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Although outcomes of children and adolescents with newly diagnosed acute myeloid leukemia (AML) have improved 
significantly over the past two decades, more than one-third of patients continue to relapse and experience suboptimal 
long-term outcomes. Given the small numbers of patients with relapsed AML and historical logistical barriers to 
international collaboration including poor trial funding and drug availability, the management of AML relapse has varied 
among pediatric oncology cooperative groups with several salvage regimens utilized and a lack of universally defined 
response criteria. The landscape of relapsed pediatric AML treatment is changing rapidly, however, as the international 
AML community harnesses collective knowledge and resources to characterize the genetic and immunophenotypic 
heterogeneity of relapsed disease, identify biological targets of interest within specific AML subtypes, develop new 
precision medicine approaches for collaborative investigation in early-phase clinical trials, and tackle challenges of 
universal drug access across the globe. This review provides a comprehensive overview of progress achieved to date in 
the treatment of pediatric patients with relapsed AML and highlights modern, state-of-the-art therapeutic approaches 
under active and emerging clinical investigation that have been facilitated by international collaboration among academic 
pediatric oncologists, laboratory scientists, regulatory agencies, pharmaceutical partners, cancer research sponsors, and 
patient advocates. 
 

Abstract 

Introduction 
Outcomes of children and adolescents/young adults with 
newly-diagnosed acute myeloid leukemia (AML) have im-
proved over the past 20 years with overall survival (OS) 
rates now approaching 65-70%.1-4 These survival gains have 
been attributed largely to advances in biological and gen-
etic characterization of heterogeneous pediatric AML sub-
types via next-generation sequencing with clinical outcome 
correlation, and to enhanced supportive care measures fo-
cused on reducing toxicities from intensive multi-agent 
chemotherapy regimens required for cure. Recent advances 
in flow cytometric and molecular measurable residual dis-
ease detection have further enhanced modern risk-strat-
ified approaches to chemotherapy and allocation to 
allogeneic hematopoietic stem cell transplantation (HSCT) 
in first complete remission (CR1) when indicated. 
While these measures have improved event-free survival 
(EFS) for children and adolescents/young adults with de 
novo AML, 30-40% of patients ultimately relapse. Manage-

ment of patients in first relapse has varied among pedi-
atric oncology consortia with no universally agreed-upon 
standard of care at this time. Accordingly, a wide range of 
second complete remission (CR2) rates from 23% to 81%5,6 
and 5-year OS rates from 21% to 42%7-11 has been reported 
across the spectrum of AML salvage regimens. A stan-
dardized approach to relapse has been difficult to achieve 
for several reasons. The Berlin-Frankfurt-Münster (BFM) 
group in Europe has historically used relapsed disease as 
an opportunity to conduct large randomized trials. The 
Children’s Oncology Group (COG) in North America, Ire-
land, New Zealand, and Australia and other cooperative 
groups have viewed relapse as an opportunity to test 
novel therapeutic agents efficiently in smaller cohorts of 
patients via early-phase clinical trials. However, access to 
new drugs of biological interest in pediatric AML is not 
equal among countries and continents, which has further 
affected the ability to investigate promising approaches 
and to standardize treatment more globally in the re-
lapsed setting. Response criteria for pediatric patients 
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with relapsed AML have also not yet been standardized 
across study groups, although efforts to do this are cur-
rently underway. Finally, patients with a first relapse of 
AML (without or with prior HSCT) clearly represent a dif-
ferent disease population from patients with primary 
chemorefractory disease or from those in second or 
greater relapse who collectively experience highly differ-
ent outcomes. These populations are frequently grouped 
together in relapse trials given the relatively small 
numbers of pediatric patients with AML, which further 
contributes to heterogeneity of CR achievement and EFS 
and OS response metrics described above. 
Despite these challenges, significant achievements have 
been made in understanding and treating relapsed AML in 
pediatric patients during the past decade. This review high-
lights recent advances in prognostic factors and reinduction 
regimens for children and adolescents/young adults with re-
lapsed AML and discusses emerging treatment approaches 
under current and near-future clinical investigation. 
 

Predictors of response in children 
with relapsed acute myeloid 
leukemia  

Despite heterogeneity of salvage regimens and response as-
sessment metrics for relapsed AML, some consistent pre-
dictors of the achievement of second remission have been 
identified. During the past two decades, several consortia 
have demonstrated improved survival of children with first 
relapse, often without introduction of new agents. This 
metric has been attributed to improved supportive care 
over time and increased utilization of HSCT with a greater 
pool of stem cell sources, including haploidentical donors.11 
Among COG cohorts, the 5-year OS was 29% for children 
with relapsed AML between 2007 and 2009 and 40% be-
tween 2013 and 2017. BFM studies also reported an im-
provement in 5-year OS from 39% in 2009-2013 to 49% in 
2013-2017 in children with relapsed AML treated with opti-
mized salvage chemotherapy and HSCT.11 
Risk stratification at initial AML diagnosis has been associ-
ated with outcomes at relapse. Children treated on the 
COG AAML1031 phase III trial who were initially classified 
as high risk by leukemia-associated genetics or end-in-
duction MRD and subsequently relapsed had a 5-year OS 
of 15% versus 44% for initially low-risk patients who re-
lapsed (P<0.001).11 Variables that have prognostic signifi-
cance in childhood acute lymphoblastic leukemia, such 
as age and white blood cell count, have not proven pre-
dictive of clinical outcomes in children with AML.7 In adult 
studies, AML patients with full hematologic recovery 
(complete remission [CR]) have better outcomes com-
pared to those with complete remission with incomplete 

