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abstract

PURPOSE We investigated the impact of the CD33-targeted agent gemtuzumab ozogamicin (GO) on survival in
pediatric patients with KMT2A-rearranged (KMT2A-r) acute myeloid leukemia (AML) enrolled in the Children’s
Oncology Group trial AAML0531 (NCT01407757).

METHODS Patients with KMT2A-r AML were identified and clinical characteristics described. Five-year overall
survival (OS), event-free survival (EFS), disease-free survival (DFS), and relapse risk (RR) were determined
overall and for higher-risk versus not high-risk translocation partners. GO’s impact on response was determined
and outcomes based on consolidation approach (hematopoietic stem cell transplant [HSCT] v chemotherapy)
described.

RESULTS Two hundred fifteen (21%) of 1,022 patients enrolled had KMT2A-r AML. Five-year EFS and OS from
study entry were 38% and 58%, respectively. EFS was superior with GO treatment (EFS 48% with GO v 29%
without, P5 .003), although OS was comparable (63% v 53%, P5 .054). For patients with KMT2A-r AML who
achieved complete remission, GO was associated with lower RR (40% GO v 66% patients who did not receive
GO [No-GO], P5 .001) and improved 5-year DFS (GO 57% v No-GO 33%, P5 .002). GO benefit was observed
in both higher-risk and not high-risk KMT2A-r subsets. For patients who underwent HSCT, prior GO exposure
was associated with decreased relapse (5-year RR: 28% GO and HSCT v 73% No-GO and HSCT, P5 .006). In
multivariable analysis, GO was independently associated with improved EFS, improved DFS, and reduced RR.

CONCLUSION GO added to conventional chemotherapy improved outcomes for KMT2A-r AML; consolidation
with HSCT may further enhance outcomes. Future clinical trials should study CD33-targeted agents in
combination with HSCT for pediatric KMT2A-r AML.

J Clin Oncol 39:3149-3160. © 2021 by American Society of Clinical Oncology

INTRODUCTION

Chromosomal rearrangements involving KMT2A on
chromosome band 11q23 (hereafter KMT2A-rear-
ranged [KMT2A-r]) occur in approximately 20% of
pediatric acute myeloid leukemia (AML) cases and
represent the most common recurrent cytogenetic
abnormality.1–3 More than 80 fusion partners of
KMT2A have been characterized,4 and clinical out-
come varies depending upon the translocation part-
ner. Specifically, event-free survival (EFS) rates of
34%-61% and overall survival (OS) of 44%-64% have
been reported, although outcomes are markedly in-
ferior for higher-risk (HR) translocations.1,2,4–7 A recent
analysis of 1,257 heterogeneously treated children
with KMT2A-r AML demonstrate 5-year EFS of 46%
and OS of 62%.8 Given these suboptimal outcomes,
novel treatment approaches are needed.

CD33 is 67-kDA transmembrane glycoprotein present
on the majority of AML blasts. Higher CD33 expression
correlates with negative prognostic features and signif-
icantly lower OS and disease-free survival (DFS) from
complete remission (CR).9,10 CD33 is the target of
gemtuzumab ozogamicin (GO; Mylotarg, Pfizer, New
York, NY), a toxin-conjugated humanized IgG4 anti-
CD33 monoclonal antibody. GO is US Food and Drug
Administration–approved for treatment of adult and pe-
diatric de novo AML based on previous studies demon-
strating safety and efficacy when used as monotherapy
or in combination with conventional chemotherapy.11–29

