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Abstract
The advent of immunotherapy has revolutionized howwemanage and treat cancer.While themajority of immunotherapy-related studies
performed to date have focused on adult malignancies, a handful of these therapies have also recently found success within the pediatric
space. In this review, we examine the immunotherapeutic agents that have achieved the approval of the US Food and Drug
Administration for treating childhood cancers, highlighting their development, mechanisms of action, and the lessons learned from
the seminal clinical trials that ultimately led to their approval. We also shine a spotlight on several emerging immunotherapeutic
modalities that we believe are poised to have a positive impact on the treatment of pediatric malignancies in the near future.
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1 Introduction

While advancements in chemo- and radiotherapy have had a
remarkable impact on the overall survival of children afflicted
with cancer over the past few decades, pediatric malignancies
continue to be a leading cause of death by disease in people
younger than 20 years of age. In addition, many patients that
survive into adolescence and beyond often do so with a host of
debilitating treatment-related side effects that can permanently
impact their quality of life. Immunotherapies are an emerging
form of treatment that are designed to help the patient’s immune
system eradicate cancerous cells while mitigating many of the
unfortunate sequelae associated with conventional therapies.
Numerous forms of immunotherapy have shown promising

results in adult malignancies, paving the way for their implemen-
tation against various types of childhood cancer. In this review,
we highlight those immunotherapies that have attained approval
of the US Food and Drug Administration for treatment of pedi-
atric malignancies, providing insight on their development,
mechanisms of action, and their use in the clinic. We also exam-
ine some of the new immunotherapeutic approaches on the ho-
rizon, focusing on their development and the challenges and
opportunities that lie ahead as they make their way into clinical
application.

2 Immunotherapies approved by the FDA
for the treatment of childhood cancer

2.1 Blinatumomab (Amgen)

Blinatumomab (trade name Blincyto®) is the first-in-class
member of a group of novel-targeted antibodies known col-
lectively as bispecific antibodies (BsAbs). These molecules
are typically constructed of two single-chain variable frag-
ments (scFv) joined by a flexible linker. While there is room
for variation, most BsAbs described to date share a similar
design in that one scFv is specific for a validated tumor anti-
gen, whereas the other is targeted to the CD3 subunit of the T
cell receptor [1]. By physically bridging T cells to tumor cells,
BsAbs facilitate the formation of an immunological synapse
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inducing T cell degranulation, culminating in the death of the
conjoined tumor cell [2]. In the case of blinatumomab, the
tumor-targeting arm of the BsAb is an scFv specific for the
B lymphocyte antigen CD19, which is expressed on nearly all
B-lineage lymphoblastic leukemias and lymphomas [3].

Blinatumomab was first introduced in 2000 by Löffler and
colleagues, who showed that this construct promoted significant
cytotoxicity in CD19+ lymphoma cells co-cultured with
unstimulated T cells at concentrations of 10–100 pg/mL and ef-
fector to target cell ratios as low as 2:1 [4]. Results from the first
clinical trial to feature blinatumomab, a study on 38 adult patients
with relapsed or refractory non-Hodgkin lymphoma, were pub-
lished in 2008 [5]. Partial and complete tumor regressions were
observed at dose levels as low as 0.015 mg/m2/d given over 4 to
6 weeks, and all seven patients enrolled in the 0.06-mg dose level
arm of the study showed objective responses. A phase II trial for
acute lymphoblastic leukemia (ALL) in adults was conducted
shortly thereafter, where it was concluded that blinatumomab
treatment was efficacious and generally well tolerated [6, 7].

The first use of blinatumomab in pediatric patients was made
possible under a compassionate use approval for treatment of
post-transplant relapsed B cell precursor ALL (B cell ALL) [8].
Three patients, having failed to achieve durable responses follow-
ing allogenic bone marrow transplantation and multiple cycles of
chemotherapy, were given blinatumomab as a continuous intra-
venous infusion (0.015 mg/m2/d) for several weeks. Although
each patient started treatment with different levels of leukemia
load, blinatumomab administration induced an expansion of
donor-derived T lymphocytes and lowered their level of leukemic
blast cells below the threshold of minimal residual disease; one of
these patients was still in complete remission as of 2018 [9].
Compelling results from an additional cohort of six pediatric pa-
tients spurred the initiation of an open-label phase I/II study for
use of blinatumomab to treat chemotherapy-refractoryB cell ALL
in 2011 [10, 11]. Data collected from 49 patients in the phase I
arm of the study were used to determine an optimal dosing reg-
imen. This regimen consisted of 6-week treatment cycles starting
with a 7-day period of low dose (0.005 mg/m2/d) blinatumomab
to reduce the risk of immunological toxicities and increasing it to
a higher 0.015 mg/m2/d dose thereafter. The most common ad-
verse events observedwere pyrexia (80%), anemia (41%), nausea
(33%), and headache (30%); the majority of which were reported
within the first few days of induction. Administration of the drug
was also noted to be somewhat cumbersome, as it requires con-
tinuous infusion due to its short (~ 2 h) half-life. Blinatumomab
treatment was temporarily halted in 10 patients and discontinued
in 4 others because of the severity of their adverse events, includ-
ing two incidents of cytokine release syndrome.Of the 70 patients
treated in the phase II arm of the study, 39% achieved complete
remission (defined as no evidence of blasts or extramedullary
disease) within two treatment cycles; more than half of these
responding patientswould eventually achieve a completeminimal
residual disease response [10].

In the wake of these overall promising results, blinatumomab
received FDA approval for use in pediatric patients with
Philadelphia chromosome-negative relapsed/refractory B cell
ALL in 2016. This approval was expanded the following year
to include adults and pediatric patients with relapsed or refrac-
tory B cell ALL and expanded again in 2018 to treat adults and
children with B cell ALL who are in remission but still have
minimal residual disease [12]. Additionally, Amgen recently
announced that enrollment in two of their ongoing phase III
trials comparing the efficacy, safety, and tolerability of
blinatumomab to conventional chemotherapy in pediatric B cell
ALL patients (NCT02393859 and COG-AALL1331) had been
terminated early due to the lower toxicity, better minimal disease
clearance, and improved disease-free and overall survival ob-
served in the blinatumomab arms of each study [13].

2.2 Dinutuximab (United Therapeutics)

Dinutuximab (trade name Unituxin®) is a chimeric human-
mouse antibody specific for disialoganglioside (GD2), a glycolip-
id antigen that is highly expressed on the surface of neuroblasto-
ma and a variety of other embryonal tumors including rhabdo-
myosarcoma, Ewing sarcoma, retinoblastoma, osteosarcoma, and
some pediatric brain tumors [14, 15]. Originally known as
“ch14.18,” dinutuximab was developed in the late 1980s along-
side several other clinical-grade anti-GD2 antibodies as a treat-
ment for neuroblastoma [16]. These antibodies elicit their antitu-
mor effects by binding GD2 on the tumor cell surface, allowing
their respective Fc portions to engage receptors on monocytes,
macrophages, neutrophils, and natural killer cells. This engage-
ment subsequently triggers the death of the tumor cell by
antibody-dependent cell-mediated cytotoxicity (ADCC) and/or
complement-dependent cytotoxicity [17–19].

Dinutuximab is the combination of the variable regions of
the murine IgG3 anti-GD2 monoclonal antibody 14.G2a and
the constant regions of human IgG1 [20]. This design choice
was taken as a precautionary measure to diminish the chances
of the patient developing a human anti-mouse antibody
(HAMA) response following administration, which can neg-
atively impact antitumor efficacy. Due to a combination of
promising preclinical data and early clinical results with the
14.G2a antibody, a phase I clinical trial to determine the tox-
icity and maximum tolerated dose (MTD) of dinutuximab in
stage 4 neuroblastoma patients was initiated in the early 1990s
[21]. Nine pediatric patients were treated with 19 courses of
dinutuximab at dose levels of 30, 40, or 50mg/m2/d and 5 days
per course. An MTD of 50 mg/m2 per injection was
established with noted side effects of urticaria, pruritus, and
pain, the latter of which is now believed to be the result of
complement activation at GD2-expressing nerve fibers
(though it predominantly occurs only during infusion when
there are peak serum levels) [22]. Over the course of the trial,
four patients achieved a complete or partial remission, two
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others displayed a minor response or stable disease, and three
patients showed tumor progression. Importantly, and in direct
contrast to earlier studies with the 14.G2a antibody, no patient
developed a HAMA response [21].

Following these data, a larger study was initiated with 164
patients who were treated under the German neuroblastoma
protocol NB97. Patients given at least one cycle of
dinutuximab after intensive chemotherapy exhibited a better
overall survival rate compared with patients who did not re-
ceive consolidation treatment [23]. Subsequent clinical trials,
where dinutuximab was combined with immune adjuvant
granulocyte-macrophage colony stimulating factor (GM-CSF)
to enhance ADCC, also showed promising efficacy and tolera-
bility [19, 24]. These findings precipitated a phase I study by the
Children’s Oncology Group in 1997, where the combination of
dinutuximab with GM-CSF and interleukin-2 (IL-2) was inves-
tigated in 25 pediatric patients following high dose chemother-
apy with autologous bone marrow rescue [25]. This study
established an MTD of 25 mg/m2/d dinutuximab given concur-
rently with alternating courses of 4.5 × 106 U/m2/d of IL-2 or
0.25 mg/m2 GM-CSF for 6 total courses at 28-day intervals.
Although two patients experienced dose-limiting toxicities on
this regimen, no deaths were attributable to toxicity of the ther-
apy and no patient developed a HAMA response.

These findings paved the way for the Children’s
Oncology Group ANBL0032 randomized phase III study
in 2001, which examined the benefits of adding
dinutuximab with GM-CSF and IL-2 to standard isotretinoin
therapy in high-risk neuroblastoma patients [26]. The study,
which randomly assigned 226 patients into immunotherapy
and standard therapy groups, was stopped prematurely in
2009 due to the superiority of the dinutuximab-treated group
with regard to event-free survival (66% versus 46% at
2 years) and overall survival (86% versus 75% at 2 years).
Treatment-related side effects were most common during the
first cycle of treatment and generally consistent with expec-
tations of dinutuximab and IL-2 therapy, including pain
(52% of patients), hypotension (18% of patients), capillary
leak syndrome (23% of patients), and hypersensitivity reac-
tions (25% of patients). In light of this success, the FDA-
approved dinutuximab combination therapy in 2015 for
high-risk neuroblastoma patients who achieve at least a par-
tial response to frontline multimodal therapy [27]. A variant
of dinutuximab known as dinutuximab-beta (trade name
Qarziba®), which is produced in a different cell line but
otherwise displays comparable activities, was similarly ap-
proved by the European Commission for high-risk neuro-
blastoma in 2017 following positive results in another series
of clinical studies [28, 29]. Efforts to further improve the
efficacy of dinutuximab and lower its incidence of side
effects (e.g., by further humanization of the antibody or
altering its rate of administration) are currently under inves-
tigation [19].

2.3 Pembrolizumab (Merck) and ipilimumab
(Bristol-Myers Squibb)

Pembrolizumab (trade name Keytruda®) and ipilimumab (trade
name Yervoy®) are two of the most prominent members of a
class of immunotherapeutics collectively known as immunemod-
ulators or immune checkpoint inhibitors. While the targets of
these two antibodies are distinct, both function by impeding in-
hibitory signals of Tcell activationwhich in turn allows these cells
to better mount an effective antitumor response [30–32].

Pembrolizumab is a humanized IgG4 monoclonal antibody
specific for programmed cell death protein 1 (PD-1), a cell sur-
face receptor expressed on activated T and B lymphocytes [33].
PD-1 negatively regulates T cell activation through engagement
of its ligands, PD-L1 and PD-L2, which are widely expressed in
non-lymphoid tissues and further upregulated in response to in-
flammatory cytokines [34]. Engagement of PD-L1 or PD-L2 by
PD-1 results in the attenuation of T cell activity through negative
regulation of proximal signaling elements of the T cell receptor
[35]. Although the feedback loop enabled by the PD-1 signaling
axis is essential for maintaining peripheral tolerance and
preventing autoimmunity, malignant tumors can also co-opt
these processes by upregulating PD-L1 and/or PD-L2 to shield
themselves from immune destruction [32, 36]. While the exact
mechanism(s) of how pembrolizumab and similar checkpoint
inhibitors achieve their antitumor activity remain to be fully elu-
cidated, PD-1 blockade has been shown to “reinvigorate” and
expand exhausted T cells in the tumor microenvironment, there-
by helping promote tumor rejection [37].

Originally known as MK-3475 (and later designated
“lambrolizumab”), pembrolizumab was developed in 2006 and
later acquired byMerck in 2009. A first-in-human phase I clinical
trial involving adult patients with advanced solid tumors was
initiated shortly thereafter. Results from this study were published
in 2015 and showed clinical responses at all pembrolizumab dose
levels tested (1, 3, or 10 mg/kg every 2 weeks) without reaching
dose-limiting toxicities [38]. Subsequent clinical trials were
started in earnest (see reference [39] for a more comprehensive
review), and positive results from these studies eventually culmi-
nated in the FDA approval of pembrolizumab for the treatment of
more than 20 indications including melanoma in 2014 [40], non-
small cell lung cancer in 2015 [41], head and neck squamous cell
carcinoma in 2016 [42], Hodgkin lymphoma in 2017 [43], gastric
and gastroesophageal carcinoma in 2018 [44], renal cell carcino-
ma [45], and certain forms of endometrial cancer in 2019 [46].

Despite these successes, relatively few studies examining the
use of pembrolizumab to treat pediatric malignancies have been
conducted to date. In a 2014 phase I study of a PD-1 targeted
antibody in children, the Sarcoma Alliance for Research through
Collaboration investigated the use of single therapy
pembrolizumab in pediatric patients with advanced soft tissue or
bone sarcomas [47]. A total of 84 patients received 200 mg of
pembrolizumab intravenously every 3 weeks, and while the drug
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was well tolerated, an objective response (as assessed by the
investigators) was only achieved in 18% of soft tissue sarcoma
patients and 5% of bone sarcoma patients. Pembrolizumabwould
eventually be approved by the FDA in 2017 for adults and chil-
dren with refractoryHodgkin lymphoma or patients who relapsed
after three or more prior treatments. This decision was based on
efficacy data obtained from the KEYNOTE-087 trial, where 210
adult Hodgkin lymphoma patients treated with pembrolizumab
showed an overall response rate of 69%, with 22% achieving a
complete remission; efficacy for the pediatric population was ex-
trapolated from these results as drug tolerability at the adult level
had previously been established [48]. As of this writing, Hodgkin
lymphoma remains the only pediatric indication for
pembrolizumab therapy.

Ipilimumab is a fully humanized monoclonal IgG1 antibody
that targets cytotoxic T lymphocyte antigen 4 (CTLA-4). Like
PD-1, CTLA-4 is intrinsically linked with T cell activation. Its
expression is upregulated immediately after T cell receptor en-
gagement where it acts to dampen Tcell activation by competing
with the CD28 receptor for access to the costimulatory molecules
B7-1 (CD80) and B7-2 (CD86) [32, 49–51]. Ipilimumab sterical-
ly blocks CTLA-4 and prevents it frommaking these interactions.
This in turn has been shown to enhance Tcell activation, increase
neoantigen-specific CD8 T cells in the tumor microenvironment,
and deplete immunosuppressive T regulatory cells [52, 53].

