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Abstract

There are encouraging signs in our collective progress to leverage the immune system to treat pediatric cancers. Here, we
summarize interim successes in cancer immunotherapy and opportunities to translate from the adult world to pediatrics, and
highlight challenges that could benefit from additional development, focusing on solid tumors. Just a decade ago, other than
antibodies targeting disialoganglioside (GD2) in neuroblastoma, pediatric cancer immunotherapy was mostly relegated to
obscure preclinical studies in a few academic labs. Today there are numerous clinical trials of a variety of antibody, cellular,
gene, and viral therapies and vaccines designed to either promote antitumor immunity or specifically attack validated immu-
notherapy targets. Understanding those targets and their pediatric relevance is paramount. While much work is underway to
evaluate the utility of numerous immunologic targets, the lack of regulatory approvals is emblematic of the challenges that
remain. Herein we focus our review on the most promising targeted immunotherapies in clinical trials for children.

Key Points 1 Introduction

Treatment of pediatric solid tumors is starting to benefit Since our (TPC) initial review of the pediatric cancer immu-
from a variety of cell-surface targets and new approaches notherapy landscape three years ago [1], cancer immuno-
to attack those targets. therapy has undergone significant advances for both pedi-

atric and adult patients. There are some encouraging signs
in our collective progress to leverage the immune system to
treat pediatric cancers just over the past few years. Here we

The most promising of these targets include: immune
checkpoints, GD2, B7-H3, HER2, and CD47.

Future directions will likely include combinations of focus on new successes and persistent challenges in pedi-
therapies, biomarkers to assess success, the creation of atric solid tumors since advances in leukemia/lymphoma
more antibody-drug conjugates, and further breakdown have been recently addressed elsewhere [2, 3]. Because the
of regulatory barriers. array of therapeutics and strategies have become so broad,

we mainly highlight selected efforts that have reached the
clinic (Table 1).

Different aspects of the immune system recognize differ-
ent targets. Generally speaking, antibodies can bind a wide
variety of antigens, ranging from proteins and peptides to
carbohydrates [4], whereas native T cells recognize peptides
presented in the context of the class I major histocompat-
B Ajay Gupta ibility complex (MHC). NK cells can recognize antibody-
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pediatric solid tumors, with brief mention of non-targeted
immunotherapies.

2 Immunotherapeutic Targets

We summarize reported data in pediatric solid tumors
to date, splitting the section into those targets that have
been extensively researched and those that require further
characterization.

