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Abstract
Importance to the field—Although most children with cancer are cured, there remain significant
limitations of standard treatment, most notably chemotherapy resistance and non-specific toxicities.
Novel immune-based therapies that target pediatric malignancies offer attractive adjuncts and/or
alternatives to commonly employed cytotoxic regimens of chemotherapy or radiotherapy.
Elucidation of the principles of tumor biology and the development of novel laboratory technologies
over the last decade have led to substantial progress in bringing immunotherapies to the bedside.

Areas covered in the review—Current immunotherapeutic clinical trials in pediatric oncology
and the science behind their development are reviewed.

What the reader will gain—Most of the immune-based therapies studied to date have been well
tolerated, and some have shown promise in the setting of refractory or high-risk malignancies,
demonstrating that immunotherapy has the potential to overcome resistance to conventional
chemotherapy.

Take home message—Some immune-based therapies, such as ch14.18 and MTP-PE, have
already been proven effective in phase III randomized trials. Further studies are needed to optimize
and integrate these therapies into standard regimens, and to test them in randomized trials for patients
with childhood cancer.
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1. Introduction
The majority of children with cancer are cured, but the limits of currently employed cytotoxic
regimens appear to have been reached for many pediatric malignancies1. Toxicity continues
to be substantial despite advances in supportive care, and while survival rates have improved
over the last 40 years for most childhood cancers, cures for many with high risk and metastatic
disease are not achievable despite aggressive surgical, chemotherapeutic and radiotherapy
combination therapies. In pediatrics, many malignancies can be treated into a state of minimal
residual disease (MRD), but in high-risk disease, relapse inevitably occurs and is often
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refractory to further therapy. There is a great need to develop alternative anticancer therapies
that are less toxic and more effective.

Immune-based therapies represent an approach that might be integrated into current
multimodal regimens or that might have efficacy when used alone. Dramatic progress in
scientific discovery and technology has led to rapid development and translation of such
therapies for the clinic. Importantly, resistance to conventional therapies does not appear to
confer resistance to immune-based therapies2-4.

A current paradigm in cancer immunology is that tumor-associated antigens can induce
immune reactivity, but that tumors have mechanisms to block and/or circumvent immune
responses5, 6. Therapies that exploit known tumor antigens, or target the mechanisms of
immune evasion, have the potential to amplify host antitumor immune responses to the point
of completely eradicating established or microscopic disease. Pediatric oncology is especially
attractive because of the ability for conventional therapies to establish a period of MRD, a
setting in which immune-based therapies may be more likely to be effective7-9.

2. Allogeneic Hematopoietic Stem Cell Transplantation
One of the clearest demonstrations that the immune system is capable of curing patients with
resistant cancer is the powerful graft-versus-leukemia (GVL) effect mediated by donor T cells
after allogeneic hematopoietic stem cell transplant (HSCT). It has been well established that
the benefits of HSCT arise in part from donor T cells targeting allogeneic antigens presented
in the context of major histocompatibility complex (MHC), as well as minor histocompatibility
antigens, expressed on leukemia cells10, 11. This effect is highly dependent on the type of
leukemia12, 13, timing and dose of T cells14, 15, presence of graft-versus-host disease (GVHD)
16, disease burden17, 18 and rate of tumor progression19.

2.1 Graft-versus-leukemia effect – T cells
Allogeneic HSCT laid a critical foundation for understanding the biology of T cell-based
therapies. The presence of GVHD, which is mediated by donor T cells, is associated with a
GVL effect, demonstrated by improved leukemia-free survival of patients with mild GVHD
over those without any GVHD20, 21. Additionally, patients without GVHD have lower
leukemia relapse rates than recipients of HSCT from identical twin donors, evidence that an
allogeneic GVL effect can occur in the absence of clinically evident GVHD11. Lastly, recent
data suggests that recurrent leukemias following haploidentical HSCT mutate mismatched
MHC alleles from the donor as an escape mechanism from the GVL effect22.

Importantly, the GVL effect is not equipotent across leukemias, with myeloid leukemias being
more susceptible than lymphoid leukemias13. T cell depletion of the stem cell graft has been
associated with increased risk of relapse in myeloid malignancies14, 23, 24, but the risk of
relapse is not increased with lymphoid malignancies, like acute lymphoblastic leukemia (ALL)
25, 26. Even within myeloid leukemias, chronic myelogenous leukemia is more susceptible to
GVL mediated by donor lymphocyte infusion than acute myelogenous leukemia (AML)19,
24, although reports of pediatric AML responses exist27. Thus, the T cell-mediated GVL effect
occurs with a wide range of efficacy across and within leukemia sub-types. Notably, leukemic
eradication occurs much more slowly than that observed after chemotherapy or
radiotherapy28. Quantitative effects are also important since the timing and dose of T cell
administration, tumor burden, and rate of leukemic growth substantially impact the efficacy
of the GVL effect. Results are best with low disease burden, for example in the setting of
MRD13, 17.
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Given the risks of GVHD and associated immunosuppression, the “holy grail” of HSCT is to
discover and implement strategies that induce GVL in the absence of GVHD. Cancer vaccines
are one approach that might be utilized to direct the T cell repertoire preferentially toward
tumor-associated antigens rather than to normal host tissue antigens. There are numerous
antigens that have been explored in that regard, for example, the Wilms tumor-1 (WT1) protein,
a transcription factor expressed in various malignancies.29 Three clinical trials are in progress
in pediatrics that target WT1 post-allogeneic HSCT in an attempt to augment the GVL effect
(Table 1). Peptide vaccination targeting the myeloid antigen proteinase-3 is undergoing Phase
I/II study in adults with myeloid leukemias and myelodysplastic syndrome30, and may become
a viable approach for pediatric AML in the future. Future studies will likely use adoptive
immunotherapy of antigen-specific T cells following allogeneic HSCT in lieu of unselected
lymphocytes as currently administered. Not only would this strategy increase the numbers of
T cells available to target the malignancy, but it could also diminish the risk for GVHD if the
targeted antigen showed limited tissue distribution.

2.2 Graft-versus-leukemia effect - Natural killer cells
In the last decade, natural killer (NK) cells have drawn considerable interest for their potential
to mediate a GVL effect. NK cells are the first lymphoid cells to appear after HSCT, they
produce growth factors that can enhance engraftment and immune reconstitution, they do not
seem to initiate GVHD, and they have the capacity to kill virally-infected cells31. NK cells
utilize critical inhibitory and activating receptors32 and it is well established that NK cells are
usually inactivated by self-MHC class I through their killer immunoglobulin-like receptors
(KIRs). In addition, NK cells possess activating receptors that signal NK cells to directly kill
tumor cells in the absence of inflammatory signals, and NK cells are critical mediators of
antibody-dependent cellular cytotoxicity (ADCC).