Originally known asMDX-010, ipilimumabwas developed in
the early 2000s by the biopharmaceutical company Medarex and
later acquired by Bristol-Myers Squibb in 2009 [54, 55].
Following encouraging preclinical data, results from the first hu-
man phase I clinical trial to feature ipilimumab were published in
2007 [56]. The objectives of this study were to determine the
safety of a single 3 mg/kg dose of ipilimumab (previously found
safe in macaque toxicity studies) in 14 patients with hormone-
refractory prostate cancer and to assess whether treatment modu-
lated T cell activation or expression of prostate-specific antigen.
Ipilimumab treatment was generally well tolerated with only one
patient developing clinical autoimmunity, which manifested as a
grade 3 rash/pruritus that cleared with corticosteroid treatment.
Although there was no change in patient lymphocyte populations
over time save for a slight uptick in CD4 and CD8 T cells ex-
pressing the T cell activation marker HLA-DR, two patients
showed a ≥ 50% decrease in levels of prostate-specific antigen.
Pharmacokinetic analyses also revealed a circulating half-life of
12.5 days for ipilimumab, suggesting a 3- or 4-week dosing reg-
imen could be feasible for subsequent clinical studies.

Numerous phase I/II studies evaluating ipilimumab in various
cancers have been conducted in the years since [57], but its
greatest success to date has been in the management of malignant
melanoma for which it received FDA approval in 2011 [58, 59].
Results from the ipilimumab registration trial were reported in the
New England Journal of Medicine in 2010 [60]. In this phase III
study, a total of 676 advanced melanoma patients were random-
ized to receive treatment consisting of ipilimumab (3mg/kg every

3 weeks, 4 doses total), a glycoprotein 100 (gp100) peptide vac-
cine, or the combination thereof. Patients who received
ipilimumab, either alone or as combination therapy, exhibited
significantly improved overall survival compared with patients
treated with gp100 (~ 10 months vs. 6.4 months), with 1-year
overall survival rates of 45.6% for ipilimumab alone, 25.3% for
gp100 alone, and 43.6% for their combination. Adverse events
were reported in ~ 60% of ipilimumab-treated patients and 32%
of gp100-treated patients. These events predominately affected
the skin and gastrointestinal tract and occurred most frequently
at the time of induction, while most of these events were man-
ageable with corticosteroid treatment, 10–15% were classified as
grade 3 or 4 and a total of 14 deaths (2.1%) were ultimately
attributed to the study drugs.

In 2017, the FDA expanded the approval of ipilimumab to
treat unresectable or metastatic melanoma in pediatric patients
≥12 years of age [61]. This approval was granted in consideration
of data from two early phase clinical studies. The first, a phase I
dose-finding study in 33 patients with advanced solid tumors,
established that a 3mg/kg dose of ipilimumabwas generallywell
tolerated in pediatric patients, who exhibited drug-related toxic-
ities and pharmacokinetic profiles similar to those previously
observed in adult studies [62]. The second study investigated
the use of 3 mg/kg (n = 4) or 10 mg/kg (n = 8) dosing of
ipilimumab in 12 adolescents with stage 3 or 4 malignant mela-
noma [63]. Although this phase II trial was stopped early due to
the slow accrual of patients, the available data were promising:
after 1 year, 75% of the patients treated at 3 mg/kg and 62.5% of
patients treated at 10 mg/kg were still alive.

Although immune modulators continue to break new ground
in the treatment of adult malignancies, successes in the pediatric
setting have generally been elusive. As mentioned above, check-
point inhibitors bolster antitumor immunity by lifting some of the
restraints the tumor microenvironment imposes on T cells. The
strength of the tumor-specific T cell response is in turn highly
influenced by the mutational landscape or neoantigen load of
the tumor itself [64]. One of the hallmarks of most pediatric
cancers, however, is their relative lack of mutations (a rare excep-
tion are cancers arising from constitutional mismatch repair defi-
ciencies, which do respond to checkpoint inhibition therapy) [65].
Preclinical data also suggest that tumors can develop compensa-
tory mechanisms to circumvent immunotherapy if treatment is
limited to a single approach [66, 67]. Combining checkpoint in-
hibitors is one strategy that may help overcome these obstacles
[68]. In support of this concept, multiple phase I/II trials investi-
gating combined PD-1/CTLA-4 signaling blockade in pediatric
malignancies are presently underway [69–71].

2.4 Tisagenlecleucel (Novartis)

Tisagenlecleucel (trade name Kymriah®) is a chimeric anti-
gen receptor (CAR)-T cell therapy for relapsed and/or refrac-
tory B cell malignancies. Using the patient’s own T cells as a
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starting point, CAR-T cells are genetically modified to com-
bine the extracellular antigen recognition domain of an anti-
body with the intracellular signaling domain of the T cell
receptor (TCR). In the case of tisagenlecleucel, this antigen
recognition domain is an scFv derived from the mouse mono-
clonal antibody FMC63, which specifically binds human
CD19 in its native conformation [72]. This domain is in turn
linked to the TCR domain by transmembrane and spacer do-
mains, which give its added flexibility to optimally engage
CD19-expressing cancer cells. As a “second-generation”
CAR-T therapy, tisagenlecleucel has also been designed to
express a 4-1BB (CD137) costimulatory domain to promote
T cell proliferation and persistence in the patient following
administration [73]. CAR-T cells are an attractive form of
immunotherapy because they can engage tumor cells indepen-
dently of antigen presentation by the major histocompatibility
complex (MHC), which is often downregulated or absent in
many cancers as a defense against immune-mediated destruc-
tion [74].

Formerly known as CTL019, tisagenlecleucel was devel-
oped in the early 2010s by researchers at the Children’s
Hospital of Philadelphia and later in collaboration with the
pharmaceutical company Novartis following promising re-
sults from early CD19-targeted CAR-T pilot studies [73,
75–78]. Tisagenlecleucel was first utilized in a small phase I/
IIA study of two pediatric patients with relapsed and refracto-
ry pre-B cell ALL in 2012 [79]. These patients received trans-
fusions of tisagenlecleucel at a dose of 1.4 × 106–1.2 × 107

cells per kilogram of body weight. Levels of circulating lym-
phocytes were found to have expanded dramatically in each
patient, with the levels of CD19-targeted CAR-Tcells increas-
ing ≥ 1000 times their initial engraftment and persisting for
several months. Each patient exhibited acute toxic side effects
such as cytokine release syndrome and B cell aplasia, but
these were reversible (cytokine release syndrome) or tolerable
(aplasia) and did not negatively impact expansion of
tisagenlecleucel or diminish its anti-leukemic effects.
Complete remissions were achieved by both patients; al-
though one patient eventually relapsed with CD19− blasts,
the other has remained cancer-free for 7 years as of
May 2019 in what is considered one of the most resounding
success stories of immunotherapy to date [80].

Two subsequent tisagenlecleucel studies were initiated later
in 2012. The first was a phase I trial in 30 patients (25 between
the ages of 5 and 22) with relapsed B cell ALL [81]. These
patients were transfused with 7.6 × 105 to 2.06 × 107

tisagenlecleucel cells per kilogram of body weight and mon-
itored for a response, including CAR-T cell expansion and
persistence and the development of any toxicities. Complete
remissions were achieved in 90% of the patients, including
two patients who were previously refractory to blinatumomab
therapy. Tisagenlecleucel expansion was documented in all
responding patients, as was the development of manageable

symptoms of cytokine release syndrome. Sustained remission
was achieved with 6-month event-free and overall survival
rates of 67% and 78%, respectively. The other trial, conducted
in 21 pediatric and young adult ALL patients, established an
MTD 1 × 106 tisagenlecleucel cells per kilogram of body
weight [82]. Complete remissions were observed in 70% of
these patients, and all associated toxicities, including 3 cases
of grade 4 cytokine release syndrome, were fully reversible.

Promising results from these studies paved the way for the
pivotal phase II ELIANA study (NCT02435849) in 2015,
which evaluated the safety and efficacy of tisagenlecleucel
in 75 pediatric and young adult B cell ALL patients [83, 84].
The primary endpoint of this study was an overall remission
rate ≥ 20%, which was defined as complete remission with or
without complete hematologic recovery within 3 months of
follow-up; an 81% overall remission rate was observed within
this timeframe, dropping to a still impressive 73% at 6 months
and 50% at 12 months. Although tisagenlecleucel was gener-
ally well tolerated, every patient had at least one adverse event
over the course of the study. The most common side effects
included cytokine release syndrome (77%), pyrexia (40%),
neurologic events (40%), decreased appetite (39%), febrile
neutropenia (36%), and headache (36%). Every patient show-
ing a response to treatment also exhibited B cell aplasia, which
was managed with immunoglobulin replacement therapy (and
is notably required monthly as long as the CAR-Tcells remain
active) [83]. Based on these data, tisagenlecleucel was ap-
proved by the FDA in 2017 for the treatment of refractory/
relapsed B cell ALL in patients ≤ 25 years old [85], and mul-
tiple clinical trials examining its effectiveness against other B
cell malignancies are actively being pursued [86–88].

3 Emerging immunotherapies
for the treatment of childhood cancer

Immunotherapy is an incredibly diverse and rapidly
progressing field. While the majority of current studies are
decidedly focused on adult disease, considerable efforts are
being made to bring these therapies into the pediatric space;
currently, more than three-dozen early phase clinical trials
evaluating immunotherapies for childhood cancers are active
and/or recruiting (Table 1). In the sections below, we highlight
a few of the emerging forms of immunotherapy that, while
currently not FDA-approved, are nonetheless poised to have a
large impact in the treatment of pediatric malignancies in the
near future.

3.1 Oncolytic virotherapy

Oncolytic viruses (OVs) are either non-pathogenic wild type
viruses or genetically modified attenuated pathogenic viruses
that selectively kill cancer cells directly through lysis or
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indirectly by stimulating an antitumor immune response. This
selectivity for transformed cells can either be intrinsic or arti-
ficially engineered depending upon the virus. Virus replication
is typically restricted to cancer cells due to genetic defects in
their anti-viral response pathways that, while advantageous
for cancer proliferation, also benefit production of nascent
virions. As a further safety measure, genes necessary for virus
replication in normal cells can be deleted or expressed under
the control of a promoter specific to the cancer. Although both
lytic potential and antitumor immunity are equally enticing for
therapy, the field has focused primarily on the immune re-
sponse arm of OVs as it has a greater potential benefit in most
contexts [101, 102].

The only FDA-approved oncolytic virus to date is
talimogene laherparepvec (T-VEC), an attenuated herpes sim-
plex virus type-1 (HSV-1) that expresses the transgene for
humanGM-CSF [103]. Although it is currently only approved
for advanced melanoma in adults, a number of similar viruses
are being studied in pediatric cancers. These include oncolytic
adenovirus, new castle disease virus, polio virus, herpes sim-
plex virus, vesicular stomatitis virus, reovirus, measles virus,
and vaccinia virus. Despite having a different genetic land-
scape from adult cancers, OVs have shown promising preclin-
ical results in pediatric tumor models. Clinical data from two
phase I clinical trials of modified herpes simplex virus
(NCT00931931) and vaccinia virus (NCT01169584) in extra-
cranial solid tumors have established the safety of these OVs
in childhood cancer [104–106]. Virus replication was ob-
served in each of these studies, although no objective re-
sponses were reported at the dose levels administered. The
vaccinia trial also showed an immunological response after
injection. Apart from this, phase I trials for oncolytic adeno-
virus (NCT00634231 and NCT03178032) and poliovirus
(NCT03043391) are currently being tested against pediatric
brain tumors [93, 95, 97]. The oncolytic reovirus, Reolysin,
has also advanced to phase II clinical testing for bone and soft
tissue sarcoma and includes pediatric patients older than
15 years.

Combination strategies have been successfully used to op-
timize immunotherapy in clinical models in the adult popula-
tion. Recently, a phase I clinical trial was conducted in adult
patients with advanced melanoma by combining T-VEC and
anti-PD-1 antibody pembrolizumab [107]. This combination
was well tolerated and had no toxic effects. Overall response
rate (62%) and complete response rate (33%) were higher than
the previously reported result for pembrolizumab alone in a
similar setting. This synergy correlated with increased infiltra-
tion of CD8 T cells in the responding population, even in
patients who had low baseline CD8 T cell density [107].
These studies suggest that immunogenic cell death following
OV infection can potentially translate to increased antigen
presentation and enhance the effect of other immunotherapies
in an adjuvant setting. Although the combination of immune

checkpoint blockade with oncolytic virotherapy is yet to be
tested in children, an ongoing clinical trial of modified herpes
simplex virus G207 against pediatric high grade brain tumors
incorporates combination with single low dose of radiation
(NCT03911388) [94]. Preclinical and clinical works have ex-
panded the horizon of the application of OVs using multiple
strategies. Further work is necessary to realize this potential in
its entirety in pediatric population.

3.2 Natural killer cell-based therapies

Natural killer (NK) cells are innate lymphocytes with the
ability to eliminate cancers. NK cells, unlike T cells, do
not need any prior encounter with cancer cells for their
activation. A balance between activating and inhibitory
signals initiated from ligand-receptor interaction dictates
the NK cells’ function. Activating receptors such as
NKp46, NKp44, NKp30, DNAM1, and NKG2D recognize
tumor antigens and activate NK cells. These NK cells
secrete cytotoxic granules containing perforin and
granzymes that directly kill cancer cells by inducing apo-
ptosis through different mechanisms such as Fas and
TRAIL pathways. NK activation in the tumor microenvi-
ronment can also be an essential driver for dendritic cells
and T cells to be recruited into the tumor site. Moreover,
NK cells can be activated via ADCC through engaging
CD16 (FcγRIIIA) with monoclonal antibodies such as
daratumumab for targeting multiple myeloma and T-ALL
or rituximab for treating B cell non-Hodgkin lymphoma
[108, 109].

Additionally, these lymphocytes have anti-viral and anti-
graft-versus-host disease potential, which makes them an ex-
cellent option for adoptive pediatric cancer immunotherapy
[110, 111]. In allogeneic stem cell and autologous hematopoi-
etic stem cell transplantation (HSCT), NK cells play an essen-
tial role in graft versus leukemia. Their cytotoxicity in the
setting of leukemia is regulated through several genes such
as KIR, NKG2D, and their ligands. These cells can target
several leukemic cell types, spanning acute myeloid leukemia
(AML), chronic myeloid leukemia (CML), and chronic lym-
phocytic leukemia (CLL), with no risk of acute graft versus
host disease [112–114]. NK cells can be isolated from differ-
ent sources such as peripheral blood of haploidentical, alloge-
neic, or autologous donors as well as cord blood and induced
pluripotent stem cells (iPSC). To achieve sufficient volumes
of NK cells for clinical use, ex vivo expansion systems using
K562 feeder cells are designed to engage and activate NK
cells with membrane bound ligands such as mbIL21-41BBL
or mbIL15-41BBL as well as a combination of multiple stim-
ulatory cytokines such as IL-2, IL-12, IL-15, and IL-18 [111].
To avoid using leukemic feeder cells in the culture process,
generating small fragments of a manipulated form of K562
feeder cells is an alternative option to effectively engage NK
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cells and trigger expansion [115]. Several clinical trials for
adult and pediatric patients with leukemia, brain tumors such
as medulloblastoma and glioblastoma, sarcomas such as oste-
osarcoma, Ewing sarcoma, rhabdomyosarcoma, and neuro-
blastoma have been conducted using ex vivo expanded NK
cells. Recently, one of us (DAL) extensively reviewed the
many clinical trials in which these cells have been used
[111]. The safety, efficacy, and tolerability of NK cells in these
clinical trials have shown promising results. However, clinical
trials employing NK cells for the treatment of solid tumors
have been less successful, which may be due to the impact of
the suppressive tumor microenvironment [116].

