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Background and Objective: Acute lymphoblastic leukemia (ALL) is the most common hematologic 
malignancy of lymphoid origin in children. The prognosis for newly diagnosed ALL in the pediatric 
population is generally favorable, with a 5-year overall survival rate of more than 90%. Though conventional 
therapy has led to meaningful improvements in cure rates for new-onset pediatric ALL, one-third of patients 
still experience a relapse or refractory disease, contributing to a significant cause of pediatric cancer-related 
mortality. 
Methods: An extensive literature review was undertaken via various databases of medical literature, 
focusing on both results of larger clinical trials, but also with evaluation of recent abstract publications at 
large hematologic conferences. 
Key Content and Findings: Remission is achievable in most of these patients by re-induction with 
currently available therapies, but the long-term overall survival rate is deemed suboptimal and remains a 
therapeutic challenge. As part of never-ceasing efforts to improve pediatric ALL outcomes, newer modalities, 
including targeted molecular therapies as well as immunotherapy, and chimeric antigen receptor (CAR) 
T-cell therapy, are currently being employed to increase treatment effectiveness as well as lessen the side 
effects from conventional chemotherapy. These approaches explore the use of early genome-based disease 
characterization and medications developed against actionable molecular targets.
Conclusions: Additional clinical research is nonetheless required to learn more about the potentially 
harmful effects of targeted therapies and investigate the possibility of these agents replacing or decreasing 
the use of conventional chemotherapy in treating pediatric ALL.
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Introduction

Background

Acute lymphoblastic leukemia (ALL) is a hematopoietic 
malignancy originating from B- and T-lineage lymphoid 
precursors. Many mechanisms, including genetic mutations, 
cell cycle regulation abruptions, chromosome translocations, 
and aneuploidy, are involved in the development of ALL (1,2). 

Every year, approximately 6,000 new ALL cases are 
diagnosed in the United States (1,3-5). Although ALL 
is seen less frequently in adults, the disease does show a 
bimodal pattern, with the first and highest peak occurring 
in children younger than 5 years and a second, lower 
peak towards the latter part of the fifth decade of life (6). 
Pediatric ALL is more common in boys, with a male-to-
female ratio of approximately 1.3:1. The disease is more 
frequently found in children of Hispanic descent, followed 
by White, and a lesser percentage of African Americans are 
affected (7). B-cell ALL (B-ALL) comprises approximately 
85% of the total cases; however, this percentage can differ 
among various age groups, races, and ethnicities (8). 
New-onset pediatric ALL has an overall good prognosis, 
with a 5-year overall survival rate exceeding 75–90%. 
With increasing age, survival and disease biology worsen. 
Adolescents and young adults (AYA) population has poorer 
outcomes than younger children, and the prognosis in 
older adults is much worse, with an overall survival rate of 
30–55%, which decreases further with age (9). 

Rationale and knowledge gap

Although high cure rates for newly diagnosed pediatric ALL 
have been achieved with conventional therapies, 20–30% 
of these children either have a relapse or show refractory 
disease (10-12). Relapsed ALL, as a separate diagnosis, is 
the most common cause of mortality related to pediatric 
malignancies and is counted as the fifth most common 
pediatric cancer diagnosis (13). Re-induction with currently 
available therapies in relapsed patients leads to remission in 
79–90% of cases, but is associated with higher acute toxicity, 
and the long-term overall survival rate is only 40–50% 
(14,15). Furthermore, primary refractory disease, relapsed 
and refractory disease (r/r), and relapse after hematopoietic 
stem cell transplantation (HSCT) are associated with 
worse outcomes and pose extreme therapeutic challenges, 
illustrating an unmet need for the development of durable 
therapies (15).

Innovative therapies such as monoclonal antibodies and 

chimeric antigen receptor (CAR) T-cell therapy are seen as 
new landmark therapeutic approaches to the management 
of r/r pediatric B-ALL (16). In addition, immunotherapy 
and molecularly targeted drugs are being used to treat ALL 
to improve overall treatment outcomes, reduce the doses 
and toxicity of conventional chemotherapy, and enhance 
the effectiveness of treatment. These approaches emphasize 
focusing on the upfront genome-based characterization 
of disease and incorporation of drugs against identified 
actionable targets. However, more clinical research is 
needed to explore the potentially toxic effects of targeted 
cell therapies (17).

Objective

This review will focus on emerging therapeutic advances 
changing how ALL is treated. Table 1 summarizes the 
current and emerging molecular and immunological 
pharmacotherapies for pediatric ALL and the open clinical 
trials investigating these agents, which we review in this 
article. We present this article in accordance with the 
Narrative Review reporting checklist (available at https://
tp.amegroups.com/article/view/10.21037/tp-22-656/rc).

Methods

We searched PubMed, google scholar, and clinicaltrials.
gov for reviews, research articles, published articles for 
study results of completed COG trials as well as ongoing 
clinical trials. Older references were also looked up 
when appropriate. We utilized the search terms “acute 
lymphoblastic leukemia”, “pediatric”, “children”, “B-ALL”, 
“T-ALL”, “menin”, “menin inhibitors”, “tyrosine kinase 
inhibitors”, “venetolclax”, “CD19”, “CD22”, “chimeric 
antigen receptor”, and “CART”. We also searched abstracts 
from relevant conferences including “American Society 
of Hematology” and cross-referenced the references 
from articles and abstracts which were reviewed. Table 2 
summarizes the search strategy utilized in writing this 
manuscript. 