platelet count recovery (CRp) or incomplete blood count 
recovery (CRi).12-14 The negative prognostic outcome of a 
CRp/CRi has not been demonstrated in pediatric studies, 
as children with relapsed AML who achieve CRi/CRp do as 
well as those in CR.5,11 In certain contexts, count recovery 
could be a surrogate for residual disease, rather than 
toxicity to normal progenitors.13 The difference in prog-
nostic outcomes for those achieving CRp/CRi between 
adults and pediatric patients may also be related to fun-
damental biological differences in AML biology with dys-
plastic marrow being more predominant in the former. 
The planned intercalation of MRD-based remission criteria 
into response assessment may further refine (or compli-
cate) these measures. 
Response to therapy at initial AML diagnosis is also predic-
tive of survival in patients with relapse.15 In the BFM cohort, 
those classified as non-responders (≥10% marrow involve-
ment after first or ≥5% after second induction) had a 5-
year OS of 0% compared to 45% for those who responded 
to initial therapy (P=0.031). In the COG cohort, outcomes 
after relapse were also dependent upon detection of MRD 
after initial induction therapy with 5-year OS of 24% and 
41% (P<0.001) for those with and without MRD, respectively. 
Finally, resistance to salvage chemotherapy after relapse 
also expectedly contributes to differential outcomes. 
Within a prior Therapeutic Advances in Childhood Leukae-
mia (TACL) consortium cohort in North America and Aus-
tralia, 56% of patients with residual disease after 
reinduction obtained CR after a second treatment attempt, 
25% after a third attempt, and 17% after any subsequent 
attempts.7  
Well-known predictors of response are the duration of the 
initial AML remission and time to relapse.7,10,16-18 Relapse 
within 1 year of CR1 is consistently associated with poor 
long-term survival. In BFM studies, 5-year OS was 29% for 
patients relapsing within 12 months of initial AML diagno-
sis (early relapse) versus 55% when relapse occurred after 
more than 12 months (late relapse; P<0.0001).11 COG 
studies have similarly reported 25% and 51% 5-year OS 
(P<0.001) in patients with early and late relapse, respect-
ively.11 Those relapsing in less than 6 months after the in-
itial AML diagnosis had comparably poor outcomes to 
those relapsing at 6 to 12 months after the initial diagnosis 
(37% vs. 27%, P=0.55). However, the ability to achieve CR2  
after reinduction even in patients with early relapse has 
contributed to superior outcomes, as evidenced by a 4-
year OS of 41% for responders versus 8% in non-re-
sponders in recent BFM studies.15  
In comparison to survival of children after a first relapse of 
AML, survival following a second relapse has not improved 
over time with a stable 5-year OS of approximately 15%.19 
Intensive reinduction regimens have generally not improved 
outcomes,19 highlighting the need to study novel targeted 
agents that may better attack the ‘Achilles’s heels’ of the 
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AML cells for these patients. Encouragingly, if third com-
plete remission (CR3) after second relapse can be achieved, 
use of HSCT has improved survival. One study demon-
strated 5-year OS of 40% for patients receiving chemother-
apy and HSCT as third-line therapy.20 Time to relapse also 
remains prognostic in second relapse with a 5-year OS of 
2% and 33% for those who relapsed before and after 1 year, 
respectively.19 Leukemia-associated high-risk genetic alter-
ations, particularly FLT3 internal tandem duplication (ITD; 
either alone or with WT1 co-mutations), have also been as-
sociated with worse outcomes for patients at second re-
lapse, as described below. Other variables, including age, 
receiving prior HSCT, white cell count at initial AML diag-
nosis, and poor treatment response at initial diagnosis, have 
not proven to be prognostic at second relapse.19,20  
 

Current treatment approaches for 
children with relapsed acute myeloid 
leukemia 

Demonstrated improvements in survival of pediatric pa-
tients with first relapse of AML warrant an aggressive re-
induction attempt with HSCT consolidation in most cases. 
A number of reinduction regimens have demonstrated ef-
ficacy. Factors to consider when choosing a reinduction 
regimen include time to relapse, initial response to induc-
tion therapy, cumulative anthracycline chemotherapy dose, 
availability of chemotherapeutic agents, and presence of 
specific mutations that may be amenable to targeted ther-
apies. Recent data have demonstrated that haploidentical 
transplantation outcomes using post-transplant cyclo-
phosphamide are similar to those obtained with matched 
sibling donors.21 While direct comparisons between coop-
erative group trials have not been possible due to differing 
response criteria, inclusion criteria, and study designs, 
careful consideration of the data for various evidence-
based salvage regimens remains important (Table 1).  
The fludarabine and cytarabine with granulocyte colony-
stimulating factor (g-csf, filgrastim) support (FLAG) regimen 
is frequently used for children with first relapse of AML in 
an attempt to provide effective reinduction therapy while 
reducing infectious and cardiac morbidity, particularly in pa-
tients with prior cumulative anthracycline exposure ≥450 
mg/m2. CR2 rates after FLAG reinduction as high as 70% in 
patients with relapsed/refractory AML or ALL have been re-
ported with many patients able to proceed to HSCT after a 
second cycle of FLAG to consolidate deep remission.22 An-
thracycline addition to a FLAG backbone can be considered 
in patients who have not received maximal prior cumulative 
dosing or in those with high-risk disease (e.g., early relapse). 
In one study, a combination of FLAG with idarubicin resulted 
in CR rates of 81% after one cycle in heavily pre-treated pa-

