase 1 trial of the anti-inhibitory KIR mAb IPH2101 for 
AML in complete remission. Blood. 2012; 120(22):4317–4323. [PubMed: 23002117] 

77. Lapusan S, Vidriales MB, Thomas X, et al. Phase I studies of AVE9633, an anti-CD33 antibody-
maytansinoid conjugate, in adult patients with relapsed/refractory acute myeloid leukemia. 
Investigational new drugs. 2012; 30(3):1121–1131. [PubMed: 21519855] 

78. Rosenblat TL, Mcdevitt MR, Mulford DA, et al. Sequential cytarabine and alpha-particle 
immunotherapy with bismuth-213-lintuzumab (HuM195) for acute myeloid leukemia. Clinical 
cancer research : an official journal of the American Association for Cancer Research. 2010; 
16(21):5303–5311. [PubMed: 20858843] 

79. Gross G, Waks T, Eshhar Z. Expression of immunoglobulin-T-cell receptor chimeric molecules as 
functional receptors with antibody-type specificity. Proceedings of the National Academy of 
Sciences of the United States of America. 1989; 86(24):10024–10028. [PubMed: 2513569] 

80. Pule MA, Savoldo B, Myers GD, et al. Virus-specific T cells engineered to coexpress tumor-
specific receptors: persistence and antitumor activity in individuals with neuroblastoma. Nature 
medicine. 2008; 14(11):1264–1270.

81. Louis CU, Savoldo B, Dotti G, et al. Antitumor activity and long-term fate of chimeric antigen 
receptor-positive T cells in patients with neuroblastoma. Blood. 2011; 118(23):6050–6056. 
[PubMed: 21984804] 

82. Kahlon KS, Brown C, Cooper LJ, Raubitschek A, Forman SJ, Jensen MC. Specific recognition and 
killing of glioblastoma multiforme by interleukin 13-zetakine redirected cytolytic T cells. Cancer 
research. 2004; 64(24):9160–9166. [PubMed: 15604287] 

Capitini et al. Page 17

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



83. Brown C, Starr R, Naranjo A, et al. Adoptive transfer of autologous IL13-zetakine+ engineered T 
cell clones for the treatment of recurrent glioblastoma: lessons from the Clinic. Mol Ther. 2011; 
19(suppl 1):S136–137.

84. Morgan RA, Johnson LA, Davis JL, et al. Recognition of glioma stem cells by genetically 
modified T cells targeting EGFRvIII and development of adoptive cell therapy for glioma. Human 
gene therapy. 2012; 23(10):1043–1053. [PubMed: 22780919] 

85. Luther N, Cheung NK, Souliopoulos EP, et al. Interstitial infusion of glioma-targeted recombinant 
immunotoxin 8H9scFv-PE38. Molecular cancer therapeutics. 2010; 9(4):1039–1046. [PubMed: 
20371725] 

86. Zhao Y, Wang QJ, Yang S, et al. A herceptin-based chimeric antigen receptor with modified 
signaling domains leads to enhanced survival of transduced T lymphocytes and antitumor activity. 
Journal of immunology. 2009; 183(9):5563–5574.

87. Morgan RA, Yang JC, Kitano M, Dudley ME, Laurencot CM, Rosenberg SA. Case report of a 
serious adverse event following the administration of T cells transduced with a chimeric antigen 
receptor recognizing ERBB2. Mol Ther. 2010; 18(4):843–851. [PubMed: 20179677] 

88. Crose LE, Etheridge KT, Chen C, et al. FGFR4 blockade exerts distinct antitumorigenic effects in 
human embryonal versus alveolar rhabdomyosarcoma. Clinical cancer research : an official 
journal of the American Association for Cancer Research. 2012; 18(14):3780–3790. [PubMed: 
22648271] 

89. Taylor JGT, Cheuk AT, Tsang PS, et al. Identification of FGFR4-activating mutations in human 
rhabdomyosarcomas that promote metastasis in xenotransplanted models. The Journal of clinical 
investigation. 2009; 119(11):3395–3407. [PubMed: 19809159] 