The Children’s Oncology Group (COG) Trial AAML0531
(NCT01407757) was a phase III study in which 1,070
de novo pediatric AML patients received a conventional
chemotherapy backbone and were randomly assigned
to GO. Patients with high-risk disease underwent
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hematopoietic stem cell transplant (HSCT) with an optimal
donor source; intermediate-risk (IR) patients went to HSCT
if a matched family donor (MFD) was available. For the
1,022 evaluable patients, GO significantly improved 3-year
EFS (GO 53% v 47%, P 5 .04) but not OS (69% v 65%,
P 5 .39). The lack of OS benefit may have reflected the
increased toxic mortality observed in patients who received
post-remission GO (7% v 4%, P 5 .09). Notably, relapse
risk (RR) was significantly reduced among GO recipients
(33% v 41%, P 5 .006), which translated into improved
DFS (61% v 55%, P5 .07).27 In amultivariable model, high
CD33 expression was a negative predictor of outcome9 but
imparted a more favorable response to GO.10 Specifically,
patients with higher CD33 expression who received GO had
significantly reduced RR (GO: 32% v patients who did not
receive GO [No-GO]: 49%, P , .001) and improved EFS
(GO: 53% v No-GO 41%, P5 .005). This differential effect
was observed in all cytogenetic or molecular risk groups.10

As pediatric KMT2A-r AML is characterized by higher CD33
expression compared with KMT2A wild-type (WT) AML,9,10

we wanted to determine if the addition of GO conferred
survival benefit for patients with KMT2A-r AML enrolled on
AAML0531 and, if so, whether GO benefit was seen in both
HR and lower risk KMT2A-r subsets and/or was influenced
by the degree of CD33 expression present. Moreover, as
AAML0531 prospectively prescribed use of HSCT for pa-
tients with KMT2A-r AML with an MFD or co-occurring HR
features, we explored whether GO followed by HSCT had
additive clinical impact.

METHODS

Patients and Treatment

Pediatric patients with de novo AML enrolled in the COG
trial AAML0531 (August 2006-June 2010) were eligible for
this analysis. Details of the treatment regimen used in

AAML0531 have been described previously.27 In brief,
patients were treated with five cycles of anthracycline and
cytarabine–based chemotherapy, with the randomized
addition of GO in the experimental arm. GO 3 mg/m2 (0.1
mg/kg if body surface area , 0.6 m2) was given by in-
travenous injection on day 6 of induction 1 and day 7 of
intensification 2. Patients with high-risk features, defined
by presence of monosomy 7, monosomy 5/5q deletion, or
persistent morphologic disease at end of induction 1
(EOI1), received allogeneic HSCT following the third course
of chemotherapy and thus did not receive a second GO
dose. Patients with KMT2A-r AML without other high-risk
features were allocated to the IR group and received HSCT
if anMFDwas available. All KMT2A-r samples from patients
enrolled in AAML0531 were eligible for correlative study
(eg, CD33 expression determination) if consent was ob-
tained. The institutional review boards of all participating
institutions approved the clinical protocol and the COG
Myeloid Disease Biology Committee approved this
research.

Cytogenetic Classification

Local laboratories performed conventional (G-banded)
analyses of bone marrow or peripheral blood as well as
fluorescence in situ hybridization (FISH) using a series of
probes that included KMT2A. For normal conventional
karyotype but abnormal interphase FISH showing a
KMT2A-r, metaphase FISH was performed to characterize
the fusion pattern and enable detection of cryptic signal
deletion. All reports were reviewed centrally by COG cy-
togeneticists (University of Minnesota and St Jude Chil-
dren’s Research Hospital). The International System for
Human Cytogenetic Nomenclature-2013 was used to in-
terpret and report results.

CONTEXT

Key Objective
Pediatric KMT2A-rearranged (KMT2A-r) acute myeloid leukemia (AML) is a heterogenous disease with suboptimal outcome

and thus, novel therapeutic approaches. Within the context of Children’s Oncology Group protocol AAML0531, a phase III
randomized trial of the CD33-targeted agent gemtuzumab ozogamicin (GO) in combination with conventional che-
motherapy, we studied whether GO provided therapeutic benefit in KMT2A-r AML, both overall and within higher- and
lower-risk translocation partners.

Knowledge Generated
GO significantly improved event-free survival and reduced relapse risk in KMT2A-r AML, both overall and in higher- and

lower-risk KMT2A-subsets. Although intensity of CD33 expression affected GO response, even patients with lower CD33
expression benefited from GO. GO in combination with hematopoietic stem cell transplant may provide additive clinical
benefit; however, this needs to be studied further prospectively.