Cancer cells secrete immune-suppressive mediators
such as transforming growth factor beta (TGFβ),
indoleamine 2,3-dioxygenase (IDO), and IL-10 which in-
hibit NK cells through suppression of cytotoxicity-related
genes and signaling pathways. Overcoming these inhibito-
ry effects through genetic or non-genetic modifications
may enhance NK cell efficacy in targeting pediatric can-
cers. To overcome the suppressive effects of TGFβ on NK
cells, Foltz et al. have shown that TGFβ imprinting during
NK cell activation and expansion decreases NK cell sensi-
tivity to TGFβ suppression [117]. CRISPR modification of
primary and expanded NK cells using electroporation of
Cas9/RNP targeting TGFBR2 also has proven to be an
effective mechanism to blunt NK cell inhibition upon ex-
posure to TGFβ [118]. Using the CRISPR modification
approach, there is evidence showing that gene-modified
primary NK cells have enhanced antitumor effects, includ-
ing SOCS3 and CISH knockout NK cells [119–121].
Generating NK cells with enhanced specificity and adap-
tive mechanisms to overcome suppressive signals tilts the
scale to support better outcomes for adoptive immunother-
apy for pediatric cancers. An emerging technology in
targeted therapy involves engineered NK cells known as
chimeric antigen receptor (CAR)-NK cells. Cord blood-
derived CAR-NK cells manipulated to express IL-15 and
another CAR-NK line designed to target CD19 have
shown potent antitumor activity against B cell leukemia
[122]. Poor efficacy of transgene delivery in primary NK
cells has limited the production of primary CAR-NK cells.
However, a combination of Cas9/RNP and AAV6 trans-
duction has shown to be highly efficient for CRISPR-
directed gene insertion into primary NK cells which poten-
tially may be used for production of primary CAR-NK
cells [119, 123]. Altogether, adoptive cellular therapy with
expanded, gene-modified, or CAR-expressing NK cells for
pediatric cancers may serve as an effective treatment op-
tion for pediatric cancer patients. Additionally, the benefi-
cial effects of these engineered NK cells may be enhanced
through combination therapies with other antibodies, in-
hibitors, immune modulators, cytokines, and checkpoint
inhibitors to achieve robust antitumor activity [111].

3.3 Cancer vaccines

As their name suggests, cancer vaccines are substances that
are administered to a patient in hopes of promoting an antitu-
mor immune response. Although these agents can be designed
for prophylactic use (e.g., the human papillomavirus vaccine
to prevent cervical cancer [124]), we will focus on their use
here as immunotherapies for already established cancers.
Advancements in vaccine technology have yielded several
platforms from which cancer vaccines can be developed
[125]. These include cellular-based vaccines containing autol-
ogous or allogenic irradiated cancer cells [126], peptide-based
vaccines which use small cancer-related peptides to stimulate
MHC class I-presenting immune cells [127], DNA and RNA
vaccines which trigger nucleic acid sensors and activate den-
dritic cells [128], and viral vector-based vaccines which natu-
rally stimulate robust innate and adaptive immune responses
[129]. Regardless of what form they take, cancer vaccines
present tumor-associated antigens complexed withMHCmol-
ecules to B and T lymphocytes, setting off a cascade of events
that ultimately promote an antitumor immune response [125].
The most important component of cancer vaccine design is
antigen selection, which ideally should be expressed specifi-
cally on cancer cells, be necessary for their survival, and like-
wise be highly immunogenic. While few of any antigens
meet all these criteria, the situation is exacerbated in the pedi-
atric space due to the paucity of mutations and neoantigens
present in the majority of childhood cancers. Despite this
added challenge, clinical trials utilizing cancer vaccines in
pediatric malignancies are currently underway.

A phase I/II study sponsored by the Baylor College of
Medicine in collaboration with Texas Children’s Hospital
seeks to test the safety and efficacy of metronomic Cytoxan
chemotherapy combined with an allogeneic cancer vaccine in
relapsed/refractory neuroblastoma (NCT01192555). Previous
studies have shown that pediatric patients treated with cancer
vaccines derived from neuroblastoma cells engineered to ex-
press interleukin-2, and the chemokine lymphotactin (XCL1)
showed increased levels of tumor infiltration by T cells, eo-
sinophils, dendritic cells, and NK cells [130]. Of the 28 pa-
tients treated with these vaccines in an early trial, 4 exhibited
complete responses (including 2 sustained for ≥4 years), 2 had
partial responses, and 5 had stable disease. The vaccine was
also well tolerated, with severe adverse events being limited to
5 incidences of reversible panniculitis and 1 incidence of bone
pain. The current study, which was initiated in 2010, reached
its primary completion date in 2012 and is expected to be
completed in 2026 [91].

Another phase I clinical trial at the University of Florida is
currently recruiting pediatric patients with high-grade glioma
to evaluate cancer vaccines comprised of dendritic cells “pre-
loaded”with allogenic tumor RNA given in combination with
GM-CSF (NCT03334305). This vaccine is part one of a two-
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step strategy which also entails a later infusion of tumor-
specific T cells to support antitumor immunity. This study
was initiated in 2017 with the primary purpose of determining
the safety of this vaccination strategy, but no preliminary re-
sults were available at the time of this writing. Secondary
outcomes include assessments of feasibility and antitumor im-
mune responses, with assessments of progression-free and
overall survival up to 8 years following treatment. The trial
is expected to reach its primary completion date in 2022 and
conclude 4 years later [90]. This site is also actively recruiting
diffuse intrinsic pontine glioma (DIPG) patients for evaluation
of a similar cancer vaccine intervention in combination with
temozolomide chemotherapy, and is also expected to be com-
pleted in 2022 (NCT03396575) [92].

Investigators at Duke University have also recently extend-
ed investigation of their PEP-CMV cancer vaccine to pediatric
medul loblastoma and malignant gl ioma pat ients
(NCT03299309). Previous studies have shown that human
cytomegalovirus (CMV) infection occurs in malignant glio-
mas, where it is implicated as a driver of important oncogenic
pathways and glioma pathogenesis [131]. A 2006 phase I/II
study showed that the administration of autologous CMV
pp65 RNA-loaded dendritic cells was effective against adult
glioblastoma, leading to significant increases in progression-
free and overall survival. This led to the development of the
“second generation” PEP-CMV vaccine, which as its names
suggests, is a peptide vaccine derived from CMV antigens.
While the oncogenic role of CMV infection in medulloblasto-
ma is contested [132], the Duke phase I trial is currently seek-
ing to enroll 30 patients, ages 3 to 35, for evaluation of this
novel immunotherapy [99].

Studies at the University of California, San Francisco, are
also underway with a phase I trial evaluating a peptide vaccine
in children and young adults with DIPG and other gliomas
(NCT02960230). This vaccine is based on the histone
H3.3K27M mutation found in approximately 60% of high-
grade pediatric glioma cases, which is known to drive tumor-
igenesis by silencing tumor suppressor genes [133, 134].
Patient accrual is expected to be completed shortly, and pre-
liminary results are expected to be available in 2020 [100].

Two of the more clinically advanced trials are being con-
ducted by the biotechnology company Gradalis, who is active-
ly investigating the proprietary Vigil cancer vaccine for treat-
ment of Ewing sarcoma (NCT02511132 and NCT03495921).
Vigil immunotherapy is an autologous tumor cell product that
is genetically engineered to express GM-CSF and shRNA for
the protease furin, which normally activates TGFβ. Vigil has
been evaluated extensively in advanced gynecological tumors
(often in the context of other immunotherapies), producing
encouraging results in regard to its safety and efficacy [135].
A multicenter phase IIb Vigil trial was initiated in 2015, in
which pediatric Ewing sarcoma patientsmeeting the eligibility
criteria receive either intradermal Vigil every 28 days for 4–12

administrations, or a combination of intravenous gemcitabine
and docetaxel every 21 days. The primary objective of this
trial is to determine the safety profile and overall survival of
patients treated with Vigil versus chemotherapy. This study is
expected to conclude in late 2019, but no preliminary results
were available at the time of this writing [98]. A multicenter
phase III trial is also underway as of 2018, which seeks to
enroll 114 participants for treatment with Vigil and/or temo-
zolomide plus irinotecan [96].

4 Modulation of the tumor microenvironment

The tumor microenvironment (TME) is a major barrier to
effective cancer treatment. In this section, we briefly discuss
some of the measures that are being investigated to counteract
the immunosuppressive milieu that characterizes the TME and
how they are having an impact on the successful implemen-
tation of immunotherapy.

4.1 Targeting macrophages

Macrophages are phagocytic cells of innate immunity known
for their pro-inflammatory role against pathogens [136].
Tumor-associated macrophages (TAMs) are the chief regula-
tors of the tumor microenvironment and can have either
tumor-promoting or tumor-suppressing effects based on their
functional states [136–138]. While the spatial and temporal
dynamics of the equilibrium between these functional states
are poorly understood, high TAM infiltration correlates with
poor prognosis across a variety of cancer types [137]. TAMs
are usually associated with pro-tumorigenic effects in the tu-
mor microenvironment and promote immunosuppression
through the release of cytokines and chemokines.
Macrophage-derived IL-10, reactive oxygen species, or argi-
nase can inhibit proliferation of lymphocytes in the microen-
vironment. Other macrophage-secreted factors, such as vascu-
lar endothelial growth factor (VEGF), platelet-derived growth
factor, and matrix metallopeptidase-9 can induce angiogenesis
in hypoxic areas of the tumor microenvironment.
Macrophages can also promote metastasis through the
CCL2/CSF-1 signaling axis [136].

Given their crucial role in tumorigenesis, two broad strate-
gies have been employed to therapeutically target macro-
phages. One approach is to deplete the macrophage popula-
tion in general, but this strategy is deemed non-ideal due to the
role of macrophages in tissue homeostasis. Along these lines,
ablating macrophage-derived factors or abolishing their effec-
tor functions have also been utilized. An alternate strategy
involves polarizing the functional state to exhibit a tumor-
suppressing phenotype. The effect of this phenotype is often
pronounced through increased T cell infiltration which en-
hances antitumor immunity. Apart from these, key pathways
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responsible for infiltration, differentiation, and survival of
macrophages in the microenvironment have also been targeted
[137].

The rationale for targeting macrophages in childhood can-
cers is underscored by a number of recent studies in neuro-
blastoma. Pediatric neuroblastoma can have two different mo-
lecular phenotypes: tumors with amplified MYCN oncogene,
deemed to be of high-risk clinically, or tumors withoutMYCN
amplification which have a relatively better prognosis [139].
In neuroblastoma tumors withoutMYCN amplification, TAMs
were shown to activate the STAT3 pathway in an IL-6 inde-
pendent manner, leading to enhanced tumorigenesis. The
presence of TAMs also led to the upregulated expression of
the MYCC oncogene in neuroblastoma cells grown in culture
[140]. In high-risk neuroblastoma, macrophages were found
to suppress the efficacy of the anti-GD2 antibody
dinutuximab. Depleting macrophages along with endothelial
cells and mesenchymal stromal cells using the anti-CD105
antibody, TRC105, enhanced the efficacy of dinutuximab
and increased overall survival in immunodeficient mice
models when combined with adoptive transfer of activated
NK cells [141].

Preclinical work on targeting macrophages has shown
promise in animal models of cancer common in children.
One approach used for this purpose is downregulating the
M-CSF/CSF-1R axis, a pathway critical for proliferation and
survival of macrophages, using CSF1-R inhibition.
Upregulation of this pathway is frequently observed in cancer
and is associated with a poor prognosis. CSF-1R blockade
showed reduced tumor growth and enhanced survival either
alone as a single agent or in combination with chemotherapy
in immunocompetent models and correlated with enhanced T
cell infiltration in various cancer types [142, 143]. In neuro-
blastoma, CSF1-R inhibition exhibited marginal benefit as a
monotherapy in immunodeficient mice models but synergized
with chemotherapy in combination. These results in models
devoid of mature T cells show that targeting macrophages
could be equally important even when T cell-mediated antitu-
mor immunity is not prominent [144]. CSF-1R blockade has
also been shown to synergize with PD-1/PD-L1 checkpoint
inhibition and increase antitumor efficacy in a spontaneous
model of high-risk neuroblastoma [145]. Eissler et al. further
explored the mechanisms behind this synergy [146]. Anti-
PD1 antibody polarized myeloid cells in vitro to a suppressive
phenotype through M-CSF production from activated T cells.
These suppressive myeloid cells in turn inhibited T cell pro-
liferation by aiding the production of adenosine through up-
regulation of adenosine catabolizing enzymes and enhanced
PD-L1 expression [146]. Antitumor efficacy was further in-
creased by concurrent inhibition of CSF-1R and PD-1, which
was associated with enhanced T cell infiltration through mye-
loid cell-derived chemokines CXCL9, CXCL10, and
CXCL11. Similarly, macrophage reduction also enhanced

antitumor efficacy following oncolytic virotherapy in xeno-
graft models of Ewing sarcoma [147]. Both macrophages
and stroma had an increase in antitumorigenic and decrease
in pro-tumorigenic gene expression, along with a shift in the
phenotype of TAMs to a more inflammatory state [147].
Recently, the plasminogen activator inhibitor (PAI-1) has been
shown to promote macrophage infiltration and polarization
towards a pro-tumorigenic “M2” phenotype through the
p38MAPK/NF-κB/IL-6 axis [148]. PAI-1 expression is posi-
tively correlated with the presence of M2 macrophages in
neuroblastoma and glioblastoma [148]. Thus PAI-1 could be
a possible target for macrophage modulation in cancer. As
macrophage recruitment and polarization are mediated by dis-
tinct domains of PAI-1, it could potentially be exploited in
pediatric cancers to polarize macrophages to an antitumor
phenotype without altering their infiltration [148].

Although growing evidence stresses the importance of
macrophage modulation in immunotherapy, macrophage de-
pendence could vary across tumor types. Even between two
different xenograft models of Ewing sarcoma tested, only one
was found to benefit from macrophage modulation while the
other model showed marginal effect of the combination on
antitumor efficacy compared with virotherapy alone [147].
Along these lines, in a recent characterization of the tumor
microenvironment of diffuse intrinsic pontine glioma
(DIPG), there was not a significant macrophage content in
analyzed tumors [149].

There are a number of clinical trials targeting TAMs in
cancers of adult patients at present (reviewed in [136]) which
will likely open the doors for pediatric clinical testing in the
future. Macrophage targeting is emerging as an important de-
terminant of the success of immunotherapy in the pediatric
setting. The challenge will be to characterize the tumor micro-
environment in pediatric tumors and identify the dependence
of a particular immunotherapeutic modality on macrophages.

4.2 Targeting blood vessels

Abnormal vasculature is one of the defining features of cancer.
The growing demand for nutrients and oxygen, coupled with
rapid growth, leads to the formation of structurally and func-
tionally impaired blood vessels in the tumor microenviron-
ment. Leaky blood vessels and defective lymphatic drainage
decrease perfusion, aggravate hypoxia, and lower the pH
[150]. Collectively, these factors can alter antitumor immunity
directly or indirectly. The direct effect is mediated through
decreased immune cell infiltration and impaired effector func-
tion of these cells. Increased expression of VEGF during an-
giogenesis affects cell adhesion receptors of endothelial cells:
integrin ligand receptor intercellular adhesion molecule 1
(ICAM-1) and vascular cell adhesion molecule 1 (VCAM-
1), thus altering the infiltration of immune cells in the micro-
environment [151]. Hypoxia and low pH directly impair the
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effector function of immune cells, and indirect effects, such as
the release of cytokines and chemokines that recruit other
immune cell subtypes, help create an immunosuppressive mi-
lieu [152, 153].

