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ABSTRACT 

Infants less than 1 year old diagnosed with KMT2A-rearranged (KMT2A-r) acute lymphoblastic leukemia 

(ALL) are at high risk of remission failure, relapse, and death due to leukemia, despite intensive 

therapies.  Infant KMT2A-r ALL blasts are characterized by DNA hypermethylation.  Epigenetic priming 

with DNA methyltransferase inhibitors increases the cytotoxicity of chemotherapy in preclinical studies. 

The Children’s Oncology Group trial AALL15P1 tested the safety and tolerability of five days of 

azacitidine immediately prior to the start of chemotherapy on day six, in four post-induction 

chemotherapy courses for infants with newly diagnosed KMT2A-r ALL.  The treatment was well-

tolerated, with only two of 31 evaluable patients (6.5%) experiencing dose-limiting toxicity.  Whole 

genome bisulfite sequencing of peripheral blood mononuclear cells (PBMCs) demonstrated decreased 

DNA methylation in 87% of samples tested following five days of azacitidine.   Event-free survival was 

similar to prior studies of newly diagnosed infant ALL.  Azacitidine is safe and results in decreased DNA 

methylation of PBMCs in infants with KMT2A-r ALL, but the incorporation of azacitidine to enhance 

cytotoxicity did not impact survival.  Clinicaltrials.gov identifier: NCT02828358. 



INTRODUCTION 

 

Acute lymphoblastic leukemia (ALL) with KMT2A rearrangement (KMT2A-r) in infants younger than 1 

year of age is a high-risk subtype, with historically poor event-free survival (EFS) of approximately 35% 

when treated with intensive chemotherapy with or without hematopoietic stem cell transplant (HSCT) in 

multi-national cooperative group trials.
1-4

  Two recent trials have shown improved survival in 

comparison to historical outcomes.  The Japanese Pediatric Leukemia/Lymphoma Study Group MLL-10 

trial provided intensified chemotherapy, allocated high-risk patients (75% of KMT2A-r infants in the trial) 

to HSCT, and resulted in 3-year EFS of 66.2% for infants with KMT2A-r.
5
  A pilot trial of blinatumomab 

immunotherapy in combination with chemotherapy and HSCT, conducted by the Interfant study group, 

demonstrated safety and a promising efficacy signal, with substantial improvement in early disease-free 

survival.
6
 Additional targeted therapies are needed to improve cure rates further and to reduce both the 

short- and long-term toxicities of chemotherapy and HSCT in infants.  Infant KMT2A-r ALL is challenging 

to treat because the leukemic blasts can develop rapid resistance to chemotherapy and relapses 

frequently occur early, often while infants are still receiving intensive therapies. Infant ALL blasts with 

KMT2A-r are characterized by unique biologic features, including very few additional somatic genomic 

alterations,
7
 overexpression of the receptor tyrosine kinase FLT3,

8,9
 and global DNA 

hypermethylation.
10,11

 Targeting of FLT3 signaling with lestaurtinib did not lead to improved survival in 

the Children’s Oncology Group (COG) trial AALL0631, though improved EFS was observed in a subset of 

infants with evidence of adequate plasma inhibition of FLT3 activity.
1
  Epigenetic modification of DNA 

methylation is a treatment strategy with strong biologic rationale and preclinical evidence of efficacy for 

treatment of KMT2A-r ALL.  Global DNA hypermethylation is hypothesized to contribute to 

chemoresistance in infant ALL blasts by altering transcriptional regulation of gene expression.
10-13

  

Epigenetic therapy with DNA methyltransferase inhibition induces broad cell reprogramming by 



reactivation of tumor suppressor genes, has established efficacy in other hematologic malignancies, and 

is previously untested in infants with KMT2A-r ALL.
14,15

 

 

Azacitidine, a pyrimidine nucleoside analog of cytidine, is a DNA methyltransferase inhibitor (DNMTi) 

that is FDA approved for use the treatment of acute myeloid leukemia, myelodysplastic syndrome, and 

juvenile myelomonocytic leukemia.
16-18

  At higher doses, it induces DNA damage and is cytotoxic.
19

  

When used as a monotherapy demethylating agent, DNMTi have been observed to induce rapid 

demethylation of specific tumor suppressor gene promoters, in addition to genome-wide demethylation 

of DNA.
14,15

  In preclinical studies of KMT2A-r leukemia cell lines, epigenetic priming with a DNMTi – 

azacitidine, decitabine, or zebularine – has been shown to reverse the methylation pattern of silenced 

genes and induce selective toxicity for KMT2A-r cells.
20-22

  In a mouse patient-derived xenograft model of 

KMT2A-r infant ALL, single agent treatment with azacitidine or decitabine significantly prolonged 

survival.
21

  Azacitidine or decitabine has been safely used as epigenetic priming for cytarabine, 

daunorubicin, and etoposide,
23

 fludarabine and cytarabine,
24

 and cytarabine alone
25

 in children with 

hematologic malignancies. In combination studies, azacitidine or decitabine has been well tolerated 

when given with fludarabine, cytarabine, and vorinostat,
26,27

 venetoclax,
28

 doxorubicin and 

cyclophosphamide,
29

 amsacrine and etoposide,
30,31

 in the treatment of children with relapsed/refractory 

hematologic or solid tumor malignancies. 

 

COG AALL15P1 (NCT02828358) was a single arm, open label, groupwide pilot trial that tested the 

hypothesis that azacitidine in addition to standard chemotherapy would be well tolerated in infants with 

newly diagnosed KMT2A-r ALL.   The major secondary aim of the trial was to evaluate the biologic 

activity of azacitidine by pharmacodynamic assessment of global DNA methylation in peripheral blood 

mononuclear cells (PBMCs) of infants treated with azacitidine.  Estimation of 5-year EFS and correlation 



of EFS with minimal residual disease (MRD) following induction were exploratory aims, given the small 

sample size. 