tients with relapsed AML.23 However, two courses of FLAG 
with idarubicin have been associated with excessive 
toxicity,23 so a second induction cycle of FLAG without ida-
rubicin is generally recommended instead.  
To decrease treatment-related morbidity associated with 
cumulative anthracycline usage, the BFM group previously 
investigated the use of FLAG reinduction combined with 
a liposomal preparation of daunomycin (DaunoXome) ver-
sus FLAG in the largest pediatric first relapse AML ran-
domized study reported to date (n=394 patients).24 All 
patients received FLAG for cycle 2. DaunoXome has po-
tential benefits of decreased toxicity,25 increased half-
life,26 and decreased drug resistance.27 The CR2 rate after 
two cycles was 69% with FLAG/DaunoXome versus 59% 
with FLAG (P=0.07), although OS was similar (40% vs. 
36%, P=0.54). Interestingly, FLAG/DaunoXome was par-
ticularly beneficial for patients with core-binding factor 
AML (RUNX1::RUNX1T1 or CBFB::MYH11 fusions) with 5-year 
OS being 82% with FLAG/DaunoXome and 58% with FLAG 
(P=0.04). While results of this study were very promising, 
DaunoXome was never made available in the USA and is 
no longer manufactured.  
The COG recently reported its analogous experience using 
CPX-351, a liposomal preparation of cytarabine and dauno-
rubicin in a fixed 5:1 molar ratio, in the non-randomized 
AAML1421 phase I/II study in pediatric patients with first re-
lapse of AML.5 Administration of CPX-351 in cycle 1 and FLAG 
in cycle 2 resulted in an overall response rate (comprising 
CR, CRp, and CRi) of 81% among 37 treated patients. All 14 
patients with AML in late relapse (CR1 ≥12 months) achieved 
CR2, while 67% of patients with early relapse (CR1 <12 
months) achieved CR2. Among the 30 responding patients, 
29 (96.7%) were able to proceed to allogeneic HSCT. Two-
year OS remained encouraging at 52.7%, demonstrating 
long-term benefit of this salvage approach.5 Unfortunately, 
CPX-351 is not available or is difficult to procure in many 
countries, including Canada and in Europe. 
Additional reinduction methods for patients with relapsed 
disease have included the investigation of alternate purine 
analogs or proteasome inhibitors. An Innovative Therapies 
for Children with Cancer (ITCC) Consortium/BFM trial in-
vestigated whether replacing fludarabine with clofarabine 
in conjunction with cytarabine and liposomal daunorubicin 
would improve outcomes in patients with early first re-
lapse, chemotherapy-refractory first relapse, or second re-
lapse of AML.28 Among 31 evaluable patients, 64% achieved 
CR or CRi. The 2-year EFS and OS in this high-risk group 
were 27% and 32%, respectively. At the recommended 
phase II dosing of this regimen, the 2-year EFS was 50% 
and OS 60%.28 In the COG AAML0523 phase II study, clofa-
rabine and cytarabine administered without an anthracyc-
line resulted in a CR + CRp rate of 46%.29 In the COG 
AALL07P1 phase II/pilot trial, addition of bortezomib to re-
induction with either high-dose cytarabine and etoposide 
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or low-dose cytarabine and idarubicin was also deemed 
safe with excellent composite complete remission rates 
(CR + Cri + CRp) of 57% in the idarubicin-containing arm.30 
The inclusion of the BCL-2 inhibitor venetoclax in intensive 
induction regimens has proven effective in adults with re-
lapsed AML,31 and various other venetoclax-based therapy 
regimens have been investigated in both relapse and de 
novo settings. In the pediatric domain, the VENAML phase 
I/II study from St Jude Children’s Research Hospital per-
formed dose-finding and assessed preliminary efficacy of 
a cytarabine and venetoclax reinduction regimen in 38 
pediatric patients with relapsed/refractory AML.32 Four pa-
tients had primary chemorefractory AML, 14 of 21 patients 
in first relapse had received previous salvage therapy, 11 
enrolled after second relapse, and two patients enrolled 

after third relapse. A CR rate of 57% (CR, CRp, and CRi) 
was achieved after cycle 1. At the recommended phase II 
dosing of venetoclax, 70% of patients achieved composite 
CR with 71% of the CR also being MRD-negative,32 which 
was very encouraging in a highly treatment-resistant pa-
tient population. Of note, the VENAML regimen may not 
be equally suitable for all AML subtypes. In this study, no 
patient with FLT3-ITD or FLT3-point mutations responded 
to therapy,32 possibly due to the lack of FLT3 inhibitor use.  
Children with high allelic ratio FLT3-ITD AML have an in-
creased risk of relapse.33,34 Survival benefit has been 
clearly demonstrated with addition of targeted FLT3 ki-
nase inhibitors at relapse and, more recently, to front-line 
chemotherapy.35,36 Initial trials studied first-generation 
multi-tyrosine kinase inhibitors with anti-FLT3 properties, 

Consortium 
and study 
name

Study 
phase

Years 
conducted

N of 
subjects

Disease status
Chemotherapy 

regimen
Complete response 

rate
EFS OS Reference 

Germany/ 
Austria 

- 1994-1997 23
R/R AML, 

tAML 
Idarubicin + 

FLAG
81% CR after cycle 1 NR NR

Fleischhack 
et al. 199823

UK - 1995-1996 12
First or greater 
relapse AML

FLAG 70% CR after cycle 1 NR NR
McCarthy 

et al. 199922

BFM - 2001-2009 394

First relapse 
or primary 

chemorefractory 
AML

Cycle 1 FLAG/ 
liposomal 

 daunomycin vs. 
FLAG, cycle 2 

FLAG

69% vs. 59% CR after 
cycle 2

NR

4-year 40% 
(95% CI: 33-48%) 

 vs. 36% 
(95% CI: 29-43%)

Kaspers 
et al. 201324

COG 
AAML0523

 I/II 2007-2012 51

First relapse or 
primary  

chemorefractory 
AML

Clofarabine/ 
cytarabine 

(up to 2 cycles)

46%  
CR + CRp at RP2D  
(95% CI: 31-61%)

NR

3-year 
46% ± 27% 

 in responders vs. 
16% ± 16% in 

non-responders 

Cooper 
et al. 201429

COG 
AAML07P1

II 2008-2011 37
Relapsed/ 

refractory AML, 
tAML

Cytarabine, 
idarubicin, 

bortezomib vs. 
cytarabine, 
etoposide, 
bortezomib

57% vs. 48% CR + 
CRp + CRi after cycle 1

NR
2-year 

39% ± 15% 
(both groups)