Relevance
Treatment of KMT2A-r AML should include the CD33-targeting agent GO; future trials should study second-generation

CD33-targeting agents and further define the role of hematopoietic stem cell transplant in this disease subset.
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KMT2A-r AML: Risk Classification of Recurrent
Translocation Partners

HR KMT2A translocation partners were defined as 6q27,
10p11.2, 10p12, 4q21.3, and 19p13.3 based on previ-
ously published data.1,5,7,8 The non-HR (NHR) cohort in-
cluded the remaining KMT2A-r cases but excluded other
partners (defined as a NHR translocation with fewer than
five cases) as their rarity precluded analysis of the impact of
the fusion partner on prognosis, and the unknown partners,
given the unclear origin of the fusion partner.

Assessment of CD33 Expression

Using difference from normal flow cytometry, CD33 ex-
pression was defined by mean fluorescence intensity (MFI)
of leukemic blasts, as described previously.9,10,30–32 CD33
expression data were then compared both overall and by
KMT2A-r risk group. For univariable and multivariable
analyses, the quartile of CD33 expression assigned for a
given patient in the overall AAML0531 CD33 analysis10 was
used to determine whether GO response was affected by
CD33 expression.

Statistical Analyses

Data on clinical outcomes for patients in AAML0531 were
analyzed as of March 31, 2020. The median (range) follow-
up time for patients alive at last contact was 9.3 (0.02-13.3)
years. Significance of the observed difference in propor-
tions was tested by the Pearson’s x2 test or Fisher’s exact

test when data were sparse. The Kruskal-Wallis test was
used to test differences in medians across multiple groups;
the Mann-Whitney test was used when comparing two
groups. CR was defined as, 5% blasts by morphology and
absence of extramedullary disease. Minimal measurable
residual disease (MRD) was determined by detecting flow
cytometry-based disease and was typically defined
as . 0.02% disease detected in the bone marrow by
central difference from normal (DN) flow cytometry
analysis.33,34 The Kaplan-Meier method was used to esti-
mate 5-year EFS, OS, and DFS.35 Estimates are reported
with corresponding log-log 95% CIs. EFS was defined as
the time from study entry until death, induction failure, or
relapse of any type; OS was defined as the time from study
entry to death; and DFS as time from EOI1 for patients in CR
until death or relapse. RR was defined as the time from
EOI1 for patients in CR to relapse, where deaths without a
relapse were considered competing events.36 Treatment-
related mortality (TRM) was defined as the time from EOI1
for those who continued therapy until death, where re-
lapses were considered competing events.36 To compare
the consolidation approach (HSCT v chemotherapy), 5-
year DFS and RR were also compared from end of in-
tensification 1 in subset analyses. Differences between
groups of patients were tested by the logrank test for OS,
EFS, and DFS. Gray’s test was used to test the significance
of RR and TRM. Cox proportional hazard models were used
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for OS, EFS, and DFS, whereas competing risk regression
models were used for RR to estimate hazard ratios with
95% CIs for univariate and multivariable analyses.37 Pa-
tients lost to follow-up were censored at the date of last
known contact. An alpha level of 0.05 was used for P value
significance.

RESULTS

Clinical Characteristics and Responses by KMT2A
Cytogenetic Classification

Of 1,022 evaluable patients enrolled in AAML0531, 988
had evaluable cytogenetic data for central review and 215
(21%) had KMT2A-r AML (Appendix Fig A1, online only).
Appendix Table A1 (online only) describes the differences
in clinical characteristics and outcome for KMT2A-r versus
KMT2A WT disease. Patients with KMT2A-r disease were
younger and less likely to have clinically relevant co-
occurring mutations than KMT2A WT patients and more
likely to have cytogenetic complexity and non–central
nervous system extramedullary disease, such as soft tis-
sue chloromas or skin involvement (Appendix Table A1).
Multivariable Cox regression models containing KMT2AWT
versus KMT2A-r, treatment arm (GO v No-GO), and the
corresponding interaction term yielded a significant

interaction term for EFS (P 5 .022) and DFS (P 5 .020),
suggesting a different GO treatment effect for KMT2A-WT
and KMT2A-r AML for EFS and DFS but not for OS
(P 5 .119) and RR (P 5 .066).