90. Wu G, Broniscer A, Mceachron TA, et al. Somatic histone H3 alterations in pediatric diffuse 
intrinsic pontine gliomas and non-brainstem glioblastomas. Nature genetics. 2012; 44(3):251–253. 
[PubMed: 22286216] 

91. Cheung NK, Zhang J, Lu C, et al. Association of age at diagnosis and genetic mutations in patients 
with neuroblastoma. JAMA : the journal of the American Medical Association. 2012; 307(10):
1062–1071. [PubMed: 22416102] 

92. Robinson G, Parker M, Kranenburg TA, et al. Novel mutations target distinct subgroups of 
medulloblastoma. Nature. 2012; 488(7409):43–48. [PubMed: 22722829] 

93. Jones DT, Jager N, Kool M, et al. Dissecting the genomic complexity underlying medulloblastoma. 
Nature. 2012; 488(7409):100–105. [PubMed: 22832583] 

94. Zhang J, Wu G, Miller CP, et al. Whole-genome sequencing identifies genetic alterations in 
pediatric low-grade gliomas. Nature genetics. 2013; 45(6):602–612. [PubMed: 23583981] 

95. Jones DT, Hutter B, Jager N, et al. Recurrent somatic alterations of FGFR1 and NTRK2 in 
pilocytic astrocytoma. Nature genetics. 2013; 45(8):927–932. [PubMed: 23817572] 

96. Kochenderfer JN, Wilson WH, Janik JE, et al. Eradication of B-lineage cells and regression of 
lymphoma in a patient treated with autologous T cells genetically engineered to recognize CD19. 
Blood. 2010; 116(20):4099–4102. [PubMed: 20668228] 

97. Kochenderfer JN, Dudley ME, Feldman SA, et al. B-cell depletion and remissions of malignancy 
along with cytokine-associated toxicity in a clinical trial of anti-CD19 chimeric-antigen-receptor-
transduced T cells. Blood. 2012; 119(12):2709–2720. [PubMed: 22160384] 

98. Brentjens RJ, Davila ML, Riviere I, et al. CD19-targeted T cells rapidly induce molecular 
remissions in adults with chemotherapy-refractory acute lymphoblastic leukemia. Science 
translational medicine. 2013; 5(177) 177ra138. 

99. Cruz CR, Micklethwaite KP, Savoldo B, et al. Infusion of donor-derived CD19-redirected-virus-
specific T cells for B-cell malignancies relapsed after allogeneic stem cell transplant: a phase I 
study. Blood. 2013

100. Porter DL, Levine BL, Kalos M, Bagg A, June CH. Chimeric antigen receptor-modified T cells in 
chronic lymphoid leukemia. The New England journal of medicine. 2011; 365(8):725–733. 
[PubMed: 21830940] 

101. Kalos M, Levine BL, Porter DL, et al. T cells with chimeric antigen receptors have potent 
antitumor effects and can establish memory in patients with advanced leukemia. Science 
translational medicine. 2011; 3(95) 95ra73. 

Capitini et al. Page 18

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



102. Grupp SA, Kalos M, Barrett D, et al. Chimeric antigen receptor-modified T cells for acute 
lymphoid leukemia. The New England journal of medicine. 2013; 368(16):1509–1518. [PubMed: 
23527958] 

103. Haso W, Lee DW, Shah NN, et al. Anti-CD22-chimeric antigen receptors targeting B-cell 
precursor acute lymphoblastic leukemia. Blood. 2013; 121(7):1165–1174. [PubMed: 23243285] 

104. Di, Stasi A.; De Angelis, B.; Rooney, CM., et al. T lymphocytes coexpressing CCR4 and a 
chimeric antigen receptor targeting CD30 have improved homing and antitumor activity in a 
Hodgkin tumor model. Blood. 2009; 113(25):6392–6402. [PubMed: 19377047] 

105. Hudecek M, Lupo-Stanghellini MT, Kosasih PL, et al. Receptor affinity and extracellular domain 
modifications affect tumor recognition by ROR1-specific chimeric antigen receptor T cells. 
Clinical cancer research : an official journal of the American Association for Cancer Research. 
2013; 19(12):3153–3164. [PubMed: 23620405] 