Horton 
et al. 201430

ITCC Ib 2010-2014 34

First relapse with 
chemorefractory 
status, early first 

relapse, or 
second relapse 

AML 

Clofarabine, 
liposomal 

daunomycin, 
cytarabine

64% CR + CRi after 
cycle 1

2-year 
27% ± 8%, 
50% ± 16% 

at RP2D

2-year 
32% ± 8%, 
60% ± 16% 

at RP2D

van 
Eijkelenburg 
et al. 201828

COG 
AAML1421

 I/II 2016-2018 37
First relapse 

AML
Cycle 1 CPX-351, 

cycle 2 FLAG

76% CR + CRp + CRi 
after cycle 1, 81% 

after cycle 2 
(90% CI: 67-89%)

NR
2-year 

53% ± 21%
Cooper 

et al. 20205

SJCRH 
VENAML

I 2017-2019 38 R/R AML or AUL
Venetoclax, cyta-

rabine

57%  CR + CRp + CRi 
after cycle 1, 
70% at RP2D 

(95% CI: 46-88%)

NR NR
Karol 

et al. 202032

EFS: event-free survival; OS: overall survival; R/R: relapsed/refractory; AML: acute myeloid leukemia; tAML: therapy-associated/secondary 
AML; FLAG: fludarabine/cytarabine + granulocyte colony-stimulating factor; CR: complete remission; NR: not reported; BFM: Berlin-Frank-
furt-Münster study group; 95% CI: 95% confidence interval; COG: Children's Oncology Group; CRp: complete remission with incomplete 
platelet count recovery; RP2D: recommended phase II dose; CRi: complete remission with incomplete blood count recovery; ITCC: Innovative 
Therapies for Children with Cancer; SJCRH: St Jude Children's Research Hospital; AUL: acute undifferentiated leukemia.

Table 1. Recently completed clinical trials for children with relapsed acute myeloid leukemia. 
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such as midostaurin and sorafenib.37,38 Subsequent trials 
have investigated more selective second-generation in-
hibitors, including quizartinib, crenolanib, and gilteritinib, 
after demonstration of promising results in adult pa-
tients.39,40 A current phase I/II study is examining the safety 
and efficacy of quizartinib with fludarabine, cytarabine, and 
etoposide in pediatric patients with relapsed/refractory 
AML (NCT03793478). Another phase I/II study is investigat-
ing the safety and efficacy of gilteritinib with fludarabine 
and cytarabine in children with relapsed/refractory AML 
(NCT04240002). Based upon successful data in adult pa-
tients with FLT3-ITD AML that led to its approval by the US 
Food and Drug Administration (FDA), gilteritinib in com-
bination with multi-agent chemotherapy is also under in-
vestigation in the COG AAML1831 phase III trial in children, 
adolescents, and young adults with newly-diagnosed FLT3-
ITD or FLT3-mutant AML (NCT04293562). Recent studies 
have also demonstrated benefit of post-HSCT FLT3 in-
hibitor maintenance therapy, although desired anti-AML 
activity must be carefully balanced with risk of toxicity.37,41  
The above studies highlight current evidence-based rein-
duction options for treatment of children with relapsed 
AML. Ideally, all patients should be enrolled on a clinical 
trial, and several early-phase studies of precision medi-
cine therapeutics for children with relapsed/refractory 
AML are now available or will soon open (Table 2). How-
ever, if such options are not possible or clinically relevant, 
a pragmatic approach to salvage therapy is recommended 

in Figure 1. For patients with high-risk relapse, incorpor-
ation of anthracyclines where possible may offer the best 
chance of obtaining CR2, but should be carefully weighed 
against the risk of long-term cumulative cardiotoxicity. 
While liposomal daunomycin formulations have clearly 
demonstrated efficacy in AML salvage regimens (and with 
CPX-351 now under front-line investigation via the COG 
AAML1831 phase III trial), it is not yet known whether or 
not this agent is associated with less cardiotoxicity than 
co-usage of the cardioprotectant dexrazoxane with con-
ventional anthracycline drugs, as was recently shown to 
be beneficial in children treated on the COG AAML1031 
phase III trial.42 For patients with low-risk cytomolecular 
alterations and late relapse of AML or who have received 
maximal cumulative dosing of anthracycline chemother-
apy, FLAG is a safe and generally very effective reinduction 
option. In recent years, addition of the CD33-targeting 
antibody-drug conjugate gemtuzumab ozogamicin (GO) to 
FLAG cycle 1 for patients with CD33+ AML has been anec-
dotally used with a goal of improving CR rates while main-
taining tolerable side effects. More formal evaluation of 
FLAG with GO with or without venetoclax for children with 
relapsed AML is now occurring in clinical trials, such as 
the international Leukaemia & Lymphoma Society 
PedAL/EUpAL consortium APAL2020D phase III study 
(NCT05183035, EudraCT 2021-003212-11), and may shed 
additional light. If curative treatment is intended, consoli-
dative HSCT when in CR2 or later remission should be pur-

Figure 1. Proposed approach to therapeutic decision-making for children with relapsed acute myeloid leukemia. Additional tar-
geted therapies may be considered depending upon underlying cytomolecular genetic alterations or immunophenotypic char-
acteristics. AML: acute myeloid leukemia; FLAG: fludarabine/cytarabine + granulocyte colony-stimulating factor; ida: idarubicin; 
FLT3i: FLT3 inhibitor; GO: gemtuzumab ozogamicin; CR: complete remission; CRi: complete remission with incomplete blood count 
recovery; CRp: complete remission with incomplete platelet count recovery; HSCT: hematopoietic stem cell transplantation.
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Agent Target
Chemotherapy 
combination

Age 
www.clinicaltrials.

gov
Study group Notes

Small molecule inhibitors 

Venetoclax BCL2 Cytarabine ± idarubicin 2-20 years NCT03194932 SJCRH ALAL also eligible

Venetoclax BCL2 FLA + GO 29 days- 21 years NCT05183035 LLS PedAL/EUpAL -

Selinexor, venetoclax XPO1, BCL2 FLA/FLAG ≤ 30 years NCT04898894 SJCRH ALAL also eligible

Gilteritinib FLT3 gilteritinib, FLAG 6 months-21 years NCT04240002 Astellas FLT3-ITD or mutation