2.1 Targets with Extensive Research (Arranged
by Priority)

2.1.1 Immune Checkpoint Inhibitors (PD-1, PD-L1, CTLA-4)

The successes in selected adult cancers of blocking immune
checkpoints such as PD1 rely on an underlying target that
can be recognized by immune executioner cells. Indeed,
these agents have been approved for pediatric patients with
high mutational rates, such as those with inherited mismatch
repair deficiency [6]. Yet such mutations are not the norm in
pediatric cancers. The Children’s Oncology Group (COG)
phase I/II trial ADVL1412 was reported on patients aged
1-30 years with relapsed/refractory solid tumors treated
with single-agent nivolumab [7]. Seventy-five patients
were evaluable for toxicity and the drug was found to be
safe and well tolerated with a recommended phase II dose
established; efficacy was only shown in 20% of patients with
lymphoma (4 of 20; 1 complete response [CR] and 3 partial
responses [PR]). Based on no objective responses in patients
with solid tumors, it was suggested that the agent only be
studied in combination with other immunotherapies in pedi-
atric histologies. In addition, in the KEYNOTE-051 study,
investigators treated 154 pediatric patients aged 6 months to
17 years with melanoma or PD-L1-positive relapsed/refrac-
tory solid tumors or lymphoma with single-agent pembroli-
zumab. Again, while generally well tolerated, the majority
of responses were seen in patients with lymphomas; patients
with solid tumors experienced a 5.9% objective response
overall [8]. A third study (SARC028) assessed the benefit of
pembrolizumab in a phase II trial that included a cohort of
pediatric patients 12 years and older with bone sarcomas [9].
Out of the 40 patients with bone sarcomas, it was not speci-
fied what percentage were pediatric; however, there were
only two objective responses, one in a patient with osteo-
sarcoma (with ongoing benefit; 1 of 22 or 4.5%) and one
in a patient with chondrosarcoma (1 of 5 or 20%). Finally,
investigators treating 43 patients with advanced alveolar soft
part sarcoma on a phase II study with atezolizumab, a PD-L1
antibody, demonstrated impressive responses with one CR
and 15 PR (16/43 or 37%) and good tolerability with seven
grade 3 events reported (16%) [10].
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A few trials have reported on checkpoint blockade in
combination therapy. One group combined nivolumab with
nab-sirolimus, an mTOR inhibitor, in nine adult patients
with advanced sarcomas and observed no dose-limiting
toxicities (DLTs); on the third dose level, the median pro-
gression-free survival had not yet been reached at the time
of the conference report, though the follow-up time was not
specified [11]. A European multicenter group tested 13 chil-
dren aged 5-19 years with relapsed/refractory tumors with
a basket trial, one arm of which assessed nivolumab with
metronomic cyclophosphamide plus or minus radiation in
13 patients and found it well tolerated with an unconfirmed
PR in a patient with desmoplastic small round cell tumor
(DSRCT) (1/3 or 33%) and a patient with ependymoma
(1/1) [12]. A different arm is currently open and assessing
nivolumab plus lirilumab, an anti-Killer Ig-like receptor
(KIR) antibody designed to upregulate NK cell activation
(ClinicalTrials.gov identifier: NCT02813135).

One potential limitation of immune checkpoint inhibi-
tion is that pediatric solid tumors exhibit low immunogenic-
ity due to low mutational burden and/or downregulation
of MHC-I expression, leading to low tumor infiltration of
activated T and NK cells. Multiple publications have dem-
onstrated the variable proliferation of these tumor infil-
trating lymphocytes (TILs) in pediatric histologies (and
significant variation between individuals) including in neu-
roblastoma [13], Wilms tumor [14], germ cell tumors [15],
brain tumors [16], and osteosarcoma [17]. Interestingly,
the degree of tumor cell differentiation in neuroblastoma
appears to correlate with degree of TIL infiltration as well
as increased MHC-I expression and improved outcome [13].
The mechanism and purpose of low MHC-I expression may
be manifold; low MHC-I expression may simply be a marker
of undifferentiated (and therefore more aggressive) tumor
cells [13] or tumor cells may actively downregulate MHC-I
expression to avoid T-cell recognition. Dysregulation of
MHC-I expression in cancer has been reviewed elsewhere
[18].

2.1.2 Disialoganglioside GD2

Gangliosides, including GD2 and GD3, are cell surface
markers that are expressed in high levels on specific tumors,
most commonly neuroblastoma and osteosarcoma. Investi-
gators have developed multiple anti-GD2 chimeric mono-
clonal antibodies (including dinutuximab, humanized 3F8
[Hu3F8], hul4.18K322A) and extensively studied each
in neuroblastoma. A recent update from a phase III trial
(HR-NBL1/SIOPEN) demonstrated no additional benefit
and added toxicity with interleukin (IL)-2 when given with
dinutuximab to patients with high-risk neuroblastoma [19],
leading to discontinuation of use of IL-2 in similar COG
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protocols. Other recent advances with anti-GD2 antibodies
in neuroblastoma are reviewed elsewhere [20].

