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Background: Checkpoint inhibitors have transformed the treatment of cancer in adults. This class of drugs has demonstrated
encouraging results in various malignancies such as metastatic melanoma, bladder cancer, renal cancer, and non-small cell lung
carcinoma. However, researchers have only begun investigating the effectiveness and tolerability of checkpoint inhibitors in
pediatric patients.

Methods: We conducted a review of PubMed indexed literature and clinicaltrials.gov using combinations of the keywords
checkpoint, inhibitor, pediatric, CTLA-4 (cytotoxic T lymphocyte antigen-4), PD-1 (programmed cell death-1), and PD-L1
(programmed cell death receptor-1 ligand) to find every recently completed and ongoing trial evaluating checkpoint
inhibitors in patients younger than 21 years old. Pertinent articles and clinical trials discussing the role of immune
checkpoint inhibitors in the pediatric population were selected for final analysis and manuscript citation.

Results: This review presents an overview of the cellular mechanisms involved in checkpoint inhibition and of studies
evaluating checkpoint inhibitors in humans. The review also details results and side effects from studies conducted with
pediatric patients, current pediatric clinical trials, and future implications.

Conclusion: Immune checkpoint inhibitors have the potential to further therapeutic advances in pediatric oncology; however,
we need more clinical trials and combination drug strategies targeted toward pediatric cancers.
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INTRODUCTION

Checkpoint inhibitors are among the most researched an-
ticancer agents of the 21 century. Rarely do scientists find a
new class of drugs that demonstrates both efficacy as well as
tolerable toxicity in a multitude of different cancer types. This
group of drugs targets signaling pathways usually used to
modulate host immune responses as part of the normal reg-
ulation of immunity and establishment of tolerance. However,
these immune checkpoints can be hijacked by cancer cells
to silence the host’'s immune response. Multiple pathways
have been discovered through which malignant cells can de-
activate immune cells—including T and B lymphocytes—
from targeting these cells. During cancer progression, T
cells become desensitized and are unable to target malig-
nant cells."? This desensitization, also known as exhaustion,
can occur when tumor cells upregulate inhibitory receptors
such as programmed cell death receptor-1 ligand (PD-L1)
and cytotoxic T lymphocyte antigen-4 (CTLA-4).2 Checkpoint
inhibitors seek to reverse this inhibition so that an immune re-
sponse can be mounted against the malignant cells.

370

We conducted a review of PubMed indexed literature and
clinicaltrials.gov using combinations of the keywords check-
point, inhibitor, pediatric, CTLA-4, PD-1 (programmed cell
death-1), and PD-L1 to find every recently completed and
ongoing trial evaluating checkpoint inhibitors in patients
younger than 21 years old. Given that most clinical trials to
date have evaluated checkpoint inhibitors in adult patients,
this review presents a brief summary of studies in humans
of all age groups and then focuses on results and side ef-
fects in pediatric patients. This review also presents future
directions and current clinical trials evaluating checkpoint in-
hibitors in patients <21 years.

CELLULAR MECHANISMS INVOLVED
IN CHECKPOINT INHIBITION

Ishida et al first reported the PD-1 pathway in 1992.* PD-1
is a transmembrane glycoprotein made up of an immu-
noglobulin domain, intracellular domain, transmembrane,
and stalk comprised of 20 amino acids.>® This glycoprotein
is an immunoreceptor within the CD28/CTLA-4 class of
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T lymphocyte regulators.”® The protein is structurally similar
to antigen receptors and is considered an intermediate be-
tween CD28 and antigen receptors (Figure).®

PD-1 acts as a negative regulator that inhibits T cell activity
by interacting with either of two ligands located on normal
healthy tissue and tumor cells, PD-L1 or PD-L2.%'® When
the PD-L1 ligand located on normal or tumor cells interacts
with the PD-1 cell receptor on an immune cell, the immune
cell’s activity is suppressed.’” On the molecular level, the in-
teraction leads to the phosphorylation of intracellular residues
which recruit SHP-2 that dephosphorylates downstream sig-
naling molecules such as ZAP70. This process attenuates
the T cell receptor (TCR)/CD28 signal on T cells.'®'® The
PD-1 pathway also deactivates B cells, and blockade of the
pathway has been shown to increase proliferation and activa-
tion of B cells.'* In fact, PD-1 can be expressed on B cells,
CD8+ and CD4+ T cells, dendritic cells, natural killer cells,
and monocytes.® 1516

PD-L1 and PD-L2 ligands are structurally similar.?2 Both
PD-L1 and PD-L2 ligands can suppress T cell activity, but
they differ in their distribution throughout the body. PD-L2
has a more limited distribution, including macrophages
and dendritic cells. PD-L1, on the other hand, is found in
many more tissues. The mRNA of PD-L1 is in almost all
human tissues in addition to various malignant cells, possi-
bly a mechanism for the immune system to recognize every
cell in the body.®17:18

CTLA-4 is another pathway that tumors can exploit to at-
tenuate T cell activity but through a different mechanism
than PD-1.” Brunet et al discovered the CTLA-4 pathway in
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Figure. Distribution of immune checkpoint in tumor cells
and immune microenvironment. CTLA-4, cytotoxic T lympho-
cyte antigen-4; MHC, major histocompatibility complex; PD-1/
PD-2, programmed cell death-1/-2; PD-LI/PD-L2, programmed
cell death receptor-1/-2 ligand; TCR, T cell receptor.
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1987."° TCR ligation results in CTLA-4 receptor upregulation
that competes with CD28 in binding to the B7 ligand. This
reduced costimulation via CD28 results in decreased T lym-
phocyte activity.?2!