Initial preclinical studies demonstrated that blockade of inhibitory receptors on NK cells could
enhance their cytotoxicity after autologous HSCT33. Blockade was not needed with
haploidentical NK cells when the appropriate MHC class I molecules were not present to
inactivate KIRs on donor NK cells. In clinical trials, enhanced survival was observed in adults
with AML after haploidentical NK KIR-mismatched HSCT34, and this seemed to be dependent
on a T cell-depleted platform35, possibly due to the absence of immunosuppressive agents and/
or the absence of regulatory T cells (Tregs) that might inhibit NK cell function36.

Currently, clinical trials in pediatrics include studies of haploidentical HSCT for hematologic
malignancies and solid tumors designed to provide a source of KIR-mismatched NK cells. In
addition, trials that incorporate infusions of purified allogeneic NK cells in a non-transplant
setting for a variety of hematologic malignancies are also being conducted (Table 2). The
optimal approaches and settings to utilize adoptive NK cell therapy have not yet been defined.
For example, it is not known how long adoptively transferred NK cells can persist in vivo, and
given they do not form immunological memory, multiple infusions might be required to have
a lasting effect. It is also not clear whether NK cells will better utilized as single agents, or in
combination with antibodies and/or cytokines to achieve maximal benefit.

3. Tumor vaccines
Similar to vaccines used to prevent infection, cancer vaccines seek to generate sustained
responses to a specific antigen through the formation of immunologic memory. However in
oncology, the targeted antigens are often weakly immunogenic tumor-associated antigens, or
overexpressed self-antigens. Self-antigens are problematic because the T cells with high
affinity for self-antigens are deleted in the thymus early in life and peripherally anergized
throughout life, a mechanism that limits the risk of autoimmunity. Nevertheless, it appears that
substantial numbers of T cells with reactivity toward self-antigens are present in the lymphoid
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system of normal humans, and the goal of tumor vaccines is to activate and expand these
populations. While vaccines targeting self-antigens expressed by tumors can have antitumor
effects, the potency of such appears to be less than when foreign antigens are targeted.

There are several challenges that make uniform adoption of vaccines difficult, especially in
pediatrics. First, vaccines can be derived from a variety of sources. Peptides can be
administered with adjuvant, whole protein may be administered directly or with adjuvants, and
DNA vaccines encoded by viral vectors can be used37. In addition, some groups have
genetically modified autologous or allogeneic tumors themselves to generate a vaccine.
Dendritic cells (DCs) loaded with tumor lysate, peptides or apoptotic bodies are commonly
used in pediatrics since they avoid the need to limit accrual of patients to those with unique
MHC alleles, as is necessary when peptide based vaccines are used. Importantly, it remains
unknown which, if any, of the approaches currently under study are superior as a tumor
vaccine38. Second, optimal antigens have not been defined for most pediatric tumors. Third,
standard therapies administered to nearly all pediatric cancer patients are highly
immunosuppressive and immune recovery following such may be quite prolonged (e.g., 6-12
months)39, 40, limiting the number of effector cells that might respond to the vaccine. Thus,
effective immunotherapies for children with cancer will require approaches that can both
optimize immune reconstitution and potently immunize. Fourth, as with tumor
immunotherapies in general, optimal techniques for tumor vaccination have not been defined.
Further, the kinetics of treatment-induced immune responses may result in slow tumor kill,
which is less likely to be effective in the setting of highly proliferative, drug-resistant cancers
of childhood. Thus current efforts are based on identifying appropriate antigens, augmenting
the potency of the vaccine itself, administering tumor vaccines in the setting of MRD and
combining tumor vaccines with other immune based therapies.

Sizable numbers of cancer vaccine trials have been conducted in adults over the last 15 years,
with only a small fraction of patients with established tumors demonstrated tumor shrinkage
after vaccine therapy alone. Whether clinical benefit can be achieved independent of gross
tumor shrinkage, such as in the prevention of recurrence, remains unknown. Only a limited
number of randomized studies of tumor vaccination have been conducted. Encouraging results
of Phase III studies of tumor vaccination in B cell lymphoma41 and prostate cancer42 raise the
prospect that Food and Drug Administration (FDA)-approved tumor vaccines may soon
become available.

In pediatrics, early non-randomized phase vaccine trials have been conducted or are underway
in a wide range of malignancies (Table 3). Clinical responses have been observed in Epstein
Barr virus (EBV)-associated lymphomas after manipulating the tumor to overexpress the
subdominant antigen LMP243, and a complete response (CR) was reported in a patient with
metastatic fibrosarcoma treated with a vaccine comprised of tumor lysate-pulsed DCs44, 45.
Interleukin (IL)-2 transduced into autologous neuroblastoma cells resulted in a 20% objective
tumor response and 30% stable disease rate in 10 patients46. No systemic toxicity was reported
in that study. Follow-up studies using autologous and allogeneic neuroblastoma cells attempted
to improve outcome by cotransfecting IL-2 with the chemokine lymphotactin. Two CRs and
one partial response (PR), a 14% total response rate, were observed in the allogeneic vaccine
trial47, while only one stable disease (13%) was noted with the autologous vaccine48. Thus,
there has been evidence for clinical benefit in a small percentage of patients with pediatric
cancer treated with a variety of different tumor vaccines. However much further work is needed
to determine whether and how tumor vaccines can mediate reproducible rates of clinical
benefit, and many challenges remain.