Osteosarcoma has shown to have > 95% GD?2 positivity in
tumors and cell lines [21] and similar efforts have been made
to emulate the progress of anti-GD2 therapy in neuroblas-
toma. In the COG study AOST1421, investigators studied
dinutuximab in combination with granulocyte-macrophage
colony-stimulating factor (GM-CSF) in patients with recur-
rent pulmonary osteosarcoma in complete surgical remission
and enrolled 39 evaluable patients with a 12-month event-
free survival (EFS) of 30%, an insignificant improvement
over a historical 12-month EFS of 20% [22]. There is an
ongoing phase II study of Hu3F8 plus GM-CSF in the treat-
ment of recurrent osteosarcoma in second remission or later
(NCT02502786). In a phase I setting, the National Cancer
Institute is set to assess the combination of dinutuximab
plus magrolimab (monoclonal antibody against CD47, the
so-called macrophage ‘don’t eat me signal,” see below and
reviewed here [23]) in relapsed/refractory neuroblastoma or
relapsed osteosarcoma (NCT04751383). Additional GD2
research has been recently summarized [24] and addresses
future possibilities secondary to GD2 positivity in pediatric
melanoma, Ewing sarcoma, and retinoblastoma.

GD2 has also been targeted via chimeric antigen recep-
tor (CAR) modification of both T cells and NKT cells [25],
which are innate-like T cells that acquire NK-like prop-
erties in the thymus and normally only recognize CD1d.
Clinicians conducting a phase I trial gave 11 patients with
relapsed/refractory neuroblastoma CAR-NKTs and demon-
strated safety and two objective responses (18%, 1 CR and
1 PR) [26]. Recently, as reported in an abstract from Cancer
Research UK Phase I trials of anti-GD2 CAR-T cells (1RG-
CART), investigators treated 12 patients with relapsed/
refractory neuroblastoma with no DLTs, although there was
also no persistence of the CARs until dose level 4 (1 x 108
cells per m?) [27]. Unfortunately, all patients developed pro-
gressive disease and further dose escalation trials have been
proposed. A Chinese study with 34 high-risk neuroblastoma
patients and positive GD2 expression assessed consolida-
tive treatment with a second-generation CAR-T against GD2
(4SCAR-GD?2) after surgery, chemotherapy, and radiation.
Investigators found that the CAR-T cells were well tolerated
with no grade 3 or 4 toxicities observed, exhibited extended
CAR persistence, and demonstrated PR in five patients
including two patients with marked tumor regression [28].
Additional efforts are reviewed by Richards et al. [29].

A German group combined anti-GD2 therapy with
immune checkpoint inhibition in a case report of two
patients with relapsed/refractory metastatic neuroblastoma
treated with nivolumab and dinutuximab and achieving a
CR and a very good partial response (VGPR) [30]. Others
have combined third-generation GD2-specific CAR-T cells
with pembrolizumab in a phase I trial that treated 11 patients

with relapsed or refractory neuroblastoma [31]. While no
objective responses were demonstrated while on the trial,
two out of three patients were reported to have long-term
outcomes of CR; these were the only three patients treated
with the combination of CAR-T, a conditioning regimen,
and nivolumab.

GD2-targeted therapy has also been combined with NK
cells. In a phase II trial of humanized anti-GD2 monoclo-
nal antibody (hul4.18K322A) plus haploidentical NK cells,
IL-2, GM-CSF, and chemotherapy, investigators enrolled
13 heavily pre-treated patients with relapsed/refractory
neuroblastoma. Four patients discontinued treatment for
adverse events but there was a CR or PR in eight patients
(61.5%), demonstrating feasibility and clinically mean-
ingful responses [32]. In a similar setting of patients with
resistant neuroblastoma, a phase I/II trial tested a differ-
ent anti-GD2 monoclonal antibody (m3F8) with increas-
ing doses of haploidentical NK cells. Thirty-five patients
were treated on five dose levels with no maximum tolerated
dose (MTD) reached, and ten patients (29%) experienced
CR or PR to therapy [33]. A third group investigated the
safety of haploidentical NK cells and IL-2 following hap-
loidentical stem cell transplant and conditioning regimen of
I-131 MIBG, cyclophosphamide, fludarabine, and ATG in
seven children with recurrent neuroblastoma [34]. Unfor-
tunately, six patients died, five of disease progression and
one of treatment-related mortality. Another phase II trial
assessed a novel conditioning regimen for newly diagnosed
patients with high-risk neuroblastoma using busulfan, mel-
phalan, autologous hematopoietic stem cell transplantation,
hul4.18K322A, IL-2, and haploidentical NK cells [35]. Of
the 30 treated patients, 21 received NK cells, which were
well tolerated, but there was no clinical difference seen in
patients who did or did not receive NK cells.