 

METHODS 

 

Eligibility 

Eligibility criteria included B-ALL or acute leukemia of ambiguous lineage with at least 50% B-

lymphoblasts, less than 1 year of age at diagnosis, and greater than 36 weeks gestational age at 

enrollment.  Central nervous system (CNS) status was determined prior to the administration of any 

systemic or intrathecal chemotherapy.  Fluorescence in situ hybridization (FISH) testing of leukemia 

blasts for KMT2A-r was required in a COG-approved laboratory.  Patients with known absence of 

KMT2A-r prior to enrollment, Down syndrome, treatment-related ALL, or prior cytotoxic therapy, with 

exceptions for corticosteroids and/or intrathecal chemotherapy, were excluded.  The trial was approved 

by the Institutional Review Boards at participating COG member institutions and conducted in 

accordance with the Declaration of Helsinki. Informed consent was obtained from parents or legal 

guardians according to federal and local regulations.   

 

Treatment  

Induction chemotherapy was based upon the induction of the COG predecessor trial, AALL0631, with a 

change from native L-asparaginase to pegaspargase.  Following induction, infants with KMT2A-r received 

four courses of azacitidine (EPI), 2.5 mg/kg/dose intravenously over 10 to 40 minutes daily for five 

consecutive days, preceding the start of chemotherapy on day six (Figure 1).  Interfant-06 standard 

chemotherapy was selected as the post-induction backbone (Supplemental Table S1), as it provided 

lower cumulative chemotherapy exposure than prior COG regimens and its outcomes were similar to 



those of COG P9407 and Interfant-99.  Infants with KMT2A germline (KMT2A-g) ALL were not eligible to 

continue protocol therapy following induction and no data was collected regarding the treatment they 

received, but they were followed for events. 

One dose level of azacitidine was tested.  A step-down dose was planned in the event the starting level 

exceeded the boundary of dose limiting toxicity (DLT) (Supplemental Tables S2 and S3).  Adverse events 

were graded according to Common Terminology Criteria for Adverse Events (CTCAE) Version 4.0.  A DLT 

was defined as any grade 5 toxicity, or grade 3 or higher toxicity that led to omission of two or more 

doses of azacitidine in a five-day course, a four-week or greater delay in the start of the subsequent 

therapy course, or removal from protocol therapy.  The DLT evaluation period consisted of the first 

three courses of azacitidine plus chemotherapy (Figure 1).  Minimal residual disease (MRD) was 

measured by flow cytometry in COG-approved laboratories following induction, consolidation, and 

interim maintenance.  Supportive care guidelines and pharmacodynamic assessment of DNA 

methylation are described in the Supplemental material.  

Statistics 

The study required 30 infants with evaluable DLT assessment to meet its accrual goal to assess 

tolerability of azacitidine in combination with Interfant-06 standard chemotherapy.  With continuous 

monitoring of DLT rates,
32

 the study had 82.5%, 40.1%, and 4.3% probabilities of declaring the dose level 

as too toxic with true DLT rates of 30%, 20%, and 10%, respectively.  Treatment failure was defined as 

failure to achieve M1 marrow status with resolution of extramedullary leukemia by end of consolidation.  

EFS was defined as time from enrollment to first event (treatment failure, relapse, second malignant 

neoplasm, death) or censored at date of last contact.  Overall survival (OS) was defined as time from 

enrollment to death or censored at last contact.  Estimates of EFS and OS were calculated using the 



Kaplan-Meier method with standard errors (SE) using Peto’s formula.  Two-sided log rank tests were 

used to compare survival between curves.  Fisher’s exact tests were used to compare proportions and 

Wilcoxon rank-sum tests were used to compare distributions of continuous measures.  One sample t-

tests were used to test for non-zero mean changes of CpG sites methylated.  Statistical significance was 

defined as P-value less than 0.05. 

RESULTS 

Demographics 

The study accrued patients from March 2017 to December 2019 and all protocol-directed treatment 

concluded in December 2021.  Data frozen on December 31, 2022, are included in this report, with 

median follow-up of 4.1 years.  The trial was activated at 173 COG institutions and met expected accrual 

rates of 40 (actual rates of 41) infants per year. The initial accrual goal was 58 subjects on the starting 

dose level, to evaluate 30 for DLT.  The study met the initial accrual goal in October 2018 and was 

temporarily closed.  It re-opened in July 2019 to allow the enrollment of 20 additional subjects to 

replace subjects who went off protocol without completing the DLT window.  No patients were 

ineligible.   

Diagnostic clinical characteristics for all enrolled infants are shown in Table 1.  Of the 78 infants enrolled, 

56 (72%) had KMT2A-r lymphoblasts.  Among those with KMT2A-r, additional baseline adverse 

prognostic features included: four infants (7%) less than seven days of age, 13 (23%) less than 90 days of 

age, 18 (32%) with white blood cell count ≥300,000/µL, and 36 (64%) with CNS2 or CNS3 involvement.  

The median age was younger, median WBC count higher, and CNS involvement more frequent in infants 

with KMT2A-r, in comparison to those with KMT2A-g.  The most common KMT2A translocations 

identified were t(4;11)(q21;q23) and t(11;19)(p23;p13.3), representing 41% and 18% of KMT2A-r cases, 



respectively.  Translocation partners 4q21 (AFF1) and 19p13.3 (MLLT1) were identified among both 

younger infants (less than six months) and older infants (six to 11 months), while 10p12 (MLLT10), 

identified in four infants, was the only partner limited to infants younger than 6 months (Supplemental 

Figure S1).   