Molecularly targeted therapy in pediatric ALL 

Tyrosine kinase inhibitors

BCR-ABL fusion oncoprotein results from the reciprocal 
translocation between chromosomes 9 and 22 leading to 
Philadelphia chromosome abnormality (Ph+). BCR-ABL 

https://tp.amegroups.com/article/view/10.21037/tp-22-656/rc
https://tp.amegroups.com/article/view/10.21037/tp-22-656/rc
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Table 1 Current and emerging therapeutic targets for pediatric acute lymphoblastic leukemia treatment

Drug class Drug
Current lymphoblastic leukemia uses 
in pediatrics*

Recruiting pediatric acute lymphoblastic 
leukemia trials

Tyrosine kinase inhibitors Imatinib Ph+ ALL, Ph-like ALL** (ABL-class 
fusions)

NCT03007147

Dasatinib NCT05192889, NCT04996160, NCT03117751 

Nilotinib No trials open in pediatrics

Ponatinib NCT04501614

Janus kinase inhibitor Ruxolitinib Ph-like ALL** (JAK2 point mutations 
or CRLF2 rearrangement)

NCT02723994, NCT04996160, NCT03117751

Menin inhibitor SNDX-5613 KMT2A-rearranged leukemia NCT04065399, NCT05326516

BCL-2 inhibitor Venetoclax ALL NCT05192889, NCT05292664, NCT04029688, 
NCT00501826 

BCL-2 and BCL-XL inhibitor Navitoclax NCT05192889

Mdm2 inhibitor Idasanutlin ALL NCT04029688

Proteasome inhibitor Bortezomib ALL NCT04996160, NCT03136146, NCT03117751

Carfilzomib NCT02303821, NCT02512926

Ixazomib NCT03817320

CD19 targeted Blinatumomab CD19+ leukemia NCT03643276, NCT04556084, NCT04746209, 
NCT05192889, NCT02877303, NCT02790515, 
NCT03849651, NCT03914625, NCT04546399, 
NCT02879695, NCT03117751

CAR T cell therapy NCT03573700, NCT04881240, NCT04544592, 
NCT05480449, NCT03016377, NCT01853631, 
NCT04049383, NCT03448393, CT03792633, 
NCT03774654, NCT03117751, NCT03642626, 
NCT02050347

CD22 targeted Inotuzumab 
ozogamicin

CD22+ leukemia NCT03913559, NCT02877303, NCT03962465, 
NCT03959085, NCT02981628, NCT03104491

CAR therapy NCT04571138, NCT02650414, NCT04150497, 
NCT02315612

CD19 and CD22 targeted CAR therapy CD19+ and CD2+ leukemia NCT03241940, NCT03448393, NCT03330691

CD38 targeted Daratumumab ALL No trials open in pediatrics

Isatuximab ALL NCT03860844

PD-1/PD-L1 inhibitors Nivolumab ALL NCT04546399, NCT02879695

DNA methyltransferase 
inhibitors

Decitabine ALL NCT03132454

Azacitidine ALL NCT05292664, NCT05476770

Purine nucleoside analog Nelarabine ALL NCT00501826, NCT03328104, NCT03117751

*, of note, many of these uses are not FDA approved indications and therefore used off-label; **, Ph-like ALL indicates targetable ABL-
class fusions. Ph+ ALL, Philadelphia chromosome positive acute lymphoblastic leukemia; Ph-like ALL, Philadelphia chromosome-like 
acute lymphoblastic leukemia; ALL, acute lymphoblastic leukemia; CAR, chimeric antigen receptor.
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fusion protein has intrinsic tyrosine kinase activity (12,18,19) 
and causes reduced apoptosis leading to dysregulated 
cell proliferation in lymphohematopoietic cells (20), and 
hence serves as an excellent molecular therapeutic target. 
Tyrosine kinase inhibitors (TKIs) such as ABL1 inhibitors 
have shown great efficacy in treatment of patients with Ph+ 
as well as Ph-like ALL and a small subset of T-ALL with 
ABL1-class fusions (8,21-24). 

Imatinib, the first-generation TKI, was initially used 
as a single agent to treat Ph+ chronic myeloid leukemia 
(CML) (25), later being utilized in the treatment of r/r Ph+ 
ALL, achieved a complete remission rate of 20–60% (26).  
However, remission was brief and followed shortly by 
progressive disease, indicating the emergence of resistant 
clones (26). Later, TKIs were moved up to frontline therapy 
for Ph+ ALL, combined with conventional chemotherapy 
or HSCT; studies showed that this approach had excellent 
results, with persistent complete remission (27). Imatinib, 
in combination with chemotherapy, increased the 3-year 
event-free survival (EFS) rate to 80% in pediatric Ph+ 
ALL, compared with 35% with chemotherapy alone (28). 
The Children’s Oncology Group (COG) study AALL0031 
reported a 5-year disease-free survival rate of 70% with 
the use of post-induction imatinib combined with intense 
chemotherapy and showed no additional advantage over 
patients who received allogeneic HSCT (59–65%), in 
children and adolescents with Ph+ ALL (29).