Given the successes of anti-GD2 therapy in neuroblas-
toma and its subsequent incorporation into first-line therapy,
we think that other GD2-positive tumors such as osteosar-
coma may benefit from GD2 combination therapy (whether
with anti-CD47, checkpoint inhibitor, or NK cell therapies)
as well as further CAR refinement.

2.1.3 B7-H3 (CD276)

B7-H3 is another immune checkpoint molecule that is over-
expressed on multiple cancers. In a phase I trial of convec-
tion-enhanced delivery of radiolabeled antibody I-124-8H9
(anti-B7-H3) to pediatric patients with non-progressive
diffuse midline gliomas (DMG), investigators enrolled 46
patients and found two DLTs and eight transient grade 3
toxicities with a median survival of 14.8 months, although
four patients (8.7%) had over 3 years’ survival [36, 37]. In
another phase I trial that evaluated intraperitoneal I-131-om-
burtamab (radiolabeled anti-B7-H3 monoclonal antibody)
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in 52 patients aged 1 year and older with DSRCT and other
B7-H3-expressing tumors, investigators found no MTD or
DLTs but two transient grade 4 neutropenias and one throm-
bocytopenia [38]. The therapy was also safely combined
with whole abdominopelvic radiotherapy and showed a
survival signal in both DSRCT patients and recurrent rhab-
domyosarcoma to the peritoneal compartment; recently
updated data showed an improvement in medial overall sur-
vival (OS) for 25 patients who received omburtamab plus
whole abdomen radiation versus 30 patients who received
radiation alone (median OS of 54 months versus 34 months,
respectively) [39]. Researchers found even more impressive
results when this drug was delivered intrathecally in a phase
I trial to 80 treated patients with neuroblastoma metastatic
to the central nervous system (CNS), where 45 (56%) of
the patients were alive at a median of 58 months of follow-
up [40]. This drug is now being studied systemically in the
same population in an open trial (NCT03275402). A third
anti-B7-H3 antibody, MGA27, has reached the clinic in the
form of a phase I trial for 24 patients aged 1-35 years with
B7-H3-positive relapsed/refractory solid tumors, but has yet
to report the results (NCT02982941).

Most recently, a promising new CAR-T has been devel-
oped called synthetic Notch (synNotch) CAR-T cell, which
is able to recognize first GD2, and then upon recognition,
activate a receptor to recognize B7-H3, both of which are
expressed on neuroblastoma [41]. While this specific tech-
nology is in preclinical stages, there is a Chinese trial study-
ing fourth-generation safety-designed CAR-T cells (4SCAR-
T) targeting multiple antigens, including GD2, B7-H3, and
PSMA (prostate-specific membrane antigen) in neuroblas-
toma (NCT04637503).

Anti-B7-H3 therapy seems to be most effective in cancers
with the worst overall up-front prognoses (DMG, DSRCT,
neuroblastoma metastatic to the CNS). Multiple creative
ways of delivering these antibodies appear to be effective
in select individuals, though further studies to determine
optimal dosing and routes are necessary. We are very inter-
ested to see how well the combination of GD2 and B7-H3
CAR will work.

