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Purpose of review

Although cancer remains the leading nonaccidental cause of mortality in children, substantial advances in
care have led to 5-year overall survival exceeding 85%. However, improvements in outcomes have not
been uniform across malignancies or strata of social determinants of health. The current review highlights
recent areas of advancement and anticipated directions for future progress.

Recent findings

Incorporation of rational targeted agents into upfront treatment regimens has led to incremental
improvements in event-free survival for many children, sometimes with potential reductions in late effects.
For rare or challenging-to-treat cancers, the increasing feasibility of molecular profiling has provided
specific treatment options to patients with some of the greatest needs. Simultaneously, increased focus is
being given to patient-reported outcomes and social determinants of health, the importance of
which are becoming readily recognized in providing equitable, quality care. Finally, as survival from
malignant diseases improves, breakthroughs in the prevention and management of adverse late effects will
promote long-term quality of life.

Summary

Multi-institutional collaboration and risk-adapted approaches have been crucial to recent advancements in
the care of children with cancer and inform potential directions for future investigation.
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INTRODUCTION

We are witnessing a truly exciting time in pediatric
oncology. Thanks in part to decades of collaborative
clinical trials, there has been remarkable advance-
ment in the treatment of cancer in children and
adolescents. Five-year overall survival (OS) now
exceeds 85%, and there are over 500000 survivors
of cancer in the United States alone, a figure that is
growing yearly [1,2]. Unfortunately, progress has
not come equally or for all. For example, children
with certain malignancies and those who identify
with historically marginalized groups still face a less
optimistic outlook. Furthermore, many long-term
cancer survivors continue to experience burden-
some late effects, as well as problematic social and
financial impacts. Despite these challenges, the field
continues to move toward our ultimate goals of
high rates of cure, precise and personalized risk-
stratification, and minimal long-term toxicity for
all children diagnosed with cancer.

In this review, we will highlight recent develop-
ments relevant to the clinical practice of pediatric
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oncology, with particular focus applied to potential
implications for future advances.
Incorporation of targeted agents in upfront
therapy

Increasing attention has been given to novel targeted
therapies as a means to improve survival and reduce
late effects [3]. Until recently, these agents – which
include small molecule inhibitors, antibody–drug
conjugates, and immune targeted therapies – have
typicallybeen limited to relapsedor refractorydisease
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KEY POINTS

� Targeted agents, previously reserved for relapsed/
refractory disease, have demonstrated substantial
promise in upfront cancer treatment.

� Identification of targetable mutations in rare and
challenging tumors lends hope for patients with
otherwise refractory diseases.

� Use of molecular markers in conjunction with traditional
clinical factors can provide more accurate risk
assessment for treatment selection.

� A growing understanding of disparities in oncology
across social determinants of health is paving the way
for targeted interventions, and regular use of patient-
reported outcomes is incorporating critical patient
feedback on clinical trials.

� Increased focus on the prevention and management of
late effects can lead to improved long-term
patient outcomes.

Hematology and oncology
settings. However, recent clinical trials have estab-
lished several new standards of care incorporating
these agents into upfront treatment regimens.

One impressive example of improvement in
overall survival was noted for children with
KMT2A-rearranged infant acute lymphoblastic leu-
kemia (ALL), a high-risk cancer with historical
event-free survival (EFS) below 40%. Investigators
from the Interfant collaborative group added blina-
tumomab, a bispecific T-cell engager targeting
CD19, to the Interfant-06 treatment regimen and
compared outcomes to historical controls [4

&&

].
Their cohort of 30 patients had exceptional out-
comes with a tolerable safety profile. Two-year dis-
ease-free survival (DFS) was 82% (versus 49% on
Interfant-06). Two-year OS was 93% (versus 66%).
Although long-term follow-up is needed to evaluate
the durability of blinatumomab’s improvement in
outcome, these results represent an exciting exam-
ple of a novel agent, combined with traditional
chemotherapy, drastically altering the standard of
care and outlook for a challenging disease.