As with many immune-based therapies, tumor vaccines may be more effective in patients with
MRD7-9, but early phase clinical trials are typically conducted in the setting of rapidly
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progressive, chemotherapy-refractory tumors, making assessments of both vaccine activity and
safety difficult49. Because of this, recent studies have begun to incorporate vaccines into
standard cytoreductive therapy regimens, wherein the immunotherapy is administered in the
setting of MRD. This paradigm of “consolidative immunotherapy” is particularly pertinent to
pediatric oncology, where even very high-risk tumors are usually responsive to front line
therapies, and patients with high-risk disease can often be reduced to a state of MRD. In this
regard, a study of adoptive T-cell transfer with peptide-pulsed DC vaccines targeting the
specific translocation breakpoints in patients with metastatic and recurrent Ewing sarcoma and
alveolar rhabdomyosarcoma following completion of dose-intensive chemotherapy was
recently conducted50. Here, potential benefits could occur due to the tumor vaccine itself and/
or to the effects of autologous lymphocyte infusions on immune reconstitution following
lymphodepleting chemotherapy, as seen in animal models51. Using an intent-to-treat analysis
of all patients entered onto the study, irrespective of whether immunotherapy was eventually
administered or not, an overall 5 year survival of 31% was seen. For patients who actually
received immunotherapy, the 5 year overall survival was 43%, which is favorable compared
to historical controls, but no doubt includes some selection bias, since only patients whose
tumors responded to frontline therapy were able to receive immunotherapy. At the same time,
patients were not required to be in remission prior to receiving immunotherapy and this
relatively favorable survival leaves open the possibility that incorporating immunotherapy into
this regimen may have benefited some patients with high-risk sarcomas. Importantly, biologic
responses measured to the vaccine itself were inconsistent, however all immunized patients
demonstrated the capacity to generate T cell responses to influenza vaccination within 3 months
following chemotherapy, indicating that vaccine induced T cell responses can be observed
early after cytotoxic chemotherapy. A subsequent study targeting patients with metastatic and
recurrent pediatric sarcomas is underway with a modified DC vaccine, which incorporates
approaches to deplete regulatory or suppressive CD4+ T cells, and also incorporates
recombinant human interleukin-7 (rhIL-7) to enhance immune reconstitution (Table 3). It is
important to note that single arm studies of this type cannot definitively demonstrate benefit,
but they can be used to optimize vaccine strategies and to study the impact of conventional
cytotoxic therapy on vaccine responsiveness. Ultimately, any firm conclusions regarding the
value of any immunotherapy requires demonstration of benefit in a multi-institutional
randomized Phase III trial.

4. Adoptive Immunotherapy and Chimeric Antigen Receptors
One inherent factor limiting the efficacy of T cell based vaccines is the inability to rapidly
generate large numbers of antigen specific cells in vivo. Especially when targeting sizable
tumor burdens, it is clear that large numbers of effector T cells are necessary. Adoptive
immunotherapy, ex vivo approaches to expand antigen specific T cells, allows the generation
of very large numbers of antigen specific T cells and can also enhance the function of cells by
removing them from the immunosuppressive tumor environment. Although it remains labor
intensive, many new approaches are now available to enhance the capacity to generate T cells
and NK cells for adoptive immunotherapy. Among these are artificial antigen presenting cells
(APCs) that express MHC, costimulatory molecules and/or cytokines have been developed to
promote expansion of effector cells47, 48, 52. Artificial APCs can be employed as an “off the
shelf” reagent in that a putative tumor antigen can be inserted into the MHC. The selective
expansion of tumor-reactive cells and the potential for generating memory cells ex vivo,
represents one strategy to attempt to overcome the common immune system impairments
sustained from dose-intensive chemotherapy and radiation.

Genetic engineering can endow cytotoxic T cells and NK cells with specific antigenic
specificities, and such antigen specific cell populations can be expanded ex vivo and then
administered as adoptive immunotherapy. Both genetically engineered T cell receptors which

Capitini et al. Page 5

Expert Opin Biol Ther. Author manuscript; available in PMC 2011 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



recognize antigen in an MHC restricted manner, as well as genetically engineered receptors
that incorporate the binding sites of moAbs (chimeric antigen receptors or CARs) have been
used. The CARs are transduced into a patient's T cells or NK cells, which have the potential
to bind their target through a single-chain Fv fragment fused to the signaling chain of the T-
cell receptor (Figure 1). CAR-transduced cells have been shown to traffic to tumor sites53,
54. Clinical trials using a CAR against GD2 have been completed in children with
neuroblastoma, with no toxicity noted9, 55. EBV-specific cytotoxic lymphocytes engineered
to recognize GD2 were active against neuroblastoma, with 50% objective responses including
one sustained CR56. Clinical trials with genetically engineered TCRs and CARs in pediatric
patients are ongoing (Table 5) and additional studies are in development for children with ALL,
lymphoma, medulloblastoma, and glioblastoma multiforme9.

5. Monoclonal Antibodies
There has been significant progress in the clinical development of monoclonal antibodies
(moAbs) as cancer therapies in adults, with promising results now emerging from pediatric
studies (Table 4). Importantly, antibodies can recognize tumor antigens, are not limited to
processed peptides, and do not require peptide presentation by MHC molecules like T cells do.
For effective targeting, the targeted antigen should be relatively tumor-specific and highly
expressed.

MoAbs have the potential to kill tumors through immune mediated or non-immune mediated
effector pathways. Immune mediated pathways of cell death that follow binding of the moAb
to its target can occur through a variety of mechanisms (Figure 2). The specific mechanism
involved, or whether killing occurs at all, varies with different cancers and target antigens.
Antibody-dependent cellular cytotoxicity (ADCC) appears to be the primary mechanism of
killing for moAbs targeting the GD2 disialoganglioside in neuroblastoma. GD2 is expressed
at high densities on nearly all neuroblastoma cells, is not shed from the cell surface, and is
restricted to neuroectodermal tissues, thus representing a potentially good target for moAb
therapy. Well-studied candidate antibodies include ch14.18, hu14.18 and 3F857-59. These
moAbs have toxicities that are manageable in an outpatient setting, have demonstrated
responses in patients with refractory neuroblastoma, and seem to be more effective in a MRD
setting than in bulky disease9, 58, 60.

To enhance recruitment of effector cells for ADCC, ch14.18, hu14.18 and 3F8 have also been
co-administered with, or conjugated to, cytokines and growth factors such as IL-2 and
granulocyte-macrophage colony-stimulating factor (GM-CSF)58, 59, 61. This approach led to
the development of “immunocytokines,” which use moAbs to both target the tumor and to
transport factors designed to enhance the immune response within the tumor
microenvironment. After a Phase I trial demonstrated tolerability59, a Phase II trial was
conducted with a hu14.18-IL2 fusion protein in which a 21% CR rate was observed in children
with neuroblastoma and MRD62.