106. Dutour A, Marin V, Pizzitola I, et al. In Vitro and In Vivo Antitumor Effect of Anti-CD33 
Chimeric Receptor-Expressing EBV-CTL against CD33 Acute Myeloid Leukemia. Advances in 
hematology. 2012; 2012:683065. [PubMed: 22272203] 

107. Mardiros A, Dos Santos C, Mcdonald T, et al. T cells expressing CD123-specific chimeric 
antigen receptors exhibit specific cytolytic effector functions and anti-tumor effects against 
human acute myeloid leukemia. Blood. 2013

108. Tettamanti S, Marin V, Pizzitola I, et al. Targeting of acute myeloid leukaemia by cytokine-
induced killer cells redirected with a novel CD123-specific chimeric antigen receptor. British 
journal of haematology. 2013; 161(3):389–401. [PubMed: 23432359] 

109. Song DG, Ye Q, Santoro S, Fang C, Best A, Powell DJ Jr. Chimeric NKG2D CAR-expressing T 
cell-mediated attack of human ovarian cancer is enhanced by histone deacetylase inhibition. 
Human gene therapy. 2013; 24(3):295–305. [PubMed: 23297870] 

110. Zhang T, Wu MR, Sentman CL. An NKp30-based chimeric antigen receptor promotes T cell 
effector functions and antitumor efficacy in vivo. Journal of immunology. 2012; 189(5):2290–
2299.

111. Wang W, Ma Y, Li J, et al. Specificity redirection by CAR with human VEGFR-1 affinity 
endows T lymphocytes with tumor-killing ability and anti-angiogenic potency. Gene therapy. 
2013

112. Cho D, Shook DR, Shimasaki N, Chang YH, Fujisaki H, Campana D. Cytotoxicity of activated 
natural killer cells against pediatric solid tumors. Clinical cancer research : an official journal of 
the American Association for Cancer Research. 2010; 16(15):3901–3909. [PubMed: 20542985] 

113. Verhoeven DH, De Hooge AS, Mooiman EC, et al. NK cells recognize and lyse Ewing sarcoma 
cells through NKG2D and DNAM-1 receptor dependent pathways. Molecular immunology. 
2008; 45(15):3917–3925. [PubMed: 18657862] 

114. Fujisaki H, Kakuda H, Shimasaki N, et al. Expansion of highly cytotoxic human natural killer 
cells for cancer cell therapy. Cancer research. 2009; 69(9):4010–4017. [PubMed: 19383914] 

115. Ruggeri L, Capanni M, Urbani E, et al. Effectiveness of donor natural killer cell alloreactivity in 
mismatched hematopoietic transplants. Science. 2002; 295(5562):2097–2100. [PubMed: 
11896281] 

116. Locatelli F, Pende D, Maccario R, Mingari MC, Moretta A, Moretta L. Haploidentical 
hemopoietic stem cell transplantation for the treatment of high-risk leukemias: how NK cells 
make the difference. Clinical immunology. 2009; 133(2):171–178. [PubMed: 19481979] 

117. Rubnitz JE, Inaba H, Ribeiro RC, et al. NKAML: a pilot study to determine the safety and 
feasibility of haploidentical natural killer cell transplantation in childhood acute myeloid 
leukemia. Journal of clinical oncology : official journal of the American Society of Clinical 
Oncology. 2010; 28(6):955–959. [PubMed: 20085940] 

118. Brehm C, Huenecke S, Quaiser A, et al. IL-2 stimulated but not unstimulated NK cells induce 
selective disappearance of peripheral blood cells: concomitant results to a phase I/II study. PloS 
one. 2011; 6(11):e27351. [PubMed: 22096557] 

119. Kloess S, Huenecke S, Piechulek D, et al. IL-2-activated haploidentical NK cells restore 
NKG2D–mediated NK-cell cytotoxicity in neuroblastoma patients by scavenging of plasma 
MICA. European journal of immunology. 2010; 40(11):3255–3267. [PubMed: 21061445] 