In adult human clinical trials, the blockade of these path-
ways with checkpoint inhibitors such as ipilimumab (targeting
CTLA-4) and nivolumab (targeting PD-1) has demonstrated
encouraging results, although not in all cancer types. The
drug ipilimumab was the first immune checkpoint inhibitor
against CTLA-4 to increase survival in adults with metastatic
melanoma.??2® The fully human monoclonal antibody treme-
limumab (targeting CTLA-4) has demonstrated success
against various cancers including melanoma.?* The check-
point inhibitor nivolumab (targeting PD-1) demonstrated suc-
cessful results against melanoma, renal cell carcinoma, and
non-small cell lung cancer.?® Pembrolizumab (targeting
PD-1) showed positive results against metastatic non-small
cell lung cancer, extending overall survival with fewer side ef-
fects compared to standard of care platinum-based chemo-
therapy.?® Another PD-1 inhibitor, atezolizumab, has been
approved as second-line treatment for non-small cell lung
cancer.?”

Furthermore, the combination of PD-1 and CTLA-4 block-
age shows higher response rates against metastatic melano-
ma compared to each agent alone.®® The benefits of
checkpoint inhibitors are not restricted to solid tumors. Signif-
icant activity has been seen in hematologic malignancies as
well. Use of nivolumab or pembrolizumab, both targeting the
PD-1/PD-L1 ligand, has resulted in significant responses in
relapsed/refractory patients with Hodgkin lymphoma with re-
spect to both cytoreduction and duration of response.?®'
Early data suggest activity in non-Hodgkin lymphomas as
well 3233

CHECKPOINT INHIBITORS IN PEDIATRICS

Immune checkpoint drug development focused on adult
cancers in the past; however, there has been a push to eval-
uate this class of therapeutics specifically in pediatric can-
cers. While clinical trials testing checkpoint inhibitors in
pediatric patients have been limited, some results have
been promising. Pembrolizumab has received US Food
and Drug Administration approval for treatment of Hodgkin
lymphoma in pediatric patients, the first such approval for
the pediatric population.3*

PD-L1 is known to be expressed in common pediatric can-
cers.®3% Karim et al evaluated PD-L1 expression in various
hematologic malignancies and found high expression of PD-
L1 in 100% of Hodgkin lymphoma cases (10/10).%® They
also discovered PD-L1 expression in 80% of diffuse large
B cell lymphoma (DLBCL) cases (8/10) and high mutational
burden in 59% of 253 DLBCL cases. Acute myeloid leukemia
and acute lymphoblastic leukemia had significantly less PD-
L1 expression: 24% and 38% of sample cases, respectively.
In other studies, 65%-87% of pediatric patients with Hodgkin
lymphoma demonstrated PD-L1 upregulation, and a higher
level correlated with poor survival.*”*' Researchers have
also demonstrated that 75%-100% of gliomas in a sample
of cases exhibited PD-L1 expression, which correlated with
the severity of disease.***?

However, several challenges exist before checkpoint in-
hibition becomes more widespread in the treatment of pe-
diatric cancers. PD-L1 and PD-L2 expression has been
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found to be relatively low in many pediatric solid tumors.**
Furthermore, the checkpoint inhibition-induced augmented
immune response is associated with a distinct pattern of
side effects and toxicities, also known as immune-related ad-
verse events (irAEs).

A number of published studies describe the efficacy and
side effect profile of checkpoint inhibitors in pediatric pa-
tients.*® In a phase 1 trial, ipilimumab was studied in 33 pa-
tients between the ages of 28 months and 21 years with
advanced solid malignancies including melanoma, bladder,
renal, neuroblastoma, and sarcoma cancers.*® Fifty-five per-
cent of the patients developed a side effect, with 27% develop-
ing a severe side effect (grade 3 or 4 irAE). Side effects were
similar to what has been seen in adult patients such as pneu-
monitis, endocrinopathies, and colitis. However, survival in-
creased in patients who experienced side effects. Six of the
33 patients exhibited stable disease for at least 4 to 10 cycles.

In another study, an 8-year-old child with advanced mela-
noma demonstrated positive results after treatment with ipi-
limumab at 3mg/kg.*” The patient experienced thyroiditis
and an infusion reaction, but the infusion reaction only oc-
curred after the first course of treatment. Steroids and anti-
histamines prevented further reactions.