Early trials with 3F8 demonstrated that moAbs can treat MRD after autologous BMT for stage
IV neuroblastoma63, leading investigators to study anti-GD2 therapy in the post transplant
setting. A recent randomized Phase III trial with ch14.18 plus GM-CSF and IL-2 versus
standard therapy following autologous BMT for high risk neuroblastoma was stopped
prematurely because of enhanced event-free and overall survival in the treatment arm64. These
results were the first to clearly demonstrate a survival benefit in a randomized phase III trial
of neuroblastoma through the addition of moAb-based therapy and pave the way for
incorporation of moAbs into frontline regimens for patients with high risk neuroblastoma.
Interestingly, this regimen had essentially no activity in patients with recurrent bulk
neuroblastoma, consistent with the paradigm that immune-based therapies which are
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ineffective against bulky tumor may provide substantial survival benefit when administered in
the setting of MRD. Ongoing studies are also underway to treat GD2+ brain tumors by
conjugating the moAb 3F8 to a radioisotope65.

Trastuzumab, a moAb directed against the human epidermal growth factor receptor 2 (HER2),
is being explored as a therapy for osteosarcoma. HER2 expression correlates with survival in
osteosarcoma, although since HER2 is not overexpressed in this tumor, efficacy may be
limited66, 67. Phase II trials of the anti-CD20 moAb rituximab for relapsed Hodgkin
lymphoma have demonstrated high overall response rates (86-100%), with approximately
equal numbers of CRs and PRs68, 69.

New moAbs that target the host immune system can also have antitumor effects through the
augmentation of endogenous immune responses. For example, CTLA4 is a receptor on the
surface of T cells that diminishes autoimmune reactivity. Treatment with blocking anti-CTLA4
moAbs inhibits this suppressive signal and leads to widespread augmentation of T cell mediated
immune reactivity. This agent has shown reproducible antitumor effects in melanoma, prostate
cancer and other tumors in adults70, and a pediatric Phase I trial is in progress (NCT00556881,
National Cancer Institute). Anti-4-1BB moAbs also have the potential to mediate antitumor
effects through interaction with activating receptors on T cells71.

Certain moAbs can induce direct cytotoxicity to cancer cells upon binding independent of
immune effects, likely by interrupting signaling pathways critical for tumor survival. For
example, moAbs to vascular endothelial growth factor (i.e. bevacizumab) and insulin-like
growth factor-1 receptor (IGF-1R) have shown activity against pediatric solid tumors, with
sometimes dramatic responses72-74. Antibodies can also initiate apoptosis, such as the moAb
against tumor necrosis factor-related apoptosis-inducing ligand (TRAIL) receptor, which has
been shown to lead to stable disease in sarcomas75.

To date, MoAbs against malignant lymphoma in adults have proven to be most effective when
used in combination with chemotherapy regimens76. The cytotoxic potency of moAbs can be
dramatically increased by conjugation with toxins, radioisotopes, or other cytotoxic agents.
MoAbs against CD20 conjugated to radionuclides for children with Hodgkin lymphoma must
include stem cell rescue because of the associated bone marrow toxicity77. MoAbs against
CD25 and CD30 conjugated to ricin have induced clinical responses in Hodgkin
lymphoma78. Recombinant immunotoxins that incorporate anti-CD22 Fv and modified
Pseudomonas exotoxin are undergoing study, and these have shown clinical activity in
pediatric ALL79 (NCT00659425, National Cancer Institute). The FDA has approved anti-
CD33 conjugated to calicheamicin (gemtuzumab ozogamicin) for the treatment of AML in
adults. Approximately 30% of children with relapsed and refractory AML respond to
gemtuzumab ozogamicin as a single agent. Currently, this agent is being tested both alone and
in combination with chemotherapy in children with AML80, 81. Phase III trials of gemtuzumab
ozogamicin in combination with chemotherapy in pediatric AML are being conducted by the
Children's Oncology Group (COG)80 (NCT00372593), while the Nordic Society of Paediatric
Haematology and Oncology is studying its use prior to HSCT (NCT00476541). This agent has
also been used to treat occasional cases of ALL with CD33 expression and there have been
anecdotal reports of CRs being achieved82.

A variety of mechanisms of resistance to moAb-based therapies are well described. Patients
may develop antibodies to foreign protein epitopes, resulting in binding and neutralization of
therapeutic activity. Tumors can shed antigens from their surface, which may serve as a decoy,
competing for moAb binding. Malignant cells may also down-regulate antigens, reducing
moAb binding to the cell surface target76. Lastly tumors can downregulate expression of MHC
class I.
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6. Activation of Innate Immunity
Activation of innate immunity has the potential to induce antitumor effector cells and to
upregulate antigen presentation and co-stimulatory molecules, thus boosting T-cell responses.
Stimulation of toll-like receptors (TLRs), which recognize highly conserved structural and
molecular patterns on pathogens and inflammatory mediators released during cell death, called
damage-associated molecular patterns (DAMPs), are critical to initiating activation of APCs.
Many investigations of TLR activation to augment innate immunity are underway or in
development. The cell-wall skeleton of Bacillus Calmette-Guérin (BCG), a TLR2 and TLR4
agonist used in the treatment of bladder cancer83, and imiquimod, a TLR7 agonist used for
basal cell skin cancer, represent two examples84. Clinical trials are ongoing in several other
adult malignancies. Preliminary results suggest that TLR agonists may not be sufficient as
single agents to induce regression of established bulky tumors85. A pediatric Phase I trial of
BCG with the anti-idiotypic moAb A1G4 in high-risk patients with GD2+ tumors such as
neuroblastoma is in progress (NCT00003023, Memorial Sloan-Kettering Cancer Center).

Muramyl tripeptide phosphatidylethanolamine (L-MTP-PE) is an immunogenic analog of
muramyl dipeptide from the cell wall of mycobacteria that is encapsulated in multilamellar
liposomes. It binds to TLR4, activating monocytes and macrophages, and promotes antitumor
activity86. MTP-PE was studied in a Phase III trial in patients with nonmetastatic osteosarcoma
and improved overall survival rates occurred in patients receiving MTP-PE (p=0.03), with a
trend toward improved event free survival (p=0.08). 87

Although chemotherapy and radiation have been traditionally viewed as immunosuppressive
due to cytotoxic elimination of immune cells, they may paradoxically activate the immune
system via endogenous inflammatory mediators released in response to cell death88. It has
been demonstrated that tumor cells can release or expose DAMPs in response to chemotherapy-
mediated cytotoxicity. The DAMPs then bind to TLRs and cause activation of APCs.
Moreover, the release of endogenous self-TLR agonists, collectively termed alarmins, such as
high-mobility group box protein 1 (HMGB1), may also stimulate innate immunity89. HMGB1
is a nuclear protein that binds the receptor for advanced glycation end products (RAGE), TLR2,
and/or TLR490. In rhabdomyosarcoma preclinical models, HMGB1 binds to RAGE to
simulate myogenesis, and as a means of survival, tumors may reduce RAGE expression91.
Thus, since alarmins are a byproduct of tumor cell death capable of inducing an immune
response, the receptors for alarmins may be purposefully underexpressed by tumors to avoid
detection by the immune system. Whether receptors for alarmins are a potential novel target
for immunotherapy remains to be seen88.