Safety  

Of 53 infants with KMT2A-r who continued on study after induction, 31 completed at least 3 courses of 

azacitidine and were evaluable for DLT, and 22 were inevaluable for DLT (Figure 2).  Two infants (6.5%) 

experienced a DLT.  The reported DLTs were both grade 4 neutropenia associated with a greater than 

four-week delay in therapy, one during consolidation and the other during delayed intensification.  At no 

time did the DLT rate meet or exceed the pre-defined continuous stopping boundary.   

Other than the two DLTs, observed toxicities were within the expected range for infants receiving 

intensive ALL therapy.  A review of the first five infants enrolled demonstrated delayed recovery periods 

following induction, without other excessive or unexpected adverse events.  The trial was amended to 

extend the length of allowable induction recovery time from day 50 to day 64.  The amendment also 

added count requirements (absolute neutrophil count ≥300/µL, platelets ≥30,000/µL) to begin 

cytarabine blocks in consolidation and delayed intensification. 

Thirty-six (46.2%) infants experienced at least one grade 3+ infection, and infections occurred in nearly 

all blocks of chemotherapy (Table 2).  Gastrointestinal disorders, including mucositis, and metabolism 

and nutrition disorders were common during interim maintenance.  There were no grade 5 toxicities. 

Pharmacodynamic assessment of DNA methylation 



Protocol required pre-azacitidine (day 1) and post-azacitidine (day 5) blood samples from both of the 

first two courses of azacitidine (EPI1 and EPI2) were submitted for 23 infants and were included in the 

pharmacodynamic assessment.  Infants who went off protocol prior to completing at least two courses 

of azacitidine (n=18) and infants who completed EPI2 but did not submit all four blood samples (n=15) 

were excluded from the assessment.  The reasons why some infants did not submit all required samples 

are unknown but are presumed to be related to site-specific sample collection and processing 

procedures.  Whole genome bisulfite sequencing demonstrated demethylation in PBMCs following both 

EPI1 and EPI2 in 18 of the 23 infants.  The mean percentage of CpG sites methylated pre-azacitidine was 

77.9% in EPI1 (median 78.2%, range 73.3% to 80.2%) vs. 77.2% in EPI2 (median 77.3%, range 73.5% to 

78.9%) (p<0.001), and the mean number methylated post-azacitidine was 75.3% in EPI1 (median 75.8%, 

range 66.4% to 79.1%) vs. 74.5% in EPI2 (median 75.2%, range 70.9% to 78.0%) (p<0.001) (Figure 3).  

Decreased global methylation was detected in 40 of 46 (87%) EPI courses assessed (Supplemental Figure 

S2).  Only one infant had no reduction in percentage of CpG sites methylated in either course.  The mean 

absolute change in percentage of CpG sites methylated per infant was -2.6% in both EPI1 (median -2.8%, 

range: -7.8% to 1.1%) and EPI2 (median -2.4%, range: -7.1% to 2.3%).  There were too few infants with 

pharmacodynamic assessment to relate the findings with disease outcomes. 

 

Outcomes 

There were 40 events among the 78 study participants, during therapy or in follow-up: six treatment 

failures, 31 relapses, one second malignant neoplasm, and two deaths as first events.  Thirty relapses 

were reported in infants with KMT2A-r with median (range) of time to relapse 0.7 (0.1-2.7) years.  Of 

those, 16 were isolated bone marrow, 10 isolated extramedullary, and 4 combined bone marrow and 

extramedullary.  There were 23 deaths reported in total among study participants.  The two deaths as 

first events were in infants who went off protocol therapy at the end of induction.  One was an infant 



with KMT2A-g ALL who had an M2 marrow at the end of induction, received chemotherapy off protocol, 

and died following cord blood transplant.  The other infant had KMT2A-r with severe multi-organ 

dysfunction related to treatment of sepsis, was removed from protocol per the treating physician’s 

discretion and died of multi-organ failure approximately four months after initial diagnosis.  Of the 21 

deaths post-event, 19 were related to the leukemia and two were related to other causes: one due to 

progressive multi-system organ failure and one due to status epilepticus. 

 

The 3-year EFS (+/-SE) and OS (+/-SE) rates for all eligible patients (KMT2A-r and KMT2A-g combined) 

were 47.9% (+/-0.06) and 71.6% (+/-0.06), respectively.  For patients with KMT2A-r who received at least 

one dose of azacitidine (n=53), 3-year EFS and OS were 34.7% (+/-0.07) and 64.0% (+/-0.07), 

respectively.  For patients with KMT2A-g (n=22), 3-year EFS and OS were 85.6% (+/-0.08) and 95.5% (+/-

0.05), respectively (Figure 4A and 4B).   

 

Minimal residual disease (MRD) levels of marrow blasts by flow cytometry in COG-approved laboratories 

were submitted for 49 KMT2A-r patients at the end of induction.  Of those, 32 were MRD negative 

<0.01% (65%), eight MRD positive 0.01% to <1% (16%) and nine MRD positive ≥1% (18%).  EFS was 

significantly associated with MRD; the 3-year EFS of patients with end of induction MRD ≥0.01% was 

20.6% (+/-0.13) vs. 40.4% (+/-0.09) (p=0.0182) for those with MRD <0.01% (Figure 4C and 4D).  At end of 

consolidation, 20 patients with data were MRD negative (<0.01%) and 7 were MRD positive (≥0.01%), 

and at end of interim maintenance, 22 patients were MRD negative (<0.01%) and 7 were MRD positive 

(≥0.01%).  There were no differences in EFS or OS for patients who were MRD positive compared with 

patients who were MRD negative at either end of consolidation or end of interim maintenance 

(Supplemental Figures S3 and S4). 