2.1.4 HER2

HER?2 is a well-known surface marker for multiple cancer
types, most famously breast cancer. Autologous CAR-T
cells against HER2 plus lymphodepleting chemotherapy in
advanced HER2-positive pediatric sarcomas are being stud-
ied in an ongoing phase I trial (NCT00902044) in patients
with refractory or metastatic sarcomas, with interim results
from ten patients (median age 14 years) demonstrating safety
and CR in two patients (20%), one with osteosarcoma meta-
static to the lungs and another in a patient with refractory
alveolar rhabdomyosarcoma metastatic to bone marrow [42].
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The latter patient had an exceptional response likely second-
ary to a revival of endogenous immune antitumor reactivity
with disease remission for 20 months followed by a relapse
that was again salvaged by a second infusion of the same
CAR-T cells [43]. HER2 CAR-modified virus-specific T
cells (VSTs) have also been studied in patients with pro-
gressive HER2-positive glioblastoma in a phase I trial that
included seven pediatric patients and demonstrated one PR
in a 17-year-old with an unresectable thalamic glioblastoma
[44]. A COG Pediatric Early Phase Clinical Trial Network
(PEP-CTN) trial, PEPN1924, is currently evaluating in
phase II the use of an anti-HER2 monoclonal antibody-
drug conjugate, trastuzumab deruxtecan, for the treatment
of HER2-positive newly diagnosed or recurrent osteosar-
coma (NCT04616560). We look forward to the results of
this study and also expect to see additional explorations of
existing CARs and VSTs.

2.1.5 Vascular Endothelial Growth Factor (VEGF)
and Receptor (VEGFR)

VEGEF is a key mediator of angiogenesis and tumor survival.
Bevacizumab (anti-VEGF monoclonal antibody) was stud-
ied retrospectively in a pediatric cohort of 18 patients with
relapsed/refractory sarcomas in combination with appropri-
ate chemotherapeutic regimens and was shown to be gener-
ally well tolerated aside from cytopenias, and appeared to
be associated with prolonged disease-free intervals in some
patients with widely metastatic disease [45]. Investigators
conducted a phase I study looking at the combination of
bevacizumab with everolimus, an mTOR inhibitor, in 15
children with recurrent or refractory solid tumors and iden-
tified no DLTs and no objective responses [46]. A second
phase I study evaluated the combination of bevacizumab,
sorafenib, and low-dose cyclophosphamide in 24 children
and found grade III/IV toxicities of lymphopenia in 17
patients, hypertension in four patients, hand/foot rash in
three patients, and elevated lipase in three patients. Three
patients achieved a PR, including two synovial sarcoma (2/3
or 66%) and one rhabdoid tumor patient (1/3 or 33%) [47].
A European group conducted a randomized phase II study
(BERNIE) evaluating the addition of bevacizumab to chem-
otherapy in children with metastatic rhabdomyosarcoma and
non-rhabdomyosarcoma soft tissue sarcomas and found no
difference in OS with the addition of bevacizumab [48, 49].
Bevacizumab was used in a second phase II trial in addition
to standard chemotherapy for 31 patients with osteosarcoma
and demonstrated increased wound healing complications
without any improvement in histologic response or survival
[50]. The results from a recently completed phase I trial of
ramucirumab (anti-VEGFR?2) in 29 children aged 1-21 years
with recurrent or refractory solid tumors have not yet been
reported (NCT02564198). Unfortunately, the incorporation
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of anti-VEGF(R) antibodies into the treatment of pediatric
solid tumors has been unsuccessful to date and it remains
to be seen whether tumor vasculature can be successfully
targeted in other ways.

2.2 Novel Targets Under Active Investigation
(Arranged Alphabetically)

2.2.1 CD30

Brentuximab, an anti-CD30 monoclonal antibody, was used
to treat seven adult patients (5 of which were young adults
under the age of 40) with CD30-positive relapsed or refrac-
tory germ cell, Leydig cell, and Sertoli cell tumors and dem-
onstrated an objective response in two of the seven (29%)
[51]. Additional study is required.