In various other case reports, 5 pediatric patients aged 3-
22 years with advanced glioblastoma and Hodgkin lympho-
ma received nivolumab. The 2 patients with Hodgkin lym-
phoma demonstrated a long-term response, while 2 of the
children with glioblastoma demonstrated controlled disease
for more than 1 year.3**84° The fifth child, a 10-year-old with
glioblastoma, experienced malignant cerebral edema and
uncal herniation after treatment with nivolumab, possibly
secondary to an inflammatory response.®°

Finally, 5 pediatric patients aged 3-7 years with medullo-
blastoma, glioblastoma, diffuse intrinsic pontine glioma,
and teratoid-rhabdoid tumor were treated with pembrolizu-
mab. Every patient progressed; median survival was 3.2
months.®" Side effects were mild and included diarrhea,
rash, and transaminitis.

Theoretically, immune checkpoint inhibition may strength-
en graft-versus-tumor response in patients with pediatric can-
cers who require allogeneic hematopoietic stem cell
transplantation (HSCT) for relapse, but it also carries the risk
of eliciting severe graft-versus-host disease (GVHD).*%%2%3
Haverkos et al conducted a retrospective analysis of 31 pa-
tients with lymphoma who received anti-PD-1 monoclonal
antibodies after allogeneic HSCT.>* Fifty percent of the pa-
tients had a complete response, and 27% had a partial re-
sponse. However, 55% of the patients developed GVHD
after treatment with the anti-PD-1 monoclonal antibodies,
and 26% of the group died of complications from GVHD.
The authors of this study concluded that PD-1 inhibition in
allogeneic HSCT patients is effective but often complicated
by severe GVHD; thus, PD-1 inhibitors cannot be recom-
mended with HSCT until the side effects can be properly
managed.

FUTURE OF CHECKPOINT INHIBITORS

Checkpoint inhibitors will likely not be used as monother-
apy in the future, except for select biomarker-enriched pop-
ulations, but rather will likely be used synergistically with
other modalities.” The combination of different checkpoint
inhibitors has shown great promise in adult patients. Nivolu-
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mab (targeting PD-1) combined with ipilimumab (targeting
CTLA-4) in metastatic melanoma resulted in >80% tumor re-
gression in 30% of adult patients.>® This combination also
showed promising results in recurrent glioblastoma and ad-
vanced renal cell carcinoma.! One case reports the com-
plete remission of refractory squamous cell head and neck
cancer in a 47-year-old patient after treatment with nivolu-
mab combined with ipilimumab.56 Currently, clinical trials
are evaluating combinations of checkpoint inhibitors in pedi-
atric patients. A phase 2 clinical trial that began in June 2017
to evaluate nivolumab with or without ipilimumab is actively
recruiting pediatric patients with high-grade primary central
nervous system cancers (NCT03130959).

Chemotherapy combined with checkpoint inhibitors is
also currently under investigation. Dacarbazine combined
with ipilimumab increased survival in patients with advanced
melanoma in comparison to dacarbazine alone.?® A trial that
began in September 2018 is comparing nivolumab in com-
bination with cyclophosphamide, vinblastine, and/or capeci-
tabine in pediatric patients (NCT03585465). Researchers
are also testing combinations of checkpoint inhibitors with
targeted therapies including angiogenesis inhibitors, tyro-
sine kinase inhibitors, and other monoclonal antibodies.’
Ipilimumab combined with bevacizumab has shown suc-
cess with mild side effects in metastatic melanoma.>”*8 A
phase | study of ipilimumab and imatinib in both children
and adults that began in February 2013 is actively recruiting
(NCT01738139). Finally, a study in France that began in Au-
gust 2016 is evaluating nivolumab in combination with lirilu-
mab, a human monoclonal antibody that binds to KIR2DL1/
2L3 (a receptor expressed on natural killer cells and a minor-
ity of T cells that regulates function) (NCT02813135).

Numerous trials evaluating checkpoint inhibitors in all age
groups are underway, but few focus strictly on pediatric can-
cers. However, 9 ongoing and 2 completed trials evaluating
checkpoint inhibitors strictly in pediatric patients up to age
21 years are summarized in the Table. Two trials are testing
ipilimumab alone, while 3 trials are evaluating nivolumab
alone. One trial combines ipilimumab with nivolumab, and
another trial combines nivolumab with lirilumab. Additionally,
one trial is investigating nivolumab with cyclophosphamide,
vinblastine, capecitabine, or a combination of these drugs.
Three trials are evaluating other checkpoint inhibitors in pedi-
atric cancers: pembrolizumab, durvalumab, and pidilizumab.

CONCLUSION

Modulation of the human immune system has trans-
formed cancer therapy, and checkpoint inhibition is one of
the many successful forms of immunotherapy used to treat
malignancies. Given their tolerable side effect profile and po-
tential for a durable response, checkpoint inhibitors will likely
be used in conjunction with other modalities to extend life
expectancy. Immune checkpoints have shown early signals
of efficacy when combined with chemotherapy, targeted
therapies, and other forms of immunotherapy. More clinical
trials need to be performed to evaluate the effect of combi-
nation therapy in a wider range of cancer types, particularly
in pediatric cancers.
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