DISCUSSION 



Epigenetic priming with azacitidine prior to standard chemotherapy was well tolerated in infants with 

KMT2A-r ALL.  Treatment with five days of azacitidine resulted in reduced DNA methylation of PBMCs in 

the majority of infants with samples available.  Despite evidence of pharmacodynamic response, the 3-

year EFS results were consistent with the poor survival of historical outcomes with chemotherapy with 

or without HSCT, acknowledging that the study was not designed with sufficient power to detect a 

statistical improvement in survival.  We conclude that azacitidine, despite demonstrating a global 

reduction in CpG site methylation in infants treated with the 2.5 mg/kg dose, would be unlikely to lead 

to improved survival in a larger study of the same treatment.  Based upon other preclinical studies, it is 

plausible that azacitidine may have greater impact on KMT2A-r infant ALL outcomes if combined with 

synergistic agents, such as a BCL-2 inhibitor or histone deacetylase inhibitor.
21,33

 

 

The pharmacodynamic change measured in PMBCs in response to azacitidine provides evidence of drug 

activity in infants at the administered dose.  The trial did not pre-determine a benchmark for percentage 

of CpG sites with demethylation, as degree of change in DNA methylation needed to target 

epigenetically regulated genes in cancer cells is unknown.
14,34-36

  In a preclinical study of 

hypomethylating agents in KMT2A-r infant ALL cell lines, treatment with either azacitidine or decitabine 

resulted in differential genome-wide methylation and alteration of global gene expression.
21

  Though 

the degree of hypomethylation necessary for clinical response is undefined, the same study observed 

that in vivo efficacy of azacitidine in infant ALL mouse xenografts is dose-dependent, with a higher dose 

resulting in significantly longer survival.
21

  In AALL15P1, the pharmacodynamic assessment was limited 

to the study of PBMCs because azacitidine was administered post-induction.  At the time of 

assessments, the majority of infants who submitted blood samples for pharmacodynamic testing and 

reported flow MRD results were MRD negative (19 of 22 at end of induction and 12 of 14 at end of 

consolidation).  Thus, methylation changes in the leukemia cells were not able to be measured directly.  



To better define the impact of azacitidine on cancer cell chemosensitivity in infants with ALL, both global 

and gene-specific methylation changes would ideally be measured in lymphoblasts, which would only be 

feasible in a clinical trial of hypomethylating agents in induction or in relapsed or refractory infant ALL. 

 

The 3-year OS for KMT2A-r infants in AALL15P1 was superior to that of AALL0631, (AALL15P1 62.4% (SE 

7.1) vs. AALL0631 42.8% (SE 4.1), p=0.034), despite similar 3-year EFS rates (AALL15P1 32.8% (SE 6.9) vs. 

AALL0631 35.6% (SE 4.0), p=0.194).
1
  This trial did not prospectively collect treatment data for infants 

following disease-related events, so it remains unknown what salvage therapies were effective.  Newer 

B-cell directed immunotherapies, such as blinatumomab, inotuzumab ozogamicin, and chimeric antigen 

receptor T-cell therapies did not become widely available in the U.S. until FDA approvals (blinatumomab 

in late 2014, tisagenlecleucel and inotuzumab ozogamicin (in adults only) in 2017).
37-39

  AALL0631 

completed accrual in 2014 and most infants who experienced relapse in that trial would not have had 

access to these potentially effective second-line therapies.  Recent retrospective case series reports of 

blinatumomab or tisagenlecleucel in infants with relapsed or refractory ALL describe success with 

inducing remission and bridging to hematopoietic stem cell transplant.
40,41

  

 

Positive flow MRD at the end of induction predicted a higher risk of treatment failure in comparison to 

negative MRD.  This finding is consistent with other trials of KMT2A-r infant ALL.
5,42-44

  Considering that 

the survival of patients with negative MRD following induction, consolidation, and interim maintenance 

was still unacceptably poor, future trials should evaluate other MRD methodologies, such as high-

throughput sequencing, to better classify response among infants.  It is imperative to improve upon the 

sensitivity and predictive value of residual disease detection in infants, to facilitate allocation of infants 

at highest risk of treatment failure or relapse to novel therapies. 

 



There remains an urgent need for improved therapies for infants with KMT2A-r ALL.   In two consecutive 

trials, the COG tested new therapies with strong biologic rationale: FLT3 inhibition with lestaurtinib in 

combination with chemotherapy (AALL0631) and epigenetic priming with azacitidine (AALL15P1). Both 

treatment strategies were feasible and safe, but neither improved survival.  In contrast, the Japanese 

MLL-10 study achieved remarkable success by intensifying chemotherapy, utilizing more stringent 

criteria for age-based dose reductions, and allocating more infants to HSCT, but this approach carries 

considerable risks of acute and long-term toxicities.
5
 Anti-CD19 targeted immunotherapies, including 

blinatumomab and tisagenlecleucel, have been successfully used to induce remission in relapsed or 

refractory cases, and may represent a strategy to improve survival and reduce the use of cytotoxic 

agents.
40,41

  As mentioned earlier, the Interfant study group published results from a pilot study of 

blinatumomab in combination with chemotherapy for newly diagnosed infants, demonstrating a 

dramatic improvement in 2-year disease free survival.
6
  Other investigational agents of interest include 

BCL-2 inhibitors and inhibitors of the menin-MLL protein-protein interaction.
21,45-50