Two strategies commonly utilized to target VEGF signaling,
anti-VEGF antibody, and small-molecule inhibitors of VEGF re-
ceptor tyrosine kinase, have been tested extensively in preclinical
pediatric cancer models (reviewed in [154]). We mainly focus on
the use of antiangiogenic agents to enhance immunotherapy in
this section. The molecular hallmarks of angiogenesis are compa-
rable in adult and pediatric tumors [154]. VEGF is a keymediator
of angiogenesis in both cases. In clinical studies with adult pa-
tients, antiangiogenic therapies are found to synergize with cancer
immunotherapy. A clinical trial investigating the combination of
bevacizumab, a humanized monoclonal antibody against human
VEGF-A, and the anti-CTLA-4 antibody ipilimumab in metasta-
tic melanoma showed increased infiltration of CD8+ T cells and
CD163+ dendritic macrophages [155]. The combination was also
found to be well tolerated in glioblastoma [156]. These studies
have prompted the testing of the antiangiogenic agents combined
with immunotherapy in preclinical models of pediatric cancer. In
an orthotopic xenograft model of human neuroblastoma,
bevacizumab administered concurrently with GD2 CAR-T cells
enhanced the infiltration of these cells in the tumor microenviron-
ment compared with the T cell therapy alone. The synergistic
effect on survival was observed even at low doses of
bevacizumab, which alone exhibited marginal effects [157]. In
murine melanoma models, the VEGF tyrosine kinase inhibitor
sunitinib enhanced the antitumor response of an agnostic CD40-
antibody. This finding was attributed to increased activation of
dendritic cells and subsequent infiltration of cytotoxic T cells,
along with reduced recruitment of myeloid-derived suppressor
cells. The increased infiltration of T cells was associated with
upregulation of ICAM-1 andVCAM-1 on endothelial cells [158].

Although these results are promising, there is still a dearth
of clinical work in the pediatric population with the objective
of decreasing angiogenesis to improve immunotherapy in
an adjuvant setting. There are two clinical trials in pediatric
osteosarcoma that combine antiangiogenic agents with im-
mune checkpoint blockade at present: a phase I/II trial com-
bines tyrosine kinase inhibitor famitinib with camrelizumab
(NCT04044378) and a phase II trial combining apatinib with
camrelizumab (NCT03359018) [89, 159].

An emerging strategy that could shape the use of
antiangiogenic therapy in light of their role in enhancing the
outcome of immunotherapy is the “vascular normalization”
approach, based on evidence that some cytotoxic therapies
have an enhanced antitumor effect when administered concur-
rently with antiangiogenic agents. This was deemed paradox-
ical as antiangiogenic agents deplete vessels supplying drugs
to the tumor. This conundrum ostensibly led Jain et al. to
propose the normalization hypothesis, where they posited that
antiangiogenic therapy induces a transient state of

normalization [151]. The use of antiangiogenic agents at a
low dosing regimen to normalize blood vessels could signifi-
cantly enhance the outcome of cytotoxic cancer therapies.
This concept has since been validated independently through
a number of preclinical and clinical studies. Along these lines,
increased infiltration of GD2-CAR T cells in a preclinical
model of neuroblastoma in an adjuvant setting with
bevacizumab exhibited no significant decrease in micro-
vessel number in tumors treated with a low dose
antiangiogenic agent although synergy was clearly demon-
strated with respect to survival benefit [157]. Sparse data in
preclinical childhood cancer models cloud any judgment of
the potential of the normalization approach in pediatric immu-
notherapy at present. Although there are significant challenges
(including elucidating the factors that modulate the kinetics of
vessel normalization, enhancing the window of normalization,
and targeting alternate pathways during resistance), preclinical
and clinical studies are underway to utilize this approach to
enhance immunotherapy [151].

4.3 Targeting myeloid-derived suppressor cells

Myeloid-derived suppressor cells (MDSCs) are a heteroge-
neous population of undifferentiated myeloid cells charac-
terized by their ability to negatively regulate immune func-
tion, and thus aid tumor progression [160, 161]. The sup-
pression of immune function by MDSCs is mediated by
their production of arginase I and prostaglandin E2, reac-
tive oxygen species (ROS), and release of immune sup-
pressive cytokines [162–164]. There are two main sub-
groups of MDSCs, polymorphonuclear or granular
MDSCs (PMN-MDSCs) and monocytic MDSCs (M-
MDSCs), and although both can impede antitumor immu-
nity, M-MDSCs are generally thought to be more suppres-
sive [165, 166].

A number of therapeutic strategies have been tested to tar-
get MDSCs. These approaches either interfere with their infil-
tration and activity or deplete them from the microenviron-
ment (for a detailed review, refer to [167]). One approach
exploits the upregulation of TNF-related apoptosis-induced
ligand receptor 2 (TRAIL-R2) mediated apoptosis during en-
doplasmic reticulum (ER) stress in MDSCs to decrease its
survival. An agonistic antibody of TRAIL-R2 (DS-8273a)
was utilized to mimic this stress response pathway in ad-
vanced melanoma in a phase I trial. Although there were no
objective responses, the number of MDSCs decreased in pe-
ripheral blood after the treatment. Three out of 6 patients also
showed a decrease in intratumoral MDSCs [168].

Another approach to enhance antitumor immunity through
terminally differentiated MDSCs has been utilized in ad-
vanced melanoma. The vitamin A derivative all-trans retinoic
acid (ATRA), which suppresses retinoic acid signal transduc-
tion, was used for this purpose in an adjuvant setting with
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ipilimumab (NCT02403778) [169]. The treatment increased
the frequency of MDSCs and decreased the frequency of ma-
ture myeloid cells in the peripheral blood. Some of these strat-
egies have been extended to preclinical and clinical pediatric
tumors. In pediatric xenograft models of osteosarcoma, ATRA
was found to enhance the antitumor efficacy of GD2 CAR-T
cells. A significant decrease in the number of monocytic
MDSCs was observed while the remaining MDSCs had re-
duced suppressive activity on T cells [170]. Recently,
immunotoxins have also been utilized to selectively deplete
MDSCs in pediatric patient samples in vitro. An anti-CD33
antibody-calicheamicin toxin conjugate, gemtuzumab
ozogamicin, was tested in neuroblastoma, Wilms tumor,
Ewing sarcoma, rhabdomyosarcoma, and non-Hodgkin lym-
phoma. Depletion of MDSCs restored T cell proliferation and
enhanced antitumor cytotoxicity of CAR-T cells in their re-
spective functional assays [171]. The role of MDSCs in the
success of other immunotherapies has also been tested in adult
patients but this is yet to be tested in pediatric cancers. The
clinical benefit of anti-CTLA4 antibody ipilimumab was
found to depend upon the frequency of MDSCs [172]. Only
the patients who responded to the checkpoint blockade had a
lower frequency of M-MDSCs [172]. Although targeting
MDSCs alone might not be sufficient, the field of pediatric
oncology may greatly benefit from their modulation in an
adjuvant setting.

4.4 Targeting cancer-associated fibroblasts

Cancer-associated fibroblasts (CAFs) are a heterogeneous
population of fibroblast-like cells largely associated with their
supporting role in tumor progression through their release of
cytokines and growth factors [173, 174]. The role of CAFs in
pediatric tumor microenvironments has not been extensively
characterized. In neuroblastoma, cancer-associated fibroblasts
are the predominant source of prostaglandin E2 (PGE2) which
promotes immunosuppression. In rhabdomyosarcoma, cancer
cells have been shown to induce migration and invasion of
fibroblasts and promote their progression through microRNA-
loaded exosome cargo in vitro [175]. A recent pan-cancer
analysis of The Cancer Genome Atlas data showed that extra-
cellular matrix genes dysregulated in cancer correlated with
activation of TGFβ signaling in CAFs. The dysregulation
signature observed was linked to PD-1 blockade failure in
the analysis [176].

Abolishing cancer-associated fibroblasts alone might not
be ideal as an immunotherapy since their loss induced immu-
nosuppression in preclinical pancreatic cancer models [177].
This strategy, however, was found to synergize with anti-
CTLA-4 therapy in an adjuvant setting through its unleashing
of checkpoint blockade targets during immune suppression.
Although preclinical work on therapeutic targeting of CAFs in
pediatric cancer models is limited, the results so far show that

targeting CAFs could be a promising approach. Targeting
CAF mediated production of PGE2 in neuroblastoma through
inhibition of a key enzyme in its synthesis, microsomal pros-
taglandin E synthase-1, suppressed CAF migration and infil-
tration leading to reduced tumor growth and decreased angio-
genesis [178]. In neuroblastoma, CAFs were also explored as
an alternative to cell-based therapy utilizing autologous tumor
cells to express pro-inflammatory cytokines. For this purpose,
fibroblasts were modified genetically to co-express IL-2 and
IL-12 in a syngeneic mouse model. The co-injection of these
genetically engineered fibroblasts with tumor cells completely
inhibited tumor induction. The mice models of neuroblastoma
were even resistant to tumor progression upon re-challenge at
a different site after 3 months, thus exhibiting systemic immu-
nological memory [179]. Further work is necessary to charac-
terize the importance for CAFs in pediatric immunotherapy.

5 Future perspectives: challenges
and opportunities

The landscape for cancer therapy has seen a dramatic shift over
the last decade as immunotherapeutic interventions continue to
mature and increasingly find their way from bench to bedside.
Although there have been several laudable successes, the field is
still clearly in its infancy and there is considerable room for future
improvements. This prospect is doubly true for pediatric cancers
which lag behind advancements seen in adult malignancies be-
cause of the unique set of circumstances and challenges inherent
to these diseases. Despite some commonalities, pediatric tumors
are fundamentally different than their adult counterparts. Most
pediatric cancers arise from embryonal cells as opposed to epi-
thelial cells, for example, and are likewise thought to result from
transcriptional abnormalities, copy number variants, and chro-
mosomal rearrangements rather than an accumulation of
nonsynonymous genetic mutations [180]. Consequently, one of
the defining traits of pediatric tumors is their low mutational
burden and relative lack of neoantigen expression, which limits
their susceptibility to immune targeting [65]. This limitation is
evident in the number and nature of FDA-approved immunother-
apies discussed in this review, as the most successful therapies
available to date essentially still target normal cell surface pro-
teins like CD19. The immune response itself can also be mark-
edly different in adults and children, and lessons learned from the
use of immunotherapy in the former may not be wholly applica-
ble to the latter [181]. Another lingering concern is toxicity.
While immunotherapies are generally thought to exhibit fewer
long-term toxicities than chemotherapy and radiation, short-
term adverse events are extremely common following the induc-
tion of these therapies and vary in severity depending on the
agent and its intended target. These can range fromminor incon-
veniences like fevers, headaches, and chills, to more serious
events like myalgia, autoimmunity, neurotoxicity, and
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opportunistic infections; some of these events (e.g., cytokine
release syndrome) can potentially be life-threatening. The immu-
nosuppressive tumor microenvironment also remains an ever-
present obstacle for solid cancers, as it can diminish or nullify
any benefit that might come from immunotherapeutic
intervention.

While there is likely no “magic bullet” solution to these
issues on the horizon, combining multiple immunotherapies is
one strategy that may help mitigate some of the challenges
facing pediatric cancer immunotherapy. For example, check-
point inhibitors like pembrolizumab and ipilimumab bolster T
cell activity through distinct mechanisms—PD-1 inhibition in-
creases cytotoxic T lymphocyte proliferation, whereas CTLA-4
inhibition helps these cells remain activated. A phase I adult
metastatic melanoma trial showed that concurrent PD-1/CTLA-
4 signaling blockade resulted in improved antitumor efficacy,
with 53% of patients showing an objective response with tumor
reductions ≥ 80%, all while maintaining an acceptable safety
profile [182, 183]. Phase I/II studies testing the combined use of
these therapies in pediatric patients with recurrent or refractory
solid tumors are also underway, although data from these re-
main forthcoming [69–71]. Checkpoint inhibitors are increas-
ingly finding their way as components of other combination
therapies as well, thanks to their general safety and the impor-
tance of T cell activation in the establishment of antitumor
immunity [184, 185]. This concept includes most if not all of
themodalities summarized in this review, including CAR-Tand
adoptive cell-based therapies [186, 187], monoclonal and
bispecific antibodies [188, 189], and oncolytic viruses
[190–192]. The rationale for combining these therapies extends
beyond simply improving antitumor efficacy, as careful selec-
tion of agents with non-overlapping toxicities may also help
mitigate the incidence and/or severity of treatment-related ad-
verse effects.

While it is inarguable that there are still significant chal-
lenges that need to be fully addressed, the future of immuno-
therapy in pediatric cancers should be viewed with optimism.
The last decade alone has seen five distinct immunotherapies
obtain FDA approval for various pediatric malignancies, and
several upcoming modalities have the potential to join their
ranks in the coming years. New therapies will also inevitably
come into development as our understanding of these dis-
eases, the complexities of tumor microenvironment, and the
intricacies of the pediatric immune system come into sharper
focus. Leveraging the strengths of these therapies, particularly
through rational drug combinations, will hopefully allow us to
better care for pediatric cancer patients both by increasing
their survival and improving their overall quality of life.

Funding information This study was supported by the National Institutes
of Health, grant no. U54 CA232561 (TPC, DAL, and KAC); CancerFree
KIDS (BH, KAC, and TPC); and Department of Defense, grant no.
NF170075 (TPC, DAL, and KAC).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article’s Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article’s
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Huehls, A.M., Coupet, T. A., & Sentman, C. L. (2015). Bispecific
T-cell engagers for cancer immunotherapy. Immunology and Cell
Biology, 93(3), 290–296.

2. Brischwein, K., Parr, L., Pflanz, S., Volkland, J., Lumsden, J., Klinger,
M., Locher, M., Hammond, S. A., Kiener, P., Kufer, P., Schlereth, B.,
&Baeuerle, P. A. (2007). Strictly target cell-dependent activation of T
cells by bispecific single-chain antibody constructs of the BiTE class.
Journal of Immunotherapy, 30(8), 798–807.

3. Scheuermann, R. H., & Racila, E. (1995). CD19 antigen in leuke-
mia and lymphoma diagnosis and immunotherapy. Leukemia &
Lymphoma, 18(5–6), 385–397.

4. Loffler, A., et al. (2000). A recombinant bispecific single-chain
antibody, CD19 x CD3, induces rapid and high lymphoma-
directed cytotoxicity by unstimulated T lymphocytes. Blood,
95(6), 2098–2103.

5. Bargou, R., Leo, E., Zugmaier, G., Klinger, M., Goebeler, M.,
Knop, S., Noppeney, R., Viardot, A., Hess, G., Schuler, M.,
Einsele, H., Brandl, C., Wolf, A., Kirchinger, P., Klappers, P.,
Schmidt, M., Riethmüller, G., Reinhardt, C., Baeuerle, P. A., &
Kufer, P. (2008). Tumor regression in cancer patients by very low
doses of a T cell-engaging antibody. Science, 321(5891), 974–
977.