Capitini et al. Page 19

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



120. Perez-Martinez A, De Prada Vicente I, Fernandez L, et al. Natural killer cells can exert a graft-vs-
tumor effect in haploidentical stem cell transplantation for pediatric solid tumors. Experimental 
hematology. 2012; 40(11):882–891. e881. [PubMed: 22771496] 

121. Perez-Martinez A, Leung W, Munoz E, et al. KIR-HLA receptor-ligand mismatch associated with 
a graft-versus-tumor effect in haploidentical stem cell transplantation for pediatric metastatic 
solid tumors. Pediatric blood & cancer. 2009; 53(1):120–124. [PubMed: 19215002] 

122. Rosenberg SA, Yang JC, Restifo NP. Cancer immunotherapy: moving beyond current vaccines. 
Nature medicine. 2004; 10(9):909–915.

123. Sarkar AK, Nuchtern JG. Lysis of MYCN-amplified neuroblastoma cells by MYCN peptide-
specific cytotoxic T lymphocytes. Cancer research. 2000; 60(7):1908–1913. [PubMed: 
10766179] 

124. Krishnadas DK, Shapiro T, Lucas K. Complete remission following decitabine/dendritic cell 
vaccine for relapsed neuroblastoma. Pediatrics. 2013; 131(1):e336–e341. [PubMed: 23266925] 

125. Dagher R, Long LM, Read EJ, et al. Pilot trial of tumor-specific peptide vaccination and 
continuous infusion interleukin-2 in patients with recurrent Ewing sarcoma and alveolar 
rhabdomyosarcoma: an inter-institute NIH study. Medical and pediatric oncology. 2002; 38(3):
158–164. [PubMed: 11836714] 

126. Mackall CL, Rhee EH, Read EJ, et al. A pilot study of consolidative immunotherapy in patients 
with high-risk pediatric sarcomas. Clinical cancer research : an official journal of the American 
Association for Cancer Research. 2008; 14(15):4850–4858. [PubMed: 18676758] 

127. Caruso DA, Orme LM, Amor GM, et al. Results of a Phase I study utilizing monocyte-derived 
dendritic cells pulsed with tumor RNA in children with Stage 4 neuroblastoma. Cancer. 2005; 
103(6):1280–1291. [PubMed: 15693021] 

128. Caruso DA, Orme LM, Neale AM, et al. Results of a phase 1 study utilizing monocyte-derived 
dendritic cells pulsed with tumor RNA in children and young adults with brain cancer. Neuro-
oncology. 2004; 6(3):236–246. [PubMed: 15279716] 

129. Geiger JD, Hutchinson RJ, Hohenkirk LF, et al. Vaccination of pediatric solid tumor patients with 
tumor lysate-pulsed dendritic cells can expand specific T cells and mediate tumor regression. 
Cancer research. 2001; 61(23):8513–8519. [PubMed: 11731436] 

130. Geiger J, Hutchinson R, Hohenkirk L, Mckenna E, Chang A, Mule J. Treatment of solid tumours 
in children with tumour-lysate-pulsed dendritic cells. Lancet. 2000; 356(9236):1163–1165. 
[PubMed: 11030299] 

131. Dohnal AM, Witt V, Hugel H, Holter W, Gadner H, Felzmann T. Phase I study of tumor Ag-
loaded IL-12 secreting semi-mature DC for the treatment of pediatric cancer. Cytotherapy. 2007; 
9(8):755–770. [PubMed: 17917887] 

132. Lasky JL 3rd, Panosyan EH, Plant A, et al. Autologous tumor lysate-pulsed dendritic cell 
immunotherapy for pediatric patients with newly diagnosed or recurrent high-grade gliomas. 
Anticancer research. 2013; 33(5):2047–2056. [PubMed: 23645755] 

133. Bowman L, Grossmann M, Rill D, et al. IL-2 adenovector-transduced autologous tumor cells 
induce antitumor immune responses in patients with neuroblastoma. Blood. 1998; 92(6):1941–
1949. [PubMed: 9731051] 

134. Bowman LC, Grossmann M, Rill D, et al. Interleukin-2 gene-modified allogeneic tumor cells for 
treatment of relapsed neuroblastoma. Human gene therapy. 1998; 9(9):1303–1311. [PubMed: 
9650615] 