Dasatinib is a second-generation TKI with activity 
against BCR-ABL and has a much higher potency than 
imatinib (27,30). Complete remissions have been reported 
in children with refractory Ph+ B-ALL upon treatment 
with dasatinib in combination with chemotherapy (31,32). 
Shen et al. reported that dasatinib at a dose of 80 mg/

m2/day is more effective than imatinib mesylate (at the 
conventional dose of 300 mg/m2/day) in the treatment 
of childhood Ph+ ALL, with significantly higher 4-year 
EFS (71.0% vs. 48.9%) and overall survival (88.4% vs. 
69.2%) in addition to lower relapse rates (19.8% vs. 
34.4%) in the group treated with dasatinib as compared 
to imatinib. Furthermore, no significant difference was 
found in severe toxic effects between the 2 groups (33). 
Interestingly, when COG AALL0622, investigating the 
use of dasatinib in conjunction of intensive chemotherapy 
in pediatric and adolescent Ph+ ALL, was compared to 
AALL0031, investigating the use of imatinib, the results 
showed no significant difference. Further studies need to 
be completed to analyze which subset of patients would 
benefit from these agents, and in the future, a randomized 
study could be considered (34). In addition, dasatinib has 
demonstrated activity against imatinib-resistant clones 
leading to prolonged remissions (35,36). Dasatinib seemed 
more appealing for the treatment of Ph+ ALL because of 
its better blood-brain barrier penetration than imatinib and 
nilotinib, both of which drugs failed to achieve therapeutic 
levels in the brain (37-39). A group at The University of 
Texas MD Anderson Cancer Center evaluated the addition 
of dasatinib to short-term intensified chemotherapy, hyper-
CVAD (hyperfractionated cyclophosphamide, doxorubicin, 
vincristine, and dexamethasone), in adult patients (18 years 
and older) with Ph+ ALL (NCT00390793) (22,40); the 
overall response rate was 91%, with 84% of patients 
showing complete cytogenetic remission after cycle 1 (38). 
A COG phase III trial, AALL1131 (NCT02883049), was 
recently completed to assess the efficacy of dasatinib in 
young patients newly diagnosed with high-risk ALL with 
Philadelphia chromosome-like (Ph-like) mutations; the 

Table 2 The search strategy summary

Items  Specification

Date of search 2022/9/29 to 2023/1/21 

Databases and other sources 
searched

PubMed, clinicaltrials.gov, American Society of Hematology conference presentations, google scholar

Search terms used Pediatric ALL, TKIs, menin, venetoclax, immunotherapy, CART, inotuzumab, bortezomib, nelarabine, 
ruxolitinib, imatinib

Timeframe 2022/9/29 to 2023/1/21 

Inclusion and exclusion criteria Only English language studies were used

Selection process Studies were selected independently, and consensus was obtained by multiple revisions among the authors

ALL, acute lymphoblastic leukemia; TKIs, tyrosine kinase inhibitors; CART, chimeric antigen receptor T-cell.
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results of this trial have not been published yet (2). Despite 
success when combining TKIs with chemotherapy, resistant 
strains continue to emerge; patients who relapsed after 
dasatinib use, have demonstrated resistant T315I mutations 
reported in some adult ALL studies (41-44). Previous trials 
of TKI-based therapy in pediatric Ph+ ALL have utilized 
either continuous dosing of imatinib (AALL0031, amended 
EsPhALL) or dasatinib (AALL0622, AALL1122). Since the 
overall EFS rates appear similar amongst these trials (29,34), 
and because it is more readily available in all participating 
countries, imatinib was chosen as the TKI to be combined 
with chemotherapy on the COG trial AALL1631. 

Ponatinib,  a  newer third-generat ion TKI,  was 
found to be active against T315I-mutant relapses and 
led to improved 3-year EFS rates in adult Ph+ ALL 
(45,46); hence, was approved by the US Food and Drug 
Administration (FDA) in 2014 for treatment of adults with 
r/r Ph+ ALL (17,47). Major complications observed with 
the use of ponatinib included increased thrombosis risk 
and pancreatitis, which make the use of ponatinib difficult 
with chemotherapy regimens that have similar adverse 
effects, such as PEG-asparaginase and corticosteroids (48). 
There is currently limited data on ponatinib use in children. 
Rossoff et al. first reported that ponatinib is well tolerated 
with a favorable safety profile in pediatric patients with 
Ph+/Ph+ like ALL (n=12) and CML (n=9) treated with 
varying doses of ponatinib at 13 centers; grade 3 toxicities 
were observed in 29% of patients (49). At a median time-
interval of 3 months, 71% of patients showed a decrease in 
disease burden (49). Millot et al. retrospectively analyzed 
3 pediatric ALL Ph+ and 11 CML patients treated 
with ponatinib as second- to eighth-line treatment in 
combination with standard chemotherapy. They concluded 
that ponatinib may be a suitable option for treatment for 
children with Ph+ leukemias who have failed several lines 
of therapy (50). Similar results were recently shared by 
Japanese group who concluded that ponatinib may be safe 
and effective in pediatric patients with Ph+ leukemia (51). 
This group also retrospectively reviewed nine pediatric 
patients with Ph+ ALL and four with CML who received 
ponatinib therapy. The median dose of ponatinib used 
was 16.9 mg/m2. 6/9 (67%) patients with Ph+ ALL and 
2/4 (50%) CML responded to ponatinib. Grade 4 toxicity 
was observed in only one patient (12%) with increased 
lipase levels. Grade 3 non-hematologic toxicities included 
hypertension (12.5%), polymorphic erythema (12.5%), and 
elevated levels of alanine aminotransferase levels (25%), 
aspartate aminotransferase levels (25%), and gamma-

glutamyl transferase (12.5%) (51). An ongoing multicenter 
study (NCT04501614), which is currently in phase II, is 
investigating efficacy of ponatinib with chemotherapy in 
children with Ph+ ALL.