Natural killer-T (NKT) cells and gamma-delta T cells represent more primitive innate immune
effectors that may have a role in anti-tumor immunity. NKT cells have been demonstrated to
induce immune activation and antitumor effects by producing gamma interferon (IFNγ). Type
I NKT cells recognizes the glycolipid α-galactosylceramide (αGalCer) in association with a
nonclassical MHC class I molecule called CD1d. Clinical trials were performed in adults with
lung cancer using either αGalCer-pulsed DCs or infusion of autologous NKT cells in patients
with lung cancer. Neither treatment yielded responses, but both therapies were well tolerated
in Phase I trials92, 93. The addition of type I NKT cells may improve vaccine responses94.
Gamma-delta T cells are found primarily in the gut mucosa, and are believed to target lipid
antigens. A Phase I trial of autologous gamma-delta T cells in adults with renal cell carcinoma
demonstrated a 60% stable disease rate, and was well tolerated95. Presently, no trials in
pediatric cancers have been opened with either NKT cells or gamma-delta T cells.

It remains to be determined how best to target innate immune activation in the treatment of
cancer. Clearly TLR agonists have therapeutic potential in the setting of bladder and skin
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cancers. Benefits in other tumors may require stimulation of multiple TLRs and the targeting
of pathways used by tumors to escape immune recognition. Importantly, whole cell infusions
may contain combinations of both immune-activating and inhibitory NKT populations, the
latter of which could diminish anti-tumor responses. While there is great hope that gamma-
delta T cells will have efficacy, caution must be exercised in extrapolating observations from
mouse models where these cell subsets form a larger component of the immune system than
humans.

7. Cytokines and Growth Factors
As noted above, studies of combination immune–based therapies are being conducted in
attempt to amplify the magnitude of anti-cancer immune responses. Cytokines and growth
factors that expand and activate T cells are under investigation in that regard. IL-2 is a gamma-
c cytokine produced by T helper 1 cells that causes proliferation of B and T cells, as well as
NK cells. IL-2 is FDA-approved for renal cell carcinoma and malignant melanoma; however,
for pediatric tumors, several trials of IL-2 have been performed with no antitumor effects
observed96-98. Moreover, recent studies have clearly demonstrated that in addition to activating
T and NK cells, IL-2 also substantially expands and activates CD4+CD25+ Tregs, a potential
mediator of tumor-induced immune suppression99. IL-7, a member of the gamma-c cytokine
family, is a key regulator of lymphocyte homeostasis100. IL-7 has been studied in two clinical
trials in adults with refractory malignancies, and has led to increases in CD4+ and CD8+ T
cells with no overt toxicity noted101, 102. It remains unknown whether IL-7 will be active as
direct anti-tumor therapy, although it is likely to be an effective adjuvant103. It is anticipated
that IL-7 will facilitate more effective integration of T cell-based therapies following cytotoxic
chemotherapy, since it dramatically increases T cell recovery in that setting. Lastly IL-21,
another member of the gamma-c cytokine family, is produced by activated T helper 2 cells and
is synergistic with other cytokines such as IL-2. IL-21 has been studied in three clinical trials
in adults with metastatic melanoma and renal cell carcinoma, with 1 CR and 1-4 PRs noted in
each trial104.

Cytokines that work on a more broad range of immune cells, such as interferons, are also under
investigation. Alpha interferons (IFN-α) are produced by lymphocytes, macrophages and
plasmacytoid DCs, primarily in response to viral infections. They stimulate macrophages and
NK cells to elicit an anti-viral response, although subtypes have shown activity against a variety
of malignancies. IFN-α2a is FDA-approved for the adjuvant therapy of adults with stage III
melanoma, hairy cell leukemia, AIDS-related Kaposi's sarcoma, and CML. An ongoing clinical
trial examines the use of IFN-α2a in children with melanoma105. Phase I trials are also
exploring the role of pegylated IFN-α2a for plexiform neurofibromas (NCT00678951,
National Cancer Institute) and brain tumors in children (NCT00041145, National Cancer
Institute). Interferon-α2b is approved in adults for the treatment of hairy cell leukemia,
malignant melanoma, and AIDS-related Kaposi's sarcoma. IFN-α2b is undergoing study in
combination with GM-CSF for ALL, AML, blast phase CML and myelodysplastic syndrome
(NCT00548847, Emory University). How IFN-α mediates antitumor effects remains unclear,
but it likely activates innate immunity.

IFN-γ is produced by NK cells, NKT cells, DCs and CD4+ and CD8+ T cells in response to
viral and intracellular bacterial infections, as well as during anti-tumor responses. It acts mainly
on macrophages, DCs, NK cells and T cells. IFN-γ is FDA-approved for the treatment of
children with osteopetrosis and chronic granulomatous disease. It has shown activity against
Ewing sarcoma when combined with a TRAIL agonist in preclinical models106 and is currently
being studied in children with solid tumors or lymphomas in combination with the TRAIL
receptor agonist moAb, lexatumumab (NCT00428272, National Cancer Institute).
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Tumor necrosis factor-alpha (TNF-α) is a cytokine that is an acute phase reactant secreted
mainly by macrophages at the onset of an inflammatory response. It acts predominantly on
neutrophils and macrophages, but also has functions in the liver and brain. Regional therapy
with TNF-α has been performed in patients with sarcoma, and some antitumor responses were
observed in Ewing sarcoma and Wilms tumor, although this approach is limited by the
development of systemic toxicity107.