135. Russell HV, Strother D, Mei Z, et al. A phase 1/2 study of autologous neuroblastoma tumor cells 
genetically modified to secrete IL-2 in patients with high-risk neuroblastoma. Journal of 
immunotherapy. 2008; 31(9):812–819. [PubMed: 18833006] 

136. Rousseau RF, Haight AE, Hirschmann-Jax C, et al. Local and systemic effects of an allogeneic 
tumor cell vaccine combining transgenic human lymphotactin with interleukin-2 in patients with 
advanced or refractory neuroblastoma. Blood. 2003; 101(5):1718–1726. [PubMed: 12406881] 

137. Russell HV, Strother D, Mei Z, et al. Phase I trial of vaccination with autologous neuroblastoma 
tumor cells genetically modified to secrete IL-2 and lymphotactin. Journal of immunotherapy. 
2007; 30(2):227–233. [PubMed: 17471169] 

Capitini et al. Page 20

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



138. Brenner MK, Heslop H, Krance R, et al. Phase I study of chemokine and cytokine gene-modified 
autologous neuroblastoma cells for treatment of relapsed/refractory neuroblastoma using an 
adenoviral vector. Human gene therapy. 2000; 11(10):1477–1488. [PubMed: 10910144] 

139. Hashii Y, Sato-Miyashita E, Matsumura R, et al. WT1 peptide vaccination following allogeneic 
stem cell transplantation in pediatric leukemic patients with high risk for relapse: successful 
maintenance of durable remission. Leukemia. 2012; 26(3):530–532. [PubMed: 21869838] 

140. Rezvani K, Yong AS, Mielke S, et al. Leukemia-associated antigen-specific T-cell responses 
following combined PR1 and WT1 peptide vaccination in patients with myeloid malignancies. 
Blood. 2008; 111(1):236–242. [PubMed: 17875804] 

141. Van Tendeloo VF, Van De Velde A, Van Driessche A, et al. Induction of complete and molecular 
remissions in acute myeloid leukemia by Wilms’ tumor 1 antigen-targeted dendritic cell 
vaccination. Proceedings of the National Academy of Sciences of the United States of America. 
2010; 107(31):13824–13829. [PubMed: 20631300] 

142. Capitini CM, Fry TJ, Mackall CL. Cytokines as Adjuvants for Vaccine and Cellular Therapies for 
Cancer. American journal of immunology. 2009; 5(3):65–83. [PubMed: 20182648] 

143. Seibel NL, Dinndorf PA, Bauer M, Sondel PM, Hammond GD, Reaman GH. Phase I study of 
tumor necrosis factor-alpha and actinomycin D in pediatric patients with cancer: a Children’s 
Cancer Group study. Journal of immunotherapy with emphasis on tumor immunology : official 
journal of the Society for Biological Therapy. 1994; 16(2):125–131.

144. Furman WL, Strother D, Mcclain K, Bell B, Leventhal B, Pratt CB. Phase I clinical trial of 
recombinant human tumor necrosis factor in children with refractory solid tumors: a Pediatric 
Oncology Group study. Journal of clinical oncology : official journal of the American Society of 
Clinical Oncology. 1993; 11(11):2205–2210. [PubMed: 8229135] 

145. Meany HJ, Seibel NL, Sun J, et al. Phase 2 trial of recombinant tumor necrosis factor-alpha in 
combination with dactinomycin in children with recurrent Wilms tumor. Journal of 
immunotherapy. 2008; 31(7):679–683. [PubMed: 18600176] 

146. Yeung JT, Pollack IF, Panigrahy A, Jakacki RI. Pegylated interferon-alpha-2b for children with 
recurrent craniopharyngioma. Journal of neurosurgery. Pediatrics. 2012; 10(6):498–503. 
[PubMed: 23061825] 

147. Jakacki RI, Dombi E, Potter DM, et al. Phase I trial of pegylated interferon-alpha-2b in young 
patients with plexiform neurofibromas. Neurology. 2011; 76(3):265–272. [PubMed: 21242495] 