The introduction of TKIs has been revolutionary 
in treating Ph+ B-ALL (2). However, more studies are 
required to identify additional/adjuvant molecular targets to 
enhance the efficacy of TKIs in combination therapies and 
determine if there is a subset of patients that would benefit 
from the continuation of TKI. 

B cell leukemia/lymphoma-2 (BCL-2) and BCL-XL 
inhibitors

The BCL-2 proteins, located in mitochondrial membrane, 
play pivotal roles in regulating cell death pathways and 
have anti-apoptotic properties (2,52). Overexpression of  
BCL-2 in leukemia cells helps them to escape apoptosis and 
have enhanced BCL-2-dependent survival; which makes it 
an intriguing molecular target in cancer therapy (52,53). 
High levels of BCL-2 is observed in many hematological 
malignancies and is linked to disease progression and 
chemotherapy resistance (54). Venetoclax is a potent oral 
agent that selectively inhibits the anti-apoptotic BCL-2 
protein, restoring the malignant cells’ capacity to undergo 
apoptosis (55). Venetoclax is approved by the FDA for 
treating chronic lymphocytic leukemia and, more recently, 
for adult acute myeloid leukemia (AML) in combination with 
azacytidine, decitabine, or cytarabine in patients not able to 
tolerate intensified chemotherapy (56). Since then, its use 
has been expanded in children with different hematological 
malignancies including AML and B and T cell ALL (57-59). 
Venetoclax has also been combined with other apoptotic 
pathway antagonists with favorable results (60).

A phase I study (NCT03181126) evaluated venetoclax 
and navitoclax, a BCL-2 and BCL-XL inhibitor. The 
study showed that both drugs were safe and efficacious in 
pediatric and adult patients with r/r ALL or lymphoblastic 
lymphoma, as evidenced by an overall response rate of 
66.7%, complete remission rate of 56.5%, and median 
overall survival duration of 6.6 months. The recommended 
doses were 25 mg of navitoclax for patients weighing <45 kg 
and 50 mg for patients weighing ≥45 kg, in combination 
with an adult-equivalent dose of 400 mg of venetoclax in 
combination with chemotherapy (2).

Given the encouraging results in adult populations, 
venetoclax holds the potential for promising results in 
pediatric patients as well. A phase I/II multicenter study 
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(NCT04029688) is assessing the murine double minute 
2 homolog (MDM2) inhibitor idasanutlin combined 
with chemotherapy or venetoclax in pediatric and young 
adult patients with r/r acute leukemias or solid tumors 
(61,62). Similarly, an additional phase I study is evaluating 
venetoclax in combination with CPX-351 in children, 
adolescents, and young adults with acute r/r leukemias (63). 

Janus-associated kinase signal transducer and activator of 
transcription (JAK-STAT) inhibitors

Ruxolitinib is a JAK inhibitor that works by competitively 
inhibiting the ATP-binding site on JAK1 and JAK2 protein 
kinases. Interruption of signaling leads to inhibition of 
cellular proliferation through modulation of the JAK-STAT 
signaling pathway. Disruption of aberrant signaling of this 
kinase pathway has been exploited in the treatment of Ph-
like ALL using TKIs, suggesting the potential for targeting 
the JAK-STAT pathway (64). CRLF2 rearrangements with 
concomitant JAK2 point mutations, found in 50% of Ph-
like ALL cases, are associated with abnormal activation 
of the JAK-STAT signaling pathway. Clinical trials are 
investigating the use of ruxolitinib in combination with 
conventional chemotherapy in patients newly diagnosed 
with Ph-like ALL and as single-agent or combination 
therapy in patients with r/r Ph-like ALL (64,65). In a 
phase I study of JAK inhibition in children with r/r tumors, 
including leukemias, no major dose-limiting toxicities of 
ruxolitinib were found with a recommended continuous 
dose of 50 mg/m2 twice daily (66). A recently completed 
phase II study of children and adolescents newly diagnosed 
with high-risk CRLF rearrangement/JAK pathway mutant 
Ph-like ALL has thus far shown the safety and tolerability of 
the combination of ruxolitinib with standard intensive multi-
agent chemotherapy (AALL1521; NCT02723994) (65). 
Although it is currently an FDA-approved oral medication 
for the treatment of myelofibrosis, polycythemia vera, 
and acute graft-versus-host disease (67), ruxolitinib holds 
promise in the treatment of pediatric Ph-like ALL and 
should be further investigated in pediatric leukemias with 
alterations in JAK protein kinases, not only in combination 
with chemotherapy but also in combination with TKIs (68).