Quizartinib FLT3 FLA + etoposide 1 month-21 years NCT03793478 ITCC/COG FLT3-ITD or mutation

Pexidartinib FLT3 - 3 - 35 years NCT02390752 NCI
ALL and solid tumor 

also eligible

MRX-2843 FLT3 -  ≥12 years NCT04872478 Meryx
ALL and MPAL 

also eligible

Enasidenib IDH2 - 2-18 years NCT04203316 COG IDH2 mutation

Pevonedistat NEDD8 Azacitidine + FLA 1 month-21 years NCT03813147 COG/PEP-CTN Active, not recruiting

ALRN-6924 MDM2/MDMX ± Cytarabine 1-21 years NCT03654716 DFCI

CNS and solid 
 tumors, lymphoma, 

other leukemia 
also eligible

Idasanutlin MDM2 FLA or venetoclax ≤ 30 years NCT04029688 Hoffmann-La Roche
ALL and solid tumor 

also eligible

Revumenib 
(SNDX-5613)

Menin -  ≥ 30 days NCT04065399 Syndax

KMT2A 
rearrangement or 
NPM1 mutation, 
ALL also eligible

Revumenib 
(SNDX-5613)

Menin FLA  ≥ 30 days NCT05326516 Syndax

KMT2A 
rearrangement or 

NPM1 mutation, ALL 
also eligible

Revumenib 
(SNDX-5613)

Menin

Decitabine + 
cedazuridine 
(ASTX727) +  
venetoclax

 ≥12 years NCT05360160 MDACC MPAL also eligible

Niclosamide CREB Cytarabine 2-25 years NCT05188170 Stanford University ALAL also eligible

Antibody and cellular immunotherapy 

GO CD33 CPX-351 ≤ 21 years NCT04915612 MDACC CD33+ AML 

CD33 CAR T cells CD33
Fludarabine + 

cyclophosphamide LD
1-35 years NCT03971799 CIBMTR multi-site CD33+ AML

CD33xCD3 
bispecific antibody

CD33xCD3 - 2-21 years NCT05077423
Y-mAbs 

Therapeutics, 
COG/PEP-CTN

Study terminated early 
due to financial 

 decision by sponsor

CD33 CAR T cells 
(DARIC)

CD33
Rapamycin 

(activates DARIC)
≤ 30 years NCT05105152 SCH

Study terminated 
 before expansion 

 cohort due to 
 financial decision by 

sponsor

Flotetuzumab CD123xCD3 - - NCT04158739 COG/PEP-CTN Active, not recruiting

CD123CART CD123

Fludarabine + 
 cyclophosphamide LD, 

rituximab for T-cell  
termination

≤ 21 years NCT04318678 SJCRH
CD123+ AML/MDS; 

 ALL and BPDCN also 
eligible

CD123CART CD123
LD chemotherapy 

 (fludarabine, 
cyclophosphamide)

1-29 years NCT04678336 CHOP CD123+ AML 

SAR443579 
(NK-cell engager) 

CD123 -  ≥12 years NCT05086315 Sanofi
B-ALL and high-risk 
MDS also eligible 

CLL-1 CAR T cells
CLL-1 (CLEC12A, 

CD371)
Fludarabine + 

 cyclophosphamide LD
≤ 75 years NCT04219163 Baylor CLL-1+ AML 

CIML NK cells AML cells
FLAG or fludarabine + 
cyclophosphamide LD

 ≥1 year NCT03068819
Washington 
University

Post-HSCT relapse

CIML NK cells AML cells
Fludarabine + 

 cyclophosphamide LD
 ≥1 year NCT04024761 DFCI Post-HSCT relapse

Table 2. Current and soon-to-open clinical trials for children with relapsed/refractory acute myeloid leukemia. 

Continued on following page.
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sued as clinically appropriate. In patients who remain re-
fractory to reinduction attempts, there is surprisingly 
some evidence to support a role for HSCT even in the ab-
sence of CR. In a BFM study cohort, children with AML who 
had no response after relapse (≥5% residual AML after 
second reinduction therapy) had a poor, but not zero, OS 
rate of 27% at 5 years.11 

Special considerations for children 
with relapsed myeloid leukemia of 
Down syndrome 

Children with trisomy 21-associated AML who relapse rep-
resent another high-risk subgroup who require special at-
tention. While outcomes for most young children with 
myeloid leukemia of Down syndrome (ML-DS) are excel-
lent,43 the subset of patients with relapsed/refractory dis-
ease have very poor outcomes with 3-year OS of 17-26%,44-46 
even with use of consolidative HSCT. Initial treatment failure 
in children with ML-DS is frequently secondary to disease 
progression, rather than due to excess toxicity.45,47 In the re-
cent COG AAML1531 phase III trial, patients were stratified 
as standard- or high-risk based upon negative or positive 
end-induction 1 MRD, respectively, with attempted therapy 
de-escalation via anthracycline reduction to decrease car-
diotoxicity for children with standard-risk ML-DS. However, 
an interim study analysis demonstrated the futility of de-
creased anthracycline dosing in this population with higher 
relapse rates than in the prior COG AAML0431 trial. Impor-
tantly, very poor salvage of children with initially standard-
risk ML-DS who subsequently relapsed was achieved with 
a 1-year OS of 16.7%, demonstrating the importance of ap-
propriately intensive up-front therapy for these patients to 
prevent relapse.46 Successful intercalation of more targeted, 
less toxic agents for children with ML-DS remains an im-
portant therapeutic goal. 
 