148. Warren K, Bent R, Wolters PL, et al. A phase 2 study of pegylated interferon alpha-2b (PEG-
Intron((R))) in children with diffuse intrinsic pontine glioma. Cancer. 2012; 118(14):3607–3613. 
[PubMed: 22086404] 

149. Vacchelli E, Galluzzi L, Eggermont A, et al. Trial watch: FDA-approved Toll-like receptor 
agonists for cancer therapy. Oncoimmunology. 2012; 1(6):894–907. [PubMed: 23162757] 

150. Meyers PA, Schwartz CL, Krailo MD, et al. Osteosarcoma: the addition of muramyl tripeptide to 
chemotherapy improves overall survival--a report from the Children’s Oncology Group. Journal 
of clinical oncology : official journal of the American Society of Clinical Oncology. 2008; 26(4):
633–638. [PubMed: 18235123] 

151. Galluzzi L, Vacchelli E, Eggermont A, et al. Trial Watch: Experimental Toll-like receptor 
agonists for cancer therapy. Oncoimmunology. 2012; 1(5):699–716. [PubMed: 22934262] 

152. Vakkila J, Jaffe R, Michelow M, Lotze MT. Pediatric cancers are infiltrated predominantly by 
macrophages and contain a paucity of dendritic cells: a major nosologic difference with adult 
tumors. Clinical cancer research : an official journal of the American Association for Cancer 
Research. 2006; 12(7 Pt 1):2049–2054. [PubMed: 16609014] 

153. Barros MH, Hassan R, Niedobitek G. Tumor-associated macrophages in pediatric classical 
Hodgkin lymphoma: association with Epstein-Barr virus, lymphocyte subsets, and prognostic 
impact. Clinical cancer research : an official journal of the American Association for Cancer 
Research. 2012; 18(14):3762–3771. [PubMed: 22645050] 

154. Zhang H, Chua KS, Guimond M, et al. Lymphopenia and interleukin-2 therapy alter homeostasis 
of CD4+CD25+ regulatory T cells. Nature medicine. 2005; 11(11):1238–1243.

155. Brinkrolf P, Landmeier S, Altvater B, et al. A high proportion of bone marrow T cells with 
regulatory phenotype (CD4+CD25hiFoxP3+) in Ewing sarcoma patients is associated with 

Capitini et al. Page 21

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



metastatic disease. International journal of cancer. Journal international du cancer. 2009; 125(4):
879–886. [PubMed: 19480009] 

156. Rech AJ, Mick R, Martin S, et al. CD25 blockade depletes and selectively reprograms regulatory 
T cells in concert with immunotherapy in cancer patients. Science translational medicine. 2012; 
4(134) 134ra162. 

157. Sampson JH, Schmittling RJ, Archer GE, et al. A pilot study of IL-2Ralpha blockade during 
lymphopenia depletes regulatory T-cells and correlates with enhanced immunity in patients with 
glioblastoma. PloS one. 2012; 7(2):e31046. [PubMed: 22383993] 

158. Zhang H, Maric I, Diprima MJ, et al. Fibrocytes represent a novel MDSC subset circulating in 
patients with metastatic cancer. Blood. 2013; 122(7):1105–1113. [PubMed: 23757729] 

159. Nefedova Y, Fishman M, Sherman S, Wang X, Beg AA, Gabrilovich DI. Mechanism of all-trans 
retinoic acid effect on tumor-associated myeloid-derived suppressor cells. Cancer research. 2007; 
67(22):11021–11028. [PubMed: 18006848] 

160. Santilli G, Piotrowska I, Cantilena S, et al. Polyphenol E enhances the antitumor immune 
response in neuroblastoma by inactivating myeloid suppressor cells. Clinical cancer research : an 
official journal of the American Association for Cancer Research. 2013; 19(5):1116–1125. 
[PubMed: 23322899] 

161. Fujita M, Kohanbash G, Fellows-Mayle W, et al. COX-2 blockade suppresses gliomagenesis by 
inhibiting myeloid-derived suppressor cells. Cancer research. 2011; 71(7):2664–2674. [PubMed: 
21324923] 