Growth factors are also being explored as a means to enhance antigen presentation by tumor
cells directly, or through the recruitment of APCs to the site of the tumor. Recombinant GM-
CSF (sargramostim) is a myeloid growth factor that stimulates hematopoietic stem cells to
make granulocytes and monocytes. When given before and during induction chemotherapy,
GM-CSF may make leukemic blast cells more susceptible to the cytotoxic effects of
chemotherapy108, 109. It causes upregulation of costimulatory molecule expression on
leukemia blasts in vitro and, in combination with IFN-α, can induce antitumor immune
responses in relapsed AML and ALL after allogeneic HSCT110. Tumor cells engineered to
secrete GM-CSF are particularly effective as antitumor vaccines, and the addition of GM-CSF
to standard vaccines may increase their activity by recruiting DCs to the site of
vaccination111. Inhaled GM-CSF is undergoing study in children with pulmonary metastases
from osteosarcoma (NCT00673179, M.D. Anderson Cancer Center; NCT0066365, COG).
One child with Ewing sarcoma demonstrated a CR112, 113 and 48% of patients had disease
stabilization or partial regression for a mean duration of 10 months. This included 8 of 13 (62%)
with sarcoma113.

8. Modulation of Inhibitory Cell Subsets
While the majority of therapies are aimed at optimizing the efficacy of immune effector cells,
future trials will likely incorporate strategies that also reduce cell subsets that inhibit immune
responses. For example, initial trials with IL-2 in pediatrics produced no clinical
responses114, 115. It is possible that IL-2 primarily activated Tregs, which express the high
affinity IL-2 receptor CD25 and can inhibit immune responses through secretion of
transforming growth factor-β and IL-10116. Depletion of Tregs has improved immunotherapy
in preclinical models117. As described above, a current consolidative immunotherapy trial
underway incorporates ex vivo Treg depletion of autologous lymphocyte infusions in attempt
to enhance vaccine induced immune responses for patients high-risk pediatric sarcomas and
neuroblastoma (NCT00526240, National Cancer Institute). Another example is with type II
NKT cells, which bind CD1d but lack the classic T cell receptor that defines NKT cells, and
with rare exception, do not recognize αGalCer118. This subset is generally thought to suppress
anti-tumor activity119. Trials have not yet attempted to target this subset.

Tumor-associated macrophages (TAMs) appear to consist primarily of so-called M2
macrophages, that localize into hypoxic regions of tumors and secrete various
immunosuppressive cytokines, and facilitate angiogenesis and invasion120. In many animal
models, macrophage depletion results in diminished tumor cell survival, increased tumor
rejection, or both121. Pediatric tumors show a predominance of macrophage infiltration,
suggesting that M2 macrophages may be important in childhood cancer122. To date, no
specific strategies to deplete TAMs in the context of immunotherapy trials have been advanced.
Lastly, the role of myeloid-derived suppressor cells (MDSCs) as an important component of
the immunosuppressive microenvironment of tumors has been demonstrated in experimental
models. Indeed, tumor growth results in expansion of MDSCs, increasing nitric oxide in
tumors, which inhibits antigen-specific responses123. Their role in pediatric cancers remains
unclear.
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Thus, there are a variety of inhibitory cell subsets that might need to be targeted in parallel
with activation of anti-tumor effectors. It remains to be seen if this will enhance presently
employed immunotherapeutic strategies, although this seems likely to have clinical relevance
given that such inhibitory pathways have been demonstrated to be active in a variety of
malignancies.

9. Expert opinion
Treatment of childhood cancer has experienced great strides during the last 50 years. However,
the benefits afforded by cytotoxic therapies appear to have plateaued, and the late effects of
current standard regimens are substantial. The challenge to the field of pediatric oncology is
to develop biologic based approaches that enhance the benefits of standard therapies, lessen
toxicity, and extend the gains in survival to those high-risk groups that have not benefited from
chemotherapy. Immunotherapies are biologic based approaches that have shown promise in
preclinical models and clinical trials in this regard. The development of immunotherapeutic
modalities for cancer is advancing rapidly from pre-clinical studies into clinical trials. In some
settings, the benefit of immune based therapy in pediatric oncology has already been
demonstrated. For instance, graft-versus-leukemia effects clearly contribute to the benefit of
allogeneic HSCT for leukemia. Randomized studies have demonstrated improved event free
survival when ch14.18 plus GM-CSF and IL-2 are incorporated into standard therapy for
patients with high-risk neuroblastoma and have demonstrated improved overall survival when
MTP-PE is incorporated into standard therapy for osteosarcoma. Perhaps most importantly,
emerging science suggests that this may only represent the tip of the iceberg with regard to
potential benefits of immunotherapy in pediatric oncology.

However, navigating the challenging terrain between scientific discovery, preclinical
development, early clinical trials and large scale Phase III testing is arduous and slow.
Especially in pediatric oncology, where essentially all of the cancers are rare, collaboration
across groups and building consensus regarding optimal approaches to move forward in clinical
trials is critical to move from early phase trials to definitive Phase III studies in the most
efficient and expedient manner. Continued improvements in technology open new possibilities
for therapies with enhanced potency, but many current approaches for administering
immunotherapies are already technically challenging to produce and administer. Thus, a
balance needs to be struck between the practical ability to apply new therapies and the benefits
that are afforded by new technologies. For instance, while individualized tumor vaccines may
have a strong biologic basis, ultimately such therapies will be available to more patients if off-
the-shelf reagents can be generated that are equally effective.

Finally, it is understandable that current approaches seek to fully optimize the efficacy of
specific therapies, whether moAbs, tumors vaccines, adoptive immunotherapy, etc. However,
we must keep in mind that the immune system represents more than a collection of parts, and
it is designed to be interactive with cross-talk across the elements. Thus, our long term vision
should seek to combine immunotherapies in ways that synergize with one another, in order to
fully exploit the natural complexity and interactive nature of immunity.
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Figure 1. Components of a chimeric antigen receptor
The binding portion of the CAR consists of the Fv fragment from an antibody against a target
antigen, in this case CD19. Typically a T cell receptor signaling domain is attached to the Fv
fragment, in this case using a CD28/CD3ζ tail.
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Figure 2. Potential mechanisms of tumor cell lysis by monoclonal antibodies
MoAbs can (1) be conjugated to toxins or radionuclides, (2) recruit effector cells to participate
in ADCC or (3) release inflammatory cytokines that contribute to tumor killing, (4) activate
complement, (5) interfere with growth factor signaling, or (6) bind anti-idiotype antibodies.
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Table 1
Current Pediatric Clinical Trials: T Cell Therapies for WT1+ Tumors

Clinical trial number Title Primary Site / Sponsor

NCT00608166 Phase I/II Vaccine Therapy and Donor
Lymphocyte Infusions in Treating
Patients With Progressive or Relapsed
Hematologic Malignancies After
Donor HSCT

National Cancer Institute

NCT00620633 Phase I Dose Escalation Trial of WT1-
Sensitized T Cells for Residual or
Relapsed Leukemia After Allogeneic
HSCT