Targeted therapies have also shown success
in reducing toxic exposures to chemotherapy.
AAML1331, a noninferiority trial conducted by
the Children’s Oncology Group (COG), evaluated
the efficacy of arsenic trioxide and all-trans retinoic
acid (ATRA) with substantial chemotherapy reduc-
tions for patients with acute promyelocytic leuke-
mia (APL) [5

&

]. Patients with standard-risk APL were
treatedwith a chemotherapy-free regimen of arsenic
and ATRA, whereas those with high-risk APL
received only four doses of idarubicin in addition
58 www.co-pediatrics.com
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to these agents. EFS at 2 years was 98 and 95% for the
standard-risk and high-risk groups, respectively,
with OS exceeding 99% for both. Compared with
historical controls treated on AAML0631, for whom
2-year EFS was 97 and 85% for standard-risk and
high-risk APL, these results highlight targeted thera-
pies achieving what is perhaps the goal for all treat-
ment regimens: minimal chemotherapy exposures,
few late effects, and nearly universal survival.

Recent results from AHOD1331, a phase 3 COG
clinical trial, highlight both improved survival and
reduced chemotherapy exposures [6

&

]. This study of
patients 2–21years with high-risk Hodgkin lym-
phoma randomized patients to receive a standard
North American pediatric six-drug regimen, versus
an experimental regimen that substituted the CD30-
directed antibody–drug conjugate brentuximab
vedotin for bleomycin. The brentuximab arm had
a 3-year EFS of 92%, compared with 83% on the
control arm. Short-term toxic effects between
groups were similar, and the omission of bleomycin
from the experimental arm will likely reduce pul-
monary late effects. Future investigation will be
needed to evaluate whether radiation therapy could
be omitted for this cohort, given that involved site
radiation therapy was administered to over half of
patients on study. Other contemporary work is
evaluating the use of nivolumab or brentuximab
for pediatric and adult patientswithhigh-riskHodg-
kin lymphoma, with promising preliminary results
with radiation therapy avoided for nearly all
patients [7].

The addition of targeted agents does not con-
sistently lead to improved outcome, as illustrated by
the failure of ganitumab, a monoclonal antibody
targeting type 1 insulin-like growth factor receptor.
When added to standard treatment for metastatic
Ewing sarcoma on COG trial AEWS1221, no
improvement in outcomes was noted [8

&

]. In con-
trast, the EuroEwing 2012 study illustrates the
value in optimizing conventional chemotherapy
regimens even without a targeted agent [9

&

]. In
this randomized clinical trial across 10 countries,
640 patients with Ewing sarcoma were randomly
assigned to receive one of two chemotherapy regi-
mens reflecting the European or North American
standards of care. The regimen consisting of inter-
val-compressed chemotherapy with vincristine,
doxorubicin, cyclophosphamide, ifosfamide, and
etoposide was found to be more effective, less toxic,
and shorter in duration, establishing a consensus
across continents.

Several COG studies are actively testing molec-
ularly targeted agents in the upfront setting
(Table 1), and we anticipate additional practice-
changing results in coming years.
Volume 36 � Number 1 � February 2024
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Table 1. Current and planned Children’s Oncology Group clinical trials with molecularly targeted agents in upfront therapy

COG trial number Cancer type Targeted agent Molecular target National Clinical Trials database identifier