162. Veltman JD, Lambers ME, Van Nimwegen M, et al. COX-2 inhibition improves immunotherapy 
and is associated with decreased numbers of myeloid-derived suppressor cells in mesothelioma. 
Celecoxib influences MDSC function. BMC cancer. 2010; 10:464. [PubMed: 20804550] 

Capitini et al. Page 22

Future Oncol. Author manuscript; available in PMC 2016 March 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Executive summary

Monoclonal Antibodies

• The improvement of survival for children with metastatic neuroblastoma with 

ch14.18 in a phase III study demonstrates that immunotherapy can be 

successfully incorporated into traditional treatment approaches.

• Checkpoint stimulators and inhibitors are being explored in several adult solid 

tumors, and warrant investigation in pediatric solid tumors.

• Bispecific moAbs bring T cells and B cell malignancies physically together, 

leading to tumor lysis and in some cases, dramatic remissions.

• Immunotoxins, radionuclide-conjugated moAbs, antibody-drug conjugates and 

unconjugated moAbs are all available that target tumor-associated antigens.

Chimeric Antigen Receptors

• CD19 CAR modified T cells have induced dramatic, sustained remissions in 

children with chemorefractory disease, with a reversible cytokine release 

syndrome noted.

• GD2 CAR modified T cells have induced complete responses in some children 

with neuroblastoma.

• Clinical trials with EGFRvIII CARs and IL-13 zetakine are underway for adults 

with brain tumors, and should be explored in children as well.

NK Cell Infusions

• Haploidentical NK cell infusions have been shown to maintain remissions in 

children with AML.

• In pilot data from children with chemorefractory solid tumors, KIR mismatch 

correlated with complete and partial remissions.

Tumor Vaccines

• Tumor lysates or tumor lysate-pulsed DCs have had a modest response rate in 

some pediatric solid tumors, with better results noted in children with minimal 

disease burden.

• There is limited experience using vaccines for children with hematologic 

malignancies, but clinical experiences with vaccines targeting LMP2, WT1 and 

PR1 in adults warrant investigation in children.

Strategies to Enhance Immune-Based Therapies

• Clinical grade interleukins, cytokines, and toll like receptor agonists need to be 

further expanded in childhood cancers.

• The TLR4 agonist Mifamurtide demonstrated improved overall survival in a 

randomized trial of patients with nonmetastatic osteosarcoma, but is only 

approved in Europe for this disease.
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• Eliminating immunosuppressive cell subsets, like Tregs, MDSCs and M2 

macrophages, may be necessary to improve efficacy of immunotherapies.

Overview of Immunotherapy Support and Infrastructure Barriers

• Immunotherapies are being developed in academic, government and industrial 

laboratories around the world at a rapid pace, and the availability of 

multinational cancer consortiums will allow testing of childhood cancers, which 

are relatively rare, to occur at a faster rate than any one center can achieve.

• Because of flat NIH budgets, “fiscal cliffs” and “sequestration” in the U.S., 

maintaining financial support for childhood cancer research has been extremely 

challenging, and will require engagement with an evolving political and 

regulatory landscape to continue moving these exciting, paradigm shifting 

therapies to the clinic.
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Figure 1. Mechanisms of tumor destruction by monoclonal antibodies
Antibodies can mark the tumor for lysis by antibody dependent cellular cytotoxicity 

(ADCC), act as an agonist for a death pathway (e.g. TRAIL), inhibit an essential tumor 

growth pathway (e.g. IGF-1 receptor), deliver a toxin/radionuclide/drug that lyses the tumor, 

or bring a T cell adjacent to the tumor.
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Figure 2. Anatomy of a CAR
First generation CARs consist of an Fv fragment against a tumor-associated antigen (e.g. 

CD19 on B cell malignancies) linked to the CD3-zeta signaling chain. Second generation 

CARs incorporate a co-stimulatory signal (e.g. CD28) to enhance T cell activation and 

cytotoxicity. Third generation CARs incorporate two co-stimulatory signals (e.g. CD28 and 

CD137) to theoretically provide additional T cell activation. To date, each generation of 

CAR has not been compared head to head.
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