6. Topp, M. S., Kufer, P., Gökbuget, N., Goebeler, M., Klinger, M.,
Neumann, S., Horst, H. A., Raff, T., Viardot, A., Schmid, M.,
Stelljes, M., Schaich, M., Degenhard, E., Köhne-Volland, R.,
Brüggemann, M., Ottmann, O., Pfeifer, H., Burmeister, T.,
Nagorsen, D., Schmidt, M., Lutterbuese, R., Reinhardt, C.,
Baeuerle, P. A., Kneba, M., Einsele, H., Riethmüller, G.,
Hoelzer, D., Zugmaier, G., & Bargou, R. C. (2011). 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, 29(18), 2493–2498.

7. Topp, M. S., Gökbuget, N., Zugmaier, G., Degenhard, E.,
Goebeler, M. E., Klinger, M., Neumann, S. A., Horst, H. A.,
Raff, T., Viardot, A., Stelljes, M., Schaich, M., Köhne-Volland,
R., Brüggemann, M., Ottmann, O. G., Burmeister, T., Baeuerle, P.
A., Nagorsen, D., Schmidt, M., Einsele, H., Riethmüller, G.,
Kneba, M., Hoelzer, D., Kufer, P., & Bargou, R. C. (2012).
Long-term follow-up of hematologic relapse-free survival in a
phase 2 study of blinatumomab in patients with MRD in B-
lineage ALL. Blood, 120(26), 5185–5187.

8. Handgretinger, R., Zugmaier, G., Henze, G., Kreyenberg, H.,
Lang, P., & von Stackelberg, A. (2011). Complete remission after
blinatumomab-induced donor T-cell activation in three pediatric

Cancer Metastasis Rev (2019) 38:573–594588



patients with post-transplant relapsed acute lymphoblastic leuke-
mia. Leukemia, 25(1), 181–184.

9. Handgretinger, R., & Schlegel, P. (2018). Emerging role of immu-
notherapy for childhood cancers.Chinese Clinical Oncology, 7(2),
14.

10. von Stackelberg, A., et al. (2016). Phase I/phase II study of
blinatumomab in pediatric patients with relapsed/refractory acute
lymphoblastic leukemia. Journal of Clinical Oncology, 34(36),
4381–4389.

11. Schlegel, P., Lang, P., Zugmaier, G., Ebinger, M., Kreyenberg, H.,
Witte, K. E., Feucht, J., Pfeiffer, M., Teltschik, H. M., Kyzirakos,
C., Feuchtinger, T., & Handgretinger, R. (2014). Pediatric
posttransplant relapsed/refractory B-precursor acute lymphoblas-
tic leukemia shows durable remission by therapy with the T-cell
engaging bispecific antibody blinatumomab. Haematologica,
99(7), 1212–1219.

12. Jen, E. Y., et al. (2019). FDA approval: blinatumomab for patients
with B-cell precursor acute lymphoblastic leukemia in morpho-
logic remission with minimal residual disease. Clinical Cancer
Research, 25(2), 473–477.

13. Amgen. Amgen announces positive results from two phase 3
BLINCYTO® (blinatumomab) studies in pediatric patients with
relapsed acute lymphoblastic leukemia. 2019 [cited 2019 October
4, 2019]; Available from: https://www.amgen.com/media/news-
releases/2019/09/amgen-announces-positive-results-from-two-
phase-3-blincyto-blinatumomab-studies-in-pediatric-patients-
with-relapsed-acute-lymphoblastic-leukemia/.

14. Hoy, S. M. (2016). Dinutuximab: a review in high-risk neuroblas-
toma. Targeted Oncology, 11(2), 247–253.

15. Dobrenkov, K., Ostrovnaya, I., Gu, J., Cheung, I. Y., & Cheung,
N. K. (2016). Oncotargets GD2 and GD3 are highly expressed in
sarcomas of children, adolescents, and young adults. Pediatric
Blood & Cancer, 63(10), 1780–1785.

16. Mueller, B. M., et al. (1990). Enhancement of antibody-dependent
cytotoxicity with a chimeric anti-GD2 antibody. Journal of
Immunology, 144(4), 1382–1386.

17. Barker, E., Mueller, B. M., Handgretinger, R., Herter, M., Yu, A.
L., & Reisfeld, R. A. (1991). Effect of a chimeric anti-ganglioside
GD2 antibody on cell-mediated lysis of human neuroblastoma
cells. Cancer Research, 51(1), 144–149.

18. Yang, R. K., & Sondel, P. M. (2010). Anti-GD2 strategy in the
treatment of neuroblastoma. Drugs of the Future, 35(8), 665.

19. Keyel, M. E., & Reynolds, C. P. (2019). Spotlight on dinutuximab
in the treatment of high-risk neuroblastoma: development and
place in therapy. Biologics, 13, 1–12.

20. Gillies, S. D., Lo, K. M., & Wesolowski, J. (1989). High-level
expression of chimeric antibodies using adapted cDNA variable
region cassettes. Journal of Immunological Methods, 125(1–2),
191–202.

21. Handgretinger, R., Anderson, K., Lang, P., Dopfer, R., Klingebiel,
T., Schrappe, M., Reuland, P., Gillies, S. D., Reisfeld, R. A., &
Neithammer, D. (1995). A phase I study of human/mouse chime-
ric antiganglioside GD2 antibody ch14.18 in patients with neuro-
blastoma. European Journal of Cancer, 31A(2), 261–267.

22. Sorkin, L. S., Otto, M., Baldwin III, W. M., Vail, E., Gillies, S. D.,
Handgretinger, R., Barfield, R. C., Ming Yu, H., & Yu, A. L.
(2010). Anti-GD(2) with an FC point mutation reduces comple-
ment fixation and decreases antibody-induced allodynia. Pain,
149(1), 135–142.

23. Simon, T., et al. (2011). Long term outcome of high-risk neuro-
blastoma patients after immunotherapy with antibody ch14.18 or
oral metronomic chemotherapy. BMC Cancer, 11, 21.

24. Ozkaynak, M. F., Sondel, P. M., Krailo, M. D., Gan, J., Javorsky,
B., Reisfeld, R. A., Matthay, K. K., Reaman, G. H., & Seeger, R.
C. (2000). Phase I study of chimeric human/murine anti-
ganglioside G(D2) monoclonal antibody (ch14.18) with

granulocyte-macrophage colony-stimulating factor in children
with neuroblastoma immediately after hematopoietic stem-cell
transplantation: a children’s cancer group study. Journal of
Clinical Oncology, 18(24), 4077–4085.

25. Gilman, A. L., et al. (2009). Phase I study of ch14.18 with
granulocyte-macrophage colony-stimulating factor and
interleukin-2 in children with neuroblastoma after autologous
bone marrow transplantation or stem-cell rescue: a report from
the children’s oncology group. Journal of Clinical Oncology,
27(1), 85–91.

26. Yu, A. L., Gilman, A. L., Ozkaynak, M. F., London, W. B.,
Kreissman, S. G., Chen, H. X., Smith, M., Anderson, B.,
Villablanca, J. G., Matthay, K. K., Shimada, H., Grupp, S. A.,
Seeger, R., Reynolds, C. P., Buxton, A., Reisfeld, R. A., Gillies,
S. D., Cohn, S. L., Maris, J. M., Sondel, P. M., & Children’s
Oncology Group. (2010). Anti-GD2 antibody with GM-CSF, in-
terleukin-2, and isotretinoin for neuroblastoma. The New England
Journal of Medicine, 363(14), 1324–1334.

27. Dhillon, S. (2015). Dinutuximab: first global approval. Drugs,
75(8), 923–927.

28. Ladenstein, R., et al. (2013). Ch14.18 antibody produced in CHO
cells in relapsed or refractory stage 4 neuroblastoma patients: a
SIOPEN phase 1 study. MAbs, 5(5), 801–809.

29. Mueller, I., Ehlert, K., Endres, S., Pill, L., Siebert, N., Kietz, S.,
Brock, P., Garaventa, A., Valteau-Couanet, D., Janzek, E., Hosten,
N., Zinke, A., Barthlen, W., Varol, E., Loibner, H., Ladenstein, R.,
& Lode, H. N. (2018). Tolerability, response and outcome of high-
risk neuroblastoma patients treated with long-term infusion of
anti-GD2 antibody ch14.18/CHO. MAbs, 10(1), 55–61.

30. Pardoll, D. M. (2012). The blockade of immune checkpoints in
cancer immunotherapy. Nature Reviews. Cancer, 12(4), 252–264.

31. Sharma, P., & Allison, J. P. (2015). The future of immune check-
point therapy. Science, 348(6230), 56–61.

32. Wei, S. C., Duffy, C. R., & Allison, J. P. (2018). Fundamental
mechanisms of immune checkpoint blockade therapy. Cancer
Discovery, 8(9), 1069–1086.

33. Agata, Y., Kawasaki, A., Nishimura, H., Ishida, Y., Tsubata, T.,
Yagita, H., & Honjo, T. (1996). Expression of the PD-1 antigen on
the surface of stimulated mouse T and B lymphocytes.
International Immunology, 8(5), 765–772.

34. Keir, M. E., Liang, S. C., Guleria, I., Latchman, Y. E., Qipo, A.,
Albacker, L. A., Koulmanda, M., Freeman, G. J., Sayegh, M. H.,
& Sharpe, A. H. (2006). Tissue expression of PD-L1 mediates
peripheral T cell tolerance. The Journal of Experimental
Medicine, 203(4), 883–895.

35. Yokosuka, T., Takamatsu, M., Kobayashi-Imanishi, W.,
Hashimoto-Tane, A., Azuma, M., & Saito, T. (2012).
Programmed cell death 1 forms negative costimulatory
microclusters that directly inhibit T cell receptor signaling by
recruiting phosphatase SHP2. The Journal of Experimental
Medicine, 209(6), 1201–1217.

36. Dong, P., et al. (2018). Tumor-intrinsic PD-L1 signaling in cancer
initiation, development and treatment: beyond immune evasion.
Frontiers in Oncology, 8, 386.

37. Tumeh, P. C., Harview, C. L., Yearley, J. H., Shintaku, I. P., Taylor,
E. J., Robert, L., Chmielowski, B., Spasic, M., Henry, G.,
Ciobanu, V., West, A. N., Carmona, M., Kivork, C., Seja, E.,
Cherry, G., Gutierrez, A. J., Grogan, T. R., Mateus, C., Tomasic,
G., Glaspy, J. A., Emerson, R. O., Robins, H., Pierce, R. H.,
Elashoff, D. A., Robert, C., & Ribas, A. (2014). PD-1 blockade
induces responses by inhibiting adaptive immune resistance.
Nature, 515(7528), 568–571.

38. Patnaik, A., Kang, S. P., Rasco, D., Papadopoulos, K. P., Elassaiss-
Schaap, J., Beeram, M., Drengler, R., Chen, C., Smith, L., Espino,
G., Gergich, K., Delgado, L., Daud, A., Lindia, J. A., Li, X. N.,
Pierce, R. H., Yearley, J. H., Wu, D., Laterza, O., Lehnert, M.,

Cancer Metastasis Rev (2019) 38:573–594 589

https://www.amgen.com/media/news-releases/2019/09/amgen-announces-positive-results-from-two-phase-3-blincyto-blinatumomab-studies-in-pediatric-patients-with-relapsed-acute-lymphoblastic-leukemia/
https://www.amgen.com/media/news-releases/2019/09/amgen-announces-positive-results-from-two-phase-3-blincyto-blinatumomab-studies-in-pediatric-patients-with-relapsed-acute-lymphoblastic-leukemia/
https://www.amgen.com/media/news-releases/2019/09/amgen-announces-positive-results-from-two-phase-3-blincyto-blinatumomab-studies-in-pediatric-patients-with-relapsed-acute-lymphoblastic-leukemia/
https://www.amgen.com/media/news-releases/2019/09/amgen-announces-positive-results-from-two-phase-3-blincyto-blinatumomab-studies-in-pediatric-patients-with-relapsed-acute-lymphoblastic-leukemia/


Iannone, R., & Tolcher, A. W. (2015). Phase I study of
pembrolizumab (MK-3475; anti-PD-1 monoclonal antibody) in
patients with advanced solid tumors. Clinical Cancer Research,
21(19), 4286–4293.

39. Khoja, L., et al. (2015). Pembrolizumab. Journal for
Immunotherapy of Cancer, 3, 36.

40. Raedler, L. A. (2015). Keytruda (pembrolizumab): first PD-1 in-
hibitor approved for previously treated unresectable or metastatic
melanoma. American Health & Drug Benefits, 8(Spec Feature),
96–100.

41. Sul, J., et al. (2016). FDA approval summary: pembrolizumab for
the treatment of patients with metastatic non-small cell lung cancer
whose tumors express programmed death-ligand 1. Oncologist,
21(5), 643–650.

42. Larkins, E., et al . (2017). FDA approval summary:
pembrolizumab for the treatment of recurrent or metastatic head
and neck squamous cell carcinomawith disease progression on or
after platinum-containing chemotherapy.Oncologist, 22(7), 873–
878.

43. FDA approves pembrolizumab for Hodgkin lymphoma. 2017 [cit-
ed 2019 October 10]; Available from: https://www.cancer.gov/
news-events/cancer-currents-blog/2017/fda-pembrolizumab-
hodgkin-lymphoma.

44. Kelly, R. J. (2017). Immunotherapy for esophageal and gastric
cancer. American Society of Clinical Oncology Educational
Book, 37, 292–300.

45. FDA approves pembrolizumab plus axitinib for advanced renal
cell carcinoma. 2019 [cited 2019 October 10]; Available from:
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-
approves-pembrolizumab-plus-axitinib-advanced-renal-cell-
carcinoma.

46. Simultaneous review decisions for pembrolizumab plus lenvatinib
in Australia, Canada and US. 2019 [cited 2019 October 10];
Available from: https://www.fda.gov/drugs/resources-
information-approved-drugs/simultaneous-review-decisions-
pembrolizumab-plus-lenvatinib-australia-canada-and-us.

47. Tawbi, H. A., et al. (2017). Pembrolizumab in advanced soft-
tissue sarcoma and bone sarcoma (SARC028): a multicentre,
two-cohort, single-arm, open-label, phase 2 trial. The Lancet
Oncology, 18(11), 1493–1501.

48. Chen, R., Zinzani, P. L., Fanale, M. A., Armand, P., Johnson, N.
A., Brice, P., Radford, J., Ribrag, V., Molin, D., Vassilakopoulos,
T. P., Tomita, A., von Tresckow, B., Shipp, M. A., Zhang, Y.,
Ricart, A. D., Balakumaran, A., Moskowitz, C. H., &
KEYNOTE-087. (2017). Phase II study of the efficacy and safety
of pembrolizumab for relapsed/refractory classic Hodgkin lym-
phoma. Journal of Clinical Oncology, 35(19), 2125–2132.

49. Walunas, T. L., et al. (1994). CTLA-4 can function as a negative
regulator of T cell activation. Immunity, 1(5), 405–413.

50. Brunner, M. C., et al. (1999). CTLA-4-mediated inhibition of
early events of T cell proliferation. Journal of Immunology,
162(10), 5813–5820.

51. Lanier, L. L., et al. (1995). CD80 (B7) and CD86 (B70) provide
similar costimulatory signals for T cell proliferation, cytokine pro-
duction, and generation of CTL. Journal of Immunology, 154(1),
97–105.

52. Fehlings, M., Simoni, Y., Penny, H. L., Becht, E., Loh, C. Y.,
Gubin, M. M., Ward, J. P., Wong, S. C., Schreiber, R. D., &
Newell, E. W. (2017). Checkpoint blockade immunotherapy re-
shapes the high-dimensional phenotypic heterogeneity of murine
intratumoural neoantigen-specific CD8(+) T cells. Nature
Communications, 8(1), 562.