Comparison of disease characteristics across 11 KMT2A-r
subgroups, including nine specific partner groups, other,
and unknown KMT2A-r partners, revealed significant dif-
ferences by age at presentation, non-CNS extramedullary
AML, and presence of the FLT3/ITDmutation. GO exposure
was equally distributed across the KMT2A-r subsets (Ap-
pendix Table A2, online only). Given the rarity of published
data regarding the 28 patients in the other KMT2A-r subset,
their clinical characteristics are further described in Ap-
pendix Table A3 (online only).

Impact of GO on CR and Outcome in KMT2A-r AML

Table 1 compares disease characteristics and induction
response of patients with KMT2A-r AML treated with and
without GO. Clinical characteristics were similar for the two
treatment arms and for HR versus NHR KMT2A-r AML
treated with and without GO (Table 1). Patients with
KMT2A-r AML treated with GO had higher rates of EOI1
morphologic CR (77%) versus those treated without GO
(64%, P 5 .035, Table 1) but comparable rates of EOI1
MRD (Table 1). GO use was associated with significant
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FIG 2. EFS for patients with KMT2A-r acute myeloid leukemia. EFS from study entry for the entire study cohort (n5 215) and
by specific translocation partners associated with higher-risk KMT2A-r AML (n 5 70), non–high-risk KMT2A-r AML
(n5 107), and other KMT2A-r subsets (n5 28). AML, acute myeloid leukemia; EFS, event-free survival; KMT2A-r, KMT2A-
rearranged.
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improvements in long-term clinical outcomes for patients
with KMT2A-r AML. Specifically, patients with KMT2A-r AML
who received GO had 5-year EFS of 48% (95% CI, 38 to 57)
versus 29% (95% CI, 20 to 38) for the No-GO cohort
(P5 .003, Table 1, Fig 1A) andRR of 40% (95%CI, 29 to 51)
versus 66% (95%CI, 53 to 76,P5 .001, Table 1 and Fig 1B).
Although OS was not statistically different between the
two arms, DFS was superior for patients treated with GO
and rates of TRM were comparable (Table 1). Notably,
patients with KMT2A-r AML treated with GO had, in
general, comparable outcomes to KMT2A WT patients
regardless of GO exposure (Appendix Table A1, Figs 1A
and 1B).

Comparison of outcomes for historically defined HR versus
NHR KMT2A-r AML revealed inferior EFS, OS, DFS, and RR
for HR subsets (Appendix Table A4, online only, Fig 2).
Specifically, EFS for patients with HR translocations was
significantly better for those treated with GO (27%; 95% CI,
14 to 41) versus No-GO (6%; 95% CI, 1 to 18, P 5 .013,
Table 1, Fig 3A). In addition, DFS trended toward supe-
riority with GO (Table 1) and RR was significantly reduced
(GO: 66%; 95%CI, 42 to 83% v no-GO: 90%; 95%CI, 60 to
98; P 5 .027; Table 1, Fig 3B). For the NHR subset
(n5 107), GO improved EFS (GO: 66%; 95% CI, 51 to 77 v
no-GO: 42%; 95% CI, 29 to 55; P 5 .017; Fig 3A), DFS
(GO: 75%; 95% CI, 59 to 86 v no-GO: 50%; 95% CI, 32 to
65%; P5 .025), and RR (GO: 22%; 95% CI, 11 to 36 v no-

GO: 47%; 95% CI, 29 to 63; P 5 .026; Table 1, Fig 3B).
Although GO improved outcomes for patients within both
HR and NHR subsets (Table 1), outcomes remained sig-
nificantly worse for GO-exposed HR versus NHR patients
(Appendix Table A4).