Proteasome inhibitors

Bortezomib is a 26S proteasome inhibitor that induces 
apoptosis in malignant cells but has limited cytotoxicity 
for nonmalignant cells (69), which makes it an attractive 

therapeutic agent. Bortezomib has reported synergetic 
effects on leukemia cell lines when combined with other 
chemotherapies such as doxorubicin, as well as when 
combined with corticosteroids (69,70). 

A pilot study conducted by Messinger et al. (71) and 
Bertaina et al. (72) suggested that bortezomib could improve 
overall survival in patients with relapsed precursor B-ALL. 
COG later conducted a phase II clinical trial (AALL07P1) 
to determine if adding bortezomib to conventional 
chemotherapy was beneficial in relapsed ALL, and the 
data favored bortezomib efficacy in certain groups, such 
as those with T-cell ALL (73). Based on these promising 
results, the COG phase III trial AALL1231 was initiated 
to test bortezomib in newly diagnosed T-cell ALL and  
lymphoma (74). Importantly, the rate of grade 3 or higher 
toxicities was similar between the control and treatment 
(bortezomib) group, including peripheral neuropathy 
and pulmonary toxicity (74). Disappointingly, the overall 
outcome in T-cell ALL was not significantly improved 
compared with control arm, especially in those with very 
high risk T-cell ALL (74). However, patients with T-cell 
lymphoblastic lymphoma had significantly improved EFS 
and overall survival with bortezomib, and it is still not clear 
why bortezomib is more impactful in T-cell lymphoblastic 
lymphoma than in T-cell ALL. 

Other proteasome inhibitors are in the pipeline, 
including carfilzomib, for which a phase 1b trial in r/r ALL 
has been completed (75), and ixazomib. More data will be 
needed for us to better understand the role of proteasome 
inhibitors in the treatment of acute leukemia. 

Nelarabine

The antimetabolite (purine nucleoside analog) nelarabine is 
a prodrug of 9-β-D-arabinofuranosylguanine (ara-G) (76).  
Nelarabine is rapidly converted in the plasma to ara-GTP, 
a nucleoside analog that incorporates into the DNA of 
leukemic blasts to terminate DNA synthesis and induce 
apoptosis (76-79). Ara-GTP was observed to have greater 
accumulation and cytotoxicity in T cells than in B cells (78), 
leading to the targeted use of nelarabine for the treatment 
of T-cell ALL (79-81).

Nelarabine has been effective for treating r/r T-cell ALL 
in both pediatric and adult patients since 2005 (82). Results 
from the phase III trial COG 0434 also support the use of 
nelarabine in patients with newly diagnosed disease (83).  
EFS in pediatric patients with T-cell ALL was around 
80% in those receiving intensive chemotherapy and cranial 
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irradiation (83,84) and increased to over 90% with the 
addition of nelarabine, which also significantly lowered the 
incidence of central nervous system relapse (85). Nelarabine 
is associated with severe dose-dependent neurotoxicity 
(78,79); however, overall toxicities were acceptable and 
similar between all treatment arms (85). Because all patients 
in the COG 0434 trial treated with nelarabine also received 
cranial irradiation, further research is needed to determine 
if nelarabine protocols without radiation are an appropriate 
treatment modality. These encouraging data support 
continued use of nelarabine in future trials. 

DNA methyltransferase inhibitors

Azacitidine (5-azacytidine) and decitabine (5-aza-2'-
deoxycytidine) are hypomethylating agents (HMAs) that 
inhibit DNA methyltransferases (86). Malignant cells 
display aberrant methylation patterns that disrupt the DNA 
methylation process and silence tumor-suppressor genes. 
This process plays a critical role in gene regulation and is 
often involved in chemotherapy resistance (87).

Azacitidine is a ribonucleoside analog of cytidine that 
incorporates itself into both DNA and RNA, leading 
to inhibition of protein synthesis and hypomethylation, 
with subsequent reactivation of aberrantly silenced 
tumor-suppressor genes (86,88). Decitabine is a cytadine 
antimetabolite analog that is phosphorylated to the active 
metabolite decitabine triphosphate. This metabolite is 
incorporated into DNA, causing hypomethylation and cell 
death in the S phase of the cell cycle (89). 

Azacitidine and decitabine are currently FDA-approved 
for the treatment of myelodysplastic syndromes and chronic 
myelomonocytic leukemia. Recently, HMAs have shown 
impressive success in adult patients with AML and are 
being demonstrated as efficacious and safe in pediatric 
AML; they are also being currently explored in pediatric 
ALL in combination with chemotherapy (90-93). Particular 
interest has been sparked in the use of HMAs to treat 
infant ALL owing to preclinical data showing promoter 
hypermethylation in infant KMT2Ar ALL (94). A large 
clinical trial was conducted evaluating azacitidine in 
combination with various agents for infants with KMT2Ar 
ALL (NCT02828358); results were presented at the annual 
ASH meeting (December 2022) showing that remission was 
achieved in 65% of patients with a 3-year OS of 63.8% (95). 