Memorial Sloan-Kettering Cancer Center

NCT00052520 Phase I/II Study Of Adoptive
Immunotherapy With CD8+ WT1-
Specific CTL Clones for Patients With
Advanced MDS, CML, AML or ALL
After Allogeneic HSCT

Fred Hutchinson Cancer Research Center
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Table 2
Current Pediatric Clinical Trials: NK Cell Therapies

Clinical trial number Title Primary Site / Sponsor

NCT00187096 Pilot Study Of Haplo-Identical NK Cell
Transplantation For AML

St. Jude Children's Research Hospital

NCT00640796 Phase I Expanded, Activated
Haploidentical NK Cell Infusions for Non-
B Lineage Hematologic Malignancies

St. Jude Children's Research Hospital

NCT00697671 Phase I Haploidentical NK Cell Infusions
for Poor Prognosis Non-AML Hematologic
Malignancies

St. Jude Children's Research Hospital

NCT00145626 Phase II HLA-Nonidentical Stem Cell and
NK Cell Transplantation for Children Less
the Two Years of Age With Hematologic
Malignancies

St. Jude Children's Research Hospital

NCT00703820 Phase II Randomized Trial of Clofarabine
+ Cytarabine Versus Conventional
Induction Therapy with a Phase II Study Of
NK Cell Transplantation In Newly
Diagnosed AML

St. Jude Children's Research Hospital

NCT00274846 Pilot study of Allogeneic NK Cells in
Patients With Relapsed AML

University of Minnesota

NCT00660166 Phase I HLA Class I Haplotype
Mismatched NK Cell Infusions After
Autologous HSCT for Hematological
Malignancies

Tufts Medical Center

NCT00582816 Phase I/II Reduced Intensity Haploidentical
Transplantation With NK Cell Infusion for
Pediatric Acute Leukemia and High Risk
Solid Tumors

University of Wisconsin, Madison

NCT00698009 Phase II Haploidentical NK Cells in
Relapsed Neuroblastoma Post Autologous
HSCT

M.D. Anderson Cancer Center
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Table 3
Current Pediatric Clinical Trials: Tumor Vaccines

Clinical trial number Title Primary Site / Sponsor

NCT00526240 A Pilot Study of Tumor Vaccination in
Patients With Neuroblastoma and
Pediatric Sarcomas and Altered T-Cell
Homeostasis

National Cancer Institute

NCT00058799 Phase I CD40 Ligand & IL-2 gene
modified leukemia vaccine

Baylor College of Medicine

NCT00048386 Phase I/II IL-2 gene modified autologous
neuroblastoma vaccine

Baylor College of Medicine

NCT00703222 Phase I/II post autologous HSCT Baylor College of Medicine

NCT00002748 Phase I IL-2 gene modified autologous or
partially matched allogeneic
neuroblastoma vaccine

St. Jude Children's Research Hospital

NCT00186862 Phase I Lymphotactin and IL-2 gene
modified neuroblastoma vaccine post
chemotherapy

St. Jude Children's Research Hospital

NCT00258687 Phase I Vaccination with GM-CSF gene
modified, autologous, lethally irradiated
clear cell sarcoma, alveolar soft part
sarcoma, renal cell carcinoma or
melanoma vaccine

Dana-Farber Cancer Institute

NCT00069940 Phase I Vaccination with telomerase
peptide + GM-CSF for brain tumors,
GIST and sarcomas

Dana-Farber Cancer Institute

NCT00085397 Randomized Phase II Immunization
against melanoma comparing autologous
dendritic cells pulsed with gp100 peptide
to autologous dendritic cells fused with
autologous tumor cells

Dana-Farber Cancer Institute

NCT00576641 Phase l Tumor-associated antigen pulsed
dendritic cell vaccine for brain stem
glioma and glioblastoma

Cedars-Sinai Medical Center

NCT00576537 Phase ll Tumor lysate-pulsed dendritic
cell vaccine for brain tumors

Cedars-Sinai Medical Center

NCT00101309 Phase I EBV-transformed fusion tumor
cell vaccine for relapsed Ewing's sarcoma
and neuroblastoma

Milton S. Hershey Medical Center

NCT00107185 Phase I Dose escalation study of
autologous tumor lysate-pulsed dendritic
cell vaccine for malignant gliomas

Jonsson Comprehensive Cancer Center

NCT00405327 Phase II Tumor lysate-pulsed dendritic
cell vaccine for high-risk solid tumor
patients following autologous HSCT

University of Michigan Cancer Center
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Table 4
Current Pediatric Clinical Trials: Monoclonal Antibody-Based Trials

Clinical trial number Title Primary Site / Sponsor

NCT00831844 A Phase II Study of IMC-A12 (Anti-
IGF-I Receptor Monoclonal Antibody,
IND #100947, NSC #742460) in
Children With Relapsed/Refractory
Solid Tumors

Children's Oncology Group

NCT00354107 A Phase I/II Pilot Study of Ifosfamide,
Carboplatin and Etoposide Therapy
(ICE) and SGN-30 (NSC# 731636,
IND#) in Children With CD30+
Recurrent Anaplastic Large Cell
Lymphoma

Children's Oncology Group

NCT00098839 A Feasibility Pilot and Phase 2 Study Of
Chemoimmunotherapy With
Epratuzumab For Children With
Relapsed CD22-Positive Acute
Lymphoblastic Leukemia

Children's Oncology Group

NCT00666588 A Phase II Pilot Study of Bortezomib
Combined With Reinduction
Chemotherapy in Children and Young
Adults With Recurrent, Refractory or
Secondary Acute Myeloid Leukemia

Children's Oncology Group

NCT00372593 A Phase III Randomized Trial of
Gemtuzumab Ozogamicin (Mylotarg)
Combined With Conventional
Chemotherapy for De Novo Acute
Myeloid Leukemia (AML) in Children,
Adolescents, and Young Adults

Children's Oncology Group

NCT00659425 A Phase 1, Multicenter, Dose Escalation
Study of CAT-8015 in Children,
Adolescents and Young Adults With
Refractory CD22+ Acute
Lymphoblastic Leukemia (ALL) or
Non-Hodgkin's Lymphoma (NHL)

National Cancer Institute

NCT00428272 A Phase I Trial of Monoclonal Antibody
HGS-ETR2 (Lexatumumab) With or
Without Interferon Gamma in Patients
With Refractory Pediatric Solid Tumors