AALL1631 Phþ ALL Imatinib BCR-ABL1 NCT03007147

AALL1731 B-ALL, B-LLy Blinatumomab CD-19 NCT03914625

AALL1732 B-ALL Inotuzumab CD-22 NCT03959085

AAML1831 AML Gilteritinib FLT3 NCT04293562

ANHL1931 PMBCL Nivolumab PD-1 NCT04759586

ACNS1723 High-grade glioma Dabrafenib
Trametinib

BRAF
MEK

NCT03919071

ACNS1821 High-grade glioma, DIPG Selinexor H3K27m NCT05099003

ACNS1831 Low-grade glioma Selumetinib MEK NCT03871257

ACNS1833 Low-grade glioma Selumetinib MEK NCT04166409

AHOD2131 Hodgkin lymphoma Brentuximab
Nivolumab

CD30
PD-1

NCT05675410

ANBL1531 Neuroblastoma Lorlatinib ALK NCT03126916

ANBL2131 Neuroblastoma Dinutuximab GD2 a

AOST2032 Osteosarcoma Cabozantinib VEFGR2, c-MET NCT05691478

ARAR2221 Nasopharyngeal carcinoma Nivolumab PD-1 NCT06064097

AML, acute myeloid leukemia; B-ALL, B-cell acute lymphoblastic leukemia; BLLy, B-cell lymphoblastic lymphoma; DIPG, diffuse intrinsic pontine glioma; Phþ ALL,
Philadelphia positive acute lymphoblastic leukemia; PMBCL, primary mediastinal B-cell lymphoma.
aNo National Clinical Trials identifier at the time of publication.
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Application of molecular diagnostics to
target rare or challenging tumors
With increasing data onmolecular features ofmalig-
nancy, researchers are developing novel approaches
to target rare or challenging tumors. These
approaches represent a source of hope for patients
whose disease has relapsed or progressed despite
multiple lines of conventional therapy.

With the aim of studying and cataloguing the
molecular drivers of childhood cancer, the Child-
hood Cancer Data Initiative was launched in 2019
by the National Cancer Institute (NCI) [10

&

]. Part of
this project established the Molecular Characteriza-
tion Initiative (MCI) to offer genomic testing at no
cost for children and young adults with selected
newly diagnosed cancers receiving treatment at
COG-affiliated institutions. With a turnaround time
of approximately 2 weeks, clinical reports include
molecular alterations that are potentially treatable
by an array of targeted agents. Furthermore, aggre-
gated data from the MCI and similar programs may
fuel discovery through datamining. Finally, theMCI
hasmassively expanded access tomany patients who
might once have been excluded from tumor genetic
testing, such as those receiving treatment at smaller
institutions or with less financial means.

In a landmark national study, the NCI-COG
Pediatric MATCH trial investigated the feasibility
of widespread testing and targeted agents for refrac-
tory cancers [11

&&

]. Among the first 1000 enrolled
1040-8703 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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patients, detailed DNA sequencing was successfully
performed in 95%, and actionable mutations were
identified in 32%. While provision of targeted ther-
apy to 1 of 13 treatment subprotocols occurred in
only 13% of patients (due to conflicting concurrent
treatment or clinical status), these results demon-
strate the feasibility of detailed screening on a
national scale, including at institutions without
an early phase clinical trials program.

Several subprotocols from the Pediatric MATCH
have recently reported initial results from single
targeted agent therapy [12

&

,13
&

,14–16]. Eckstein
et al. [12

&

] reported results from treating 20 patients
with refractory or relapsed disease and detected
MAP kinase pathwaymutationswith theMEK inhib-
itor selumetinib. A variety of cancer types were
represented, including high-grade glioma and
rhabdomyosarcoma. Despite promising activity pre-
viously seen with MEK inhibitors in plexiform neu-
rofibromas and melanoma, no objective responses
were observed, suggesting that monotherapy MAP
kinase inhibition is inadequate for these high-risk
populations. Similarly, in another Pediatric MATCH
subprotocol by Chi et al. [13

&

], tazematostat was
given to 20 patients with mutations in EZH2 or
members of the SWI/SNF complex, with only one
objective response and four patients with prolonged
disease stabilization. Three other Pediatric
MATCH subprotocols (erdafitinb, ulixertinib, and
palbociclib) also showed limited single-agent
rved. www.co-pediatrics.com 59
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activity despite molecular biomarker selection [14–
16]. In contrast, selpercatinib was approved by the
FDA for adults and children with refractory solid
tumors (including medullary thyroid cancer) carry-
ing the RET mutation based on data from LOXO-
RET-17001 [17

&

]. In this multicohort trial, the
response rate to selpercatinib was 44% for a median
duration of 24.5months, with a well tolerated tox-
icity profile. Although results from single-agent tri-
als have beenmixed, there is hope that novel agents,
whether individually or in combination therapy,
could improve the outcome for these otherwise
refractory tumors. A successor to MATCH, the
COMBO-MATCH trial (NCT05564377) aims to
assess the potential of targeted drug combinations,
with or without chemotherapy, for adult and pedia-
tric patients with rare tumors [18

&

]. Seeking to target
specific mutations while simultaneously preventing
resistance to targeted agents, there is hope of achiev-
ing more durable responses for patients with
challenging tumors.
Refining risk stratification with molecular
data and novel biomarkers

Historically, risk stratification has been based pri-
marily upon clinical features. Over the past decade,
we have made substantial progress in refining our
understanding of risk by incorporating molecular
characteristics and other novel biomarkers, allowing
for better prognostication and therapy selection.