Two trials led by Burke et al. assessed the combination 
of decitabine and vorinostat (a histone deactylase 
inhibitor) with traditional chemotherapy backbones for 

the treatment of r/r pediatric ALL, and these trials showed 
varied tolerability results depending on the chemotherapy 
backbone chosen (87,96). However, both trials showed 
clinical activity, with a decrease in hypermethylation and 
a positive correlation between decreased methylation 
and bone marrow response (96). T-cell ALL has been an 
additional area of targeted investigation. In a prospective 
single-arm study, decitabine maintenance was used after 
allogeneic HSCT in patients with ALL, and decitabine was 
found to be tolerable and might be able to reduce relapses 
in patients with T-cell ALL (97). Current ongoing trials for 
use of HMAs in upfront and r/r T-cell ALL are underway 
(NCT03132454, NCT05376111). Although HMAs 
are currently FDA-approved only for myelodysplastic 
syndromes, the collective data to date suggest that HMAs 
can safely be combined with other agents and should 
continue to be explored in pediatric leukemia. 

Menin inhibitors

Menin inhibitors target the protein menin, which is coded 
by the multiple endocrine neoplasia 1 (MEN1) gene, a 
member of the MLL1 and MLL2 complex and the key 
regulator for MLL-rearranged (MLL-r) and NPM1-mutant 
(NPM1c) leukemia (98,99). This gene expression program, 
normally expressed in stem cells, causes a hematopoietic 
differentiation block and leukemic transformation. Recently 
this therapeutic class of oral drugs has emerged as a new 
class of agents with great efficacy against certain types of 
leukemia with the related mutations. 

An ongoing phase I/II study (AUGMENT-101, 
NCT04065399) is currently investigating the menin 
inhibitor SNDX-5613 in r/r leukemias, including those with 
an MLL/KMT2A gene rearrangement, NUP98r, or NPM1 
mutation. Initial results were presented at the American 
Society of Hematology 2021 annual meeting and are very 
exciting (100); 20 out of the 45 patients were able to achieve 
composite complete remission, of which 14 were negative for 
minimal residual disease by flow cytometry or PCR (100). 
Grade 3 QT prolongation was the only dose-limiting toxicity, 
occurring in 8% of patients (3/38) at the study’s pre-defined 
recommended phase II dose criteria (100). Differentiation 
syndrome occurred in 15% of patients (n=8) and reported to 
be grade 1 or 2 in severity. All cases were medically managed 
with corticosteroids and hydroxyurea (100). 

Given these promising results, many other pediatric 
trials are underway to evaluate menin inhibitors including 
the Biomea Fusion trial (NCT05153330), Janssen (JNJ-
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75276617), and Kura Oncology (KO-539), all with pediatric 
patient populations. 

Immunotherapy in pediatric ALL

CD19 inhibitors

Blinatumomab is a biphasic fusion protein with two single-
chain variable fragments arranged in a tandem fashion. One 
fragment targets CD3 antigens of T cells, and the other 
targets CD19 surface antigen on B-cell leukemia cells, 
allowing blinatumomab to strategically redirect T cells and 
induce a cytotoxic immune response (101,102). 

Blinatumomab has specific immune-related adverse 
effects,  including transient cytopenia,  electrolyte 
abnormalities, cytokine release syndrome (CRS), immune-
related neurotoxicity, and B-cell aplasia. The most 
significant adverse effects are CRS and neurotoxicity. 
CRS severity is related to disease burden and can be 
fatal if not identified in time and appropriate steps taken 
for management (103). Results of phase I/II trial of 26 
international sites showed a maximum tolerated dose of  
15 µg/m2/day; later, the dose recommended for children was 
5 µg/m2/day for the first 7 days followed by 15 µg/m2/day 
thereafter (103). 

Multiple clinical trials have shown that blinatumomab 
is more effective than traditional intensive chemotherapy 
for the treatment of high-risk/intermediate-risk pediatric 
relapsed B-ALL (104,105), as well as in patients with lower 
disease burden (103). In children, adolescents, and young 
adults with low-risk first relapse of B-ALL, blinatumomab 
showed no significant difference in outcomes compared 
with standard intensive chemotherapy (106). However, 
blinatumomab has a better side effect profile and is much 
better tolerated, making it an attractive option for many 
patients.

With these promising results, great effort has been made 
to determine whether blinatumomab can be incorporated 
into upfront therapy for ALL. COG is now incorporating 
blinatumomab into upfront treatment for standard-risk 
B-ALL to determine if post-consolidation blinatumomab 
improves outcomes (AALL1731). In the relapse setting, 
the phase II trial AALL1821 attempted to explore the 
effectiveness of the combination of blinatumomab and 
immune checkpoint inhibitors. However, this trial was 
closed due to inferior outcomes in both study arms. 
Moreover, our group is employing condensed sequential 
immunotherapy/chemotherapy, including blinatumomab 

and inotuzumab with excellent results (107). 