  The COG is 

developing phase 2 trials of venetoclax and blinatumomab on an Interfant-based chemotherapy 

backbone for newly diagnosed infant ALL, and revumenib in combination with chemotherapy for infants 

who fail to achieve remission or are in first relapse.  The AALL15P1 trial concept of piloting a novel 

therapy on an Interfant-based chemotherapy backbone provides a model to design these and future 

clinical trials for infants with ALL. 
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Table 1. Patient Characteristics 

 

 KMT2A-r KMT2A-g P* 

Total, N 56 22  

Age at diagnosis    

Median age (range) 177d (1 to 342d) 286d (64 to 357d) <0.001 

Sex, N (%)    

Male 21 (37.5) 10 (45.5) 0.61 

Female 35 (62.5) 12 (54.6)  

Race, N (%)    

White 40 (71.4) 15 (68.2) 0.46 

Black or African 

American 

3 (5.4) 2 (9.1)  

Asian 4 (7.1) 1 (4.5)  

American Indian 0 (0.0) 1 (4.5)  

Unknown 9 (16.1) 3 (13.6)  

Ethnicity, N (%)    

Hispanic or Latino 11 (19.6) 4 (18.2) 1.0 

Not Hispanic or Latino 40 (71.4) 17 (77.3)  

Unknown 5 (8.9) 1 (4.6)  

WBC count at diagnosis 

(cells x 10
9
/L) 

   

Median (range) 167.15 (3.2 to 1115.0) 22.65 (3.0 to 299.0) <0.001 

Diagnosis, N (%)    

B-lymphoblastic 

leukemia 

51 (91.1) 22 (100.0) 0.31 

Acute Leukemia of 

Ambiguous Lineage 

5 (8.9) 0 (0.0)  

CNS status, N (%)    

CNS1 19 (33.9) 13 (59.1) 0.09 

CNS2 32 (57.1) 7 (31.8)  

CNS3 4 (7.1) 2 (9.1)  

Unknown 1 (1.8) 0 (0.0)  

KMT2A chromosomal 

partner, N (%) 

   

     4q21 23 (41.1) -- -- 

     19p13.3 10 (17.9) -- -- 

     1p32 5 (8.9) -- -- 

     9p21 4 (7.1) -- -- 

     10p12 4 (7.1) -- -- 

     Unknown 10 (17.9) -- -- 
*Wilcoxon Rank Sum Test for continuous variables and Fisher’s Exact Tests for categorical frequency comparisons 

Abbreviations: KMT2A-r, KMT2A-rearrangement; KMT2A-g, KMT2A-germline; d, days; WBC, white blood cell; CNS, central 

nervous system 

 

  



Table 2. Reported toxicities, all grades 

 
 Induction 

KMT2A-g 

(n=22) 

 

N (%) 

Induction 

KMT2A-r 

(n=56) 

 

N (%) 

EPI1 

 

(n=53) 

 

N (%) 

Consol 

 

(n=51) 

 

N (%) 

EPI2 

 

(n=38) 

 

N (%) 

IM 

 

(n=37) 

 

N (%) 

EPI3 

 

(n=32) 

 

N (%) 

DI1 

 

(n=31) 

 

N (%) 

EPI4 

 

(n=30) 

 

N (%) 

DI2 

 

(n=30) 

 

N (%) 

Maint 

 

(n=27) 

 

N (%) 

None 13 (59.1) 36 (64.3) 52 (98.1) 44 (86.3) 37 (97.4) 7 (18.9) 31 (96.9) 18 (58.1) 30 (100) 28 (93.3) 16 (59.3) 

Blood and 

lymphatic system 

disorders 

0 (0) 1 (1.8) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Cardiac disorders 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Gastrointestinal 

disorders 
1 (4.5) 3 (5.4) 0 (0) 0 (0) 0 (0) 13(35.1) 0 (0) 3 (9.7) 0 (0) 0 (0) 1 (3.7) 

Infections and 

infestations 
6 (27.3) 13 (23.2) 0 (0) 5 (9.8) 1 (2.6) 15 (40.5) 1 (3.1) 9 (29.0) 0 (0) 2 (6.7) 6 (22.2) 

Investigations 3 (13.6) 4 (7.1) 0 (0) 2 (3.9) 0 (0) 0 (0) 0 (0) 1 (3.2) 0 (0) 1 (3.3) 7 (25.9) 

Metabolism and 

nutrition disorders 
2 (9.1) 8 (14.3) 1 (1.9) 0 (0) 0 (0) 5 (13.5) 0 (0) 0 (0) 0 (0) 0 (0) 1 (3.7) 

Musculoskeletal 

and connective 

tissue disorders 

0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (3.2) 0 (0) 0 (0) 0 (0) 

Nervous system 

disorders 
0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Renal and urinary 

disorders 
0 (0) 2 (3.6) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Respiratory, 

thoracic and 

mediastinal 

disorders 

2 (9.1) 0 (0) 0 (0) 1 (2.0) 0 (0) 2 (5.4) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Skin and 

subcutaneous 

tissue disorders 

0 (0) 1 (1.8) 0 (0) 0 (0) 0 (0) 1 (2.7) 0 (0) 1 (3.2) 0 (0) 0 (0) 0 (0) 

Vascular disorders 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 1 (2.7) 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) 

Abbreviations: KMT2A-g, KMT2A-germline; KMT2A-r, KMT2A-rearrangement; EPI, azacitidine course; Consol, Consolidation; IM, 

Interim Maintenance; DI, Delayed Intensification; Maint, Maintenance 

  



FIGURE LEGENDS 

 

Figure 1. Treatment schema 

Patients with KMT2A-r received four azacitidine (EPI) courses, each immediately prior to a 

chemotherapy course.  The dose limiting toxicity evaluation period extended from the start of EPI1 to 

the completion of Delayed Intensification Part 1 until the patient met parameters to begin EPI4. 