2.2.2 CD47

The clinical therapeutic potential of targeting tumor-asso-
ciated macrophages (TAMs) was recently shown by inhibi-
tion of the macrophage ‘checkpoint’ SIRPa by interfering
with binding to its ligand, CD47, which is often expressed
on cancer cells including solid tumors [52]. HuSF9-G4 (mag-
rolimab) is a humanized monoclonal antibody that binds to
CD47 and blocks its anti-phagocytic ‘do not eat me’ signal,
leading to tumor cell phagocytosis; we previously summa-
rized its expression in pediatric histologies [23]. We look for-
ward to several planned phase I clinical trials of HuSF9-G4
alone or in combination with anti-GD2 therapy for children
with advanced solid tumors (NCT04525014, NCT04751383).

2.2.3 Glycoprotein Non-Metastatic B (QpNMB)

gpNMB is a type I transmembrane glycoprotein that is over-
expressed in malignancy. A phase II trial of glembatumumab
vedotin (anti-gpNMB conjugated to monomethyl auristatin
E or MMAE) in 22 patients aged 12-50 years with relapsed
or refractory osteosarcoma unfortunately had one grade 5
toxicity possibly related to glembatumumab vedotin, and
there was only one PR (4.5%), so the agent will not proceed
to phase II [53]. This agent has been de-prioritized.

2.2.4 Insulin-Like Growth Factor Receptor 1 (IGF-1R)

Insulin-like growth factor signaling activation promotes can-
cer proliferation, invasion, and metastasis but has proven
difficult to therapeutically target. A phase III trial was con-
ducted in children with newly diagnosed metastatic Ewing
sarcoma (COG AEWS1221) including 148 patients with
standard chemotherapy and 151 with standard chemother-
apy plus ganitumab, a monoclonal antibody against IGF-
1R. Results demonstrated potentially increased toxicity

(increased pneumonitis post-radiation) without a survival
benefit [54]. Recently, dalotuzumab, another monoclonal
antibody against IGF-1R, was studied in combination with
ridaforolimus, an mTOR inhibitor, in a phase I study of
pediatric patients with advanced solid tumors. Twenty-four
patients were treated with a single DLT of stomatitis and
one out of six (16.6%) patients with Ewing sarcoma had a
PR [55]. The successful incorporation of IGF-1R antibodies
into Ewing sarcoma therapy will require additional research.

2.2.5 L1-Cell Adhesion Molecule (L1-CAM)

CAR-T cells against LI-CAM (CD171), a transmembrane
glycoprotein overexpressed in cancer, were tested in 22
children with recurrent/refractory high-risk neuroblastoma
but showed no objective responses; two patients with early
progressive disease were alive at time of publication without
subsequent therapy [56]. Increasing CAR dose and CAR
generation (third over second) resulted in improved CAR
persistence and may deserve additional study.

2.2.6 Receptor Activator of NFkB Ligand (RANKL)

Denosumab is a monoclonal antibody that binds RANKL,
which is expressed on osteoclasts and may be important in
pulmonary metastatic spread of osteosarcoma [57]. This
agent was tested in COG trial AOST1321 and demonstrated
no efficacy in patients with relapsed osteosarcoma; the data
were analyzed in aggregate with two other trials of novel
therapies (eribulin and glembatumumab) and those 57
patients were found to have a 4-month EFS of 7% [58]. This
agent may be de-prioritized.

2.2.7 Semaphorin SEMA4D

Semaphorins regulate immune responses to tumors and
angiogenesis and are overexpressed on solid tumors, includ-
ing osteosarcoma; pepinemab is a monoclonal antibody
against the semaphorin SEMA4D. A phase I/II trial (COG
ADVL1614) in patients aged 1-30 years with relapsed or
refractory solid tumors treated 16 evaluable patients and was
generally well tolerated, with one patient having a cycle 1
DLT (grade 3 acute kidney injury, arthralgias) and another
patient have a late-cycle grade 4 pericardial effusion [59].
Drug activity is still under evaluation.