Significance of GO and HSCT in KMT2A-r AML

Given the observed therapeutic benefit of GO and known
benefit of HSCT in some AML subsets, we explored whether
pre-HSCT GO affected post-HSCT outcomes. Of 215 pa-
tients with KMT2A-r AML, 30 (14%) received HSCT in first
CR; 19/30 (63%) of these patients also received GO during
induction 1. For HSCT recipients with prior GO exposure,
DFS from end of intensification 1 was 72% (95% CI, 45 to
87) versus 27% (95% CI, 7 to 54) for patients in the no-GO
cohort (P 5 .004, Fig 4A). RR was also reduced with GO/
HSCT (28% CI, 10 to 50 v 73% CI, 32 to 91 for no-GO and
HSCT, P5 .006). For patients with KMT2A-r AML receiving
chemotherapy without HSCT, there remained a trend to-
ward improved outcome with GO (Fig 4B). The lowest rates
of relapse were ultimately seen in patients with KMT2A-r
AML who received GO and HSCT (Fig 4C).

CD33 Expression in KMT2A-r AML

Given the known association between CD33 expression
and GO response and previous evidence that patients with
KMT2A-r AML have a characteristic phenotype with higher
CD33 expression in prospective analysis,9,10,30 we analyzed
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CD33 expression data for 168 of 215 (78%) patients with
KMT2A-r AML with evaluable CD33 data. CD33 MFI was
heterogenous in the patients with KMT2A-r AML but tended
to cluster in higher AAML0531 CD33 expression quartiles 10

(Appendix Fig A2A, online only). Specifically, median CD33
MFI of leukemic cells isolated from KMT2A-r AML was

229.13 (range 6-1,351) versus 129 (range 2.68-1,225.87)
for KMT2A-WT disease (P # .001, Appendix Fig A2B).
Interestingly, HR KMT2A-r translocations had a compa-
rable median CD33 MFI (median 267.32; range 22-
1,119.5) to that of NHR translocations (median 226.5;
range 7.6-1,351; P 5 .480, Appendix Fig A2B).
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Importantly, patients with KMT2A-r AML who were in
quartile (Q)1 or Q2 (Q1-Q2 median CD33: 84; range 6-
146.94) in the composite AAML0531 CD33 analysis10

retained clinical benefit from GO (Appendix Table A5,
online only), demonstrating superior EFS and OS from
study entry and DFS from CR. RR was also reduced in Q1-
Q2 patients who received GO therapy (Appendix Table A5).

Univariate and Multivariable Analyses

Given the significant association between higher CD33
expression and KMT2A-r AML as well as impact of GO
exposure on the KMT2A-r AML response, we performed
Cox regression analyses to evaluate whether GO or CD33
expression had an independent impact on clinical out-
comes in the context of established prognostic features.
Age, presenting WBC count, risk designation of the KMT2A
partner (HR v NHR), complex karyotype ($ 3 cytogenetic
abnormalities), GO exposure, HSCT exposure as a time-
dependent variable, and CD33 expression, as defined by
CD33 quartile classification from the original AAML0531
analysis10 were assessed in a univariate analysis. HRKMT2A-r
fusions were associated with inferior EFS and OS as well as
DFS and RR. GO treatment was associated with superior EFS,
DFS, and lower RR. CD33 expression, as defined by CD33
quartile designation (Q1-2 v Q3-4) was not independently
associated with outcome. Older age was associated with in-
ferior OS, and presence of complex karyotype affected OS and
EFS (Table 2). In amultivariablemodel that includedKMT2A-r
risk group (HR v NHR), treatment arm (GO v no-GO), CD33
quartile assignment, and complex karyotype, GO exposure
was independently associated with improved EFS and DFS
and reduced RR. Higher CD33 expression (Q3-Q4) retained
prognostic significance for RR. In addition, HR KMT2A-r
disease was independently associated with reduced EFS,
OS, and DFS, as well as higher RR. Complex karyotype was
also an independent predictor of inferior OS (Table 2).

DISCUSSION

GO significantly improved EFS and DFS in children with
KMT2A-r AML enrolled on AAML0531 by reducing rates of
relapse without increasing TRM. This effect was observed
in both HR and NHR KMT2A-r translocation cohorts. Im-
portantly, the addition of GO abrogated the negative
prognostic impact of a KMT2A-r, independent of CD33
expression, and resulted in comparable outcomes to that of
KMT2A WT patients treated with or without GO. These
findings support use of GO in all patients with KMT2A-r
AML treated with a COG backbone of therapy. Moreover,
the observation that treatment of KMT2A-r AML with GO
followed by HSCT further improved outcomes suggests that
GO exposure pre-HSCT may affect post-HSCT prognosis.