National Cancer Institute

NCT00556881 A Phase I Study of Ipilimumab (Anti-
CTLA-4) in Children, Adolescents and
Young Adults With Treatment
Refractory Cancer

National Cancer Institute

NCT00020384 Short-Course EPOCH-Rituximab For
Untreated CD-20+ HIV-Associated
Lymphomas

National Cancer Institute

NCT00445965 Phase II Study of Intrathecal I-3F8 in
Patients With GD2-Expressing Central
Nervous System and Leptomeningeal
Neoplasms

Memorial Sloan Kettering Cancer Center

NCT00089245 Phase I Study Of Inthrathecal
Radioimmunotherapy Using I-8H9 For
Central Nervous System/
Leptomeningeal Neoplasms

Memorial Sloan Kettering Cancer Center

NCT00492167 Phase I Study of Oral Yeast β-Glucan
and Intravenous Anti-GD2 Monoclonal
Antibody 3F8 Among Patients With
Metastatic Neuroblastoma

Memorial Sloan Kettering Cancer Center

NCT00450307 3F8 Antibody Dose Escalation Plus
Granulocyte-Macrophage Colony-
Stimulating Factor in High-Risk
Neuroblastoma: A Phase I Trial

Memorial Sloan Kettering Cancer Center
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Clinical trial number Title Primary Site / Sponsor

NCT00058370 A Trial Of Radioimmunotherapy,
Reduced-Dose External Beam
Craniospinal Radiation Therapy With
IMRT Boost, And Chemotherapy For
Patients With Standard-Risk
Medulloblastoma

Memorial Sloan Kettering Cancer Center

NCT00072358 Phase II Study of Anti-GD2 3F8
Antibody and GM-CSF for High-Risk
Neuroblastoma

Memorial Sloan Kettering Cancer Center

NCT00450827 Combination of Targeted I -3F8-
Mediated Radioimmunotherapy and
Bevacizumab in Patients With Relapsed
or Refractory Neuroblastoma: A Phase
I Study

Memorial Sloan Kettering Cancer Center

NCT00877110 Phase I Study of Anti-GD2 3F8
Antibody and Allogeneic Natural Killer
Cells for High-Risk Neuroblastoma

Memorial Sloan Kettering Cancer Center

NCT00720174 A Phase I/II Study of Doxorubicin and
A12 in Advanced Soft Tissue Sarcoma

University of Chicago

NCT00643240 Phase I Open Label, Single Arm
Escalation Trial to Evaluate the
Biodistribution and Safety of BU-12 in
Patients With Advanced Leukemia

Masonic Cancer Center

NCT00600054 Phase 2 Study of Safety and Efficacy of
Nimotuzumab in Pediatric Patients
With Recurrent Diffuse Intrinsic
Pontine Glioma

YM Biosciences

NCT00642941 A Phase II Trial of R1507, a
Recombinant Human Monoclonal
Antibody to the Insulin-Like Growth
Factor-1 Receptor for the Treatment of
Patients With Recurrent or Refractory
Ewing's Sarcoma, Osteosarcoma,
Synovial Sarcoma,
Rhabdomyosarcoma and Other
Sarcomas.

Hoffmann-La Roche

NCT00761644 A Phase I Trial of Doxil, Bevacizumab
and Temsirolimus

M.D. Anderson Cancer Center

NCT00667342 A Study of Bevacizumab, a Humanized
Monoclonal Antibody Against Vascular
Endothelial Growth Factor (VEGF), in
Combination With Chemotherapy for
Treatment of Osteosarcoma

St. Jude's Children's Research Hospital

NCT00381797 Phase II Study of Bevacizumab Plus
Irinotecan in Children With Recurrent,
Progressive, or Refractory Malignant
Gliomas, Diffuse/Intrinsic Brain Stem
Gliomas, Medulloblastomas,
Ependymomas and Low Grade Gliomas

Pediatric Brain Tumor Consortium

NCT00866047 A Phase 2 Study of SGN-35 in
Treatment of Patients With Relapsed or
Refractory Systemic Anaplastic Large
Cell Lymphoma (ALCL)

Seattle Genetics, Inc.

NCT00649584 A Phase I Dose Escalation Study of
SGN-35 Alone and in Combination
With Gemcitabine in Patients With
Relapsed/Refractory CD30-Positive
Hematologic Malignancies

Seattle Genetics, Inc.

NCT00658658 A Phase 1 Study to Evaluate the Safety
and Pharmacokinetics of Panitumumab
in Children With Solid Tumors

Amgen

NCT00563680 A Phase 2 Study of AMG 479 in
Relapsed or Refractory Ewing's Family

Amgen
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Clinical trial number Title Primary Site / Sponsor
Tumor and Desmoplastic Small Round
Cell Tumors

NCT00589706 A Phase II Study o the Adjuvant Use of
Anti-Epidermal Growth Factor
Receptor-425 (Anti-EGFR-425)
Monoclonal Antibody Radiolabeled
With I-125 for High Grade Gliomas

Drexel University College of Medicine

NCT00668148 A Five-Tier, Phase 2 Open-Label Study
of IMC-A12 Administered as a Single
Agent Every 2 Weeks in Patients With
Previously- Treated, Advanced or
Metastatic Soft Tissue and Ewing's
Sarcoma/PNET

ImClone Systems

NCT00039130 Phase II Study Of Rituximab And Short
Duration, High Intensity Chemotherapy
With G-CSF Support In Previously
Untreated Patients With Burkitt
Lymphoma/Leukemia

Cancer and Leukemia Group B
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Table 5
Current Pediatric Clinical Trials: Chimeric Antigen Receptors

Clinical trial number Title Primary Site / Sponsor

NCT00586391 Phase I CD19 Chimeric Receptor Expressing T
Lymphocytes In B-Cell Non Hodgkin's Lymphoma
And CLL

Baylor College of Medicine

NCT00608270 Phase I Study of CD19 Chimeric Receptor
Expressing T Lymphocytes in B-Cell Non Hodgkin's
Lymphoma and CLL

Baylor College of Medicine

NCT00840853 Phase I/II Study of the Administration of Multi-
Virus-Specific CTLs Expressing CD19 Chimeric
Receptors for Prophylaxis of Therapy of Relapse of
ALL Post-HSCT

Baylor College of Medicine

NCT00924326 Phase I/II Study of B Cell Malignancies Using T Cells
Expressing an Anti-CD19 Chimeric Receptor:
Assessment of the Impact of Lymphocyte Depletion
Prior to T Cell Transfer

National Cancer Institute
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