Detection of tumor cells in the blood at diagnosis
to enhance risk stratification is illustrated in
ANHL12P1, a studyofanaplastic large cell lymphoma
(ALCL) [19

&

]. Previously, clinical factors such as age
at diagnosis, sites of involvement, stage, and radio-
graphic response to therapy comprised the backbone
of risk stratification. In ANHL12P1, patients with
the NPM::ALK fusion marker detected by RT-PCR
in the peripheral blood at diagnosis were found to
have significantly lower 2-year EFS compared with
patients without detectable disease (58 versus 86%).

Other studies have demonstrated prognostic
utility from sophisticated detection of circulating
tumor DNA (ctDNA). In a review of patients with
intermediate-risk rhabdomyosarcoma enrolled on
COG banking study D9902 [20

&

], patients with
detectable ctDNA at diagnosis experienced signifi-
cantly worse EFS and OS compared with those with-
out, a finding that persisted after adjustment for
other known prognostic factors. Similar investiga-
tion has been undertaken with Wilms tumors [21].
Circulating tumor cells at diagnosis, as well as the
dynamic change with therapy, could aid in both
prognosis and treatment planning, and ctDNA is
being investigated on current frontline studies.
60 www.co-pediatrics.com
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Molecular markers have also changed the face of
prognostication for cancers such as neuroblastoma.
Irwin et al. [22

&

] recently developed a revised risk
stratification tool by adapting the International
Neuroblastoma Risk Group Staging System to
include prognostic segmental chromosomal aberra-
tions in addition to classical clinical features to
increase accuracy of risk assessment. Application
of the latest advances in molecular characterization
is anticipated to refine disease prognostication and
appropriate allocation to effective treatment regi-
mens across pediatric oncology.
Evolving collection and use of patient-
reported outcomes and social determinants
of health

As targeted agents alter the landscape of treatment
regimens, advances in the collection, application,
and management of patient-reported outcomes
(PROs) and social determinants of health (SDOH)
may revolutionize cancer care delivery. In recent
years, marked disparities in outcomes based on fac-
tors outside of disease biology – including race,
ethnicity, poverty, language of care, and household
location – have received greater recognition [23].
For example, disparities related to race and ethnicity
were redemonstrated in a recent analysis of eight
COG trials for ALL from 2004 to 2019 [24

&

]. Lever-
aging detailed disease and treatment indicators
available through trial participation, Gupta and
colleagues reported that patients receiving proto-
colized treatment for B-cell ALL who identified as
non-Hispanic Black or Hispanic experienced worse
EFS and OS, compared with patients identifying as
non-Hispanic White. Furthermore, these disparities
were incompletely attenuated after adjusting for
important clinical prognosticators and insurance
status, highlighting a continued need to examine
the impacts of structural racism and devise solutions
to provide more equitable care. Disparities in enroll-
ment on pediatric oncology clinical trials must also
be addressed to ensure access and representation for
all [25,26].

Similarly substantial disparities related topoverty
were reported in 2021 by Bona et al. [27], who ana-
lyzed outcomes of childrenwith high-risk neuroblas-
toma enrolled on two COG clinical trials evaluating
targeted immunotherapy. Retrospective analysis of
these trials, which ran from 2005 to 2014, showed
that children with proxy measures of household
povertyexperienceddecrements inEFSandOS.These
results call for effective, scalable interventions to
mitigate these disparities in outcome. PediCARE,
an intervention geared toward addressing household
material hardship through the provision of resources
Volume 36 � Number 1 � February 2024
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for transportation and food [28
&&

], is one potential
solution currently under investigation. Preliminary
data demonstrate remarkable acceptability, includ-
ing a 100% study participation and completion rate
[29

&

]. Participants provided detailed data related to
SDOH as part of the study and almost universally
reported high perceived benefit from the supports
they received. Further work is needed to evaluate the
scalability of the intervention, as well as its effective-
ness in improving health outcomes.