53. Simpson, T. R., et al. (2013). Fc-dependent depletion of tumor-
infiltrating regulatory T cells co-defines the efficacy of anti-
CTLA-4 therapy against melanoma. The Journal of
Experimental Medicine, 210(9), 1695–1710.

54. Keler, T., et al. (2003). Activity and safety of CTLA-4 blockade
combined with vaccines in cynomolgus macaques. Journal of
Immunology, 171(11), 6251–6259.

55. Morse, M. A. (2005). Technology evaluation: ipilimumab
Medarex/Bristol-Myers Squibb. Current Opinion in Molecular
Therapeutics, 7(6), 588–597.

56. Small, E. J., et al. (2007). A pilot trial of CTLA-4 blockade with
human anti-CTLA-4 in patients with hormone-refractory prostate
cancer. Clinical Cancer Research, 13(6), 1810–1815.

57. Hoos, A., Ibrahim, R., Korman, A., Abdallah, K., Berman, D.,
Shahabi, V., Chin, K., Canetta, R., & Humphrey, R. (2010).
Development of ipilimumab: contribution to a new paradigm for
cancer immunotherapy. Seminars in Oncology, 37(5), 533–546.

58. Camacho, L. H. (2015). CTLA-4 blockade with ipilimumab: bi-
ology, safety, efficacy, and future considerations. Cancer
Medicine, 4(5), 661–672.

59. Li, J., & Gu, J. (2019). Efficacy and safety of ipilimumab for
treating advanced melanoma: a systematic review and meta-anal-
ysis. Journal of Clinical Pharmacy and Therapeutics, 44(3), 420–
429.

60. Hodi, F. S., O’Day, S. J., McDermott, D., Weber, R. W., Sosman,
J. A., Haanen, J. B., Gonzalez, R., Robert, C., Schadendorf, D.,
Hassel, J. C., Akerley, W., van den Eertwegh, A., Lutzky, J.,
Lorigan, P., Vaubel, J. M., Linette, G. P., Hogg, D., Ottensmeier,
C. H., Lebbé, C., Peschel, C., Quirt, I., Clark, J. I., Wolchok, J. D.,
Weber, J. S., Tian, J., Yellin, M. J., Nichol, G. M., Hoos, A., &
Urba, W. J. (2010). Improved survival with ipilimumab in patients
with metastatic melanoma. The New England Journal of
Medicine, 363(8), 711–723.

61. U.S. Food and Drug Administration expands approval of
Yervoy® (ipilimumab) to include pediatric patients 12 years and
older with unresectable or metastatic melanoma. 2017 [cited 2019
October 12]; Available from: https://news.bms.com/press-release/
corporatefinancial-news/us-food-and-drug-administration-
expands-approval-yervoy-ipilim.

62. Merchant, M. S., Wright, M., Baird, K., Wexler, L. H., Rodriguez-
Galindo, C., Bernstein, D., Delbrook, C., Lodish, M., Bishop, R.,
Wolchok, J. D., Streicher, H., & Mackall, C. L. (2016). Phase I
clinical trial of ipilimumab in pediatric patients with advanced
solid tumors. Clinical Cancer Research, 22(6), 1364–1370.

63. Geoerger, B., et al. (2017). Phase II study of ipilimumab in ado-
lescents with unresectable stage III or IV malignant melanoma.
European Journal of Cancer, 86, 358–363.

64. Majzner, R. G., Heitzeneder, S., & Mackall, C. L. (2017).
Harnessing the immunotherapy revolution for the treatment of
childhood cancers. Cancer Cell, 31(4), 476–485.

65. Campbell, B. B., et al. (2017). Comprehensive analysis of
hypermutation in human cancer. Cell, 171(5), 1042–1056 e10.

66. Korkolopoulou, P., Kaklamanis, L., Pezzella, F., Harris, A. L., &
Gatter, K. C. (1996). Loss of antigen-presenting molecules (MHC
class I and TAP-1) in lung cancer. British Journal of Cancer,
73(2), 148–153.

67. Lussier, D. M., et al. (2015). Combination immunotherapy with
alpha-CTLA-4 and alpha-PD-L1 antibody blockade prevents im-
mune escape and leads to complete control of metastatic osteosar-
coma. Journal for Immunotherapy of Cancer, 3, 21.

68. Wedekind, M. F., Denton, N. L., Chen, C. Y., & Cripe, T. P.
(2018). Pediatric cancer immunotherapy: opportunities and chal-
lenges. Paediatric Drugs, 20(5), 395–408.

69. NCT02304458. Nivolumab with or without ipilimumab in
treating younger patients with recurrent or refractory solid tumors
or sarcomas. 2014 [cited 2019 October 20]; Available from:
https://clinicaltrials.gov/ct2/show/NCT02304458.

70. NCT03130959. An investigational immuno-therapy study of
nivolumab monotherapy and nivolumab in combination with
ipilimumab in pediatric patients with high grade primary cns

Cancer Metastasis Rev (2019) 38:573–594590

https://www.cancer.gov/news-events/cancer-currents-blog/2017/fda-pembrolizumab-hodgkin-lymphoma
https://www.cancer.gov/news-events/cancer-currents-blog/2017/fda-pembrolizumab-hodgkin-lymphoma
https://www.cancer.gov/news-events/cancer-currents-blog/2017/fda-pembrolizumab-hodgkin-lymphoma
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-plus-axitinib-advanced-renal-cell-carcinoma
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-plus-axitinib-advanced-renal-cell-carcinoma
https://www.fda.gov/drugs/drug-approvals-and-databases/fda-approves-pembrolizumab-plus-axitinib-advanced-renal-cell-carcinoma
https://www.fda.gov/drugs/resources-information-approved-drugs/simultaneous-review-decisions-pembrolizumab-plus-lenvatinib-australia-canada-and-us
https://www.fda.gov/drugs/resources-information-approved-drugs/simultaneous-review-decisions-pembrolizumab-plus-lenvatinib-australia-canada-and-us
https://www.fda.gov/drugs/resources-information-approved-drugs/simultaneous-review-decisions-pembrolizumab-plus-lenvatinib-australia-canada-and-us
https://news.bms.com/press-release/corporatefinancial-news/us-food-and-drug-administration-expands-approval-yervoy-ipilim
https://news.bms.com/press-release/corporatefinancial-news/us-food-and-drug-administration-expands-approval-yervoy-ipilim
https://news.bms.com/press-release/corporatefinancial-news/us-food-and-drug-administration-expands-approval-yervoy-ipilim
https://clinicaltrials.gov/ct2/show/NCT02304458


malignancies (CheckMate 908). 2017 [cited 2019 October 20];
Avai lable from: ht tps: / /c l inical t r ia ls .gov/c t2/show/
NCT03130959.

71. NCT03837899. Durvalumab and tremelimumab for pediatric ma-
lignancies. 2019 [cited 2019 October 20]; Available from: https://
clinicaltrials.gov/ct2/show/NCT03837899.

72. Zavras, P. D., Wang, Y., Gandhi, A., Lontos, K., & Delgoffe, G.
M. (2019). Evaluating tisagenlecleucel and its potential in the
treatment of relapsed or refractory diffuse large B cell lymphoma:
evidence to date. OncoTargets and Therapy, 12, 4543–4554.

73. Porter, D. L., Levine, B. L., Kalos, M., Bagg, A., & June, C. H.
(2011). Chimeric antigen receptor-modified T cells in chronic
lymphoid leukemia. The New England Journal of Medicine,
365(8), 725–733.

74. June, C. H., O’Connor, R. S., Kawalekar, O. U., Ghassemi, S., &
Milone, M. C. (2018). CAR T cell immunotherapy for human
cancer. Science, 359(6382), 1361–1365.

75. Kochenderfer, J. N., Wilson, W. H., Janik, J. E., Dudley, M. E.,
Stetler-Stevenson, M., Feldman, S. A., Maric, I., Raffeld, M.,
Nathan, D. A., Lanier, B. J., Morgan, R. A., & Rosenberg, S. A.
(2010). Eradication of B-lineage cells and regression of lymphoma
in a patient treated with autologous T cells genetically engineered
to recognize CD19. Blood, 116(20), 4099–4102.

76. Vairy, S., et al. (2018). CTL019 (tisagenlecleucel): CAR-T therapy
for relapsed and refractory B-cell acute lymphoblastic leukemia.
Drug Design, Development and Therapy, 12, 3885–3898.

77. Brentjens, R. J., Rivière, I., Park, J. H., Davila, M. L., Wang, X.,
Stefanski, J., Taylor, C., Yeh, R., Bartido, S., Borquez-Ojeda, O.,
Olszewska, M., Bernal, Y., Pegram, H., Przybylowski, M.,
Hollyman, D., Usachenko, Y., Pirraglia, D., Hosey, J., Santos,
E., Halton, E., Maslak, P., Scheinberg, D., Jurcic, J., Heaney, M.,
Heller, G., Frattini, M., & Sadelain, M. (2011). Safety and persis-
tence of adoptively transferred autologous CD19-targeted T cells
in patients with relapsed or chemotherapy refractory B-cell leuke-
mias. Blood, 118(18), 4817–4828.

78. Kalos, M., et al. (2011). T cells with chimeric antigen receptors
have potent antitumor effects and can establish memory in patients
with advanced leukemia. Science Translational Medicine, 3(95),
95ra73.

79. Grupp, S. A., Kalos, M., Barrett, D., Aplenc, R., Porter, D. L.,
Rheingold, S. R., Teachey, D. T., Chew, A., Hauck, B., Wright, J.
F., Milone, M. C., Levine, B. L., & June, C. H. (2013). Chimeric
antigen receptor-modified T cells for acute lymphoid leukemia.
The New England Journal of Medicine, 368(16), 1509–1518.

80. Emily Whitehead, Early recipient of CART-cell therapy for ALL,
celebrates 7 years cancer-free. 2019 [cited 2019 October 16];
Available from: https://www.ascopost.com/issues/may-25-2019/
emily-whitehead-celebrates-7-years-cancer-free/.

81. Maude, S. L., Frey, N., Shaw, P. A., Aplenc, R., Barrett, D. M.,
Bunin, N. J., Chew, A., Gonzalez, V. E., Zheng, Z., Lacey, S. F.,
Mahnke, Y. D., Melenhorst, J. J., Rheingold, S. R., Shen, A.,
Teachey, D. T., Levine, B. L., June, C. H., Porter, D. L., &
Grupp, S. A. (2014). Chimeric antigen receptor T cells for
sustained remissions in leukemia. The New England Journal of
Medicine, 371(16), 1507–1517.

82. Lee, D.W., Kochenderfer, J. N., Stetler-Stevenson, M., Cui, Y. K.,
Delbrook, C., Feldman, S. A., Fry, T. J., Orentas, R., Sabatino, M.,
Shah, N. N., Steinberg, S. M., Stroncek, D., Tschernia, N., Yuan,
C., Zhang, H., Zhang, L., Rosenberg, S. A., Wayne, A. S., &
Mackall, C. L. (2015). T cells expressing CD19 chimeric antigen
receptors for acute lymphoblastic leukaemia in children and young
adults: a phase 1 dose-escalation trial. Lancet, 385(9967), 517–
528.

83. Maude, S. L., Laetsch, T. W., Buechner, J., Rives, S., Boyer, M.,
Bittencourt, H., Bader, P., Verneris,M. R., Stefanski, H. E., Myers,
G. D., Qayed, M., de Moerloose, B., Hiramatsu, H., Schlis, K.,

Davis, K. L., Martin, P. L., Nemecek, E. R., Yanik, G. A., Peters,
C., Baruchel, A., Boissel, N., Mechinaud, F., Balduzzi, A.,
Krueger, J., June, C. H., Levine, B. L., Wood, P., Taran, T.,
Leung, M., Mueller, K. T., Zhang, Y., Sen, K., Lebwohl, D.,
Pulsipher, M. A., & Grupp, S. A. (2018). Tisagenlecleucel in
children and young adults with B-cell lymphoblastic leukemia.
The New England Journal of Medicine, 378(5), 439–448.

84. NCT02435849. Determine efficacy and safety of CTL019 in pe-
diatric patients with relapsed and refractory B-cell ALL and high
risk B-cell ALL at first relapse. Determine feasibility and safety of
CTL019 therapy in pediatric patients with high risk B-cell ALL
that relapsed < 6 months post All-HSCT. (ELIANA). 2015 [cited
2019 October 19]; Available from: https://clinicaltrials.gov/ct2/
show/NCT02435849.

85. O'Leary, M. C., et al. (2019). FDA approval summary:
tisagenlecleucel for treatment of patients with relapsed or refrac-
tory B-cell precursor acute lymphoblastic leukemia. Clinical
Cancer Research, 25(4), 1142–1146.

86. NCT03570892. Tisagenlecleucel in adult patients with aggressive
B-cell non-Hodgkin lymphoma (BELINDA). 2018 [cited 2019
October 20]; Available from: https://clinicaltrials.gov/ct2/show/
NCT03570892.

87. NCT03568461. Efficacy and safety of tisagenlecleucel in adult
patients with refractory or relapsed follicular lymphoma
(ELARA). 2018 [cited 2019 October 20]; Available from:
https://clinicaltrials.gov/ct2/show/NCT03568461.

88. NCT03610724. Phase II open label trial to determine safety &
efficacy of tisagenlecleucel in pediatric non-Hodgkin lymphoma
patients (BIANCA). 2018 [cited 2019 October 20]; Available
from: https://clinicaltrials.gov/ct2/show/NCT03610724.

89. NCT04044378. Famitinib plus camrelizumab versus famitinib
alone in advanced osteosarcoma. 2019; Available from: https://
clinicaltrials.gov/ct2/show/NCT04044378.

90. NCT03334305. Adoptive cellular therapy in pediatric patients
with high-grade gliomas (ACTION). 2017 [cited 2019 October
17]; Available from: https://clinicaltrials.gov/ct2/show/
NCT03334305.

91. NCT01192555. Allogeneic tumor cell vaccination with oral met-
ronomic cytoxan in patients with high-risk neuroblastoma
(ATOMIC). 2010 [cited 2019 October 16]; Available from:
https://clinicaltrials.gov/ct2/show/NCT01192555.

92. NCT03396575. Brain stem gliomas treated with adoptive cellular
therapy during focal radiotherapy recovery alone or with dose-
intensified temozolomide (phase I) (BRAVO). 2018 [cited 2019
October 16]; Available from: https://clinicaltrials.gov/ct2/show/
NCT03396575.

93. NCT03043391. Phase 1b study PVSRIPO for recurrent malignant
glioma in children. 2017 [cited 2019 October 24]; Available from:
https://clinicaltrials.gov/ct2/show/NCT03043391.

94. NCT03911388. HSVG207 in children with recurrent or refractory
cerebellar brain tumors. 2019 [cited 2019 October 24]; Available
from: https://clinicaltrials.gov/ct2/show/NCT03911388.

95. NCT03178032. Oncolytic adenovirus, DNX-2401, for naive dif-
fuse intrinsic pontine gliomas. 2017 [cited 2019 October 24];
Available from: https://clinicaltrials.gov/ct2/show/NCT03178032.

96. NCT03495921. Vigil + irinotecan and temozolomide in Ewing’s
sarcoma (VITA). 2018 [cited 2019 October 19]; Available from:
https://clinicaltrials.gov/ct2/show/NCT03495921.