CD22 inhibitors

Inotuzumab ozogamicin (InO) is a humanized anti-CD22 
monoclonal antibody conjugated to calicheamicin, which 
can cause double-strand DNA breaks (108). In adult patients, 
InO was superior to standard chemotherapy for r/r disease, 
leading to complete remission in 80.7% of cases compared 
with only 29.4% after standard chemotherapy (108).  
InO possesses a unique adverse effect profile; most grade 
3 or higher non-hematologic adverse events are liver-
related. Veno-occlusive liver disease was reported to be 
more common in patients with a history of treatment 
with InO who went on to receive HSCT (108-110). This 
toxicity can potentially be mitigated using weekly schedules 
of lower doses of InO in combination with low-intensity 
chemotherapy. InO can also be effectively combined with 
lower-intensity hyper-CVAD, which was shown to achieve 
an overall minimal residual disease negativity rate of 82% 
in adult patients (age 18 years and older) with r/r ALL in a 
study conducted at MD Anderson (111). Other strategies 
include adding ursodiol and avoiding dual alkylating 
agent-based conditioning regimens for HSCT, as well as 
abstaining from concomitant hepatotoxic drugs (112).

The use of InO has been explored in pediatric patients 
as well. The ITCC-059 phase I trial reported that 3 doses 
of weekly scheduled single-agent InO helped 85% of 
pediatric patients with r/r ALL reach complete remission 
with 100% minimal residual disease negativity (110). Based 
on this trial, the recommended dose for pediatric patients 
is 1.8 mg/m2 per course (110). The COG trial AALL 1621 
showed similar results, with a complete remission with 
an incomplete count recovery rate of 58% in children, 
adolescents, and young adults with r/r CD22-positive 
ALL (109). Based on these results, a phase III randomized 
trial of InO for newly diagnosed high-risk B-ALL (COG 
AALL1732) was initiated, and the first planned safety 
analysis showed that rates of hepatoxicity and sinusoidal 
obstruction syndrome did not differ significantly between 
InO and standard therapy; nonetheless, the InO arm did 
show a stronger degree of marrow suppression, and hence 
the dose of InO was decreased by 20% in this trial (113). 
The final results with survival data from AALL1732 are still 
pending and will shape the role of InO in the treatment of 
pediatric ALL. Other groups are trying to combine InO 
with chemotherapy and immunotherapy, and additional 
trials are ongoing (107). 
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Immune checkpoint inhibitors

Immune checkpoints are an intricate set of signals that 
play an important role in the immune based response to 
malignancy. Programmed death ligand 1 (PD-L1) and its 
receptor, programmed death protein 1 (PD-1), are two 
critical checkpoint proteins; binding of PD-L1 to PD-1 
on T cells results in suppression of T-cell function and 
alleviated immune response to leukemic cells leading to 
ineffective killing/poor immune clearance, and therefore 
PD-1 and PD-L1 are thought to play a role in cancer 
immunotherapy (114). Nivolumab is a PD-1 checkpoint 
inhibitor that the FDA approved in 2014 for the treatment 
of unresectable or metastatic melanoma, but its role has 
expanded to several malignancies, including relapsed 
Hodgkin lymphoma, among others.

More recently, the interactions between checkpoint 
inhibitors and blinatumomab have been recognized. 
Primary samples from patients with relapsed B-ALL 
showed upregulation of PD-1 on T cells, and upregulation 
of PD-L1 was observed on leukemic cells from patients 
whose disease did not respond to blinatumomab. Co-culture 
of resistant samples with blinatumomab and anti-PD-1 
antibody increased T-cell proliferation and cell lysis (115).  
In addition, one case report described a 32-year-old male 
patient with refractory CD19+ ALL that failed to respond 
to blinatumomab and showed upregulation of PD-L1 
on tumor cells, as well as increased PD-1 expression 
on the patient’s lymphocytes. Combining the leukemia 
cells with blinatumomab and the patient’s CD3+ T cells 
in vitro resulted in lysis of only 8.5% of leukemia cells, 
compared with 93.6% lysis when the incubation was with 
blinatumomab and healthy donor T cells (116). 

PD-L1 has been found to be increased in relapsed ALL 
and in ALL refractory to blinatumomab, and bone marrow 
from a 12-year-old girl with blinatumomab-refractory 
CD19+ B-ALL was found to have nearly 100% PD-L1 
expression after treatment with blinatumomab. She was 
then treated with blinatumomab and pembrolizumab, an 
anti-PD-1 antibody, and she tolerated this combination well 
and attained complete remission (115).

Blinatumomab combined with nivolumab with or 
without ipilimumab was studied in 8 adults in a phase I dose-
escalation study in which 3 patients had previous treatment 
with blinatumomab and 4 had previously undergone 
allogeneic HSCT. The nivolumab and blinatumomab 
combination was well tolerated, with a severe infusion 
reaction to nivolumab as the only dose-limiting toxicity. 

Two patients were removed prior to administration 
of nivolumab (for hyperbilirubinemia and pericardial 
effusion), and from the 6 evaluable patients who received 
both blinatumomab and nivolumab, 5 achieved complete 
remission with no minimal residual disease by the end of 
cycle 2 (117).

CRS continues to be a concern for immunotherapies 
but appears to be related to tumor burden (118) and has 
been observed less frequently with blinatumomab than 
with other immunotherapies (103). Toxicities associated 
with checkpoint inhibitors may include fatigue, nausea, 
and emesis, and more serious but less frequently observed 
immune-related toxicities include hypophysitis, thyroiditis, 
hepatitis, colitis, and pneumonitis (117,119).