As more is done to address modifiable social
determinants, we must collect reliable and granular
data from patients and families to aid in screening
and assessment of interventions. We highlight two
other examples of PRO collection during treatment.
An NCI-funded task force recently sought to develop
a core set of PROs for incorporation into clinical trials
involving adolescents and young adults (AYAs) [30

&

].
Through a modified Delphi approach, these experts
prioritized measures of health-related quality of life
and treatment toxicity/tolerability to generate a core
battery of outcomes that has already been incorpo-
rated into several AYA clinical trials. We anticipate
these data will provide a standardized and valuable
perspective from patients themselves, supplement-
ingother study endpoints. Parent-reportedoutcomes
are also being collected multiinstitutionally, illus-
trated by the COG study ACCL20N1CD, a prospec-
tive examinationof the trajectoryof financial distress
during treatment among families of children with
ALL [31

&

]. COG institutions are currently surveying
parents on elements of financial challenges at multi-
ple timepoints, along with indicators of household
socioeconomic status and other SDOHs for correla-
tive analyses. Results from this mixedmethods study
will improve our understanding of the adverse
financial impacts of cancer care and may lead to
interventions to improve care quality.
Increased focus on late effects and
interventions during survivorship

As long-term survival improves for most cancers,
there is strong impetus to reduce secondary late
effects and improve quality of life [32]. Advances
in the risk assessment, prevention, detection, and
treatment of cardiac late effects serve as a paradigm
for future progress in all aspects of survivorship care.

In a pooled analysis of five randomized trials
of children with ALL or Hodgkin lymphoma who
received anthracycline chemotherapy, Chow et al.
[33

&

] evaluated the cardioprotective effects of dex-
razoxane nearly 20 years after initial chemotherapy
exposure. After adjusting for cumulative anthracy-
cline dose, radiation therapy, and other patient
factors, dexrazoxane use was associated with
1040-8703 Copyright © 2023 Wolters Kluwer Health, Inc. All rights rese
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significantly better systolic function and lower risk
of cardiomyopathy by echocardiography, as well
as lower myocardial stress as measured by b-type
natriuretic peptide. Combined with data supporting
its safety [34], these results firmly establish dexra-
zoxane as a standard component of regimens with
high cardiotoxic potential. Complementing this,
recent advances in prediction models using data
from the Childhood Cancer Survivorship Study
have enabled more refined assessments of patients’
cardiac risks based on treatment exposures [35,36].
Preliminary work from COG research sites has also
incorporated longitudinal echocardiogram data
into novel regression methods to predict cardiomy-
opathy risk, years before meeting diagnostic criteria
[37]. Such predictionmodels allow healthcare teams
to identify at-risk patients earlier, prompting timely
action to slow cardiomyopathy progression.

Exciting strides are also being made in the sec-
ondary prevention of cardiomyopathy, evidenced by
preliminary results from the COG ALTE1621 study
[38

&

]. This double-blinded, randomized trial tested
low-dose carvedilol for the prevention of cardiomy-
opathy among a cohort of patients with high-risk
cardiac features but preserved systolic function.
After 2years, patients assigned to receive carvedilol
demonstrated superior echocardiogram parameters
compared with the placebo group, suggesting that
treatment may potentially slow or reverse anthracy-
cline-induced cardiac injury. Of the eight cardiac
events that occurred, six were among patients on
the placebo arm.

While survivors of childhood cancer face risks
for a plethora of late effects, recent advances in
predicting, preventing, and treating cardiac late
effects provide hope for children with cardiotoxic
treatment exposures. Similar advances are being
made for other late effects, including neurotoxicity,
ototoxicity, renal disease, endocrinopathies, secon-
dary malignancies, and psychosocial impacts.
CONCLUSION

As targeted agents establish a growing role within
the upfront treatment of many cancers, we antici-
pate that incorporation of these therapies will
improve survival and reduce long-term health
impact. In parallel, wider access to molecular diag-
nostic testing and enhanced cancer care delivery
pose tremendous promise to move the needle for
our most vulnerable patients. Finally, developments
in survivorship will enable clinicians to better
prevent, detect, and address late effects. Ongoing
collaboration across institutions and countries will
be critical to maintaining our momentum toward a
better future for children with cancer.
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