Children and adolescents with KMT2A-r AML have gen-
erally been treated as IR patients in cooperative group
trials,23,27,38–41 although it is clear that outcomes vary for
specific translocation partners. The large retrospective

analyses by Balgobind et al1 of KMT2A-r pediatric AML
demonstrated that patients with translocation partner 1q21
had favorable outcomes, whereas those with partners
10p11.2, 10p12, or 6q27 had markedly poor survival.
Subsequent analyses, including our present study, con-
firmed the unfavorable effect of partners 10p11.2, 10p12,
and 6q27, and added 19p13.3 and 4q21.3 as two addi-
tional unfavorable partner genes.7,8

Previous studies have also demonstrated that certain AML
subsets like FLT3/ITD1 AML have high CD33 expression
and that this confers poor outcome.9 Importantly, however,
higher CD33 expression is also associated with improved
GO response, both overall and in the high-risk FLT3/ITD1
disease subset.9,10,42 Both HR and NHR KMT2A-r subsets
had high CD33 expression levels, although notably, our
analysis demonstrates that even patients with lower CD33
expression appeared to have clinical benefit from GO.
Together, this suggests that additional biologic factors in
KMT2A-r AML might contribute to the favorable GO re-
sponse seen. Surprisingly, despite the poor EFS and high
RR in patients with KMT2A-r AML, EOI1 MRD was reported
in , 20% of patients at EOI1. Although GO did not appear
to decrease rates of MRD detection in our series, its use
during induction ultimately affected DFS and RR particu-
larly in patients receiving HSCT, suggesting GO may affect
leukemic stem cells of more mature CD331 origin resulting
in additive benefit when used in combination with HSCT.

This study is limited as it is a retrospective analysis of a
heterogeneousmolecular subset within a larger prospective
clinical trial that was not specifically designed to address
the impact of GO or HSCT in KMT2A-r AML. Moreover,
given that the other and unknown variants could not
contribute to KMT2A-risk stratification, this missing data
further limit the significance of our analyses. Nevertheless,
this study includes a relatively large number of pediatric
patients with KMT2A-r AML treated on a standard che-
motherapy backbone in a randomized controlled trial. Al-
though our analysis suggests that the combination of GO
and HSCT may improve outcomes for pediatric KMT2A-r
AML further, we concede that the number of patients who
received both therapies was small and therefore further
prospective studies are needed to explore the additive benefit
of GO and HSCT. Importantly, our analysis has influenced
KMT2A-r AML risk stratification for the current COG phase III
pediatric AML trial, AAML1831, and provides additional ra-
tionale for including GO in the backbone of chemotherapy for
all patients with KMT2A-r AML enrolled. However, given the
higher TRM seen with GO therapy in COG AAML0531 and
evidence in the NOPHO AML-2004 study that GO lacked
clear benefit when given in consolidation, AAML1831 restricts
GO use to the first cycle of treatment.43 Investigation of
second-generation CD33-targeting agents is prudent in this
disease subset and may further aid identification of KMT2A-r
disease features that predict for favorable response in this
heterogenous group of patients.
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AAML0531 enrollment 
(N = 1,070)
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FIG A1. CONSORT diagram of the study population. DS, Down syndrome; GO, gemtuzumab ozogamicin; HSCT, hematopoietic stem cell transplant;
KMT2A-r, KMT2A-rearranged; No-GO, did not receive GO; WT, wild type.
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FIG A2. CD33 expression in KMT2A-r AML. (A) Distribution of patients with KMT2A-r AML in AAML0531-defined
CD33 expression quartiles.10 (B) Median CD33 MFI for KMT2A-r versus KMT2A-WT and for HR versus NHR
KMT2A-r AML. AML, acute myeloid leukemia; HR, higher risk; KMT2A-r, KMT2A-rearranged; MFI, mean fluo-
rescence intensity; NHR, non–high-risk; WT, wild-type.
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