COG is currently conducting the ADVL1421 trial, which 
is a phase I/II study of nivolumab as a single agent and in 
combination with ipilimumab in children, adolescents, 
and young adults with r/r solid tumors (NCT01896999). 
COG is also conducting a phase II trial of the combination 
of blinatumomab with or without nivolumab for the 
treatment of the first relapse of B-ALL in patients with 
Down syndrome (NCT04546399). Several other studies 
of nivolumab in hematologic malignancies are ongoing, 
including nivolumab after CAR T-cell therapy after loosing 
of B-cell aplasia (NCT05310591), nivolumab for Hodgkin 
lymphoma (NCT03337919), combination therapy including 
nivolumab and brentuximab for Hodgkin lymphoma 
(NCT02927769), and nivolumab and azacytidine for AML 
(NCT03825367). 

CAR T-cell therapy

CAR T cells are engineered T cells that can express the 
variable regions (Fv) against B-lineage markers and achieve 
antitumor effects (118). Autologous CAR T-cell therapy 
targeting CD19 has achieved remarkable success in patients 
with r/r B-ALL. Multiple trials that included pediatric, 
adolescent, and young adult patients have reported complete 
remission rates of 62–93% (120-123); most of these 
patients showed a response at around 1 month of therapy 
and were able to achieve minimal residual disease negativity. 
Like blinatumomab, the main adverse events reported were 
CRS and neurologic toxicity, but the degree of severity 
was higher in patients receiving CAR T-cell therapy, with 
grade 3 and 4 adverse events in up to 70% of patients (121).  
CRS was reported in up to 70% of patients receiving CAR 
T-cell therapy, and neurologic events occurred in 40% of 
patients (121). 
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Although some patients can probably be cured with CAR 
T-cell therapy alone, the question remains whether it can 
be curative for a high enough proportion of patients to be 
considered for use as monotherapy. More evidence recently 
indicated that adding HSCT after CAR T-cell therapy was 
associated with long-term disease-free survival and a low 
risk of post-HSCT relapse (122). Shah et al. reported that 
patients who achieved complete remission and proceeded to 
allogeneic HSCT had a relapse rate of <10% at 24 months 
after CAR T-cell therapy, whereas all patients who did not 
undergo HSCT experienced relapse (122). 

The main challenges for CAR T-cell therapy include 
T-cell durable persistence and antigen escape. CAR T-cell 
targeting of CD19 in the peripheral blood can persist 
for as long as 20 months, but patients who receive CAR 
T-cell therapy often experience relapse, and the efficacy 
of the therapy is impacted by prior blinatumomab therapy 
(121,122,124,125). Other potential target antigens are 
under investigation. CAR T-cell therapy targeting the 
CD22 B-lineage marker was investigated in a trial including 
pediatric, adolescent, and young adult patients in whom 
CD19-targeted immunotherapies failed; a complete 
remission rate of 70% was observed, but durable complete 
remission was observed only in patients who then underwent 
HSCT (126). Dual-targeted approaches are currently 
under investigation, including bi-specific, bicistronic CAR 
T-cell therapy and co-transduction or co-infusion of CAR 
T cells, and these approaches may provide solutions for 
antigen escape in CAR T-cell therapy and further enhance 
the durability of responses (127-129). In the AMELIA trial, 
autologous transduced T cells expressing anti-CD19 and 
anti-CD22 CARs (AUTO3) were investigated in children, 
adolescents, and young adults with r/r B-ALL; a good 
safety profile was reported, and a complete remission rate 
of 86% was observed at 1 month (129). But the long-term 
persistence of dual CAR T-cell therapeutic responses is still 
limited, and relapse is still the big concern in these trials 
and remains one of the biggest challenges in CAR T-cell 
therapy, demanding more research. 

Conclusions

Acute leukemia, specifically ALL, continues to make up the 
largest proportion of pediatric malignancies, and although 
arguably the largest strides in outcome improvements have 
been made in ALL, there are clearly pockets of high-risk 
disease that are resistant to previous innovations in therapy. 
This high-risk disease has heterogenous strategies for 

treatment evasion, and thus the field has continued to balloon 
with both targeted agents and novel therapeutic approaches 
to synergize with existing therapy or as a mechanism of 
salvage when traditional therapy fails. From the discovery 
of vulnerable fusions in the Philadelphia chromosome to 
the more recent menin inhibitors, expansion of our anti-
metabolite repertoire, novel targeting of cancer cell biology 
in proteasome and JAK-STAT pathway inhibition, and 
ultimately identification of molecular targets that focus on 
disease-direct delivery of chemotherapy, immunomodulation, 
and immune effector activation, the arsenal of available 
therapies continues to grow in both scope and quantity. 
As the field’s ability to evaluate bad actors earlier in the 
disease course expands, the rapid identification of known 
targetable lesions will lead to swifter introduction of novel 
agents into the leukemia therapeutic backbone, and thus to 
further gains in outcomes improvement. However, exposure 
to more cytotoxic agents or longer treatment times does 
not always lead to improved outcomes. More work is ever 
needed to identify the most efficient and efficacious delivery 
of this ever-growing list of treatments. As such, we need to 
continually adapt to better and more rapidly incorporate 
these modern agents into existing chemotherapeutic trials, 
perhaps ultimately yielding targeted regimens with reduced 
overall chemotherapy exposure, or even removing traditional 
chemotherapy altogether. 
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