97. NCT00634231. A phase I study of AdV-tk + prodrug therapy in
combination with radiation therapy for pediatric brain tumors.
2008 [cited 2019 October 24]; Available from: https://
clinicaltrials.gov/ct2/show/NCT00634231.

98. NCT02511132. A two-part phase IIb trial of vigil in Ewing’s sar-
coma. 2015 [cited 2019 October 19]; Available from: https://
clinicaltrials.gov/ct2/show/NCT02511132.

Cancer Metastasis Rev (2019) 38:573–594 591

https://clinicaltrials.gov/ct2/show/NCT03130959
https://clinicaltrials.gov/ct2/show/NCT03130959
https://clinicaltrials.gov/ct2/show/NCT03837899
https://clinicaltrials.gov/ct2/show/NCT03837899
https://www.ascopost.com/issues/may-25-2019/emily-whitehead-celebrates-7-years-cancer-free/
https://www.ascopost.com/issues/may-25-2019/emily-whitehead-celebrates-7-years-cancer-free/
https://clinicaltrials.gov/ct2/show/NCT02435849
https://clinicaltrials.gov/ct2/show/NCT02435849
https://clinicaltrials.gov/ct2/show/NCT03570892
https://clinicaltrials.gov/ct2/show/NCT03570892
https://clinicaltrials.gov/ct2/show/NCT03568461
https://clinicaltrials.gov/ct2/show/NCT03610724
https://clinicaltrials.gov/ct2/show/NCT04044378
https://clinicaltrials.gov/ct2/show/NCT04044378
https://clinicaltrials.gov/ct2/show/NCT03334305
https://clinicaltrials.gov/ct2/show/NCT03334305
https://clinicaltrials.gov/ct2/show/NCT01192555
https://clinicaltrials.gov/ct2/show/NCT03396575
https://clinicaltrials.gov/ct2/show/NCT03396575
https://clinicaltrials.gov/ct2/show/NCT03043391
https://clinicaltrials.gov/ct2/show/NCT03911388
https://clinicaltrials.gov/ct2/show/NCT03178032
https://clinicaltrials.gov/ct2/show/NCT03495921
https://clinicaltrials.gov/ct2/show/NCT00634231
https://clinicaltrials.gov/ct2/show/NCT00634231
https://clinicaltrials.gov/ct2/show/NCT02511132
https://clinicaltrials.gov/ct2/show/NCT02511132


99. NCT03299309. PEP-CMV in recurrent medulloblastoma/
malignant glioma (PRiME). 2017 [cited 2019 October 19];
Avai lable from: ht tps: / /c l inical t r ia ls .gov/ct2/show/
NCT03299309.

100. NCT02960230. H3.3K27M peptide vaccine for children with
newly diagnosed dipg and other gliomas. 2016 [cited 2019
October 19]; Available from: https://clinicaltrials.gov/ct2/show/
NCT02960230.

101. Harrington, K., Freeman, D. J., Kelly, B., Harper, J., & Soria, J. C.
(2019). Optimizing oncolytic virotherapy in cancer treatment.
Nature Reviews. Drug Discovery, 18(9), 689–706.

102. Russell, L., Peng, K. W., Russell, S. J., & Diaz, R. M. (2019).
Oncolytic viruses: priming time for cancer immunotherapy.
BioDrugs, 33(5), 485–501.

103. Andtbacka, R. H., et al. (2015). Talimogene laherparepvec im-
proves durable response rate in patients with advanced melanoma.
Journal of Clinical Oncology, 33(25), 2780–2788.

104. Streby, K. A., Geller, J. I., Currier, M.A.,Warren, P. S., Racadio, J.
M., Towbin, A. J., Vaughan, M. R., Triplet, M., Ott-Napier, K.,
Dishman, D. J., Backus, L. R., Stockman, B., Brunner, M.,
Simpson, K., Spavin, R., Conner, J., & Cripe, T. P. (2017).
Intratumoral injection of HSV1716, an oncolytic herpes virus, is
safe and shows evidence of immune response and viral replication
in young cancer patients. Clinical Cancer Research, 23(14),
3566–3574.

105. NCT00931931. HSV1716 in Patients With Non-Central Nervous
System (Non-CNS) Solid Tumors. 2009 [cited 2019 October 21];
Available from: https://clinicaltrials.gov/ct2/show/NCT00931931.

106. NCT01169584. Safety study of recombinant vaccinia virus to treat
refractory solid tumors in pediatric patients. 2010 [cited 2019
October 21]; Available from: https://clinicaltrials.gov/ct2/show/
NCT01169584.

107. Ribas, A., et al. (2017). Oncolytic virotherapy promotes
intratumoral T cell infiltration and improves anti-PD-1 immuno-
therapy. Cell, 170(6), 1109–1119.e10.

108. Dimopoulos, M. A., Oriol, A., Nahi, H., San-Miguel, J., Bahlis, N.
J., Usmani, S. Z., Rabin, N., Orlowski, R. Z., Komarnicki, M.,
Suzuki, K., Plesner, T., Yoon, S. S., Ben Yehuda, D., Richardson,
P. G., Goldschmidt, H., Reece, D., Lisby, S., Khokhar, N. Z.,
O’Rourke, L., Chiu, C., Qin, X., Guckert, M., Ahmadi, T.,
Moreau, P., & POLLUX Investigators. (2016). Daratumumab,
lenalidomide, and dexamethasone for multiple myeloma. The
New England Journal of Medicine, 375(14), 1319–1331.

109. Kimpo, M. S., Oh, B., & Lee, S. (2019). The role of natural killer
cells as a platform for immunotherapy in pediatric cancers.
Current Oncology Reports, 21(10), 93.

110. Caligiuri, M. A. (2008). Human natural killer cells. Blood, 112(3),
461–469.

111. Lee, D. A. (2019). Cellular therapy: adoptive immunotherapy with
expanded natural killer cells. Immunological Reviews, 290(1), 85–
99.

112. Babor, F., Manser, A. R., Fischer, J. C., Scherenschlich, N.,
Enczmann, J., Chazara, O., Moffett, A., Borkhardt, A., Meisel,
R., & Uhrberg, M. (2014). KIR ligand C2 is associated with in-
creased susceptibility to childhood ALL and confers an elevated
risk for late relapse. Blood, 124(14), 2248–2251.

113. Rueff, J., Medinger, M., Heim, D., Passweg, J., & Stern, M.
(2014). Lymphocyte subset recovery and outcome after autolo-
gous hematopoietic stem cell transplantation for plasma cell my-
eloma. Biology of Blood and Marrow Transplantation, 20(6),
896–899.

114. Paczulla, A. M., et al. (2019). Absence of NKG2D ligands defines
leukaemia stem cells and mediates their immune evasion. Nature,
572(7768), 254–259.

115. Oyer, J. L., Igarashi, R. Y., Kulikowski, A. R., Colosimo, D. A.,
Solh, M.M., Zakari, A., Khaled, Y. A., Altomare, D. A., & Copik,

A. J. (2015). Generation of highly cytotoxic natural killer cells for
treatment of acute myelogenous leukemia using a feeder-free,
particle-based approach. Biology of Blood and Marrow
Transplantation, 21(4), 632–639.

116. Chiossone, L., Dumas, P. Y., Vienne, M., & Vivier, E. (2018).
Natural killer cells and other innate lymphoid cells in cancer.
Nature Reviews. Immunology, 18(11), 671–688.

117. Foltz, J. A., et al. (2018). TGFbeta imprinting during activation
promotes natural killer cell cytokine hypersecretion. Cancers
(Basel), 10(11).

118. Naeimi Kararoudi, M., et al. (2018). Generation of knock-out pri-
mary and expanded human NK cells using Cas9 ribonucleopro-
teins. Journal of Visualized Experiments, 136.

119. Pomeroy, E.J., et al. (2018). A genetically engineered primary
human natural killer cell platform for cancer immunotherapy.
bioRxiv, p. 430553.

120. Rautela, J., E. Surgenor, and N.D. Huntington (2018). Efficient
genome editing of human natural killer cells by CRISPR RNP.
bioRxiv, p. 406934.

121. Naeimi Kararoudi, M., et al. (2018). Disruption of SOCS3 pro-
motes the anti-cancer efficacy of primary NK cells. Blood,
132(Suppl 1), 5687–5687.

122. Liu, E., Tong, Y., Dotti, G., Shaim, H., Savoldo, B., Mukherjee,
M., Orange, J., Wan, X., Lu, X., Reynolds, A., Gagea, M.,
Banerjee, P., Cai, R., Bdaiwi, M. H., Basar, R., Muftuoglu, M.,
Li, L., Marin, D., Wierda, W., Keating, M., Champlin, R., Shpall,
E., & Rezvani, K. (2018). Cord blood NK cells engineered to
express IL-15 and a CD19-targeted CAR show long-term persis-
tence and potent antitumor activity. Leukemia, 32(2), 520–531.

123. Kararoudi, M.N., et al. (2019). Highly efficient site-directed gene
insertion in primary human natural killer cells using homologous
recombination and CRISPaint delivered by AAV. bioRxiv, p.
743377.

124. Yang, A., et al. (2016). Perspectives for therapeutic HPV vaccine
development. Journal of Biomedical Science, 23(1), 75.

125. Hollingsworth, R. E., & Jansen, K. (2019). Turning the corner on
therapeutic cancer vaccines. NPJ Vaccines, 4, 7.

126. Le, D. T., Pardoll, D. M., & Jaffee, E. M. (2010). Cellular vaccine
approaches. Cancer Journal, 16(4), 304–310.

127. Bijker, M. S., van den Eeden, S., Franken, K. L., Melief, C. J., van
der Burg, S., & Offringa, R. (2008). Superior induction of anti-
tumor CTL immunity by extended peptide vaccines involves
prolonged, DC-focused antigen presentation. European Journal
of Immunology, 38(4), 1033–1042.

128. Leitner, W.W., Ying, H., & Restifo, N. P. (1999). DNA and RNA-
based vaccines: principles, progress and prospects. Vaccine, 18(9–
10), 765–777.

129. Lundstrom, K. (2016). Replicon RNA viral vectors as vaccines.
Vaccines (Basel), 4(4).

130. Rousseau, R. F., Haight, A. E., Hirschmann-Jax, C., Yvon, E. S.,
Rill, D. R., Mei, Z., Smith, S. C., Inman, S., Cooper, K., Alcoser,
P., Grilley, B., Gee, A., Popek, E., Davidoff, A., Bowman, L. C.,
Brenner, M. K., & Strother, D. (2003). Local and systemic effects
of an allogeneic tumor cell vaccine combining transgenic human
lymphotactin with interleukin-2 in patients with advanced or re-
fractory neuroblastoma. Blood, 101(5), 1718–1726.

131. Cobbs, C. S. (2011). Evolving evidence implicates cytomegalovi-
rus as a promoter of malignant glioma pathogenesis.
Herpesviridae, 2(1), 10.

132. Hortal, A. M., Vermeulen, J. F., van Hecke, W., & Bovenschen, N.
(2017). Oncogenic role of cytomegalovirus in medulloblastoma?
Cancer Letters, 408, 55–59.

133. Chan, K. M., Fang, D., Gan, H., Hashizume, R., Yu, C.,
Schroeder, M., Gupta, N., Mueller, S., James, C. D., Jenkins, R.,
Sarkaria, J., & Zhang, Z. (2013). The histone H3.3K27M

Cancer Metastasis Rev (2019) 38:573–594592

https://clinicaltrials.gov/ct2/show/NCT03299309
https://clinicaltrials.gov/ct2/show/NCT03299309
https://clinicaltrials.gov/ct2/show/NCT02960230
https://clinicaltrials.gov/ct2/show/NCT02960230
https://clinicaltrials.gov/ct2/show/NCT00931931
https://clinicaltrials.gov/ct2/show/NCT01169584
https://clinicaltrials.gov/ct2/show/NCT01169584


mutation in pediatric glioma reprograms H3K27 methylation and
gene expression. Genes & Development, 27(9), 985–990.

134. Fang, D., et al. (2018). H3.3K27M mutant proteins reprogram
epigenome by sequestering the PRC2 complex to poised en-
hancers. Elife, 7.

135. Oh, J., Barve, M., Matthews, C. M., Koon, E. C., Heffernan, T. P.,
Fine, B., Grosen, E., Bergman, M. K., Fleming, E. L., DeMars, L.,
West, L., Spitz, D. L., Goodman, H., Hancock, K. C., Wallraven,
G., Kumar, P., Bognar, E., Manning, L., Pappen, B. O., Adams,
N., Senzer, N., & Nemunaitis, J. (2016). Phase II study of Vigil(R)
DNA engineered immunotherapy as maintenance in advanced
stage ovarian cancer. Gynecologic Oncology, 143(3), 504–510.

136. Pathria, P., Louis, T. L., & Varner, J. A. (2019). Targeting tumor-
associated macrophages in cancer. Trends in Immunology, 40(4),
310–327.

137. Ruffell, B., & Coussens, L. M. (2015). Macrophages and thera-
peutic resistance in cancer. Cancer Cell, 27(4), 462–472.

138. Najafi, M., Hashemi Goradel, N., Farhood, B., Salehi, E.,
Nashtaei, M. S., Khanlarkhani, N., Khezri, Z., Majidpoor, J.,
Abouzaripour, M., Habibi, M., Kashani, I. R., & Mortezaee, K.
(2019). Macrophage polarity in cancer: a review. Journal of
Cellular Biochemistry, 120(3), 2756–2765.

139. Borriello, L., Seeger, R. C., Asgharzadeh, S., & DeClerck, Y.
(2016). More than the genes, the tumor microenvironment in neu-
roblastoma. Cancer Letters, 380(1), 304–314.

140. Hadjidaniel, M. D., et al. (2017). Tumor-associated macrophages
promote neuroblastoma via STAT3 phosphorylation and up-
regulation of c-MYC. Oncotarget, 8(53), 91516–91529.

141. Wu, H.W., Sheard,M. A., Malvar, J., Fernandez, G. E., DeClerck,
Y., Blavier, L., Shimada, H., Theuer, C. P., Sposto, R., & Seeger,
R. C. (2019). Anti-CD105 antibody eliminates tumor microenvi-
ronment cells and enhances anti-GD2 antibody immunotherapy of
neuroblastoma with activated natural killer cells. Clinical Cancer
Research, 25(15), 4761–4774.

142. DeNardo, D. G., et al. (2011). Leukocyte complexity predicts
breast cancer survival and functionally regulates response to che-
motherapy. Cancer Discovery, 1(1), 54–67.

143. Strachan, D. C., Ruffell, B., Oei, Y., Bissell, M. J., Coussens, L.
M., Pryer, N., & Daniel, D. (2013). CSF1R inhibition delays cer-
vical and mammary tumor growth in murine models by attenuat-
ing the turnover of tumor-associated macrophages and enhancing
infiltration by CD8(+) T cells. Oncoimmunology, 2(12), e26968.

144. Webb, M. W., Sun, J., Sheard, M. A., Liu, W. Y., Wu, H. W.,
Jackson, J. R., Malvar, J., Sposto, R., Daniel, D., & Seeger, R.
C. (2018). Colony stimulating factor 1 receptor blockade improves
the efficacy of chemotherapy against human neuroblastoma in the
absence of T lymphocytes. International Journal of Cancer,
143(6), 1483–1493.

145. Mao, Y., Eissler, N., Blanc, K. L., Johnsen, J. I., Kogner, P., &
Kiessling, R. (2016). Targeting suppressive myeloid cells potenti-
ates checkpoint inhibitors to control spontaneous neuroblastoma.
Clinical Cancer Research, 22(15), 3849–3859.