Promising new agents for children 
with relapsed/refractory acute 
myeloid leukemia  

Historically, AML in children has been treated similarly to 
AML in adults, and novel agents that have demonstrated 

activity in relapsed adult AML have been applied to re-
lapsed pediatric disease. Although there have been some 
successes with this approach, many agents do not trans-
late well into the pediatric context given fundamental bio-
logical differences in AML across the age spectrum. For 
example, RAS pathway mutations occur frequently in 
children with AML, but are uncommon in adults. Similarly, 
mutations in the epigenetic modifier genes DNMT3A, IDH1, 
and IDH2 are common in adult AML, but rare in pediatrics.48 
Specific mutations may also be present at a subclonal level, 
but targeting these mutations may not fully eradicate dis-
ease if they are not major oncogenic drivers. 
Given the poor clinical outcomes of children with re-
lapsed/refractory AML, early-phase clinical trials of new 
agents may be considered for patients with persistent re-
sidual disease after a reinduction attempt, particularly if an 
anthracycline agent was included in reinduction. Alternative 
strategies include venetoclax-based regimens as described 
above and immunotherapeutic approaches, such as anti-
body-drug conjugates, bispecific antibodies, and cell ther-
apies.49 Patients with particularly high-risk AML-associated 
genetics, including CBFA2T3::GLIS2 fusion, NUP98 re-
arrangements, and some KMT2A rearrangements, may also 
be considered for experimental therapy at the time of first 
relapse if available given their known very poor salvage 
rates. Some of these ‘boutique’ subtypes of high-risk AML 
occur exclusively in younger children and may be amenable 
to novel targeted approaches, including menin inhibition 
for KMT2A-rearranged and NUP98-rearranged AML and 
anti-CD56 and FOL1R immunotherapies for CBFA2T3::GLIS2 
acute megakaryoblastic leukemia discussed in more detail 
below (Figure 2).  

Epigenetic modifiers 
Hypomethylating agents, such as azacytidine and decita-
bine, have demonstrated activity in adult AML, initially in 
elderly patients not fit for intensive chemotherapy.50 The 
TACL consortium recently investigated reinduction with 
azacytidine and fludarabine/cytarabine in 12 children with 
relapsed/refractory leukemia in a phase I study; 58% (7 of 
12) achieved CR/CRi after one cycle with four of these re-
sponses being MRD-negative.51 The use of hypomethyl-
ating chemotherapy for ‘epigenetic priming’ prior to 
induction chemotherapy is now under evaluation in 
children and adolescents/young adults with newly-diag-
nosed AML in a USA-based multi-site randomized phase 

SJCRH: St Jude Children's Research Hospital; ALAL: acute leukemia of ambiguous lineage; FLA: fludarabine/cytarabine; GO: gemtuzumab 
ozogamicin; LLS PedAL/EUpAL: Leukemia & Lymphoma Society Pediatric Acute Leukemia and European Pediatric Acute Leukemia consortium; 
FLAG:  fludarabine/cytarabine + granulocyte colony-stimulating factor; ITD: internal tandem duplication;  ITCC: Innovative Therapies for Child-
hood Cancer consortium; COG: Children's Oncology Group; NCI: National Cancer Institute; ALL: acute lymphoblastic leukemia; MPAL: mixed 
phenotypic acute leukemia; PEP-CTN: Pediatric Early Phase Clinical Trials Network; DFCI: Dana-Farber Cancer Institute; CNS: central nervous 
system; CREB: cAMP response element binding protein; MDACC: MD Anderson Cancer Center; LD: lymphodepleting chemotherapy; CIBMTR: 
Center for International Blood and Marrow Transplant Research; DARIC: dimerizing agent-regulated immune-receptor complex; SCH: Seattle 
Children's Hospital; MDS: myelodysplastic syndromes; BPDCN: blastic plasmacytoid dendritic cell neoplasm; CHOP: Children's Hospital of 
Philadelphia; CIML: cytokine-induced memory-like; NK: natural killer; HSCT: hematopoietic stem cell transplant. 
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II trial (NCT03164057). A subsequent TACL2016-002 phase 
I trial also studied combining decitabine with the check-
point inhibitor nivolumab (NCT03825367), but the study 
closed early due to lack of activity and poor accrual (A 
Verma, personal communication, 2022). 
Another class of epigenetic drugs are histone deacety-
lase (HDAC) inhibitors, such as pabinostat and vorinostat, 
which remodel chromatin and alter gene expression 
which can lead to AML cell differentiation and apopto-
sis.52 A recent St Jude Children’s Research Hospital phase 
I trial examined the use of panobinostat before and in 
combination with fludarabine/cytarabine in 17 pediatric 
patients with relapsed/refractory AML (NCT02676323), 
which demonstrated the safety of the combination ther-
apy and CR in five of six (83.3%) patients treated at dose 
level 3, but closed early due to poor accrual.53 The TACL 
consortium also studied decitabine and vorinostat with 
fludarabine/cytarabine in a phase I trial in pediatric and 
adolescent/young adult patients with relapsed/refractory 
AML or ML-DS (NCT02412475, NCT03263936) and recently 
reported 19 of 35 (54%) treated patients had achieved CR 
or CRi.54  

Small molecule inhibitors 
In addition to the aforementioned FLT3 and BCL-2 in-
hibitors, several new targets and associated small mol-
ecule inhibitors are of particular interest in childhood AML. 

KMT2A rearrangements with a variety of fusion partners 
occur in 15-20% of pediatric AML cases, many of which are 
associated with high relapse risk and poor outcomes. The 
intracellular cofactor menin interacts with the KMT2A pro-
tein complex to activate HOXA-cluster genes and MEIS1, 
which drive leukemia progression.55 Targeted menin in-
hibitors have demonstrated remarkable activity in preclini-
cal models of KMT2A-rearranged AML and ALL,56 as well as 
in NPM1-mutant and NUP98-rearranged AML.57,58 Revumenib 
(SNDX-5613) and ziftomenib (KO-539) have demonstrated 
safety, tolerability, and preliminary activity in adults with 
relapsed/refractory KMT2A-rearranged or NPM1-mutant 
leukemias (NCT04065399, NCT04067336).59,60 Pediatric-
specific investigation of menin inhibitors is occurring via in-
dustry-supported trials and soon-to-open LLS 
PedAL/EUpAL phase I trials (SK Tasian, personal communi-
cation, 2022).  
Selective inhibitors of nuclear export, particularly XPO1 in-
hibitors, include selinexor and eltanexor, and have dem-
onstrated clinical efficacy in adults and children with 
relapsed/refractory AML.61,62 A pediatric phase I study of 
selinexor with fludarabine and cytarabine reported a 47% 
CR/CRi rate in children with multiply relapsed AML. Single-
agent activity of selinexor has also been observed in a 
small number of pediatric patients with relapsed AML har-
boring nucleoporin genes (e.g., NUP214, NUP98) and other 
fusions.61 A phase I/expansion cohort study is now exam-