 

Figure 2. CONSORT diagram 

 

Figure 3. Whole genome bisulfite sequencing data 

Percentage of CpG sites methylated, measured by whole genome bisulfite sequencing, for EPI1 (A) and 

EPI2 (B).  Twenty-three infants had samples submitted for both days 1 and 5 of both EPI1 and EPI2.  Each 

line indicates an individual infant.  Red indicates patients who experienced an event (treatment failure, 

relapse, second malignant neoplasm, or death) and blue indicates patients who did not experience an 

event. 

 

Figure 4. Outcomes for all patients and stratified by MRD status at the end of induction  

Event free (4A) and overall (4B) survival for all eligible patients, stratified by KMT2A-r receiving 

azacitidine (Positive + Aza) and KMT2A-g (Negative).  Event free (4C) but not overall (4D) survival was 

significantly better for KMT2A-r patients with negative Minimal Residual Disease (MRD) at the end of 

Induction. 

 

 

 

 

 

 











SUPPLEMENTAL MATERIAL 

Central Nervous System (CNS) status 
CNS 1: In cerebrospinal fluid (CSF), absence of blasts on cytospin preparation, regardless of the number 
of white blood cells (WBCs)  

CNS 2: In CSF, presence < 5/µL WBCs and cytospin positive for blasts, or traumatic LP, > 5/µL WBCs, 
cytospin positive for blasts, but negative by Steinherz/Bleyer algorithm 
CNS 2a: < 10/µL RBCs; < 5/µL WBCs and cytospin positive for blasts 
CNS 2b: ≥ 10/µL RBCs; < 5/µL WBCs and cytospin positive for blasts 
CNS 2c: ≥ 10/µL RBCs; ≥ 5/µL WBCs and cytospin positive for blasts but negative by Steinherz/Bleyer 
algorithm 

CNS3: In CSF, after traumatic LP presence of ≥ 5/µL WBCs and cytospin positive for blasts and/or clinical 
signs of CNS leukemia  
CNS 3a: < 10/µL RBCs; ≥ 5/µL WBCs and cytospin positive for blasts 
CNS 3b: ≥ 10/µL RBCs, ≥ 5/µL WBCs and positive by Steinherz/Bleyer algorithm 
CNS 3c: Clinical signs of CNS leukemia (such as facial nerve palsy, brain/eye involvement or hypothalamic 
syndrome) 

Central review of cytogenetics/Fluorescence in situ hybridization (FISH) 
Local bone marrow and/or peripheral blood evaluation to confirm KMT2A-r was required to remain on 
AALL15P1 post-induction. Both standard cytogenetic studies and FISH analysis were performed at a COG-
approved cytogenetics lab, and results submitted for central review. The local institutions obtained the 
COG cytogenetics report forms and original karyotypes from two different cells from each abnormal clone 
from the approved laboratory and sent them by email to Dr Andrew Carroll (University of Alabama at 
Birmingham) or Dr Nyla Heerema (The Ohio State University).  

Supportive care 
Supportive care guidelines were provided that recommended the following: 

All infants should be placed on allopurinol (150-300 mg/m2/day or 10 mg/kg/day in 2-3 divided doses) 
when the diagnosis of leukemia is made or strongly suspected.  Rasburicase may be indicated in some 
situations, per institutional guidelines.   

Aggressive nutritional support should be provided, to maintain appropriate weight/height ratio. Caution 
is advised with early feeding in patients with difficult early courses or extensive mucositis or diaper area 
skin ulceration, as necrotizing enterocolitis and intestinal perforation are known risks in such infants.  
Total parenteral nutrition should be strongly considered in such infants, until it is certain there is no risk 
to the gut. 

Hospitalization until evidence of marrow recovery is strongly recommended during induction, 
consolidation, interim maintenance, and delayed intensification.  Antibiotic prophylaxis against gram-
positive and gram-negative organisms, and antifungal prophylaxis, should be considered.  Pneumocystis 
prophylaxis with trimethoprim-sulfamethoxazole or second-line agent should be started as soon as 
possible after the diagnosis of ALL is confirmed and continued until six months after all therapy is 
completed.  



All respiratory syncytial virus (RSV) infections (upper and lower respiratory) should be treated per 
institutional guidelines. Additionally, palivizumab (15 mg/kg) intramuscular every month should be 
initiated at the start of RSV season and terminated at the end of RSV season.  Intravenous immunoglobulin 
(IVIG) at a dose of 400 mg/kg if serum IgG level is below 500 mg/dL.  Doses should be repeated every four 
weeks as needed to keep IgG level at 500 mg/dL or greater.  Infants greater than or equal to six months 
of age should receive two doses of the influenza immunization per Center for Disease Control guidelines. 
Household contacts and out-of-home caregivers should also receive the influenza immunization.  

For patients with moderate to severe mucositis, antifungal and antiviral therapy should be considered, 
based on the culture results and clinical evaluation.  Daily oral antifungal prophylaxis with fluconazole 
should be strongly considered in patients not receiving vincristine.  To prevent moderate to severe 
perineal irritation, placement of a Foley catheter is recommended for 48 to 72 hours during administration 
and urinary excretion of daunorubicin and high-dose methotrexate.  Use of a strong barrier technique is 
also recommended. 

Episodes of fever (>100.5oF or 30.0oC) should be aggressively managed, particularly during pre-
maintenance phases of chemotherapy, or when the patient was neutropenic with ANC ≤1000.  It is 
strongly advised that patients with fever and neutropenia (ANC <1000) not be managed with an 
outpatient antibiotic regimen. It is mandatory that patients with an ANC <500 and fever be hospitalized 
with immediate institution of broad-spectrum antibiotics adjusted appropriately for the causative 
organism. 