2.2.8 Tumor Necrosis Factor-Related Apoptosis-Inducing
Ligand (TRAIL)

TRAIL activation can lead to cell death; lexatumumab
(HGS-ETR2) is a TRAIL-R2 agonist. A phase I trial in
patients aged 1-30 years with relapsed or refractory solid
tumors treated 24 patients with a single agent. The trial
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showed no objective responses, but there is a report of a
patient with osteosarcoma who experienced resolution of
clinical symptoms and PET activity [60]. Further study is
needed.

2.2.9 Other

Other relevant targets currently in clinical trial, awaiting trial
open, or pending reporting of results are listed in Table 1
(including a4-integrin, CD40, CD73, etc.).

3 Non-Targeted Therapies

3.1 Oncolytic Viruses

Oncolytic viruses are live, replicating viruses that infect
and kill tumor cells, induce an antitumor immune response,
and are safe to administer to people. In the 6 years since
talimogene laherparepvec (T-vec, Imlygic) was approved by
the FDA for melanoma in 2015, there has not been another
FDA approval, either of T-VEC in a second indication or of
another virus. However, it remains an active area of inves-
tigation, with over 200 ongoing clinical trials of different
viruses spanning numerous types of viruses in combina-
tion with a variety of other therapies (recently reviewed
here [61]). Poor efficacy is thought to be due to a variety of
factors including antiviral immune responses, the immuno-
suppressive tumor microenvironment, and low delivery of
systemically administered virus to tumor sites. Alternative
delivery methods to circumvent systemic antiviral immu-
nity are now being pursued. For example, a phase II study
evaluated the safety and efficacy of autologous mesenchymal
stem cells carrying an oncolytic adenovirus in patients with
relapsed/refractory solid tumors, including nine pediatric
patients, and demonstrated good safety but no objective
responses [62].

Perhaps the most promising area for oncolytic viruses
in pediatrics is brain tumors, given that the tumor is usu-
ally localized and, despite the inherent challenges, can be
injected locally. Friedman and colleagues recently dem-
onstrated feasibility of injecting pediatric patients with
an oncolytic herpes simplex virus, G207, and found most
patients appeared to benefit with prolonged stable disease
or tumor shrinkage [63]. The virus appeared to act mainly
as an immunostimulant, recruiting T cells into the tumor
and requiring significant time to elicit tumor responses.
Other ongoing oncolytic virus studies in pediatric patients
with brain tumors include those based on poliovirus, mea-
sles virus, and adenovirus (NCT03043391, NCT02962167,
NCT03178032).
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3.2 Vaccines

Therapeutic cancer vaccines for pediatric malignancies were
recently summarized [64].

3.3 Immunomodulatory Drugs

In the pathway towards drug discovery, some agents are
found to have unforeseen immune effects. Pomalidomide
is one such agent where the exact molecular mechanism
of antitumor activity is unknown but may broadly sup-
press various cytokines important for tumor growth while
increasing cytokines important for T- and NK-cell tumor
suppression [65]. The Pediatric Brain Tumor Consortium
(PBTC) recently conducted a phase I trial of pomalidomide
in 25 evaluable children with recurrent, refractory, and pro-
gressive brain tumors and demonstrated four DLTs in three
patients, including grade 3 diarrhea, grade 3 thrombocy-
topenia, grade 3 lung infection, and grade 4 neutropenia
[66]. There was one patient with anaplastic pleomorphic
xanthoastrocytoma of four anaplastic astrocytomas (25%)
who demonstrated a sustained PR.