Figure 2. Therapeutic targets in acute mye-
loid leukemia under current or planned pedi-
atric-specific clinical investigation. CAR T 
cells: chimeric antigen receptor T-cell immu-
notherapy; ADC: antibody-drug conjugates; 
HMA: hypomethylating agents; HDACi: histone 
deacetylase inhibitors; NK: natural killer. Cre-
ated with BioRender.com.
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ining the activity of selinexor and venetoclax with chemo-
therapy in children and adolescents/young adults with re-
lapsed/refractory AML (NCT04898894). 
Another pediatric phase I trial is studying the safety and 
tolerability of ALRN-6294, a targeted inhibitor of MDM2 and 
MDMX proteins, in children with relapsed/refractory TP53 
wild-type solid tumors, lymphoma, or AML (NCT03654716) 
based upon promising preclinical and early clinical data in 
adults with AML.63,64 

Antibody and cellular immunotherapies 
Successful development of immunotherapy targeting cell 
surface antigens is of particular interest in relapsed/re-
fractory pediatric AML. Analysis of AML specimens from 
the COG AAML0531 phase III clinical trial demonstrated in-
ferior EFS and OS of children with the highest CD33 pro-
tein expression.65 Importantly, the AAML0531 study also 
demonstrated the safety of combining the CD33-targeting 
antibody-drug conjugate GO with multi-agent chemother-
apy and improved disease-free survival in specific high-
risk subgroups.66-68 GO is now approved by the FDA and 
European Medicines Agency (EMA) for pediatric patients 
with relapsed or de novo AML based upon favorable clini-
cal trial data from AAML0531 and other European studies. 
A first-in-child, multi-site phase I trial in the USA is inves-
tigating the safety and preliminary activity of CD33 chim-
eric antigen receptor T cells (CD33CART) in children with 
multiply relapsed/refractory AML (NCT03971799) based 
upon promising preclinical data.69 The recently opened in-
ternational first-in-child COG ADVL2111 phase I trial is also 
studying the safety and tolerability of a CD33xCD3 bispe-
cific antibody in children with second or greater 
relapsed/refractory AML (NCT05077423). 
CD123 (interleukin receptor-3 alpha chain) is another cell 
surface antigen of particular interest in pediatric AML 
given a recent similar demonstration of inferior EFS and 
OS and increased relapse risk in patients with highest ex-
pression.70 Several CD123-directed immunotherapies are 
under pediatric-specific investigation in phase I clinical 
trials. The COG PEPN1812 study investigated the safety and 
tolerability of the CD123xCD3 bispecific antibody flotetu-
zumab in 15 children with second or greater relapsed AML, 
identifying a recommended phase II dose and detecting a 
20% overall response rate (NCT04158739) that was con-
cordant with data from an adult study.71-73 Phase I trials of 
CD123 CAR T-cell immunotherapies in children with re-
lapsed/refractory AML are ongoing at the Children’s Hos-
pital of Philadelphia (NCT04678336) and St Jude Children’s 
Research Hospital (NCT04318678) based upon promising 
preclinical data and early clinical experience of similar 
products in adults with relapsed/refractory AML.74-77 Other 
antigen targets of interest in pediatric AML include 
mesothelin, CLEC12A (CLL-1, CD371), FLT3, FOL1R, and e-
selectin ligand.78-84 Early-phase pediatric studies of anti-

body-based or cellular immunotherapies against these 
targets are planned.  
Finally, remarkable anti-leukemia activity has been reported 
with cytokine-induced memory-like natural killer (NK) cells 
in adults and children with relapsed/refractory AML with ad-
ditional trials underway (NCT03068819, NCT04024761).85-87 
Additional potential for CAR-modified T cells against 
NKG2D/NKG2D ligands and CAR-NK cells in patients with 
relapsed/refractory AML is being explored.88 Accrual is also 
ongoing in studies of HA-1 T-cell receptor T cells in children 
with relapsed/refractory AML (NCT03326921).89 

Future approaches to relapse in 
pediatric acute myeloid leukemia 

Next-generation sequencing approaches in acute 
myeloid leukemia  
While the genomic landscape of newly diagnosed pediatric 
AML has recently been relatively well-described,48 the 
cytomolecular characteristics of relapsed AML and their 
potential evolution from diagnosis are less well under-
stood. More widespread use of RNA- and DNA-based 
next-generation sequencing will continue to increase our 
understanding of relapsed pediatric AML and enable 
further fine-tuning of risk stratification and therapeutic 
decision-making. A recent study comprehensively se-
quenced the genome and transcriptome of 136 relapsed 
AML cases and identified over-representation of WT1, 
KMT2A, and NUP98 alterations at relapse compared to 
other subtypes also detected at diagnosis.90 Interestingly, 
tandem duplications in upstream binding transcription 
factor (UBTF) were identified as a previously unknown re-
current alteration in 9% of relapsed pediatric AML cases 
compared to a frequency of 0.9% in relapsed adult AML. 
These duplications occurred in AML with normal karyotype 
or trisomy 8 and frequently in the setting of FLT3-ITD and 
WT1 mutations. This alteration was also noted to be com-
mon in young adolescent patients and was associated 
with higher rates of end-induction MRD positivity and poor 
long-term survival,90 but remains incompletely under-
stood. Recent integrated genetic and transcriptomic ana-
lyses have been posited to be superior in prediction of 
biological subtypes and outcomes in pediatric AML than 
conventional immunophenotyping and genetic mutation 
analyses.91 Future studies that prospectively integrate 
gene expression profiling, including stemness scores,92,93 
into risk stratification are likely to refine further pediatric 
AML risk stratification and therapeutic selection.  