Filgrastim or biosimilar may be used for severe infections with neutropenia, but routine use is 
discouraged.  Filgrastim should not be given concurrently with azacitidine or chemotherapy and must be 
discontinued for at least 48 hours prior to the start of an azacitidine or chemotherapy course 

Anti-emetics are strongly advised during days of azacitidine therapy and as needed during all phases of 
chemotherapy.  The routine use of corticosteroids as antiemetics is discouraged. 

Pharmacodynamic assessment of DNA methylation 
Peripheral blood samples (3-4 mL in a green sodium heparin tube) were collected from infants on day one, 
prior to the first dose of azacitidine, and on day five, of the first two courses of azacitidine.  Samples were 
shipped at room temperature to the Brown laboratory at Johns Hopkins University.  Red blood cells were 
lysed, and peripheral blood mononuclear cells (PBMCs) were isolated and then frozen. 

DNA was isolated from PBMCs and then treated with sodium bisulfite, which converts unmethylated 
cytosines into uracil while methylated cytosines remain unaltered. A library was then prepared using the 
treated DNA and sequenced with the Illumina NovaSeq 6000. The sequencing data was trimmed using the 
fastp tool and aligned to the GRCh37 reference genome using Illumina DRAGEN Bio-IT platform. After 
removing duplicates, the methylation level was computed as a fraction of methylated reads at each CpG 
site. The percent of methylated cytosines (mC) was compared between samples pre- and post- azacitidine. 



Supplemental Table S1 Chemotherapy 
Route Dose Day(s) of phase 

Induction (5 weeks) 

Methotrexate IT Age ≥1 year, 8 mg 

Age <1 year, 6 mg 

1, 29 

Predniso(lo)ne 

(or methylprednisolone IV at 

80% of the predniso(lo)ne 

dose) 

PO or NG Age ≥6 months, 15 mg/m2/dose TID 

Age ≥7 days to <6 months, 13 mg/m2/dose TID 

Age <7 days, 10 mg/m2/dose TID 

1-7

Daunorubicin IV over 1-15 min Age ≥6 months, 23 mg/m2 

Age ≥7 days to <6 months, 20 mg/m2 

Age <7 days, 15 mg/m2 

8, 9 

Cytarabine IV over 30 min Age ≥6 months, 60 mg/m2 

Age ≥7 days to <6 months, 50 mg/m2 

Age <7 days, 35 mg/m2 

8-21

Dexamethasone PO or NG or IV Age ≥6 months, 1.5 mg/m2/dose TID 

Age ≥7 days to <6 months, 1.3 mg/m2/dose TID 

Age <7 days, 1 mg/m2/dose TID 

8-28

Vincristine IV over 1 min Age ≥6 months, 1.2 mg/m2  

Age ≥7 days to <6 months, 1 mg/m2  

Age <7 days, 0.8 mg/m2  

8, 15, 22, 29 

Pegaspargase IV over 1-2 hours or IM Age ≥6 months, 2000 IU/m2  

Age ≥7 days to <6 months, 1750 IU/m2  

Age <7 days, 1250 IU/m2  

12 

Cytarabine IT Age ≥1 year, 20 mg 

Age <1 year, 15 mg 

15 

Hydrocortisone IT Age ≥1 year, 16 mg 

Age <1 year, 12 mg 

15, 29 

Consolidation (6 weeks) 

Cyclophosphamide IV over 30-60 min Age ≥12 months, 1000 mg/m2 

Age ≥6 months to <12 months, 750 mg/m2 

Age <6 months, 670 mg/m2 

1, 29 



Mesna IV over 15 min at hours 0, 

4, and 8 from start of CPM 

infusion 

Age ≥12 months, 200 mg/m2/dose 

Age ≥6 months to <12 months, 150 mg/m2/dose 

Age <6 months, 134 mg/m2/dose 

1, 29 

Mercaptopurine PO or NG Age ≥12 months, 60 mg/m2 

Age ≥6 months to <12 months, 45 mg/m2 

Age <6 months, 40 mg/m2 

1-28

Cytarabine IV push or SubQ Age ≥12 months, 75 mg/m2 

Age ≥6 months to <12 months, 56 mg/m2 

Age <6 months, 50 mg/m2 

3-6, 10-13, 17-20, 24-27

Cytarabine IT Age ≥1 year, 20 mg 

Age <1 year, 15 mg 

10 

Hydrocortisone IT Age ≥1 year, 16 mg 

Age <1 year, 12 mg 

10, 24 

Methotrexate IT Age ≥1 year, 8 mg 

Age <1 year, 6 mg 

24 

Interim Maintenance (6 weeks) 

Mercaptopurine PO or NG Age ≥12 months, 25 mg/m2 

Age ≥6 months to <12 months, 19 mg/m2 

Age <6 months, 17 mg/m2 

1-14

High Dose Methotrexate IV over 24 hours Age ≥12 months, 5000 mg/m2 

Age ≥6 months to <12 months, 3750 mg/m2 

Age <6 months, 3300 mg/m2 

1, 8 

Leucovorin PO or IV at hours 42, 48 

and 54 after the start of 

HD MTX and continued 

every 6 hours until serum 

MTX <0.1µM 

15 mg/m2/dose 3-4, 10-11

Methotrexate IT Age ≥1 year, 8 mg 

Age <1 year, 6 mg 

1, 8 

Hydrocortisone IT Age ≥1 year, 16 mg 

Age <1 year, 12 mg 

1, 8 



High Dose Cytarabine IV over 3 hours  Age ≥12 months, 3000 mg/m2/dose every 12 hours 