146. Eissler, N., Mao, Y., Brodin, D., Reuterswärd, P., Andersson
Svahn, H., Johnsen, J. I., Kiessling, R., & Kogner, P. (2016).
Regulation of myeloid cells by activated T cells determines the
efficacy of PD-1 blockade. Oncoimmunology, 5(12), e1232222–
e1232222.

147. Denton, N. L., Chen, C. Y., Hutzen, B., Currier, M. A., Scott, T.,
Nartker, B., Leddon, J. L., Wang, P. Y., Srinivas, R., Cassady, K.
A., Goins, W. F., & Cripe, T. P. (2018). Myelolytic treatments
enhance oncolytic herpes virotherapy inmodels of Ewing sarcoma
by modulating the immune microenvironment. Molecular
Therapy-Oncolytics, 11, 62–74.

148. Kubala, M. H., et al. (2018). Plasminogen activator inhibitor-1
promotes the recruitment and polarization of macrophages in can-
cer. Cell Reports, 25(8), 2177–2191.e7.

149. Lieberman, N. A. P., DeGolier, K., Kovar, H. M., Davis, A.,
Hoglund, V., Stevens, J., Winter, C., Deutsch, G., Furlan, S. N.,
Vitanza, N. A., Leary, S. E. S., & Crane, C. A. (2019).
Characterization of the immune microenvironment of diffuse in-
trinsic pontine glioma: implications for development of immuno-
therapy. Neuro-Oncology, 21(1), 83–94.

150. Martin, J. D., Seano, G., & Jain, R. K. (2019). Normalizing func-
tion of tumor vessels: progress, opportunities, and challenges.
Annual Review of Physiology, 81, 505–534.

151. Fukumura, D., Kloepper, J., Amoozgar, Z., Duda, D. G., & Jain,
R. K. (2018). Enhancing cancer immunotherapy using
antiangiogenics: opportunities and challenges. Nature Reviews
Clinical Oncology, 15(5), 325–340.

152. Fischer, K., Hoffmann, P., Voelkl, S., Meidenbauer, N., Ammer, J.,
Edinger, M., Gottfried, E., Schwarz, S., Rothe, G., Hoves, S.,
Renner, K., Timischl, B., Mackensen, A., Kunz-Schughart, L.,
Andreesen, R., Krause, S. W., & Kreutz, M. (2007). Inhibitory
effect of tumor cell–derived lactic acid on human T cells. Blood,
109(9), 3812–3819.

153. Nakagawa, Y., et al. (2015). Effects of extracellular pH and hyp-
oxia on the function and development of antigen-specific cytotox-
ic T lymphocytes. Immunology Letters, 167(2), 72–86.

154. Andre, N., et al. (2010). Anti-angiogenic therapies for children
with cancer. Current Cancer Drug Targets, 10(8), 879–889.

155. Hodi, F. S., Lawrence, D., Lezcano, C., Wu, X., Zhou, J., Sasada,
T., Zeng, W., Giobbie-Hurder, A., Atkins, M. B., Ibrahim, N.,
Friedlander, P., Flaherty, K. T., Murphy, G. F., Rodig, S.,
Velazquez, E. F., Mihm MC Jr, Russell, S., DiPiro, P., Yap, J. T.,
Ramaiya, N., van den Abbeele, A., Gargano, M., & McDermott,
D. (2014). Bevacizumab plus ipilimumab in patients with meta-
static melanoma. Cancer Immunology Research, 2(7), 632–642.

156. Carter, T., Shaw, H., Cohn-Brown, D., Chester, K., &Mulholland,
P. (2016). Ipilimumab and bevacizumab in glioblastoma. Clinical
Oncology, 28(10), 622–626.

157. Bocca, P., et al. (2018). Bevacizumab-mediated tumor vasculature
remodelling improves tumor infiltration and antitumor efficacy of
GD2-CAR T cells in a human neuroblastoma preclinical model.
OncoImmunology, 7(1), e1378843.

158. van Hooren, L., Georganaki, M., Huang, H., Mangsbo, S. M., &
Dimberg, A. (2016). Sunitinib enhances the antitumor responses
of agonistic CD40-antibody by reducing MDSCs and synergisti-
cally improving endothelial activation and T-cell recruitment.
Oncotarget, 7(31), 50277–50289.

159. NCT03359018. Apatinib plus anti-PD1 therapy for advanced os-
teosarcoma (APFAO). 2017 [cited 2019 October 24]; Available
from: https://clinicaltrials.gov/ct2/show/NCT03359018.

160. Veglia, F., Perego, M., &Gabrilovich, D. (2018). Myeloid-derived
suppressor cells coming of age. Nature Immunology, 19(2), 108–
119.

161. Youn, J.-I., Collazo, M., Shalova, I. N., Biswas, S. K., &
Gabrilovich, D. I. (2012). Characterization of the nature of gran-
ulocytic myeloid-derived suppressor cells in tumor-bearing mice.
Journal of Leukocyte Biology, 91(1), 167–181.

162. Gabrilovich, D. I., Ostrand-Rosenberg, S., & Bronte, V. (2012).
Coordinated regulation of myeloid cells by tumours. Nature
Reviews. Immunology, 12(4), 253–268.

163. Rodriguez, P. C., Quiceno, D. G., Zabaleta, J., Ortiz, B., Zea, A.
H., Piazuelo, M. B., Delgado, A., Correa, P., Brayer, J.,
Sotomayor, E. M., Antonia, S., Ochoa, J. B., & Ochoa, A. C.
(2004). Arginase I production in the tumor microenvironment by
mature myeloid cells inhibits T-cell receptor expression and
antigen-specific T-cell responses. Cancer Research, 64(16),
5839–5849.

164. Sinha, P., Clements, V. K., Fulton, A. M., & Ostrand-Rosenberg,
S. (2007). Prostaglandin E2 promotes tumor progression by

Cancer Metastasis Rev (2019) 38:573–594 593

https://clinicaltrials.gov/ct2/show/NCT03359018


inducing myeloid-derived suppressor cells. Cancer Research,
67(9), 4507–4513.

165. Dolcetti, L., et al. (2010). Hierarchy of immunosuppressive
strength among myeloid-derived suppressor cell subsets is deter-
mined by GM-CSF. European Journal of Immunology, 40(1), 22–
35.

166. Movahedi, K., Guilliams, M., van den Bossche, J., van den Bergh,
R., Gysemans, C., Beschin, A., de Baetselier, P., & van
Ginderachter, J. (2008). Identification of discrete tumor-induced
myeloid-derived suppressor cell subpopulations with distinct T
cell-suppressive activity. Blood, 111(8), 4233–4244.

167. Fleming, V., et al. (2018). Targeting myeloid-derived suppressor
cells to bypass tumor-induced immunosuppression. Frontiers in
Immunology, 9(398).

168. Dominguez, G. A., Condamine, T., Mony, S., Hashimoto, A.,
Wang, F., Liu, Q., Forero, A., Bendell, J., Witt, R., Hockstein,
N., Kumar, P., & Gabrilovich, D. I. (2017). Selective targeting of
myeloid-derived suppressor cells in cancer patients using DS-
8273a, an agonistic TRAIL-R2 antibody. Clinical Cancer
Research, 23(12), 2942–2950.

169. Tobin, R. P., et al. (2018). Targeting myeloid-derived suppressor
cells using all-trans retinoic acid in melanoma patients treated with
Ipilimumab. International Immunopharmacology, 63, 282–291.

170. Long, A. H., Highfill, S. L., Cui, Y., Smith, J. P., Walker, A. J.,
Ramakrishna, S., el-Etriby, R., Galli, S., Tsokos, M. G., Orentas,
R. J., &Mackall, C. L. (2016). Reduction ofMDSCswith all-trans
retinoic acid improves CAR therapy efficacy for sarcomas.
Cancer Immunology Research, 4(10), 869–880.

171. Fultang, L., Panetti, S., Ng, M., Collins, P., Graef, S., Rizkalla, N.,
Booth, S., Lenton, R., Noyvert, B., Shannon-Lowe, C.,
Middleton, G.,Mussai, F., & de Santo, C. (2019).MDSC targeting
with gemtuzumab ozogamicin restores T cell immunity and im-
munotherapy against cancers. EBioMedicine, 47, 235–246.

172. de Coana, Y. P., et al. (2017). Ipilimumab treatment decreases
monocytic MDSCs and increases CD8 effector memory T cells
in long-term survivors with advanced melanoma. Oncotarget,
8(13), 21539–21553.

173. Olumi, A. F., Grossfeld, G. D., Hayward, S. W., Carroll, P. R.,
Tlsty, T. D., & Cunha, G. R. (1999). Carcinoma-associated fibro-
blasts direct tumor progression of initiated human prostatic epithe-
lium. Cancer Research, 59(19), 5002–5011.

174. Gascard, P., & Tlsty, T. D. (2016). Carcinoma-associated fibro-
blasts: orchestrating the composition of malignancy. Genes &
Development, 30(9), 1002–1019.

175. Ghayad, S. E., et al. (2016). Exosomes derived from embryonal
and alveolar rhabdomyosarcoma carry differential miRNA cargo
and promote invasion of recipient fibroblasts. Scientific Reports, 6,
37088.

176. Chakravarthy, A., Khan, L., Bensler, N. P., Bose, P., & de
Carvalho, D. D. (2018). TGF-beta-associated extracellular matrix
genes link cancer-associated fibroblasts to immune evasion and
immunotherapy failure. Nature Communications, 9(1), 4692.

177. Özdemir, B. C., et al. (2014). Depletion of carcinoma-associated
fibroblasts and fibrosis induces immunosuppression and acceler-
ates pancreas cancer with reduced survival. Cancer Cell, 25(6),
719–734.

178. Kock, A., Larsson, K., Bergqvist, F., Eissler, N., Elfman, L. H. M.,
Raouf, J., Korotkova, M., Johnsen, J. I., Jakobsson, P. J., &
Kogner, P. (2018). Inhibition of microsomal prostaglandin E
synthase-1 in cancer-associated fibroblasts suppresses neuroblas-
toma tumor growth. EBioMedicine, 32, 84–92.

179. Barker, S. E., Grosse, S. M., Siapati, E. K., Kritz, A., Kinnon, C.,
Thrasher, A. J., & Hart, S. L. (2007). Immunotherapy for

neuroblastoma using syngeneic fibroblasts transfected with IL-2
and IL-12. British Journal of Cancer, 97(2), 210–217.

180. Marshall, G. M., Carter, D. R., Cheung, B. B., Liu, T., Mateos, M.
K.,Meyerowitz, J. G., &Weiss,W. A. (2014). The prenatal origins
of cancer. Nature Reviews. Cancer, 14(4), 277–289.

181. Hutzen, B., Ghonime, M., Lee, J., Mardis, E. R., Wang, R., Lee,
D. A., Cairo, M. S., Roberts, R. D., Cripe, T. P., & Cassady, K. A.
(2019). Immunotherapeutic challenges for pediatric cancers.
Molecular Therapy-Oncolytics, 15, 38–48.

182. Wolchok, J. D., Kluger, H., Callahan,M. K., Postow,M. A., Rizvi,
N. A., Lesokhin, A. M., Segal, N. H., Ariyan, C. E., Gordon, R.
A., Reed, K., Burke, M. M., Caldwell, A., Kronenberg, S. A.,
Agunwamba, B. U., Zhang, X., Lowy, I., Inzunza, H. D., Feely,
W., Horak, C. E., Hong, Q., Korman, A. J., Wigginton, J. M.,
Gupta, A., & Sznol, M. (2013). Nivolumab plus ipilimumab in
advanced melanoma. The New England Journal of Medicine,
369(2), 122–133.

183. Kyi, C., & Postow, M. A. (2016). Immune checkpoint inhibitor
combinations in solid tumors: opportunities and challenges.
Immunotherapy, 8(7), 821–837.

184. Callahan, M. K., Postow, M. A., &Wolchok, J. D. (2014). CTLA-
4 and PD-1 pathway blockade: combinations in the clinic.
Frontiers in Oncology, 4, 385.

185. Swart, M., Verbrugge, I., & Beltman, J. B. (2016). Combination
approaches with immune-checkpoint blockade in cancer therapy.
Frontiers in Oncology, 6, 233.

186. Sun, C., Dotti, G., & Savoldo, B. (2016). Utilizing cell-based
therapeutics to overcome immune evasion in hematologic malig-
nancies. Blood, 127(26), 3350–3359.

187. Hsu, J., Hodgins, J. J., Marathe, M., Nicolai, C. J., Bourgeois-
Daigneault, M. C., Trevino, T. N., Azimi, C. S., Scheer, A. K.,
Randolph, H. E., Thompson, T. W., Zhang, L., Iannello, A.,
Mathur, N., Jardine, K. E., Kirn, G. A., Bell, J. C., McBurney,
M., Raulet, D. H., & Ardolino, M. (2018). Contribution of NK
cells to immunotherapy mediated by PD-1/PD-L1 blockade. The
Journal of Clinical Investigation, 128(10), 4654–4668.

188. Wagner, L. M., & Adams, V. R. (2017). Targeting the PD-1 path-
way in pediatric solid tumors and brain tumors. OncoTargets and
Therapy, 10, 2097–2106.

189. NCT02879695. Blinatumomab and nivolumab with or without
ipilimumab in treating patients with poor-risk relapsed or refrac-
tory CD19+ precursor B-lymphoblastic leukemia. 2016 [cited
2019 October 23]; Available from: https://clinicaltrials.gov/ct2/
show/NCT02879695.

190. Engeland, C. E., Grossardt, C., Veinalde, R., Bossow, S., Lutz, D.,
Kaufmann, J. K., Shevchenko, I., Umansky, V., Nettelbeck, D.M.,
Weichert, W., Jäger, D., von Kalle, C., & Ungerechts, G. (2014).
CTLA-4 and PD-L1 checkpoint blockade enhances oncolytic
measles virus therapy. Molecular Therapy, 22(11), 1949–1959.

191. Chen, C. Y., Wang, P. Y., Hutzen, B., Sprague, L., Swain, H. M.,
Love, J. K., Stanek, J. R., Boon, L., Conner, J., & Cripe, T. P.
(2017). Cooperation of oncolytic herpes virotherapy and PD-1
blockade in murine rhabdomyosarcoma models. Scientific
Reports, 7(1), 2396.

192. LaRocca, C. J., & Warner, S. G. (2018). Oncolytic viruses and
checkpoint inhibitors: combination therapy in clinical trials.
Clinical and Translational Medicine, 7(1), 35.

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

Cancer Metastasis Rev (2019) 38:573–594594

https://clinicaltrials.gov/ct2/show/NCT02879695
https://clinicaltrials.gov/ct2/show/NCT02879695

	Immunotherapies for pediatric cancer: current landscape and future perspectives
	Abstract
	Introduction
	Immunotherapies approved by the FDA for the treatment of childhood cancer
	Blinatumomab (Amgen)
	Dinutuximab (United Therapeutics)
	Pembrolizumab (Merck) and ipilimumab (Bristol-Myers Squibb)
	Tisagenlecleucel (Novartis)

	Emerging immunotherapies for the treatment of childhood cancer
	Oncolytic virotherapy
	Natural killer cell-based therapies
	Cancer vaccines

	Modulation of the tumor microenvironment
	Targeting macrophages
	Targeting blood vessels
	Targeting myeloid-derived suppressor cells
	Targeting cancer-associated fibroblasts

	Future perspectives: challenges and opportunities
	References