Drug sensitivity profiling and functional precision 
medicine in acute myeloid leukemia  
While genomic profiling provides prognostic information 
regarding disease heterogeneity and clonal evolution, the 

Haematologica | 108 September 2023 

2283

REVIEW ARTICLE - Modern therapies for relapsed pediatric AML G. Egan et al.



identification of novel therapeutic targets to match spe-
cific genetic mutations occurs in only a fraction of cases. 
Because the molecular complexity of AML can be in-
fluenced by metabolic and epigenetic perturbations, tar-
geting genomic perturbations does not always translate 
into meaningful clinical responses. Ex vivo drug testing can 
provide informative targetable results that complement 
genomic approaches. The Beat AML (NCT03013998) and 
other screening studies (NCT02551718) have demonstrated 
the feasibility of combining functional precision medicine 
and ex vivo high-throughput drug sensitivity profiling with 
genomic and transcriptional data,94,95 although prospective 
data remain lacking. The recent Paediatric LEAP consor-
tium Matched Targeted Therapy study intercalated de-
tailed DNA-based next-generation sequencing and similar 
drug sensitivity profiling of a subset of relapsed or de novo 
high-risk pediatric leukemia specimens using the Beat 
AML platform and identified a high percentage of patients 
with potential targeted therapy recommendations.96  
The EXALT study (NCT03096821) used an image-based 
single-cell functional precision medicine approach to 
evaluate the effects of 139 drugs on leukemia specimens 
from adults with multiply relapsed/refractory hematologic 
malignancies,97 including 14 patients with AML. Each pa-
tient’s progression-free survival was compared with pro-
gression-free survival from their prior therapy regimens. 
Progression-free survival was significantly increased with 
a single-cell functional precision medicine approach, and 
OS was also increased with this approach compared to 
the survival of a cohort treated with physicians’ choice of 
therapy. Fifty-four percent of patients had progression-
free survival of at least 1.3 times the duration of that from 
prior therapy, and 21% had an exceptional response (de-
fined as tripled progression-free survival duration com-
pared with expected response duration of the respective 
disease entity).97 In comparison to classical sequencing 
approaches, results on this trial were available within a 
median of 5 days of sample procurement, making it a 
feasible, relatively real-time approach in the relapsed con-
text. The EXALT 2 study (NCT04470947) is now randomiz-
ing patients with relapsed/refractory leukemias to therapy 
directed by either comprehensive genomic profiling, next 
generation drug screening, or physicians’ choice. 
In another study, Malani and colleagues tested the utility 
of a functional precision medicine tumor board, integrating 
functional data with clinical and molecular data to guide 
treatment decisions.98 Ex vivo drug sensitivity and resis-
tance testing of relapsed AML specimens were performed, 
and an actionable drug target was identified in 97% of pa-
tients with a median timeframe of 4 days. Thirty-seven pa-
tients with relapsed/refractory AML were treated 
according to the result of drug sensitivity and resistance 
testing with 59% demonstrating a response, including 13 
CR. Importantly, achievement of these precision medicine-

induced CR was transplant-enabling in five patients, who 
achieved long-term survival.98 While difficult to implement 
for every patient given access, cost, and logistic feasibility, 
such approaches may offer effective tools for relatively 
real-time clinical decision making in the relapsed setting, 
including in childhood AML. 

Conclusions 
At this time, fewer than half of pediatric patients survive 
relapsed AML. While outcomes have increased modestly 
over time, such advances have largely been attributed to 
improved supportive care rather than to development of 
more effective treatment approaches. Historically, fewer 
than 20% of children with relapsed AML have been treated 
on clinical trials,99 which has limited identification of op-
timal salvage regimens. Despite significant regulatory 
burdens, coordinated international efforts and joint re-
lapse trials of new agents are now finally underway to rec-
tify this major knowledge gap.  
The outlook for novel therapeutics in pediatric AML has 
improved with the development of the LLS 
PedAL/EUpAL consortium.99 The concept for this joint 
North American/European initiative is the development 
of a master screening protocol with a common genetic 
and immunophenotypic screening platform and a robust 
data dictionary that identifies critical biological char-
acteristics within relapsed acute leukemia specimens 
and helps to match patients with specific early-phase 
precision medicine clinical trials. This innovative inter-
national cooperative infrastructure has successfully en-
gaged regulatory agencies, academic pediatric 
oncologists, and pharmaceutical companies to: (i) stan-
dardize relapse definitions, response criteria, and out-
comes reporting, (ii) hasten pediatric-specific drug 
development and investigation of novel agents, and (iii) 
increase enrollment efficiency of less common ‘bou-
tique’ subtypes of childhood acute leukemias within 
specific trials.99 
Via recent advances in sophisticated genomic and ex-
tended immunophenotypic characterization of  childhood 
AML and correlation with clinical outcomes via compre-
hensive clinical trial databases, the pediatric oncology 
community is harnessing its collective power to design 
clinical trials that increase global patient numbers in rare 
biological/genetic subgroups predicted to be amenable to 
specific targeted therapies and to incite collaboration 
from industry and regulatory partners for timely pediatric-
specific investigation of novel agents. Additional efforts at 
genetic and biological characterization remain necessary 
to delineate further the complex and heterogeneous land-
scape of AML in children and adolescents/young adults, 
as well as to elucidate clinical outcomes of newly ident-
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ified high-risk subgroups. As the pediatric AML community 
investigates new therapies in the relapsed/refractory do-
main, further work will also be needed to identify predic-
tive biomarkers of treatment response versus failure and 
to determine which drugs should be prioritized for front-
line investigation in patients with de novo disease in the 
future. Despite many existing challenges, the future of 
pediatric AML therapy looks promising, and the next dec-
ade will undoubtedly bring exciting discoveries that im-
prove the outlook for children and adolescents/young 
adults with relapsed/refractory AML. 
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