Age ≥6 months to <12 months, 2250 mg/m2/dose every 12 hours 

Age <6 months, 2000 mg/m2/dose every 12 hours 

15-16, 22-23, total of 8 

doses 

Pegaspargase IV over 1-2 hours or IM  Age ≥12 months, 2500 IU/m2 

Age ≥6 months to <12 months, 1875 IU/m2 

Age <6 months, 1650 IU/m2 

23 

Delayed Intensification Part 1 (5 weeks) 

Pegaspargase IV over 1-2 hours or IM  Age ≥12 months, 2500 IU/m2 

Age ≥6 months to <12 months, 1875 IU/m2 

Age <6 months, 1650 IU/m2 

1 

Dexamethasone PO or NG or IV Age ≥12 months, 2 mg/m2/dose TID 

Age ≥6 months to <12 months, 1.5 mg/m2/dose TID 

Age <6 months, 1.3 mg/m2/dose TID 

1-14, then taper to 0 mg

over days 15-21 

6-Thioguanine PO or NG Age ≥12 months, 60 mg/m2 

Age ≥6 months to <12 months, 45 mg/m2 

Age <6 months, 40 mg/m2 

1-28

Vincristine IV over 1 min Age ≥12 months, 1.5 mg/m2 

Age ≥6 months to <12 months, 1.1 mg/m2 

Age <6 months, 1 mg/m2 

1, 8, 15, 22 

Daunorubicin IV over 1-15 min Age ≥12 months, 30 mg/m2 

Age ≥6 months to <12 months, 23 mg/m2 

Age <6 months, 20 mg/m2 

1, 8, 15, 22 

Cytarabine IV push or SubQ Age ≥12 months, 75 mg/m2 

Age ≥6 months to <12 months, 56 mg/m2 

Age <6 months, 50 mg/m2 

2-5, 9-12, 16-19, 23-26

Hydrocortisone IT Age ≥1 year, 16 mg 

Age <1 year, 12 mg 

1, 15 

Cytarabine IT Age ≥1 year, 20 mg 

Age <1 year, 15 mg 

1, 15 

Delayed Intensification Part 2 (3 weeks) 

6-Thioguanine PO or NG Age ≥12 months, 60 mg/m2 

Age ≥6 months to <12 months, 45 mg/m2 

1-14



Age <6 months, 40 mg/m2 

Cyclophosphamide IV over 30-60 min Age ≥12 months, 500 mg/m2 

Age ≥6 months to <12 months, 375 mg/m2 

Age <6 months, 330 mg/m2 

1, 15 

Cytarabine IV push or SubQ Age ≥12 months, 75 mg/m2 

Age ≥6 months to <12 months, 56 mg/m2 

Age <6 months, 50 mg/m2 

2-5, 9-12

Maintenance Cycle 1 (12 weeks) 

Mercaptopurine PO or NG Age ≥12 months, 50 mg/m2 

Age ≥6 months to <12 months, 38 mg/m2 

1-84

Methotrexate PO Age ≥12 months, 20 mg/m2 

Age ≥6 months to <12 months, 15 mg/m2 

Once weekly 

Methotrexate IT Age ≥1 year, 8 mg 

Age <1 year, 6 mg 

1 

Hydrocortisone IT Age ≥1 year, 16 mg 

Age <1 year, 12 mg 

1, 57 

Cytarabine IT Age ≥1 year, 20 mg 

Age <1 year, 15 mg 

57 

Maintenance Cycle 2 (12 weeks) 

Mercaptopurine PO or NG Age ≥12 months, 75 mg/m2 

Age ≥6 months to <12 months, 56 mg/m2 

1-84

Methotrexate PO Age ≥12 months, 20 mg/m2 

Age ≥6 months to <12 months, 15 mg/m2 

Once weekly 

Methotrexate IT Age ≥1 year, 8 mg 

Age <1 year, 6 mg 

15 

Hydrocortisone IT Age ≥1 year, 16 mg 

Age <1 year, 12 mg 

15 

Maintenance Cycles 3+ (continue until 2 years from the start of Induction therapy) 

Mercaptopurine PO or NG Age ≥12 months, 75 mg/m2 1-84

Methotrexate PO Age ≥12 months, 20 mg/m2 Once weekly 

Abbreviations: mg, milligram; IT, intrathecal; IV, intravenous; PO, oral; NG, nasogastric; m2 square meters; TID, three times daily; 
min, minutes; IM, intramuscular; IU, international units; CPM, cyclophosphamide; SubQ, subcutaneous; HD MTX, high dose 
methotrexate 



Supplemental Table S2 Experimental doses for infants with KMT2A-r 
Dose level Azacitidine IV daily on days 1-5 
1 (starting dose, determined to be safe) 2.5 mg/kg/dose 
0 1.8 mg/kg/dose 

Abbreviations: KMT2A-r, KMT2A-rearrangement; IV, intravenous; mg, milligram; kg, kilogram 

Supplemental Table S3 Continuous monitoring table for dose limiting toxicity (DLT) 
n b(n) 
≤6 3 
7-10 4 
11-16 5 
17-21 6 
22-28 7 
29-30 8 

n = number of evaluable patients treated on any single dose level 
b(n)=toxicity boundary (if the number of patients with at least one DLT is ≥b(n) on any single dose level, then that 
dose is deemed excessively toxic) 

Supplemental Figure S1 Frequency of KMT2A Chromosomal Partners by Age Groups at Diagnosis 



Supplemental Figure S2 Change in Percentage of in Total CpG Methylation Per Patient 

Supplemental Figure S3 Survival based on End of Consolidation MRD 

MRD, minimal residual disease; EFS, event-free survival 
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Supplemental Figure S4 Survival based on End of Interim Maintenance MRD 

MRD, minimal residual disease; EFS, event-free survival 