4 Prioritization

While very few immunotherapies have proven themselves in
these early days as fully established front-line therapies for
pediatric solid tumors, the notable exceptions include anti-
GD2 therapy for neuroblastoma and checkpoint inhibition
for melanoma, renal cell carcinoma, and solid tumors with
high tumor mutational burden (among other entities out-
lined here [67]). Biomarkers and assessment of the success
of these approaches continues to be a work in progress. Also,
it is unclear why these validated antibodies have not yet been
converted to antibody-drug conjugates given the success of
that class of agents in leukemias/lymphomas and some adult
solid tumors [68]. We are not aware of data suggesting such
conjugation might interfere with their Fc receptor binding
or that there are low rates of receptor internalization upon
engagement.

In our opinion, combination trials featuring immuno-
therapeutic agents plus or minus standard chemotherapeu-
tic agents are the most promising options moving forward.
We are encouraged most by the increasing volume of work
done on well-known immunologic targets such as PD-1,
GD2, B7-H3, HER2, and CD47, but anticipate identifica-
tion of novel tumor antigens, several of the most promising
of which are detailed in this review. It is too early to know
which of these will prove to be both safe and efficacious
in different diseases and contexts. Prioritization for further
development should take into consideration not only the
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strength of preclinical and early clinical data, but also the
likelihood and expected timeline of clinical trials as well as
the prospect of industry engagement if the target is largely
restricted to pediatric (rare) diseases. Some groups such
as ACCELERATE have begun having such discussions
and even published their rationale for the development of
immunotherapies in pediatric patients with cancers and how
regulatory barriers may be overcome [69-71]. These docu-
ments emphasize the importance of combination trials and
encourage the use of checkpoint inhibitors with other immu-
notherapies, especially in (solid) tumors with hypermutation
(which is the only identified predictive biomarker to date).
In particular, they emphasize the combination of checkpoint
inhibitors with CAR-T cells and engineered antibody-based
proteins, also known as synthetic immunotherapies [69].
In one discussion dedicated to epigenetic modifiers, they
provide theoretical insight into how such agents may be
combined with immunotherapy, potentially by upregulating
MHC-I expression [71].

Regarding non-targeted agents, the field is too under-
developed to make any judgements about prioritization.
Notably, the clinical successes of mRNA vaccines deliv-
ered by liposomal nanoparticles for Sars-CoV-2 has recently
increased enthusiasm for mRNA vaccines for cancer, but it
is unclear if cancer neoantigens will be sufficiently immu-
nogenic to break tolerance with that approach.

5 Conclusion

As with other aspects of cancer, the old adage appears to be
holding true with immunotherapies: children are not young
adults, and neither are their cancers. With rare case excep-
tions, the success of checkpoint inhibition in adult cancers
has not been realized in pediatrics, likely due to generally
low mutational burdens. Yet there has been great progress
in leveraging the immune system to attack cancers by rec-
ognizing normal proteins or antigens (e.g., CD19 and GD2)
that can be clinically tolerated. As evidenced in our review,
much work is underway to evaluate the utility of numerous
other immunologic targets. The lack of other FDA approv-
als beyond anti-CD19 and anti-GD2 therapies in pediatric
cancers (and the restricted approval of checkpoint inhibitors
for mismatch repair patients) exemplifies the challenges that
remain.

With all the progress in just a few years, the era of pedi-
atric immunotherapies appears to be ‘hitting the gas.” But in
order to truly accelerate, we must highlight the importance
of counteracting the immunosuppressive microenvironment
and ‘releasing the brakes.” It is becoming increasingly clear
from pre-clinical and human tissue studies that pediatric
cancers often harbor numerous immunosuppressive cells
or factors (Tregs, myeloid-derived supressor cells, M2-like

macrophages, PD-L1, hypoxia, arginine depletion, adeno-
sine, IL-10, etc.). To realize the full potential of immuno-
therapies, we will likely need to co-develop strategies or
treatments to ‘release’ all of these different ‘brakes’ in the
tumor microenvironment, allowing immunotherapies to
travel that much farther.
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